


UNIVERSITY O F HAWAII AT MANCA 
S EA GRA NT COLLEGE P ROGRAM 

2525 CORREA ROAD , HIG 238 
HONOLULU , HAWAII 96822 

~ ..................... ~ 
, ....................... r 

UNI Hl-SEAGRANT-88-90-02 



Proceedings of the 

FOURTH PACIFIC CONGRESS 
ON MARINE SCIENCE 

AND TECHNOLOGY 
-1990-

NIHON DAIGAKU KAIKAN 
(NIHON UNIVERSITY CONFERENCE HALL) 
TOKYO, JAPAN 

July 16-20, 1990 

ORGANIZERS 

PACON International 
Japan Marine Science and Technology Association 
Foundation for Research and Development of Ocean City 
College of Science and Technology, Nihon University 

SPONSORS 

MAJOR SPONSORS 

Department of Business and Economic Development, State of Hawaii 
Hawaii Natural Energy Institute/CORT, United States 
Institute for Naval Oceanography, United States 
The Motorcycle Racing Organization, Japan 
National Ocean Service, United States 
National Oceanic and Atmospheric Administration, United States 
National Science Foundation, United States 
Pacific International· Center for High Technology Research, United 
States 
River Environment Foundation, Japan 
Sea Grant College Pragram, University of Hawaii, United States 
SEACO, Division of Science Applications, United States 
International Corporation, United States 
The Japan Shipbuilding Industry Foundation 
U.S. Geological Survey, United States 

ORGANIZATION SPONSORS 

Ministry of Agriculture, Forestry and Fisheries, Japan 
Ministry of Construction, Japan 
Ministry of International Trade and Industry, Japan 
Ministry of Transport, Japan 
Pacific Basin Development Council, United States 
Science and Technology Agency, Japan 
University of Hawaii, United States 

SOCIETY SPONSORS 

American Congress on Surveying, United States 
American Geophysical Union, United States 
American Society for Photogrammetry and Remote Sensing, United 
States 

Architectural Institute of Japan 
Coastal Development Institute of Technology, Japan 
Engineering Advancement Association of Japan 
International Society of Photogrammetry and Remote Sensing 
IUGG Tsunami Commission, United States 
Japanese Association for Petroleum Technology 
Japan Association of Underwater Exploration 
Japan Concrete Institure 
Japan Deep Sea Technology Association 
Japan Marine Science and Technology Center 
Japan Society of Civil Engineers 
Marine Acoustics Society, Japan 
Marine Technology Society, United States 
Marine Forum 21,Japan 
Oceanographical Society of Japan 
Research Institute for Ocean Economics, Japan 
Societe France Japonese du Oceanografi, Japan 
The Institute of Electrical Engineers of Japan 
The Institute of Electronics, Information and Communication Engi
neers, Japan 
The Iron and Steel Institute of Japan 
The Japan Federation of Engineering Societies 
The Japan Society of Mechanical Engineers 
The Japan Society of Soil Mechanics and Foundation Engineering 
The Japanese Institute of Technology on Fishing Ports & Communities 
The Japanese Society of Sci en ti fie Fisheries 
The Kozai Club, Japan 
The Mining and Material Processing Institute of Japan 
The Marine Acoustics Society of Japan 
The Marine Meteorological Society 
The Ocean Association of Japan 
The Oceanography Society, United States 
The Society of Fisheries Engineering 
The Society of Naval Architects of Japan 
The Telecommunications Association, Japan 
The Tsunami Society, United States 

VOLUME I 
General Lectures 
Ocean Science and Technology 
Marine Resource Development 



This publication was funded by a grant from the Japan Shipbuilding Industry Foundation. 
(Ryoichi Sasakawa, Chairman) 



DEDICATED TO THE MEMORY OF 

OUR FRIEND AND FOUNDER OF 

PACON INTERNATIONAL, AUSTRALIA CHAPTER 

PROFESSOR KELVIN P. STARK 

MEMBER OF BOARD OF DIRECTORS 

PACON INTERNATIONAL 





PREFACE 

The biennial Pacific Congresses on Marine Science and Technology (PACON), initiated in 
1982, became truly Pacific-wide during the third Pacific Congress (PACON 88). At every 
level of the Congress, the Honorary Chairman, sponsors, society sponsors, session chairmen 
and, most importantly, the authors, representatives froms several Pacific nations joined in 
the effort to make PACON 88 an international forum. 

This Fourth Congress (PACON 90), the first held outside Hawaii, has expanded further in its 
broad interdisciplinary scope, largely due to the important roles played by the technical 
program team members from ,Japan and Australia. A new technical session category 
"Ocean Space Utilization and Management (OSUM)" has been added to the two existing 
technical session groups "Ocean Sciences and Technology (OST)" and "Marine Resources 
Development (MRD ) ". The addition of the OSUM technical session group reflects the 
pioneering work done by Dr. Wataru Kato, Nihon University, Japan, and of Dr. Kevin P. 
Stark, James Cook University, Australia. This broadened scope is also evident in the 
increased number of workshops. 

Although one hundred and eighty nine papers were submitted under thirty six technical 
sessions and workshops, only one hundred and sixty two papers were submitted in time to 
be included in this conference's Proceedings. 

We thank the technical program coordinators, session and workshop chairmen who played a 
key role in designing their sessions /workshops by selecting the papers based upon the 

submitted abstracts. 

We wish to express our thanks to all sponsors, which include professionaVtechnical societies, 
federal/state agencies, academic organizations, ocean and space industries, and individuals 
for providing funds, support services, and announcements in technical publications. We 
thank the Scientific Advisory Committee and owe special thanks to the authors for 
submitting their manuscripts in time without which these Proceedings would not be possible. 

Finally, our sincere thanks to the PACON 90 (Japan) Organizing Committee and Staff for 
the untiring support they have given us to make this Congress successful. 

Wataru Kato and Narendra Saxena 
Co-Chairmen 
PACON 90 
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HISTORICAL CHANGES IN NATURAL WATER 
HAZARDS IN JAPAN 

Yoshito Tsuchiya 

Disaster Prevention Research Institute, Kyoto University, Japan 

Abstract 

In this paper, as one of the key indexes of social environ
ment, the growth and decay of the total Japanese population 
is investigated for a period of about 10,000 years. Five ma
jor changes in total population are detected and then com
pared with the duration and magnitude of historical records 
of natural water hazards. Secondly this comparison is made 
in order to determine the natural hazard influence on total 
population trends. 

The longer time scale of natural hazards (a period of about 
10,000 years) is considered in relation to changes in natural 
forces and social environment. The natural water hazards 
and their changes in periods of past 2,000 and 300 years are 
considered in more detail in relation to natural forces such 
as climate change, typhoons, drought and plagues, and so
cial environment such as reclamation, construction, internal 
disturbances, social activities and politics. 

1. Introduction 

Being located in the circum-Pacific diastrophic zone, 
Japan is a country that experiences disasters caused by such 
natural forces as typhoons, monsoons, volcano eruption, and 
earthquakes. Recently, Japan has shown remarkable techno
logical development which should continue well into the next 
century. New problems have come into being that are related 
to this development which necessitate the advancement of 
marine science & technology in order to avert disasters. 

Many years ago, Dr Torahiko Terada who was Japan's 
most famous scientist said: "Natural hazards are progres
sive in relation to civilization, they occur only once they have 
been forgotten". In relation to human activities natural haz
ards have changed and recently due to human activities the 
natural forces which induce disasters have been gradually 
changed. In other words, the global situation has been grad
ually changed due to current human activities throughout 
the world. Dr Terada also said: "Nature is faithful to her 
custom and experience". Once our societies have developed, 
natural hazards will occur again. As science and technol
ogy of natural hazard prevention and mitigation has pro
gresed the occurrence probabilities of natural hazards have 
decreased. Nevertheless, the occurrence of a natural hazard 
may result in a major catastrophy. 

In this general lecture, by use of historical data of nat
ural water hazards including the so-called climate hazard, 
changes in natural water hazards are presented in relation to 
changes in natural forces and human activities. The changes 
in natural water hazards are considered in terms of defined 
time scales, such as longer and shorter ones. Consequently, 

three time scales are employed(l0,000, 2,000 and 300 years) 
to consider the historical changes in natural water hazards 
due to long term climate change and human activities. 

2. The Time & Spatial Scales in Hazards 

2.1 Five stages in total population growth 
By use of population data of Kito(l983) and 

Koyama(l984) the total population growth is shown in Fig
ure 1 for a period of about 10,000 years. Obviously there ex
ists five stages in the change of total population in the figure. 
These stages may be due to changes in natural forces and 
social environment resulting from human activities. This is 
to be considered in detail in terms of specified time scales. 

2.2 Time & spatial scales in hazards 
The main causes of the five stages in the population growth 

shown in Figure 1 are considered in terms of specified time 
scales. In the period specified, the causes to be considered 
are due to the time scale. In the period, of course, abnormal 
phenomena such as long term climate change occur following 
catastrophes such as storm surges and floods in a shorter 
time scale within the period. 
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Figure 1 The five historical stages of Japan's total 
population growth 

In the shorter time scale, the catastrophes are specified 
and these disasters are predominant. The former phenom
ena in the longer time scale are shown schematically in Fig-
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ure 2(a). In a stable social and natural environment, popu
laltion may increase in terms of logistic equation. In the case 
shown in the figure, therefore, the population decreases as 
human activities decrease due to abnormai change in natu
ral forces such as climate change. This includes catastrophic 
population change due to abnormal forces. In a shorter time 
scale as shown in Figure 2(b ), the population decreases sud
denly due to abnormal natural forces and then recovers to 
the stable population growth trend . This can be considered 
in the shorter time scale, but may be buried in the longer 
time scale. 

Special scales are considered in relation to the time scales 
in Figures 3 and 4. In the longer time scale Figure 3 shows 
areas where the population decreased over the period be
tween 1721 and 1750 AD due to climate change. The area 
covers almost all northern areas of the Japanese islands, the 
time scale of this climate change is about 30 years. On the 
contrary, in the shorter time scale areas flooded by Ise Bay 
Typhoon in 1959 in which about 5,000 persons were killed 
only surround the Ise Bay to which the time scale is only 
one day. 

(a) Longer timescale 

(b) Shorter timescale 

Figure 2 Definitions of time scales in natural disasters 

3. Historical Change in Natural Water Hazards in 
Time Scale of 10,000 Years 

In the period of past about 10,000 years changes in natural 
water hazards are considered in relation to civilization. The 
reasons for the five stages are considered. 

3.1 Natural forces as natural environment 

The change in solar activity is shown in Figure 4 
for a period of past about 8,000 years. And changes 
in annual mean temperature (Yasuda, 1980), mean sea 
level at the southern Kanto district, Tokyo and Osaka 
bays, and temperature indexes modified by Sakaguchi(1984) 
data are shown in Figures 4, 5 and 6, respectively. 

0 1.000 - 0.991 

@ 0.990 - 0.971 

@ 0.970 - 0.951 

® 0.950 - 0.901 

• 0.900 -

1750 to 1786 Yo AD 

Cal Areas where populatio~ decreased in the periods 
mentioned. 

(b) Flooded areas surrounding lse. Bay at lse Bay Typhoon. 

Figure 3 Areas where population decreased 
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(a) Change in activity of the sun (after J. A. Eddy). 

0 

0 

0 

0 0 0 0 

I • I 

4 3 
BC 

0 
0 

0 

~ o o I 

2 o, 
I yrxto' 0 

I o >. 
q,- I 

0 
AD 

0 
0 

(b) Change in annual mean temperature"'. 

Figure 4 Changes in solar activity and annual mean 
temperature 

From these figures climate change and its effect on the an
nual mean temperature and sea level changes are considered 
as: 1) In the J om on period especially around BC 4000 }"f'.:t r.; 
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the annual mean temperature was high which resulted in 
high sea level which is called Jomon sea advancement. Due 
to the climate change land cultivation was changed to grow 
nut trees. 2) In the latter period around BC 1000 years, the 
annual mean temperature was low and consequently vegit
able and sea level changes occurred. In this period vegitation 
changed from nut trees to cedar trees. 3) In the C, D and E 
stages no remarkable long term climate change was observed, 
but several changes in climate were of course observed as will 
be shown in the next chapter. 
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Figure 5 Change in mean sea level at southern Kanto 
district, Tokyo and Osaka bays 
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Figure 6 Changes in temperature indexes 

3.2 Social environment and its change 
In relation to the climate change described in 3.1, the main 

causes for the five stages in population are briefly considered 
by taking into account the changes in social environment. 

1) The A stage social environment and its breakdown 
In the Jomon period which covers the A stage, it is well 

known by the climate that most all areas of Japan were cov
ered by beech trees. Nuts gathered in the forests were used 
for food together with the hunting of animals and birds. The 
societies were formed as hunting and nut-gathering ones. 
Koyama(1984) estimated that the potential population den
sity in the Jomon period was one to two persons per square 
kilometer. The vegetation changes due to climate change 
were investigated by Yasuda(1986). The vegetation changed 
clearly in and around the period between BC 4,000 years and 
BC 1,000 years due to climate change. By use of Koyama 
population data, changes in population densities in the sev
eral districts are shown in Figure 7, where the Kyushu, 
Shikoku, Chugoku, Kinki, Tokai, Chubu, Hokuriku, Kanto 
and Tohoku districts are located from southern to northern 
parts of the Japanese islands, respectively. It is clearly un
derstood that the potential population densities are nearly 
two persons per square kilometer, and that the more rapidly 
the population density increases, the more rapid decrease 
when reaching a certain potential population density. As de
scribed the main causes for the population shifts of Jomon 
period are long-term climate change, as well as plagues. Ya
suda(1984) also suggested an additional cause which is the 

increase in flood disasters due to forest destruction by the 
people. 
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Figure 7 Changes population dencity in several districts in 
the J omon period 

2) The B stage social environment and its breakdown 
This stage covers the Yayoi period from the late Jomon 

period to 1000 to 1200 AD, which is the Heian period. As 
stated in the introduction, Terada said: "Natural hazards are 
progressive in relation to civilization". What is the break
down cause for this period? Since rice production technique 
was imported and transfered quickly from western areas to 
eastern and northern areas, the hunting and gathering soci
eties were changed to agricultual ones. 

As shown in Figure 4, cold weather was experienced in 
the periods from the late Jomon to the first Yayoi period 
and reexperienced in the old mound period (200 to 700 AD) 
through warm weather in the middle Yoyoi period. In this 
period, residents lived on natural banks and hills in allu
vial fans on which they farmed. Owing to poor technique 
of flood control they probably suffered from flooding. A 
little progress in rice production and irrigation works was 
made and then farmers societies were gradually changed to 
a proprietary society in which larger irrigation works were 
constructed for more effective rice production. Many con
structions were then made and many internal disturbances 
were experienced. Around 350 AD the Yamato court was 
born to control such large farming societies (Koyama, 1984). 

In relation to development of rice production, population 
had increased rapidly as shown in Figure 1. It might be said 
that the large scale rice production was the first case of al
tering the natural environment for mans usage. We can now 
recognize nice examples of this developing culture, such as 
Toro and Uryudo relics which were developed in the water
basins of the Abe and Yamato rivers. Around 900 AD which 
covers the late Yayoi, natural banks were formed and devel
oped by frequent flooding. Disasters might have frequently 
taken place by changing of river courses and meandering. 
Yasuda(1980) described that a big flood disaster was experi
enced by the residents in the Uryudo relics. The old mound 
civilization began around 200 AD and was well developed 
around 400 AD extending around the whole areas of the 
Japanese islands, but was broken down around 600 AD. Tt is 
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said that the old mounds were surrounded by canals which 
were constructed to prevent natural disasters caused by fire 
and floods. 

In the B stage where rice production techniques were de
veloped and expanded to the whole areas of the Japanese 
islands, the breakdown of the Yayoi civilization resulted due 
to frequent flood disasters. A more detail explanation for this 
breakdown will be made in terms of more shorter time scale. 
3) The C and D stage social environment and their breakdown 

The C stage covers the so-called turbulent age and the D 
stage covers the Azuchi-Momoyama and Edo periods after 
the national unification in 1590 AD. In the former period 
little cultual exchange was made between the middle of 1200 
AD and nearly the end of 1300 AD, but afterwards it recov
ered and developed. In the middle of 1400 AD which cov
ers the Muromachi age, the age of turbulent age had come 
into being as the age of rival chiefs. The residents suffered 
from these disturbances and riots and monk disturbances 
frequently took place (Sugiyama, 1987). In the C stage the 
population growth stagnated showing a smaller population 
increase than the B stage. In this period colder weather was 
experienced, but such disturbances resulted in more effective 
influence on human activities than natural disasters caused 
by cold weather. In 1590 AD at which time national unifi
cation was sucessfully made, the social environment at last 
recovered after the century long internal disturbances. The 
population rapidly increased in the D stage thereafter. 

In the period of D stage, many constructions for irrigation 
and reclamation had been promoted to expand farm land for 
rice production. Rapid development was strongly promoted. 
This resulted in considerable inharmionious situation with 
nature, as well as human activities (Wakita, 1987). Strong 
climate change occurred and then this situation reflected to 
accelerate natural disasters such as famines and droughts. 
We have to remember that natural hazards are progressive 
with civilization. Mc.re rapid increases in population results 
in more severe new natural hazards such as famines. Dur
ing the Tenmei and Tenpo famines many people died, es
pecially in the northern districts. The total population de
creased suddenly, which is really the first experience in pop
ulation decrease even though no internal wars were taken 
place. It should be recognized that in the biggest famines 
the wrong politics in the period accelerated the damage to 
human losses. A sorrowful sacrifice was experienced in this 
period. The next new age has come, the E stage. 

4) The E stage social environment 

As explained in 3), many riots and famines were taken 
place due to severe climate change and wrong politics. In 
1868 the Meiji restoration was carried out by the strong res
ident wish, and then democratic societies came in the Meiji 
period. In this period many public works such as recla
mation and short cutting of rivers for flood disasters were 
actively performed. Consequently, the population has in
creased rapidly, as shown in Figure 1. Due to such rapid de
velopment in alluvial areas, however, flood disasters have fre
quently taken place and these are really reaction from nature 
against the rapid development to nature. Since the Meiji pe
riod had gone the Showa period has come through the Taisho 
period of only about 15 years. In this period Japanese people 
first experienced wars with foreign countries. Through the 
period extending from World War I, World War II and the 
Japan-China War, the social environment have changed sig
nificantly and many of victims were bought into these wars. 
Especially severe was World War II environment by which 

310 thousand persons lost their lives. In the Japanese history 
Japanese were the first to experience such a sudden decrease 
in population during this period, and never forget this fact 
for the human welfare of the world. The Japanese society 
had quickly changed and developed, so the population has 
increased. 

4. Historical Change in Natural Hazards in 
Time Scale of 2,000 Years 

In the shorter time scale of 2,000 years covering the pe
riod from the middle Yayoi to the present, in relation to the 
change of natural environment, historical changes in natural 
hazards are considered in more detail. 

4.1 Natural forces as natural environment 
Changes in the deposition rate of radioactive oxygen in 

the Yakusugi tree and the climate change index by Sak
aguchi(1984) are shown in Figure 8 for a period of about 
2,000 years. 
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Figure 8 Changes in radioactive oxygen deposition rate in 
the Yakusugi tree and the climate change index by 

Sakaguchi(1984) 
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Figure 9 Changes in average temperature on the northern 
hemisphere since 1880 AD 

As shown in Figure 4, the solar activities changed and 
resulted in the so-called Wolf, Schwabe and Mounder mini
mums. It is noticed from Figure 8 that colder weather was 
experienced in the middle Yayoi followed by warmer weather 
in the period between 700 and 1,200 AD and then again cold 
weather occurred corresponding to the Mounder minimum. 
Furthermore, the more recent change in average temperature 
is shown in Figure 9 revealing that it was cold in the period 
between 1800 and the first 1900 AD, and since then it has 
become warm due to the so-called green house effect and so 
on. 

As shown in Figure 10, many typhoons had landed on the 
Japanese islands. This figure was constructed from natural 
disaster data. It is clearly noted that the frequency of ty
phoon landings are very high in the periods between 800 a 11 d 

- 4 ;-



1000 AD, 1100 and 1300 AD, and 1600 and 1900 AD. 

4.2 Social environment and natural hazards 
In this period, by use of the historical disaster data by 

Arakawa & Usami(l985), changes in occurrences of natural 
disasters NNn, plagues Np, and droughts Nd, and in the 
number of typhoon landings NT in relation to population N 
are shown in Figure 10 where all values shown were counted 
for every 25 year period, and no data were reported for the 
period between 0 and 410 AD. Furthermore, the natural dis-

Engineers(l938), their historical changes arc shown in Fig
ure 11, where they are classified into four categories; they 
are irrigation ponds, weirs and dikes, reclamation and oth
ers. In the figure the population growth and the increase in 
farm lands are also shown. Until 800 AD, irrigation ponds 
were constructed only in the Nara district, then extending 
over all areas of Japan. Then population had increased in 
the period. After that time a few constructions of ponds 
were made. 

20~~~~~~~~~~~~~~~~~~~~~~80 

asters shown in the figure are classified into three categories .., 
which are caused by floods, storm surges and the others. !:? 15 
Changes in the number of temples NT, palaces Np trans- <!: 
fered and temples burned Nb, and occurrences of smallpox ca 
and plague are also shown in Figure 11 in relation to popula- S / o 
tion change. Since Buddnism was transfered, many temples ~ 
were built and palaces were also built and transfered. IC) 

As shown in Figure 9, the so-called old mound cold ~ 5 
weather period lasted until 700 AD. This cold weather period ;;;:.~ 
was followed by a warming which lasted around until 1300 

~ Floods 

~ Storm surges 

D Others 

60 

AD and then by another cold period( usually called as a little 
ice age) which ended around 1900 AD (Sakaguchi,1984). In 
the figure no data were reported in the first period where 
flood disaster might have occurred. In the next warm pe-
riod many disasters caused by drought and famine were ex
perienced. The frequency of disaster occurrence decreased 
following this period. Following the import of rice pro
duction technique, the population increased rapidly due to 
the changing social environment where large residents were 
formed. By the poor technique for rice production and stor-
age, however, a new disaster, famine took place due to fre-
quent occurrence of droughts. As seen in Figure 11, Buddism 
was transfered in 538 or 552 AD when many plagues pre-
vailed due to the famines. It can therefore be supposed that 
such disasters and the altered social environment resulted in 
a stagnant or decreasing population, as shown in Figure 10. 
In this period, flood disasters caused by typhoons frequently 
took place, possibly due to increasing storm surge disasters. 

In the Tenpyo(N ara) period from 710 to 783 AD, much 
timber was needed in constructing many temples and palaces 
as shown in Figure 11. The timber was harvested from 
forests in Koga, Shigaragi and Tanokami areas in Shiga Pre
fecture, the amount of timber was roughly estimated to be 
75,000 m3 • Such social evils, where timber used for construc
tion was over harvested, had been continued for about three 
hundred years, which resulted in the ruin of the forests and 
the possible occurrence of many flood disasters in the period 
between 800 and 1000 AD. As shown in Figure 10, many peo
ple then died of smallpox and other plagues. In the period 
after 1300 AD which was called a little cold weather period, 
many typhoons landed on the Japanese islands and they were 
at their peak frequency of occurrence around 1700 AD. They 
resulted in many flood disasters by typhoons. Droughts and 
famines also had taken place and soon after plagues were in 
fashion. It is also noted that population growth increases 
the chances of storm surge disaster. After the long period of 
internal disturbances, in 1590 AD national unification was 
carried out. The population had increased rapidly. Many 
disasters as previously described resulted in severe famines 
by which many people died, consequently the population 
stagnated and decreased. 

In this period, a great number of construction works were 
carried out to cultivate and extend farm lands. By use of a 
list of the construction works by the Japan Society of Civil 
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Figure 10 Changes in occurrences of natural disasters, 
plagues, and droughts, and in number of typhoon landings 

in relation to population growth 

Ohishi(l977) showed that the total areas of farm lands 
were not increasing, but in nearly constant until 1400 AD. 
After the national unification in 1590 AD, many kinds of con
struction works had rapidly been carried out. He called the 
period of many construction works as the new reclamation 
age which can be divided into the first and second stages. 
The first stage is a period of about one hundred years initi
ating with the national unification, and the second is around 
1800 AD. In the first stage, as previously described, many 
construction works were made such as irrigation ponds, weirs 
and dikes for reclamation, and replacement or short-cutting 
of rivers for flood disaster prevention. Such typical construc
tions are the river branching works of the Kitakarni river 
which was carried out in a period between 1623 and 1626 
AD by Masamune Date, Lord of the Sendai clan, and the 
replacement works of the Tone river which was performed in 
the same period by Tadatsugu Inanokami and his son, Chief 
of the Kanto district of Japanese Feudal Government,· and 
so on. In the second stage, the Feudal Government had al, .. 
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promoted the development of reclamation and cultivation 
procedures. Large scale reclamation projects were carried 
out by the so-called tradesmen in the middle Edo period. 
The construction was financed by the tradesman, and the 
development was made by the farmers. A typical example is 
the Kanda new reclamation in the alluvial areas of the Kiso 
river which was developed in 1707 AD. 
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Figure 11 Histrical change in number of construction 
works in relation to population growth 

In the first stage, as previously explained, a number of 
typhoons had landed resulting in flood and storm surge dis
asters. Ohishi(l977) pointed out that due to the poor tech
niques for flood disaster prevention in alluvial areas flood 
disasters frequently occurred. The ruin of the river basins 
may foster the disasters. Possibly the ruin is the direct influ
ence of the rapid development. In 1666 AD, the government 
enforced a law for the controlling of the river basins for the 
flood disaster prevention. 

Due to the cold weather (usually called as a little ice age) 
in the second stage, droughts were increased in frequence 
as shown in Figure 10. Consequently severe famines and 
plagues took place, especially in the periods between 1783 
and 1787 AD and between 1833 and 1837 AD, respectively. 
The severe famines brought plagues and killed a great num
ber of people. The population then decreased suddenly as 
shown in the figure. Furthermore, government policy accel
erated the famines and the people sacrifice. 
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5. Historical Change in Natural Hazards 
in Time Scale of 300 Years 

For the more shortest time scale of 300 years covering the 
Edo period, for example, historical changes in natural haz
ards are considered. 

5.1 Natural forces as natural environment 
By use of daily weather data listed in the Nikko

sosho( daily report of Nikko-Toshogu Temple located in the 
northern Kan to district), changes in weather for a period of 
185 years from 1722 AD are shown in Figure 12, where the 
daily weather data listed were averaged for every five year 
period. In the figure, D,, D1 and De indicate the ratios of 
rainy, fine and cloudy days to the total, respectively, and 
the change in the number of typhoon landings is also shown 
where the data were also averaged for every five year period. 
It is pointed out that fifty to sixty year periods exist in the 
changes in weather and number of typhoons, and that three 
cold weather terms exist in the period mentioned. 
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Figure 12 Changes in weather at Nikko and number of 
typhoon landings 

5.2 Social environment and population growth 
The population growth in this period is shown in Fig

ure 13. In the figure the population growth in the several 
districts are also shown. It can be concluded as previously 
described in the Jomon period that the more rapidly the 
population increases, the more ·rapid decrease, as specially 
shown in the Kanto and Tohoku districts. 

After the Meiji restoration in 1868 AD the population 
again increased rapidly. The Edo period has been called 
the "rice society". The Feudal Government tried to control 
the rice production rate, but its change occurred in relation 
to the social environment such as occurrence of droughts 
and famines. The change in the rice production rate in Ky
oto (Yamashiro district) is shown in Figure 14, where the 
population change is also shown. As will be discussed, dis
asters such as drought, flooding and famine occurred in the 
period. Consequently, the rice production rate changed sud
denly when severe disasters occurred. The figure therefore 
shows such social environment change in the rice society. 

In Figure 15 historical changes in the number of construc
tion works are shown in this period. It can be clearly noted 
that as described in Figure 10 two stages of the rapid con
struction and development exist, and that around 1666 AD 
where the rapid reclamation and cultivation were politically 
prohibited, the number of the constructions decreased, and 
after about twenty years it recovered again. In the middlP 
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Edo period, a few constructions were only carried out due to 
severe social environment where many disasters and famines 
took place and a great number of people died. And in the 
late period, constructions were again carried out frequently, 
but little population growth occurred due to the social envi
ronment where many disasters were caused by flood, storm 
surge and drought which resulted in severe famines. 

6 
,,,---. 
. '\. I . . \ 

I '\. _..:. 
'·---./· .· 

.. 5 
~ 

2 

1650 1700 1750 /800 1850 190< 
f yr AD 

Figure 13 Population growth in several disrticts and total 
one (N) in the Edo period 
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Figure 14 Changes in rice production rate and population 
in Kyoto 

5.3 Changes in natural water hazards 
As previously described, natural hazards are progressive 

in relation to civilization. In this period many disasters oc
curred by flood, storm surge and drought, the amount of rice 
production decreased resulting in severe famines by which 
many people died. They brought social disturbances such 

as riots and farmer disorders. Figure 16 shows the histor
ical changes in the number of riots and disorders N, and 
their relative number to population N, / N in relation to the 
population growth. It can be recognized that the riots and 
disorders occurred periodically at 50 to 60 year interval, and 
that the most frequent occurrences exist three times in the 
period from 1750 AD to the Meiji restoration in 1868 AD. 

In Figure 17, change in the number of fires in 
Edo(presently Tokyo) is shown, where the thin line indi
cates the number of fires in every year and the thick line the 
occurrence number for every ten year period. It is clearly 
recognized that periodic occurrence of fires exists and its pe
riod is nearly 50 to 60 years, and that the number of fires 
was increasing in relation to the population growth. As the 
population began to concentrate in cities such as Kyoto and 
Edo, another new hazard, fire become remarkable. Fire as 
one of natural weather hazards is of course not only due to 
the weather such as strong wind but the social environment 
such as housing and living conditions. The periodicity in fire 
occurrence is due to the weather condition, and its seasonal 
change clearly exists. In Edo, therefore, clansmen who are 
on duty in the Edo Feudal Government did not like to ac
company their families in winter seasons where fires occurred 
frequently. 
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Figure 15 Historical changes in the number of construction 
works in the Edo period in relation to population growth 

6. Conclusions 

In this general lecture, historical changes in natural water 
hazards in a broad sense are described briefly in relation to 
changes in natural and social environment. In the considera
tion three time scales were employed for specifying disasters 
and their spatial scales; they are 10,000 years, 2,000 years 
and 300 years, respectively. Of course more shorter time 
scales are needed in studying catastrophic disasters occurred 
in a very short period, say one day. A typical example is the 
storm surge disaster in 1959, many other disasters can be se
lected. Further considerations for more shortest time scales 
will be discussed in the future. Conclusively, natural water 
hazards are truly in progress in relation to civilization. This 
has been examined by the historical changes in natural water 
hazards in Japan. 
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Figure 16 Changes in the number of riots a.nd disorders 
a.nd their relative number to population in relation to 

population growth 
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Foundation for Research and Development of Ocean City, Japan 

Abstract 

This is the generation· we will 
begin to be able to selectively manage 

the many problems that present day Japan 

is now being faced with. These problems 

include the severe lack of the necessary 

land space for our cities and the out

standingly high land prices. Moreover, 

these trends are becoming more and more 
serious as the years progress. 

Japan faces other types of problems 

which are becoming international dilemmas, 

problems it will not be able to resolve 

on it's own. The construction of a new 

24 hour international airport for the 

HST aircraft so called "New Orient Express" 

which is capable of transpacific flights 

in just a few hours. Trade frictions 

between Japan and the United States ·and 

between Japan and Europe are now becoming 
serious problems. 

Construction of the Ocean Community 
City will play a significant role in 

resolving the following such pToblems 

by "killing many birds with one stone''. 

1. The concept behind Ocean Community City 
or Ocean Communications City (OCC) 

At the time construction of this Ocean 
Community City is completed, our future 
post-industrial society will be influenced 
by a number of factors. The study group 
for the Ocean Community City is especially 
interested in the following four points. 

~ Expensive land prices 
The price of land in central Tokyo is 
becoming more expensive year after year. 
In a few years it will cost close to one 
"oku" ( ¥100 million or about half a million 
US dollars) for one "tsubo" ( 3. 3 square 
meters ) . It will thus be increasingly 
difficult to find a place to live which is 
both cornf ortable and convenient in Tokyo or 
the surrounding area. 
combination of comfort, 
charm will become more 

An attractive 
convenience, and 
elusive as time 

passes. If we want comfort, we must sacrifice 
convenience and/or charm, and vice-versa. 
Living in a city close to the working place, 
shopping, and entertainment centers also 
means having to put up with noise and 
pollution. This sterns from the fact that 
today's cities are built on one plane and it 
takes time to transfer from one spot to 
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another. Suffice it to say that the current 
city is not functional. 

~Airport for HST aircraft 
Ultra-high speed planes, including the SST 
( MACH: 1-5 ) and HST (MACH: larger than 5), 
will be able to enter service through the 24 
hour International Airport, located in the 
Pacific Ocean to minimize noise pollution. 

In February 1985, NASA announced the 
development of high speed aircraft including 
a 500-passenger plane of MACH 2 ( 14,400km 
per hour ), to be completed in 15 years. This 
plane will fly between Los Angeles and Tokyo. 

In his State of the Union address of 1986 
Mr. Reagan announced that NASA will undertake 
major R&D for a super-high speed plane of 
MACH 25 in the next ten years. This plane is 
scheduled to shuttle passengers between 
Washington's Dulles International and Tokyo. 
Therefore, speaking from the side of Japan, 
an actual concrete project will be needed as 
soon as possible to build an international 
airport operating 24 hours a day near Tokyo, 

In the 21st century, high-speed travel will 
make the one-day business trip between the 
U.S.A. and Japan a reality. 

~Internationalization into 
Three major cities are 
centers of the new 
Longitudinally, these are 
degrees, New York at 74 

a 24 hour 
emerging 
world 
London 
degrees 

society 
as the 

economy, 
at zero 
west and 

Tokyo at 140 degrees east. Overseas financial 
markets and foreign exchanges have already 
been internationalized and are to an 
increasing degree operating on a 24 hour 
basis. 

For round -the- clock business cities 120 
degrees to west and east of London would be 
ideal, making Los Angeles and Taipei the 
logical choices. However, by virtue of their 
economic prominence, New York and Tokyo have 
come to occupy these positions. 
Geographically, New York deviates from the 
ideal location by 46 degrees. 

To make financial transactions flow 

continuously, New York must relay information 
to Tokyo very early in the morning Tokyo 
time, though the information sent to London 
can be received during regular business 
hours. The OCC environment can help to 
relieve the extreme physical burden from the 
long working day of those engaged in these 
transactions. 

Fig. l (left) An artist's conception of the 
deck of the OCC. In the foreground, the world's 
two longest commercial runways, each 6,000 
meters in length. To the left, there are eight 
eighteen-hole golf courses split in two areas, 
400 tennis courts, two baseball stadiums, and 
numerous other sports facilities. 

-10-



~Establishment of a society for longevity 
One objective of the OCC 
longevity by creating 

is the promotion of 
an ideal environment. 

of space in a city 
together with the 

The maximum utilization 
composed of four decks 
clean ocean air and proper physical activity, 
can lead to a long life. This lesson has been 
learned from three areas noted for their 
exceptionally long average life span : 
Vilcabamba of Ecuador, the Kingdom of Hunza 
in Pakistan and Abkhaja, Gruziya in the USSR. 

The optimal use of space in the OCC can 
minimize the time required to get from one 
place to another. In the ordinary city, 
community to work takes a sizable chunk of 
time. In Japan, it 
round of golf when 
included. In the 

takes a full day to play a 
the transportation time is 

OCC, however, offices are 
located on 
the third. 

the second deck, and housing on 
It would take 15 minutes at most 

to move from one point in the OCC to another, 
up to 5 minutes by elevator and then a 
maximum of 10 minutes moving horizontally. 

2. The basic plan for the OCC 

The basic plan for the OCC consists of four 
storeys, or decks each measuring five by five 
kilometers. Each storey has a height of 
twenty meters. The lowest deck is twenty 
meters from the surf ace of the sea, making 
the top deck eighty meters above sea level. 
The area of each deck is twenty-five square 
kilometers, for a total surface area of one 
hundred square kilometers. 

These decks are a new type of off shore 
urban design, Each deck will have a 
particular function. Developed properly, this 
will make a highly efficient living 

W2 W1 
load added load added top deck 

=R====itll====ir=i==:::::::::=ifi====++== 

T 
feed back 

3rd deck 
=t:l====:l=t====t=!====~==:::::t=t= 

bottom deck 
___jf-+-~~-+-1~~--1-+-~~++~~-++-

water rface__ 

-ballast IN 

Fig. 2 Each of the OCC' s legs consists of a pillar, tank and column. 
These legs rest on a SAUCER, or extention of the foundation. The 
columns have numerous thin slits and act as giant shock absorbers. 
Everything, including the legs and foundation will be designed to 
be finally constructed under the sea with bolts and pins and will 
require no welding. 

-11-



semi:-fl.oating structure 

environment, On the top level, for example, 
there will be an international airport and a 
sports center with eight golf courses with a 
total of 144 holes, 400 tennis courts, two 
weatherproof air - conditioned baseball 
stadiums, swiillllling pools and so on. 
International scientific research centers 
will also be established, including an 
-International Research Center for Ocean 
Development, named "Jacques Yves Cousteau" 
-Center, for which the OCC will donate an area 
of 10,000 tsubo on the deck. 

DETAIL iJF JUNCTION 

The top deck will supports an international 
airport with two parallel 6 km runways. This 
adds two square kilometers to each level, 
raising the total surface area to 108 square 
kilometers, or approximately 1.8 times the 
area enclosed by Tokyo's Yamanote line, the 
railway that encircles central Tokyo. The 
steel required for this project is roughly 
100 million metric tons, making it by far the 
largest steel structure in the world. The 

se1i"-floating 
•traeture 

Fig. 3 A diagram of the OCC's semi-floating 
and partially fixed hybrid structure. Large 
scale oil jacks will act to affix the soft 
landing, that is, semi-floating infrastructure 
to the fixed structures in place. 

Fig. 4 While being utilized by the OCC as a fixed structure, the island will 
also offer a significant landmark. 
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total cost is estimated to be $200 billion 
dollars, or 30 trillion yen. On the second 
deck, there will be a large international 
business center including an international 
financial market. On the third deck are the 
living areas. Within this 25 sq.km. area, 40% 
is devoted to roads and parking lots, 20% to 
hotels, restaurants, shopping areas and the 
remaining 40% to five-storey buildings for 
private dwellings. Thus, the total living area 
is 50 sq.km. (= 25 sq.km. x 40% x 5 storeys). 
Allowing for an average living space of 
200 sq.m., for a family of four, a permanent 
population of up to one million could be 
supported. The lowest deck will be devoted to 
utilities and se.rvices for the city, 
including garbage collection, recycling, 
water-works, energy supplies, fiber-opticals, 
a depot; and storage warehouses and an 
automated control system for cargo 
transportation. If these facilities are 
properly positioned, they will be more 
efficient, and thus, timesaving. Facilities 
such as the airport will operate twenty-four 
hours a day. 

Looking towards the 21st Century, the 
developer has sought to incorporate the 
Integrated Service for Digital Network (ISDN) 
to establish this large scale information
oriented community, The city itself is a 
giant building, enclosed and air-conditioned. 

Sophisticated electronics must be employed 
to control and monitor the wide range of 
technological innovaations incorporated in 
the city's design. One fashionable term in 
Japan nowadays is 'the intelligent building'. 
This project is nothing less than the 
embodiment of THE IKTELLIGE~T CITY. 

3. Mechatronic structure 

Each leg of the OCC comprises, from the top 
down, a pillar, a ballast tank, and a column. 

Because the legs are identical, they can be 
mass-produced. Each leg structure rests on a 
specially-designed foundation. Whereas the 
pillar and tank must be strong enough to 
withstand the dead weight pressure, the 
column and foundation will be under 
comparatively little stress because the 
entire stucture will be half floating. As a 
result, the design of the columns and 
foundations is relatively simple. Sensors in 
the legs monitor changes in pressure arising 
from local differences between the weight and 
the buoyancy, Information from the sensors is 
fedback to a central computer that controls 
separate adjustments in individual legs to 
compensate for any pressure change, when the 
pressure between the legs is uneven. The 
relevant ballast tanks are accordingly re
adjusted by increasing or decreasing the 
water level in the tanks. This idea 
integrating the functions of three element~, 
namely sensor, computer 
referred to as an active 
or simpl,y ACT. It 

and actuator, can be 
control technology 
could signify a 

revolutionary new advance in design methods 
of various high technology products including 
ultra-large metallic structures such as the 
OCC and high performance vehicles such as 
motor cars or jet aircraft. 

The OCC's structure can be thought of as 
being generally the same as that of a ship in 
that both are affected by external pressure 
from waves of varying height and length. 
Naturally, the larger the wave length and 

height, the greater the external pressure. 
The dimensions · of the structure and the 
thickness of the plates would normally have 
to be increased to compensate, resulting in a 
large increase in the total weight of the 
structure. However, this. ACT design system 
for the adjustment of both weight and height 
buoyancy solves the problem without an 
immense increase in the amount of the weight 
of steel or other structural materials. 
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Fig. 5 A typical OCC multilayer structure. The outside wall has a sunflower-like 
lighting apparatus to activate marine life. 

Fig. 6 The OCC's sub-marine structure. Mass production is facilitated by the fact 
that the sub-mmarine structure will be built in the same fdrm as the main 
structure components. 
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Therefore, a lower budget and a shorter 
complet.ion period can be attained. 

4. Earthquake protection using the 'SAUCER' 

The OCC must be made safe from disasters 
such as earthquakes, accompanying tidal waves 
and fires. Because the city will be 
surrounded by water, conventional fire 
fighting methods should suffice to ensure 
fire safety. By the 21st Century there should 
be some highly accurate method of forecasting 
earth tremors. 
not yet 

However, 
available, 

as such a method is 
a provisional 

protectionary measure will consist simply of 
discharging ballast water to make the whole 
city rise slightly from the quaking sea bed. 
This measure would alleviate the damage from 
a prolonged ·earthquake, but the problem of 
protection from the initial tremor would 
remain. To cope with this problem, the 
' SAUCER' (Shock· Absorber Used for Column 
Erection) system, has been devised (Fig. 1) . 

Simply put the column acts as a shock 
absorber. As shown in Fig.l, many vertical 
slits are cut all around the surface of the 
column to reduce the vertical rigidity. This 
is an efficient way to reduce the transmitted 
shocks of earthquake from foundations to the 
upper structure even if the lower end of the 
column touches the upper flange of the 
foundation. 

There is no need for an elaborate 
foundation since the weight of the structure 
is counteracted by the positive buoyancy. 
Each column settles inside the SAUCER, and it 
is free to move only vertically. Horizontally 
it is absolutely stationary. 

5. The half-floating (soft landing) and 
partially fixed hybrid structure 

Exclusive reliance on 
mentioned above would 

the SAUCER system 
leave the OCC 

vulnerable to horizontal pressure . from a 

tidal wave or typhoon. For this reason the 
OCC has been designed as a hybrid structure 
of semi - floating and partially fixed 
structures. 

Each of the fixed structures will be a 
prestressed concrete block with an upper 
surface measuring 300 sq.m. and filled with 
water to make it weigh millions of metric 
tons. Between every fixed structure and the 
floating city's structure there is a 
surrounding space with many enormous 
hydraulic or oil jacks attached with bumpers 
and friction plates to lessen any impact on 
the floating structure ( Fig.2 ) . 
The fixed structure attached to the sea floor 
will stabilize the OCC horizontally. During 
any earhquake the fixed structure will feel 
the full effect of the tremor, so there can 
be only aesthetic development such as scenic 
green parks on top of these blocks. 

6. Creation of amenity 

Generally speaking, the choice of one's 
residence is based on three factors. These 
are the size, the social environment and the 
location ( the distance from a community 
center or a railway station, for example ). 
The size and the environment help to create a 
comfortable dwelling, and a favorable 
location provides the convenience. A good 
combination of these factors makes for a 
pleasant place to live. 

Thus, the OCC will encompass a wide range 
of high technology to create a highly 
organized, safe environment. Yet this city 
will also function as a transportation and 
communication center, which will pave the way 
to solving many of the problems facing 
future societies. 
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GLOBAL CHANGE AND THE COASTLINE 

ENVIRONMENTAL, SOCIAL AND ECONOMIC 

IMPLICATIONS 

David Hopley 

Sir George Fisher Center for Tropical Marine Studies, James Cook University of North Queensland, 
Townsville, Queensland 4811, Australia 

Only a small proportion of funding for global change research 
programs has been directed at planning for sea level rise through 
mitigation projects. Although recent estimates of the rise by 2050 
(25-40cm) are reduced compared to previous predictions and are 
now within the ranges achieved in the geological past, considerable 
changes will still take place in the coastal zone, especially when 
greater and more surge storm incidence and rainfall intensity factors 
are considered. Adjustments available include: no action; coastal 
defence based on present rates of sea level rise; retreat with 
planning and social engineering; protection; and abatement of global 
change processes. Actual decisions for specific reactions will vary 
according to risk and impact assessment. Production of Coastal 
Vulnerability Indeces ( CVI) using Geographical Information Systems 
( GIS) is advocated at several scales for the identification of regional 
response planning strategies. 

1. Introduction 

In spite of a clear indication of increasing levels of C02 in the 
atmosphere (316 to 350 ppm, 1959-1989) only a combination of 
circumstances in the late 1980's led to acute concern about global 
environmental change. Government response has been a massive 
injection of funding into global change issues (eg $7.8 million for 
Greenhouse related projects in Australia in 1989 and a US 
Presidential proposal for a 1991 global change research budget of 
$1,034 million). Examination of these and other budgets announced 
elsewhere suggest that most expenditure is directed in two areas: 

i) refinement of global change predictions 
ii) curtailment of Greenhouse gas emissions 

Whilst both are valid, what may be termed the middle ground, 
the planning, design and engineering programs for the next decades 
have been given low priority. Even the most conservative forecasts 
indicate that change is inevitable as the result of past pollution 
whatever abatement methods are employed in the next few years. 
Contingency planning for the considerable period of time until there 
is a change in direction of present trends is necessary. 

This is particularly true of the coastal zone where social and 
economic changes may be felt frrst. Fifty percent of the world's 
population are coastal dwellers and it is potential total loss of land 
which places the problems of the coast in a special class. This 
review examines why mitigation planning is so backward, assesses 
what the critical problems are likely to be and the range of planning 
and design options available. It finally advocates a hierarchical 

regional approach to coastal planning incorporating environmental, 
social and economic variables. 

2. The Uncertainty Factor and Analogues with the Past 

Two factors work against any immediate response to the present 
predictions of global change: i) the period for significant change to 
take place by even the worst extreme predictions lies beyond the 
term of any elected government or equivalent body and ii) any 
response will be expensive and/or socially disruptive. For this 
reason the uncertainties associated with prediction are frequently 
grasped eagerly by those who wish to do nothing. 

Unfortunately the uncertainties are likely to remain, though may 
become more refined. Global change becomes an issue to which 
response must come only when it affects budgets and societies. An 
increase in atmospheric C02 alone does not do this, nor do 
generally warmer temperatures. Changes to rainfall patterns or 
significant rises in sea level, on the other hand, do affect economies 
and people and both of these parameters are subject to a multitude 
of buffers and feedback mechanisms in which the world's oceans 
form an integral part. This problem was illustrated to this author 
recently in a joint paper which examined the significance of changes 
to coral reefs in response to a global rise in sea level to the global 
C02 budget (1). The paper concluded that calcium carbonate 
deposition in coral reefs at present acts as a sink for 111 million 
tonnes C y'1, the equivalent of 2% of the present output of 
anthropogenic C02• In the short term this could increase to the 
equivalent of-4% of the present C02 output and in the much longer 
term (several centuries) this could increase to the equivalent of as 
much as -9% as unproductive reef flats become recolonised with 
corals. This all appears to be a good negative feed back response 
which will help the fight against global change. Further examination 
however, indicated that this was not so. Unfortunately this negative 
sink for C will most likely be of negative value in alleviating 
Greenhouse because the immediate effect of CaCo3 precipitation is 
to raise pC02 of the surface oceans ie to encourage C02 efflux to 
the atmosphere and compounding the problem. 

This example illustrates how complex the problems of prediction 
are. Nonetheless the efforts put into research over the last five 
years are paying off. Sea level predictions for the mid 21st century 
in 1983 ranged from 23.8 to 116.7cm (2). Today the envelope is 
narrower and more conservative at 25 to 40cm (3). This is most 
important as greater consensus and greater precision allow scientific 
assessment to be incorporated into project design. To date, lack of 
consensus (5) has done little to promote decision makers to make 
decisions. Whilst the priviledges of scientific and academic freedom 
and the requirement for caution remain, the trend towards definitive 
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Table 1 Examples of the Impact of Global Change on the Coastal Zone 

Type of Change Impact Other Implications 

PRIMARY Sea Level Rise Inundation of wetlands and lowlands Changes to Tidal prisms 
Erosion of Shorelines Changes to sedimentation patterns 
Salinity incursion in groundwater 

SECONDARY Increased frequency Exacerbating sea level rise problems Extension of hurricans into areas 
and intensity of where design has probably not 
hurricanes incorporated wind loading and 

surge factors 

Higher rainfall totals Exacerbating sea level rise problems Changing salinities in nearshore 
and intensity in lower Changing natural stream networks, zone 
latitudes leading to increased sedimentation 

Increased temperatures Extension polewards of nuisance or Changing tourism patterns 
dangerous species, eg malaria 
carrying mosquitoes 

TERTIARY Changes to economies Changing crop patterns, leading to 
of coastal hinterlands changes in past requirements 
as result of climatic 
change Decline in coal ports Changing location of specialised 

port bulk handling facilities 
Changes to trade as Decline in demand for wool in 
result of anti- warmer world 
Greenhouse measures 

statements from specially constituted national and international 
committees is absolutely necessary for forward planning. 

The more conservative figures for sea level rise are also 
important from another aspect. In making adjustments to perceived 
changes it has been common to examine the past for analogues 
which will aid the forecasting process (5). Climates have changed 
in the geological past ( eg glacial/interglacial episodes) and sea levels 
have been as much as 150m different to present. However, 
emphasis has been put on the fact that the rates of changes in the 
past are far slower than those envisaged in the future. For example: 

• .. changes which have only ever previously occured in tens of 
thousands of years will have been compressed into half a 
human lifetime" (6). 

This is certainly true of temperature changes. A 2 to 4°C change in 
global atmospheric temperature over fifty years compares to a 8°C 
warming over 100,000 years and • 10,000 years since the height of 
the last glaciation (7). The predicted 1.5" to 4.5"C increase in sea 
surface temperatures (which will lag behind atmospheric T° change), 
compares to an average global figure of 2°C since the glacial period 
(8). 

However, the rate of sea level change for the next 50 years which 
is now more conservatively predicted at 4 to 6mm y·1 is far less than 
that of the post-glacial transgression when rates averaged 12 to 
15mm y·1 and at times may have been double. Unfortunately, 
beyond the year 2050 the steam roller effect of global change once 
underway may see the rate of sea level rise increase exponentially. 

As all modern species and ecosystems were obviously able to 
survive the post glacial transgression, though for many it was a time 
of stress and forced adaptation, superficially the immediate outlook 
for natural systems would not appear to be too gloomy. However, 
this is far too great an oversimplification. In post-glacial times 

migration of plants and animals was unhindered by human 
developments. Migration inland took place as sea level rose and 
zonal migration (northwards and southwards along coastlines) as 
temperature changed. Rivers changed their courses and estuaries 
their morphology. Few of these natural migrations or alterations 
will be as easy in the future. The inertia effect of human settlement 
and development will produces a stress additional to that produced 
by environmental change. Mangroves will not be allowed easy 
access onto sugar cane lands and sandy beaches rapidly disappear in 
front of rock walls. Estuaries included in protection works are likely 
to disappear completely on purely economic grounds as regional 
protection works costing upwards from $2000 per metre will follow 
straight lines, enclosing the lengthy indentations which provide 
unique habitats (for example see the effects of enclosure of the 
Eastern Scheidt in the Netherlands). 

The major difference between the time of the post-glacial 
transgression (largely between 17000 and 7000 years BP) and the 
present is the comparative size and distribution of human 
populations. About 10,000 years BP total world populations stood 
at ca 10 million. Nonetheless the stress of rising sea level on coastal 
societies of hunters and gatherers was sufficient in wide coastal 
plains such as those bordering the Sunda Shelf to initiate widespread 
migrations as local land shortage caused demographic pressure. It 
has also been hypothesised that this pressure also initiated the first 
moves towards systematic agricultural cultivation (9). World 
·population today is ca 5.1 billion, more than 50% of it located in 
coastal zones with an estimated 300 million susceptible to a 1m rise 
in sea level (10). Migration is not feasible in all but a few regions 
as there are no longer empty fertile areas to which peoples may 
move. In addition political boundaries further compound problems 
of migration. One has only to evaluate world reaction to the 
Vietnamese boat people to see how difficult accommodation of 
populations from Bangladesh or low lying Indonesia would be 
outside the country of origin. Problems from sea level rise will 
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require international political as well as engineering solutions, 
particularly as there is the potential for some of the worlds lowest 
and smallest nations such as the Maldives, Kiribati, the Marshall 
Islands, Tokelau and Tuvalu to be left completely landless (11). 

3. The Impact on the Coastal Zone 

Numerous assessments have been made of the effects of 
changing sea levels and other parameters, ranging from direct and 
physical (and generally most predictable) to indirect and largely 
economic or social (and least predictable). Examples are given in 
Table 1. 

Primary impacts are directly related to sea level rise and are 
holistic in both time and space. Secondary impacts are those which 
result from changes in the environment which compound sea level 
rise. Most obvious are those related to increased frequency and 
intensity of tropical hurricanes or cyclones, exacerbating the 
problems of the coastal zone, not only in the areas in which such 
storms are currently experienced but also to polewards as higher sea 
surface temperatures allow an extension of the hurricane belt (U). 
Storm surges and extreme wave activity will extend the influence of 
the sea even further inland though only intermittently. 

Changing temperatures will also affect the coastal zone, most 
obviously to distributional boundaries of temperature sensitive 
species of plants and animals. Such changes have economic and 
social implications. For example mosquito borne diseases, such as 
malaria may extend further polewards. Another example is provided 
from Australia by the box jellyfish, Chironex fleckeri. This marine 
stinger, which can cause human fatalities is currently found on the 
Queensland mainland coast between November and April (in wetter 
years as late as June) and as far south as Gladstone (24°S). A 3°C 
increase in sea surface temperatures could see extension of the box 
jellyfish in summer into waters of southern Queensland and 
northern New South Wales. 

The impact on tourism of a polewards extension of box jellyfish 
is an excellent example of a tertiary impact. The box jellyfish 
curtails or modifies mainland beach activities in northern Australia 
during the sunuiier season and is at least partially responsible for 
the tourist season being a winter one. If this animal were to extend 
into New South Wales it ·would include Australia's largest coastal 
tourist developments on the Gold and Sunshine Coasts within its 
biogeographic range. 

The range of tertiary impacts are almost unlimited and require 
identification at the local level (see below). However, it is 
worthwhile pointing out the vulnerability of ports not only to the 
physical results of global change but also economically. Changing 
climate will modify the agricultural systems and productivity of port 
hinterlands. For example, in Australia wheatlands may shrink 
drastically in Western Australia and South Australia, but expand in 
Queensland. Other crops would have changing distributions and 
impacts on pastoral activity and forestry could be severe (13). Wool 
production and exports could be reduced not only by changing 
climate but also by a reduced demand in a warmer world. Trade in 
coal may decline- drastically in an attempt to curb Greenhouse 
emissions. Most of these products form an important part of 
Australia's exports and are handl1<d in bulk by specialised port 
facilities. Indeed, major changes to world trade may be expected as 
the result of global change and port handling facilities may alter 
dramatically as a result. 

4. The RaD,ge of Adjustm.ents 

The range of options open to combat the effects of global change 
in the coastal zone range from no action, through protection of the 
worlds coastlines at their present position, to the ultimate solution 
of abatement of global warming by reducing emissions of 
Greenhouse gasses. Cost-benefit analysis of each option is required. 

4.1 Do Nothing 

This obviously costs least to implement but could result in major 
losses of coastal lands, amenities and structures. However, it is the 
acceptable option for many cliffed coastlines or coastal zones with 
no development such as much of northern Australia. Indeed 
presuming that there is no impediment to migration of littoral, 
intertidal and nearshore zones landward, and that the rate of 
migration required is within the capacity of the participating species 
(particularly plants) then this option also allows for the maintenance 
of coastal ecologies for sea level rises up to the rates obtained 
during the post-glacial transgression ie 12 to 15mm '{1• 

4.2 Coastal Defence Based on Present Rates of Sea Leyel Rise 

Coastal defence works including sea walls, groynes, tetrapods, 
dune stabilisation programs and artificial beach replenishment are 
already in place along many coastlines to counter natural erosion of 
70% of the worlds sandy coastlines resulting from the rise in sea 
level of the last 100 years and/ or reduction in coastal sediment yield 
(14). Such measures can be successful only in the short term but 
are probably delaying the inevitable and even aggravating the 
ultimate losses dur_ing a major storm. As Titus (15) has pointed out, 
whilst the horizont~ location of the beach may be maintained or its 
retreat slowed, deepening offshore will result in massive erosion in 
a culminating storm (16). 

Protection at the present position also includes biophysical 
methods, largely involving planting or encourangement of vegetation. 
However it has been noted (17) that the results can be similar to 
those of hard engineering particularly in an era of rapidly rising sea 
level Longshore movement of sediment or dune washovers may be 
hindered. For example, on barrier islands sand is accumulated in 
high dunes rather than on the beach or back barrier thus removing 
the washover back barrier area vital to the maintenance of the 
system. 

In summary, coastal protection measures are costly, may 
aggravate erosion problems and can be ecologically damaging ( eg 
loss of beaches in front of sea walls). At best this is a temporary 
adjustment suitable only for high value sites. 

4.3 Retreat with Planning and Social Engineering 

Where economics do not allow defence or protection then retreat 
may be greatly facilitated and impacts alleviated by forward 
planning. In reaching this decision it is important to consider not 
only the present value of land and property but what it may be in 50 
years time given other reactive measures. For example it is futile 
protecting a coastal resort which is centred around its beach and 
natural environment if the end result is a far from aesthetically 
pleasing rock wall and no remaining beach. Defence or protection 
of such locations is meaningless and their present high values can do 
nothing but erode as quickly as their beaches into the next 100 
years. 

Whilst accepting that there are many developments currently 
within the susceptible coastal zone, future problems can be 
minimised by planning. Planning includes the strict enforcement of 
buffer zones in which development is banned or limited to structures 
which are expendable or can be moved ( eg surf life saving facilities 
which must be close to the beach). Legislation which actually 
encourages coastal development such as the US National Flood 
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Insurance Plan of 1968 (17) requires reassessment on environmental 
grounds, not just for economic reasons as occured with the cutting 
of the NFIP in the late 1980's. Many coastal nations experiencing 
storm surges or tsunamis already have coastal zone management 
plans and these need extending. 

If it is accepted that coastal retreat is inevitable and it is 
considered necessary to develop in the coastal zone, then design 
criteria become critical eg foundations suitable to withstand surges 
and high tides, buildings raised on platforms or public buildings such 
as hotels having ground floors utilised for purposes which will 
experience least damage if flooded eg car parks (18). In this way 
the design life of such buildings may be extended into the decades 
when sea level rise and storm activity increase the frequency of 
intermittent flooding but before sea level rise finally produces total 
inundation. 

What Carter (17) terms "Social Engineering'' include both legal 
and fiscal measures eg ·outlawing coast damaging activities, taxing 
provisions to enforce coastal zoning practices and incentive 
education programs. Such social engineering programs are most 
needed in developing nations but are most difficult to instigate. As 
Carter indicates, tradition and religion are entrenched in the way of 
life and loss of crops, property and even life is accepted as "Gods 
will". In addition provision of international relief aid has developed 
paradoxes in attitude in which many people will suffer the hurricane, 
surge or flood in anticipation of the relief aid to come. As such 
events become more severe and more frequent, improving 
technology is insufficient. For example, in Bangladesh only major 
land reform, better communications and other measures such as 
rephasing of crops so that harvests do not coincide with periods of 
maximum risk can alleviate even present problems without sea level 
rise (19). 

Planning for retreat can also include help for natural systems. 
This ranges from measures to ensure that particularly susceptible 
species of plants and animals are given sanctuary, to sand pumping 
schemes which aid in the migration of shorelines without total loss 
of environment. Titus (20) for example suggests that sand pumping 
schemes on barrier islands of the US east coast should not 
concentrate on the eroding seaward beaches, but should be directed 
towards the inner prograding beach, thus aiding natural barrier 
island migration. 

4.4 Protection 

Complete protection in situ is warranted for some sites because 
of the amount of investment, the historical and/or heritage value, or 
because of the lack of alternatives. Some schemes are already in 
place or are under construction where local subsidence, both natural 
and man induced, or changes to tidal prisms (again man induced) 
have aggravated problems of sea level rise. The $1.7 billion Thames 
barrage protects land where a single major flood could cause $8 
billion damage. The Japanese City of Osaka is similarly protected, 
Leningrad has a 25km. barrier under construction and Venice's 
protective works have been planned for over 20 years. The 
Netherlands for centuries, has invested a considerable proportion of 
its national income on land reclamation and protection, of necessity 
for such a low lying country. The Dutch polders are often quoted 
as an example of how successful protective works can be, but the 
success is not just the result of the ingenuity of Dutch engineers 
which can be easily exported. The protection works were initiated 
from an economy bolstered by colonial trade and currently 

•maintained by high value intensive industry and agriculture. 

In all these examples the benefits greatly outweigh the costs and 
it is probable that many more such schemes will be developed in the 
near future. In Hamburg for example, sea level rise will result in a 
further 40 - 50cm alteration to the tidal prism, potentially flooding 
20km2 and threatening 320,000 people. The works proposed will 
cost DM 4 billion, protecting assets estimated at DM 16 billion (10). 

Preliminary assessments in the USA indicate that it would cost 
approximately $100 billion to protect the most densely developed 
15% of land threatened by sea level rise (3). 

These are examples where the solutions are unambiguous. 
Decisions become difficult for nations which cannot afford billions 
of dollars and/or where the benefits are marginal. A 1.5m rise in 
sea level in Guyana is estimated to result in an annual loss of $800 
million, $245 million from loss of agricultural products but more 
than twice that in "loss of rent" (21). Even the simplest sea walls 
cost ca $2000 per metre. However, in Guyana, and many other 
developing nations the lowest lying areas are underlain by muds and 
mangrove peats the foundational properties of which are dubious. 
Up to 3m of subsidence could take place so costs are far higher than 
the minimal figure. Some solutions are forthcoming: in Guyana it 
has been suggested that far less robust (and costly) sea walls could 
be planned further inland and mangroves be allowed to grow in 
front of them, adding to coastal protection, particularly as a wave 
barrier. However, this response is only partial, resembling coastal 
defence rather than protection and automatically leading to an 
acceptance of loss of a certain percentage of land. 

Such marginal schemes also need to assess associated costs, both 
economic and environmental. For example impounding an area 
below sea level requires continuous pumping of surface water, and 
may have drastic effects on the groundwater table of adjacent areas. 
These need to be costed into such schemes. A further example of 
added costs is provided by the atoll nation of the Maldives. These 
low lying islands would require protective works of $8000 per metre 
but desalinisation plants which would be required to provide fresh 
water would cost $48 million per year to run (10). The Maldives 
has a population of 202,000! 

Bangladesh is even more precariously situated. 40 to 80 million 
people are vulnerable to sea level rise and with storm surges already 
a major hazard. The estimate of protective works is minimally 5 to 
10 times the perceived economic benefits (22). It is interesting to 
note that building of villages on mounds is suggested as an 
alternative solution. Although this has occured for centuries in parts 
of coastal north-west Europe, here population densities are low and 
an economic livelihood can be maintained from grazing and 
associated activities on the surrounding marshes when water levels 
recede. Populations of mound dwellers are not possible without 
access to subsistence maintaining land. Clinical economics cannot 
always direct the suitable response. 

4.5 Abatem¢nt 

The only final solution is a reversal of the global change 
processes. Reduction in Greenhouse gas emissions would reduce 
the rate of global warming and consequently slow sea level rise and 
its consequences. Delaying sea level rise will permit a slower 
deployment of mitigation measures. A number of agencies have 
suggested that a reasonable target would be to limit additional man 
induced sea level rise to an amount comparable to present rate of 
about 12cm/century. This could be attained by reducing emissions 
of C02 by 2% a year coupled with reductions in emissions of other 
trace gasses. However, this is a reversal of present trends (increase 
of -2% a year). It is unlikely to be agreed upon quickly by the 
world's nations and unlikely to result in sea level responses within 
the next century. 

5. An Ap_prqach to Mitigation Planpins 

Pier Vellinga of the Netherlands Climate Program has suggested 
that the global cost of 1m rise in sea level is $13.3 billion annually, 
and that half the world cannot afford this cost. In 1987 the various 
adoptions were costed at a conference in Bellagio, Italy (23). Using 
present costs of coastal management as a 1990 baseline the following 
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combinations were costed (abatement = reduction of emissions by 
2% per year; mitigation = engineering, planning measures; minimal 
mitigation = ad hoc increases in response to disasters): 

i) no abatement, no mitigation: the most expensive option, 
almost 14 times present management costs even by the year 
2040 

ii) no abatement, mitigation: about 6 times 1990 by 2040, but 
13¥2 times by 2100 

iii) abatement, minimal mitigation: about 8 times 1990 by 2040, 
but less than 11 times by 2100 

iv) abatement, mitigation: the cheapest alternative beyond 2025, 
costing 5 times present levels by 2040 and only 6¥2 times by 
2100. 

The cost curves tended to remain close to each other until about 
2020-2030 and it has been suggested that we can wait until then, 
when predictions may be far more refined than today, before 
decisions are taken. However, the costing presumes a 20 to 40 year 
planning lead time, obviously necessary for abatement but equally 
applicable to many major engineering works of the scale of the 
Netherlands Delta Plan. 

Decisions on mitigation methods are thus required immediately. 
Adoptive strategies and decision pathways have been discussed at 
various levels (eg 2,3). The majortiy have aimed at a global or 
national level. Few (eg 24,25) have been at the local authority level 
of decision making. Planning decisions should be required for all 
new projects but few attempts have been made to determine the 
optimum scale of regional planning. Gornitz and Kanciruk (26) 
assessed the physical factors involved in sea level rise hazards, and 
these are included in the present assessment. However, final 
decisions will be based not only on the physical environment but 
also on economic, social and political grounds. All these influences 
have individual regional variations which need defining and then 
superimposition to provide the final scale for decision making. 

Assessment factors include: 

5.1 Physical Factors of the Land 

i) Relief: elevation of the coastal zone with respect to sea 
level rise and storm surge hazard 

ii) Lithology: the relative resistance of rock type to erosion 

iii) Landform: this needs to be assessed in combination with 
lithology and relief. Obviously unconsolidated landforms such 
as dunes, coastal barriers or glacial deposits have greater risk 
of erosion though height of dunes may affect the rate of 
recession and the amount of inundation. 

iv) Shoreline displacement at the present rates of erosion or 
accretion will give an indication of the sensitivity of the 
coastline to sea level rise. A coastline receiving a high 
sediment yield and accreting rapidly may be able to maintain 
the shoreline close to its present position even after 0.5m or 
more of sea level rise. 

5.2 Physical Factors of the Sea 

i) Wave climate: maximum wave heights and 50% exceedence 
levels are important parameters when superimposed on sea 
level rise. 

ii) Tidal range: this is one of the most important factors in 
assessing risk. At the present time it can be assumed that no 
development is tuned to Highest Astronomical Tide (HAT). 

In a micro tidal area (elm) the difference between even 
neap high tides and HAT is less than 0.5m and any sea level 
rise will cause water levels to exceed normally experienced 
levels. In contrast in macrotidal areas there may be several 
metres difference between even mean High Water Springs, 
and HAT. An 0.5m rise in sea level will cause total water 
levels to exceed previously experienced levels on only a 
handful of high tides each year. The risk is greatly minimised 
in macrotidal areas, as it is for storm surges (27). However, 
where possible, assessment needs to be made of the possible 
changes to the tidal prism caused by greater volumes of water 
entering for example estuarine systems with a higher sea 
level. 

iii) Storm surge risk: short term rises in sea level of up to 4m 
can be experienced with tropical and high latitude low 
pressure systems. Risk analysis is available for most 
developed countries and is related to frequency and intensity 
of storms, tidal range and local physiographic factors. 
However, future risk requires consideration of changes to 
distribution, frequency and intensity, superimposed on sea 
level rise ( eg 12,28). 

5.3 Land Movement 

i) Long term movements: it is important to differentiate 
between two types of movement. Steady continuous 
movements, (either uplift, as takes place in glacio-isostatic 
rebound areas, or subsidence, as in the adjacent collapsing 
forebulge zone (29)) can either alleviate or aggravate sea 
level rise. However, in tectonically active areas, even where 
average rates of land elevation may approach lm/1000 years, 
it is not possible to discount the rise, as movements take 
place intermittently with long periods of stability possible. 

ii) Present relative sea level trends: because of the 
characteristics of the earth's crust, which responds 
differentially to various loading and unloading factors, great 
variations occur in sea level behaviour. This is reflected in 
Holocene sea level changes over the last 7000 years (30) and 
also in the records of the last 100 years as recorded on tide 
gauges (31,32). This is a very important variable in assessing 
risk during the early stages of sea level rise. 

5.4 Economic Factors including Infrastructure 

i) Value of the natural coastal zone: in its natural state the 
coastal zone may have a value which is sufficiently high to 
make preservation a viable option. For example mangroves 
have been valued at $5,000 ha y·1 as fisheries breeding 
grounds (33). Tourism is also based on natural features of 
the coast and the value of the resulting income may surpass 
the cost of maintaining the natural landscape during sea level 
rise, eg by massive artificial sand replenishment schemes. 

ii) Value of structures within the risk zone: assessment is 
required of present value and also the possibly discounted 
value after defensive or protective works if these are deemed 
necessary. For example, an international airport may have 
little change to its value behind a massive sea wall, whilst a 
tourist resort would be drastically discounted. The 
architectural and engineering aspects of the infrastructure in 
the risk zone requires evaluation. Some may be able to 
withstand a small rise in sea level with minimum 
modification. Some may be able to be cost effectively moved. 
Finally, the cultural and heritage value of buildings, 
monuments etc may be a major factor in the final decision 
making. 

iii) Value of production in risk zone: although infrastructure 
value may have prime consideration the value of production 
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from risk zones also needs assessing against the cost of 
protection. This could be critical for industries or services 
which require access to the sea, particularly as alternate sites 
along an adjusted coastline may have many demands put 
upon them. Agricultural production should also be assessed, 
though costing of ancillary operations such as pumping, and 
indirect effects of sea level rise such as salinity problems 
should be considered. 

iv) Status of the economy: this applies to economic evaluation 
at all levels of Government. In developed countries, local 
government may be forced to take on at least part of the 
financial burden of required works. Although there will be 
a close correlation between the ability of a local government 
to pay and the benefits accruing there will be a regional 
variation which will affect decision making. At the national 
level it is already clear that half the nations of the world will 
be unable to afford the measures needed even where the 
benefits are clearly in favour of the required action. Political 
decisions at national and international levels will be 
necessary. 

5.5 Social and Political Factors 

i) Population: security of human life must be paramount in any 
assessment process and population density in zones at risk 
need to be balanced against availability of sites to which 
migration may take place and the social impacts both on the 
population being moved and on any existing population in the 
migration target areas. 

ii) Religious, ethnic and traditional beliefs: these may tie people 
to particular areas, or give some areas special significance. 
It is doubtful whether such factors will be strong enough to 
result in costly protective works, but costs of education and 
social adjustment need to be incorporated in cost-benefit 
analyses. 

iii) Politics: decisions on the final actions to be taken will be 
made by politicians and much will depend on the political 
level at which planning responsibilities will lie. The higher 
the level, then the more rational the decisions made. For 
example, the solutions to the problems of nations which may 
disappear completely, such as the Maldvies, require action at 
an international level, as do the measures needed to resolve 
the global change problems of many of the poorer developing 

. nations. At national levels, larger schemes at least will 
require input of major funds which can only be allocated by· 
a central government. Defence and planned retreat may be 
more appropriate at state or even local government levels, 
but only after national strategies and priorities have been 
decided. 

6. Conclusion 

The ma1onty of the factors discussed can be quantified, 
categorised for risk or impact and geographically located. However, 
the data will be in a variety of formats and spatial resolutions 
including: 

i) point data eg tide gauge information 
ii) line data eg shoreline characteristics, tides 
iii) cell data eg relief of backshore, value of structures, 

population density. 

As Gornitz and Kanciruk have suggested for the physical factors, all 
data can be integrated into a Geographic Information System (GIS). 
The value to planning will increase with larger scales of resolution. 
For example Gornitz and Kanciruk used 1:250,000 mapsheets and 15 

minute coastal cells (ca 770km2) and smoothed or interpolated some 
line data by using 3 to 5 point running means. They suggest that 
sensitivity tests can be made to establish optimum values. In 
Australia a computerised data bank on coastal landforms has already 
been compiled based on lOkm long strips of coastline and 1:250,000 
mapsheets but containing information on population and land-use 
(34). This is an enormous and valuable data bank but even the 
authors note that: "about 300km of coast (30 coastal sections) is the 
practical lower limits of utility for the data". Obviously for detailed 
planning of moderately to densely settled areas the scale of 
resolution needs to be much smaller. 

Nonetheless these approaches provide the basis for the 
identification of the most critical areas where higher resolution 
methods may be applied. Developing the model of Gornitz and 
Kanciruk the national level process may be: 

1. Development of a coarse scale Coastal Vulnerability Index 
(CVl) based on the physical factors of land and sea, and earth 
movements. 

2. Superimpose economic and social factors to produce coastal zone 
value indeces. This will almost certainly require several stages 
of compilation. 

3. Identify high risk, high value areas for fine scale resolution 
assessment. 

4. Decision making for regional strategies of no action, retreat with 
planning, defence or protection and for allocation of the financial 
burden of such measures at the most appropriate level of 
government. Processes such as this are particularly needed in 
preparation for global change but even without sea level rise, the 
data collected is essential for much needed coastal management 
planning over most of the world's shorelines. 

Because the most recent estimates of sea level rise are more 
conservative than those of five years ago, there is some indication of 
relaxation in the level of government response at the present time. 
However, even a 25cm sea level rise in the next 50 years will 
produce major problems, particularly when accompanied by such 
regional factors as high and more frequent storm surges and higher 
rainfall intensities. Funding for coastal risk assessment and planning 
of mitigation works requires higher priority than it receives presently 
by most governments. 
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Abstract 

The remote sensing observations by 
LANDSAT satellite and aircraft with 
MSS (multi spectral scanner), together 
with sea truth observation, were car
ried out simultaneously at the mouth of 
Tokyo Bay. The author applied the 
statistical analyses to the data ob
tained from remote sensings and sea 
truth observation. It has been found 
that turbidity and temperature in upper 
layer are highly correlated with remote 
sensing data. From these re
sults, the estimated features of tem
perature and turbidity distributions 
were obtained. An attempt was made to 
estimate the concentration of chloro
phyll-a, which led to a conclusion that 
it was very difficult to measure chlo
rophyll-a from the remote sensing data 
so far as the present study was con
cerned. It was found, however, that the 
satellite visible imagery showed the 
spectral characteristics similar to the 
airborne image and they were somewhat 
in good agreement with the ocean color 
obtained by the sea truth. 

!.Introduction 

The development of observation tech
niques of water quality distribution, 
in particular, the contamination phe
nomena with large spatial scale, such 
as red-tide phenomenon, is very impor
tant from the viewpoint of clarifying 
the contamination mechanism in coastal 
sea. The spatial observation of tur
bidity dispersion caused by huge marine 
works is also required for estimating 
their impacts on marine environment and 
ecology. 

However, it is often very difficult 
to identify the horizontal distribu
tion of water quality by the site 
observation at only a few points be
cause of its complicated aspects due to 
current variation in coastal sea. 

Remote sensing technique by satel
lite or airplane can provide much 
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useful spatial information in that 
case. 

In the present study, the simultane
ous observation by airborne MSS(Multi
spectral scanner) and LANDSAT-5 TM, 
together with sea truth, were carried 
out near the mouth of Tokyo Bay. Based 
on the correlation and multivariate 
analyses with those data, the present 
paper describes the applicability of 
remote sensing technique to water 
quality monitoring in coastal and 
inland seas. 

2. Observation Procedure 

2.1 Remote Sensing Observations 

The observation data on August 6 in 
1986 by Thematic Mapper (TM) on LAND
SAT-5, were utilized in the present 

LANDSAT·5 Coverage Map 

Figure 1 Observation area bv LANDSAT-5 
near Japan Islands 



Table 1 Spectral properties of Theaatic Mapper on LANDSAT-5 

TM Spectral bands LANDSAT-5 Theaatic Mapper 

Band wavelength (.um) co Hen ts 

1 0.45 - 0.52 t 
2 0.52 - 0.60 visible 
3 0.63 - 0.69 ~ +- strong absorption 
4 0.76 - 0.90 t bJ chloroph1ll-a pigaent 
5 1. 55 - 1. 75 infrared 
6 10.40-12.50 +- theraal infrared band 
7 2.08 - 2.35 ~ 

Table 2 Spectral properties of MSS used in the present stud1 

MSS Spectral bands 

Band wavelength (.um) color 

2 0.425 - 0.439 bluish purple 
3 0.462 - 0.481 blue 
4 0.499 - 0.519 green 
5 0.535 - 0.557 1ellowish green 
6 0.570 - 0.592 1ellow 
7 0.608 - 0.635 orange 
8 0.654 - 0.669 red 
9 0.688 - 0.708 red 

10 0.723 - 0.740 dark red 
11 0.762 - 0.782 -
16 2.060 - 2.450 -
17 8.000 - 12.00 -

study. The observation area is shown 
in figure 1, including the whole of 
Tokyo Bay. The properties of 7 spec
tral bands of TM are also shown in 
table 1. 

The airborne MSS observation by 
Multispectral Scanner (MSS) was also 
carried out at the same time with LAND
SAT observation. The airborne observa
tion area is limited near the mouth of 
Tokyo Bay, shown in figure 2. The 
property of spectral bands of MSS is 
shown in table 2. The airborne MSS 
used in the present study is equipped 
with 12 spectral bands suitable for 
detecting the visible ocean color and 
the infrared emission. 

2.2 Sea Truth Observation 

Field measurements of water quality 
were carried out 0.5 m below sea sur
face at 9 points ne'ar the mouth of 
Tokyo Bay, of which each three points 
are located at the inside, the mouth 
and the outside of the bay, respective
ly, as shown in figure 3. The measured 

-24-

JSCAN-AT-181 

coaaents 

t +- strong absorption 
bJ chloroph1ll-a pigaent 

visible 

+- strong absorption 
~ bJ chloroph1ll-a pigment 
t 

infrared 
~ +- theraal infrared band 

Fli<jlt Coveraqe Mop 

5km 

·Figure 2 Observation area bJ airborne 
remote sensing 



ST.B ST.: Futru 

sr.9. • 
"' "• ST.6 

•ST.5 

•ST.4 ST.3 
• - ST.2 

K -cnSalci ST. I e 

~-;. 

\ 

Figure 3 Observation points in the sea 
truth 

items are shown in table 3. 

3. Data Analysis 

3.1 Water Quality Items and Remote 
Sensing 

In the present study, the relations 
of three water quality items; tempera
ture, turbidity and chlorophyll-a to 
the remote sensing data were primarily 
investigated. 

This section describes briefly the 
relations between these items and 
remote sensing. 

!)WATER TEMPERATURE 
Because, in general, the intensity 

of thermal infrared emission with the 
wave length of 12-14 micrometer is 
closely related to the temperature of 
objects, it is expected that the water 
temperature of sea surface could be 
estimated from remote sensing data. 

2)TURBIDITY 
The remotely-sensed light intensity 

seems to be highly correlated with the 
turbidity of water which is defined as 
the transmittance of light, though the 
optical process in waters is not so 
clear. The sunlight downwelling from 
sea surface is optically affected by 
the absorption and the scattering by 
dissolved and suspended materials. 
Through this optical process in waters, 
the upward component of radiance is 
produced and the upwelling radiance 
from sea surface reaches the remote 
sensor. 

3)CHLOROPHYLL-A 
The amount of phytoplankton, large 

mass of which often causes the red-tide 
phenomenon, can be estimated from the 
pigment concentration of chlorophyll-a 
contained in that. Pigment concentra
tion of chlorophyll-a can be measured 
by the intensity of fluorescence in 
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Table 3 Water qualit¥ items observed in the sea 
truth 

S¥mbol(* Sea truth items 
CHL Concentration of chloroph¥ll-a 

ATT Attenuation rate of submerging light 

TMP Water temperature 

TRB Turbid it¥ 

SS Suspended solids 

DO Concentration of dissolved oxnen 

COD Chemical oxfgen demand 

SAL Sal in it¥ 

(* referenced in the following figures and tables) 

0.25 "T"" ___________ ., 

µgll 

------ 100 

--IOOO 

O.l:==;:.:~~;;;=~:::;....:;,~~ 
400 500 

WAVE LENGTH (nm) 

Figure 4 Absorption spectrum b¥ chlorophfll-a 

water. 
On the other hand, another method to 

detect the chlorophyll-a is to measure 
the optical properties of waters, such 
as light absorption and scattering. 
Figure 4 shows the light absorption 
properties of chlorophyll-a, which 
indicates the 'strong light absorption 
at the wavelengths of 400-450nm and 
650-700nm. These unique optical proper
ties imply the possibility of estimat
ing the chlorophyll-a concentration by 
the visible imagery of remote sensing. 

3.2 Estimated Features of Horizontal 
Distributions of Temperature and 
Turbidity in Tokyo Bay 

Tables 4(a) and 4(b) show the corre
lation coefficients of water quality 
data with MSS data and TM data, respec
tively. In these tables, each of spec
tral bands has positive correlation 
with most of water quality items, 
except salinity. In particular, the 
very high correlation of 17th band of 
MSS with water temperature gives a 
verification of the physical relation 
between thermal infrared emission and 
temperature. 

Turbidity is highly correlated with 



Table 4 (a) Correlation coefficients (bJ MSS data and water qualitJ data) 

Band C H L A T T T M P TR B s s D 0 C 0 D S A L 

2 0.419 0.585 0.873 0.775 0.608 0.668 0.814 0.260 

3 0.509 0.689 0.893 0.676 0.578 0.733 0.910 0.025 

4 0.446 0.643 0.870 0.735 0.631 0.680 0.846 0.119 

5 0.380 0.635 0.822 0.772 0.617 0.655 0.827 0.170 

6 0.495 0.674 0.867 0.736 0.682 0.721 0.873 0.028 

7 0.561 0.687 0.899 0.677 0.677 0.750 0.897 -0.068 

8 0.543 0.641 0.905 0.611 0.619 0.708 0.860 -0.078 

9 0.667 0.663 0.920 0.581 0.686 0.781 0.889 -0.200 

10 0.646 0.574 0.919 0.499 0.587 0.734 0.832 -0.172 

16 0.219 0.331 0.658 0.841 0.449 0.546 0.598 0.661 

17 0.682 0.299 0.924 0.536 0.681 0.781 0. 711 -0.205 

Table 4 (b) Correlation coefficients (b1 TM data and water qualit1 data) 

Band C H L A T T TM P 

1 0.454 0.532 0.830 

2 0.354 0.426 0.776 

3 0.554 0.496 0.858 

5 0.520 0.403 0.814 

7 0.661 0.471 0.895 

6 0.731 0.336 0.852 

Figure 5 Temperature distribution in Tok10 Ba1 
estimated fro• LANDSAT TM data 
( high temperature in brighten region) 

TR B 
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s s D 0 C 0 D S A L 

0.678 0.693 0.758 0.552 

0.636 0.539 0.618 0.414 
0.750 0.659 0.692 0.370 

0.555 0.577 0.612 0.413 

0.654 0.694 0.707 0.264 

0.544 0.701 0.654 -0.187 

·~ 

., 

Figure 6 
Pacific Ocean 

Turbidit1 distribution in Tok10 Ba1 
esti•ated fro• LANDSAT TM data 
( high turbidit1 in brighten region) 



spectral bands with relative short wave 
length in MSS and TM, except 16th of 
spectral bands in MSS. It is said that 
the 16th of MSS bands does not neces
sarily provide any information on water 
quality because the light absorption by 
water itself is Very strong for this 
band. 

Figures 5 and 6 show the estimated 
features of temperature and turbidity 
distributions, respectively, from 6th 
and 1st of spectral bands in LANDSAT 
TM. The dispersion pattern of river 
water with high turbidity from several 
river outlets and the cold water body 
in inner bay are shown in these images. 

3.3 Possibility of Chlorophyll-a 
Detection in coastal waters 

Compared with the above mentioned 
temperature and turbidity, it is not so 
obvious how the chlorophyll-a concen
tration could be related to any partic
ular band of MSS in tables 4(a) and 
( b) • 

In order 
between MSS 

to clarify 
data and 

the relation 
water quality 

Table 5 Eigenvalues and contribution 
factors of 1st to 3rd principal 
component 

Principal 
component lst 2nd 3rd 

Eigenvalue 
14. 0 2.1 1.6 

Contribution 
factor (%) 73. 9 10.8 8.2 

Cumulative 
contri.factor(%) 73. 9 84.7 92.8 

Z2 
L SAL 

MSS 
• bond 16 

•. TRB 

-1 

-1 

Figure 7(a) Factor loadings for the lst(Zl) 
and the 2nd(Z2) principal co•ponents 

(by raw MSS data and water quality data) 

data, the principal component analysis, 
which is a sort of multivariate analy
ses, is applied to those data. 

Table 5 shows the eigenvalues and 
the contribution factors of three 
principal components for MSS data and 
water quality data. The cumulative 
contribution factor by the second 
principal component exceeds 85%. From 
this result, it is suggested that the 
property of MSS data and water quality 
data should be attributed to two compo
nents. Figure 7(a) shows the factor 
loadings of each of MSS data and water 
quality data to the first and the 
second principal components. Most of 
water quality items except salinity and 
MSS data are highly correlated with the 
first principal component, and only the 
salinity has high correlation with the 
second principal component. Since the 
used items in the present study, except 
temperature and salinity, are the water 
quality indices for water contamina-
tion, the first principal component, 
which is positive correlated with them, 
can be considered as the general in
dices for water contamination. 
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Thus, it is suggested that MSS data 
as a whole have the meaning of contami
nation parameter. However, it is ob
scure how each of spectral bands can 
characterize the water quality because 
the difference among the correlation 
coefficients of each spectral bands 
with water quality items is not so 
large. 

Figure 7(b) show the factor loadings 
of Thematic Mapper (TM) data on LANDSAT 
and all of water quality data. From 
them, it is shown that the correlative 
properties of TM data is similar to 
that of MSS data in the above mention. 

As shown in figures 8(a) and 8(b) 
for MSS and TM, respectively, the 
averaged radiation energy over a visible 

•SAL 

r-+-+--+--+--t-+-<-+--+--t-+-+-<-+--+--+-+-+--'l"-lZI 

-1 ATT SS• •fMP 
• .coo 
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-1 

Figure 7(b) Factor loadings for the lst(Zl) 
and the 2nd(Z2) principal co•ponents 

(by raw TM data and water quality data) 
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Table 6 (a) Correlation coefficients (b¥ nor•alized MSS data and water 
qualit¥ data) 

Band C H L A T T TM P TR B s s D 0 c 0 0 S A L 

3 * -0.161 -0.081 -0.205 -0.233 -0.471 -0.122 -0.075 0.108 

4 -0.446 -0.126 -0.069 0.323 -0.065 -0.267 -0.182 0.792 

5 -0.477 -0.029 -0.150 0.413 -0.025 -0.185 -0.089 0.668 

6 0.048 0.292 0.170 0.520 0.470 0.230· 0.269 0.136 

7 0.623 0.462 0.447 0.151 0.568 0.540 0.525 -0.672 

8 0.083 -0.276 -0.005 -0.585 -0.271 -0.201 -0.244 -0.460 

9 0.510 -0.040 0.080 -0.408 0.113 0.184 0.013 -0. 713 

* The visible bands onl¥ are used in this analfsis. 

Table 6(b) Correlation coefficients (b¥ nor•alized TM data and water qualit¥ data) 

Band C H L A T T T M P TR B s s 0 0 c 0 0 S A L 

1 *) -0.136 0.003 -0.228 0.053 -0.262 0.021 0.018 0.245 
2 -0.467 -0.217 -0.101 -0.132 -0.154 -0.387 -0.261 -0.113 

3 0.622 0.193 0.422 0.044 0.520 0.324 0.212 -0.251 

*) The visible bands onl¥ are used in this anal¥sis. 

range of wavelength at each observa
tion point is much different from that 
at any other point. This is the primary 
reason why the difference among the 
correlation coefficients of each spec
tral bands with water quality items is 
not so large. 

The above means the amount of radia
tion energy emerging from sea water 
changes over a considerable spatial 
range. There.fore, in the aim of inves
tigating the ocean color variation in 
relation with chlorophyll-a, the fol
lowing radiation energy of each band 
normalized by the amount of radiation 
energy is useful. 

Bsi, = B.j_ /B, B= ~Bi. 
{, 

where Bsiis a normalized digital count 
for i-th spectral band, Bi is a raw 
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digital count. 
Tables 6(a) and .6(b) show the corre

lation coefficients of water quality 
data with airborne MSS data and LANDSAT 
TM data, . respectively, which are nor
malized by the above method. 

As is already stated in figure 4, it 
is said that the pigment concentration 
of chlorophyll-a is one of water quali
ty items which can be detected by a 
visible imagery of remote sensing. 

According to the absorption spectra 
pf chlorophyll-a shown in figure 4, the 
correlation coefficients of the inten
sity of radiance with chlorophyll-a 
concentration should be nearby zero or 
negative at wavelengths of. 400-450nm 
and 650-700nm which are the light 
absorption bands by chlorophyll-a, and 
positive at wavelength of 500-SSOnm. 
However, tables 6(a) and 6(b) show the 
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Figure 9 Factor loadings for the lst(Zl) 
and the 2nd(Z2) principal co•ponents 

(by normalized MSS and TM data) 

contrary to that. 
In general, it is not so difficult 

to detect the chlorophyll-a in the 
ocean water which does not contain any 
other material affecting optically the 
reflectance by chlorophyll-a, and the 
practical algorithm to predict the 
phytoplankton concentration has also 
been suggested. 

On the other hand, as in the present 
study, in case of inner bay or coastal 
waters, many problems remains yet to be 
solved on the remote sensing of chloro
phyl 1-a concentration. Because the 
water in an enclosed bay or coastal 
waters contains various sorts of organ
ic matter and suspended load originat
ing from the river effluent and the 
urban waste, and the light absorption 
or scattering by them often disturbs 
the detection of chlorophyll-a. 

So far as the present study is con
cerned, an attempt to find out any 
relation between chlorophyll-a concen
tration and remote sensing data led to 
a conclusion that it was much difficult 
to detect the chlorophyll-a in inner 
bay water. However, it seems to be of 
importance that the ocean color infor
mation contained in the visible imagery 
of remote sensing is investigated in 
comparison with the apparent ocean 
color observed by the sea truth. 

Figure 9 shows the factor loadings 
of each spectral bands for the first 
and the second principal components 
obtained from the normalized data of 
airborne MSS and LANDSAT TM. In addi
tion, figure 10 shows the score derived 
from figure 9 for each observation 
point. According to the spectral 
properties shown in tables 1 and 2, it 
is suggested that the first and the 
second principai components in figure 9 
are relatively related to the color of 
green and blue, respectively. In figure 
10, therefore, it is suggested that the 

-29-

-2 

ST.4 

•ST.9 

eST.8 

• 

ST.6 

2 

.sr.5 

-2 

Figure 10 Score for each observation point 
derived fro• figure 9 

Table 7 Apparent ocean color obtained 
by the sea truth 

Station ocean color 

1 dark yellowish green 

2 dark brown 

3 dark brown 
4 yellowish brown 

5 brown 

6 olive 

7 dark yellowish green 

8 dark yellowish brown 

9 dark red 

greenish color component is strong at 
station 3 in outer bay and the redish 
component is dominant at station 9 in 
inner bay. 

On the other hand, the apparent 
ocean color obtained by the sea truth 
is shown in table 7. The apparent 
ocean color in table 7 ·cannot be di
rectly compared with the color informa
tion obtained from figure 10 because 
figure ·10 does not contain all of color 
informations, such as hue, value and 
chroma. However, "dark red" at station 
9 seems to be in good agreement with 
the dominant color at the same station 
in figure 10. 

Thus, since the ocean color obtained 
by not only airborne MSS but LANDSAT TM 
are somewhat in good agreement with 
that obtained by the sea truth the 
validity of ocean color observation by 
remote sensing may be confirmed in the 
present study. Therefore, for further 
application of remote sensing technique 
to water quality measurement in coastal 



waters, it is of great importance to 
develop the evaluation method for the 
relation of water quality, in particu
lar, chlorophyll-a concentration, with 
the ocean color spectrum under the 
spectral disturbance by other contami
nation materials. 

4. Concluding Remarks 

The conclusions are summarized by 
the following. 
i) From the correlation analysis for 

.remotely-sensed data and sea truth 
data, the estimated features of surf ace 
wC1,ter temperature and turbidity in 
Tokyo Bay were obtained. This technique 
also makes it possible to manage the 
turbidity dispersion caused by huge 
marine works and to make an optimum 
planning for them. 
ii) So far as the present study is con
cerned, an attempt to find out any 
relation between chlorophyll-a concen
tration and remote sensing data led to 
a conclusion that it was very difficult 
to detect the chlorophyll-a in inner 
bay water. The bay water or coastal 
water, in general, contains various 
sorts of organic matter and suspended 
load, and the light absorption or 
scattering by them often disturbs the 
detection of chlorophyll-a. Therefore, 
for further application of remote 
sensing technique to water quality 
measurement, such as chlorophyll-a 
concentration in coastal waters, it is 
of great importance to investigate the 
effects of light absorption or scatter
ing by various sorts of contaminants on 
the upwelling spectra of radiance 
through water surface. 
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Abstract 

We attempt to develop on-line data 
service system of NOAA AVHRR(Advanced 
Very High Resolution Radiometer) images 
throuth Network Management System(NMS) 
of IBM Value Added Network (VAN). NOAA 
High Resolution Picture 
Transmission(HRPT) data has been 
received through digital high-speed 
network on real-time basis. In image 
processing, firstly HRPT data is 
generated with in-flight calibration and 
secondly processed with geometric 
correction. Geometric correction is 
carried out for six areas and one mozaic 
area around Japan Island using mercator 
projection. 

Single AVHRR image with data 
compressing has only from 20k to 32k 
bytes and it is possible to send this 
image about 1.0 - 1.7 minutes through 
2400 bps line. In pre-processing, land, 
cloud and sea area are separated by 
using mask images. In this on-line data 
service system, It is possible to 
receive temperature enhanced color coded 
images. We are developed on-line and 
near-realtime data service within 2 
hours through NMS network. The AVHRR 
images is storing in the each user 
electric mail in the Information 
Exchange(IE/EX) service of NMS for three 
days in free of charge. 

The characteristics of this services 
are pointed out as (l)Timely and Fast, 
(2)Low cost, (3)Accessible for Various & 
Vast users. As a results, user will be 
free from receiving tasks and vast 
image data processing, then can monitor 
sea surface temperature on daily basis 
cost effectively. 

1. Intoduction 

Japan Weather Association (JWA) have 
been promoting satellite data service of 
NOAA Advanced Very High Resolution 
Radiometer (AVHRR) images on daily basis 

since November 1984. Recently, personal 
computer technology and 
telecommunication technology are well 
developed and it is easy to distribute 
information through several networks and 
to receive it by personal computer. We 
attempt to develop on-line data service 
system of NOAA AVHRR images throuth 
Network Management System(NMS) of IBM 
Value Added Network (VAN). In this 
system, Users can also utilize 
meteorological observation data, weather 
forecasting information and GMS LR-FAX 
cloud images as well as NOAA AVHRR SST 
images. 

2. Data system 

2.1 Network System 

NOAA's operational polar orbiting 
satellite TIROS/NOAA series High 
Resolution Picture Transmission(HRPT) 
data has been received at Meteorological 
Satellite Center, Japan Meteorological 
Agency (JMA). HRPT data has been stored 
in cassette magnetic tapes of 32,000 bpi 
at the center and Japan Weather 
Association (JWA) has been receiving 
HRPT data through 768K bps digital high
speed network on real-time basis since 
1986. 

After receiving HRPT data, image 
processing and data compressing are 
carried out by host computer. Then on
line datasets is sent to IBM NMS network 
through 9600 bps private telephone 
networks of NTT with SNA 
telecommunication procedure. NMS has 
Information Exchange(IE/EX) services 
which anyone can send data to anyone and 
can store data in own erectric mail 
through the network. IE/EX services is a 
kind of electric mail services. JWA can 
send NOAA AVHRR images to each users at 
the same time. Users can access NMS 
network and can receive the data in any 
time by useing either IBM PC or host 
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computer. Data system configuration is 
shown in Fig. 1. IBM Japan, Ltd. has 
called this kind services as Provider's 
Products Marketing (PPM). JWA named this, 
services as "MERITS"; Meteorological, 
Environmental, & Resourceful Information 
Transfer Services. At present time, NMS 
holds 69 access points all over the 
Japan. 

----------------------
NOAA 

----------------------
lHRPT 

v 
+-------------+ 
I DPC/MSC 

+-------------+ 
CJMA> 

I NOAA HRPT 
IC 768Kbps) 
v 

+--------------+ 
I MICOS/MIC 

+--------------+ 
I C JWA > 
I NOAA AVHRR 

SNA I C9600bps > 
v 

+---------------------------+ 
I MERITS 

/NMS 

IE/EX 

BsU +---------------------------+ 
I I CIBM Japan> 

I 
IC1200-9600bps> 

v v v 

~~IHosT] 
U S E R S 

2.2 Data Processing 

In image processing, firstly HRPT 
data is generated with in-flight 
calibration[l] and secondly processed 
with geometric correction[2]. Geometric 
correction is carried out for six areas 
and one mozaic image(J) is generated 
Japan Island using mercator projection 
(Fig. 2). Six geometric corrected 
images is covering 1200 Km by 1200 Km 
with about 2.5 Km spatial resolution. 
Mozaic image is covering 2000 Km by 2000 
Km with about 5.0 Km spatial resolution. 

Single AVHRR image is 8 bits image 
of 512 columns by 480 lines which 
contains about 256k bytes. For the data 
compressing, We employ run length 
method, then data value becomes from 20k 
to 32k bytes and it is possible to send 
this image about 1.0 - 1.7 minutes 
through 2400 bps public telephone line. 
This run length method can represent 16 
level values. In pre-processing, land, 
cloud and sea area are separated by 
using mask images and cloud 
classification. In this case, land.has 
value O and cloud has value 16, so that 
sea surface temperature(SST) has value 
from 2 to 15 as 14 levels. It is 
important to enhance SST level for each 
time periods. We apply ten days mean 
SST data for controling of thermal 
enhancement. The enhance tables have 
been generated for each area and each 
ten days period. In this on-line data 
service system, It is possible to 
receive temperature enhanced color coded 
images. The processing procedure is 
shown in Fig. 3. 

We are developed on-line and near
real time data service within 2 hours 
after receiving HRPT data through NMS 
network. The AVHRR images is storing.in 
the each user electric mail in the IE/EX 
service of NMS for three days in free of 
charge. 

3. PC package 

It is easy for users to receive and 
display images using PC package which 
was developed by SECOMNET Co., Ltd. The 
package has running only using PF keys 
and ten keys with menu driven system. 
The menu structure is generated by tree 

DPC 
MSC 
MI COS 

: Data Processing Center formation, escape key always works for 
Meteorological Satellite CenterCJMA> the order of quit. This package is 

: Meteorological .Information constructed with three modules 
Comprehensive Online Service receiving module, archiving module and 

MIC : Meteorological Information CenterCJWA>display module. The receiving module is 
MERITS : Meteorological, Environmental prepared by IBM as the software package 

NMS 

Fig. 1 

& Resourceful ·information called "IBM IEEX-PS/55". The archiving 
Transfer Services of JWA module has management table for each 
Network Management System datasets. 

Data system configuretion for 
distributing NOAA AVHRR SST data 
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In the display module has following 
functions: 

1) display 
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Fig. 2 Image processing area. Area J is 
mozaic image. 

2) image magnification 
3) overlay of long. and lat. lines 
4) animation 

Appling such functions, it is easy for 
users to undersatnd dynamics of time
ser ies SST. Fig. 4 is a sample image of 
NOAA AVHRR SST(Area H: see Fig. 2) on 
CRT of IBM PC. Land area is masked with 
mask image which generated by 
geographical information system(GIS) 
datasets(Fig. 3), so it is clear to 
identify ocean area. Color code located 
bottom in CRT represents enhanced 
thermal values. Information of location 
is overlayed on the image with the 
function 3). We can find that the cold 
water is distributing in the Sea of 
Okhotsk and the Tsushima warm current is 
running along the west cast of Hokkaido 
Island. 

4. Conclusion Remarks 

The characteristics of this services 
are pointed out as (l)Timely and Fast, 
(2)Low cost, (3)Accessible for Various & 
Vast users. As a results, user will be 
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free from both receiving tasks and vast 
image data processing, then can monitor 
sea surface temperature on daily basis 
cost effectively. Monitoring SST using 
this system will be applied to fisheries 
research and fisheries operations with 
detecting distribution of oceanic fronts 
and rings[3]. 
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WESTERN NORTH PACIFIC 
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Abstract 

Procedure is developed to estimate the sea-surface 
dynamic topography (the departure of sea surface from 
the geoid; hereafter abbreviated SSDT) from the satel
lite altimetry data by using optimal interpolation. The 
method is applied to the GEOSAT ERM altimetry 
data obtained southeast of Japan for one year in 1986-
87. The estimated mean elevation field can not be 
used to give the temporal mean SSDT because even 
the best available geoid model is not precise enough. 
The temporal fluctuation SSDT is estimated success
fully and combined with conversion of climatological 
mean geopotential anomalies at sea surface in order 
to give the approximated total SSDT, or the pseudo
SSDT. The time series of the pseudo-SSDT field shows 
meandering of the Kuroshio Extension, pinching-off of 
the meander to form a cyclonic eddy, westward move
ment of the eddy and coalescence of the eddy to the 
Kuroshio. 

1. Introduction 

Satellite radar altimetry is a very promising tech
nique; it can provide the sea-surface height data re
peatedly in a fairly short time interval (several to ten 
days) almost all over the world oceans. The primary 
information from satellite altimetry is for the shape 
of the geoid (an imaginary equi-geopotential surface 
near the earth's surface), since the actual distribution 
of the sea-surface height is mostly due to the undu
lation of the geoid; rms for the global geoid is about 
25 m while rms for the rest is 0.5-1 m. The geoid 
is the surface of the ocean at rest, and only the de
parture of sea surface from the geoid is important in 
physical oceanography; the departure is proportional 
to the oceanic surface pressure and related with ocean 
currents. This small departure is called here the sea
surface dynamic topography, and hereafter abbreviated 
SSDT. For low-frequency motions, the geostrophic bal
ance holds approximately, and velocities at sea surface 
can be estimated directly from the horizontal gradient 
of the SSDT. When the temporal mean of the SSDT 
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is concerned, you need a precise geoid model which is 
obtained by a method other than the satellite altime
try. However, we have no global geoid model which 
is accurate enough. When the temporal fluctuation of 
the SSDT is concerned, you do not need a precise geoid 
model, as shown later. 

GEOdetic SATellite (abbreviated GEOSAT) pro
vided a unique set of satellite altimetry data for global 
oceans with a 17-day repeat period for about three 
years. GEOSAT was launched in March 1985 by U.S. 
Navy to obtain very precise global geoid data. It is 
the first satellite since SEASAT launched in 1978. The 
data during the first 20 months have been classified, 
but the data during the Exact Repeat Mission (abbre
viated ERM) starting on November 8, 1986 are un
classified [l]. During the ERM, the satellite took re
peat subsatellite tracks every 17 days; fluctuations of 
the tracks are said to be less than ± 1 km. GEOSAT 
carried out measurements successfully until the tape
recorder on board for collecting the global data stopped 
in October 1989. Finally, GEOSAT ended its measure
ments because of the drop of the power supply in Jan
uary 1990. Therefore, GEOSAT carried out 62 times 
of the 17-day global measurements; it is for 1054 days, 
or about three years. They are epoch-making mea
surements which no other satellites have been able to 
perform. The accuracy of the altimeter itself on board 
the satellite is better than that on SEASAT. However, 
the GEOSAT data have some disadvantages. There 
were no direct measurements of the water vapor in the 
atrr.,Jsphere, which are necessary for correction of the 
light speed. And the accuracy of the estimated satellite 
orbit height is poor; its rms for GEOSAT is said to be 
3-4 m, while rms for SEASAT is about 1 m. 

In this paper, we use the altimetry data taken for 
the first one year during the ERM of GEOSAT, and 
estimate the temporal fluctuation of the SSDT south
east of Japan. The estimated fluctuation SSDT is com
bined with conversion of climatological mean geopoten
tial anomalies at sea surface in order to give an approx
imation to the total SSDT. The results are supported 
by fragmental results from conventional oceanographic 



observations. The time series of the SSDT map shows 
meandering of the Kuroshio Extension, pinching-off of 
the meander to form a cyclonic eddy, westward move
ment of the eddy and coalescence of the eddy to the 
Kuroshio. We conclude that the altimetry data are 
very powerful and useful in physical oceanography. 

2. Processing Altimetry Data 

Satellite radar altimetry provides the sea-surface 
height data in a straightforward way. The distance 
from a satellite to the subsatellite point on sea sur
face is measured with microwaves and recorded by an 
altimeter on board the satellite. The height (relative 
to the reference ellipsoid of the earth) of the satellite 
is estimated by a numerical model for orbit calcula
tion, using satellite position data obtained at satellite
tracking stations and the best available global gravity 
data. A continuous record of sea-surface height (rela
tive to the reference ellipsoid of the earth) along the 
subsatellite ground track is obtained from these two 
sets of measurements. This record is subject to both 
distance measurement error and orbital height calcula
tion error. 

The measured sea-surface hei!?ht S( r, t) is related 
to the sum of the geoid height N(r) (relative to the 
reference ellipsoid of the earth) and the SSDT ((r, t) 
as well as to radial orbit error c,(r)+cr(t) and random 
measurement error Em(t) of the altimeter: 

S(r,t) = N(r) + ((r,t) + f 5 (r) + Er(t) + Em(t), (1) 

where r is the horizontal position vector on sea sur
face, and t the time. Here it is understood that the 
sea-surface height S(r, t) has been corrected for dis
tance measurement error (several path length correc
tions) and that high frequency fluctuations of the sea
surface height have been eliminated (tide corrections). 
The random measurement error Em(t) includes the er
rors of all these corrections as well as altimeter sensor 
error. 

Radial orbit error is comprised of systematic orbit 
error E,(r) and random orbit error E.,(t). Systematic 
radial orbit error, or geographically dependent orbit er
ror, is difficult to estimate and can not be reduced with
out improving the gravity data used in the orbit cal
culation model. As shown later, this systematic orbit 
error could contaminate estimates of the SSDT. Ran
dom radial orbit error, or geographically independent 
orbit error, is the largest error so far in known errors in 
satellite altimetry data; its rms amplitude is said to be 
3-4 m for GEOSAT (here we use orbit heights newly 
recalculated [3], so the rms amplitude of the error is 
about 1 m). Fortunately, random radial orbit error is 
dominated by error component which has a frequency 
of one cycle per satellite revolution around the earth, 
or a wavelength of circumference of the earth, and can 
be separated relatively easily from the signal when only 
small or meso-scale phenomena are concerned. 
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We use optimal interpolation to pick up the alti
metric elevation signal from noisy altimetry data. The 
so-called crossover difference technique has been used 
widely to reduce random radial orbit error. It is handy 
and efficient for removing random orbit error at long 
wavelengths, but it has several demerits: it can not be 
applied to global oceans; it does not utilize knowledge 
of features of random orbit error efficiently; it does not 
provide error maps about estimates; and it does not 
give estimates at grid points. Optimal interpolation 
(or objective analysis) has been proposed for altimetry 
data analysis [7,8]. It is based on the Gauss-Markov 
theorem, and produces an optimal (or statistically least 
square error) linear estimate of the signal from data 
which include measurement noise, provided that statis
tics of the signal and noise are known in advance. Al
though this method requires a fairly big computer to 
process the data, it overcomes the above-mentioned de
merits of the cross-over technique. Optimal interpola
tion has been successfully applied to the actual satellite 
altimetry data for the same study area recently [4,5]. 

3. Estimating The SSDT 

The time invariant elevation field during each re
peat period is estimated from the altimetric sea-surface 
height data and the latest geoid data by use of opti
mal interpolation. Because the coverage of altimetry 
measurements is repeated at a given interval (a 17-day 
interval in the present case), the average sea-surface 
elevation Hp(r) during a given repeat period p is es
timated as follows. Provided that the best available 
data on geoid undulation N ( r) include unknown mea
surement error fN(r), the true geoid N(r) is written 
N(r) + fN(r). Therefore, Equation (1) can be rewrit
ten 

where 

R(r, t) = Hp(r) + E(r, t), 

R(r, t) 

Hp(r) 

E(r, t) 

S(r, t) - N(r) 

= (p(r) + EN(r) + E5 (r) 

('(r, t) + Er(t) + Em(i). 

(2) 

Namely, the data R(r, t) are related with the sum of 
the time invariant term Hp(r) during the repeat pe
riod p and the time variant term E(r, t) during that. 
Here the sea-surface height S(r, t) is understood as all 
the altimetry data taken during that repeat period. 
We can now estimate the time invariant elevation field 
Hp(r) by optimal interpolation regarding R(r, t) during 
the repeat period as the input data and E(r, t) as the 
noise. Note that the deviation (' ( r, t) of the SSDT from 
the time invariant SSDT (p(r) during this period is in
cluded in E(r, t) because it is considered noise when 
estimating the average field during each repeat period. 
Note also that estimates of the time invariant elevation 
field Hp(r) are related with the error of the best avail
able geoid data and the systematic radial orbit error 



as well as the time invariant SSDT (p(r) during the 
repeat period p. Therefore, you need a precise geoid 
model and smaller systematic radial orbit error in or
der to obtain the time invariant SSDT (p(r) from the 
time invariant elevation field HP(r). 

The temporal fluctuation SSDT is estimated as fol
lows. The above-mentioned time invariant SSDT (p(r) 
during each repeat period (hereafter called the total 
SSDT) can be divided into two parts; the temporal 
mean SSDT ((r) during the entire satellite measure
ment period and the temporal fluctuation SSDT (;(r ), 
or the departure of the SSDT from that mean, for 
the repeat period p. That is, (p(r) = ((r) + (;(r). 
From all the estimates of the time invariant eleva
tion field HP( r) during all the repeat periods, you 
can estimate the overall mean elevation field fJ(r); 
fJ(r) = ((r) + fN(r) + E,(r). Therefore, Equation (2) 
is rewritten 

R(r,t)-fJ(r) = (;(r) + E(r,t). (3) 

Now we can estimate the fluctuation SSDT (;(r) for 
the repeat period p by optimal interpolation regarding 
[R(r, t) - fJ(r)) during the repeat period as the input 
data and E(r, t) as the noise. Note that the estimated 
fluctuation SSDT (;(r) is free from both the error of 
the best available geoid data and the systematic radial 
orbit error, which could contaminate estimates of the 
total SSDT (p(r) as noted in the previous paragraph. 

The pseudo-SSDT, or an approximation to the to
tal SSDT, is estimated as follows. For areas where pro
nounced temporal mean fields exist like the K uroshio 
and Kuroshio Extension region in the North Pacific, it 
may not be suitable to look at the fluctuation SSDT; 
sometimes, it it appropriate to look a.t the total SSDT. 
However, you can not use the estimated time invari
ant elevation field HP(r) during the repeat period p to 
give an approximation to the total SSDT field (p(r ), 
because the geoid data available to us present are not 
accurate enough as noted a.hove. Here we assume that 
conversion of climatological mean geopotential anoma
lies t:.D( r) at sea surface is close to the mean SSDT 
((r) during the entire satellite measurement period. 
We call the term (P(r) = t:.D(r) + (;(r) the pseudo
SSDT, which is an approximation to the total SSDT 
for the repeat period p. A similar treatment is also 
done elsewhere [4]. 

4. An Example For The Western North Pacific 

Here is an example of the present method applied 
to the GEOSAT ERM altimetry data obtained for a 
study area (20-50 °N, 120-150 °E) in the western North 
Pacific from November 8, 1986 through November 17, 
1987. We choose this area because a very pronounced 
western boundary current system, the K uroshio and 
Kuroshio Extension, is present and because fairly pre
cise geoid data are available for that area only; we use 
the geoid data obtained from marine gravity data [2) 
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and improved recently by the Seasat altimetry data [5). 
We excluded marginal seas such as the Japan Sea, the 
Yellow Sea, the Okhotsk Sea and part of the East China 
Sea because the tide model used for tide correction can 
not estimate the ocean tide precisely in those areas. 

Details of optimal interpolation used are as follows. 
GEOSAT altimetry data were averaged over 10 data
points (about 67 km) along subsatellite tracks to reduce 
the total data as well as to reduce measurement errors 
and small scale oceanic fluctuation. The signal covari
ance is prescribed by the negative squared exponential, 
or the Gaussian shape function, with a decorrelation 
spatial scale of 150 km. Therefore, fluctuations having 
scales smaller than this scale are smoothed out. The 
error covariance for the satellite random radial orbit 
error is prescribed by cosine function with the satellite 
revolution period and the amplitude of 1 m decaying 
in accordance with the Gaussian shape function with 
a decorrelation temporal sea.le of 20 times the satellite 
revolution period. The error covariance for the ran
dom measurement error is given by white noise with 
magnitude of 0.2 m. 

The estimated temporal fluctuation SSDT in the 
Kuroshio Extension region shows westward movement 
of a cyclonic eddy. We estimate temporal fluctuation 
SSDT (;(r) for the 30 ° x 30 ° study region, and show 
here a part of it for the K uroshio and K uroshio Exten
sion region as an example. Figure 1 shows the fluctua
tion SSDT for the region in repeat periods 12 through 
16. Provided that ocean currents are in geostrophic 
balance, flow is parallel to the contour and stronger 
where spacing of contours is narrower. One of the 
most pronounced features during this period is the ex
istence of a relatively low sea-surface height area, or 
a cyclonic eddy, centered around 35 °N, 145 °E. The 
previous and following maps (not shown here) of fluctu
ation SSDT show that the cyclonic eddy had its center 
at around 33-35 ° N, appeared in this region in repeat 
period 8 (March 7-24, 1987), moved westward slowly 
(at a speed of about 4 cm/s), and coalesced with the 
Kuroshio around in repeat period 19 (September 12-
28). 

On the other hand, the pseudo-SSDT in the same 
region shows meandering of the K uroshio Extension, 
pinching-off of the meander to form a cyclonic eddy, 
westward movement of the eddy, and coalescence of 
the eddy to the Kuroshio. Figure 2 shows the pseudo
SSDT (P(r) for the same region and for the same repeat 
periods. Generally, the pseudo-SSDT in this region is 
high in the south and low in the north (no meaning in 
its absolute values). Features appearing in this pseudo
SSDT, which includes both the mean and fluctuation 
fields of the SSDT, are meandering of the K uroshio Ex
tension until repeat period 13, pinching-off of the me
ander to form a cyclonic eddy (probably a cold eddy) in 
repeat period 14, westward movement of the eddy, and 
absorption of the eddy by the K uroshio in repeat period 
19 (not shown here). After absorption, the Kuroshio 



seems to have advected the cyclonic eddy eastward, and 
large fluctuation of the Kuroshio Extension continued 
until repeat period 22 (November 1-17; the last repeat 
period in the present analysis). 

The pseudo-SSDT is compared well with fragmen
tal results from conventional oceanographic observa
tions obtained during this period. The sources used 
are the Prompt Report of the Oceanographic Con
ditions (I< aiyo Sokuho) published bimonthly by the 
Hydrographic Department, Maritime Safety Agency. 
They include locations of the 15 °C isotherm at 200 m 
depth• (an indicator widely used for location of the axis 
of the Kuroshio and Kuroshio Extension) and surface 
velocities measured by GEK (Geomagnetic Electro
Kinematograph). Usually, observations were not ex
tended to the Kuroshio Extension region, and we do 
not have a complete data set for comparison. How
ever, all the observational results obtained for that re
gion including those during repeat periods 2, 10, 16 
(Fig. 2e), 18, 20 and 21 show good agreement with the 
pseudo-SSDT estimated in this paper. 

A few scenes of the NOAA AVHRR (Advanced Very 
High Resolution Radiometer) available for this region 
during this period show existence of cold sea-surface 
waters corresponding to the cyclonic eddy detected in 
the pseudo-SSDT field. This region was covered by 
clouds almost always during that summer, and few 
AVHRR sea-surface temperature images are useful for 
comparison. However, images obtained in repeat peri
ods 12 (Fig. 2a) and 21 show cold sea-surface waters 
centered around 35 ° N, 145 °, which correspond to the 
meandering of the K uroshio Extension and the cyclonic 
eddy absorbed and advected by the Kuroshio. 

5. Concluding Remarks 

In the present paper, we analyzed the GEOSAT 
altimetry data and showed in some details the tem
poral change of the SSDT southeast of Japan, es
pecially for the K uroshio Extension region. The re
sults are supported by fragmental results obtained from 
usual oceanographic observations and also by a few sea
surface temperature images obtained from a satellite. 
The temporal resolution of 17 days is not satisfactorily 
fine (you may set the temporal resolution at 3 days, 
if you sacrifice the spatial resolution). But there are 
no data loss due to the presence of clouds, and the al
timeter provides continuously the global data with cer
tainty. We conclude that the altimetry data are very 
useful in physical oceanography. 

Phenomenologically, the observed process is mean
dering of the strong current and detachi"rig of the eddy, 
but it is understood simply as the westward movement 
of the cyclonic eddy in the fluctuation field. Accord
ing to sketches of the fluctuation field over a wider 
area obtained from the GEOSAT altimetry data [6), 
the cyclonic eddy (or the cold water) observed in the 
Kuroshio Extension region is identical to the negative 
sea-surface height anomaly which had been located east 
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to the study region (centered at around 33 °N, 154 °E) 
in repeat period 1 (November 8-24, 1986) and moved 
westward to enter this region in repeat period 8. The 
cyclonic eddy continued to move westward until repeat 
period 19. On the other hand, in the pseudo-SSDT 
field (or the approximated total SSDT field), it is un
derstood as the meander of the K uroshio Extension 
moved westward, the cyclonic eddy pinched off from 
the meander and the detached cyclonic eddy moved 
westward. Which is the better description of the pro
cess to understand its mechanism ? 
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a. Repeat Period 12 
(May 15-31) 

b. Repeat Period 13 
(Jun. 1-17) 

c. Repeat Period 14 
(Jun. 18 - Jul. 4) 

d. Repeat Period 15 
(Jul. 5-21) 

e. Repeat Period 16 
(Jul. 22 - Aug. 7) 

Fig. 1. Fluctuation SSDT fields for GEOSAT ERM re
peat periods 12 (a) through 16 (e) in 1987. The contour 
interval is 0.1 m. Shading indicates negative values. 
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Fig. 2. Pseudo-SSDT fields for GEOSAT ERM repeat 
periods 12 (a) through 16 (e) in 1987. The contour 
interval is 0.1 m. Dotted line in ( e) is the observed 15 
°C isotherm at 200 m depth. 
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Abstract 

During the mid-1990's, the Kuroshio 
Extension Regional Experiment (KERE) will 
examine the critical issues governing the 
dynamics and energetics of the Kuroshio 
Extension Current System. Specific scientific 
issues to be addressed are: 

(a) the presence (?) and impact of a Deep 
Western Boundary Current (DWBC) on the 
Kuroshio Extension, 

(b) the ratio of internal (gravest baroclinic) 
mode to barotropic mode and its effect on 
Kuroshio Extension mesoscale dynamics 
(particularly in the Oyashio Intrusion area), 

(c) the relationship between surface wind 
stress forcing and gyre circulation of the NW 
Pacific. 

Additionally, the impact on Kuroshio 
separation and eastward penetration by 
geometric forcing from coastlines and 
bathymetry will be studied. 

Focussed on these issues will be several major 
new technologies (as most recently 
demonstrated during the NW Atlantic Regional 
Energetics Experiment (REX)). These will 
include: 

(a) satellite altimetry (from TOPEX/Poseidon, 
ESA's ERS-1, and the U.S. Navy's SALT 
satellite), 

(b) satellite scatterometry (from ESA's 
ERS-1), 

(c) satellite infrared imagery (IR), 

(d) numerical model experiments, 

(e) a complimentary field program. 

Introduction 

The KERE represents a coordinated project 
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involving the major techniques of remote 
sensing, field experiment, and ocean numerical 
modeling as depicted in Figure 1. 

Figure 1-- Artist's concept of major 
components of the Kuroshio Extension 
Regional Experiment. 

Key data types supporting the KERE are 
satellite altimetry and scatterometry from 
SALT, TOPEX/Poseidon, and the European 
ERS-1. In situ data will come from Inverted 
Echo Sounders with bottom Pressure Gauges 
(IES/PGs), current meters, and AXBT/XBT 
surveys. Data synthesis and analysis will 
proceed through the use of regional, 
eddy-resolving numerical models of the ocean 
circulation.Field experiment design will be 
largely motivated by (and its strategy planned) 
using numerical model simulations. Efficient 
and complementary field measurements will be 
emphasized. The vast quantities of 
altimeter-measured sea surface topography 
available from the altimetric satellites will allow 



improved analyses using model-data 
assimilation schemes. Scatterometer-derived 
winds from ERS-1 will allow a detailed 
examination of the role of surface wind forcing 
in modulating a western boundary current, 
particularly over the larger North Pacific Basin 
(where the wind stress curl may play an even 
more dominant role than in the smaller North 
Atlantic). Analysis of these satellite data will 
proceed in both the Kuroshio Extension and 
Gulf Stream systems, while the collection of in 
situ data during the KERE will take place in the 
Kuroshio Extension only. 

NW Atlantic Regional Energetics 
Experiment CREXl 

The KERE is designed as a follow-on 
experiment to the presently concluding NW 
Atlantic Regional Energetics Experiment 
(REX). Some of the most notable preliminary 
REX results include: 

(1) Consistent sea level variability amplitudes 
are observed from GEOSAT altimetry (see 
Figure 2), IES/PG arrays, and model 
simulations incorporating a Deep Western 
Boundary Current ; 

YEAR 2 SURFACE VARIABIUlY 

25°N. -, fl.C) . 
so' w 75' w 10' w 65' w r1i w s' w 51J' w 45° w 40' w 

Figure 2·· Sea level variability 
(RMS in cm) of the NW Atlantic Gulf 
Stream region as observed during 1988 
with GEOSAT-ERM altimetry. 

(2) GEOSAT-ERM analysis indicates two-gyre 
structure in the recirculation south of the Gulf 
Stream (see Figure 3); 

ANNUAL MEAN SURFACE TOPOGRAA-IY YEAR 2 
45°N-.--.,,...---,---,......,.,....-=----r--r-rr--.,.-""T'""Tm 

30° N +---+-"---..:>.!--_..Jl-~----'!-1-L...L.+.L...~ 
so'w 75°W 10°w 55°w so'w s'w so0w 45°W 

Figure J.. Annual mean sea surface 
topography (cm) as observed during 
1988 with GEOSAT-ERM altimetry. 
Note the prominence of two local 
recirculation gyres south of the Gulf 
Stream. 

(3) Barotropic mode accounts for 1/3 of 
mesoscale RMS variability in sea level of the 
Gulf Stream; 

( 4) Precise alongtrack geoid profiles 
(computed from collinear altimetry and 
complementary AXBT sections) and/or IR 
images allow for the first detailed maps of both 
the mean and variable topography over the NW 
Atlantic (see Figures 2 and 3); 

(5) Climatology-based regressions can be used 
to generate highly realistic "synthetic" thermal, 
salinity, and sound speed sections from 
collinear altimetry over the NW Atlantic. 

Through the comparative effort mounted in 
KERE, some general conclusions regarding 
the basic nature of western boundary currents 
will be possible. KERE, in combination with 
REX, will represent a thorough study in the 
comparative anatomy of western boundary 
currents. 

Satellite Analysis Plans for KERE 

As already noted, a major component of the 
KERE will be the analysis of satellite altimetry, 
IR, and scatterometry in both the NW Pacific 
and NW Atlantic. Analyses of both the mean 
and variable surface topography (such as those 
depicted for the NW Atlantic in Figures 2 and 
3) from satellite altimetry will play a major role 
in the KERE. Such analyses are useful for: 

(a) Examing the impact of bathymetry on the 
western boundary current (for example, the 
two gyre recirculation structure seen in Figure 
3 is clearly associated with the presence of the 
New England Seamount Chain (NESC) in the 
NW Atlantic), 
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(b) Tuning and adjusting numerical model 
simulations to obtain results in agreement with 
the altimetry (e.g., this is the way in which the 
importance of a DWBC in the NW Atlantic 
was first recognized during the REX; see 
Thompson and Schmitz, 1989), 

(c) Studying the regional distributions of both 
eddy and mean kinetic and available potential 
energies (for example, see Figures 4 and 5). 

Eddy Available Potential Energy 
from GEOSAT-ERM (1988) 
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Figure 4-- Eddy Available Potential 
Energy (EAPE in cm2/sec2) of the Gulf 
Stream computed from surface 
topographic RMS observed with 
GEOSAT-ERM altimetry. Distribution 
and magnitudes depicted are in 
excellent agreement with other 
estimates of EAPE based upon in situ 
hydrography. 

Eddy Kinetic Energy 
from GEOSAT-ERM (1988) 
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Figure 5-- Eddy Kinetic Energy 
(EKE in cm2/sec2) of the Gulf Stream 
computed from surface topographic 
RMS observed with GEOSAT-ERM 
altimetry. Distribution and magnitudes 
depicted agree well with other 
estimates of EKE based upon drifter 
data. 

We will continue altimetric analyses of the NW 
Atlantic and extend these analyses to the NW 
Pacific during the KERE. Additionally, the 
statistics of mesoscale variability derived from 
satellite IR will play an important role in the 
KERE. Finally, surface wind stress fields 
observed by ESA's ERS-1 will provide 
important (and, long-awaited) input for the 
ocean circulation models. 

Numerical Model Experiments jn 
KE.RE 

Work is already underway at the U.S. Naval 
Oceanographic & Atmospheric Research 
Laboratory (NOARL) on the development of 
realistic primitive equation (PE), layered 
models of the North Pacific Basin (including 
the Kuroshio and Kuroshio Extension). Use of 
these layered PE models has been 
demonstrated to have remarkable success in 
simulating and in providing meaningful 
forecasts of Gulf Stream evolution (see paper 
by Fox, Carnes, and Mitchell in this session). 
Using realistic bathymetry and coastline 
geometry, our 1/4°-resolution PE models are 
now able to successfully simulate many salient 
features of the North Pacific, including the 
Subartic Front and the Kuroshio Extension 
(see Figure 6). Comparison between model 
simulations (such as surface topographic 
variability shown in Figure 7), satellite 
analyses, and field data will serve as the basis 
for model improvements. 

FREE SURf ACE DEVIATION KUROSHIO 13133:.2: 9.3 

Figure 
Kuroshio 
numerical 
represent 
(courtesy 
NOARL). 

DATE • 289/0087 

6-- A synoptic view of the 
Extension region from 

model simulation. Contours 
sea surface topography 
of Dr. H. Hurlburt, 
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Figure 7-- Standard deviation in sea 
surface topography for the Kuroshio 
Extension region as simulated by 
numerical model experiment (courtesy 
of Dr. H. Hurlburt, NOARL). 

Field Experiments in KERE 

During 1992-94, field experiment components 
of the KERE will be underway, including: 

(a) The deployment and subsequent recovery 
of a line of acoustic current meters (ACMs) 
and Inverted EchoSounders with Bottom 
Pressure Gauges (IES/PGs) arrayed along the 
section depicted in Figures 8 and 9. A major 
objective of these measurements will be the 
monitoring of any NW Pacific DWBC. As this 
line will coincide with a TOPEX/Poseidon 
altimeter groundtrack, comparison between the 
altimeter and irt situ data will provide for 
analyses of both the timeseries and spectral 
nature of the mesoscale variability in this 
region as well as for an assessment of the 
relative importance of the barotropic and 
gravest baroclinic modes of this variability (see 
Hallock, Mitchell, and Thompson, 1989). 

Figure 8-- Location of planned 
NOARL arrays of acoustic current 
meters and inverted echo sounders 
with pressure gauges. Line of arrays 
coincides with a groundtrack of the 
TOPEX/Poseidon altimeter (courtesy 
of Dr. Z. Hallock, NOARL). 

Distance from coast of Honshu (km) 

Figure 9-- Vertical cross section of 
NOARL ACM-JES/PG line across the 
Japan Trench and underneath a 
TOPEX/Poseidon groundtrack 
(courtesy of Dr. Z. Hallock, NOARL). 

(b) Drops of Airborne Expendable 
Bathythermographs (AXBTs) along TOPEX/ 
Poseidon groundtracks over the Kuroshio 
Extension region. These data will be used in 
conjunction with the satellite altimetry to 
provide for precise estimates of the alongtrack 
geoid profile (see Mitchell et al., 1990) which 
are necessary for subsequently inferring the 
temporal mean surface topography from the 
altimetry (see for example, Figure 3) and to 
provide for an error analysis of 
climatology-based inferences of deeper density 
structure from the altimeter alone (see Carnes 
et al., 1990). 

(c) Other field work in the KERE will most 
likely focus on the use of deep floats for 
defining the current structure of the Kuroshio 
Extension, particularly near its separation from 
the Honshu coastline. 

(d) Additionally, the feasibility of carrying out 
a regional, mesoscale-resolving acoustic 
tomography experiment is presently being 
examined as part of the planning for the 
KERE. 

Summary 

The KERE will culminate in a comparison of 
the dynamics and energetics of the Northern 
Hemisphere's two major western boundary 
currents. Following the NW Atlantic REX, the 
KERE will extend results and hypotheses 
derived from Gulf Stream studies to the 
Kuroshio Extension. Additionally, the 
collection and analyses of common data types 
in both the NW Atlantic and the NW Pacific, 
made possible by REX and KERE (i.e., 
satellite altimetry, model simulations, IES/PG 
data, etc.), will serve to enhance our 
understanding of the fundamental dynamics 
and energetics of western boundary currents in 
general. 
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An approximate time table for the KERE is 
given by: 

*Detailed Planning for the KERE 
---Through 1991 

*Model Development (Pacific) and 
Simulations---1990-95 

*ERS-1 altimeter/scatterometer data 
aquisition/analysis---1991-94 

*TOPEX/Poseidon altimeter data 
aquisition/ analysis---1992-95 

*KERE Field Activities in the NW 
Pacific---1992-94 

*Analysis of NW Pacific field data 
---1993-95 

*Model/Data lntercomparisons 
---1992-95 

*Kuroshio Extension/Gulf Stream 
Comparisons---1993-95. 
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Abstract 

A series of numerical experiments to predict 
the evolution of the Gulf Stream have been 
performed. The forecast system uses a primi
tive equation model of the north western Atlan
tic Ocean and assimilation schemes which em
ploy both a feature model and statistical 
correlations derived from the regional climatol
ogy of in situ data and long time-base numeri
cal simulations. The evaluation criterion is the 
mean absolute distance between forecast loca
tions of the Gulf Stream front and actual loca
tions as verified from extensive satellite and in 
situ data. Eight one-week and five two-week 
evaluation intervals during 1986-1988 were se
lected to represent a variety of both active and 
inactive Gulf Stream regimes. To insure ob
jectivity, hindcasting was disallowed. The re
sulting forecasts were significantly better than 
persistence at both one- and two-week inter
vals. This study indicates the feasibility of 
Gulf Stream forecasting using assimilation 
schemes which provide adequate deep infor
mation and numerical models which are de
signed to be consistent with available data. 

1 Introduction 

The western boundary current regions of the 
oceans represent domains of high variability 
and considerable eddy activity. They are not 
adequately sampled by in situ measurements or 
by satellite altimetry [10,13] to permit accurate, 
instantaneous estimates of sea surface topogra
phy. They are also regions of significant stra
tegic importance. The development of numer
ical models of the North Atlantic [15] capable 
of reproducing the measured variabilities, 
large scale circulations, and eddy activity has 
given us the confidence to proceed with the 
construction of a system which will use such 
models to dynamically interpolate the asynop
tic measurements available and thereby provide 
both improved nowcast and forecast capabili
ties. 

A system for constructing initial state estimates 
and performing forecasts was constructed for 
the region of the North Atlantic by the Data As
similation Research and Transition (DART) 
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team at the U. S. Navy's Naval Oceanographic 
and Atmospheric Research Laboratory. 

In order to provide a 'level playing field' in the 
arena of ocean forecasting, a set of reference 
data (i.e., Gulf Stream frontal locations) was 
created for a subset of the Gulf Stream region. 
Before any forecasts had been done, data over 
the preceding three years was examined to at
tempt to define several periods for which accu
rate positions of the Gulf Stream axis and ed
dies could be constructed for at least two 
weeks. Clear satellite IR imagery was re
quired, and in most cases XBTs and GEOSAT 
altimetry [3] was used to refine the locations of 
the features. Four time periods were chosen in 
1986 through 1988 which permitted eight 1-
week forecast and verification experiments and 
five 2-week experiments. 

The primary evolution criterion was the mean 
absolute distance between forecast locations of 
the Gulf Stream front and the actual (or verifi
cation) locations. Forecast error was comput
ed as the average absolute offset between the 
forecasted position of the axis with the position 
given in the verification state. Persistence, the 
assumption of no motion over the forecast in
terval, was used as a comparison in judging 
forecast skill. For a model to have any signifi
cant skill in forecasting, the error in its forecast 
(the forecast error) must be less than the error 
computed by simply using the initial state as 
the forecast (the persistence error). 

To examine the degree to which this small 
number of states was representative of the Gulf 
Stream as a whole, persistence errors were 
computed both from these states and from a 
year of the operationally produced front loca
tions. The distributions were compared to ver
ify that the cases chosen were representative. 

The domain was divided into three subregions: 
a Western Region, extending from 73°W to 
66°W longitude, a Central Region, extending 
from 66°W to 59°W longitude, and an Eastern 
Region, extending from 59°W to 53°W longi
tude. The average absolute offset error of each 
of these subregions was computed, as well as 
the overall region, extending from 73°W to 
53°W longitude. 



2 Forecast Experjment Results 

Figure 2 presents the results from one of the 2-
week forecast experiments. Measuring the er
rors in the overall region from 73°W to 53°W 
longitude, persistence represents an error of 50 
km at 1-week and 65 km at 2-weeks. By com
parison, the forecast provided errors of only 
26 km and 39 km at 1- and 2-weeks respec
tively. When all eight 1-week and five 2-week 
cases are examined, it was found that the sys
tem provided forecasts which were better than 
persistence by approximately 6 km at 1-week 
and 10 km at 2-weeks. Standard statistical 
techniques were used to verify the significance 
of these results. 

3 DART End-to-End Nowcast/Forecast 
System 

In this section, we provide a detailed descrip
tion of the DART Gulf Stream run stream. The 
procedure used to initialize and run the DART 
forecasts begins with the subjective preparation 
of an initial Gulf Stream frontal location map. 
This manually prepared map blends frontal lo
cation information contained in satellite IR im
agery, satellite altimetry, and any available BTs 
into a continuous depiction of the surface fron
tal location. The resulting continuous depic
tion of North Wall location is then run through 
a feature model algorithm in the OTIS comput
er program which provides an initial state esti
mate of the dynamic height, which is then con
verted to an upper layer pressure anomaly (p 1) 
in the NOARL primitive equation circulation 
model. Scaling between OTIS dynamic height 
and model pl is necessary to correctly repre
sent the transport in the model's thick upper 
layer. This initial pl field is instantaneously 
converted in an accompanying lower layer 
pressure field (p2) using a statistical inference 
technique based upon the circulation model's 
climatology. Together, pl and p2 are then 
used to provide for geostrophic initialization of 
the circulation model. For a brief interval im
mediately following these "cold start" initializa
tions, a filter is applied in the circulation model 
run to nearly eliminate gravity waves. Finally, 
the pl=O contour in the model's forecast state 
is used to define the forecast frontal location 
for direct comparison with independent verifi
cation frontal location maps. 

Much of the success in these "cold start" 
DART forecasts is a result of the several tech
niques used to directly (and instantaneously) 
transfer upper layer information into the lower 
layer of the circulation model. These tech
niques are described chronologically in the fol
lowing sections. 

3.1 OTIS Feature Model 

Maps of surface topography used to initialized 
the circulation model and to verify the forecasts 
were prepared using the regional OTIS, devel-

oped primarily at the Fleet Numerical Oceanog
raphy Center (FNOC) [5] with contributions 
from the Naval Oceanographic Office (NOO) 
and the Naval Oceanographic and Atmospheric 
Research Laboratory [1,2) OTIS is a data qual
ity control and interpolation system which 
combines climatology, maps of front and eddy 
boundaries, MCSSTs (satellite IR multi
channel sea surface temperatures), and meas
ured temperature profiles to form gridded 
three-dimensional synoptic thermal analyses 
for selected ocean regions. A reduced set of 
the OTIS system capabilities was used in this 
study: the surface topography maps were pro
duced using maps of front and eddy positions 
as the only data source. The OTIS software 
interprets these maps and applies models for 
the Gulf Stream front and eddies to form a 
gridded three dimensional field of temperature. 
Relative dynamic height at the surface is then 
computed directly from the grid of temperature 
profiles using relationships derived from anal
ysis of regional historical temperature and sa
linity data sets. 

All data for each analysis date were combined 
onto a single map consisting of frontal path 
segments from IR, locations of front and ring 
crossings from altimetry, and AXBT locations 
coded according to water type. An unbroken 
frontal path, from the western to the eastern 
boundaries of the model domain, was drawn 
by hand through the composite data set and 
then digitized, and ring radii and center loca
tions were extracted. 

OTIS uses parametric models of the Gulf 
Stream front, eddies, and the ambient back
ground which have been developed from a 
combination of historical observations, simple 
dynamical models, and information obtained 
from published studies. 

The OTIS system assimilates synthetic obser
vations, true observations taken at irregular 
times and positions, and climatology to form 
synoptic maps using optimum interpolation 
[7,4] The synthetic observations provide a 
high-spatial resolution data set within and near 
fronts and eddies where observational data is 
often too sparse to resolve these features. 
Also, the synthetic profiles provide subsurface 
information, whereas most measurements are 
made only at the surface from ~atellites. This 
study uses only synthetic profiles to construct 
the final field of temperature. 

The optimum interpolation results in a three
dimensional grid of temperature covering the 
domain of the grid of the circulation model. 
Since salinity is not available from this analy
sis, dynamic heights at the surface are comput
ed from the same relationships between dy
namic height and temperature used in modeling 
the structure of rings. The root-mean-square 
error in dynamic height computed by this 
method is about 0.065 dynamic meters. 
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3.2 Circulation Model 

The circulation model used in this study is do
cumented in Thompson and Hurlburt [14], 
Hurlburt and Thompson [9] and Thompson 
and Schmitz [15]. It is an n-layer, primitive 
equation model covering the region from 78°W 
to 45°W longitude and 30°N to 45°N latitude. It 
includes large-amplitude bottom topography. 
The model domain was chosen so that the vari
ability in the location of the Gulf Stream en
trance into the domain would be small. Figure 
1 shows a plot of weekly axis locations taken 
from a year of NEOC boguses. The outlined 
box in the plot represents the circulation model 
domain. The relatively small variability in the 
position of the Gulf Stream axis where it enters 
the model domain permits the inflow to be 
specified at a fixed location south of Cape Hat
teras. The version of the model used in this 
evaluation included two layers, with a deep 
western boundary current [15] supplied by an 
inflow port in the north eastern part of the low
er layer. The model used in these experiments 
is on a spherical grid with a resolution of 1/6 
degree in longitude and 1/8 degree in latitude, 
which represents a spatial sampling of approxi
mately 14 km in each direction at the center of 
the grid. 

Since layer thickness is included among the 
model variables, fluctuations of the pycnocline 
can be modelled by changes in the depth of the 
interface between the upper and lower layers. 
This permits a more efficient representation of 
the dominant dynamical modes in the domain 
than is possible with a model which uses fixed 
thickness levels. This was deemed of particu
lar importance in these experiments, due both 
to the manner in which we initialize the lower 
layer (described in detail in the next section) 
and the number of experiments contemplated. 

3.3 Statistical Inference of Subthermo
cline Information 

Information on the subthermocline has been 
shown to be extremely valuable in forecasts 
based on numerical simulations of the Gulf of 
Mexico [8,11] and the Gulf Stream [6,12]. 

Long model simulations are used to derive sta
tistical relationships between the subthermo
cline pressure (p2) at any given grid point in 
the model and the surface pressure (pl) at an 
array of grid points. Parameters which control 
this derivation are chosen to maximize the skill 
in estimating the lower layer pressure in an in
dependent dataset. That is, coefficients are de
rived from one run of the model and are used 
to estimate the lower layer in an independent 
run. 

Figure 3 shows an example of using these co
efficients to estimate the lower layer pressure 
for the Gulf Stream. Note that while the pat-

tern correlation between p 1 and p2 on this 
model day is only .26, the correlation exceeds 
.9 between p2 and the estimate of p2 computed 
from pl by the statistical inference technique. 
The coefficients derived from these lengthy 
model simulations are applied to the surface 
height fields produced by the thermal analysis 
to provide an estimate of the lower layer pres
sure field, and thus the pycnocline depth 
anomaly for each of the forecast dates. The 
absolute accuracy of this estimate of the depth 
of the pycnocline has not been quantified, but 
for the purposes of initializing the circulation 
model, it represents lower layer information 
which is dynamically consistent with the upper 
layer information provided by OTIS. 

To calculate the contribution to the forecast 
skill of including this deep pressure informa
tion, forecasts were made using the present 
reference datasets and using three alternatives 
for defining the lower layer pressure field in 
the initial states. Forecasts made using either a 
reduced gravity initialization or using the mod
el's climatological lower layer pressure field 
resulted in a larger error than those made with 
the statistical inference initialization, generally 
by about 5 km. 

3.4 Geostrophjc velocity Injtializatjon 

The remaining model variables, the u and v 
components of velocity for each of the two 
layers are computed geostrophically. For ex
ample, in the upper layer: 

where f is the Coriolis parameter if= 2ro sin 0, 

where ro is the angular velocity of the earth's 

rotation and 0 is the latitude), fis a unit verti
cal vector, vg is the geostrophic component of 

the current and Tl is the free surface anomaly. 

3.5 Gravih Waye Filter 

Despite the statistical inference of the lower 
layer and the geostrophic velocity initialization, 
there will inevitably still be some dynamic im
balances in the initial state. One advantage of 
the primitive equation model approach is that 
such imbalances will be converted to short
period gravity waves, which can easily be re
moved by selective filtering. For the particular 
domain of this model, the dominant gravity 
wave period is approximately 8 to 9 hours. 
These waves are attacked in the NOARL circu
lation model by a time-domain running average 
with a length of 8.5 hours which is applied 
once at + 12 hours into the forecast and again at 
+24 hours, after which no further filter is done 
during the remaining two weeks. 
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4 Summary 

A series of numerical experiments to predict 
the evolution of the Gulf Stream have been 
performed. The nowcast/forecast system de
veloped by the DART team at NOARL is the 
first such system to show significant skill in 
forecasting the evolution of the Gulf Stream 
frontal axis, providing estimates of the front 
that are (on average) 6 km better than persis
tence at 1-week and 10 km better at 2-weeks. 
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Figure 1 ·· One year of weekly Gulf 
Stream axis positions. Inner box rep
resents the domain of the forecast sys
tem. 
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Figure 2-- Sample forecast (left) and verification (right) initialized on 6 May 1987 (top) and forecasted 
for 13 May (middle) and 20 May (bottom). 
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Figure 3-- Statistical estimation of subthermocline pressure (p2) from surface pressure (pl) for the 
Gulf Stream. 
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ABSTRACT Agency as a NASDA's HOS-1 DCS verification 
This paper describes the first test on project. 

the transmission of sea temperature dis
tri,buted vertically in the sea using the Data 
Collection System(DCP) of the Marine Obser
vation Satelite HOS-1. 

We thought of measuring the vertical dis
tribution of undersea temperature by well 
known expendable bathythermograph XBTs and to 
send the data of the sea temperature at the 
depth of down to 700 m through the sattelite 
HOS-1. After arranging a proto-type DCP 
with a XBT, transmitting model data were sent 
from a land point. Then the next experiments 
were carried out on a small boat at sea in 
Sagami Bay and on a research ship belonging to 
Fisheries Agency. On her research voyage 
around the Japan Islands some XBT probes were 
launched from the ship and the data were sent 
and received at the. Earth Observation Center 
successfully. 

1. INTRODUCTION 
Information about underwater sea temper

ature is being requested by many fishermen 
and concerning companies. It is, however, 
very complicated work to obtain the vertical 
distribution of sea temperature around the 
fishing ground where they operate. Therefore, 
many research ships observe the sea temper
ature by using underwater thermometers, 
bathy-thermograph and so called CTD in order 
to send the data to the authorities. 

XBT is one of the very useful oceanic 
instruments which are able to measure the sea 
temperature at the depth of down to about 
1,000 m or more after being launched from 
the ship. 

After arranging a proto-type DCP with a 
XBT, transmitting model data were sent from 
a land point. Then the next experiments were 
carried out on a small boat at sea in Sagami 
Bay. For the following half year the DCP was 
brought to a research ship belonging to 
Fisheries Agency. Around ._the Japan Islands 
some XBT probes were launched from the ship, 
where CTD observation was done. The data 
received at the Earth Observing Center EOC 
were compared with the data obtained by the 
CTD observation. Transmission and receipt were 
satisfactory. 

This was done by the the Association of 
Fisheries Electronics commissioned by Fishery 

2. HOS-1 AND THE DCP 

2.1 HOS-1 and Planned XBT Type DCP 
The HOS-1 sattelite comes around over every 

day at almost the same ship's apparent time. 
The data obtained by the XBT are converted 

to digital ones, coded and added by suitable 
CRC check bits. Data Collection System on 
the satelite HOS-1 receives the data and 
retransmits them by SHF waves towards the 
Earth Observation Center EOC in Saitama pre-
fecture. 

The first point of discussion was how to 
measure the temperature and other data in deep 
sea layer automatically and to send them to 
the DCS on th'e satelite in the required 
format. Table 1 shows the planned sensors 
and types of Data Collection Platform DCP; 
their merits and demerits are in the matrix. 

Sensor type is classified in three kinds: 
thermister chain, up and down type thermo
meter and expendable bathythermograph. And the 
types of DCP are a moored buoy, a drifting 
buoy and an on-board-type. 

Table 1 Classification of sensors and DCP 
type. 

Type of DCP 

Sensor 

Thernister 
chain 

Up and down 
type 

thermometer 

Expendable 
Bathy thermo· 
Graph XBT 
type 

Moored-buoy 
DCP 

l Low cost; 
: limited to a specific 
; point of measurement; 
: incapable of 
\ obtainininr; so many 
\data: 

l Difficult to get 
: data at the depth 
' of 100 • and beyond: 

Drifting· buoy 
DCP 

1 Low cost; 
: beinc obstructhe 
l to the ships ! undercoinc: 

1 Complicated 
: •echanism; 
: difficult to 
l aeasure at deep 
: sea layer and 
: avoid collision 
: daaace: 

Unsuitable for a : Vertical dis· 
research in wide : triution of sea 
waters; l temp. is obtained; 
measurement the nore : Capable of in· 

l costly, the deeper the l v~stigatinsc in • 
• layer: . ude sea waters, 
: : most profitable to 
: : the satellite DCS: • 
' ' ' 

On-board 
type DCP 

Difficult to 
be towed bJ 
ships; 
incapable of 
obtaining so many 
data: 

Requires larcer 
devices to measure 
at the same depth 
as XBT type; 
Difficult auto· 
•echanis•: 

Possible to utilize 
the conventional 
type of XBTs; 
low cost transals· 
sion: 

After discussing which type should be 
adopted in the HOS-1 DCP sensor, the con
clusion reached is to utilize the XBT Drifting 
type for test on land and on board. 

Figure 1 presents a flow chart of new HOS-
1 system application. 
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Figure 1. The situation of XBT type DCP in 
MOS-1 data collection system flow 

Figure 1 shows our XBT type DCP indicated 
in MOS-1 data collection system flow. The 
XBT type DCP sensor aquires sea temperature 
data at any depth while descending after being 
launched from the platform. The data are fed 
to the interface, where they are A-D converted 
to be processed and tranmitted toward the 
MOS-1 DCST. Then it relays the signal to the 
EOC. The center provides the data to the 
first user in a form of Computer Compatible 
Tape CCT or a floppy disc with the fixed XBT 
positions where the data were transmitted. 

The first user may be called an infor
mation service center. There the data in the 
CCT or the floppy disc are analyzed, calcu
lated for obtaining temperature contours 
around the fishing grounds. 

2.2 Data Format 
Figure 2 shows the pulse train of the DCP. 

The first frame constructed by a 256-bit
pulse after non-moduration part of 120 ms and 
a protocall of 48 bits is transmitted in one 
of two assigned VHF band frequencies in every 
60 seconds .• 

.·--g·~-~_!£__ 

.--. no ms 

/ "'"---·--··--·-------------~ 
•'Non-mod. 120 ms; ~rol.ocal I 10 bits; sensor data 256 bits 

--~ --- - .. _./ 

{~T~ET~CT_:·_LT:J=·1~~II:jjIC 
O( i l T( i l i =I, 11 

M M 0 II I. h 

D D a l. e 

II II o u r 

D(i) Depth 

T ( i ) Temperature 

Figure 2. Pulse train of the DCP 

Since the satellite is usually viewed over 
for several minuites, at least 8 frames in 
a group can be received by the DCST on the 
MOS-1. Our data were limited within 8 frames 
or less. 

Sensor data of 256 bits are constructed by 
the data specifying month, day, time followed 
by the data of the sea temperature and the 
depth measured. The frame 2 and the rest are 
constructed by the data of depth and temper
ature only. The data group is transmitted 
repeatedly toward the MOS-1 during the time 
when the satellite passes over. 

3 Experimental Results 

After the electronic test in the firm, the 
XBT type DCP was brought out to a land place, 
and transmission test and receiving test at 
the EOC were carried out successfully. 

3.1 Field Test in Sagami Bay 
The first field test was done in the Sagami 

Bay near mid-Japan Island on a small boat. 

Date 

Table 2 Receiving rate of the XBT type DCP. 

j Pass No. j 
' ' ' ' ' ' ' ' ' ' 

Transmitted 
number of 
frames 

: Received number l of frames 
Receiving 
rate 

18 Aug. :,' 7 20 , 19 95S 
24 27: 23 ,85S 

----- ----- ~- --------- ~----- --- ------- --:---- -- -- --- ---- ----~---------------
19 Aug. ! 8 ! 22 ! 21 ! 951 

25 23 20 : 871 

Table 2 shows the rece1v1ng result at the 
time. The receiving rate in the table 2 is 
the rate of received number of the frame to 
that of transmitted frames. This depends upon 
the degree of the elevation angle of the 
satellite in the orbit of the MOS-1 defined by 
the corresponding pass number. 
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Figure 3. Vertical temperature contours 
along the longitude of 139'E. 
(left} and latitude of 35'N. 
(right} in Sagami Bay 



If the transmitted frame number is equal 

or more than 8, all temperature data from the 
surface to the maKimum depth layer, in this 
case 760 m, are transmitted and considered 
to be received without failure. 

Figure 3 shows vertical section of tempera
ture contours along the longitude of 139"E. 
and along the latitude of 35"N. in Sagami Bay 
obtained by the MOS-1 DCS data from the XBT 
type MOS-1 DCP. 
3.2 Japan's Neighboring Waters 

The experiments were carried out in Japan's 
neighboring waters around the Japan island by 
using a research ship belonging to Fisheries 
Agency for a few month. The ship engaged in 
usual oceanograpic observation including CTD 
observation. 

0 ~--·--~_:____._ 
" 08:15 I, Sept. 11188 

· 31"16.0'N. 

Figure 4 Comparison between the XBT type 
DCP and CTD Temperature data. 

Figure 4 shows the comparison between the 
XBT type DCP and CTD data. It is obvious that 
there are some differences between them. 
Strictly speaking even though they both tried 
to measure the temperature at the same 
position, it is nearly impossible that the XBT 
type DCP and the CTD probe should come to the 
exactly same point. In addition to this we 
should bear inmind the instrumental errors 
in measuring depth and temperature. 

3.3 Position FiK and the Problem 
Oceanic observation demands accurate 

observing position. From this point of view, 
our XBT type DCP re-examined. Best resolution 
would be that the DCP carries a self contained 
position fix system. If the observing waters 
are in the area of radio navigational service, 
proper type of radio navigation rece1v1ng 
instruments are available, for example Loran 
C, A, NNSS, Decca and GPS etc. Fortunately, 
MOS-1 DCS has a position fixing system. Our 
project was granted to have a result of MOS-1 
Verification Program conducted by NASDA. 

Position error of the DCP was checked with 

a precisely lanti known 
position. The 

observation was carried out from 20th of April 
to 4th of July 1988. Mean position obtained 
from the MOS-1 DCS was deviated from the true 
position to 75 m northward and 58 m eastward. 

65 % probable error circle became 489 m 
in the radius. It was proved that it is ver 
yuseful for us to observe the vertical dis 
-tribution of sea temperature using XBT typ 
eMOS-1 DCP. 

4. FUTURE VIEW 
Though a XBT type DCP for MOS-1 was 

developped as a prototype and tested at sea, 
it is not always faultless itself; it has some 
problems. When a small floating buoy with 
many XBTs is used, the launching of the XBT 
becomes difficult on the buoy rolled and 
pitched by the sea waves. Larger buoy may 
obstruct the way of ships, and costs much. 

Automatic launching mechanism should be 
developped as soon as possible. The buoy can 
be set adrift at a position on the water 
often situated in an upper stream of sea 
current. The buoy will flow with the current, 
and launching could be attained automatically 
by a timer, for example once a day. 

Another problem is that the position given 
from NASDA is that of the time when the DCP 
transmitted the radio waves of the data. The 
floating buoy moves with the sea current, so 
there comes a difference between the position 
of observation by lauched XBT and the position 
when the DCP transmits the radio waves toward 
MOS-1 DCS, because the time the satellite come 
sover evey day at about the same apparent 
time. 

It is strongly desired that the DCS of 
MOS-1 should have more quantity of data 
frames. Position fixing of the DCP was very 
useful for the users. 
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Abstract 

The benthic layer, being one of 
the most interesting with respect of 
hydrophysical phenomena, has not been 
well studied. Knowledge on the benthic 
layer characteristics, especially dy
namic parameters, determined mainly 
by current velocity, is important for 
the correct interpretation of diffe
rent oceanological data. 

In this paper an analysis of be
nthic layer dynamics based on results 
of direct measurements of horizontal 
velocity components at 2.5-25 m above 
the bottom, and on concurrent measu
rements of benthic water temperature 
is presented Pop-up self-contained 
stations have been deployed 21 times 
at depths from 730 to 5,125 m for du
rations from 2 to 36 days on the bot
tom of Pacific and Atlantic oceans 
and I,Iedi terranean sea. 

1. Introduction 

The Laboratory of Seismology of 
the P.P.Shirshiv Institute of Oceano
logy of the USSR Academy of Sciences 
in cooperation with specialized ins -
titutions has developed an autonomous 
bottom pop-up seismological stations 
ADS-8 and ADS-M meant for studying 
seismicity of deep-water areas in the 
world Ocean /4, 14/. 

The pop-up seismological stations 
of the ADStype have a high positive 
buoyancy, and therefore, in addition 
to the seismograph, they can carry 
some other meters forinstance, the 
11 Potok11 self-contained digitial car
rent-and-temperature meter, manifac -
tured by the USSR Academy of Sciences' 
Oceanological Design Department, was 
the firgt used meter. For the Labora
tory of Seismology studying water cur
rents in the bottom bou..'1dar~r lA.yer 1.s 
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important because of two reasons: to 
understand .the mechanism, by which SJ.Ch 
currents produce noice in a seismo
graph; to try to record tsunamis at 
the open sea. 

But apart from mentioned seismo
logical interests benthic processes 
are now a major challenge for oceano
logists in general. 

"Potok" meters were out to work 
first in the spring of 1986, but it 
was not usefull until after the spring 
of 1988 when the time intervals for 
averaging current and temperature 
values sampling had been reduced from 
15-30 minutes to 225 sec (sometimes 
even to 112 and 28 sec) and the expo
sure of the seabottom instruments 
extended to J6 days, that valuable 
scientific results began coming in. 

2. BEKTHIC CURRENTS OVER THE 
FIELDS OF MANGANESE NODUIES JN 
THE NORTH-EASTERN PAaIJi'IC OCEAN 

Two stations were placed over the 
transform faults Clarion and Clipper
ton and the Guatemalan deep-water ba
sin in February-March, 1988.They were 
equipped with sediment traps, 11Potok" 
meters and instruments for measuring 
salinity, temperature, water pressure 
(STD) and content of oxygen dissolved 
in water (02). The stations operated 
at 5.000 and 3.600 m, respectively. 
The study areas are known as abundant 
in manganese nodules covering gently 
sloping sides of the abyssal hills. 

Measurements showed variation 
both in STD values and o2 content and 
in the benthic dynamic cnaracteris
tics. A benthic storm lasting longer 
than 48 hours, with the benthic cur
rent speed, averaged over intervals 
of 0.5 h, reaching 13.5 cm/s, was 
recorded within a 36-day range /1/. 
The storm was found to be related to 
a deep-penetrating synoptic vortex 
/2/, and the facies conditions of 



2·;~anganese nodules formation were fo
u.~d to be associated with benthic dy
namics /3,9/. The Manganese wos found 
to be coming to the Guatemalan deep
-water basin from the Galapagos rift 
but not from the central part of the 
Pacific ocean, as it had been suppo
sed aerlier. 

3. '"Wad Benthic Storms off 
Crete Island 

During the July 1988 sea-bottom 
seismological experiment off Crete 
Island,three stations ADS-M equiped 
with "Potok" meters placed at 2.5 m 
above the sea-bottom were put in ope
ration. Stations were placed: at the 
depth of 1,780 m on the south-eastern 
slope of Grete Island (A),at the depth 
of 1.530 min the Kassos strait (B), 
and at the depth of 1.745 on the Rados 
submarine ridge limited by the Pliny 
trench on the south (C). 

Station B within a week recorded 
10 benthic storms, whose duration 
took 15% of the records time. The cu
rrent speed during the storms rose 
sharply from the meter's sensitivity 
threshold (3 cm/s) to 4.4-8.5 cm/s. 
During one of the storms, unlike any 
of the others, the water temperature 
was found to rise stepwise to o.4°c. 
Station A recorded a similar storm 
but in a different time. Station C 
did not register any thermodynamic 
processes on the sea-bottom /13/. 

Petrological analysis of the de
posited suspended sediments from the 
trap at one of the stations,alongside 
with some other considerations, have 
led us to cl&:mthat the sea-bottom 
stations have recorded some turbidity 
currents generated above them, in the 
upper parts of the submarine slopes. 
This means that an essentially new 
mechanism for vertical water exchange 
in the World Ocean and oxygen trans
fer to sea depths seams to have been 

discovered /10, 11, 12/. 
The "cold" storms recorded by 

station B apper to be relics of some 
complex system of counter-currents in 
the l(assos strait. 

4. 12-hours-long migrations of the 
Canary and I.lauritanian currents 

A station fitted with a "Potok" 
meter was placed in July-August, 1988 
on the submarine slope of the African 
continent, 85 km west of the Cap Blan 
in the Atlantic Ocean and worked a 
week. It happened to lie on the borde
line between the warm I.lauri tanian cu
rrent flowing along the coast from 
south to north and the cold Canary 
current flowing something west of it 
from north to south. The benthic cur
rents, sometimes as fast as 26 cm/s, 
were found to change their direction 
steadily twice during 24 hours (with 
a period of 11-13 hours) from north
north-east to south-west, with a 
± o.2°c temperature change invariably 
accompanying it /7/. This movement of 
the borderline, as records of sea-bo
ttom station show, is no smooth-flo
wing process but a result of the in
tervention of the cold masses of the 
Canary currents into the warm waters 
of the Mauritanian current (wich co
ntributes to the wellknow phenomenou 
of the Canary upwelling) /5/. 

5. Hear-bottom currents in a seisrnica
llv active area of the Atlantic C:Cean 

In August 1988, three stations 
ADS-Jl.1 fitted with "Potok" meters at -
2.5 m above the bottom were placed in 
the seismically active Azores-Gibral
tar belt of the Atlantic ocean. The 
stations were instally at a dr,p.th of 
3.300 m on the top of a su"'t¥il~r¥!Iv(1) 
at a depth of 4.250 m on the slope the 
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submarine mountain ( 2), and at a oopth 
of 5.100 m on the bottom of deep-wa
ter basin (3) /8/. 

Measurements showed variation in 
the benthic dynamic characteristics. 
The benthic current speed, averaged 
over intervals of 225 s, reaching 
15.0 cm/s was recorded within a 
13-day interval by stations 1 and 2. 
Station 3 did not register any near-

. -bottom current with the speed more 
then the meter's sensitivity /6/. 

6. Change of current speed with 
depth in the bottom boundary layer 

In September, 1988, two stations 
were dropped on the submarine ridge 
Reykianes, south of Iceland.They were 
100 m apart, one, as usual, equipped 
with a "Potok" meter, in 2.5 m from 
the bottom, the other one with a 
string of "Potok" meters deployed 5, 
10, 15 and 25 m above the bottom. The 
stations were at work for four days. 
According to their records, the bottcrn 
boundary layer was in a very unstati
onary state, because at different ho
rizons the time when currents become 
stronger or weaker do not coincide. 
But at the same time, at all horizons 
a few benthic storms were found to 
occur synchronously, with the speed 
of water motion increasing when ap
proaching to the bottom. 

7. Benthic currents in the 
Mediterranean deep-water basins 

Pop-up stations of the ADS' type 
with 1 to 5 "Potok" meters were pla
ced during October-November, 1989, in 
10 study areas within the system of 
the Hellenic trenches and the Crete 
deep-water basin. A steady mass tran
sfer, with the benthic current up to 
8 cm/s, was recorded (at a depth of 
5.125 m) in the Ionic trench.The wa-

ter temperature in the bottom bounda
ry layer in the Ionic sea was found 
abnormally high. A steady anticyclo
nic circulation, with the speed of the 
stream on the periphery of the whirl 
up to 16 cm/s, was recorded in the 
Crete basin (at depths of 2.oo-2.2eon~ 
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Abstract 

Bandpass filters uniformly distributed along the log

frequency a.xis are designed to organize a bank of constant

Q filters, on a model of the mammalian auditory systems. 

It is demonstrated that a linear-period modulated signal 

is well adapted to the design of the constant-Q filter bank 

system. For precise estimation of the range and velocity of 

moving targets, a phase sensitive model with the constant

Q filter bank is proposed. Results of numerical experiments 

show that unbiased range estimates can be obtained even if 

a target moves with rather a high velocity. It is found that 

the accuracy of the proposed method in target parameter 

estimation is superior to that of the conventional envelope 

detection system. It is also observed that lateral inhibitory 

connections between the filter outputs enable us to improve 

the sharpness of output amplitude. 

1. Introduction 

RADAR or SONAR are usually installed on mov

ing vehicles or used to obtain information on moving 

targets. One of the main parameters to be estimated is 

the range between the observing system and the targets, 

and the other is the range rate( velocity) due to relative 

motions. 

Since electro-magnetic wave is used in RADAR sys" 

tern, the Doppler effect caused by target motion is al

most negligible. Even in the case where the frequency 

modulation is adopted to improve the system perfor

mance on the range resolution, the ratio of the frequency 

sweep width to the center frequency of emitted signals 

is usually relative small. Thus we can treat the Doppler 

effect simply as a linear frequency shift proportional to 

the target velocity. 

On the contrary, the Doppler effect cannot be ig

nored in SONAR system because of the relative slow 

speed of sound propagation compared to target veloci

ties. In addition, time-bandwidth product of frequency 

modulated SONAR signals is generally so large that we 

must consider that not only the frequency but the fre

quency sweep rate of the emitted signal is also altered 

by the target motion. For accurate estimation of tar

get parameters, therefore, it is highly important how 

to design the signal not to be affected by the Doppler 

effect. 

It is widely known that the linear frequency mod

ulated(LFM) signal had been developed for increas

ing the average power capability in peak power limited 

RADAR systems[l]. As a direct consequence of the ca

pability, target range resolution has been improved by 

the LFM technique[2]. The LFM signal has, however, 

an ambiguous property associated with error coupling 

in simultaneous estimation of range and velocity. Thus 

the target range can not be measured accurately with 

the LFM signal if the target velocity is unknown. In 
the same manner, velocity estimates are also ambiguous 

with inaccurate range estimates. Consequently, it has 

been necessary to eliminate the error coupling in target 

parameter estimation. 

For removal of the error coupling, the ambiguity 

function of the emitted signal is required in general to 

be localized on a small area near the origin of estimating 

error space. For this case, however, a large number of 

matched filters( or correlation detectors ) will be neces

sary for estimation in wide range of parameter values. 

A linear period modulated(LPM) signal, the period 

of this signal increases linearly with time, has been de

veloped as one of the Doppler tolerant signals[3], and it 

has been pointed out that the LPM signal has a typi

cal feature of the location sounds produced by the FM 

bat[4]. The ambiguity function of the LPM signal has 
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a ridge on the axis of velocity error - that is, target 

range error is almost negligible - with approximately 

flat amplitude. Utilization of the LPM signal will con

sequently permit us to realize unbiased estimation of 

the range of a moving target. 

In the present paper, we have proposed a measure

ment system by use of an LPM signal to measure the 

range and velocity of moving targets. This system is 

basically composed of a bank of constant-Q filters fol

lowed by time delay devices which eliminate non-linear 

spectral phase components of a received echo. The 

configuration of the proposed system is modeled on the 

early level of the mammalian auditory systems. 

2. Backgrounds 

2.1 The Echo Reflected From a Moving Target[5] 

Emitting a signal u(t) as a location sound to a point 

target that moves with constant velocity v0 , we obtain 

a returning echo reflected from the target 

e(t) =JS;· u(s 0 • [t - T0 ]), ( 1) 

where T0 is the propagation delay time between the 

sound emitter and the moving target, and s 0 denotes 

time compression or expansion of the echo waveform 

due to the Doppler effect. In the above expression, JS; 
is necessary in order to account for the fact that the 

signal energy does not changed under the signal trans

formation caused by the Doppler effect. 

In Eq.(1), We have assumed that when the reflection 

occurred just at T0 /2, the distance from the emitter to 

the target was exactly r 0 • In this situation, the following 

relationships hold: 

2r0 

T0 = - and 
c 

C - V0 

So=--, 
C + V 0 

(2) 

where c is the velocity of sound propagation. Thus the 

measurement of the range and the velocity of a moving 

target is reduced to the problem to estimate two param

eters which correspond to a shift of the time origin( T0 ) 

and a time scale factor(s 0 ) on the observed echo wave

form. 

2.2 Linear Period Modulated Signal[6] 

An LPM signal within time t > 0 is defined[6] as 

u(t) a( t) . eJ·blog t 

a(t)cos(blogt) + j · a(t) sin(blogt) 

u, ( t) + j · u; ( t), (3) 

tr/ 

Instantaneous 
frequency 

w = b/t 

ur(t) = a(t) · cos(b ·log t) 

time t 

Figure 1: An LPM waveform and related parameters 

where the envelope a(t) is a relatively slowly varying 

time function in contrast with the phase blogt. We can 

determine both the center frequency and the frequency 

bandwidth of this signal by controlling the position of 

a(t) properly on time axis. The parameter b is closely 

related to a frequency modulation rate and, as will be 

shown in a later section, is used to determine the mea

surable range of target velocities. A simple example of 

the LPM waveform and related parameters are shown 

in Fig.(1). 

Differentiating the signal phase in Eq.(3) with re

spect to time t yields the instantaneous frequency w as 

w = oblogt/ot = b/t. (4) 

If the Doppler effect on the envelope a( t) is assumed 

negligible, substitution of Eq.(3) into Eq.(1) leads to 

the expression 

e(t) JS;. a( So. [t - To]) . ejblog(so·[t-ro]) 

ejblogso. u(t - To)· (5) 

The instantaneous frequency of the echo signal is thus 

written by 

w = b/(t - T0 ) (6) 

and equivalent to Eq.( 4) except the delay time T0 • This 

indicates that correlation between the emitted signal 

and the returning echo is still higher even if the target 

moves with a high velocity. Consequently the output 

amplitude in correlation detection of the LPM echo is 

nearly flat over the wide velocity range. 
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Figure 2: A conventional configuration for coherent cor
relation detection system. 

2.3 Range and Velocity Measurement by Coherent 

Correlation Detection[6] 

A signal to be emitted actually in SONAR problems 

will be a real signal. Thus, selecting only the real part 

of Eq.(3), we may rewrite Eq.(5) as 

e(t) = cos(blogs0 ) • Ur(t - T0 ) 

-sin(blogs0 ) • u;(t - T0 ). (7) 

This equation indicates that two parameters to be es

timated( the propagation delay T0 and the time scale 

factor s0 ) are contained in the echo signal separately 

in terms of time shift and amplitude modulation. One 

can also find that, in spite of an emission of the real 

part u,(t), the observed echo is composed of ur(t) and 

ui(t), weighted by cos(blogs0 ) and sin(blogs0 ) respec

tively. A coherent correlation detection system with the 

reference signals ur(t) and u;(t), therefore, permits us 

to estimate these two parameters separately. 

A schematic diagram of coherent correlation detec

tion system is illustrated in Fig.(2) and the system out

put is written as 

j e(t) · u*(t -T)dt = P(T) + jQ(T), (8) 

where * denotes complex conjugation. The real and the 

imaginary part in the right hand side of Eq.(8) can be 

expressed in terms of correlation functions as follows: 

P(T) = cos(blogs0 ) • ef!rr(T- T0 ) 

- sin(b log s0 ) • ef!ir( T - T0 ), (9) 

Q(T) cos(blogs 0 ) • ef!ri(T - T0 ) 

- sin(b log s0 ) ·¢ii( T - To), (10) 

where, for example, ef!rr(T) denotes the auto-correlation 

function of u,(t) as 

time T -.. 

Figure 3: Phase shift and envelope of coherent correla
tion detector output as a function of delay error. 

ef!rr(T) = J Ur(t)u;(t - T)dt, (11) 

and ef!ri also denotes the cross-correlation function be

tween ur(t) and ui(t), given by 

ef!ri(T) = J Ur(t)u7(t - T)dt. (12) 

These correlation functions have the following relations: 

ef!rr(T) = ef;;;(T) = A(T) ·cos21rfcT (13) 

(14) 

where fc and A( T), are the mean frequency and the 

envelope, respectively, of the auto-correlation function 

of the emitted signal u(t). 
If the velocity of target motion is much slower than 

the sound propagation speed, then the following approx

imation holds: 

log s0 = -2v0 /c. (15) 

Substitution of Eq.(13) and (14) into Eq.(9) and (10), 

and use of Eq.(15), yields the following expressions: 

P(T) 

Q(T) 

A(T - T0 ) • cos(2bv0 /c - 21rfc[T - T0 ]), (16) 

A(T - T0 ) • sin(2bv0 /c - 21rfc[T - T0 ]). (17) 

Thus we can finally obtain the relations 

(18) 

and 

cI>(T) tan-1[Q(T)/P(T)] 

2bv0 /c - 21ffc[T- To]. (19) 

Eq.(18) indicates that, regardless of the target motion, 

maximum amplitude of the output envelope is obtained 

at the propagation delay time T0 , and we can measure 

the target velocity v0 from Eq.(19) because the output 
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phase at T0 is proportional to v0 • While we can estimate 

the propagation delay time without any a priori knowl

edge on the velocity, the precise estimation of T0 must 

be required for the velocity measurement, because the 

phase in Eq.(19) varies with gradient -2nfc in respect 

to the delay estimation error(~T = T-T0 ). Fig.(3) illus

trates the envelope and the phase shift of the coherent 

correlation detector output as a function of delay esti

mation error. 

3. Range and Velocity Measurement based on 

the Mammalian Auditory Systems 

In the previous section, we described a coherent cor

relation detection system for a LPM echo to estimate 

the range and velocity of a moving target. It is doubtful, 

however, whether a correlation detector, which requires 

calculation of correlation between the location sound 

and the returning echo, is implemented in the auditory 

systems. In order to realize an equivalent function to the 

coherent correlation detection, we will propose a model 

to measure the range and velocity of a moving target by 

simulating the frequency selecting mechanism observed 

in the mammalian auditory systems. 

3.1 A Banlc of Constant-Q Filters 

It is known that frequency analysis is coarsely per

formed in the early level of audition and the logarith

mic frequency axis is developed along the basilar mem

brane. If we assume that the hair cells, which detect 

acoustical vibration, are distributed uniformly along the 

basilar membrane, the frequency analyzing function of 

these auditory mechanism can be simulated by a bank 

of constant-Q filters. 

Applying a returning echo to the filter bank and 

eliminating its non-linear phase characteristics by de

lay compensation, we can realize an equivalent function 

to a 'matched filter' operation. If each filter is linear 

and time-invariant, time delay operation on the input is 

equivalent to that on the output. In this case, a matched 

filter is easily realized by selecting the center frequency 

of each filter so that all filters can be excited in phase, 

only at a certain time. 

For the LPM signal, the phase 'I/; and the instanta

neous frequency w have the following relation: 

'l/;(w) = b · log(b/w). (20) 

If we choose the· center frequency of each filter so that 

the emitted signal may have the phase of every 27r ra

dians as illustrated in Fig.(4), the relation of the center 

frequency between the adjacent filters is given by 

3 
>. 
u 

= (l) 

= O' 
(l) 

.;:: 
W1------\. 

Wk----+++""' 
Wk+l 

time t 

Ur(t) 

Figure 4: A design of center frequency distribution for a 
bank of constant-Q filters in accordance with the phase 
characteristics of an emitted LPM signal. 

(21) 

where the index k denotes the filter number. Fig.(4) 

shows that the filters are arranged at equal intervals 

along the logarithmic frequency axis. Thus the fre

quency characteristics can be uniformly distributed by 

the design of each filter to have the identical Q value. 

Since the group time delay characteristics of a signal 

can be calculated by differentiating the spectral phase 

of the signal with respect to frequency, we obtain for 

the LPM signal as: 

(22) 

In order to satisfy the causality, a fixed constant delay 

must be added. The time delay for the filter with center 

frequency wk is then given by 

(23) 

Fig.(5) illustrates a schematic diagram of the pro

posed system composed of a bank of constant-Q filters 

followed by time delay devices. The output P( T) in 

Eq.(16) can be simulated if a k-th filter has an impulse 

response defined by 

hk,c(t) = exp(-ak · t) · cos(wkt), (24) 

where ak = wk/Q. Similarly, the output Q(T) in Eq.(17) 

is obtained with : 

(25) 
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BPF: w, 

Echo 

Bank of constant-Q filters Delay lines 

Figure 5: An equivalent function to a 'matched filter' 
operation is implemented with a bank of constant-Q 
filters followed by time delay devices 

The quadratic implementation of the filter bank pro

vides an equivalent to a coherent correlation detection 

system. 

3.2 Phase Sensitive Model for Precise Estimation of 

Target Range and Velocity 

Letting the frequency modulation rate b described 

in 2.2 be 

(26) 

where Vmax is the maximum range of measurable veloc

ities, we can rewrite Eq.(19) as follows: 

(27) 

where t::..r = T - r 0 is estimation error m propaga

tion delay time. It should be noted that the delay 

estimation error t::..r yields directly the velocity error 

t::..v = 2Vmaxfc · t::..r, and thus we must precisely esti

mate the propagation delay time for the accurate mea

surement of velocity. 

Now let us divide the filter bank into two portions : 

the frequency bandwidth of each portion corresponds to 

the upper and lower half of the whole bandwidth, which 

have the mean frequency f u and fi, respectively. Output 

phases of both filter banks constructed independently in 

each frequency band are given as follows: 

(28) 

(29) 

Thus we can obtain the delay and velocity estimates 

by solving above equations simultaneously. While it is 

logarithmic frequency axis 

1 ~ 
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(a) 

Figure 6: (a) : A model of laterally inhibited filter 
connections. (b) : An example of a weighting function 
in the filter connections : the abscissa corresponds to 
the difference of the filter number to be connected. 

generally difficult to divide a correlation detector into 

two portions in frequency bandwidth, a bank of fil

ters is easily divided into two frequency blocks with a 

slight modification to work separately within respective 

blocks. 

3.3 Lateral Inhibitory Connection between the Filters 

In 3.1, we have offered the utilization of a bank of 

constant-Q filters modeled on the mammalian auditory 

systems. We assumed in the model that the auditory 

systems could perceive the phase information of the sig

nal even in the case of ultrasonics. Since a quadratic 

implementation of the filter bank followed by the delay 

compensating devices can eliminate non-linear phase 

characteristics of the received signal, we can effectively 

compress the received signal in time duration. 

Only for the purpose of pulse sharpening, however, 

a coherent process is unnecessary. A response pattern 

of the bank of constant-Q filters to a single echo sig

nal will form a single hump with gradually decreased 

slopes - only one filter will produce the maximum re

sponse at a certain time, and the responses of adjoining 

filters decrease with the distance from the filter. These 

response patterns can be sharpened with second order 
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differentiation, which is equivalently formulated by lat

eral inhibitory connections(LIC) between the filters : a 

negative response must be suppressed to be zero. It 

is generally believed that the lateral inhibitory connec

tions in the nervous system will give rise to a sharpening 

of sensory functions. 

Fig.(6a) shows a model of laterally inhibited fil

ter connections, and Fig.(6b) illustrates an example of 

weighting functions for the connections, which forms a 

"receptive field" of a filter : the abscissa corresponds to 

the difference of the filter number to be connected. The 

weighting function in this figure is calculated in accor

dance with second order differentiation of the Gaussian 

function with a = 3 : the width of a receptive field is 

approximately ±3a, and we can control the sharpness 

of output responses by changing the a value properly. 

4. Numerical Experiments and the Results 

A LPM signal was designed on the model of the 

location sound of the bat, Epitesicus fuscus, and was 

generated digitally with a sampling interval 2µs. The 

instantaneous frequency of the signal was swept down 

from 55kHz to 25kHz, and the maximum range of mea

surable velocities, Vmax' was set to lm/s. Harmonic 

structures usually observed in the sounds of Epitesicus 

were not produced in this numerical experiment. Each 

of constant-Q filters was implemented with a second 

order IIR digital filter, and the Q value was set to 57!' 

throughout the experiment. 

The mean frequency fc and the effective rms 

bandwidth B of the signal were calculated through 

the following definitions and became to 40.3kHz and 

10.6kHz ,respectively: 

where 

Signal one-sided spectrum: U(w), 

Signal energy: Eu= (1/27r) la''° IU(w)l2dw, 

(1/27r) f000 wjU(w)l2dw 
Eu 

(1/27r) f0
00 w2 jU(w)l2dw 

E,, 

(30) 

(31) 

(32) 

(33) 

(34) 

Using these definitions, Cramer - Rao lower bounds 

for error variance of the range and velocity estimation 

are given by [6]: 

I I I I 

: : 64 µs 
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d)° "Delay aiid Sum" 
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time --

Figure 7: Doppler tolerant property. Target velocity is 
(a) : -lOm/s, (b) : +lOm/s, (c) : +30m/s. Out
put envelopes in ( d) have the maximum value at the 
identical time, regardless of the velocity. 

Cfv 2 2: ______ m_2 _____ _ 

(e,,/No) · (m2 - m1 2 ) • (7r/Vmax) 2 . 

4.1 Doppler Tolerance of the Proposed System 

(35) 

(36) 

To examine whether the position of peak amplitude 

fluctuates in time or not under the influence of the time 

scale factor s0 , we have simulated echo signals reflected 

from a moving target with relative high velocities. 

Fig.(7) illustrates simulated echo signals compared 

with the envelopes of compressed outputs. We can find 

clearly in this figure that the energy centroids of echo 

waveforms have shifted along the time axis according 

to time-compression or time-expansion caused by the 

target motions, while the peaks of output envelopes are 

fixed identically at the time r0 • The Doppler tolerant 

property of the proposed system is consequently well 

confirmed. 
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4.2 Estimating Accuracy 

For a precise estimation of velocity, as described in 

3.2, we have divided the whole frequency band into two 

portions: upper and lower band were 55 - 40 kHz and 40 

- 25kHz, respectively. Simultaneous solution of Eq.(28) 

and (29) permits us to estimate precisely the propaga

tion delay time and the target velocity. 

An example of results in velocity estimation is il

lustrated in Fig.(8). Although biased estimates are 

observed in this figure, we can eliminate the biased 

amounts by the proper adjustment of filter 'Q' value. 

The accuracy in parameter estimation is generally 

evaluated with the square root of the estimation er

ror variance. Fig.(9) plots the accuracy based on the 

proposed method, compared with Cramer - Rao lower 

bounds, as a function of signal to noise ratio : J E,J N0 , 

where N 0 is the power spectral density of additive white 

Gaussian noise. The accuracy in delay estimation based 

on the envelope peak detection is also indicated in this 

figure. As a result, the accuracy of the proposed method 

is found to be superior to that of the conventional peak 

detection method . 

4.3 Sharpening of Output Responses with the Lateral 
inhibited Filter Connections 

Fig.(10) illustrates an example of response patterns 

of the bank of constant-Q filters to a single simulated 

echo signal. Fig.(11) shows response patterns to two 

separated targets - delay difference between two tar

get is 0.3ms. The ordinates in these figures are the 

filter number, and correspond to the logarithmic fre
quency. Contour lines are plotted with every quarters 

of the maximum response, and we can roughly evaluate 

the time resolution through the width of the most inner 

contour line. A lateral inhibitory connection(LIC) be

tween the filters is equivalent to the sharpening process 

along the log- frequency axis. For a pattern of which 

frequency varies with time, however, sharpening in fre

quency will imply an improvement in time resolution. 

These figures indicate that the repetition of LIC enables 

us to improve the sharpness along both frequency axis 

and time axis. 

5. Conclusions 

The numerical experiments indicate that the filter 

bank technique for target parameter estimation can 

work effectively as an equivalent of 'Matched filter' or 

correlation detection technique. Phase sensitive model 

for estimation of range and velocity can provide an im

provement in estimating accuracy over that obtainable 

by conventional peak detection technique. The validity 

of lateral inhibitory connections for pulse sharpening is 

also proved. Further investigation is necessary, however, 

to eliminate the biased amount. observed in the velocity 

estimation. 
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Figure 10: Response of the bank of constant-Q filters 
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hibitory connection, (b) : with lateral inhibitory con
nection repeated twice. 
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twice. Delay difference between two targets A and B is 
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NOVEL CONFIGURATIONS FOR ACOUSTIC ARRAYS 
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Abstract 

A novel array of ring radiators is proposed which 
generates a symmetric search-light type narrow beam 
with greatly reduced sidelobes. A design procedure 
is detailed which benefits from existing design tech
niques developed for linear arrays. Obtained results 
are presented which shows possible reduction of side
lobes to more than 30 dB using a ring array with 10 
elements. 

1 Introduction 

The circular piston is a widely used planar radi
ator [1]. One of the attractive feature of such a ra
diator is its symmetric directivity function with the 
first sidelobe level of 17.6 dB below the main lobe [2]. 
However, in some applications lower sidelobe level is 
desirable. In this paper, we propose an array con
sisting of ring radiators, which is capable of reducing 
the first sidelobe level below that of circular piston. 
A design procedure is described which benefits from 
the existing design techniques developed for linear 
arrays. The obtained results show that a reduction 
of sidelobes to more than 30 dB using a ring array 
with 10 elements is possible. 

2 An Array with Ring Radia
tors 

The directivity function of a planar, circular ra
diator with radius a and uniform sensitivity, placed 
in infinite rigid baffle is known to be [1]: 

D (f 8 ·'·) = Ji[(27ra/.X) sin8] (l) 
c ' ' ..,., a (sin 8) / >.. 

where 8, 'I/; are elevation and azimuth angles respec
tively, >.. is wavelength of the radiated signal and J 1 ( ·) 
is the first-order Bessel function of first kind. 

The directivity function of a ring radiator can be 
readily obtained by subtracting directivity functions 
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of two circular radiators [3]. 
We will consider an array formed by several con

centric, contiguous (no gaps) ring radiators, each con
tributing to the overall directivity function with cer
tain weighting coefficients c; as illustrated in Figure 1 
for three rings (for simplicity we will call the central, 
circular portion of the array also a ring). 

The directivity function of an array with N ring 
radiators arranged in such a way can be written as 

D(f,8,'I/;) = 2 2 Ji[(27rao/>..)sin8] 
7ra0co . 

(27ra0 />..)sm8 

~ { 2 2 Ji[(27ra;_if>..)sin8] 
+ LJ C; 7rai-1 ( /') . 8 i=l 27rai-1 A Sln 

_27ra~J 1 [(27ra;/>..)sin8]} (2) 
' (27ra;/ >..)sin 8 

where a; are radii as indicated in Figure 1. 

By varying the weighting coefficients c; one can 
modify the overall function D to assume or to ap
proximate a certain desired function Dd. 

Figure 1: Geometry of an array with ring radiators 



3 Design of an Array with Ring 
Radiators 

The design technique for an array of ring radia
tors proposed here takes advantage of the techniques 
developed for linear arrays. Since linear array design 

is a mature and well-developed field, such approach 
offers obvious advantage. 

3.1 Equivalent Linear Array of Ring 
Radiator 

A linear array with N (even) elements spaced 
uniformly by d has the directivity function given by 

N/2-1 

D1(u) = L Ai cos(2j - l)u (3) 
j=O 

where { Aj} are the weighting coefficients and 

Jrd . B u =-sin 
,\ 

(4) 

The directivity function of ring radiator with radii 
a; and a;_1 can be written as 

D(f, B, 1/J) Dr( u) 

= 7ra;i1[(2a;/d)u] 
u 

-'7ra;_1i1[(2a;_ifd)u] (S) 
u 

Assuming infinite length of linear array, it is pos
sible, by proper selection of weighting coefficients A;, 
to obtain the directivity function of linear array equal 
to that of ring radiator, that is 

00 

Dr(u) = l::Ajcos(2j - l)u (6) 
j=O 

We will call such an array the equivalent linear array 
to ring radiator. Similar equivalency can be derived 
for a disc radiator with directivity function De given 
by Eq.(1). 

We note that functions cos(2j-1 )u are orthogonal 
in u-domain, namely that the inner product 

< cos(2i - 1 )u, cos(2j - 1 )u > 

= ~ f1' cos(2i - l)u cos(2j - l)udu 
7f lo 

= { ~ !7:ei = j (7) 

Applying the inner product defined by Eq.(7) to 
the Eq.(6) we obtain 

00 

l:Ai < cos(2j - l)u,cos(2i - l)u > 
j=O 
< Dr( u ), cos(2i - 1 )u > (8) 

which leads to the explicit expression for A; 

21" A;= - Dr(u) cos(2i- l)udu i = 0, ... '00 (9) 
7f 0 

3.2 Design of an Array of Ring Ra
diators by the Equivalent Linear 
Array Method 

The equivalent linear array method for the de
sign of array of ring radiators is basically a technique 
in which all ring radiators are represented by series 
of equivalent linear arrays. The directional response 

of the array of ring radiators is then the sum of 
directivity functions of all equivalent linear arrays. 
The equivalent linear array of a ring radiator has in 
principle infinite number of elements and associated 
weighting coefficients. In general, the amplitude of 
these coefficients is small for elements far away from 
the central of the array. It is therefore possible to 
truncate the equivalent linear array to finite num
ber of elements by disregarding elements with small 
weighting coefficients. An equivalent linear array can 
also be defined for a circular array. It has been found 
that the weighting coefficient of linear array equiv
alent to circular array decreases more rapidly then 
that of ring array. This in turns introduces less error 
when the linear equivalent array is truncated. As an 
illustration of these findings shown in Figure 2 are 
radiation patterns of an disc radiator and its equiv
alent linear array truncated to 10 elements. We can 
see only a small error (at higher order sidelobes) in
troduced by this truncation. It is for this reason that 
we will carry our design using array of disc radia
tors. We can then modify such an array to the array 
of ring radiators with zero gap between rings having 
the same radiation pattern. 

~ 

1 
"" "' ~ 
~ 

0 
<N 

-..:; 

9: 
"' .!l 

0 
<N 

0 

'"' 

beam pointing angle B 

Figure 2: Beam patterns of a ring radiator and its 
equivalent linear array 
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We will demonstrate this equivalency by consid
ering an array of stacked discs shown in Figure 3a. 
For the sake of exposition all concentric discs (or 
rings) are shown in a disassembled form. A disc radi
ator can be thought of as an assembly of concentric, 
contiguous ring radiators. This leads to equivalent 
stacked ring array shown in disassembled form in Fig
ure 3b. Finally we can construct equivalent, single 

wd2 

(a) Concentric disc array 

wdl 

(b) Equivalent stacked ring array 

(c) Single layer ring array 

11 

Figure 3: Identity of the array of disc radiators and 
the array of zero gap ring radiators 

layer concentric ring array with suitable weighting 
coefficients as shown in Figure 3c. In general, for 
a given vector of weighting coefficient w d associated 
with a stacked disc array, the vector of weighting co
efficients w, for equivalent single layer ring array, is 
given by 

w, = Awd 

where the elements of matrix A are 

(10) 

a·. -{ 1 
Z,J - 0 

for i:::; j 
else 

(11) 

The design procedure for obtaining the weighting 
coefficients for the array of ring radiators with zero 
gap between rings consists of the following steps: 
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1. Design a linear array of point radiators which 
produces a desirable form of directivity func
tion (for example associated with Dolph-Che
byshev array), and therefore the N-dimensional 
column vector of weighting coefficients w,, spac
ing d, and size N of the array are given [5]. We 
will call such an array a prototype. 

2. Consider a disc radiator and determine its ra
dius in the follow steps: 

a) Select an initial value of r for the disc. 

b) Find equivalent linear array with spacing d 
of this disc. Such an array has in principle 
infinite number of elements ( and associ
ated weighting coefficients). However, it 
can be truncated to a finite size Nr with
out appreciable error in its radiation pat
tern. This can be done by neglecting co
efficients with amplitudes less than acer
tain small percentage of the largest one. 
In general, Nr is an increasing function of 
r. 

c) Adjust r =TN such that N, = N, and there
fore the N-dimensional column vector of 
weighting coefficients w N is formed 

[ 

W1,N l W2,N 
WN= . 

WN,N 

(12) 

3. Reduce the radius r N of disc radiator until its 

equivalent linear array has the size of N - 1. 
The argumented vector of weighting coefficients 
WN-1 is then formed as 

WN-1 = 

W1,N-1 

W2,N-1 

WN-1,N-1 

0 

(13) 



4. Repeat the step 3 to obtain equivalent linear 
array of size N - 2, N - 3, ... , 1 and form sub
sequent argumented vectors of weighting coef
ficients 

etc. 

WN-2 = 

W1,N-2 

W2,N-2 

WN-2,N-2 

0 
0 

W1,N-3 

W2,N-3 

WN-3 = WN-3,N-3 

0 
0 
0 

(14) 

(15) 

5. Form the matrix of the weighting coefficients 
Was 

6. Solve the matrix equation 

(17) 

to obtain the vector of weighting coefficients w d 

of disc radiators. 

7. The vector of weighting coefficients of ring ra
diators w, is then found according to Eq.(10) 
by the matrix equation 

(18) 

where the elements of matrix A is given by 

a·. -{ 1 
t,J - 0 

for i ::; j 
else (19) 

· This procedure does not result in final radiation 
pattern equal to the original radiation pattern of the 
prototype postulated in step 1, because of trunca
tion error. It does however reproduce general trends 
of the required pattern. For example, increasing side
lobe suppression in the prototype leads to increased 
sidelobe suppression in the ring array. 

To illustrate these points, we have performed an 
array design by applying the above design technique 
to a Dolph-Chebyshev linear array as a prototype 
with 30 dB sidelobe suppression [6]. The size of the 
prototype is 20 elements with spacing d = >../2 which 
leads to 6° beam width (at 3 dB points). The re
sulting ring array has 10 elements and 10>.. diameter. 
Table 1 gives the value of associated weighting coeffi
cients. Its radiation pattern is shown in Figure 4. We 
can observe the first sidelobe suppression of approxi
mately 23 dB. For comparison a radiation pattern of 

a circular radiator of the same size is shown in Fig
ure 5. Figures 6, 7 and 8 show radiation patterns of 
the ring arrays obtained by assuming 40 dB, 50 dB 
and 60 dB sidelobe suppression in the prototype. It 
can be seen that the reduction of sidelobes to more 
than 30 dB is possible using an array with 10 ring 
radiators. 
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TABLE 1 

TABULATED WEIGHTING 
COEFFICIENTS OF THE ARRAY WITH 

RING RADIATORS 

Co C1 C2 C3 C4 

0.9202 0.9344 0.8785 0.9173 0.7718 

C5 c6 C7 Cg C9 

0.8413 0.5616 0.7447 0.1110 1.0000 

0 ---~-----~----~---
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~~-~~~~~~~~-~~~~~-~-~ 
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beam pointing angle 8 

Figure 4: Beam pattern of an array with 10 ring 
radiators postulated 30 dB sidelobe suppression in 
the prototype 
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Figure 5: Beam pattern of a circular radiator with 
radius a= 5.A 
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Figure 6: Beam pattern of an array with 10 ring 
radiators postulated 40 dB sidelobe suppression in 
the prototype 
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Figure 7: Beam pattern of an array with 10 ring 
radiators postulated 50 dB sidelobe suppression in 
the prototype 
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Figure 8: Beam pattern of an array with 10 ring 
radiators postulated 60 dB sidelobe suppression in 
the prototype 

4 Other Configurations 

Several other interesting three-dimensional array 
configurations are possible and some are described 
below. These will be investigated in future. 

4.1 Helical Radiator 

A three-dimensional configuration of an acoustic 
radiator which can be constructed using a piezoelec
tric wire is shown in Figure 9a. It is a helix made of 
N turns each of diameter D with spacing S between 
turns. The total length of the radiator is L = NS 
while the total length of the wire is 

(20) 

where Lo= ,,/S2 + C2 is the length of the wire form
ing each turn and C = 7r D is the circumference of 
the helix. Another important parameter is the pitch 
angle a which is the angle formed by a line tangent 
to the helix and a plane perpendicular to helix axis. 
The pitch angle is defined by 

(21) 

The beam pattern of the radiator can be varied by 
controlling the size of its geometrical properties com
pared to the wavelength. 

Shown in Figure 9b is the simplified form of a 
helix radiator which can be used to analyze its radi
ation pattern. The beam pattern of such simplified 
structure is given by 

D(J 6) = D (J 6) sin(( N /2)</>] 
' r ' sin(</>/2] 

(22) 

where 

</> = 27r [~Cl - cos6) + 2~] (23) 



The Dr(!, 0) in above equation represents the beam 
pattern of a single turn, and the rest part is the array 
factor of a linear array of N point elements. 

To achieve maximum radiation intensity along the 
axis of the helix, the spacing S must be multiple of 
the wavelength. The operation of such an array is 
relatively insensitive to its dimensions, thus allowing 
for greater bandwidth [2]. 

L 
s 
r 

(a) helix radiator 

~ L 
s 
r 

(b) its equivalent 

Figure 9: Helical radiator and its equivalent 

4.2 Conical Spiral Radiator 

Another possible geometrical configuration of an 
acoustic radiator is conical spiral. It has some desir
able properties which can be used to design frequency 
independent radiator [2]. 

Such a radiator can be constructed by using piezo
electric wire or piezoelectric film. A conical spiral 
piezoelectric film radiator is shown in Figure lOa. 

The shape of a nonplanar spiral can be described 
by defining the derivative of g(O) to be 

dg = A8((3 - 0) (24) 
dO 

where g( 0) is a completely arbitrary function and 0 
is elevation angle. In above equation (3 is allowed to 
take any value in the range 0 ~ (3 ~ 7r. For a given 
value of (3, the above equation in conjunction with 

-1 dK 
r = ea.<f>g(O), a= K dC (25) 

describes a spiral wrapped on a conical surface. 
The beam pattern of the conical spiral can be de

rived by representing the conical spiral by an array 
of N turns of uniform spacing which are placed along 
the z - axis as shown in Figure lOb. This simplified 
form can be used to derive and investigate its direc
tivity function. 

(a) conical radiator (b) its equivalent 

Figure 10: Conical spiral radiator and its equivalent 

5 Conclusions 

An equivalent linear array approach has been 
presented in the design of an array with ring radiators 
which is capable of reducing the first sidelobe level 
below that of circular piston. A design procedure 
is considered which benefits from the existing design 
techniques developed for linear arrays. The obtained 
results show that a reduction of sidelobes to more 
than 30 dB using a ring array with 10 elements is 
possible. 
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Abstract 

The Hydrographic Department of Japan 
has been conducting the Continental 
Shelf Survey Project since 1983. The 
purpose of the project is to collect 
basic information on the Japanese 
continental shelf and to prepare 
bathymetric, geological structure, 
magnetic anomaly and gravity anomaly 
charts. Bathymetr ic, geological and 
geophysical surveys were carried out in 
survey areas each covering a 3 ° 
latitude by 2.5° longitude. The 
average spacing between survey track 
lines was 5 nautical miles. Areas of 
special interest were covered by closer 
tracks lines. Twenty boxes in the 
southern waters of Japan were surveyed 
by the end of FY 1989. These surveys 
revealed several interesting geological 
and geophysical features in the Okinawa 
Trough, Nanseisyoto Trench, central and 
northern part of the Philippine Sea, 
Sitito-Iozima Ridge and Ogasawara 
Plateau. 

1. Introduction 

The Hydrographic Department of Japan 
has been conducting the Continental 
Shelf Survey Project since 1983. The 
purpose of the project is to prepare 
bathymetric, geological and geophysical 
data of the exclusive economic zone and 
the continental shelf of Japan and to 
prepare Basic Maps of the sea in 
Continental Shelf Areas at the scale of 
l to 500,000[1] [2]. 

Figure l shows the survey area of 
the project. Twenty boxes in the 
southern waters of Japan were surveyed 
by the end of FY 1989. This area 
covered the Okinawa Trough, Ryukyu 
arc-trench system, Dai to Ridge group, 
Kyusyu-Palau Ridge, Sikoku Basin, 
Izu-Ogasawara arc-trench system and 
Ogasawara Plateau. The surveys 
revealed several interesting geological 
and geophysical characteristics. 

This paper describes the 
geomorphological, geological and 
geophysical findings revealed by the 
survey in the southern waters of Japan. 

18d'e 

Figure l Survey areas and squares of 
the Continental Shelf Survey 
Project. Shaded area shows 
the surveyed squares until FY 
1989. [l] 

2. Outline of the Survey 

The SEABEAM multi beam swath sonar 
system was used to acquire bottom 
depth. A single channel seismic 
reflection profiling system (air gun) 
and 3.5 kHz subbottom profiling system 
were used to obtain geological 
structure data. The geomagnetic and 
gravity data were also measured. All 
measurements were taken continually 
along ships track lines which were 
spaced 5 nautical miles apart. The 
track line configuration is shown in 
Figure 2. 
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Figure 2 All survey 
Project. 
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project. 
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Figure 3 Geomorphological map of the southern waters of Japan. 
1: Shelf and shallow waters, 2: Flat floor of trough, 
trench and small basin, 3: Deep sea terrace, 4: 
archipelagic apron, 5: Ridge and Plateau, 6: Seamount, 
knoll and small ridg~, 7: Escarpment, 8: small 
depression, 9: Trust fault along trench axis, 10: Minor 
ridge and trough, 11: channel and canyon. 
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Multi-channel seismic reflection 
profiling was conducted along the 
selected lines. Bottom sampling 
(dredge/core), heat flow measurement 
and bottom photographing were conducted 
at the special sites of interest. 

Each survey area covers 3° latitude 
by 2.5° longitude. Three of these 
boxes are being surveyed each year. 
The survey results were compiled in the 
bathymetric, geological structure, 
geomagnetic anomaly and free-air 
gravity anomaly maps on a scale of 1 to 
500, 000. In the charts descriptions 
are many tectonic character is tics and 
the history of several ridges, basins, 
trenches in the area. 

3. Geomorphological, geological and 
geophysical characteristics in the 
southern waters of Japan 

Figure 3 is the geomorphological 
outline of the surveyed area. The area 
covers the northern part of the 
Philippine Sea plate and the boundary 
zone with surrounding plates. 

3-1 Okinawa Trough 

Ryukyu island arc-trench system 
consists of the Ryukyu arc and 
Nanseisyoto (Ryukyu) Trench. A active 
volcanic belt and a non-volcanic high 
elongate are at the axis of the island 
arc. Okinawa Trough is a long 
depression on the marginal sea behind 
the Ryukyu island arc. The deepest 
point is situated in the southwestern 
part of the trough. Water depth at 
that point is 2310 meters. 

It is confirmed that the graben 
formed en-echelon pattern is composed 
of active faults in the trough axis at 
the middle and southwestern part of the 
Okinawa Trough. Knolls of igneous 
rocks were identified in the grabens. 

The linear patterns of magnetic 
anomalies in the graben are 
attributable to the normal 
magnetization of the small ridges. 
Chemical examination and dating of rock 
samples recovered by dredging confirmed 
Quaternary arc-type volcanic activity 
in the trough. 

The survey revealed the recent 
tectonic activity of the Okinawa Trough 
as subsidence of the basement 
accompanied by arc-type volcanism, 
faulting and sedimentation [3]-[7]. 
Figure 4 shows the isopack map of the 
upper layer of the Okinawa Trough. 

27"N+ 

126"E 
32.30"N + 

I 
• 

130°E 

+ 

Figure 4 Isopach map of the upper layer 
(Ot-I and Eb-I formations) 
which deposited in the Okinawa 
Trough. Contour interval is 
0. 2 second in two way travel 
time. [6] 

3-2 Nanseisyoto Trench 

The Nanseisyoto Trench is the 
convergent boundary of the western part 
of the Philippine Sea plate subducting 
beneath the Ryukyu arc. 

On the floor of Philippine Basin 
near the central part of the trench, 
minor ridges have been well developed 
accompanied by the geomagnetic 
lineation running in the same direction 
with these ridges. This implies that 
this basin is a marginal basin formed 
by expansion of the seafloor. A 
remarkable bathymetric lineation 
province is shown in Figure 3. 

The large normal fault along the 
seaward side of the trench limits the 
northwest margin of the area where the 
minor ridges are developed. This fault 
may be fracture zone reactivated by the 
bending of the trench formation. 

Short lineation in two directions 
mutually crossing almost orthogonally 
are recognized in the floor 'Of the 
Nanseisyoto Trench. This 'mesh shaped' 
structure may be considered a composite 
of old minor ridge lineations and new 
bending faults lineations [8]. Figure 
5 shows the mesh shaped structure in 
the central part of the Nanseisyoto 
Trench floor. 
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Figure 5 Mesh shaped structure in the 
Nanseisyoto Trench floor. 1: 
Thrust fault at the foot of 
landward slope, 2: Large 
normal fault, 3: Faults and 
lineaments, 4: Trench floor. 

3.3 Ridges in the Philippine Sea 

There are several ridges in the 
Philippine Sea. Kyusyu-Palau Ridge is 
a long ridge elongating in north-south 
direction which divides the Sikoku 
Basin and Daito Ridge group. Daito 
Ridge group consists of the Daito 
Ridge, Oki-Daito Ridge and Amami 
Plateau which extend in east-west 
directions. 

The bathymetric trend of Daito ridge 
is ESE on its western half, whereas the 
eastern half of the ridge extends ENE. 
At the eastern tip of the ridge it is 
connected with the Kyusyu-Palau Ridge 
in topography. Oki-Daito Ridge extends 
in a NW-SE direction to the south of 
the Daito Ridge. 

Magnetic anomaly distributions 
suggest that the Dai to Ridge and 
Oki-Daito Ridge are composed of 
magnetic basement with intermediate to 
acidic rock properties, and several 
intrusive rocks with intermediate to 
basic properties. Free-air and Bouguer 
gravity anomalies indicate thick 
crustal structure below the two ridges, 

These results support the idea that 
the two ridges are a remnant island arc 
[9) [10). 

3.4 Sikoku Basin 

Sikoku Basin is a back arc 
limited by Kyusyu-Palau Ridge 

basin 
to the 

west, Izu-Ogasawara island arc to the 
east and Nankai Trough to the north 
(Figure 3). 

Bathymetry of the Sikoku Basin is 
characterized by group of slightly 
curved small-scale minor ridges and 
troughs ranging 60 to 30 km in length. 
Remarkable alignments with NNW-SSE 
trends were found in the western half 
of the southern Sikoku Basin. The 
magnetic anomaly in the northern part 
of the basin were collected with 
distinct lineations parallel with 
ba thymetr ic minor ridges and troughs. 
However, the amplitude of the magnetic 
lineation is reduced in the southern 
part of the basin. 

The linear structures of bathymetry 
and geomagnetic anomaly suggests that 
the basin was formed by the process of 
sea floor spreading under an 
extensional stress perpendicular to the 
trend. 

The east side of the Kyusyu-Palau 
Ridge slopes·down to the Sikoku Basin. 
Several high escarpments are recognized 
along the slope. Figure 6 shows the 
steep eastward slope of the Minami Koho 
Seamount in the Kyusyu-Palau Ridge. 

This steep slope is a fault 
escarpment and represents a remnant 
cliff of a rifted island arc that was 
formed immediately after the opening of 
the Sikoku Basin [11). 

26°25'N 
135°40"E 

0 10 20km 26°00'N 
136°06"E 

Figure 6 Bathymetric map of the Minami 
Koho Seamount. Contour 
interval 100 m. 
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3.5 Ogasawara Plateau 

The Ogasawara Plateau is situated at 
the junction of the N-S trending 
Izu-Ogasawara - Mariana trenches and 
the E-W trending Michelson Ridge. The 
geomorphological features clearly 
indicate that the plateau is composed 
of four seamount blocks and three 
grabens. 

A large number of NW-SE to NNW-SSE 
trending typical reverse faults were 
identified most parts of the plateau. 
On the other hand, typical normal 
faults, associated with tension in the 
surface of the subducting Pacific 
Plate, are recognized in the oceanward 
slope of the trench around the plateau. 

The survey data indicate that a 
partial speed-down of the movement of 
the plate surface caused a congestion 
of seamount near the trench (12]. 
Figure 7 shows the palaeogeographic map 
of the Ogasawara Plateau. 
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Figure 7 Palaeogeographic map of the 
Ogasawara Plateau. 1: Early 
Neogene, 2: Middle Neogene to 
Early Quaternary, 3: Recent, 
a: Marginal swell, b: 
Archipelagic apron, c: Guyot, 
d: Seamount with a rounded top 
or pinnacle, e: Graben, f: 
Trench, g: Fault. [12] 

4. Conclusion Remark 

The Continental Shelf Survey Project 
has prepared homogeneotis and high 
quality bathymetric, geological and 
geophysical data in the exclusive 
economic zone of Japan and adjoining 
areas. These data leads to clalify the 
active geological process in island arc 
trench system and the geological and 
geophysical characteristics of the 
ridges and basins as the remnant of 
island arc and back arc spre.ading of 
the ocean floor. 
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MARINE GEOLOGICAL MAPPING PROJECTS OF 
JAPAN 

Y. Okuda*, T. Moritani* 

* Geological Survey of Japan 

Abstract 

Systematic marine geological 
mapping projects for the marine areas 
around Japan by the Geological Survey 
of Japan have been continued since 
1974, when the R/V Hakurei-maru 
(l,82lt), a geological and geophysical 
survey vessel, was constructed by the 
Japanese Government. 

For the mapping projects, seismic 
reflection profiling survey, various 
sampling of sea bottom rocks and 
sediments, and geophysical survey such 
as gravity and gee-magnetic measure
ments have been systematically carried 
out as a routine work. 

Systematic geological and earth 
scientific investigation and 
information on the sea bottom of the 
offshore areas around the country are 
fundamental for the utilization, 
development and conservation of marine 
spaces, which will be more and more 
closely related to human activity in 
future. In this regards, the Geolog
ical Survey of Japan (GSJ) has been 
contiuuing the mapping survey and 
publication of marine geological maps. 

Following several previous primary 
works of marine geological mapping by 
small survey boats, the systematic 
marine geological mapping projects 
around the Japanese islands by the GSJ 
started in 1974, when the R/V Hakurei
maru ( 1, 821 gross tonnage), a geolo
gical and geophysical survey vessel, 
was constructed by the Japanese 
Government. 
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For the mapping projects, seismic 
reflection profiling survey and 
various sampling of sea-bottom rocks 
and sediments around the Japanese 
islands have been carried out as 
routine works in addition to other 
topographic and geophysical survey. 

The first phase of the mapping 
projects between 1974 and 1978 accom
plished publication of a series of 
regional geological maps (1:1,000,000) 
which entirely cover the area of 
continental margin around the Japanese 
islands. Several maps of this phase 
clarified the rough geological struc
tures of the Japan, Ryukyu and Izu
Ogasawara Trenches, and the Nankai 
Trough, which include basic conception 
of accretion prisms there. Other 
results, also, revealed tectonic 
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Fig.I Areas of the marine geological 
maps for the continental margin 
of Japan, by the Geological 
Survey of Japan. 



developments of back-arc basins and a 
part of marginal seas, such as the 
Okinawa Trough and the Japan Sea. 
These results were compiled into an 
offshore geological map (1:3,000,000) 
in 1983. 

Succeeding the above works, more 
detailed geological mapping surveys at 
a scale of 1: 200, 000 have been 
continued until now, and it is 
expected to complete the present long 
term plan in around ten years. The 
purpose of the survey is to cover the 
whole area of continental shelf around 
the Japanese islands in 50 sheets of 
the detailed geological and 
sedimentological maps (1:200,000) 
using the base maps, the bathymetric 
charts of "Basic Maps of the Sea in 
Continental Shelf Areas" published by 
the Hydrographic Department, Maritime 
Safety Agency, Japan. Several tens 
of the sheets, mostly off northeastern 
and southwestern parts of the Honshuu 
Island, have been already published up 
to now. 

In addition, the Geological Survey 
of Japan has been co-operating with 
inter-governmental organizations and 
several foreign countries for com
pilation of some offshore geological 
maps in several other categories to a 
ten million scale, such as the 
tectonic maps of the Circum- Pacific 
Mapping Projects and the sedimentary 
basin maps of CCOP. 

2. R/V Hakurei-maru 

The geological survey vessel, 
Hakurei-maru, was launched in March 
1974 and owned by the Metal Mini~ 
Agency, Japan. Since then, she has 
been chartered by the Geological 
Survey of Japan, the Deep Ocean 
Mineral Association, and the Japan 
National Oil Corporation for 
investigations of marine geology of 
the continental margin area around the 
Japanese Islands, the deep ocean 
floors of the Pacific Ocean, and the 
continental margin of the Antarctica. 

The particulars of the Hakurei-Maru 
are as follows; 

Length (o.a.) 
Length (p.p.) 
Breadth (mld.) 
Depth (mld.) 
Draft (mld.) 
Gross tonnage 

86. 95m 
77. Oum 
13.40m 

5.3vm 
5.00m 

1, 821. 60T 

Complement 55 
35 
20 

Officers and crew 
Scientists 

Service speed 
Trial speed 

15.00kt 
17.78kt 

15,000 n.m. Cruising range 
Main engine 
Main generator 
Propeller 

3,800ps X 230rpm X 1 
600 kW X 3 

4 Bladed variable 
Special equipment Bow 

pitch type X 1 
thruster 1 set 

The vessel has five laboratories as 
Follows; 
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No.l Laboratory : Geophysical 
laboratories equipped with depth 
recoder, subbottom profiler, 
seismic profiler, deep sea 
television, and others. 

No.2 Laborato~y : Wet laboratory for 
chemical analysis and photo
processing. 

No.3 Laboratory : Semi-wet laboratory 
for geological sample processing. 

No.4 Laboratory : Dry laboratory for 
geological sample analysis 
equipped with soft X-ray, and 
others 

No.5 Laboratory : Geophysical data 
acquisition and processing 
laboratory. 

The vessel is equipped with five 
main winches, three cranes, a gantry, 
and two gal lows. These are conven
tionally used for geological sampling. 

Fig.2 R/V Hakurei-Maru. 



For the regional geological mapping 
at a scale of 1:1,000,000, single 
channel seismic reflection survey, 
geomagnetic survey, gravity and 
sampling mainly by dredger and piston 
corer were carried out between 197 4 
and 1979. 

The seismic data were obtained 
along the track lines at intervals of 
approximate 15 nautical miles. Then 
sampling sites were decided at suit
able points based on the seismic 
reflection profiles for the 
stratigraphic correlations (Fig. 3). 

\ 
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Fig.3 Track lines of the regional 
mapping survey (seal 1:1, 
000,000) of the continental 
margin around Japan, by the 
Geological Survey of Japan. 

ISO 

For the deailed geological mapping 
~nd sedimentological mapping over 
laying the bathymetric maps at "Basic 
Maps of the Sea in the Continental 
Shelf Areas" (1:200,000), seismic 
reflection survey, and sampling mainly 
by grab sampler, dredger, piston corer 
have been carried out since 1974. 
Also, shallow marine drillings were 
carried out at some places by the 
submercible type rock drills, l'JD 
(Marine Drill) 300PT with and 
operational depth at 300m and 
penetration of lm, and MD500H with an 
operational depth of SO Om and 
penetration of 5 m. 
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The seismic and other geophysical, 
data have been obtained along grid 
lines at intervals of two to five 
nautical miles (Fig. 4). Then, the 
sampling by grab sampler have be~n 
systematically carried out at the g~id 
points with the space of two to f~ve 
nautical miles (Fig. 5). Judging 
from these data, sampling by dredger, 
piston corer and shallow marine 
drilling have been carr~ed out .at 
suitable points for geological mapping 
(Fig. 6). 
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Fig.5 

An example of track lines of 
seismic reflection and other 
geophysical survey for 
geological mapping (1:200,000). 
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An exampl'e of grab sampling 
sites for sedimentological 
rr~pping (1:200,000). 
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Fig.6 An example of sites of dredge, 
rock core and piston core 
sampling for geological mapping. 

4. Examples of the survey 
results 

The single channel seismic reflec
tion survey is convetionally carried 
out through the cruises to clarify the 
stratigraphy and geological structures 
in the sedimentary basins, and multi
-channel seismic reflection survey and 
seismic refraction survey by sono-buoy 
and OBS are additonally carried out to 
grasp the physical characteristics 
such as seismic velocity. 

Examples of the single channel 
seismic reflection profiles obtained 
off the Tottori area in the Southwest 
Japan and a multi-channel seismic 
profile obtained in the Oki Trough 
area are shown in Fig. 7 and Fig. 8 
respectively. 

Also, geophysical surveys such as 
gravity and geomagentic surveys are 
conventionally carried out through the 
cruises. Compiled data of the 
geomagnetic and gravity anomalies are 
shown in Figs. 9 and 10 respectively. 

Various sedimetological analyses of 
sediments obtained by grab samplers 
are also carried out on board and in 
the laboratories. As an example, a 
soft X-ray photograph for sedimentary 
structu~e analyses .of the sediment 
samples, which were taken on board, 
is shown in Fig. 11. 
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Fig.7 A single channel seismic 
profile. 

Fig.8 A Multi-channel seismic profile. 

IO'VS~o~ 
36° v ~.:::;::~~2s:~~ 

50, 

•o 

30 

so 10 20 30 .io E 

Fig.9 An exeimple of magnetic anomaly 
map. 
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Fig.IO An example of free-air anomaly 
map (unit: mgal). 

166-

RC553 
Fig.11 Soft X-ray photograph of a core 

sample. 
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The preliminary results have been 
published in the cruise reports of 
regional geological mapping 
(1:1,000,000) within a few years after 
the: cruises, and the geological and 
sedimentological maps have bet::n 
pub 1 ished several years later. 
Usually, it t&kes three years to 
complete the drafts of the geological 
and sedimentological maps, and another 
year to print them out. 

The cruise reports for the regional 
geological mapping (1:1,000,000) were 
presented in English in a series of 
the cruise reports (Nos. 5, 6, 7, 9, 
10, 11, 13, 14, and 19) published by 
the GSJ. 

The regional geological maps 
(l:l,000,000) were published in parts 
of marine geological map series (Nos. 
7, 8, 11, 13, 14, 15, 16, 17, and 18. 
See Fig. 1). 

These regional geological maps were 
summarized and incorporated in a 
geological map (1:3,000,000) published 
in 1983 (Marine Geological Map Series, 
no. 23) 

On the other hand, most of the 
cruise results for the detailed 
geological and sedimentological 
mappings in quadrangle areas 
(1:200,000) have been presented in 
another series of cruise report 
written in Japanese by the end of the 
due fiscal year of the cruises, though 
several cruise reports were 
exceptionally published in English 
(Nos. 2, 3, 19). 

The detailed geological and 
sedimentological maps (1 : 200,000) in 
quadrangle areas have been published 
in the series of marine geological 
maps several years later after the 
cruises as shown in Fig. 12. 

It will take more fifteen years to 
complete the publications ot the whole 
local detailed geological and sedimen
tological maps around Japan except 
Okinawa areas, if the geological ana 
sedimenlological sur~ey by the 
ll;:kurei-maru for 40 days in a year as 
the current shiptime period will be 
secured in future. 
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Fig.12 Coverage of marine geological 
map (1:200,000) around Japan. 

1bough the survey project is under 
going, above-mentioned geologic 
mapping surveys have clarified the 
general geologic settings off the 
Japanese Islands and the sedimentary 
basins around Japan (Fig. 13). 

Generally speaking, fore-arc basins 
exist inside of the Chishima (Kurile), 
Japan, Izu- Ogasawara (Izu- Bonin) and 
Ryukyu Trenches and the Nankai Trough. 
At the Nankai Trough, typical accre
tionary prisms with imbricated struc
tures can be recognized, and other 
trenches have, also, different types 
of accretionary prisms. 

Complicated basin developments are 
con~idered in the areas of the Okinawa 
Trough, Izu- Ogasawara Ridges and the 
Japan Sea. These areas have com
plexed basins of the rifted, inter-
-arc, and back- arc basins. Spe-
cially, inversion tectonics are 
recently discussed in the Japan Sea 
areas, due to the complicated te~tonic 

changes of the area in the Cenozoic 
era. While, the Okinawa Trough is 
considered to be changing from inter
-craton basin to rifted and back arc 
basins. Such areas are supposed to 
have high potential of continental 
types of hydrothermal ore deposits. 
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DIGITAL IMAGE PROCESSING TECHNIQUES FOR 
ENHANCEMENT AND CLASSIFICATION OF 
SEAFLOOR BATHYMETRY AND SIDE SCAN SONAR 

IMAGERY 

T. B. Reed IV 

Hawaii Institute of Geophysics University of Hawaii at Manoa Honolulu, Hawaii, U.S.A. 

l. ABSTRACT 

The recent growth in the product.ion rate of digital side scan 
sonar images, coupled with the rapid expansion of syst.cma.tic 
sea.floor exploration programs, has created a need !'or fa.st n.nd 
quantitative means of processing sea.floor ima.gery. Computer
aided analytical techniques fill this need. A number of numeri
cal techniques used to enhance and classify imagery produced by 
Seal'vlARC II, a long-range combina.t.ion side-scan sonar and 
bathymetric sea.floor mapping system have been developed. 
Three categories of techniques a.re presented: 1) pre-processing 
corrections (radiometric and geometric), 2) feature ext,ract.ion, 
and 3) image segmentation and classification. Radiometric 
corrections include beam pattern/shading correct.ions, removal 
of gain changes, and contrast enhancement. Complete geometric 
corrections are ma.de for tow fish pitch, roll, and yaw, plus the 
cross-track distortion known as layover, caused by violation of 
the flat bottom assumption. The product of the pre-processing 
st.cps is a gridded data-base containing co-registered and correct.
cc\ side-scan image intensity and sea.floor bai,hymct.ry. Joint 
analysis of these two data sets greatly aids in the understanding 
of the sea.floor geology, yielding the capability of cliscriminat.ing 
images of similar appearance, but. radically distinct. geology. 

l. lNTJ\ODllCTION 

Side scan sonars have disclosed t.he location and. to some <'X

t.ent, the morphology of sea.floor features but haYc provided lit.
tie of the type of quantitative information necessary for litholo
gic identification. This quantitative imprecision, in contrast. to 
the successes presently being enjoyed by t.he terrestrial remote 
sensing groups, stemmed chiefly from technicnl hardware prob
lems resulting in a la.ck of sea.Boor image fidelity. Now, howev
er, the application of objective digital image processing tech
niques to images of superior quality and uniformity makes pos
sible a more quantitative approach in the analysis and interpre
tation of synoptic sea.floor imagery. 

1.1 The SeaMARC JI Sy.stem 

Sea.MARC II combines a. conventional side scan sonar with a 
ba.thymetric mapping system in a. single unit towed.at depths of 
100 m or less at speeds up to 10 knots (5 m/sec) (Figure 1). In 
water depths greater than 1 km, the system produces 10 km 
wide data. swaths, permitting 100% coverage of over 3000 km 
of sea.floor per day. A complete system description is given by 
Blackinton et al., [1983]. 

Two parallel, inclined arrays a.re mounted on ea.ch side of the 
SeaMARC II towfish. The port arrays operate at 11 kHz a.nd 
the starboard at 12 kHz to minimize cross-talk. By assuming a 
nominally flat bottom, and calculating the rate a.t which the 
outgoing pulse will have swept the bottom for cross-track dis
tances from nadir to 5 km a.thwa.rtships, the returning signal is 

divicJc.d into J.()'.l'1 unequal intervals of time, ea.ch represent.ing a 
5-m-wide swa.t.h of the sea.floor. Sampling rates a.re high for the 
nea.r-nadir pixels and decrease in proportion to t.he cosine of the 
gm.zing angle. If the sea.floor is in fact flat across-track, t.hen 
this process will produce an image that is geometrically correct 
in horizontal ra.nge, but for ra.y bending effects. Cross-tra.ck to
pographic variations will however, result. in image distort.ion. 
Specifics of this type of distortion, and remedies for it, a.re 
presented in section 2. 

The Scai\.1AR.C II bathymetric information is acquired 
through the same transducers as the side scan clat.a but is pro
cessed wit.Ii different ha.rdwaJ:e and software. On transmission 
t.he transducer pairs on ea.ch side of the towfish are driven in 
parallel. On reception, each row in the pair is sampled imlepen
dently. Therefore any signal incident upon the t.ransduccr at 
any angle off normal to the transducer face is detected at the 
two rows with a different phase lag, from which the depression 
angle 0 of the reflector is calcnlatecl (Figure 2). By measuring 
the round trip t.ravel time and assuming a sound speed of 1500 
111/s, t.he slant range R to the reflector can be calculated. These 
values for R and 0 are converted to a.cross-t.rack dist.a.nee and 
depth for ra.ch reflect.or a.nd contoured to produce a. bat.hyrnctric 
nrnp. Absolute accuracy of '.l-3% of the water depth is nominal; 
relative accuracy is significantly better. 

Fig. 1. 

Se• MARC II 
MAPPING GEOMETRY 

Tow fish dept.h ca. 100 m. 

C: ACOUSTIC VELOCITY 

D: ARRAY SPACING 
F: SIGNAL FREQUENCY 

Fig~. Sea.MAr~c II 1dw.-:;e inreroinf!tric ha.thymet.ry syst.~1n. 
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'.!. PrmrrWCESSINC C'UilliicCTIONS APPLIED TO 
SEA f'VlJ\HC H DXL\ 

A side scan sonar irnage is a two-dimrnsional display of pix
els, each with an associated int.cnsit.y, which attempts to model 
a physical rcalizat.ion or a four-dimensional process, namely, the 
interact.ion or sound with the seafloor. The dimensions of the 
process arc the three Cartesian coorditwt.es of space, which give 
the position aucl orien 1.ation of any reflector w it.h respect to the 
sonar, and the fourt-b dimension of acoustic character (acoustic 
impedance and rouglrness). The image is an approximation of 
the bottom with various sources of errors. Preprocessing correc
tions should produce an image that is geometrically and ra
diometrically correct.. Being geornct.rically correct implies that 
features arc in their correct locations a.nd represented by the 
same spatial distribution of pictnre ckrnents incspective of the 
slant range at wl1ich tlwy are irnaged. Being radiometrically 
correct. implies that all cont.t·ibutions not indicative of act.ual 
changes in bot.tom acousLic: chat·act.cr have been removed. Only 
when these two criteria arc met can meaningful subjective or 
quantit.at.ive interprdaLiotts be conducted. 

2.1 Radiance Tran.s/onnalion.s: JJackyromrd Subtraction 

Three radiomet.ric rn-t.ifo.cts are common to many side scan 
images (F'igure :3). Tl"· first is the it-r-cgular b;rncl or high inten
sity pixel.s nearest Lo t.be ship's tTack {Scatv!J\RC II plots st.rong 
reflectors as clm·k and shadows as light, so the im;iges appears a.s 
negatives). Tlie high intensity or t.hese pixels is due t.o the con
tribution from near uorrnal incidence spccuhr and subbottom 
rd.urns, which will only octur within the first few degrees from 
nadir. The second artifact. consists of lines of high-intensity 
pixels parallel Lo the >ihip's track which represent surface 
reflections of the first bot.tom echo. The lines nearest the ship's 
track arc peg-leg (clown t.o the bottom, llp to the surface, ancl 
back clown t.o the towfish again) multiples. Similar dark linear 
features roughly parallel to the peg-legs bllt at. the outside edges 
of the image are t.he first bottom multiples. 

The third attifact is the swath of low-intensity pixels parallel 
to and located approximately 3 km athwartships of the ship's 
track on the starboard side. This diminution of intensity is 
caused by an irregularity in the beam pattern, which the angle 
varying gain {AVG) has not been able to correct. The AVG is 
designed to correct for beam pattern irregularities and the varia
tion of backscatter intensity due to change in the angle of in
cidence over a uniform bottom. However, system problems or 
significant differences between the bottom being surveyed and 
the bottom from which the AVG was designed can result in 
severe image degradation. 

i , _'_:'_·~-'--~'~,---__ . __ ·_. __ •.• __ ._-_~-•_,_rj ._~;::·• . .:." 

Fig. :.t SeaMAH.C JI .side scan in1a.ge, cont:a.ining three types of errors: (1) high
a.rnplitude near na.clir specular returns; (2) peg-leg and first bottom mult.iplcs; 
and (3) swath or ano1nalously low intensity pixels on starboard side due to fa.u!
ty bf:a.rn patt.ern. 

In our n1et.hod, a. parameter set. is calcula.t.ed for both port 
and starbonrd sides, consisting of an average pixel intensity 
(Figure ·b) for strips of the images representing st.rips of the 
bot.Lorn which would he subtended by 0.25' bins of the beam 
athwartships. These st.rips parallel the track of the ship and 
span the range of angles from nadir to the least depression an
gle. These averages shou lcl be taken along a representative por
tion of a mosaic so that variations in lV clue to local geologic 
variations ll'ill cancel. The t.ransrormation is accomplished by 
rnult.iplying every pixel in the image located at angle increment 
., by a fact.or P; where 

P;=IV /IV; ( 1) 

and lV is the average intensity value of the entire irnage under 
considcrat.ion and IV; is the average intensity at the angle 
i*.:2!)'' Comparison of Figmcs :3 and ,lb shows the result of this 
transfonnation. The minimization of t.he t.hree artil'act.s is evi
dent, while the true geologic features are minimally affected. 
We refer to t.l1is correction as "background subtract.ion" as it is 
lat·gcly a correct.ion b:iscd upon removal of the average image 
backgro11nd. 

Our met.hod assumes that variations in pixel int.ensit.y due to 
geologic variability will be rnnclomly distributed relative to the 
t.rack or the ship :wcl thus add destrnct.ivcly in the average as 
long as Lhc dat.a set is sufficiently large. As the parameter sets 
are nornialiied by the overall average of the image, the gain or 
the Jilter is independcttt. of the geology or original gain set.tings. 
However, spurious features related to the operating syst.ern occur 
at. fairly fixed depression angles, adding consLructin·ly iB the 
along-track summation, and yielding estimat.es of syskmat.ic:-tily 
induced cross-track errors. Hence the specular rcAect.ions {con
strained to near-nadir positions), the peg-leg multiples (con
strained to a cross-track distance proportional to twice the fish 
depth), the smface multiples (constrained to a depression angle 
or ;30' ), and the beam pattern variations {by definition a func
tion of angle and ray path bending) will all contribute 
significantly to the average cross-track profile. 
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Fig. ·l::i. Plot ol' avr~rage pixel intensity verses look angle !'or the starboard ha.If 
oft.he image shown in Fig. 2. Number l pixel is nearest the ship track. Note 
peaks ~1t. l", 12", :1 nd 00" corresponding to the sveeula.r reflection, peg-leg, 
and surracc mull.ipks, r~spect.ively, a.nd t .. he trough about ,:i:r corresponding to 
the null in the l1e;un ]_,at.tern. 

Fiµ; lb. Image a.s shu'livn in Figllre 2 after background subtract.ion. Note rcrno
vnJ ol'~spccular n~l\cdions, surface mult.iples, and sha.ding problems. 
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2.2 C:eoinel1"ic Rectijicat·i<>iis: Layover 

Layover refers to pixels which have been placed a.t. the 
incorrect cross-track· distance. Reflected side scan data from 
each "ping" (out.going pulse) are acquired sequentially in time, 
i.e., linear in slant range. To convert this cross-track "slant 
range" ima.ge to a plan perspective usually requires t.hat. one 
assume that. the bottom is flat across-track. The cross-track 
positions of the. pixels a.re derived from knowledge of the travel 
ti111e, approximate sound velocity, and nadir depth. Violation 
of this flat bott.om assumpt.ion, as often happens, will result. in 
topographic features being incorrectly positioned, or "la.id over" 
(Figure 5). Thus reflections from points A and B in Figure 5, 
representing off-nadir troughs and peaks, are erroneously rotated 
along a.res of radii equal to their slant ranges to points A' and 
B' on the reference datum and consequently a.re imaged spuri
ously. The inward sloping faces of the trough and cliff have 
been foreshortened, and their boundaries have been misplaced. 

Under the flat bottom assumption, side scan pixels are placed 
at a cross-track distance X equal to (SR 2+ TA 2)Y.. where SR is 
the slant range (sound velocit.y * arrival time/2) and 7'.t-1 is the 
towfish altitude (reference datum - fish depth). While the 
cross-t.rack position may be wrong, the slant- range is correct. 
Our correction of this pixel position error is accomplished by 
int.•·rpolating a smoothed bathymetric profile at. 5 m intervals, 
and determining the side scan pixel for which the slant ra.nge 
equals that of the nearest ba.thymetry point. X,Z. The results of 
this transformation a.re shown in Figures 6, 7, a.nd 8. Note how 
t.he axis of the valley, which appears curved in the raw image 
(Fig. 6) has straightened a.ft.er processing_ (Fig. 7) to follow the 
a.dual morphology, as given by the bathymetry (Fig. 8). An 
obvious benefit of this rectification is that feat.ures a.re correctly. 
placed on the image for interpretation and survey targeting. 

The only assumption required by our layover correction 
met.hod is that the side scan data be in the correct sequence 
athwa.rtships, i.e., that there be no reflector at a cross-track dis
tance X and elevation above the reference datum Z such that 
the travel time associated with it would be less than that for 
any reflector located at some X <X . This "correct sequence" 
assumption is a reasonable assumption for most geometries and 
bottom types, considering the relatively high altitude (height 
above bottom), typically greater than 20% of the swath width, 
at which SeaMARC II is deployed, 

Accurately co-registering the side-scan image with the bottom 
bathymetry allows us to investigate relations between bottom 
topographic properties (slope, curvature, roughness, etc.) and 
image intensity. Figure 9 shows an example of modeling the 
sea.floor surface given by the map in Figure 8 as a Lambertian 
surface, with a reflectivity given by the square of the cosine of 
the angle of incidence. While the ima.ge lacks significant detail 
present in the corrected side-scan image, it is clear that the 
Lambertian model does yield an adequate low-pass 

II 
Fig. 5. Sla.nt range corrP.ction geometry. Nominal sh:1int range correction as

sumes that the bottom is Jla.t (reference datum). Topographic deviations from 
this reference d::i.t.urn will cause features to be imaged incorrectly, as shown by 
the compression of the inwa.rd sloping faces of the trough and cliff. 

approximation or the component of rellect.ivity seen in side-scan 
images which might be due to terrain slope. In Figure 10, we 
have attempted t.o deconvolve this LeJTain slope e!fect from the 
side-scan image in Figure 8 by subtracting a portion of the slope 
a.mplit.ude from the side-scan amplitude on a. pixel by pixel 
basis. The benefit of the rcsult.ing image is tha.t. the image 
intensit.y is now no longer a function of viewer position. In Fig
ure 8, the mean image amplitude reverses polarity across the 
valley axis. It also reverses polarity from port to starboard, 
a.cross the image centerline. These polarity reversals, due to 
changes in local angles of incidence, may confuse the observer 
and obfuscate the true geology. Removal of a portion of these 
slopes effects, as seen in Figme 10, correctly shows the similarity 
of the surface across bot.h the valley a.xis and the track center
line, and allows the dynnmic range of the output to be dedi
cated to geologic, rather tha.n geometric, differences. 

Fig. G. Unprocessed side scan image corrected for slant range according to the 
"flat bot.tom" asSlJITJP · -· ........... ~ .. ~ ... , 

Fig. 7. Se11MAJW II image after layover correction, as described in the text. 

Fig. 8. SeaMARC IT bathymctry for the image shown in Figure 6. 

Fig. Q. Synt.hetic side-sca.n ima.ge, generated from Sea.MARC II bathymetry 
n.nd LarnlJcrtian shadin:.z. 

" 
Fig. 10. Geomcticall.v corrected Sea.MARC iI i~age (fig. 7) minus the slope am-
plitude contribuLion (fig. 9). 
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3. FEATURE ExrnAc1·10N 

:3.1 The Fcal'Ure Vector 

The chief purposes of remote sensing imagery are detect.ion 
and discrimination. Alt.hough human observer;; are clearly 
capable of interpreting side-scan sonar imagery. the results are 
subject.ive, not necessarily repeatable, and often more indicative 
of the interpreter than the object.. Statistical analysis or image 
texture provides an objective and repeatable means of identify
ing, distinguishing, and labeling surface types. 

3.2 Te:r.t·u.re 

Texture is an innate property of all objects, which character
izes the closely interwoven relief of t.be surface. Texture is 
strongly stationary and independent of illumination. hi this 
pa.per, we utilize the gray !eve.I co-occurrence matrix (GLGtvI) 
method of texture analysis [Haralick et al., 1973]. 

The GLCM method requires the ci·eation of a secondary 
matrix from which second-order t.cxturc statistics are estimated. 
Specifically, let F(:r ,y) represent the digit.al image over a. rec
tangular domain L,=1,2, ... N,, Ly=l,'.l, ... N11 , quantized to N, 
gray levels. Each GLCJ\l is a square matrix of dirnc11sion N, 
whose entries S (i ,.i ;O, d) express the nu rnber or t.i mes there 
occurs in the image a pixel of intensity i ncighbo1·ccl by a pixel 
of int.cnsit.y .i in the direct.ion f}, at. disk1.nce d. 'J'l1<· dcmrnt,s of 
the matrix are norrnalizecl by the tot.al num lwr of possible 
entries R for that. direction and bg. 

In order to insure t.ha.t the texture signature of any given non
isotropic texture is not significantly altered by the angle at 
which it. is imaged, these matrices a.re evaluated l"or values of II 
equal to O', 45', 90', ancl 135'. S)'mmdry considerations allow 
neglecting the respective supplernenta.ry angles. 

:3.3 GLCAf Fea.tnre.s 

Hara.lick et al. [.1.973] suggested 14 features which can be 
extracted from the GLGtvls. Four of these statistics, ASM, 
CON, ENT, and AIDM, have been shown to be strong estima
tors of wavelength variations and to be insensitive to variations 
in either look direction or gain settings [Reed, 1987]. JSO, a 
feature of our own derivation, shows similar characteristics as 
the above four features. It is calculated as the sum of the 
differences of orthogonal GLCMs, and is a measure ol' the iso
tropy of the image. The means and ranges for these statistics 
are evaluated for unit lag. The resulting set of statistics forms a 
feature vector which describes the texture of that portion of the 
image over which the features were evaluated and by which that 
section of the image will be classified. To evaluate the texture 
of an entire image, the image is usually divided into rectangular 
cells referred to as "texels." To optimize the potential of this 
texture routine, these texels should contain at lea.st NG 2 pixels, 
where NG is the number of gray levels to which the imae:e has 
heen quantized [P.rall, 1978] in ord('r t.o nrn.xirnize the pm;sibiliLy 
or measuring real image t.ext,un' \''1Tiat.ions. 

:lA Text·nre _·bialy.si.s - Appl-ica/1·011.s 

A Sea:J'vlARC II side-scan image of a submarine lavn Jlow 
located 200 km NVV of Vanconrver Island is shown in Figu1·e .ll. 
The surrom1ding sediments a.re distal turbidites. The llow is 
flat-lying, except whet'e it dr<l.pes over the fault to tbe 
nort.hwest. To dassify the image with the above-described t,ex
ture algorithm, t.he image was first sub-divided into '.l800 texels 
approximately :250 mders on a side, containing 29<1 pixels. The 
pixels in each texel were equal interval re-qirnnti zed to 16 inten
sity levels. Cray-level co-occurrence matrices were evaluated for 
ea~h texel in fo~1r directions at unit. bg (ca 40 m), ancl feature 
vectors were rnlculatcd as described above in 3.3. The '.l800 
length-6 vecton; were classified via an un-supervised modified 
1\:.-tneans algorit.hm [Reed a.nd H11s.son(/, 1989] to yield the 'l 
class thcrnat.ic 111ap shown in Figure 12. \Vhile the texture map 
may show us an.vt.hing we conld not have gathered from looking 
at the side-scan data. it does clernonstrn.t.e the efficacy of t.hc tex
ture technique, and the numeric values of the texture vcct.orn 
may yield information on relative surface roughnesses. 

Pig. ll. Sea!'dARC ll side scan sonar image of a. lava !low, located 200 km N\V 
of Vancouv('r. Thf_' linc~1r feature in the top right corner is the Queen Charlotte 
tra.nsforrn fa.ult st:·u·p. with a.n associated down drop of several hundred m. 
Note Lhi; 100-rn vent from \Vhich the flow may have emanated and its acoustic 
sha.dow. 

Fig. 1:2. Pour t·hss Lcxtu1·e rnap of lava flow image shown in Figure 11. 
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The next application of texture analvsis better demonstrates 
the strength of the technique for corr~ctly making discrimina
tions of whicb the hmnan observer might not be capable. Fig
ure 1:3 is a composite image, containing images from two 
separate survc_vs. 'J'he image on t-he right is half of the laYa 
flow previously seen in Figure JI. The image on the left is of a 
Miocene dolomite from the Lima Basin, ofT Peru. The purpose 
of their juxtaposition in this ligme is to demonstrate the 
difficulty of cliscriminat.ing rock types on the basis of image 
intensity alone. The outcrops in each image half radically dis
tinct physical and cltem.ical, and lithologic properties, but they 
are virtually indistinguishable in the sonar images. Textural 
analysis can, as Figure H shows, distinguish the two. The 
image data. from the two halves were concatenated to yield one 
digital image, which was subject.ed to textme an;.lysis as 
described above for the lava !low alone. The resulting fo~ir class 
thematic map shown in Figure 14 demonstrates that the image 
of the dolomite is texturally distinct from that of the lava flow 
and that the hemipelagic .sediments surrounding the <lolomit~ 
a.re distinct from the distal turbidites a.round the lava flow_ 
\\Thile we admit that the apparent textural differences could be 
due to system differences, we note that both images were taken 
from the same side (starboard), in approximately the same 
water depth and sea.state ( ca. 2000 m, SS 2-3)_, at the same 
source power level and pulse length. The discriminatory capa
bility remains valuable even if the differences are clue partly to 
the system, as the images on their own are effectively indistin
guishable without the texture analysis. 

Fi~. J3 .. Composite sidc-s~an i_ma.ge, consisting of Miocene dolomite (left) juxta
pobrd with lava flow seen ll1 Fig. IL See text for details. 

Fig. 14. Texture analysis of the composite image, showing the viability of im
age t~xture as ~1.n out.r,rop discri1r:iinant. 
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:l.·1 Regio-11 C:rowfr111 -- l?cC:A 'f~1\ 

'J'he texel, the basic unit upon which tlw analysis is based, is 
assumed to cont,ain a subset of the image data which possesses 
only one hou1ogcneous texture, providing the texel is sufTiciently 
large to caplure the statistical nature of the texture. The proba
bility of textural homogeneity of a randomly placed rectangle 
increases ;is the texcl size decreases. The texel therefore can nei
ther be shrunk below a minimum size without compromising the 
statistical va.liclity of the textural analysis nor increased drasti
cally wit.hou t encountering an unacceptable number of mixed 
texels (mixels). 

Rather than divide the image into a priori boxes which may 
or may not contain homogeneous patt.erns, we seek, via data
controlled decisions, n. subdivision of the image into closed 
regions of limited spatial heterogeneity. One feature vector will 
then be used lo represent each closed region. By allowing 
regions to grow to their natural boundaries, the probability of 
producing "mixels" is strongly reduced. As the regions will in 
general be larger than with the a priori texels, classification time 
will be reduced concomitant with the reduction in number of 
feature vectors. 

The following describes the implementation of Region Grow
ing and Texture Analysis (ReGATA) a bottom-up region
growing routine. Sea.MAHC II data are stored in records, line
int.erlea.ved-by-pixeL Two records, containing two pings of gg,1 
port and 984 starboard pixels, a.re "read in." The data. for port 
and starboard are su bdividcd into cells cont.aining two lines of 
1G pixels ea.ch. The mean intensity and variance a.re calculat.ed 
For each of lhese 3'.l-pixcl cells. Two tests a,re then conducted. 
The first. determines if the cell is reasonably homogeneous, in 
order to separate the cells into the categories or "region" and 
"boundary." Those cells which do not pass this test of limited 
heterogeneity are assumed to span two regions and hence a.re 
labeled as boundary cells. 

The second test is the basis of annexation and region growing. 
The mean and variance of the cell under consideration is com
pared to the means and variances of region cells immediately 
adjacent in the west, northwest, north, and northeast directions. 
The logic of the comparison is that if two cells a.re neighbors 
and possess similar average value, they probably rPpresent a 
uniform, connected surface in the object plane and hence should 
be annexed and similarly classified. As a region grows, its mean 
and variance a.re recomputed, and the pixels within the annexed 
cell augment the four GLCMs associated with the region. Upon 
closure texture vectors a.re calculated for all regions. 

\!Vhen the routine terminates at the end of the data file, all 
remaining open regions a.re closed by the routine and analyzed 
for texture. The resulting list of region-numbered, feature vec
tors a.re submitted to an unsupervised cluster analysis. The 
region numbers map the regions to the feature vectors in the 
clusters, and all pixels in a.II regions with similarly clustered 
feature vect.ors are mapped similarly. 

3.5 Application of ReGATA 

A Sea.MARC II side-scan mosaic of the Alenuehaha channel, 
located in the Hawaiian Islands. between the islands of Maui and 

Hawaii, is shown in Figure 15. I-land-smoothed 100-111 batlty
rnet.1-ic cont.ours have been superimposed, along with labels for 
lithologies identified in goundtruthing efforts. The survey was 
conducted as part of an effort to determine bottom roughness to 
guide the placement of a underwater electric cable linking the 
geothermal power station with the rest of the Hawaiian Islands. 

In our application of ReGATA, the side scan inwgc of the 
cl1annel (Figure 1.5) was n>quantized to lH gray levels and sub
divided into cells containing 32 pixels, for which the aver;1ge 
intensities and stancbrcl deviations were calculat.ed. A noll
paramet.ric, minimally dist.ant means rule was used for region 
growing, with annexation occurring if the regions differed in 
their means by three levels or less. All closed regions containiHg 
five or more cells were analyzed for texture and hence had asso
ciated with them the six-dimensional feature vect.or. In the 
cluster analysis which followed, only t.l10se regions containing 
100 or more cells contributed to the det.errnination or the class 
centroids. Those regions containing fewer Lhan 100 cells were 
Llien placed into the claeis from which their feature vector was 
minimally distant. 



Bottom camera photographs and submersible obset·v:i.tions 
allowed the det.errninat.ion of lithologies for a number of dic;tinct 
image regions. Texture analysis of t.he miagc regions 
corresponding to the locations of the ground-truth data yielded 
mean feature vectors for use in a subsequent supervised 
inini1nn1n distance classification of the i1nage. 'fl1e resulting 
then1atic rnap (Fjgure lG) containjng eight classes, shown IH:re 
in clilTcrcnt tones of gray, corresponding t.o regions in lite image 
containing the classes of lava. flow, calcareous sane!, exposed 
scarp, braided erosional channels, part.ially covered crmio11al 
channels, reef outcrop, sediment covered reef, talus slope, and 
"other". The final class is to allow for a null classiftrnlion of 
those textured regions whose text.nre signatures exccc'cl two stan
dard deviations of the other defined cb-'s"s 

While we have yet to be able to deterministically correlate 
image texture with surface roughness, there is some indication 
that texture cloes yield at least a relative measure of roughness. 
Figure 17 plots two of the components of the texture vector, 
contrast and isotropy, for the eight identified classes. \"ie have 
also annotated the labels with estimates of roughness from the 
grouncltruth observations. With the possible exception of the 
channelled talus slope, the lithologies show an increase in rough
ness paralleled by increases in the two features. Further work 
to quantify this proposed relation is clearly necessary, but the 
beginnings of the quantification of sea.floor image analysis have 
been established. 

OSEDBATHY 

Fig. 15. SealVIAHC TI side-scan sonar mosaic of Alenuehaha Channel, m the 
Hawaiian Islands. 
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Fig. 16. Nine-class HeGATA texture map of the mosaic shown m Figure 15. 
See text t'or details. 
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4. CONCLUSIONS 

Application of the above techniques to a variety of imagery 
resulted in both superior images for subjective and computer
aided interpretations. Although the use of marine acoustic 
data, which are strongly influenced by the low speed of sound in 
water and susceptability to ray path variations, is inherently 
more difficult than processing subaeria.l optical or radar images, 
we a.re confident that eventual increased quantification of 
S<'alloor d;1ta will permit widl'spre;id ilpplicacion of variou;; air
bor11c ~lnd satellite rf'inoLc sen0ing t..ech11iques to the imaging a11d 
mapping of the sea.nool". 

30 * reef outcrop -- 10 m 

* exposed scarp -- 1 to 5 m 

25 

* exposed erosional channels -- .1 to 1 m 

20 

* sed. covered erosional channels -- .01 to . 1 m 

!!! 15 

* pohoehoe lava flow -- .01 m 

10 * sed. covered reef -- .001 to .01 

* channelled talus slope .01 to 10 m 

5 * calcareous sand .001 m 

10 20 30 40 50 
CONTRAST 

Fig. 17. Plot of two texture parameters (ISO vs. CON) for the eight lithologic 
classes in the texture analysis of the channel mosaic. Note that roughness, 
determined from bott.om ob.serva.t.ions, increases with texture strf.:ngt.h. 
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ABSTRACT 

The paper addresses the aspects and the 
capability of GPS marine applications namely 
shipborne -OPS applications. 

A general view of the range of 
applications lead to consider at least three 
major kinds of them according to the required 
accuracy level. 

One common problem to most shipborne 
applications lies in the mounting of the 
antenna. When it is mounted above the centre 
of gravity of the vessel, large antenna 
accelerations are implied; consequently 
recurrent cycle slips are produced, so that 
the precise phase method is strongly limited. 
Thus in this enviroinment the only pseudo
range method (absolute and relative) can be 
used. In the same way the mouvements 
themselves of antenna are wide enough ·to do 
not allow a precise determination of mobile 
trajectory. 

Nevertheless to say that high accuracy 
shipborne applications need further 
instrumentation. 

Finally kinematic applications and 
results as well as comparisons of kinematic 
models and some tests are discussed. 

Background 

The GPS was designed to provide quasi
istantaneous worldwide, all-weather three 
dimensional position fixes and speed 
information, plus precise time distribution 
with an accuracy of between 15 and 25 metres 
( 100 metres under Selective Availabli ty). It 
will be used in its most accurate 
configuration PPS (Precise Positioning 
Service) by all the military services of USA, 
by NATO and by very few selected civil users. 
Otherwise a national and international civil 
use of the less accurate SPS (Standard 
Positionig Service) will be also available. 

As a matter of fact the single-frequency 
CIA signal will be released to civil users 
only. 

On the contrary the more precise dual
frequency P signals are destined exclusively 
for military applications. 

Neverthless it also is true that there 
are potentially many more civil users than 
military ones requiring both the: best 
possible accuracy and availability for their. 
applications. Thus GPS limitations error 
sources and coverage limitations do mean a 
dramatic limitation for higher accuracy 
requirements in civil applications. Hence it 
follows that the use of carrier phase 
measurements instead of pseudo-range ones, 
the use of differential methods to reduce 
satellite and propagation errors, the use of 
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combined of both pseudo-range and carrier 
phase measurements for enhancing positioning 
accuracy and the use of integrated systems 
namely a combined use of GPS with external 
sensors such ·as inclination monitors or 
inertial navigation system, are all together 
to be considered. 

Regarding the state-of-art GPS is 
expected to have an effettive worldwide 2-d 
positioning capability by 1990 and an 
effective 3-d positioning capability in 1993 
just when with 21 satellites (18 satellites 
and 3 spares) the constellation will be 
declared fully operative. Finally it may be 
expected that the constellation will assume a 
definitive 24 satellites configurations in 
1995. 

1. GPS Marine Applications 

1.1 - In marine applications bes ides 
considering requirements of accuracy, safety 
considerations as well as economic aspects 
also need to be contemplated. 

Altough it is not possible to "closely" 
define the true concrete limit of required 
accuracy for each of marine applications a 
general view of their variety lea4s to 
consider at least three major kinds of them 
just according to the demand of accuracy 
level. 

Following this "course" marine 
applications should be subdivided into: 
navigation in open waters, coastal channel 
navigation and hydrographic surveying. 

Yet since the emphasis in the following 
will be on GPS marine applications namely 
shipborne applications, it w i 11 result more 
convenient to arrange the demanded accuracies 
along with achievable accuracy levels by 
using GPS. 

1.2 - In such a way the shipborne 
applications can be subdivived as follows: 

I - Low accuracy applications: tip-ically 
require 20 m to 30 m (16') they can be 
handled by absolute kinematic positioning 
model that is by a single receiver using 
pseudo-range measurements. 
Thus the fol~owing shipborne applications 
will be fully satisfied in their demanded 
accuracy. 

i) Navigation in open waters. 
Most navigation tasks in oceanic phase are 
essentially represented firstly by skill to 
individuate and therefore to avoid possible 
hazards along the navigation path, in second 
place by providing accurate fixes in order to 
realize the shortest and safest route and 
consequently reducing strongly both transit 
time and operating cost. 



In any case the accuracy level for safety 
corresponds to 1-t2 Km ( 1 ID ). 

ii) Coastal channel navigation. 
This navigation may be considered as that 
phase of it developing into coastal area and 
it will be required accuracy level for 
safety and search operations around 230 m 
(1v); it also will correspond to·75 ~ 100 m 
( 1 s-) in those particular cases obtaining 
benefits in resource exploitation. 

II- Medium accuracy applications require 5 m 
to 1 O m ( 1G") they make use of the 
differential kinematic pseudo-range model. 
The following shipborne applications can 
satisfy their required accuracies. 

1) Setting buoys. The accuracy range for 
setting navigational buoys is established 
with a tollerance from 10 to 30 m. 

ii) Hydrographic surveying. 
It is estimated that accuracy levels of 5 m 
in the immediate coastal area and 8 m in the 
areas out to approximately 100 miles are 
required respectively. 

In addition to these applications it is 
worthy to contemplate. 
iii) Narrow channel navigation. 
Considering difficulties for large vessels to 
maneuver quickly the accuracy for navigation 
in such environment is required exstremely 
high; actually accuracies of 4m to 10m are 
estimated necessary. 

iiii) Harbor to harbor approach phase and 
river navigation. 
Even large oceanic going ships navigate in 
harbors and rivers and given either their 
inability to alter course or stop quickly or 
likely congested areas, here navigational 
requirements for safety are 4 m to 10 m ( 16) 
as well; in particular for river navigation 
the requirement is for continuous 3 m to 5 m 
accuracy relative to the centre of the 
channel. 

Nevertheless to say that except just few 
cases generally shipborne applications 
require the determination of fix and 
velocity in real time thus a data link must 
be established between the GPS reference 
station and the user (also known as 
Differential data links) when real time 
differential kinematic positioning modes 
are employed. 

III- High accuracy applications require 
tipically 0.5 m to 2 m (1G° ). They can be 
handled by using either differential 
phase, differential combined, or differential 
integrated kinematic model. 
Typical shipborne applications requiring the 
above said accuracy range are given as below: 

i) Oil rig moves. 
As regarding to oil rig moves two distinet 
steps have to be considered. The first step 
is marked by manoeuvring operations to get 
the es ta bl ished location. The other one is 
represented by checking the final position 
and obviously the accuracy level required is 
much higher in this case. 
The interesting areas are usually covered by 
radionavigation systems. Unfortunately, 
however the radionavigation systems of high 
accuracy and reliability have very limited 
range and need installation and maintenance 
of shore stat ions therefore the poss i bi 1 i ty 
of using satellite navigation systems 
allowing precise positioning are considered 
carefully. 
At the time of writing the final position is 
obtainedby TRANSIT differential technique 

(translocation technique) which requires, 
however, a 2 days period in addition to a 
post-processing phase to assure the accuracy 
demanded. Then it is clea~ the huge advantage 
when using a real time differential system as 
GPS. Indeed the use of GPS will enable the 
users not only to perform a real time 
differential system but also to achieve a 2 m 
accuracy level when averaging just after a 
one hour period. 

ii)Three dimensional seismic surveys and 
gravity surveys. 
Really GPS will have an impressive impact on 
the effectivness of shipborne applications 
such as geophysical surveys which could not 
be fittingly handled by conventional 
instrumentations. 
The seismic gravity or magnetic data being 
recorded have no meaning without precise 
knowledge of the position where these data 
were acquired. In addition gravity data 
acquiring also demands precise knowledge of 
ship's motion to compensate for motion
induced accelerations. Not long ago an 
accuracy range of 50 to 100 m was considered 
enough sufficient provided that the relative 
positions of seismic data points along the 
ship's path were known to 2 -t-- 5 m. Nowadays 
there is a requirement for continuous 
navigational accuracy around 2 ....;.- 5 m (16"). 
At the same way velocity accuracies of 10 cm 
s_ 1 or also better are required in marine 
gravity surveys in order to bound error in 
the Eotvos correction below 1 m Gal. 
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2. - Kinematic positioning models. 

Only a brief overview of model equations 
is given as one can found detailed 
descr~ijtions including mathematics elsewhere 
[3]' f7J. 

"'fhe following model equations as 
addressed below may be considered in 
shipborne applications. 

A. - Absolute pseudo-range kinematic 
positioning model 

p = p + c(dt - dT) + dian + dt.rop + dp (1) 

B. - Differential (relative) kinematic 
positionig models 

Bl. - Pseudo-range model 

/:J.p = /:J.p - c (lldT) + lldian + lldtrop + lldp (2) 

B2. - Carrier phase model 

M4> = Mp - colldT - olldion + lilldcrop + Mdp (3) 

C. - Combined differential (relative) 
kinematic positioning model. 

In this case both model equations (2) 
and (3) are utilized together. 

D. - Integrated differential (relative) 
kinematic positioning model 

External sensors can be used to aid GPS 
such as inclination monitors, ship's log and 
gyro Mini Ranger, and also Inertial 
Navigation Systems (INS ). 
In each of equations t5he quantities shown 
represent: 

p, p pseudo-range observation and geomet-
ric distance respectively, between 
satellite and receiver 



at, 0·1· : clock errors of satellite and 
receiver respectively; both are 
expressed in seconds 

d ion• dtrQJl' dp: range errors due ·to 
ionospheric refraction,tropospheric 
refraction, and to inaccurate 
ephemerides respectively, all of 
them expressed in metres. 

c is the speed of light expressed 
in metres/sec. 

A :single differences between two re-
ceivers namely reference station and 
mobile user 

a : single differences between epochs. 

2.1 - Benefits and limitations. 

In the model A the two main 
limitations on accuracy are due to orbital 
and atmospheric effects. Even if it will be 
possible to remove ionospheric effects by 
using dual frequency signal unmodelled 
ionospheric effects contribute strongly to 
the error budget. A standard model can be 
used as far as tropospheric effects 
computing. 

By contrast the satellite clock error 
which can be assumed known as computed from 
the broadcast message of navigation is 
pratically ignored in the equation. 

However it has the huge advantage to 
enable ~ real ti.!!!~ navigation !?.z using £E.l'.z 
one receiver. 
-- Unfortunately either for the prospected 
reduction of accuracy due to introduction of 
both Selective Availibility (SA) and Anti
Spoofing (A-S) or for too high noise level in 
pseudo-range measurements the method is 
limited to low accuracy applications. 

In differential (relative) kinematic 
positioning models the advantage of removing 
or greatly reducing common or correlated 
errors such as selective availibility, 
satellite clock errors, satellite ephemeris 
(orbital) errors, and atmospheric errors, 
between a known static reference station and 
a mobile remote user, is attained. Any 
instantaneous change determined continuosly 
by GPS in the coordinate values of reference 
station can be monitored and transmitted as 
corrections to the mobile user namely GPS 
navigator. 

When phase measurements are used a noise 
level two order of magnitude smaller than 
pseudo-range measurements is yielded (7] so 
even better accuracy is achievable. In any 
case the absence of cycle slips is needed. 
Just the solution of the cycle slip problem 
presents particular difficulties .in shipborne 
kinematic positioning applications. 

Therefore to control positioning errors 
produced by cycle ships, pseudo-range 
measurements are combined whith phase 
measurements so all of the adavantages of 
differential technique are preserved and C -
model equation is produced. Several and 
sometimes sophisticated methods have been 
proposed and tested. One must however realize 
that the detection of cycle slips will be 
made obtainable by filtering technique 
provided that they are not correlated with 
errors in the pseudo-range measurements. 

3. - Antenna mounting and multipath in 
shipborne applications. 

Most experiences have verified that 
cycle slips occur frequently during 
acceleration and deceleration periods. 

Then the antenna mounting becomes 
considerable enough. Actually when it is 
mounted above the center of gravity of the 
vessel, large antenna accelerations are 
implied, consequently reccurrent cycle slips 
are produced so that the precise phase method 
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is strongly limited. Thus in this 
enviroinment the only pseudo-range methods A 
and B1 (absolute and differential pseudo
range methods) can be used in real time 
shipborne applications namely in navigation. 
In the same way the mouvements themselves of 
antenna are wide enough to do not allow a 
precise determination of vehicle's path. 

In any case if the antenna is shaded and 
loss of phase lock regards one satellite only 
the accuracy level is determinated by the 
strength of the geometry of remaining 
satellites. On the other side if loss of 
phase lock concerns all satellites 
simultaneuosly, a discountinuity of vehicle's 
measured path will be implied. 

The integrated model in addition to the 
advantages of previous models so far examined 
will allow not only to overcome the cycle 
slip problem but also to yield better overall 
trajectory; in fact by time difference phase 
more and better reliable informations on the 
change in vehicle's position between 
consecutive epoch are attained. 

3.2 - Multipath 

GPS limitations, among others, depend on 
multipath and imaging effects which in 
shipborne applications may be considerable 
because of metal superstructure of a ship. 
Hence design of antennas along with 
development of techniques for strongly 
minimizing indesiderable effects produced 
must be taken into account. 

By contrast use of antennas with high
gain near the horizon is required to reduce 
satellite outages. On the ground of recent 
results the conical spiral antenna seems to 
suit particularly for shipborne applications 
as to positioning problems. 

As for the type of measurements a rule 
of thumb establishes that multipath effects 
are about 10% of the signal wavelength thus 
code measurements are affected more than 
carrier phase measurements I3]. 

Cases such as the total loss of overhead 
satellites signal and the situation with less 
than four satellites in view due to terrain 
shading are both examples in which the use of 
C- model can be well suited to handle them. 
Yet with a potential loss of phase lock on 
all satellites simultaneously the C - model 
use can't greatly improve the accuracy more 
than that achievable by B - model namely 
about_,3 m with P - code and 10 m with C/A -
code(!IJ. · 

4. - Experimental results. 

It is worthy to emphasize that when 
using GPS in differential mode, however 
accuracy level also depends on length of 
baseline namely there will be a degradation 
of accuracy as the distance from the ground 
reference station increases. 

Neverthless with a geometrically strong 
network of reference stations an accuracy 
level of the order of a few metres should be 
assured over an area the size of the North 
sea. 

Results coming from a differential GPS 
test conducted to verify the final position 
of an oil rig move show an accuracy less than 
2.5 m (16') with a baseline of some 200 
miles, as well as a better accuracy around 1 
m is attained with a very short baseline (2]. 

Another marine experiment [9] confirms 
an accuracy of 2 m in each of two horizontal 
compenents. 

A particularly interesting. shipborne 
application either because it was realized 
und~r various sea states or because of the 
suitable software employed is the test 
conducted, with a 10 m hydrographic survev 



launch, by Lachapelle et al. [5] • The 
velocity of the launch was 15 knots and the 
wind reached also 20 knots during the trials. 
External accuracies (rms) of 2 m or better in 
each of two horizontal components were 
attained. 

5. - Conclusion. 

The use of external sensors becomes 
necessary to realize higher degree accuracies 
and greater reliability in shipborne 
applications. Moreover integrated GPS/INS 
(Inertial Navigation System) system even 1 f 
more expensive and complex than other 
integrated systems is, however, the most 
reliable just for it enables users to realize 
both precise interpolation between GPS fixes 
and accurate velocity informations. 

Altough higher accuracies of the order 
of tens of centimetres have been declared 
possible to yield by many authors; test 
results at present do not confirm these 
hopes. Indeed at least two important aspects 
have to be examined in our opinion. 

Firstly it is worthy to emphasize that 
imaging to achieve the above said accuracy 
order only by using - more and more 
sophisticated mathematical models and 
filtering techniques would be fully useless 
without planning both the feasibility of a 
further reduction of error sources-due to 
atmospheric and ephemeris effects- and above 
all the elimination of frequent losses of 
phase lock. 

Secondly the present poor number of GPS 
satellites do not allow completely realiable 
experimental trialsat sea. In addition the 
shortness of periods, during which kinematic 
positioning models should be employable 
restricts strongly their diffusion, so the 
potential market is at its turn dramatically 
limited and differential kinematic models for 
example are used mostly to calibrate other 
radionavigation systems. 
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Abstract 

Maximum tsunami amplitudes that will result 
from major earthquakes in the Pacific 
Northwest region of North America are 
considered. The modelled region encompasses 
the coastlines of British Columbia, 
Washington, and Oregon. Three separate models 
were developed for the outer coast and one 
model for the system consisting of the Strait 
of Georgia, Juan de Fuca Strait, and Puget 
Sound (GFP model). Three different source 
areas were considered for the outer coast 
models and the resulting tsunami was 
propagated to the entrance of Juan de Fuca 
Strait. Using the output from the outer 
models, the GFP model was run. The results 
showed that large tsunami amplitudes can occur 
on the outer coast whereas inside the GFP 
system, unless the earthquake occurs in the 
system itself, no major tsunami will result. 

1. Seismological Background and 
Historical Tsunami Data 

The Cascadia subduction zone lies off the 
west coast of the North American continent. 
It extends from the Mendocino fracture zone 
(roughly 40°N) to the Queen Charlotte Sound 
region of British Columbia (roughly 52°N). 
The Cascadia subduction zone is actually made 
up of four features: the Gorda South Plate, 
the Juan de Fuca Plate, the Explorer Plate, 
and the Winona Block. The boundaries between 
each of these sections consist of transverse 
fracture zones running seaward from the 
continent. A series of ridges mark the 
western extent of the Juan de Fuca Strait 
region. 

In recent years, considerable controversy 
has arisen as to the tectonic nature of the 
Cascadia subduction zone. The basic question 
is whether or not the region can be considered 
to be a true subduction zone in which the 

earthquakes have occurred. Earthquakes of 
this magnitude are typical of active 
subduction zones. Indeed, the lack of such 
evidence has removed the Juan de Fuca Plate 
region from consideration for many years, as 
a subduction zone. 

In the past decade, however, a number of 
papers have been published which examine this 
very question. None of these papers really 
provide a definitive answer, but many of them 
provide a line of argument which makes it 
difficult to dismiss out of hand the 
possibility that active subduction is indeed 
taking place in the Juan de Fuca region. A 
series of papers (Heaton and Kanamori, 1984; 
Heaton and Hartzell, 1986, 1987) discuss the 
full range of the arguments, as does the paper 
by Rogers (1988). Although the skeleton of 
the arguments in favour of subduction will be 
presented here for completeness, the reader is 
urged to examine the reference provided for 
more detailed explanation. 

In general, the argument in favour of 
subduction can be summed up :by saying that 
various characteristics of the region conform 
more or less closely to the .characteristics 
found in other, more active, siubduc ti on zones 
throughout the world. Such features as the 
relatively shallow offshore trtnch system, the 
lack of strong, free-air gra ity anomalies, 
the presence of active Quaternary volcanoes, 
the seismic quiescence in the area, the 
reported convergence rate of the plates, and 
even the young age of the presumably 
subducting lithosphere can all be found in 
other young, strongly coupled, seismically 
active subduction zones in the Pacific basin. 
The fact that very large subduction 
earthquakes (M., > 8) have occurred in other, 
similar subduction zones, makes it logical to 
speculate that earthquakes of that magnitude 
could also occur over quite long recurrence 
times in the Cascadia subduction zone (Heaton 
and Hartzell, 1986). 

oceanic (Juan de Fuca) plate is being driven As indicated above, the arguments for the 
downward under the denser continental (North existence of the Cascadia subduction zone are 
American) plate. Initially, this question compelling, but not conclusive. However, one 
might seem puzzling since the historic record fact is inescapable. If the area does indeed 
for the Pacific coast in this region contains have the potential for experiencing large 
almost no evidence that large (M5 > 7. 0) thrust earthquakes of the sort associated with 
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active subduction, then a major seismic risk 
is posed for the western regions of Canada 
(Vancouver island) and the United States 
(Washington and Oregon). A number of major 
cities (Vancouver and Victoria, British 
Columbia; Seattle and Tacoma, Washington; 
Portland, Oregon) are located close enough to 
the Cascadia subduction zone so that a major 
or great earthquake could cause severe ground 
shaking. Such an event would probably be 
quite catastrophic in heavily urbanized areas. 

A second, less generally recognized, 
seismic hazard also exists, however. Large or 
great thrust earthquakes occurring under the 
sea surface always pose the threat of 
generating local tsunamis. These waves could 
be quite destructive in both large and small 
population centres along the shore. The 
purpose of this study is to examine two facets 
of this threat: (a) that posed to the outer 
coasts of Canada and the United States as the 
result of possible earthquakes in the Cascadia 
subduction zone and (b) to examine the tsunami 
threat to the GFP region. 

Tsunamis are long, surface gravity waves 
generated by the sudden displacement of large 
volumes of water. The displacement is usually 
caused by thrust-type submarine earthquakes, 
although coastal landslides, submarine slumps, 
and volcanic eruptions have also produced 
tsunamis. The mechanism can be pictured quite 
simply. If the bottom moves upward, it pushes 
with it a volume of water that rises above the 
rough equilibrium state known as mean sea 
level. The ocean surface cannot support this 
'bulge' , but instead starts to return to 
equilibrium. The result is that surface waves 
begin to spread outward from the site of the 
disturbance. If the volume of water disturbed 
is very large, as is often the case in thrust
type earthquakes, the waves leaving the source 
will have very long wavelengths and will be 
able to propagate long distances and still 
retain significant portions of their initial 
energy. As the waves, which move very quickly 
in the open ocean, reach shallow water, they 
begin to slow down. A portion of the energy 
which had been propagating horizontally is 
converted into vertically directed energy. 
The result is that the waves begin to grow and 
can reach extreme heights by the time they 
reach the shoreline. If enough energy was 
pumped into the waves at the source and if the 
transition from deep ocean floor to shallow 
coastal waters is rapid enough, the waves 
striking the coast can be terribly 
destructive. 

The threat from a tsunami is always two
fold. Coastal areas close to the source are 
always at risk since the waves which propagate 
into and along shore do not have time to lose 
much of their energy. Distant areas can also 
be at risk from the extremely large events 
which generate waves with enough initial 
energy to survive a basin-scale travel path. 
The tsunami events which produce destructive 
waves on a basin-wide scale are the most 
commonly known, but in truth, local tsunamis 
have historically caused more death and 

destruction since even a small (in terms of 
wave length and energy) tsunami can be a 
threat near the source area. 

The historical record contains a number of 
incidents in which significant tsunami wave 
activity was recorded along the North American 
coast as a result of distant tsunamis. 
Because the coastal network of tide stations 
operated by the U.S. National Ocean Service 
(NOS) has only been expanded in the years 
since World War II, most of the data available 
dates from 1946. From 1946 to 1964, a total 
of five destructive distant tsunamis produced 
measurable wave heights in coastal areas 
around the Cascadia subduction zone. It 
should be noted that reported wave heights are 
taken from tide gauge records, which tend to 
underestimate extreme wave heights. Also, the 
gauges tend to be widely scattered and cannot 
provide a true picture of the pattern of water 
level along any given stretch of coast. 

Table 1 shows maximum tsunami wave heights 
for a number of locations along the Pacific 
coast in the Cascadia subduction zone. The 
events listed occurred in a variety of 
locations. The April 1946 tsunami was 
generated by a fairly small earthquake 
(M = 7. 4) in the central Aleutian Is lands. 
The November 1952 tsunami originated off the 
Kamchatka Peninsula in the Soviet Union. The 
March 1957 tsunami came out of the eastern 
Aleutians. The May 1960 tsunami was generated 
by a major earthquake off southern Chile. The 
March 1964 tsunami was generated by the Prince 
William Sound (Alaska) earthquake. The first 
three events did little damage along the 
British Columbia, Washington, Oregon, and 
northern California coasts. The 1960 event 
caused surprisingly considerable damage in 
Crescent City, California. It is clear that 
the 1964 event, whose source was closes to the 
study area, caused much damage in both the 
United States and Canada. 

It is clear from this sampling of 
historical data that the coastline bordering 
the Cascadia subduction zone can be 
susceptible to tsunami damage. Hebenstreit 
and Bernard (1985) showed that coastal 
submarine topography plays a major role in 
determining how tsunami energy is distributed 
along any stretch of coastline. With the 
exception of Crescent City, distributions have 
been roughly uniform along the entire coast. 
This would indicate that incoming energy from 
locally generated tsunamis would also spread 
out fairly evenly along the coast. 

The historical record for local tsunamis in 
this area is almost non-existent. This is not 
surprising in view of the lack of 
seismological evidence for major earthquakes. 
Soloviev and Go (1984) described briefly two 
or three small tsunamis which apparently were 
generated by earthquakes on Vancouver Island 
and the Queen Charlotte Islands. None of 
these tsunamis caused any significant damage. 
Lockridge and Smith (1984), in their chart of 
tsunamis in the Pacific Ocean, show a large 
earthquake and tsunami generated in the Strait 
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Table 1. Maximum recorded wave heights (m) along the Pacific coast for five tsunamis. 

Location 1946 1952 1957 1960 1964 

Tofino, British Columbia 0.57 0.60 1.38 2.43 
Port Alberni, British Columbia >5.lOa 
Victoria, British Columbia 0.21 0.36 1.44 
Neah Bay, Washington 0.36 0.45 0.30 0. 72 1.41 
Friday Harbor, Washington 0.18 0.69 
Seattle, Washington 0.24 
Astoria, Oregon 0.15 0.30 0.72 
Crescent City, California 1. 77 2.04 1.29 3.27 >3.90b 

a Gauge record incomplete, wave height estimated 
b Maximum excursion before gauge destroyed 

Sources: U.S. Department of Commerce (1953); Salsman (1959); Symons and Zetlet (undated report); 
Berkman and Symons (undated report); Wilson and Torum (1972); Spaeth and Berkman (1972) 

of Georgia in 1946. Significant waves were 
generated along the inner coasts between 
Vancouver Island and the British Columbia 
mainland but it is likely that the source 
motion was caused by slumping rather than 
seismic uplift (Rogers and Hasegawa, 1978). 

The most intriguing evidence for local 
tsunami activity in the Canadian subduction 
zone has come from a number of studies of 
recent (Holocene) sediment deposits along the 
outer coasts of Washington and Oregon. 
Atwater (1987) reported evidence for at least 
six subsidence episodes in the last 7 ,000 
years. In all cases, vegetated coastal 
lowlands have been buried by intertidal mud. 
In three of the episodes, patterns of sand 
sheets lying atop the buried lowlands could be 
explained by inundation due to tsunamis and 
the resulting shoreward transport of sand. 
Reinhart and Bourgeois (1987), Atwater et al. 
(1987), Hull (1987), and Darienzo and Peterson 
(1987) point to additional evidence for 
subsidence and possible tsunami-related 
flooding in the past 1,000 years. Heaton and 
Snavely (1985) studied several legends from 
Indian tribes in the Pacific Northwest and 
determined that at least some of them could be 
viewed as describing tsunami behaviour. As is 
the case with the evidence for active 
subduction, the sedimentary and 
anthropological arguments are compelling 
enough to require further study but not 
conclusive enough to prove the point. 

The historical tsunami record indicates 
that the outer coasts in the Cascadia 
subduction zone are vulnerable to tsunami 
activity. The seismic evidence indicates that 
local subduction-type earthquakes, which can 
often be tsunamigenic, are a possibility in 
the region. The tsunami record is essentially 
non-existent for local events, and so it is 
not possible ·to estimate from observed data 
the nature of the threat posed by local 
events. 

One approach to an examination of this type 
of problem is the use of numerical models to 

simulate possible events. This technique has 
been used in a number of cases (for example, 
Hebenstreit and Whitaker, 1981; Hebenstreit 
and Gonzalez, 1985; Houston et al., 1975; 
Kowalik and Murty, 1984; Dunbar et al., 1989a, 
1989b) to examine the general tsunami threat 
to specific coastlines from either distant or 
local sources. The procedure used in these 
model studies is generally as follows: 

develop a working set of specifications for 
the type of sea floor uplift likely to 
result from a 'typical' thrust earthquake in 
the source area, 

use the sea surface disturbance which would 
result from the earthquake as the initial 
conditions for a wave propagation model 
based on some form of the classical long 
wave equations, 

use the equations to track the waves as they 
leave the source and propagate toward 
coastal areas, whether they are across the 
basin (as in Houston et al. , 1975, and 
Kowalik and Murty, 1984) or close to the 
source area (as in Hebenstreit and Whitaker, 
1981, and Hebenstreit and Gonzalez, 1985), 

examine, using whatever criteria seem most 
useful, the nature of the threat that the 
waves pose to the target coastline. 

This technique has proven quite valuable 
for conducting generalized threat estimates. 
Since actual earthquake uplift patterns and 
observed tsunami data are usually not 
available, the results of such a model study 
can only be looked upon as qualitative rather 
than quantitative. Realistic predictions of 
tsunami wave height or runup height cannot be 
obtained from such studies although the 
results can be quite useful in estimating the 
magnitude of the threat without dealing with 
specifics. 

Besides the present study, only three other 
model studies of tsunami threat in the Juan de 
Fuca Strait area have been completed. One 
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(Garcia and Houston, 1975) estimated tsunami 
runup in the Puget Sound area resulting from 
distant tsunamis originating in the Aleutian 
Trench. The purpose of this study wa~ to 
establish 100- and 500-year runup maxima for 
insurance purposes. Maximum estimated wave 
runup in Puget Sound was on the order to 
2-2.5 m. 

Houston and Garcia (1978) reported a 
similar study for the outer coasts. Their 
100- and 500-year tsunami heights were derived 
for tsunamis generated in the Aleutian Trench 
and in the Peru-Chile Trench. Notice that 
predicted elevations of 2-3.5 m above mean sea 
level (MSL) are common along the entire coast 
for the 100-year tsunami. 

The third study (Dunbar et al., 1989a, 
1989b) examined the threat to the outer coasts 
of British Columbia from tsunamis originating 
in Alaska, Chile, the Aleutian Islands, and 
Kamchatka. Wave amplitudes in excess of 9 m 
were predicted at several locations along the 
coast, the most vulnerable regions being the 
outer coasts of Vancouver Island, Graham 
Island (Queen Charlotte Islands), and the 
central coast of the British Columbia 
mainland. 

The subject matter described in the present 
paper represents the first organized effort to 
examine the effects of local tsunamis for the 
area under study. The methodology outlined 
above is used in order to examine the focusing 
of tsunami energy along the Pacific coastline 
of the Cascadia subduction zone. It does this 
by following wave energy from the source areas 
into shallow coastal waters and determining 
from calculated wave heights the relative 
levels of energy likely to reach portions of 
the coasts. No attempt at modelling runup or 
inundation is made in this study since the 
purpose is not a detailed analysis of any 
given area but a general picture of which 
regions are most likely to be threatened. 

2. SPECIFICATIONS OF THE TSUNAMI 
SOURCE MOTION 

In order to start the wave propagation 
process, we must impose some sort of 
displacement pattern on the sea surface in the 
area chosen as the generation region. Any 
pattern will serve to begin the wave process 
but it is physically more realistic and 
satisfying to use a pattern that is at least 
a reasonable approximation to the type of 
displacement caused by thrust-type 
earthquakes. Several models of free surface 
(in this case, sea floor) displacement caused 
by earthquakes have been developed. The one 
used in this study was dev~loped by Mansinha 
and Smylie (1971). It is a point source 
displacement model in which the rupture motion 
is described as a collection of point sources 
over the extent of the fault plane and the 
contribution due to the vertical motion of 
each point is integrated over the plane to 
produce a total displacement pattern. All 
that the model requires are estimates of the 

depth, length, width, dip angle, and vertical 
slip of the source, and a displacement pattern 
can be calculated. 

The ocean is a compressible fluid so that 
a sudden vertical displacement of the bottom 
should cause the water column to compress 
slightly, as well as to rise. However, for 
the purpose of tsunami modelling, we usually 
assume that any motion of the sea floor is 
mirrored in a corresponding motion of the sea 
surface, without regard to compressional 
effects. The effect is probably small enough 
to ignore and the reality is that we never 
know enough about the sea floor motions, which 
generate a tsunami, to evaluate the magnitude 
of the effect. 

It should also be noted that earthquakes 
are never instantaneous events, but take place 
over a finite period of time as the rupture 
across the source area. The model equations 
do include provision for a time-dependent 
source motion. Again, however, our relative 
ignorance of the mechanics of the source 
motion allows us to assume that it is, indeed, 
instantaneous. Hammack (1973) showed that 
most of the energy transfer from the 
earthquake~.to the tsunami takes place in the 
first 60 seconds of the motion. Thus, this 
assumption is reasonable. 

Once the tools, the wave propagation model 
and the source model, have been assembled, the 
next step is to define the source parameters. 
The Juan de Fuca Plate region spans 800-900 km 
of the Pacific coast of North America. It is 
possible that a subduction earthquake could 
occur anywhere along the length of this zone. 
Modelling every possible event would require 
a great deal of computer time and effort. 
Fortunately, it is possible to invoke a few 
simple arguments to allow us to reduce the 
simulations down to an easily manageable 
number. 

Heaton and Hartzel (1986) have divided the 
Cascadia subduction zone into three subzones. 
The northernmost zone consists of the Explorer 
Plate, the southernmost zone of the Gorda 
South Plate, and the inte·rvening Juan de Fuca 
Plate makes up the remaining zone. Rogers 
(1988) includes the Winona Block in his 
reckoning of the structures that make up the 
Cascadia zone but the likelihood of subduction 
earthquakes in that complex is unclear. 

Following Heaton and Hartzell's definition 
of the Cascadia subduction zone, the Gorda 
South Plate (shortened to Gorda Plate for 
convenience) is the smallest of the three main 
zones, being only 150-200 km long. It is 
subducting at a rate that is possibly 25% 
slower than the Juan de Fuca zone (3.3 cm/yr 
versus 4.0 cm/yr according to Heaton and 
Hartzell (1986) and may be less likely to 
experience subduction earthquakes. Indeed, 
Spence (1988) suggest that subduction under 
the Gorda Plate has effectively stopped. 
However, in the absence of evidence to the 
contrary, it seems prudent to examine an event 
in this zone. Rogers (1988) provides 
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estimates of the various source parameters for 
all of the zone he examined. For the Gorda 
zone, he suggests a fault width of 100 km, a 
length of 150 km, and a vertical displacement 
under maximum rupture of approximately 3.0 m. 
Using Wyss' (1979) relationship for maximum 
expected magnitude, 

M = log(length x width) + 4.15, (1) 

this fault could produce an earthquake of 
magnitude 8.3. 

The Explorer Plate is somewhat larger than 
the Gorda Plate (200 km) although the width of 
the fault can also be estimated at 100 km. 
Rogers estimates a vertical displacement of 
2.0 m (maximum Wyss magnitude of 8.5). 
Riddihough (1984) estimates that this plate is 
subducting at a much slower rate than the Juan 
de Fuca Plate (as low as 2 cm/yr) although it 
is not clear what this means in terms of its 
potential for subduction earthquakes. 

The Juan de Fuca Plate is on the order of 
800-900 km long. It is subducting at a rate 
of 4-4. 5 cm/yr. Of the three areas being 
examined, it is probably the one most likely 
to experience large subduction zone 
earthquakes. A rupture along the full length 
of the plate would produce a magnitude in the 
range of 9 .1. One difficulty with such an 
event, however, is that the rupture would have 
to 'turn the corner' along the Washington 
coast. Although this is not completely 
unreasonable, it would seem more likely that 
the plate would be subject to two separate 
ruptures, one in the northern half and one in 
the southern half. Either such event, given 
a length of roughly 400-450 km, would have a 
magnitude of roughly 8.8. Rogers (1988) 
estimates that the vertical displacement of a 
rupture in this region would be on the order 
of 18 m. 

In order to use the Mansinha-Smylie model, 
the dip angle of the fault plane and the depth 
of the fault must be specified. Heaton and 
Kanamori (1984) indicate that the Juan de Fuca 
Plate is dipping at approximately 10° below 
the North America plate. We will use this 
value for all of the events studied. For 
convenience, an arbitrary focal depth of 30 km 
was chosen. 

Contours of seafloor uplift, calculated 
using the Masinha-Smylie model were 
superimposed on contours of bottom topography 
(m) for each of the tsunami-generating source 
areas. In all cases, the model indicates that 
uplift will take place offshore with some 
subsidence on land. This is, of course, the 
typical pattern observed in such major 
subduction events as the 1960 Chilean 
earthquake and the 1964 Alaskan earthquake. 
Since the wave model does not attempt to 
simulate wave runup on dry land, no land-based 
subsidence is taken into account in the 
calculations. Because of difficulties 
involved in producing the 0.0-m uplift 
contours (due to a peculiarity of the plotting 
package used), only positive uplift values are 

shown. The plots are done in a rectangular 
coordinate space rather than in more 
conventional Mercator or Azimuthal 
coordinates. This does induce some distortion 
in the plots, but could not be avoided, since 
the contouring program used to generate the 
plots is not able to function in anything 
except rectangular coordinates. 

Although four source motions were described 
above, only three are considered here: the 
Gorda Plate, the southern end of the Cascadia 
zone, and the northern end of the Cascadia 
zone. The placing of the uplift pattern for 
the Explorer zone proved to be close enough to 
that of the northern end of the Cascadia zone 
that no additional information was derived 
from the Explorer simulation. Only the three 
distinct cases will be examined in detail. 

The bathymetric data were taken from the 
DBDB5 world bathymetry data base, obtained 
from the National Geophysical Data Center in 
Boulder, Colorado. This data base provides 
depth values for the world oceans at 5-min 
resolution in both latitude and longitude. 
This full resolution is used in the 
simulations. The Juan de Fuca Strait has been 
foreshortened because a separate model (the 
GFP model) was used to propagate the tsunami 
into the Juan de Fuca Strait and then into 
Puget Sound and the Strait of Georgia. 

The primary goal of this study is to 
examine the distribution of tsunami wave 
energy along the coast as the result of the 
various source motions. In order to 
accomplish this, a number of coastal recording 
points were assigned for the course of each 
simulation. These points usually correspond 
to the last ocean grid point in the model 
before a land boundary is encountered. 
Successive water elevation values at these 
points were monitored and the highest positive 
value calculated during the simulation was 
stored for later analysis. Simulations were 
run for approximately 4 model hours with a 
time step of 22. 5 s. The 4-h period was 
judged to be long enough to avoid excessive 
internal reflections from the rather irregular 
coastline, especially along Vancouver Island. 
The resolution of the model is coarse enough 
so that some of these reflections can contain 
numerical noise, especially in bays which are 
only one or two grid points wide. 

3. FORMULATION OF THE OUTER COAST MODELS 

The first tool needed is a set of equations 
to simulate the generation and propagation of 
the surface waves from their source to the 
threatened coastal areas. It is quite 
probable that the full detail of the tsunami 
generation in the locality of the source can 
only be completely described by nonlinear 
equations of motion which take into account 
not only the gravitational and advective 
forces acting on the sea surface but also 
bottom friction, vertical accelerations, and 
higher order forces. Two problems with 
simulations based on such equations make them 
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less attractive than mathematical rigor might 
imply. One is that the numerical solution of 
such equations tends to be quite time
consuming and expensive (in terms of machine 
time and, when applicable, dollars). This 
problem can, of course, be overcome by using 
large, fast machines and having a large 
computer budget. The second, more fundamental 
problem is that no one has yet been able to 
sufficiently verify that the use of fully 
nonlinear equations provides any significant 
improvement over more simple, linear or, at 
best, weakly nonlinear equations. The data, 
in the form of easily replicated, well
constrained, historical observations simply 
are not available. The useful, though 
undocumented, rule-of-thumb in the tsunami 
modelling community is that linearized models 
probably depict correctly up to 90% of the 
detail of tsunami behaviour. For this reason, 
the equations used in this study are derived 
from the linear equations of motion and 
continuity for long ocean surface waves. The 
only nonlinear terms included in the equations 
concern the bottom friction which acts on the 
waves as they propagate. 

The model used in this study was originally 
developed to simulate the behaviour of storm 
surges as they propagate onto the continental 
shelf. The model was developed at Texas A&M 
University in the 1970's but was never 
documented (R.E. Whitaker, personal 
communication). The model is set in the 
coordinate system of a spherical earth, which 
makes it ideal for studying propagation of 
waves over long distances (such as the 5-10° 
of latitude which encompass the Cascadia 
subduction zone). The simulation grid is laid 
out along lines of latitude and longitude, and 
grid spacing is in minutes rather than 
kilometres, as would be the ·case in a 
Cartesian coordinate system. Because of the 
long distances covered, Coriolis forces are 
taken into account in the equations. 

The numerical model used in this study is 
base don the inviscid, vertically integrated, 
linear equations of motion for the propagation 
of long waves (Le., waves whose length, >., is 
much larger than the depth, h, of the water in 
which they propagate). These equations, in 
spherical coordinates, are 

atu - fV + ghR-1a8,, = o (2) 

atv + fU + gh(R sin IJ)-1 a8,, = 0 (3) 

8t(h + 'I) + (R sin IJ)-1 [8;V + 86 (U sin IJ)] - 0 
(4) 

with 

u- r 'il dz, (5) 

and 

v - J: v dz. (6) 

Note the lack of a vertical velocity 
component, w, implying neglect of vertical 
accelerations. Note also the presence in (4) 
of a ath term. This is the term through which 

time-varying bottom displacements generate sea 
surface deformations. 

The variables in these equations are 
defined as: 

U - horizontal transport in the southward 
(IJ) direction per unit width, 

V - horizontal transport in the eastward 
(~) direction per unit width, 

t - time, 
f =Coriolis parameter (f = 20cos/J, 

where 0 angular velocity of the 
earth), 

g acceleration due to gravity, 
h - depth of water below MSL, 
R - radius of the earth, 
'I - displacement of the free surface from 

mean sea level (MSL) 
z = 0 at MSL, 
~-longitude measured eastward from 0° at 

Greenwich. 
/J - co-latitude i.e., measured from 0° at 

the North Pole. 

The notation ax denotes partial differentia
tion with respect to the subscripted variable. 

Numerical solutions to Equations (2 to 4) 
are obtained by using a finite-difference 
analog to these continuum equations. The code 
used is a modified version of a model 
originally developed to simulate the 
propagation of storm surges in coastal waters. 
The fact that it has been proven useful in 
shallow water simulations makes its 
application in this project quite attractive. 

The general approach used in the model is 
to integrate Equations (2) through (4) over 
time using the multi-operational, alternating 
direction implicit (ADI) algorithm. A 
staggered computational mesh, is used in the 
numerical model formulation. At each cell, 
'li,j at time n8t is the average anomaly over 
the cell area centered at i~~. j~/J where ~t 
is the time increment and ~~. ~/J are 
increments in longitude and latitude, 
respectively. The transport V1 ,j is taken at 
the centre of the left-hand face and U1 ,J is 
taken at the centre of the lower face. The 
depths are defined at the same locations as 
the 'I'S. 

Two types of boundaries occur along the 
edges of the model grid: shoreline boundaries 
and open-ocean boundaries. Different boundary 
conditions are applied in each case. 

Since, in this study, we are not concerned 
with predicting coastal runup and inundation 
zones, we can require that waves striking the 
coasts be fully reflected. This can be 
expressed, in terms of the velocity component 
perpendicular to the shore, as 

Un = 0 at land boundaries. (7) 

Setting the normal component of velocity to 
zero at the coastal boundary implies that no 
wave energy crosses the shore onto dry land. 
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At open-ocean boundaries (that is, when the 
region defined by the model grid ends not on 
dry land but in water) we require that wave 
energy approaching the boundary from within 
the model area pass through the boundary 
without reflection. This is referred to as a 
radiation-type condition. One way that it can 
be expressed is 

Here, c is the wave phase speed approximated 
by c = [g(h + 71) )~. and 6 is the angle of 
incidence between the direction of wave 
propagation and open boundary. 

The boundary condition expressed in (8) is 
satisfactory as long as the angle of incidence 
of the outgoing waves is known. If the 
outgoing waves are plane (i.e., the wave front 
has no curvature), then it is possible to 
determine 6 quite readily. In the situation 
being modelled, however, the waves are not 
plane. Instead, they spread radially outward 
from the source zone and still have a definite 
curvature when they cross the open boundary. 
Reflected waves from the land/sea boundaries 
also add to the confusion. Techniques for 
calculating the angle of incidence at every 
point along the boundary at every time step 
would wind up taking more computation time 
than the finite-difference calculations 
themselves (Bennett, 1976). 

A technique for taking into account the 
radially spreading nature of the waves leaving · 
the source area was developed by Mungall and 
Reid (1978). The assumption is that the waves 
can be considered to be radiating outward from 
the point source and that each open ocean 
boundary point is located a distance rb from 
that point. Then the radiation condition can 
be expressed as 

(9) 

Where U~ is the outward transport in a radial 
direction. The time integral on the right
hand side takes into account the spreading of 
the wave front. Mungall and Reid showed that 
this condition could be used effectively even 
if the origin of the waves is not a point but 
a well defined region. Hebenstreit et al. 
(1980) used this boundary condition in their 
study of tsunami interactions in the Hawaiian 
Islands. 

4. EARLY EARTHQUAKE SIMULATIONS FOR 
THE OUTER COAST 

4.1 Gorda Plate Case 

The results from the Gorda Plate simulation 
are, in many ways, typical of the results from 
all of the simulations made in this study. 
The extreme wave heights are found along the 
coastal zones within the source uplift zone, 
while the elevations tend to taper off 
(although not uniformly) to the north and 
south of the immediate area of the uplift. A 

total of 45 coastal recording points were used 
in the simulation. One useful procedure for 
measuring relative tsunami threat is to 
identify those sections of the coast which 
receive wave energies which are higher or 
lower than the mean level of energy (as 
depicted by wave elevations) seen along the 
coast. This procedure accomplishes two 
things: it keeps the discussion in relative 
terms and it avoids the appearance of wave 
height predictions. This latter point is 
especially important in a study such as this, 
which is based on hypothetical source motions. 
The results showed that the distribution of 
maximum values is by no means regular. It is 
quite possible to have wide variations from 
one coastal point to the next. This is fairly 
typical of this type of simulation and is 
physically realistic. The local bottom 
topography tends to play a major role in the 
distribution of energy in a case like this, 
with some short sections of coast amplifying 
incoming energy, while others dissipate it. 

The segment of the coast near Crescent 
City, California and southern Oregon receive 
the highest levels of energy in this 
simulation. This is, of course, in line with 
the extreme wave activity observed at Crescent 
City during historical distantly-generated 
tsunamis, especially when contrasted with 
coastal locations to the north. To much can 
be made of this similarity, however, since it 
does lie within the source zone. 

4.2 Cascadia South Case 

A total of 75 coastal recording stations 
were used in this simulation. Again, as in 
the Gorda Plate simulation, the extreme values 
are found along the coast within the source 
region. The entire coast from mid-Oregon to 
central Washington (Grays Harbor and north) 
receives wave energy higher than the overall 
mean for the coast. note that the mean value 
for this simulation is just below 6.0 m, so 
that even the locations below average receive 
wave heights on the order of 2.0 m and higher. 
It seems clear that a closer study of specific 
areas along this coast should be undertaken. 

The results reinforce the impression of a 
general spreading out of the tsunami energy 
within the source zone. Note that above 
average values occurred in central Washington, 
although the main concentration lies farther 
south. 

4.3 Cascadia North Case 

The uplift pattern for this case faces most 
of the coast of Vancouver Island although the 
model grid extends to southern Washington. 
The coast of Vancouver Island is highly 
irregular, being laced with fjordic inlets 
along most of its length. The model 
topography is not capable of resolving all of 
these inlets although a number of the major 
ones·, such as Barkley Sound (at about 48°50'N) 
and Nootka Sound (at about 49°15'N) are 
included. Although a portion of Queen 
Charlotte Strait does appear in the model 
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bathymetry, no attempt to model waves entering 
that area was intended in this study. 

Here, 100 coastal stations are monitored. 
Even though the initial uplift pattern was 
essentially the same as that used in the 
Cascadia South case, the mean value of maximum 
calculated elevations is over. 

5. CONCLUSIONS 

The conclusions to be drawn from this type 
of study are fairly straightforward, at least 
at first glance. If the sizes of the 
earthquake sources used in the simulations are 
realistic, then the portions of the North 
American coastline falling within the source 
regions are highly susceptible to destructive 
tsunamis . This seems to be true for the 
entire coastline along the Cascadia subduction 
zone since no major 'shadow zones', which may 
be protected from waves due to offshore 
topography, were apparent in the simulations. 

Because of the hypothetical nature of the 
choice and specification of these sources, we 
cannot in any way begin to examine issues such 
as how high the waves would be or how long 
they would persist. However, a study such as 
this does open the doors to a well
established, easily controlled form of study 
for examining specific target areas. Now that 
it is clear that the entire coast can be 
considered subject to a local threat, rather 
than just specific localities, more detailed 
studies of individual areas can be undertaken. 
For example, once a specific areas has been 
chosen for study, detailed simulations can be 
developed based on the cases studied here. A 
series of calculations, covering a wide range 
of possible source magnitudes and the 
resulting tsunamis, can be performed to assess 
the range of threats facing the area. These 
can range from the worst-case, catastrophic 
tsunami to a smaller, but still locally 
dangerous event. A catalogue of risk levels, 
base on the land use patterns of the target 
area, can be developed for future planning. 

The results of this study also raise a 
number of technical issues that can be 
addressed in the future. One question is why 
it appears that the dominant energy 
distributions are more or less confined to the 
immediate source area. In other tsunami-prone 
areas of the world, most notably southern 
Chile, wave energies have followed a somewhat 
different pattern in which secondary 
concentrations of energy have been found at 
some distance north of the immediate source 
zone (Hebenstreit and "Whitaker, 1981). The 
wave elevations in these sec9ndary zones are 
usually noticeably higher than those seen in 
the intervening coastal areas. It is possible 
that the simulations used in this study did 
not span enough of the coastline to allow for 
the development of these secondary 
concentrations. 

A second issue concerns the behaviour of 
the waves in the many inlets that dot the 

western coastline. As stated at the 
beginning, the simulations were not designed 
to address these types of detailed questions, 
and yet they do have a bearing on the level of 
tsunami threat posed to the coast. If the 
inlets act as amplifiers for the incoming 
energy, then even relatively small tsunamis 
could prove quite destructive. 
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MODELING TSUNAMI FLOODING 
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Abstract 

Tsunami waves and their interaction with local 
topography were numerically modeled using the SWAN 
code which solves the shallow water long wave 
equations. New flooding and graphics capabilities 
have been . added to the code. The SWAN code was 
used to model the interaction of waves with a site 
of well documented topography near the Mauna Lani 
Resort on the South Kohala Coast on the Island of 
Hawaii. The calculated results agree with the results 
obtained using the procedures developed and applied 
for flood insurance purposes by the U. S. Army Corps 
of Engineers and the recent JIMAR study at the 
University of Hawaii of tsunami evacuation zones for the 
site. Flooding may be modeled for complicated three
dimensional topography using the SWAN code. 

Tsunami Hazard Evaluation 

The magnitude of the tsunami hazard at any land 
site depends on the expected extent of inundation of 
the land by tsunamis at the site, expected water depths 
and velocities within the inundation zone, and the 
exposure of persons and property within the potential 
inundation zone. There is no definite upper limit to the 
power of tsunamis approaching a coastal site. Tsunami 
hazard must be expressed in terms of expected average 
recurrence intervals or frequencies. What is expected 
in the future can be judged only on the basis of what 
has occurred in the past. The power of tsunamis that 
have approached the coast can be estimated from the 
extent of inundation and the runup heights on land. All 
estimates of tsunami hazard are site-specific and based 
on runup heights of historic tsunamis. 

In the last decade procedures have been developed 
and applied for flood insurance purposes by the U. 
S. Army Corps of Engineers[l]. These procedures 
built upon historical wave height data,compiled at the 
University of Hawaii and utilized a numerical model 
to synthesize the maximum tsunami wave crest as a 

function of frequency of occurence. This information 
was used to develop the inundation maps as part of a 
National flood insurance program. 

The resulting highly synthesized wave heights from 
the flood insurance program with additional historical 
inputs provide reasonably authentic worst-case tsunami 
wave heights as a function of frequency of occurence. 
Usually the wave heights fall within the envelope 
of the 1946, 1957 and 1960 tsunami events. To 
determine the tsunami evacuation zones the wave is 
then "runup" on the shore at selected points using a 
one-dimensional model described by Bretschneider and 
Wybo in reference 2 and Cox in reference 3. Critical 
factors in the inundation calculation include accurate 
topographic information and surface roughness. A 
contour line is drawn between points thus generated, 
representing the maximum probable inundation. Where 
possible it is compared with historical inundation 
information, flood insurance map lines and adjusted if 
warranted. 

The study site chosen was a region with well 
documented topography near the Mauna Lani Resort 
on the South Kohala Coast on the Island of Hawaii. For 
the study site, the 200-year tsunami wave height 200 feet 
inland was estimated by Curtis and Smaalders[4] to be 
10 feet using the techniques described. This corresponds 
to a wave height of about 8.5 feet above mean sea level 
at the shoreline and a wave height of 8.1 feet in 30 feet 
of water. This results in a wave amplitude (peak to 
trough) of 16.2 feet which is expected to occur once in 
every 200 years or has a 0.5 percent chance of being 
equalled or exceeded this year or any other year. Such 
a wave will result in 10 feet inundation at the site using 
the standard one-dimensional runup model for a surface 
roughness Manning "n" of 0.0325. 

The surface roughness for typical Hawaiian terrain is 
described in reference 2 and 5. A Manning "n" of 0.0325 
corresponds to a roughness characteristic of lava and 
grass with isolated trees. An "n" of 0.04 corresponds 
to many trees, boulders and high grass. The maximum 
inundation changes by only 30 feet out of 400 over this 
range of the roughness parameter in the site region. 
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Roughness in the numerical model in the SWAN code 
is described using the De Chezy friction model. The De 
Chezy coefficient depends not only on the bed roughness 
but also on the depth. The De Chezy coefficient is 
related to the Manning "n" by the depth to the 1/6 
power. While not directly comparable, for the depths 
in the site region a De Chezy friction constant of 50 
results in about the same friction effect as a Manning 
"n" in the 0.03-0.04 range. 

The Numerical Model 

The tsunami waves and their interaction with the 
study site topography were numerically modeled using 
the SWAN code which solves the shallow water long 
wave equations. It is described in detail in the 
monograph Numerical Modeling of Water Waves [6] . 

The long wave equations solved by the SWAN code 
are 

and 

an a(D + H - R)Uz a(D + H - R)Uy - aR - 0 
at+ ax + ay at - ' 

where 
Ux = velocity in x direction {i index) 
Uy = velocity in y direction (j index) 
g = gravitational acceleration 
t =time 
H = wave height above mean water level 
R = bottom motion 
F = Coriolis parameter 
C = coefficient of DeChezy for bottom stress 
p(z), p(y) = forcing functions of wind stress and 

barometric pressure in x and y direction 
D =depth. 

As described in the monograph, the SWAN code has 
been used to study the interaction of tsunami waves 
with continental slopes, shelves, bays and harbors such 
as Hilo harbor. 

The SWAN code has been used to study the 
interaction of tsunami waves with continental slopes 
and shelves, as described in reference 7. Comparison 
with two-dimensional Navier-Stokes calculations of the 
same problems showed similar results, except for short 
wavelength tsunamis. 

The SWAN code was used to model the effects of 
tides on the Musi-Upang estuaries, South Sumatra, 
Indonesia, by Safwan Hadi. 8 The computed tide 
and water discharge were in good agreement with 
experimental data. 

The SWAN code was used to model the large waves 
that were observed to occur inside Waianae harbor 
under high surf conditions in reference 9. These waves 
have broken moorings of boats and sent waves up 
the boat-loading ramps into the parking lot. The 
numerical model was able to reproduce actual wave 
measurements. The SWAN code was used to evaluate 
various proposals for decreasing the amplitude of the 
waves inside the harbor. From the calculated results, 
it was determined that a significant decrease of the 
waves inside the harbor could be achieved by decreasing 
the harbor entrance depth. Engineering companies 

used these results to support their recommendations for 
improving the design of the harbor. 

The effect of the shape of a harbor cut through 
a reef on mitigating waves from the deep ocean was 
studied using the SWAN code in reference 10. It was 
concluded that a significant amount of the wave energy 
is dissipated over the reef regardless of the design of 
the harbor. The reef decreased the wave height by a 
facto.r of 3. The wave height at the shore can be further 
decreased by another factor of 2 by a "V" -shaped or 
parabolic bottom design. 

Other examples of applications of the SWAN code 
are presented in reference 11. They include the wave 
motion resulting from tsunami waves interacting with 
a circular and triangular island surrounded by a 1/15 
continental slope and from surface deformations in the 
ocean surface near the island. The effects of a surface 
deformation in the Sea of Japan similar to that of the 
May 1983 tsunami was modeled. The interaction' of a 
tsunami wave with Hilo Bay was described. 

The SWAN code was used to model the effect of 
wind and tsunami waves on Maunalua Bay, Oahu as 
described in reference 12. The model reproduced the 
observed wave behavior at various locations in the bay 
for a 4 foot south swell with a 15 second period. A study 
was performed of the effect of an enlarged and deeper 
channel. The code was used to model the interaction 
with Maunalua Bay of waves outside the bay having 
periods of 15, 30, 60 seconds and a tsunami wave with 
a 15 minute period. Wave amplitudes of 1 to 6 feet 
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were considered with tides from mean lower low water 
to high tide (a 1.8 foot range). The same wave profiles 
within 10% were calculated at various locations studied 
throughout the bay for the current and the proposed 
bay with a larger and deeper entrance channel. The 
small difference between the current and the proposed 
bay varied with the wave period. The largest difference 
was found for the 30 second wave. 

The 15 minute period tsunami wave doubled in 
amplitude as it passed over the bay and was highest at 
high tide. Severe flooding in the regions near the shore 
line was predicted. The tsunami effects were unrelated 
to channel configeration. , 

The calculated wave behavior at any location in 
the bay was a strong function of the entire bay 
with a complicated and time varying pattern of wave 
reflections and interactions. 

Application of the Numerical Model 

The SWAN code was used to model the interaction 
with the study site on the South Kohala Coast on the 
Island of Hawaii of waves having 15 minute and 30 
minute periods. The waves were directed parallel to 
the shoreline for maximum effect. The tsunami wave 
amplitude (peak to trough) in 30 feet of water was 16.2 
feet which is expected to occur once in every 200 years or 
has a 0.5 percent chance of being equalled or exceeded 
this year or any other year. Such a wave will result 
in 8 to 10 feet inundation at the site. The effect of 
roughness of the terrain on the flooding was described 
using a De Chezy coefficient of 50 which is equivalent to 
the Manning "n" of 0.0325 to 0.04 used in the JIMAR 
and flood insurance programs. 

The space resolution in the numerical model grid was 
50 feet. The numerical calculations were performed at 
0.5 second intervals. The calculations were performed 
on an IBM PS /2 Model 80 computer using a special 
version of the SWAN code that includes flooding and 
the new Mader Consulting Co. graphics package called 
MCGRAPH. A calculation required 1 to 6 hours of 
computer time. 

The picture and line contour plots of the topography 
for the site are shown in Figure 1. The interaction 
of the 200-year tsunami with the site topography is 
shown in Figures 2 and 3. The picture and line contour 
plots show the ocean flooding the land to the 9-10 foot 
level and inundating the land between 300 and 400 
feet from the shoreline. These results agree with the 
results obtained using the procedures developed and 
applied for flood insurance purposes by the U.S. Army 
Corps of Engineers and the recent JIMAR study at the 
University of Hawaii of tsunami evacuation zones for 
the region. We conclude that flooding may be modeled 
for complicated three-dimensional topography using the 
SWAN code. 
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Fig. 1 The site topography showing the area above and below sea level. The contour 
interval is 1.18 feet. 
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Fig. 2 The ocean surface and land topography at O, 113 and 225 seconds (time 
of maximum tsunami amplitude). The ocean surface contours change color 
according to the surface height. Flooding to the 9-10 foot level is shown. The 
contour interval is 1.18 feet. 
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COMPUTER GRAPHICS FOR THE STUDY OF 
TRANSOCEAN IC PROPAGATION OF TSU NAM IS 

F. Imamura*, T. Nagai**, H. Takenaka**, N. Shuto* 
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**Tech. Res. Inst., OHBAYASHI Corp., Tokyo, JAPAN 

ABSTRACT 

The 1952 Kamchatka tsunami and the 1960 

Chilean tsunami are simulated in the whole 

Pacific Ocean. Agitation of the ocean after 

passage of the major part of the tsunamis is 

shown well through a computer-graphics-aided 

animation. 

1.INTRODUCTION 

According to historical data, tsunamis are 

generated, once in 1.5 years on an average 

along the fringe of the Pacific ocean. 

Although numerical simulations have been 

considered a useful means to understand the 

analyse the movement and propagation of 

tsunamis in the Pacific Ocean, an ordinary 

computer could not be used, because of its 

insufficient speed of computation and limited 

size of memory. A super computer gives 

satisfactory solutions, if its ability of 

vector operation is fully used and if a new 

numerical technique is introduced to reduce 

the CPU time and memory size. 

A super computer creates, a huge amount of 

information, only a few of which has been used 

in the analyses in past. If used in an 

animation visualized with the aid of computer 

graphics, all the computed results vividly 

reproduces a tsunami. An animation is useful 

for a better understanding. Sometimes it leads 

us to new findings. The present paper 

discusses first the new technique to reduce 

the computing time and memory on keeping the 

accuracy of computation. Second, two tsunamis 

are computed with this technique. Third, the 

system for graphics is stated. 

2. NUMERICAL MODEL 

2.1 Numerical Dispersion 

According to Kajiura(1970), the 

dispersion effect is not negligible in the 

leading waves in the transoceanic propagation 

of tsunami. The linear Boussinesq equation 

with the Coriolis force, therefore, should be 

used in numerical simulations of tsunami 

propagation in the ocean. Then, even with a 

super computer it is difficult to meet this 

condition because the dispersion term which is 

partial differential term of the third order 

requires a huge computing time. 

An alternative to the linear Boussinesq 

equation is the use of the numerical 

dispersion term which is inevitably introduced 

in the discretized linear long wave equations. 

Provided that the linear long wave equations 

are discretized with the Staggered leap-frog 

scheme, the first term of the discretization 

error has the same effect as the physical 
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dispersion term if the following ratio takes a 

value close to unity [Imamura and Shuto,1989). 

R. D. =) numer~cal dispersion 
physical dispersion 

4X~ (1) 
2h 

where AX; spatial grid length, At; time step 

size, K=CoAt/4X; the Courant number, Co; 

celerity of the linear long waves, h; water 

depth. 

2.2 Governing Equations 

Set of equations of the linear long wave 

theory is given as follows in the latitude-

longitude coordinate system, with the Coriolis 

force included. 

.211 + at 
aM 
at + 

3N + 
at 

0 

(2) 

where ct> and ;\.; latitude and longitude, R; 

radius of earth, 71; elevation of water 

surface, M and N; discharge in the direction 

of A and q,, respectively, f; Coriolis 

parameter. 

An example of the effect of the numerical 

dispersion is shown in Figure 1, in which of 

the water surf ace elevation are compared for 

the 1964 Alaska tsunami at 3. 5 hours after 

its generation. The upper figure is the result 

with the linear long wave equations with the 

R. D. value of 1.1 and the lower the result 

with the linear Boussinesq equation. Except 

for a small region along the Aluetian Islands, 

results coincide well with each other. 

2.3 Grid length and CPU Time 

In order to carry out the computation of 

high quality, ·the following three condition 

should be taken into consideration, provided 

that Eq.(2) are discretized with the staggered 

leap-frog scheme. The first is to use the 

numerical dispersion as discussed above, the 

Linear long wave equation (6x•5',R.D.•l.l) 

t----l---+--l--4°-=0!\"'.--+---+--~---l 2o•N 
Bavait Is. 

Linear Boussinesq equation (6x-5') 

t---t---+--l----+0-0~"'......-+---+---l,__--l 20•N 
HavaUb. 

Fig .1 Contours of water surface elevation at 

3.5 hour for the 1964 Alaska tsunami 

second not to deteriorate the computed wave 

profile and the last to ensure the stability 

of computation. 

1. R.D. value = 1.0 

2. 4X/L < 1/20 - 1/30 

3. CoAt/4X < 1.0 

where L; length of the major wave component. 

Corresponding to At=lO or 20 seconds, the 

spatial grid length is selected as 5' for 

4,000m (R.D.=1.1) or 10' 

(R.D.=1.56). 

for h=5,000m 

With its vectorization function, a super 

computer reduces the 

compared with the 

CPU time to 1/100 

ordinary high-speed 

computer. The linear long wave equations 

requires 1/4 the CPU time and half the memory 

size compared with the linear Boussinesq 

equation. 
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3. SIMULATION FOR DISTANT TSUNAMIS 

3.1 The 1952 Kamchatka tsunami 

Table 1 gives the fault parameters of the 

earthquake, from which the initial profile of 

the tsunami is calculated in a usual way. 

Figure 2 is a series of the bird's-eye 

view of the water surface elevation at one-

hour interval. The direction of dominant 

energy propagation is normal to the long axis 

of the earthquake fault. On the continental 

shelf along the Aluetian and Kuril trenches, 

a part of tsunami energy propagates as edge 

waves. 

The tide records and computed results are 

compared at Kushiro, Hokkaido, Japan as the 

time series 

spectra in 

in Fig.3(a) 

Fig.3(b). 

and as the 

From the 

power 

latter 

comparison, it is evident that the frequency 

components higher than 10 min. are not 

adequately reproduced in the numerical 

simulation. This is due to two reasons. First, 

the spatial grid length in the computation is 

not fine enough to reflect the effect of the 

local topography. Second, the shallow water 

theory should be used in the nearshore zone. 

WATER LEVEL(m} 

WATER LEVEL (m) 

1.00 

0. 50 

KUSH I RO, JAPAN Tidol Record 

COtll'uted Results 

0.62 

o. oo +-~~tdAioJ;ti~~NM,l\MIWll-p..11,.~MlfW.~~~~ 
-0.50 

-1.00 

Fig.3a Comparison of tide record with computed 
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Fig. 2 Bird's-eye views of the 1952 Kamchatka 

tsunami 
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Fig.3b Comparison of power spectra between the 
result at Kushiro,Japan for the Kamchatka 

computed result and measured at Kushiro, 
tsunami 

Japan for the Kamchatka tsunami 
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3.2 The 1960 Chilean tsunami 

This is on~ of biggest tsunami in the 

Pacific Ocean. Figure 4 shows the position of 

the tsunami front at one-hour interval. At the 

beginning, the tsunami spreads nearly 

circularly around its source. Near and beyond 

the Hawaiian Islands, the tsunami is affected 

by topography makes it change its direction of 

propagation toward Japan and Kamchatka. 

Another topographical effect is the trapping 

of the tsunami around islands. 

Figure 5 shows the share of propagating 

and trapped energy. The continental shelf of 

South America traps 40% of the tsunami source 

energy. Then Polynesian, Hawaiian and other 

islands cause the decrease of the propagating 

tsunami energy by trapping and reflection. As 

a result, 25% of the original energy arrives 

at Japan. The fact that the tsunami is 

reflected and entrapped by islands is well 

understood with the aid of an animation 

described below. 

Fig.4 Propagation pattern of the wave front of 

the 1960 Chilean tsunami 

(%) 

100 Polynesia---------, 

Overall agreement of the computation is 

evaluated in terms of Aida's K and " values 

80 

60 
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4 8 12 

Hawaii 
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16 20 24 
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[Aida,1978]; the geometric mean of the Fig.5 Change in shares of tsunami energy with 

the travelling time 

Table 1 Parameters of fault models of distant 

tsunamis 

Length Width Depth Dip direction Dip angle Dislocation Slip angle 

650km 200km 30km N34° E 30° 5m 110° 

800km 200km 53km 

500km 300km 20km 

10° 24m 

7m 

90° 

66• 

upper; 1952 Kamchatka, middle; 1960 Chile, lower; 1964 Alaska 

Table 2 Aida's K and " in the Pacific ocean 

Arrival time First wave height Maximum wave height 
K I( K I( K I( 

South Amer. 1. 6 0 1. 5 6 1. 0 5 1. 3 5 1. 60 1. 6 9 
Middle Am er. 1. 0 7 1. 0 4 1. 01 1. 6 4 1. 1 5 2. 0 1 
North Amer i. 1. 0 7 1. 0 5 1. 2 4 1. 6 2 0. 7 7 2. 6 1 

Alaska 1. 0 0 1. 14 1. 10 1. 44 0. 7 8 1. 4 8 
Hawaii&Polyn. 1. 0 2 1. 0 6 0. 6 9 2. 2 0 0. 5 4 2. 7 7 
Austral ia&N. Z. 1. 12 1. 0 5 0. 9 5 1. 7 5 0. 4 2 2. 2 2 
Micronesia 1. 0 6 1. 0 3 0. 6 2 1. 8 2 0. 8 5 1. 6 4 
Phi 11. &Taiwan 1. 10 1. 0 4 0. 5 6 1. 2 3 0. 9 2 2. 8 9 

Japan 1. 0 8 1. 0 4 0. 6 0 2. 81 0. 6 6 1. 4 9 

Total Average 1. 11 1. 21 0. 9 3 1. 9 1 0. 7 8 2. 44 
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measured-to-computed tsunami characteristics 

and the corresponding deviation. Table 2 

summarizes the result for each and whole 

regions. The arrival time, for which K and ~ 

are 1.11 and 1. 21, is simulated reasonably 

well. For the first and maximum wave heights 

, the averaged values of Kare 0.93 and 0.78, 

suggesting that · the total tsunami energy is 

reasonably well. On the other hand, values of 

~, 1. 91 and 2. 44, suggest that the original 

energy distribution had better be corrected. 

For the further detailed study, the shallow 

water theory and the finer grid length are 

required in the nearshore zone. 

4. COMPUTER GRAPHICS 

A full use of the computed data can be 

possible through editing the data into 

animation. There are several ways of 

presentation. 

The simplest expression is an animation of 

the sequence of contours of water surface 

elevation such as shown in Fig.1. If colours 

are assigned to particular values of the water 

surface elevation, an animation becomes easier 

to be understood. When the transoceanic 

propagation is discussed, this kind of 

animation is good enough for an overall 

understanding of a tsunami in the wide whole 

ocean. Among several phenomena, tsunamis 

entrapped around islands are very clearly but 

only qualitatively shown by this kind of 

animation. After the passage of the major 

portion of a tsunami, the whole ocean is 

agitated long by reflection ·and trapping by 

islands. When the area of concern is very 

wide, this kind of animation is better. 

An animation of pictures in the bird's-eye 

view like Fig.2 supplies more quantitative 

informations. It gives a good presentation of 

the major tsunami energy, if well designed 

with a properly selected view angle. On the 

other hand, water surface disturbances left 

behind the major is not expressed well in this 

kind of animation, because the wave height is 

not large and the wave pattern is very 

complicated. In addition, tsunamis which enter 

the sheltered areas such as behind peninsulas 

are not expressed well. The view angle should 

be changed in this case. When the area of 

concern is very wide, this kind of animation 

is only useful to understand the major 

movement of a tsunami. 

If the area of concern is not wide, an 

animation in the bird's-eye view is one of the 

powerful means not only to understand but also 

to find the movement of a tsunami under the 

strong effect of local topography. 

Figure 6 summarizes the flow from the 

computation to the final output, video tape. 

It consists of three stages. The first stage 

is the numerical computation. A super computer 

(NEC SX-lEA) was used. The results were once 

stored in discs. The local net work (Insernet) 

was used to transport the stored records to 

the work station (SUN 4/260) which is for 

the second stage to interpret the computed 

results to picture images with assigned 

colours. The results of the second stage were 

also once stored in discs. The last stage was 

the recording. Each scene was picked up from 

the discs of the second stage, displayed with 

Super Computer 
(NEC SX-lEA) 

Work Station 
(SUN 4/260) 

R.G.B. 

Frame Scan Converter Recording 
(FSC-6400EZ) System 

Video Cassette Recorder 

Fig.6 System and flow of the computer-graphics 

-122-



the aid of the frame scan converter (FSC-

6400EZ) and recorded on video tapes. 

The CPU time to r~produce 40 real hours 

for the 1960 Chilean tsunami was 31 min. 27 

sec. with NEC SX-lEA, with the time interval 

~t=lOsec. . For computer graphics, 6 pictures 

per 1 real hour, i.e., 240 pictures in total, 

were selected. It took 1 min. to colour a 

picture with the aid of SUN 4/260. In the 

animation, 240 pictures were shown in 24 

seconds in total. 

5. CONCLUSIONS 

The propagation of two tsunamis in the 

Pacific Ocean is simulated with the linear 

long wave equations. On discretizing, three 

conditions are taken into consideration. One 

of them, the R. D. value (or Imamura number) 

ensures inclusion of the dispersion effect 

through numerical truncation errors. 

In case of the 1960 Chilean tsunami, 40% 

of the initial energy is entrapped on the 

continental shelf along South America and 35% 

of it is reflected by and entrapped around 

islands in the ocean. This causes the 

agitation in the whole Pacific Ocean after the 

passage of the tsunami. A computed-graphics

aided animation helps to show very vividly but 

qualitatively and understand this situation. 
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Abstract 

We estimated sources of tsunamis observ~d at tide stations along 
the Pacific Ocean of the northeastern Japan on Oct.29 and Nov.2, 
1989. The sources were determined by the use of refraction 
diagram method in the assumption of a simultaneous generation 
with the earthquake. In the next step we carried out numerical 
experiments on vertical displacement fields derived from fault 
models consistent with the sources as a first approximation and 
found the best fit model comparing the calculated waveforms with 
the observed ones by try and error method. 

The numerical experiments revealed some characteristic 
properties of these tsunamis. The first is a source location on 
the sea bottom topography corresponding to the turning points of 
equi-depth lines. The second is a rapid decrease of the maximum 
amplitude at an epicentral distance of about 300 km. The third is 
an observation of small negative wave preceding the main posi
tive wave, observed at tide stations near the source. This small 
initial wave of negative phase is explained by a thrust fault of 
low dip angle. 

Introduction 
Seismic activity increased at the north western part in the 

Pacicic Ocean off the Sanriku district of north east Japan from 
Oct~27 to Nov.30, 1989. In the period two biggest earthquakes 
generated tsunamis. It was reported by Japan Meteolorogical 
Agency that the former was an earthquake(M=6.5) having the origin 
time of 14h 25m on Oct.29(JST) and the epicenter of N39 34', El43 
47' and the focal depth of 20 km, and the latter was an 
earthquake(M=7.l) having the origin time of 3h 25m on Nov.2(JST), 
the epicenter of N39 50', El43 47' and the focal ~epth of 0 km. 
The former generated a very small tsunami which was observed at 
the Sanriku coast. On the other hand the latter generated a small 
tsunami, which was observed at the coast of Hokkaido and the San
riku coast. 
It is shown by Aida(l97B) that a numerical experiment is effec

tive to reproduce- the observed· waveforms of tsunami on the fault 
model. We can study characteristic properties of these tsunamis 
on the numerical experiment. 

Source determination 
We collected co~ies of tide gaie charts recording these tsunamis 

by mail. Assuming an simultaneous generation of tsunami with the 
earthquake we can obtain travel time of tsunami initial wave and 
initial wavefronts by an inverse refraction diagram method on a 
computer or compass. Identifying the initial wave with the begin
ning of rise in the main positive wave we obtain the initial 
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wavefronts as shown in Fig.1,2~ In these figures numerals accom
panying with the front lines correspond with station numbers as
listed in Table 1. A distribution of initial wavefronts obtained 
for the larger tsunami shows a mo~erate divergence. In general it 
tends for them to be determined inside with the increase of 
travel time. This tendency is related with the decrease of 
resolution due to the increase of travel time. As for the result 
it is remarkable that source regions were determined in the area 
in which equi-depth lines are not straight. In the source area of 
the former tsunami we can find a turning point of equi-depth line 
of 3000 m and in that of the latter tsunami we can find a curved 
equi-depth line of 2000 m. 
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Tsunami Travel Time (min) 
Obs.Station Oct.29 
Hanasaki 
Kushiro 
Tokachi 
Syoya 
urakawa 
Mutsuogawa:ra 46 
Hachinohe ·58 
Kuji 44 
Miyako 30 
Kamaishi 29 
Ofunato 35 
Miyagienoshima 
Ayukawa 
Soma 
Onahama 66 

Table 1 

Fau 
Nov.2 Paramete 

59 Length(k 
55 Width (k 
55 .Depth (k 
48 Dip angl 
47 Strike 
41 Dislocat 
53 Moment(x 
38 
25 
26. 

41 
53 
80 
69 
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) 
) 
(deg) 
(deg) 

ion(m) 
l026dyne ·cm) 

Table 2 

lplunt•• llf . 
e JMA 

Oct.29 
40 
20 
20 
30W 

N50E 
1 
2.4 

Nov.2 
70 
35 

1 
30W 

HSOE 
2.2 

16 



In the next time we seek a fault model explaining the collected 
wavefronts by try and error. The vertical displacement field is 
calculated on the assumed fault parameters((Mansinha and 
Smylie,1971). Pure dip slip is assumed. The obtained vertical 
displacement fields are shown with the fault planes projected on 
the ground surface in Fig.1,2. Fault parameters of the best fit 
model are shown in Table 2. 

Numerical experiment 
Numerical experiments were carried out on the vertical displace

ment calculated from the fault model. The basic equation is a 
linear long wave theory. The finite difference equation is used 
with grid interval of 5 km and time step of 10 sec. Starting from 
the initial conditions derived from the fault model as shown in 
Table 2, we obtained time histories of water level and particle 
velocity for 2 hours. , 

Reducing the astronomical tide from the original records we com
pared the observed waveforms with the calculated ones. The 
results are shown in fig.3,4. The fitness of calculated waveforms 
in the tsunami model on Nov.2 is better than that on Oct.29. The 
difference is related to the source size because the larger 
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source size is more exactly reproduced under the same grid inter
val. It is noticed that a tide gage installed outside the bay 
such as the station, Miyagi-enoshima(MIE), shows the observed 
record approximately fitting the model. This fact suggests that a 
reason of unfitness is found in the seiche excited in the neigh
borhood of tide stations. 

The maximum elevations for the tsunami on Nov.2, are shown in 
Fig.5. The figures shows an energy concentration to the Erimo 
Cape in Hokkaido and south part of the Sanriku coast in Honshu. 
It is considered that these concentrations preceded to an in
crease of decreasing ratio of the maximum amplitude observed with 
the ~picentral distance of 300 ~m. 

Thus we can explain tsunami sources with these models. Finally 
we mention negative waves preceding th~ first positive waves. We 
can point out the negative wave arriving before the arrival of 
the first positive waves in Miyako(MIY). This phase is charac
teristic to a thrust fault of low dip angle. The observation 
shows that the tsunami was generated by the thrust fault of low 
dip angle. 

We express our thanks to Japan Meteorological Agency, Maritime 
Safety Agency, Hokkaido District Development and Construction 
Bureau, The 2nd District Port Construction Bureau and Port Of
fices of Iwate, Miyagi and Fukushima Prefectures for sending 
copies of tide gage records and permitting us to use them. 
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Kata Bay, in Owase City, Mie 
Prefecture, was attacked by four huge 
tsunamis in 1707, 1854, 1944 and in 
1946. Detailed survey of inundation 
heights of those tsuriamis was made and 
found out that at some particular 
villages on the coast tsunami height 
was higher than that at another 
villages in the bay for every tsunami. 

The proper oscillation modes of the 
bay were numerically calculated by 
matrix method. It was clarified that, 
the places where inundation height 
becomes higher for every tsunami are 
just situated at the places of 
antinodes of fundamental or secondary 
modes of the proper oscillations of the 
bay. 

l.._ ln1.r.Q.Q.yg_1i2.n 

Kata Bay is located in Owase City, 
Mie Prefecture, on the south east coast 
of the Kii Peninsula, in the central of 
the Honshu Island, the mainland Japan. 
The mouth of the bay opens south to the 
Pacific Ocean. 

Huge earthquakes occurred in 1707, 
1854, and in 1944 in the sea region of 
south east off the coast of the Kii 
Peninsula, and accompanied with those 
earthquakes huge tsunamis were always 
generated. Those tsunamis are called 
'Hoei', 'Ansei-Tokai', and 'Tonankai' 
Earthquake-Tsunamis, respectively. As 
the bay stands just facing to the 
source area, severe damages took place 
for every tsunamis. 

In 1946 another gigantic earthquake 
called 'Nankai Earthqu~ke' occurred off 
the western coast of the Kii peninsula, 
and tsunami with height two or three 
meters hit the bay. 

Musha(1942 to 1949) collected old 
documents of historical earthquake 
tsunamis and published them in four 

170C[ Oi:TM•
0
2'r··,110l £C-]I l?O~ 

M=8.J 

1100 
I DEC-2c.. ie~~ , oec-n 11s1o 
I ,...,, 1· M•a .. 

1900[orc-2i •!!'-i D!C-1.1944 
I Ma&! I M280 
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AO 

Fig. 1 Diagram of earthquake-tsunamis 
in the southern sea area off Kanta, 
Takai, and Nankai districts since the 
14th century. Full lines show the 
extent of coasts heavily hit by 
tsunamis. Black circle with an arrow 
shows the location of Kata bay. In the 
present study we discuss the 1707 Hoei, 
the 1854A Ansei-Tokai, the 1944 
Tonankai, and the 1946 Nankai tsunamis. 

-128-



volumes of collected materials. 
Tsuji(1981) also collected and 
published newly discovered old 
documents of historical earthquakes in 
the district of the Kil Peninsula. 
Catastrophes of the historical tsunamis 
in the villages of Kata bay are 
described in some documents introduced 
on those collected materials. We 
selected the articles about Kata bay, 
and made measurement of the tsunami 
height in almost all villages on the 
coast of the bay. 

OWASE.,..-- TONANKA I 
@ 1944Xll 7 

Kuk I 

o~ 
2.~ 05:.9 

Kata ) ~ ~ 
4.6-~!._;0J y 

· 5•rn 

.'.,~ 
1 , ' ym 

OWASE ANSEl-TOKAI 
@ 1854 XI 23 

Fig. 2 Heights(m) of the 1707 Hoei, the 
1 8 5 '1 An s e i -To k a i , t h e 1 9 4 4 To n an k a i , 
the 1946 Nankai tsunamis in Kata Bay. 

i~ SYrY~Y Qf lnYil~giiQil tl~igh12 Qf 
Ui2i2ri~gl I2Yngmi2 in Kgig ~gy 

Survey of inundation height of 
historical tsunami along the coast of 
Mie prefecture had been made in first 
by Hatori(1978)[3J, but he did not 
enter the coast of Kata bay due to the 
limit of surveying days. 

In the present study, we stayed 
there for four days, made precisely 
identification of place names described 
in the old documents on the present 
maps of the residential area, collected 
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legends from old persons, and on the 
basis of those informations measured 
inundation height. 

Fig 2. shows inundation height of 
the historical tsunamis. Ka ta bay has 
shape of a cross inside. Kata and Sane 
villages are located on the innermost 
coast of the western branch bay, and 
Mikisato and Mikiura are situated in 
the northern and the eastern branch 
bays. 

Sea water climbed up to 10.6m, and 
9.6m at Kata village in the 1707 and in 
the 1854 tsunamis, respectively, and 
in contrast that, at Mikisato in the 
northern branch bay, height of only 5 
to 6 meters was recorded. Also in the 
eastern branch, tsunami height of only 
4.9 meters was of measured. 

As for the tsunami of 1944 and 1946, 
we obtained many direct witnesses from 
old inhabitants. Most of houses 
submerged in the bay in the time of the 
1944 Tonankai Tsunami and the 
distribution of inundation height is 
shown in Fig 2c. For this case also 
the highest tsunami was recorded at 
Kata village in the western branch bay. 

The 1946 Nankai Tsunami did not bring 
heavy damage to the villages. Only in 
the villages of Kata and Sane in the 
western branch bay sea water flooded in 
the residential area, and houses were 
submerged above the floor there. 

It should be noticed that, tsunami 
height was always in the maximum at the 
innermost part of the western branch 
bay. 

~~ g2lgyl2ll2n Qf Er22~r Q2glll2ll2n2 
in lnn~r !rnY 

Various types of numerical 
simulations of tsunami proppgation are 
made by many tsunamists. Most of them 
are the method of finite difference 
method in which the basic differential 
equations of motion in two directions 
and of mass conservation are re-write 
into difference equations and time 
integrations are made step by step in 
leap frog method. In the recent years, 
this type of calculation has been 
developed very precisely such that 
individual buildings are separately 
distinguish in the used grid scheme. 
Probably, uneven inundation height 
above mentioned can be numerically 
simulated by using powerful force in 
such a time integration by the leap 
frog method. 

But to see inundation height 
distribution as Fig 2, we may suppose 
that uneven height is essentially 
influenced by the prope1· oscillations 
of the inner bay. 

In the case that the shape of bay or 
lake is simplified such as one 
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dimensional channel, rectangle, or 
circle, it is easily to solve the 
eigenvalue problem and period and 
pattern of oscillation are analytically 
obtained. 

Hidaka(1931)[4J obtained the 
solution of oscillation of an elliptic 
bay with uneven bottom by using Ritz's 
method. 

Loomis(l966)[5J introduced a method 
of numerical analysis on bay or lake 
oscillations by solving eigenvalue 
problem of matrix. 

In the present study we use the 
Loomis' method, and obtained the 
solution of the eigenvalue problem of 
bay oscillation for Kata Bay. 

We assume that wavelength of tsunami 
is sufficiently long in contrast to 
depth of sea, and neglect the terms of 
non-linear, viscosity, and rotation of 
the Earth. We have the equation of 
tsunami propagation as, 

{)'J..,., 
· lJtl r:: gV • (HV.,.,) (1) 

where ?} is sea surface 
is acceleration of 
H<x,y>is depth, and 
V is two dimensional 
directions> one. 

displacement, g 
the gravity, 
nabla operator 
(in x- and y-

We also assume that 
periodically as J"/=zcxpiwt 
have 

changes 
then we 

-w1z = gV • (J/Vz) ( 2) 

We re-write (2) in difference style 
as, 

_ , .. _ __ g_{(ll;.; + 11;+1.;) . . +(II;,;+ H;:.1.;) . . 
w '•J - (A:)(Ay) 2 '•+IJ 2 '•-IJ 

+(H;.; + H;,;+1) + (H;.; + J/;,;-1) 
2 ZiJ+I 2 . ZiJ-l 

-(211 .. + H;+1j + H;-1,; + H;,;+1+Hi,j-1) . ·} 
IJ . 2 Zl,J ( 3 ) • 

where suffix i, and j is the orders of 
grid cells in x-, and y-directions. We 
make re-numbering grid cells in one 
dimensional with removing grid cells of 
land area, and re-write the suffix as 
1,2, ... k for z and H. k is the total 
number of the grid cells of sea region. 
Then (3) is deformed as 

Az a -w•z (z 5 CJ) 
(4) 

where A is a square matrix arranged the 
coefficients in (3) and has the size 
of k x k. 

Boundary condition for the 
coastline is given by assuming that 
wave is perfectly reflected there. On 
calculation we regard the coastline as 
a mirror, then the boundary condition 
is automatically satisfied. Thus we 
have, 
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a.,, 
an = 0 (5). 

As for the boundary condition on the 
mo~th of bay, Murty<1984)[6J proposed 
various typed ones. In the present 
study, we simply assumed that water 
level keeps zero on the open boundary, 
and so, 

7/ = 0 (6). 

This assumption is equivalent to 
that depth of the outside of the bay is 
assumed to be infinitive and that sea 
water can be supplied instantaneously 
in any amount. 
Actually depth of outside of the bay is 
finite, and sea waler can not be 
supplied instantaneously, and so, 
actual periods of individual mode 
oscillations would be slightly longer 
than those obtained numerical 
analytically. 

Only five non-zero value appears in 
each line of matrix A in (4) in 
maximum. All non-zero values are 
situated within the band with width of 
ilh~Jt , and so we need not keep full 
memory of k x k for expression of A. 
We can use Jacobi's eigenvalue 
calculation subroutine in band matrix, 
which is generally equipped at any 
computing center. 

We tried to make program in FORTRAN 
IV for personal computer PC-9801VXCNEC) 
and big sized computer of HITAC-280H in 
Earthquake Research Institute, 
University of Tokyo. It was clarified 
that as for the personal computer, 
limit of number of sea grid cells k is 
300, and for big sized computer, limit 
of k is about 6,000 in considering 
memory size and general CPU time. 

We used grid mesh covering Kata Bay 
with cell size 180m x 180m. 

The proper periods of the first, 
second and third modes is 21.5, 10.3, 
and 8.93 minutes, respectively. The 
pattern of each mode is shown in Fig 6. 

The first mode with period of 21.5 
minutes has only one nodal line at the 
bay mouth, and whole the bay oscillates 
in the same phase. For this mode, wave 
height at Kata, the innermost point of 
the western branch bay is about 10 to 
15% higher than that at Mikisato, in 
the north branch, and 40% higher than 
that at Mikiura in the' eastern branch. 

The second mode has two nodal lines. 
One is situated at the bay mouth and 
the other is situated at the joint of 
the western branch bay. Sea level in 
the western bay oscillates in the 
opposite phase with that in another 
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parts of the whole bay. Absolute 
value of the wave height at Kata, the 
innermost of the western branch is 15%, 
and 120% higher than that at those of 
the northern and eastern bays, 
respectively. 

We may recognize that the fact that 
tsunami height always takeg maximum at 
the villages on the innermost coast of 
the western branch bay as we described 
above, can be explained by that in this 
bay, the proper oscillations for 
the fundamental(first> and/or second 
modes are easily induced by the coming 
tsunami and that the distribution of 
tsunami height is strongly reflected by 
the pattern of the proper oscillations. 

The third mode with period of 8.93 
minutes has three nodal lines; one is 
at the bay mouth, the second and the 
third are at the joints of the western 
and northern branch bays. For this 
mode main wave motion is going and 
returning of water between in the 
northern and eastern branches, and 
western branch hardly contributes to 
the motion. Wave height is not high at 
the innermost of the western bay, and 
the pattern of the third mode does not 
agree with the actual height 
distributions of historical tsunamis. 

We can recognize that the 
distributions of height of tsunami of 
the historical tsunamis in Kata bay 
agrees with the pattern of the 
fundamental and the second mode of the 
proper oscillations of the bay. 
Generally speaking, low order modes of 
oscillations are apt to induced more 
eminently than higher ordered ones. 
Especially, it is not too much to say 
that the most part of the induced 
motion by tsunami is that of the 
fundamental mode. We can say that 
tsunami height distribution can be 
explained basically by induction of the 
fundamental and/or the second mode of 
the bay. 

Induction of the low ordered mode 
is, roughly speaking, independent to 
the condition of coming tsunami, and 
so, at the points where amplitude of 
the proper oscillation of some low 
ordered mode is bigger than another 
part of the bay, inundation height will 
also be higher for future tsunamis. But 
in the special case that period of 
coming tsunami nearly agreed with 
period of some mode of inner bay, the 
oscillation will be stimulated 
extremely caused by the resonance. In 
such special case, particular higher 
order mode oscillation pattern may be 
strongly induced in the bay. 

Ratio of tsunami height at the 
innermost point of the western branch 
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bay to that of the northern branch is 
1.4 to 1 for the 1854 Ansei-Tokai 
Tsunami and 1.6 to 1 for the 1944 
Tonankai Tsunami, and so the difference 
of tsunami height is greater than that 
of the calculated proper oscillation 
modes. This difference can not be 
well explained now. And it can also be 
pointed out as a future problem that 
the period of second and third mode are 
close to each other, 10.3 minutes and 
8.93 minutes respectively, and so both 
modes oscillations are considered to be 
equally induced, but is it reasonable 
to consider that only 2nd mode was 
developed and 3rd mode was not 
developed. 
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A NOTICE ON CHILEAN TSUNAMIS IN THE 
NORTHWESTERN PACIFIC 

S. Nakamura* 

* Kyoto University, Japan 

Abstract 

A notice is given for predicting the 
most hazardous eTents of Chilean t!Alnamis 
on the coasts in the northwestern Pacific. 
A dynamical possibility of cyclic tsunami 
hazards is also discussed on the basis of 
the planetary effect as one of the triggers 
for the events. In this work, a key to the 
present status of the existing tsunami 
warning systems are introduced and notifyed 
first. Then, the published tsunami catalogs 
and the newly revealed materials are noted 
as the re-ferences for learning to prepare a. 
catalog of the trans-Pacific tsunamis which 
had been generated off the south A111erica. 
After that, the author concentrate his 
interest to the most hazardolis events in the 
ca.ta.leg. Referring to the catalog of the 
moat hazardous events caused by the Chilean 
tsunamis, the author considers possiblility 
of a cyclic property of the hazardous events 
in relation to the effects of the solar 
activity, the planets in the solar system, 
the lunar ascending tide and the Earth's 
pole tide. A part of this notice could be 
helpful for short-term and long-term predic
tions and protection plannings of the most 
hazardous events. 

l. Introduction 

This work is a notice to the most hazard
ous events caused by the Chilean tsunamis 
on the coasts in the northwestern Pacific. 
As is well known, the 1960 Chilean tsunami 
was <me of the mC1>st hazardous tsunamis on 
th• coaS'.its near the antipode of the tsunam:i! 
source. This event was a trigger to form a 
P acifio Tsunami Warning Center. This event 
has raised a problem to consider what is the 
most eff'ective way to predict the hazardous 
trans-Pacific tsunamis which hit the coasts 
of the Japanese Islands located in the north 
western Pacific. With the above notice, the 
author considers what is · necessary to 
protection and warning ·of the events. This 
work must be possibly a mile-st.one for the 

tsunami warning and protection wo:dcs if we 
could establish a reasonable prediction of 
the most hazardous tsunamis generated near 
at the antipode. In this work, the tsu~ami 
catalogs are ove1"V'iewed with the author s 
remark first. Then, the author concentrates 
his interest to the most hazardous Chilean 
tsunamis which had hit the coasts of the 
Japanese Islands located in the northwestem 
Pacific. These tsunami catalogs give ua an 
information about what had been happened at 
the events in the past, though it is ha.rd 
to find what had been the essential troggem 
of the event• on the basis of the scientific 
scopes. The author now illriee possible cycle 
existence of the· most hazardous Chilean 
tsunamis in relatien to the solar activity, 
the effects of the planets in the solar 
system, the lunar ascending tide and the 
Earth's pole tide. If the author• s notice 
is reasonable, it could be utilized for 
the warning and public protection works 
planning in future. 

2. Tsunami Warning System 

The United States had suffered in 1945 
by the Alaskan tsunami witaout any aware of 
the hazards on the Californian coasts. And, 
the coasts of the Japan Islands in the 
northwestern Pacific had hit by the 1960 
Chilean tsunami which had oau.sed the most 
significant hazard.a on the coasts which .. m9 
near the antipode of' the tsunami source. 
These experience made us to establish the 
present Pacific Tsunami Warning Center for 
the oircu•Paoific seismic zone. The :f\me
tien ef this Center is aimed to be well 
organized for the short-term predict ion or 
warning of' an;r tsunamis which hit a:ny part 
cf' the coast• facing the Paoifie. 

On the other hand, the InternaticDrll 
'l'sunami Information Center(ITIC) was settled 
at :aonolulu which has been maintained by tae 
U.S. National Ooe an and Atmospheric Admini
stratien ('NOAA) for the International Oceano
graphic Commissicn(IOC) after the UNESOO's 
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support. The membership of the IOC Inte:t'
national Co-ordination Group for the Tsunami 
Warning System in the Pacific(ITSU) now 
comprises of the interested states, i.e., 
Australia, Canada, Chile, China, Columbia, 
Cook Islands, Democratic People's Republic 
of Korea, Ecuador, Fiji, France, Guatemala, 
Indonesia, Japan, Mexico, New Zealand, Peru, 
Philippines, Republic of Korea, Singapore, 
Thailand, U. K. Hong Kong, U.S. A., U.S. S. R. 
and West Samoa in 1989(1). The abOTe tsu
nami warning functions have been promoting 
a more reasonable and effective practice 
wita an improved prediction technique which 
11Ust be completed in near future. 

3. Tsunami Catalogs 

lly the time in 1990, we have maDy' of 
the published tsunami catalegs in the world. 
One of the first english editions nust be 
prepared by Iida et al. (2) in 1967. In 
U. s. s. R., sol eviev and Gao have published 
the tsunami catalog in the western Pacific 
(3) in 1974 and the tsunami catalog in the 
eastern Pacific(4) in 1976. These twe of 
the Russian edition are including the 
compiled descriptions frem the local suneys. 
One of the japa.nese editions about the tsu
namis and earthquakes must be, for example, 
'Dainippon-Zishin-Shiryo' which had been 
edited by Tayama.(5) in 1904 after Professor 
Fusakiti Ohmori at that time. One of the 
recent editions is published by Watanabe(6) 
in 1985 in japanese.. Local tsunami catalogs 
nust have been composed in every hazardous 
areas respectively. For example, Iida has 
composed a brief catalog of the tsunamis in 
Japan and its neighboring countries(7) in 
1984. As for the Mediterranean and the 
Atlantic, tsunami catalogs has been edited 
by Galanopoulos(8) in 1960, Ambraseys(9) in 
1967, Caputo and Faita(lO) in 1982 and! 
Moreira in 1982(12), in 1984(13) and in 1985 
(14). Vita.-Finzi and King(l5) have explored 
in 1985 seismicity around the 1981 Corinth 
earthquakes and examined its geomorphologi
cal evolution which ;;·as; traced over the last 
40 000 years, though no detail is introduced 
in this work. Now, the author concentrates 
his interest to the trans-Pacific tsunamis 
observed on the northwestern coasts of the 
Pacific. This main purpose is to get a 
dynamical understanding of possible cycle 
of the most hazardous events caused by the 
Chileantsunamis even though the locations of 
the tsunami sources had been distant enough 
to the suffered coastal zones. At the past 
events of the Chilean tsunamis, no one had 
felt any seismic signal in advance or any 
precursor which make them to consider their 
ways to protect or mitigate their coastal 
activities by theirselves. This state is 
unchanged even at this time, so that it is 
necessary to consider problems as seen in 
this work. 

4. Hazardous ~sunarn:iis Generated off South 
America 

A chronological table of the Chilean 
tsunamis and of the trans-Pacific tsunamis 
generated off the south·:Arllerica was p~pa:ired 
by Nakanura(l~)in 1988. In his ta.bl~ it is 
clarified that the locations of the hazard• 
tsunamis off the South America are also 
effectively hit the coasts in the nort>ll.west
ern Pacific. For example, the locations of 
the tsunami sources are off Ecuador, off 
Lima, off Peru(Collao), off Valparaiso, off 
Iquique, Off Coquimbo, Off Atakama am Off 
Valdivia. The biggest tsunami events which 
were in a category of the case exceeding 
20 meters tsunami height, had left the 
records of the big tsunamis in the Hawaii 
Islands as well as those in the Japanese 
Islands. These could be briefly listed as 
follows, i.e., 

a) 1586 
b) 1837 
c) 1868 
d) 1877 
e) 1960 

off Lima, Peru(28 m). 
off Valdivia, S.Chile(big tsunami). 
N.Chile(21 m). 
off Iquique, Chile(23 m). 
off Valdivia, s. Chile ( 25 m). 

The above five events ha.d affected those 
on the coasts of the Hawaii Islands, though 
we know that the maxinum tsunami height was 
6 m at Hile in 1837, 3.6 m at Hilo in 1906, 
3.6 m at Maui and 1.5 m at Hilo in 1906, 2.1 
m at Hilo in 1922, and 10. 5 m at Hawaii in 
1960, respectively. 

Including the above five events, the trans 
Pacific tsunamis off the South America ha.d 
made to leave the records and documents on 
the Japanese Islands, especially on the 
coasts of the eastern Japan. As for the 
coasts of the south and west Japan, the 
minor effects had been recorded. Neverthe
less, the author has to be aware that the 
above five events were vecy hazardous on the 
coasts of almost all of the Japanese Islands 
facing the northwestern Pacific. Now, it is 
essential to clarify that any dynamical 
understanding of cyclic severe taunami 
hazards caused by the trans-Pacific tsunamis. 
If this cycle is understood on the basis of 
dynamical scope, it is useful to consider 
an effective warning and an e:f:feotive plan 
for tsunami protection works. 

At present, we have a detailed reconaissa
nce report about the 1960 Chilean tsunami 
which had hit the Japanese Islands and which 
had caused the unexpected severe hazards in 
the coastal zones even though the tsunami 
source was located at a distant location on 
the Earth. There 11Ust be the other repa1>rts 
which includes what had been happened and 
observed on the ccastal zones at the 1960 
Chilean tsunami. In this work, the author 
feels it necessary to get aJlY' hypothetical 
understanding of the cycle of the Chilean 
tsunamis not only in the sc0pe of historical 
chronology but in the scientific sc0pe. 
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5. The Most Hazardous Chilean Tsunamis 

According to the chronological table of 
the Chilean tsunamis prepared b;r Nakamura 
(16) in 1988, the five tsunamis introduced 
above were ta.ken to be ver,r hazardous in 
Hawaii and in the Japanese Islands. With 
a more careful understanding of the table, 
the 1960 Chilean tsunami affected in the 
wide ra11ge of the coastal zones in the 
northwestern Pacific. A quite similar 
event to the 1960 tsunami is the 1837 tsu
nami. Al though, there have left only a 
limitted documents about the 1837 tsunami. 
As for the sou.th Japan, people seems to 
have been in a stage of famine a.round in 
1837 and the trace- of the 1837 Chilean 
tsunami is not fou.nd by this time e:xcept 
the districts including the Sa.nriku coast 
in the eastern Japan facing the Pacific. 
Now, the author tends to believe that the 
1837 Chilean tsunami could be almost same 
to the 1960 Chilean tsunami in the effects 
found on the coasts. 

As seen above, the time interval between 
the 1960 and 1837 Chilean tsunami is 123 
years. This time interTal is not so far 
from the time interval of 121 years. 

It is well known that the climate varia
tions are s38nificant in the 11-years solar 
eye-le, for example, as Mori (17) noticed in 
1981, and that, the 11-year term is also 
detected in the sea level variations, for 
example, as CUrrie(l8) pointed out it in 
1981. Now, the author is wondering to 
manipulate the time interval numerically in 
order to understand why the time interval 
should be 123 years in this case. One idea. 
nust be the value of 121 as a square of 11. 
This seems suggesting that the most hazard
ous Chilean tsunami has a cycle of the 
eleven times of 11-years with an allowance 
of two or three years. Al though, there is 
no dynamical reason with any agreeable 
understanding. In the author• s understand
ing, the 11-years cycle variations of the 
climate and the sea levels could be related 
directly to the solar activity which affects 
the solar radiation on the Earth's surface 
as to supply heat energy in the tropical 
zone to drive the Earth's fluids. Neverthe
less, it is hard to consider that the solar 
activity can be directly effective to the 
priodicit;r of the interested tsunami events 
which are generated the earthquakes unde~ 
sea. 

As for seismic cycle, one of the·u.s. 
scientists proposed a hypothetical report 
on higher possibility of earthquake occu~ 
rence around the two equinoxes in a year 
in a scope of statistics of seismic acti- · 
vity. After a time elapse, the author ha.s 
informed that lhl.ndle et al.(19) reported 
in 1989 about Scholtz' s argument on no
periodicity of earthquakes. 

}:Ven though, the author's interest is in 
an effect of the solar activity to the tsu
namis. The 11-years cycle of the solar 
activity had been pointed out as the sun 
spot number variations, for example, by 
Jv!aunder(20) in 1922, by Hale(21) in 1924, 
by Stix(22) in 1989, by Tayler\23) in 1989 
and by Naka.mura(24) in 1989. 

6. Effects of the Planets 

If the cycle o:f the Chilean tsunamis in 
the northwestem Pacific could be predicted 
at a time interval of about 121 years, there 
must be some dynamical reason which has never 
been clarified. 

Now, the author tries to consider problem 
of a simpl i:fied astronomical two-body with 
some assumption for a convenience of a. 
consideration. The established knowledge on 
astrononw tells us that the solar year cycle 
of the Jupiter is 11.861 yea.rs and that of 
the Saturn is 29.443 years. Most of ea.ch 
planet. nust be effective more or less for 
the elastic deformation of the Earth's crust 
in a concept. The effect nust be a function 
of the mass ratio of the interested two 
planets. The mass ratio of the Jupiter to 
the Earth is a.bout 318, which suggests that 
a part of the variations of the Earth's 
motion nust be in a period of·the Jupiter's 
solar year cycle. Similarly, the Sa.tum' s 
effect could be considered. Minor effect 
could be expected for the solar year cycle 
of, for example, the Mars, the Uranus, the 
Neptune or the Pluto. Here, now, the above 
is simply a. notice referring to the solar 
year cycle of each planet in the solar 
system. When there is no dynamical support, 
the above notice can simply be a numerical 
manipulation. 

As for the Saturn, its solar year cycle 
about 118 yea.rs seems to be able to interact 
to intensify its attractive effect to the 
Earth when a time meets to the Jupiter's ten 
cycles, that is, 118 years. This 118 years 
could be acceptable for the 121 or 123 years 
time interval of the Chilean tsunamis with 
an allowance of five yea.rs. 

At this time, the author can not escape 
out of the application limit of the astro
nomical two-body problem. Even if a 
numerical manipulation looks to be reasonable 
it is simply a presupposition without any 
dynamical understanding. Hence, it is 
necessar,r to make clear that the Chilean 
tsunamis cycle is existing and this cycle 
can be dynamically related to the astronomi
cal factors. Then, the author's concept 
should be confirmed whether it is reasonable 
in the scope of a.strononw. In order to 
confirm this, he has to stand again at the 
starting line of the astronol!W' which could 
be overviewed a text book written by Obi(25). 
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7. Luni-Solar Interaction 

:By this time, it is not yet clar that 
the effects of the planets in the solar 
system to an expected 121 or 123-years 
Chilean tsunamis. One of the recent 
interesting publications must be in the 
scope of this work because it concems 
on l011g--term changes in the rotation of the 
Earth in the period of 700 B.c. to A.D.1980. 
This problem has· been undertaken, for 
example, by Hide(27) in 1984 and by Step~an
son and Morrieon(28) in 1984. However, it 
seems that this would not give any expected 
trigger for the dynamical background of the 
periodicity of the most hazardous Chilean 
tsunamis. 

Now, the author has to write that no 
direct application of the astronomical 
knowledge can not give any expected answer, 
and there seems to be little possibility of 
a simple application of the results on the 
rotation of the Earth for the author's 
aimed conclusion. Nevertheless, there must 
be any -reason for the time interval of the 
121 or 123-years. 

As we are familiar to the Sun and the 
Moon, there must be some information which 
supports a 121 or 123-years cycle. Here, 
one of the lotlg'-term lunar cycles are 
introdUced for the author's consideration. 
That is to consider the lunar ascending 
nodal tide. This tide seems not to be 
taken as one of the· effective factors for 
the periodicity of the most hazardous 
Chilean tsunami in the northwestem Pacific 
at a glance. 

Now, the author considers an interaction 
between the two cycles. The one is the 
cycle of the lunar ascending nodal tide and 
the other is the 22-years cycle of the solar 
activity. These frequencies can be obtained 
easily, i.e., the frequency of the lunar 
ascending nodal tide is 

-1 
fl "' ( 1/18. 6 ) y 

The frequency of the 22-years cycle of the 
solar activity is 

f2 - (1/22) 
-1 y 

When the values of f 1 and f 2 are evaluated 
as 

and 

-1 
y ' 

-1 
y ' 

then, we have the two other· frequencies as 
a modulated result after an interaction of 
the two components of f 1 and f 2• That is, 

the one is the component with a frequency 
given by the sum of f1 and f 2• The other is 

the component with a frequency given 'tu the 
difference of f1 and f 2• Those are 

f+ ... fl + f2 ' 

and, 

;:f- = f1 - f2' 

respectively. Then, the values of the two 
frequencies f and f- are given as follow; + 

-1 :t'+ • 0.0992 y 

These frequencies approximately coDesponds 
to the following values in period, i.e., 

and, 

'].\.. - l/f- • 121.95 y, 

respectively. 

The period of T+ is approximately 121.95 

years. This period is almost same to the 
time interval of the most hazardous Chilean 
tsunamis 123 years with an allowance of 
about two years. It is easily seen that 
the 22-years cycle can be taken as a 
·doubled 11-years solar cycle. Nevertheless, 
no remark is given about this long-term 
cycle in the climatological and geophysical 
variations by Haya.mi(~) in 1967. 

As for Brttclcner cycle of 35 years, there 
is a negative remark about its deterministic 
cycle after referring to the appearances an 
th& Earth's surface. This remark is given 
by Wadati(30) in 1979. Wada.ti has noticed 
that the BrGclcner cycle can not be exactly 
periodical after his studies about the 
state of the .Alpine Glaciers, of the river 
freezing in the Soviet Union, of the water 
level variations in the ·caspian Sea, of 
tree-ring growth rate, of agricultural 
crops and of the other interested processes. 

As stated above, the Brttckner cycle nust 
be aperiodical. This cycle nust be reduced 
after a statistical analysis of some 
features surrounding BrOckner as a variatiai 
with an ave.raged period of 35 years. Hence, 
there nust be any reason for the variations. 
As far as we try to take it meaningful that 
the 35-years cycle is prevailed in: l!larJY' 
processes found on the Earth' surface, it 
could be one idea to take the 35-years cycle 
as a doubled 18.6-years cycle with en 
allowance of two or three yea.rs. With this, 
there nust be a dynamical reasoning of the 
Brttckner cycle even though the idea mst be 
acceptable as an approximate consideration. 
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8. Jtt'fect of the Pole Tide· 

As seen above,. it looks as· if reasonable 
to tak1t a 121-year cycle as an interaction 
of the 2~years solar cycle and the lunar 
ascending nodal tide with the cyc]ic period 
of 18. 6-years. 

At this time, the author feels it nece&
sary to consider the other factors which 
govem the 121 or 123-years cycle of the 
most hazardous Chilean tsunamis. 

By this time, the pole tide has obsernd 
by Chandler(31),(32) in 1901. The pole tide 
has been discussed by Haurbioh and lfhlnk(33) 
in 1959 iuid by Maximov(34) in 1970. The 
dynamics of the pole tide has been taken as 
a variations of' the Earth' s latitude. The 
related works has been undertaken, for 
example, by Larmor(35) in 1915, by Jeffreys 
and Vineente(36),(37) in 1957. and by 
Haubrich and Mmk(33) in 1959 • This pole 
tide of the Earth is taken as caused by the 
nutation of the Earth's a.xis of the Earth's 
rotation in a period of 14 months. 

When we accept that a solar year of the 
Earth is 12 months and the pole tide is 14 
months in cycle, an interaction of the two 
makes two modulated cycles. If we consider 
this interaction in similar way to that for 
the interaction of the 2~years solar cycle 
and the lunar ascending nodal tide as stated 
in the last section, it is easy to get the 
modulated freqencies. The two modulated 
frequencies tell us the two modulated cycles 
of 7-years and 0.58 year. The 1-years cycle 
is found in the fields related to climate 
though no dej;ails are discussed in this 
work. 

Successinly, an interactiCllll of the 
above 7-years cycle and the 11-years solar 
cycle induces the other two modulated cycles 
of 4. 28-years and 19. 25-years. The one of 
these cycles is approximately same to the 
five-years cycle found in the climatologi
cal processes. This can not be in interest 
to the present euthor's work. The other 
one is the 19.25-years cycle. This cycle 
is nearly same to the 18.6-years cycle of 
the lunar ascending nodal tide. As far as 
we trust these cycle to be deterministie, 
a bold expected cycle ciui be reduced by the 
same way to get two modulated frequencies 
as a result of an interaction of selected 
two cycles appeared above. 

Thence, the 19.25-years cycle modulates 
the 2~yea.rs cycle to expect a 154-years 
cycle. This 154-years cycle can not be a 
supporting factor to the existence of the 
121 or 123-years cycle at this time. 

A t1'iple. 7.,.years;~.8;1Ch· modulate the 19. 25 
years cycle to expect a 231-years cycle. 
Al though, this 231-years cycle could be same 
to the doubled 121-years cycle with an 11-
years allowance. 

A triple 7-years cycles ma;y modulate the 
doubled 11-years cycles to expect a 46~ 
years cycle. This 46~years cycle is same 
to the doubled 231-years cycle. This 46~ 
years cycle can be taken as a quater 121-
years: cycle with an allowance of 22 yea.rs. 

The 18.6-years cycle interact to the 
19. 25-years cycle to expect a modulated 
cycle of 496-years. This 496-years cycle 
can be taken as a quater 121-y•ltJ.'S cycle 
lri. th an all ovance of' 12 ye a.rs. 

With the above result, the author thinks 
it necessary to remind that the 11-years 
cycle is obtained as a result of a statisti
cal processing of the data of the solar 
activity. The 11-years solar cycle is not 
necessarily deterministic. So that, the 
above expected 231, 462 or 496-years cycle 
could be a measure of the ezisting long-term 
cycles. The second harmonics of the above 
three cycles could be a 116, 231 or 248-
years cycle, and the third harmonics could 
be a 77, 154 or 165-years cycles. The 
fourth harmonics could be a 58, 115 or 123-
years cycle. 

A numerical manipulation has given the 
123-years cycle as the fourth harmonics of 
the ablDft 496-years cycle. ETen though, 
this fourth harmonics of the 123-yea.rs cycle 
could be faintly effective for the 123-years 
cycle of the most hazardous Chilean tsunamis. 

After all, the author thinks it possible 
to consider several long--years cycles of 
the intersted events. However, it is ha.rd 
to give any dynamical understanding for the 
intersted long-years cycles with considering 
the potentials of the planets in the solar 
system. In addition, it is tiue at present 

in need to confirm whether such long-years 
cycles could be effectiTe for the interested 
tsunami hazards. 

9. Conclusions 

The author has noticed about the Chilean 
tsunamis in the northwestem Pacific. This 
problem has a close relation to the short
term and long-term prediction of the forth
coming tran&-Pacific tsunamis as the cause 
of the most severe coastal hazards. The 
ezisting wamig system should be ready to 
work its expected function. Possible cycle 
of the Chilean tsunamis in the Japanese 
Isl ands is considered and discussed. A 121-
years cycle of the Chilean tsunamis must be 
reasonable even as a hypothetical result. 
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Abstract 

A particularly destructive train 
of tsunami generated by the Japan 
Sea Earthquake of May 26, 1983 surged 
over the coast of Northeast Japan. 
It caused destruction and death in 
coastal area. The tsunami induced 
characteristic sedimentary processes 
on the exposed Japan Sea coast. Three 
kinds of sedimentation depending on the 
hydraulic scale of the tsunami were 
recognized, and each of them left its 
own characteristic deposits which remain 
in sedimentary succession preserving 
remarkable sedimentary facies. 

Cored samples taken from the coast 
areas in Sendai have been examined for 
detecting traces of ancient tsunamis. 
Sedimentological and geochemical 
analyses on the samples reveal that thin 
sand layers similar to those developed 
by the Tsunami of the Japan Sea 
Earthquake are found in the drilled 
cores. Radioisotopic ages of the sandy 
layers are exactly equivalent to the 
dates of ancient tsunamis documented in 
historical materials. 

.l...._ Sedimentary processes caused hY 
tsunami 

Depositional processes conduced by 
the Tsunami of the Japan Sea Earthquake 
can be summarized in the following three 
categories [1]. 

{~ .A_} 
A large volume of seawater was 

carried ashore by the tsunami. 
Advancing waves transported voluminous 
materials of beaches and dunes as well 
as artificial constructions landward in 
a moment. A seaward re turn of the 
water following coastal flooding 
resulted in accumulation of suspended 
materials in the shoreface region 
forming submerged longshore bars. 

Fig. 1 Simplified expression of 
depositional processes caused by the 
Tsunami of the Japan Sea Earthquake. O: 
Offshore, S: Shoreface, E: Estuary, C: 
Channel, L: Lagoon, D: Dune field, F: 
Fluvial. 
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{~ _Il} 
The tsunami invaded the inter-tidal 

lake and deeply eroded buried deposits. 
Molluscs and their shells were sorted 
out from the deposits by sediment 
agitation and then transported to 
shallower places on the opposite side 
of the lake. 

{~ .C.l 
Seismic shocks exceeding seismic 

scale V cracked beaches and dunes. 
Incoming seawater rushed into an inter
dune pond through the cracks as a result 
of the rapid rise of water level. Sand 
grains of beaches and dunes taken in the 
seawater were transported to the pond in 
a suspension form and deposited there in 
a thin sand layer. The seawater 
remained for a long period in the deeper 
layer of the pond, from which some 
chemical materials were moved into 
superficial sediments in different ways. 

Fig. 1 schematically illustrates 
depositional processes caused by the 
tsunami. Each process is expected to 
be caused by any tsunamis depending on 
scale and recorded in sedimentary 
successions. 

Fig. 2 Location map of the Sendai 
Plain. Borehole samples were drilled 
along a base line CL) at right angles 
to the coast. Sl to S3: Representative 
borehole sites. 

SENDAI 
PLAIN 

S3 

PACIFC 

OCEAN 

Three representative columns of 
subsurface deposits are shown in Fig. 3, 
illustrating vertical facies changes 
Cleft) and mud contents <right). Some 
sandy layers and a sheet of felsic 
airborne tephra were found in each 
column. These thin layers are 
traceable laterally for a long distance 
as shown in Fig. 3. Grayish white 
tephra, dated AD 870-934 [2], can be 
traced throughout the section CFig. 3). 
Each sand layer, scarcely including 
muds, is composed of well-sorted medium 
to fine sand originated mainly from 
dunes. The layer found at the highest 
horizon in coastward section, overlies 
peaty deposits, filled up topographic 
undulations. The sedimentary feature 
proves an unconformity below the sand 
layer. 

Judging from the sedimentary facies 
and distribution of the sand, all the 
layers were developed by tsunami. 
The wide distribution of sand layers 
signifies very large in scale of 
tsunami, which caused sedimentation 
process of Type A. 

h Traces Qf tsunami in marsh 
Qf the Sendai Plain 

deposits 

We set up a base line at right angles 
to the shoreline of the Sendai Bay 
CFig. 2). Subsurface deposits were 
drilled at several points along the 
line. Every columnar samples is 2 m 
in length. Variations and the lateral 
continuation of sedimentary facies were 
also observed on trench walls along the 
Base line. 
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~ ~ Q.f tsunami deposits 

Fig. 4 shows the change in 14c dates 
of sediments of column Sl with depth. 
All the isotopic dates fit a straight 
line, which reveals that sedimentation 
has progressed continuously but clean 
sands accumulated intermittently, 
interrupting ordinary deposition during 
these 3,000 years. Supposing that the 
sedimentation rate was constant, the 
period of time represented by the 
unconformity can be estimated by the 
parallel transfer of the regression line 
along the horizontal axis in Fig. 4. 
Calculation shows a hiatus spanning the 
time interval over 380 years. 

The estimated age of the upper two 
sand layers of column Sl are AD 1630 
(+20) and AD 870 <±20) respectively. 
The ages exactly agree with those of the 
ancient tsunamis recorded in historical 
documents, which describe the enormous 
tsunami attacked the coast in the late 
9th century <AD 869), causing heavy surf 
damage and great loss of life [3]. The 
trace suggesting younger age is 
correlative with the great catastrophe 
happened in the 17th century CAD 1611) 
which surge over the coast of the Sendai 
Plain with waves exceeding 6 m in height 
[3]. Both of them followed large 
submarine earthquakes of magnitude 8 or 
more centered in the forearc region off 
the coast of southern Sanriku [3]. 

Each trace of the tsunami is 
recognized in column Sl at an interval 
of about 55 cm, which means that large
scale tsunamis caused by off-shore 
submarine earthquakes surged over the 
coast near 1 y every 800 years. It has 
made clear that the last large-scale 
tsunami took place nearly four hundred 
years ago <AD 1611). I seems that the 
inhabitants in the coastal area will be 
secure from a serious catastrophe 
wrought by an enormous submarine 
earthquake for next four hundred years. 
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Abstract 

Tsunami research should culminate 
in saving lives and reducing property 
losses. The warning systems have been 
functioning reasonably well, and rapid 
evacuation of susceptible areas is the 
essential follow-on. Careful 
delineation of such areas is necessary 
and improved methods and procedures have 
been developed to do so. These are 
described, in detail, comparisons are 
made with other methods, and lessons and 
conclusions are drawn. 

Introduction 

The primary goal of tsunami 
research is to save lives and reduce 
property losses. Rapid evacuation of 
susceptible coastal areas upon a warning 
is a standard procedure. Definition of 
such areas has progressed from "low
lying areas" through 11 up to 50 feet 
above sea level 11 to inundation/ 
evacuation zones somehow developed and 
depicted on published maps. Hawaii is 
among the few areas in the Pacific which 
has mapped evacuation zones, but these 
are incomplete and obsolescent, dating 
from 1961. Clearly, there was need to 
apply the years of tsunami research in 
this area, for the benefit of this--and 
other--areas. More formalized methods 
to determine runup and inundation were 
at hand, and the Civil Defense helped 
obtain funding to develop new evacuation 
maps. 

A primary motivator was the rapid 
population buildup in coastal areas. In 
some locales, the population density is 
high enough that there was a major 
concern whether evacuation of the 

denoted areas is feasible in the limited 
time available, Curtis, [1]. Unlike 
hurricane evacuation, the time is 
generally only two hours. Thus, maps 
with the narrowest feasible (but safe) 
zones, as well as clear evacuation 
routes were needed. 

TM Problem 

Table I depicts the primary factors 
involved in tsunami hazard mitigation. 
The existing zones (circa 1961) 
published in the telephone directories 
for each island, were developed 
utilizing an estimate of total wave 
energy. This was represented by a 50 ft 
wave approaching the island and sloping 
down 1% from the 10 ft depth line. 
Actual inundation history was used in 
only a few, well documented areas such 
as Hilo [Cox, 2). However, in roughly 
the last decade, procedures were 
developed and applied for flood 
insurance purposes by the U.S. Army 
Corps of Engineers [Houston, et al, 3). 
These procedures built upon historical 
wave height data compiled at the 
University of Hawaii and utilized a 
numerical model to synthesize a tsunami 
wave height contour. After considerable 
revision, this information was used with 
work by Bretschneider [4], to help 
develop a set of inundation maps as part 
of a National flood insurance program. 
The maps are only concerned with water 
depths which produce property damage, 
and also include the effect of stream 
floods and in a few areas, storm surges. 

Table I 

MITIGATION OF TSUNAMI HAZARQS 

PEOPLE 

WARNING +EVACUATION 
•EDUCATION 

IMPROVE WARNING SYSTEM BY· 

STRUCTURES 

ACCURATE ZONATION 
INSURANCE STANDARDS 
BUILDING CODES 

- BETTER EVALUATION OE SEISMIC EVENT (LONG PERIOD, AUTO 
EVAL., ETC.) 

- ~1~1r"CfRRY ~~~Wcr~EAf8ELScft~~~a°NATfga0t'A~~~flTIONS" 
- DEEP OCEAN SENSORS (HIG/JTRE-PMEL) 

- QUANTITATIVE PREDICTIONS: LEAD TIME 

- BUT - NEVER A MISS OE A QAMAGING EVENT 

IMPROVE EVACUATION BY: 

- REDUCE SIZE OE EVACUATION AREAS; CONSIDER POPULATION 
INCREASE & ROUTES 

- PREPARE PUBLIC & OFFICIALS & PROCEDURES 

- CONSIDER PRIORITY AND SELECTED AREAS 

- IMPROVE LEAD TIME BUT REDUCE UNNECESSARY EVACUATION 

- LOCAL TSUNAMIS NOT INVOLVED 

PROGRAMS· 

- MONITOR TSUNAMI WAVES IMPACTING HAWAII 

- PREPARE TO EVALUATE RUNUP AFTER AN EVENT 

-x:8t~SE PROJECTS TO IMPROVE/RESOLVE PROBLEMS LISTED 

- ADVISE STATE AND COUNTY CIVIL DEFENSE AGENCIES 

- EDUCATE AND EXCHANGE INFO: PUBLISH JOURNAL 

- PREPARE BETTER EVACUATION MAPS 
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Evaluation 

We were able to gather a team to 
advise on the work which included 
several investigators in the tsunami 
field, notably Doak Cox, who produced 
the 1961 maps and had conducted post
event surveys from 1946 on. 

In addition to the 50 ft*, 1% slope 
procedure, and the Corps of Engineers 
method, other approaches have used a 
variety of formulas or assumptions for 
determining inundation once a coastal 
wave height is somehow determined. 

Table II 

CALCULATION Q.[ ™ .LIU. Alm 
INUNDATION .LL.L..l. 

- ONE DIMENSIONAL SCHEMES 
- SINGLE WAVE, INDEFINITE PERIOD(S) 
- MAX. WAVE HEIGHT AT SHORELINE KNOWN OR ASSUMED (h) 
- ON-SHORE TOPOGRAPHY KNOWN 

HOUSTON AND GARCIA (1974): R~h 

CAMFIELD & STREET (1967) - EXPERIMENTAL
SIMILAR FOR SLOPES OF ~ B0 

l<ONONKOVA" REillRUDEL (1976): <B 0 , R"'h: >B 0 , R>h 

FREEMAN & LE MEHAUTE (1964) - THEORETICAL-

SPEILVOGEL (1975) - THEORETICAL - DIVIDED 

/!: C#J:-2. )' CO&/'" 

(Y4<',~!i w/ IJEPrd 

:- .SVJ!~t=- N~~CH7 

CALCULATIONS BY WAVE/SURGE RATIOS AND SHOWED DIFFERENCES 
W/BORE; R may·be much greater than h. 

BRETSCHNEIDER & WYBRO (1976) DEVELOPED A FLUID FLOW FORMULA 

/, "'- h - l'IN@"f- 'J I .!:..__ r/ AX 

FOR A CHANNEfL TO BE USED F~RZ TS~~I- ~U.JNUP[: 2 i _ / 
Z. I (/.S'flt;)2. 2. 

(ADOPTED BY CORPS OF ENGINEERS) 

MADER (19B9): USING NON-LINEAR SHALLOW WATER WAVE MODEL WITH 
SWAN CODE - RUNUP OFTEN MUCH HIGHER THAN ABOVE; VARIES 
WITH PERIOD. 

Qur. Approach 
We choose to use the highly 

synthesized wave heights of [3) witt 
additional historical inputs and 
conservative statistics to provide a 
reasonably authentic worst-case wave 
height contour around the islands. 
Since the values in [3] are based on a 
(least-mean squares) probability, we 
used a 200 year "return time" to ensure 
safety. The contour is checked to 
ensure it includes the envelope of all 
credible data we have from the 1946, 
1957, and 1960 events; this should be so 
since [3] is based largely on our data 
set. 

*Note: Due to the large usage of 
historical data, all cited values are 
maintained in the English system. 

It was found necessary to set out a 
few definitions to ensure consistency 
and to list precepts basic to the work; 
these are shown in Tables III and IV. 
As procedures were developed and 
verified, they were summarized in a 
brief manual [5) for use by those doing 
or reviewing such work. A handbook 
produced by the Corps of Engineers and 
based on [3] and [4] codifies the 
calculations [6]. 

Tablu III 

TSUNAMI PROJECT 
Definitions, 5/B/89 

InuDdation line (limit) - the inland limit of wetting, 
measured horizontally form the MSL line. Where MLLW was 
used, it should be converted to the MSL line. (Move inland 
to an elevation 0.7 ft. higher). The vegetation line is 
sometimes used as a reference. If it can be determined that 
it is more than 10 ft. from the MSL line, adjust; otherwise, 
ignore. 

Maximum Expectable Inundation - The inland limit of thE 
highest expectable tsunami from any direction, at high tide. 

Runup (height) - the elevation of the ground above MSL 
that the water will reach. This is usually JlQ!. equal to th• 
wave height, or inundation depth, at the shoreline. 

Wave height (h) - the height of the (highest) wave, at 
or re the MSL shoreline. In the absence of other 
information, may be considered to be measured 200 feet 
inland. Tide gages show wave height in harbors, which may 
be significantly different from runups. May be converted 
from another reference level (if significant) by assuming a 
1% slope and/or a 0.7' MSL/MLLW correction (Hawaii 
approximation) . 

Table IV 

'rfil!&Ml ~ 
Precepts 12/2/B8 

MEASUBEMENTS - should be in feet and referenced to MSL. If 
other units are used, they must be referenced or noted. 

SOURCE OF PATA - should be from the first reference, if 
available, should be noted wi~h tsunami date, envelope, 
extrapolated, calculated, estimated, etc. 

~ - per the following list: 

h 
R 
IL 
IL100 :R100 ;etc 

-wave height at shoreline• 
-runup height• 
-inundation limit* 
-values calculated for a 100 ~ear 

return time (note this time is 
only a general approximation) 

-inundation limit of worst actual 
measured/calculated tsunami 
values. 

CHABTS, DIAGRAMS. TABLES - should be dated and initialed, 
and follow the above precepts. 
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Estimation of Maximum Expectable 
Inundation Limit--Procedure 

Using two dimensional (transects or 
profiles normal to shoreline) method; 
appropriate except for bays and where 
good historical inundation records are 
available: 

--assemble available records of maximum 
runups and/or wave heights. Calculate 

synthesized wave height for 200 year 
return time. Compare, and use most 
credible; add high tide (MHHW) 
correction as needed. Determine 
probable point where wave was 
recorded, or use 200 ft. point. 

--determine topography along the profile 
from best available, large-scale map. 
Draw profile in segments. 

--Estimate friction coefficient for each 
segment, using photos, surveys, and 
observations with established 
guidelines. 

--"Runup" the wave on the shore, using 
numerical or graphical solutions (6). 
Transfer point to map. 

--Repeat for 
topography, wave 
changes. 

transects 
heights, 

wherever 
or surface 

--Connect the points, following contours 
of the land. Review carefully; revise 
if warranted by additional 
information. 

Table V lists the primary factors 
involved in such evaluations. 

Meetings of the other tsunami 
specialists and others involved were 
held to coordinate and verify 
procedures, data, sources, etc. Other 
organizations--Corps of Engineers, 
Federal Emergency Management Agency, and 
state and county civil Defense Agencies
-were involved and contributed or 
cooperated in planning and carrying out 
the work. 

In addition to determining the best 
methodology and procedures, the initial 
phase of the project included assembling 
all historical data and pertinent 
references. We were able to accomplish 
this effectively for our area, because 
most of the information, though 
scattered, was still within the 
University of Hawaii since so much 
tsunami research had been done here. We 
hope to maintain this material in 
retrievable form for future use. 

Table V 

DETERMINATION OF MAXIMUM EXPECTABLE 
I riD1JND7l.T£0~ 

VARIABLES 

- WAVE HEIGHT 

• REFERENCE LEVEL (MSL MLLW ETC.) 
• SOURCE !HISTORICAL, CALCULATED, MODEL) 
• REFERENtE LOCATION (SHORELINE, 200'1NLAND) 

-WAVE TYPE 

• (BORE, NON-BORE. PERIOD) 

- TOPOGRAPHY 

• SLOPE fSl (1,2 3, INCREMENTS\ 
• ACCURACY (10', 20', 40:_. CONTOUR~ EST., ETC.,) 
• SURFACE(S) (MANNINu'S "N" - FRl1.. TION1 

- RETURN TIME (100, 200 YEAR, ENVELOPE ONLY) 

- METHODS 

• COX !HEIGHT AND SLOPE\ 
• BREISCHNEIDER ET AL RLlSUAL) 
• HOUSTON !WINDWARD AHU) 
• HISTORICAL LIMIT (HILO 

VALIDATION 

- MINIMAL HISTORICAL 
- FLOOD INSURANCE. RATE MAPS (VARIOUS PROBLEMS) 
- CONSERVATISM/JUDGEMENT 

PURPOSE 

- PUBLIC !TELEPHONE DIRECTORY ETC.,\: ZONES 
- CIVIL DE'FENSE (STATE & COUNTY): LINES AND ROUTES 

An important task, which is still 
not complete to our satisfaction, is 
validating the models and procedures 
used. In drawing a critical line such 
as needed here, one must lean toward a 
conservative approach when in doubt, 
although the goal is to be realistic. 
Thus, considerable effort has been 
expended to determine valid wave heights 
and locations, and in particular, to 
find reliable concurrent records of wave 
heights and runup height or inundation 
limit. Surprisingly, there are very few 
examples of such data. For those few, 
our results have proven to be fairly 
accurate and always conservative. 
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The major source of error or 
confusion, and one which other 
investigators should note carefully, is 
confusion in historical accounts between 
wave heights and runup. Much of the 
concern about accuracy hinges on 
validity of the historical "runup" data. 
As mentioned, it is often not clear 
whether it was: a) measured at the 
shoreline (h), b) measured some 200 ft 
inland, c) measured as a runup height on 
land, re MSL (R), or d) extrapolated 
back to the shoreline from a runup level 
and listed as wave height. A great deal 
of time is spent guessing at such 
matters; all too often the conclusion is 
to assume the level is a wave height at 
200 ft, as a conservative approach, 
although is may well have been a swash 
mark-on the side of a hill, much higher 
than the actual wave near the shore on 
which the calculations were based. 
Houston [3] tried to resolve this by 
assuming that all such records applied 
200 ft inland. Unfortunately, Cox, the 
source of the 200 ft assmuption [7] and 
many of the measurements, feels that 
this is frequently not the case, and 
should not be assumed. 

In fact, the 
· numerical (computer) method developed by 
the Corps of Engineers which combined 
and codified Houston's wave height 
determinations and Bretschneider's runup 
formula embedded the 200 ft standard so 
it is automatic. We made a modification 
to locate the wave height (h) at any 
desired point, and so treat each area 
specifically, with considerable 
judgement. The 200 ft. is always 
available as a conservative default. 

The. Product 

Figure 1 is an example of a wave 
height, inundation, and runup problem. 
A typical worksheet used to maintain the 
data in one area is also shown along 
with the map of that area. Note that 
both historical and calculated levels 
are shown, along with records and 

. comments. Both the data and the 
inundation limit on the map are reviewed 
by (at least) a second person as a final 
check for currency, completeness, 
accuracy, and reasonableness. For 
example, if there is any indication a 
bore has developed in that area, has the 
bore and non-bore runup been evaluated? 
(We use the higher). Has the zone been 
annotated to flag on-going shore 
developments such as construction of a 
marina? 
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Fig 1 - Example of wave height, inundation, and runup data, 
with worksheet and typical transects on map. 
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The resulting inundation map is 
provided to the civil authorities for 
conversion to an evacuation map. We 
have worked with police, highway, and 
public works staff as well as Civil 
Defense (emergency management) people in 
setting the final line and zone size. 
It is important that such lines not only 
be inland of the expectable inundation, 
but they be recognizable to the public: 
a road, park boundary, wall, etc. On 
occasion, we have aided evacuation by 
putting the line clearly on the shore 
side of a road, thus leaving it open for 
traffic. 

These maps--in less detail--will 
appear in the next issue of the phone 
directory for each island, replacing the 
older ones. Figure 2 is an example of 
the savings in evacuation area afforded 
by the refinements of the present work; 
the smaller zone is all that will appear 
in the final maps. 

-~5~i~''" 
-- INUNDATION LIMIT 

( bosed on h200 6 his1oricol) 

A seldom-considered source of 
variation is found in the compilation of 
historical records. The thorough 
collection of wave heights for Hawaii by 
Loomis used in (5) shows values for 
several events, clumped at discrete 
locations. At many such locations, the 
measurements were actually made at 
various points in the general area. 
Observers have often noted the large 
variations in runup which occurs within 
a given area. Therefore, unless we are 
able to "unclump" the listed values we 
tend to ignore the smaller values, 'and 
smooth the assumed maximum wave. contour. 

44.5 

Fig 2 - Contour map with old and new evacuation zones 
overlaid. The inundation line is also shown; the smaller zone 
is all that will appear in the final maps. 

Djscussjon-Inundation 

In addition to these factors, 
knowledge of the actual topography and 
surface roughness sets limits on the 
accuracy of calculations and the 
resolution of final plots. In practice, 
there .is again a tendency to be 
conservative and use smaller friction 
factors (Mannings "n" or Chezy 
coefficient). We do not set "n" closer 
than .005 for these reasons. And, we do 
not report wave heights closer than 1 ft 
(or 0.5 m). 

In addition to checking our results 
with what actual values we could find, 
we have been examining comparisons with 
other models and methods. The work done 
in the past, like ours, has been 
regrettably lacking in historical 
verification, and experimental results 
have had varied agreement with theory. 
Some of the reasons noted include 
problem of comparison with tide gauge 
records (the peaks are filtered), the h 
vs. R problem discussed earlier, and 
scaling (viscosity problem, etc) factors 
in lab experiments. 
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we have made comparisons for both 
hypothetical and real configurations 
with fluid flow models developed by 
Mader [8]. These models permit a full 
three dimension treatment of an 
embayment and take wave period into 
account. ' In one example [evaluation of 
an area near Mauna Lani] having 
shoreline slopes the order of 4%, the 
agreement was reasonably good. A 
comparison with an older three 
dimensional model [9] is included in the 
transect shown in Fig. l; it shows 
flooding much in excess of anecdotal 
reports and other analyses. 

Additional studies of various 
models of tsunami flooding are in 
progress at JIMAR. More information on 
these are to be presented in another 
pape~ at this conference. 

Evacuation-Conclusion 

All conclusive results must be 
applied in context of evacuation, to 
achieve our original object of 
protecting lives. Moving the line 
upslope to the physical evacuation line 
provides an additional margin of safety, 
but in a few strategic locations it may 
help to avoid conservatism, i.e., where 
a route is needed or final evacuation 

can be postponed. Minor flooding, as in 
heavy rain or winter storms may not be a 
real hazard, if a road provides an 
important egress, for example. 
"Vertical evacuation" may be used in 
some areas; concrete buildings in high 
density areas can provide safe shelter 
if people move to the third floor or 
higher. 

In some instances, tsunami-zoned 
maps have been used for hurricane 
evacuation. This is reasonable to 
expect if nothing else is available, but 
there are enough differences in the 
effects and the time available, that 
different zonation and criteria should 
be used. The FEMA flood insurance rate 
maps (FIRM) currently include some 
hurricane flooding; unfortunately it is 
not differentiated from stream and 
tsunami flooding, and its derivation 
(historical or theoretical) is not 
stated. It should also be noted that 
the FIRM zones usually. stop at a 4 ft 
depth, were greatly revised in many 
areas in the last few years, and are 
intended only for structural protection. 

We feel that these revised tsunami 
inundation maps will aid in t~e next 
evacuation in these islands, and the 
same process should be applied to the 
same goal--to protect lives--in other 
coastal areas. If there is one other 
lesson to be learned from this work, it 
is to obtain more and better data on 
wave height and inundation when the next 
significant (not necessarily major) 
tsunami occurs. Only that way can we 
refine our final results, with safety. 
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Abstract 

Comparisons were made between the 1957° and 
1986 tsunam.igenic earthquakes off Andreanof 
Islands and between the 1960 and 1985 
tsunam.igenic earthquakes of Chile. The difference 
in size of the rupture areas correlates well with the 
energy of the generated tsunamis: the larger the 
rupture area, the greater the tsunami dam.age in 
distant shores. 

For the Tsunami Warning System a reliable 
estimate of the rupture area will be a very 
advantageous bit of information for decision as to 
issue a warning or not. Body wave inversion and 
surface wave analysis are mutually confirming 
methods that can be used within the time constraints 
of a tsunami watch. 

1. Introduction 

During a tsunami watch, the decision to issue a 
warning can be greatly facilitated if there were 
methods to distinguish between a Pacific wide 
tsunami and a local tsunami by using seismic data. 
By Pacific wide tsunami we mean a tsunami that can 
cause dam.age at distances of thousands of 
kilometers away from the earthquake epicenter; a 
local tsunami is one that is" destructive within two 
hundred kilometers of the epicenter. Such a 
distinction, if possible, is highly desirable because 
issuing a tsunami alert without necessity disrupts 
the economic and cultural life of tens of millions of 
people. 

2. Background Information 

From hindsight we find that Pacific wide 
tsunamis were generated by earthquakes with much 
larger rupture zones than earthquakes that 
generated local tsunamis. The lengths of rupture 
zones of Pacific wide tsunamis are the following: 

1946 
1952 
1957 
1960 
1964 

April 1 
November 4 
March 9 
May 25 
March 28 

Aleutian 
Kamchatka 
Andreanof 
Chile 
Alaska 

? 
700 km 
1100 
1200 
800 

Meanwhile, within the past fifteen years, the 
number of earthquakes that have generated local 
tsunamis are numerous. 

1976 August 16 Mindanao Ms= 8 
1977 August 19 Sumbawa Ms= 8 
1979 December 12 Ecuador Ms= 7.7 
1983 May 26 Japan Ms= 7.8 
1985 March 3 Chile Ms= 7.8 
1985 September 19 Mexico Ms= 8.1 
1986 May 7 Andereanof Ms= 7.7 

Rupture zones of these had lengths less than 250 
km. 

Surface wave magnitude is not a good discrim
inant to recognize Pacific wide tsunamis. Moment 
magnitude is not useful because we cannot deter
mine moment magnitude within the short duration 
of a tsunami watch. Mantle magnitude as proposed 
by Talandier and Reymond (1988) is claimed to be 
equivalent numerically to moment magnitude, but 
there are a few difficulties with mantle magnitude. 

3. Methods for Discrimination 

As a discriminant between a Pacific wide tsunami 
and a local tsunami, we propose the determination 
of dimensions of rupture area from seismic data, 
within the real time constraints of a tsunami watch, 
by surface wave analysis and body wave inversion. 

To test the discriminant methods, we found two 
pairs of earthquakes that are most appropriate. The 
first pair, the 1957 and 1986 earthquakes that 
occurred off Andreanof Islands in the Aleutians, 
had epicenters within a few tens of kilometers of 
each other, but rupture length of the 1957 earth
quake was 1100 km long, while the 1986 earthquake 
liad a rupture length of roughly 240 km from aft
ershock distribution (Boyd and Nabelek, 1988). 
The 1957 tsunami caused extensive property dam.
age in the Hawaiian Islands while the 1986 tsunami, 
though detected on maregrams throughout the 
Pacific, did negligible damage, even in the Aleu
tians. The disruption of economic and cultural life 
caused by the issuance of a tsunami warning in the 
1986 event was considerable and far from being 
negligible. The other pair of earthquakes were the 
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Chile earthquakes of 1960 and 1985. The rupture 
length of tlie 1960 earthquake was 1200 km long 
(Wada and Ono, 1963), while that of 1985 was 
about 150 km. The 1960 tsunami caused deaths and 
destruction as far away as Japan. Although the i985 
tsunami caused no damage, the magnitude of the 
1985 earthquake was 7 .8 with considerable destruc
tion on land in Chile. No tsunami warning was 
issued for the 1985 earthquake, fortunately. 

4. Surface Waye Analysis 

In 1961 Ben-Menahem proposed the method of 
directivity to determine the length of a rupture 
zone. He showed that the ratio of the spectra of 
Rayleigh waves R 1 and R2 is expressible as direc
tivity which is a function of three parameters: rup
ture length, rupture velocity and tlie angle between 
the rupture direction and direction of wave propa
gation. The great advantage of the directivity 
method is that a long period seismogram with sensi
tivity to 400 second period from only one station is 
necessary for the analysis. 

A record from the strain meter at Yasato Station 
in Japan were obtained and analyzed. Figure 1 
shows the R 1 record and Fig. 2 the R2 record for 
the 1986 Andreanof earthquake. Figure 3 is a plot 
of the ratio of the spectra of R1 and R2 • Figure 4a 
is a plot of the directivity function with a rupture 
length of 1100 km, rupture velocity of 2 km/sec and 
angle of 20 degrees between rupture direction and 
wave direction, while Fig. 4b is the directivity for 
rupture lenth of 80 km with other parameters being 
the same as the 4a case. The 80 km rupture length 
fits the data. A plot of aftershocks by Boyd and 
Nablek (1988) showed a rupture area of 240 km by 
150 km. It may be that the aftershock area did not 
correspond to the rupture a:rea for this earthquake. 

For the Chile earthquakes, the rupture length for 
1960 was 1200 km (Wada and Ono, 1963) and that 
of 1985 was 150 km by our determination. 

The surface wave method is a quick and dirty 
method for discrimination during the time limita
tion of a tsunami watch. If the ratio of spectra 
shows a cluster of peaks and troughs in the 400 
second period area, then the rupture area is in the 
range of 700 to 1200 km range. If the cluster is 
near the 150 second period section, the rupture 
length is roughly 250 km. If in the 70 second range, 
then the rupture area is in the range of 100 km. 

In spite of the late arrival of the R2 wave, the 
analysis can be completed to be in time for the 
decision to issue a warning or not. With appropriate 
scanning device to read seismograms and properly 
tailored software for spectral analysis, surface wave 
analysis can be done in 15 minutes. 
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Fig.1. R1 wave from the 1986 Andreanof earthquake on 
Y asato Staion. 

Fig.2. R, wave on Y asato record. 
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Fig.4. Directivity functions for rupture lengths 1100 km 
(a) and 80 km (b). 

5. Body Waye Inversion Mebod 

To estimate a length of rupture area from body 
waves, we apply a waveform inversion technique. 
By an invers10n method we obtain the slip distribu
tion on a fault plane that minimizes a misfit of the 
synthetic seismograms to the data. 

To analyze in real time, we express a fault model 
in terms of linear parameters. A large fault plane 
is placed in the xy-plane; the x-axis is parallel to the 
strike direction and the origin is taken as the rup
ture initiation point. The fault plane should be 
taken much larger than the rupture extent inferred 
from the magnitude and the surface wave analysis. 
We divide the fault plane into M x N subfaults with 
length Ax and width Ay. Letting Xm = mAx and 
Yn=nAy, mn-subfault occupies the region xm-Ax/2 
:S X :S Xm + Ax/2, Yn -Ay/2 :S y :S Yn + Ay/2. 
Approximating each subfault by a point dislocation 
source placed at the center of the subfault, we 
assume the slip time function Dmn(t) at the mn
subfault as 

Dmn(t) = 0 t<T mn 
k-1 

= ~ Dmnl + Dmni/T (t-Tmn-(k-1)-r) 
l=l 

K 
= ~ Dmnk t>Tmn+K-r (1) 

k=l 

with 

Tmn=~/Vr 
Dmnk (k= 1,2, .. ,K) are the model parameters of 
which values are determined by the inversion and 
Vr is a rupture velocity. From the inversion solu
tion for the final slip distribution, ~Dmnk> we can 

k 
find the length of the rupture area. Since the 
estimated slip depends on the assumed value of Vn 
we will obtain least squares solutions for various 
values of Vr and choose the solution leading to the 
best fit among them as our preferable solution. By 
modeling the slip function as Eq.(1), we can take 
account of variation in local rupture velocities as 
well as variation in slip functions. For example, the 

slip function with Dmnk=O for k=l,2 may 
correspond to delayed rupture by 2-r. This expres
sion for the slip function is based on Olson and 
Apsel (1982). 

The synthetic P-wave at the station xi radiated 
from our fault model is given by 

F(t,xj) = ~ Dmnkfmn(t-Tmn-(k-l)T,Xj) (2) 
mnk 

where fmn(t) is the elementary wave from the mn
subfault with unit slip and a rise time of -r. We cal
culated fmn(t) on the basis of the ray theory assum
ing that it is composed of direct P, pP, and sP 
phases. Attenuation effects and instrumental 
response were taken into account. 

Introducing smoothing and positivity constraints 
to stabilize the problem, we determine values of the 
model parameters D mnk that yield the best to the 
data. The inversion scheme is almost the same as 
Yoshida (1989). 

To test this method, we first inverted the long
period P-waves (sampling interval = 1 sec) from 
the 1985 Chile earthquake recorded by the Global 
Digital Seismograph Network (GDSN). We 
assumed the hypocenter is 33.15S0 S, 71.980°W, 
depth 33 km reported in Preliminary Determination 
of Epicenter and the fault plane is strike= Nll 0 E, 
dip=25°, and slip anlge=l10°, which was deter
mmed by Dziewonski et al. (1985). In Fig.5, we 
show the equal-area projection of the focal sphere 
(the lower liemisphere) and the GDSN stations used 
for the inversion. Considering a fault of 680 km 
length and 160 km width, we assumed M=l7, 
N=4, Ax=Ay=40 km, K=5, and -r=6 sec. Thus 
the number of the model parameters is 
MXNXK=340. The vertical component seismo
grams of 200 sec at ten stations were inverted. 
Testing for the rupture velocities of 1.5, 2.0, 2.5, 
and 3.0 km/s, we obtained the best fit when Vr=3.0 
km/s. The total computational time for obtaining 
the least squares solutions for the four values of Vr 
was about 15 minutes. Figure 6 shows the com
parison of the observed and the s.ynthetic seismo
grams for the preferable solution with Vr=3.0 km/s 
and Fig.7 shows the contours of the final slip on the 
fault plane. The estimated model has three high 
slip areas with a length of 240 km, which is some
what larger than the estimation of 150 km by the 
surface wave analysis. The length of the twohigh 
slip areas south of the hypocenter is about 150 km; 
this region may correpond to the rupture area 

N 

w E 

Fig.5. Equal-area projection of the focal sphere (the 
lower hemisphere) and the stations used for the body 
wave inversion of the 1985 Chile earthquake. 
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estimated from the surface waves. 

Next we studied the 1986 Andreanof earthquake 
in the same way. When we assumed Vr=2.0 km/s, 
we obtained the solution yielding the best fit. Fig
ure 8 shows the estimated slip distribution. It is 
found that the length of the high slip area is about 
80 km, which is the same estimated by the surface 
wave analysis. 

6. Evaluation 

During a tsunami watch, in addition to the 
parameters that are routinely obtained, the mantle 
magnitude and the parameters of the rupture area 
should be obtained. Both methods we propose for 
rupture parameter determinations can be completed 
within 30 minutes. We point out that in the cases 
we have studied, one method confirms the other. 

During a tsunami alert, once the size of the rup
ture area has been determined, we can use main 
frame computers and calculate the distribution of 
tsunami amplitude across the Pacific as the tsunami 
progresses. Software for such computation is 
already available. We can predict the expected dam
age at distance shores. 

What we propose entails the installation of strain 
meters, preferably those verr. similar to the one at 
Y asato Station, at the Pacific Tsunami Warning 
Center or nearby. 

Fig.6. Comparison of the observed (thin line) and the 
synthetic (thick line) seismograms calculated for the 
inversion solution of the 1985 Chile earthquake. 
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Fig.7. Contours of the estimated slip for the 1985 Chile earthquake. The contour 
interval is 0.2 m. The synthetic seismograms from this model are shown in Fig.6. 
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Fig.8. Contours of the estimated slip for the 1986 Andreanof earthquake. 

-154-



Acknowledgements 

We thank Y. Okada of Disaster Prevention 
Research Institute at Tsukuba City for extracting 
the Yasato Station records from the computer files 
and making them available for us. We also thank 
M. Okada, M. Hoshiba and K. Goto of Meteoro
logical Research Institue at Tsukuba City for their 
assistance with computers. We used the ray tracing 
program written by T. Sagiya of Geographical Sur
vey Institute, Japan. 

Much of this analysis was done during a sabbati
cal semester spent by the senior author at Meteoro
logical Research Institute in Tsukuba City, Japan, 
under the auspices of the U. S. National Science 
Foundation. 

References 

1. Ben-Menahem, A., 1961. Radiation of seismic surface 
waves from finite moving sources, Bull. Seism. Soc. Am., 51, 
401-435. 
2. Ben·menahem, A., 1963. Source mechanism from spectra 
of long period surface waves, 2. The Kamchatka earthquake 
of November 4, 1952, J. Geophys. Res., 68, 5207-5222. 
3. Boyd, T. M., 1984. Characteristics of seismicity associated 
with the 1957 (M,.=9.1) Aleutian Island earthquake, 
(abstract), Trans. Am. Geophys. Un., 66, 298. 
4. Boyd, T. M. and Nabelek, J. L., 1988. Rupture process of 
the Andreanof Islands earthquake of May 7, 1986, Bull. 
Seism. Soc. Am., 78, 1653-1673. 
5. Dziewonski, A. M., Franzen, J.E. and Woodhouse, J. H., 
1985. Centroid-moment tensor solutions for January-March 
1985, Phys. Earth Planet. Inter., 40, 249-258. 
6. Olson, A. H. and Apsel, R. J., 1982. Finite faults and 
inverse theory with applications to the 1979 Imperial Valley 
earthquake, Bull. Seism. Soc. Am., 72, 1969-2001. 
7. Talandier, J. and Reymond, D., 1988. A new approach for 
a quick estimation of the seismic moment, magnitude M,., 
Natural and Man Made Hazards, 109-124, Reidel Pub. Co. 
8. Wada, T. and Ono, H., 1963. Source mechanism of the 
Chilean earthquake from spectra of long period surface 
waves, Zisin, ser IT, 16, 181-187. 
9. Yoshida, S., 1989. Waveform inversion using ABIC for 
the rupture process of the 1983 Hindu Kush earthquake, Phys. 
Earth Planet. Inter., 56, 389-405. 

-155-



SOURCE CONFIGURATION AND THE PROCESS OF 

TSUNAMI WAVES FORMING 

An, G. Marchuk, V. V. Titov 

Computing Center, Siberian Division of the USSR Academy of Sciencies, Novosibirsk, USSR 

Abstract 

The first stages of tsunami waves 
forming by two-dimensional surface 
displacement are still not clear 
enough. In this paper authors made the 
attempt to describe theoretically and 
confirm conclusions numerically the 
process of tsunami waves generation 
by rectangular positive and negative 
initial ocean surface displacements. 
The main result of the paper is the 
proof of the focussing point existance 

for combined plus-minus initial 
displacement where abnormal tsunami 
wave height can be registered. 

1. Introduction 

The most important role for para
meters of tsunami wave in near-source 
zone have bottom relief (bathymetry), 
form and location of the source. But 
the importance of these factors in 
different cases is not equivalent.Cha
racteristics of the wave, coming from 
a distant source mainly depend on its 
size and peculiarities of the bathyme
try between source and observation 
point. Near tsunami source the main 
role in wave signal forming plays dis
tribution of the initial surface dis-
placement in it. It is well known for 

the shallow water theory that in one
dimensional case positive surface dis
placement generates positive ( rise ) 
tsunami wave without any negative wave 
train behind it. But two-dimensional 
rectangular initial surface elevation 
generates tsunami wave having after 
the leading positive wave some nega
tive train. So we see that the second 
dimension is responsible for negative 
waves in tsunami wave train (case of 
positive source). 

2. Wave focussing 
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Let's consider rectangular 
positive initial surface displacement 
having maximum height at the central 
point. On the figure 1 one can see the 
numerically calculated behavior of the 
water level (marigram). Maximum value 
of water level here was at the initial 
moment. Then level was coming down to 
zero and have stopped. In one-dimen
sional case that would be the end of 
the process, but here after some time 
interval (it is equal to wave tra
vel-time from short boundaries of the 
source) level began to coming down 
again till some minimum value, which 
verifies from minus 1 (square source) 
to zero (very very long source). If we 
change up and down of this picture 

Fig.1 Behavior of the sea 
level in the center 

of rectangular source. 



we'll obtain the marigram in the cen
ter of rectangular negative source. So 
we have find that short sides (bounda
ries) of the positive rectangular 
source are working like generators of 
negative tsunami waves and in the case 
of negative initial surface displace
ment - as generators of positive 
waves. 

Let introduce the concept of f o
cusing as a simultaneous arrival of 
tsunami waves from different sources 
or parts of the initial wave front to 
the point named focus.For regions with 
constant depth location of the focus 
can be easily find geometrically using 
comparison of distances. 

Now let's return back to spatial 
tsunami sources. Usually real tsunami 
source is combination of positive and 
negative displacements. Some approach 
to reality is so called plus-minus 
source which consists of two symmetric 
rectangular parts with surface dis
placements of opposite signes. If we 
will consider the kinematic picture of 
generation and propagation process in 
case of plus-minus source (fig.2), we 
will see that on the straight line 
coming through centers of both parts 
S1 and S2 there exists point M 
(the focus) where positive waves from 
the center of the positive part S2 
and short boundaries AB and EF of the 
negative part arrive simultaneously. 

+ Sz. 

B E 

M 

Fig.2 Location of the focus 
for plus-minus initial 
surface displacement. 

At the focusing point M we can expect 
increasing of the wave height. Numeri
cal simulation of this problem (gene
ration of tsunami waves by plus-minus 
source) have confirmed our statement 

about abnormal high tsunami amplitude 
(as compared with the case of positive 
initial source) in the neighborhood of 
the focus. On the figure 3 water 
surface in two moments of the pro
pagation process is drawn. One can 
easily see positive waves coming from 
short boundaries of the negative part 
( sides AB and EF on the fig.1 ). 

(a) 

Fig.3 Form of the water surface 
328 (a) and 657 (b) sec 
after the start of the 

propagation process. 

Looking through the distribution of 
the maximum surface level along the 
straight line coming through centers 
of both parts of the initial surface 
displacement it is possible to see the 
area with maximum amplitudes higher 
than half a meter (initial height in 
the source was 1 m). The same distri
bution for positive source of the same 
rectangular form and height has no 
maximums outside the source (dotted 
line on fig.4). 

Comparisson of the maximum wave 
heights in the neighborhood of the fo
cus gives one and a half times growth 
of the wave height there for rectangu
lar plus-minus source as compared with 
the positive initial surface elevation 
of the same amplitude (+1 m) and form. 

Application to tsunami zoning 

So we see that after generation of 
tsunamis by the source which has rise 
and fall parts (at the initial moment 
of time) there can exists the focus, 
where abnormal high tsunami can be 
registered. It is clear that for some 
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Fig.4 Distribution of maximum 
wave heights for plus
minus and positive 

sources. 

location of the described plus-minus 
source the focus can be located close 
to the coasline. In this case in the 
coastal points near this focus abnor
mal high tsunami waves can be registe
red. If we take a fixed point on the 
coastline it is not difficult to 
obtain potentially dangerous location 
(dangerous for the neighborhood of the 
fixed point) of plus minus tsunami 
source using isochrone technique. If 
the center of the positive part of the 
source and short sides of the negative 
part are located on the same iso
chrone (travel times from our coastal 
point are the same) in this given 
point we will register the focal amp
lification of the wave height. Let us 
consider sloping bottom relief near 
the straight coastline. In this case 
it is possible to build isochrones 
using analytical approach. Above the 
sloping bottom wave rays are cycloids 
which parametrically can be expressed 
as [ 1 l: 

x = c1 
y = c1 

t - sin t 
1 - cos t 

where the radius of the cycloid c 1 
is derived for every pair of start and 
end points. Assume th'at the bottom 
iclination angle is equal to ~ , so 
at the distance y* off shore depth 

H will be expressed 

* H = y tg CL 
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Let M be the fixed point on the 
coasline and the initial point of the 
coordinate system. X - direction along 
the coastline, y - off shore. From the 
point (a,b) to the coastal point M 
tsunami travel time will expressed [1] 

I 2c 1 I _ ·arc cos ( 1 - b c 1 ) , 
Vg•tg CL 

and from the marine point S with 
coordinates (O,b 1 ) travel time is 
expressed as 

( 2) 

Here C and c are tsunami velocities 
at poin~s S Wnd M (C = 0). Our aim 
is to find the form of Tsochrones for 
our coastal point M • From condition 
of equality of both times T1 and T0 
we can find correlation between quan
tities a,b and b 1 • 

/ 2c 1 b 
-r==e==~'· arccos ( 1 -- ) ( 3) 
Vg •tg CL C1 

and finally 

c 
b 1 = ~(arccos(1-b/c 1 )) 2 ( 4) 

From wave ray equations (1) we can 
find the value of parameter t in the 
point (a,b) 

* t arccos(1 - b/c1 ) 

and then we 
ties together 

obtain 
a , b 

equation 
and c 1 

(5) 

which 

* a=c 1 (arccos(1-b/c 1 )-sin arccos t)) (6) 

Using equations (4) and (6) it is 
possible to derive the connection bet 
ween a, b and b 1 which independent on 
c 1 • Now for every value b 1 it .is 
easy to find values a and b for 

dense enough set of values 
arccos(1 - b/c1 ) from zero to 211 

It is interesting that the form of 
obtained isochrone is independent on 
time and bottom inclination, but it 
linearly depends on offshore distance 
b 1 • For b 1 = 1 from obtained expres
sions one can find that the width of 
isochrone (fig. 5) is close to 1.28, 
and it intersects coastline in points 

(±0.318,0). Finally it is necessary 
to say that tsunami travel time from 
each point of this isochrone expressed 



by formula (2). Broken line on the 
figure 5 shows us the possible loca
tion of plus-minus tsunami source 
which produces wave focusing in point 
M • 

r--------- ---------
I + 
I 
r-------

H 

Fig.5 Form of the isochrone for 
the costal point M above 
the sloping bottom. Broken 
line shows potentially 
dangerous location of the 
plus-minus tsunami source. 

In regions with real bathymetry 
isochrones for coastal (or any other) 
points can be build only using numeri
cal computations. For example authors 
carried out this procedure for Nothern 

Kurils. After drawing of isochrones 
we can easilly choose the location of 
one of the possible plus-minus tsunami 
sources which was used for numerical 
computations of tsunami propagation 
process. Method of numerical simula
tion was based on nonlinear shallow
wa ter equations 

Ht + ( Hu )x + Hv )y = 0 

ut + uu + vu + gHX gDX x y 

Vt + UV + vv + gH dD x y y y 

where H(x,y,t) - the whole depth from 
ocean bottom to surface, D(x,y) - ba
thymetry of the region, u(x,y,t) , 
v(x,y,t) - waver velocity components, 
g - gravity acceleration. The diffe
rence between H and D is surface 
displacement from undisturbed level. 
Numerical atgorithm is based on split
ting method. More details about this 
numerical algorithm one can find in 
[2]. Numerical experiment in Nothern 
Kurils region gives one and a half 
times growth of tsunami waves height 
near the shore for plus-minus source 
as compared with positive tsunami 
source with the same initial height. 
On the figure 6 the comparison of 
distributions of maximum tsunami wave 
heights along the coastline is shown. 
Here vertical lines mean maximum wave 
heights from one meter plus-minus 
source and the curve shows the distri
bution of maximum tsunami heights from 
one meter positive source. It is clear 
that plus minus source with negative 
part towards the shore produces rather 

Fig.6 Distribution of computed maximum tsunami wave 
heights along the coast of Nothern Kurils 

with and without focusing. 
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high tsunami waves in the neighborhood 
of the coastal focusing point. 

Let's do one more step to reality. 
Real tsunami sources generally con
sist of two parts (rise and fall), but 
instead of rectangular these positive 
and negative parts usually have ellip
soidal form. 

Let's simulate the situation which 
has taken place during Japan sea tsu
nami May 26, 1983 near Akita coast. In 
that case tsunami source had rise and 
fall parts. Maximum elevation in the 
source was about 3.5 meter and minimum 
initial water level in negative part 
near minus half a meter. Location of 

Fig.7 Location of tsunami source near Akita prefecture coast. 
In the right part distribution of maximum tsunami wave 
heights is shown. Points give us computed heights for 
full source and the curve - for the source without nega-

tive part. 

this source which was used in numeri data. On the figure 7 one can see that 
the center of the positive part of our 
initial surface displacement and short 
boundaries of the negative part locate 

cal modeling is close to real 
follows from comparison of 

one. This 
computed 
the real first wave arrival times with 
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Fig.8 Comparison of real data [3] 
(broken line) and computed 
marigram in Fukaura. 
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on the same isochrone which was built 
for the coastal point with maximum 
registered tsunami heights. Distribu
tion of maximum wave heights along the 
coastline is very similar to the real 
tidal data. The same we can say about 
tsunami arrival times and first cycles 
on marigrams (figures 8 and 9). So our 
conclusion on this matter can be for
mulated as follows: during Japan sea 
tsunami in 1983 great tsunami wave 
heights near Minehama village were the 
result of the wave focusing too. This 
is confirms by results of numerical 
simulation of this event with the ini
tial surface displacement without 
negative part. Distribution of wave 
heights in this case is drawn as a 
curve. Comparison of distributions 
gives the large enough difference in 
focal area (near Minehama village). 

4. Conclusions 

If the initial tsunami source have 
rise and fall parts there exists some 
point out of the source where abnormal 

wave heights can be registered. This 
happens as a result of mutual interac
tion of positive tsunami waves coming 
from different parts of initial sur
face displacement. Sometime this focal 
point can be located near the coast-
1 ine and this situation can increase 
the damage on the shore. 
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A SEMI-ANALYTICAL AND SEMI-EMPIRICAL METHOD 
FOR THE EVALUATION OF TSUNAMI 
GENERATING EFFICIENCY DUE TO LANDSLIDES 
PLUNGING INTO THE WATER BODIES. 

S. I. Iwasaki 

National Research Center for Disaster Prevention, Japan 

ABSTRACT 

On tsunamis generated by landslides 
plunging into water bodies, the gener
ating efficiency was fixed by the com
parison of linear theory with 
laboratory experiments and field obser
vations. Waves were generated by the im
pacts of the slides at the water sur
faces and the submerged movements of the 
landslides in the water. At the water 
surface. about 8-15% of the kinematic 
energy of the sliding body was trans
formed into the wave energy. In total. 
the efficiency was about 26%. 

1. INTRODUCTION 

About 90% of causes of tsunamis is sub
marine earthquakes. other 10% is 
landslides. volcanic eruptions, rock or 
ice falls and so on. In particular. sub
marine landslide induced tsunamis are 
not accompanied with so-called fore
shocks as in the case of earthquakes and 
volcanic eruptions. And tsunamis gen
erated by landslides plunging into 
water bodies can occur ·in inland lakes 
and reservoirs where normally considered 
to be safe for such disastrous water .. 
waves. Predicting the wave heights of 
various dimensions and speeds of the 
slides for site hazard evaluation pur
poses is of clear importance. 

For the estimation of the heights of 
tsunamis generated by landslides. one of 
the bases is WIEGEL's [1] laboratory ex
periment. One of the conclusions was 
"about 1% of the initial potential 
energy(net,submerged) is transformed 
into the wave energy." Based on this 
conclusion. STRIEM&MtLOH [2] calculated 
the wave height assuming the generated 
wave is one dimensional solitary wave 
and compared with the historical data. 
But. they committed simple mistake in 
the calculation of the solitary wave 
energy. MURTY [3] reported the submarine 
landslide induced tsunami occurred on 
April 27.1975. in Kitimat Inlet. British 
Columbia. Inversely evaluated efficiency 
from the observational data and correct 
solitary wave energy is 32. 2%. This 
value is far from the WIEGEL's conclu
sion. It is suggest~d that WIEGEL's 
result could not be applied simply to 
all of the landslides-induced tsunami 
evaluations. Iwasaki( [4]. [5] ), introduc
ing the concept of Virtual Mass(Added 
Mass), reconstructed the data of 
WIEGEL's experiment and showed the maxi
mum efficiency was 10% through the 
numerical simulations and the linear 
theory(KAJIURA. [6]). 

In this paper. tsunamis due to 
landslides plunging into the water 
bodies were investigated. Generation 
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mechanism of the tsunamis divided into 
two stages , impact at the water sur
faces and submerged movements of the 
sliding bodies in the water. Using the 
conclusion of IWASAKI [4], generating 
efficiency at the water surface was 
fixed. 

2.TSUNAMI GENERATING EFFICIENCY DUE TO 
LANDSLIDES PLUNGING INTO THE WATER 
BODIES 

Using the data derived from a U. s. Army 
engineer Waterways Experiment 
Station(WES) model study of Lake 
Koocanusa. Montana( DAVIDSON & 
WHAL IN. [8] ), and a Western Canada 
Hydraulic Laboratories, Ltd. (WCHL) model 
study of Mica Reservoir. British 
Columbia(WCHL. [9]), SLINGERLAND & VOIGHT 
[7] presented a empirical formula 

log( 1/ maxld)=-1. 25+0. 71•log(K. E.) (1) 

where 1/ max is the maximum wave 
amplitude at a standard distance r/d=4. 0 
directly in front of a slide. d is the 
average depth off shore from slide site, 
r is the radial horizontal distance from 
the point of slide impact and K. E. is 
the nondimensional slide kinematic 
energy. Fig. 1 shows the empirical for
mula and laboratory experimental data 
denoted by black squares(WES) and· 
dots(WCHL). Confidence limits at the 95% 
level are indicated by dashed lines. The 
back calculations of slide-induced 
tsunamis that occurred in Lituya bay, 
Alaska and Disenchantment bay, Alaska 
are also shown in Fig. 1. Informations of 
both slides are shown in Table-1. 

Table-1 Parameters concerning the slides 
of Lituya Bay and Disenchantment Bay. 

Vo ( c m3 ) p (g/cm3 ) VI (ca/,.c) d (c•) 

LITUYA BAY 3. 1 x 1 o" 2. 7 s. 6-6. sx10 3 1 • 2 x 1 o' 

"' .. ., 
c 
0 
;; 
c: ., 
E 
;:; 

"ti 

1.0 

~0.1 e . 
"'" 

DISENCHANTMENT 

10 

BAY 2 • s x 1 013 1 • 0 6. 0-8. 3Xl0 

EFF. {%) = 2s. 15. a. 

log('Zma.x/d} = -12 5 
+2-rogK~ 3 . 

100 

Slide kinetic energy KE (dimensionless) 

Fig. 1 Plots of maximum wave amplitude versus slide 
kinematic energy (after SLINGERLAND & VOIGHT. [7]). Ef
ficiency is constant along each bold solid line. 
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We. now. assume the generated wave had 
the solitary wave characteristics and 
consider the one dimensional propaga
tion. The energy of solitary wave per 
unit width is expressed as follows 

(2) 

r = TJ maxld 

where p w denotes the density of the 
water and g the gravitational constant. 
In the experimental conditions. the wave 
propagated through a 180° arc. Then. the 
total energy is( see. Fig. 2) 

(3) 

-MOoELLiMirS ___ _ 

• A\8 1127 
Q RIBS 1011,0!<l,02J 

WAVE GAGE LOCATIONS 

Fig. 2 Laboratory experimental set up of 
WES (after DAVIDSON & WHALIN. [8]) 

And. slide kinematic energy is 

(4) 

where P s denotes the density of the 
material of landslides. V0 the volume of 
the slide and Vf the final velocity of 
the slide. Nondimensional form of (4) is 

(5) 

There is little difference if the coef
ficient of log(K. E. ) is changed from 
o. 71 to 2/3 in the equation (1) (see 
Fig. 1. bold solid line). 

log( r )=-1. 25H2/3)•log(K. E.) (6) 

Substituting (2) into (3) yields 

log(W. E. )=log(8 TC /3/3Hlog( P w•g•d3) 
+log(r) t(3/2)log( r) (7) 

Substituting (6) to (7) and after some 
algebra we get 

(8) 

Efficiency can be defined along the line 
of incline 2/3 in Fig. 1. In the ex
perimental conditions mentioned above. 
the efficiency is about 26%. 

3.GENERATING EFFICIENCY AT THE WATER 
SURFACE 

It is suggested from Fig. 1 that tsunami 
generating efficiencies rather low for 
the Disenchantment Bay slide compared 
with that for the Li tuya Bay s 1 ide. The 
reason of this difference can be con
sidered as follows. The material of the 
Li tuya Bay slide was soil( p =2. 7g/cm3) 
but the material of the Disenchantment 
Bay slide was glacier( p =1. Og/cm3). So 
that. according to IWASAKI [ 4] . for the 
case of Lituya Bay. the slide generated 
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tsunami even in the water at the maximum 
efficiency 10%. But. for the case of 
Disenchantment Bay, the fallen glacier 
did not generate tsunami in the water. 

To confirm this speculation. we assume 
the virtual landslide. that is. whose 
K. E. is the same with that of the Disen
chantment Bay glacier and density Pis 
the same with· that of the Lituya Bay 
slide (see Table-2 ). The range of K. E. 
of the Disenchantment Bay fallen glacier 
varies from 130 to 249 depending on the 
estimation difference of the final 
velocity. In Fig. 3. A and B indicates 
the point of K. E. =130 and K. E. =249. 
respectively. 

If the 10% of the potential energy lost 
in the water of the virtual slide was 
transformed into the wave energy, then. 

~ 

"' "' ., 
c 
0 ·;;; 
c: ., 
E 
i:j 

" 

1.0 

~0.1 
0 

E 
.r::-

rrototyp., 
A 

B 
. Virtual Slide A. 

B' 

IU 

the points A and B move to A ' and B ' as 
shown in Fig. 3. This tendency are con
sidered to be reasonable compared with 
the experimental data. The real values 
exist between A and A' or B and B ' . 
The Disenchantment Bay fallen glacier is 
thought to have the effect for the 
tsunami generation· only at the water 
surface. Then. we can evaluate the gen
era ting efficiency due to the impact at 
the water surface by the method men
tioned in section 2. The result is about 
8-15% of the kinematic energy of the 
slide was transformed into the wave 
energy at the water surface as shown in 
Fig. 1. 

Table-2 Parameters of the slides of 
Disenchantment Bay, prototype and vir
tual slide. 

Vo (cm') p (dcm') d (cm) KE (non-dim. ) 

130 " ' 2. 9X10 1. 0 8. OxlO 
249 

130 
1. 1x10" 2. 7 8. ox10' 

249 

log('1ma.x/d) = -1.2 5 
+2-1ogl<E 3 . 

100 

7]max/d 

0. 96 

0. 96 

1. 30 

1. 30 

Slide kinetic energy KE (dimensionless) 

Fig. 3 The same figure as Fig. 1. but the points A. B 
correspond to the cases of prototype slide and A ' , B ' 
correspond to the cases of virtual slide of Disenchant
ment Bay, respectively. 
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4.CONCLUDING REMARKS 

On tsunamis generated by landslides 
plunging into the water surfaces. fol
lowing results are found. 

1. Generation mechanism is divided into 
two stages. that is. ··impact at the water 
surface and submerged movement of the 
sliding body in.the water. 

2.For the evaluation of the generating 
efficiency. it is essential to know the 
values of kinematic energy. potential 
energy lost in the water and density of 
the slide. 

3. It was found by the semi-analytical 
and semi-empirical method that about 
26% of the kinematic energy of the slide 
was transformed into the wave energy in 
the cases of the both laboratory 
experiments(WES and WCHL). 

4. At the water surface. about 8-15% of 
the kinematic energy of the slide is 
transformed into the wave energy. 
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APPLICATIONS OF FUZZY ALGORITHM TO CONTROL 

OF AUTONOMOUS UNDERWATER VEHICLE 

Naomi Kato 

Tokai University, Shimizu, Japan 

ABSTRACT 

This paper presents the applications 
of fuzzy algorithm to guidance and 
control of autonomous underwater vehicle 
(AUV) in terms of intelligence of 
machines. 

A good combination of the hardware 
and software is indispensable to the 
perfectly autonomous control of AUV. As 
to the hardware, a new type of AUV 
named FLIPPER and a new concept of 
underwater survey system proposed by the 
author et al. are referred. As to the 
software,control architecture of FLIPPER 
has hierarchical structure consisting of 
attitude control with decoupling of 
motion,guidance,navigation,path planning 
and communication. 

The attitude control,the guidances 
for seabed survey,rendezvous with 
unmanned.underwater station (UUS), 
pipeline survey are numerically 
simulated by use of fuzzy algorithm. 

!.INTRODUCTION 

Future targets of R & D of ROVs will 
be focused on intelligence of ROVs 
,cooperative working between a group of 
ROVs and support vessel,and long-term 
mission. Of various types of ROVs, 
AUV is suitable for deep water survey 
and light working because of no troubles 
caused by umbilical cables and of a 
little consumption of power. 

This paper presents ongoing work 
about AUV and the underwater survey 
system [1,2] from the viewpoints of 
above-mentioned targets. The author 
proposed a new type of AUV named FLIPPER 
(see Fig.1) performing a stable 
oceanographic undersea investigation on 
a prearranged course as well as 
underwater survey system as shown in 
Fig.2. 

Control Configured Vehicle (CCV) 
technology was adopted for the attitude 
control decoupling some components of 
the motion. Fuzzy algorithm was applied 
to the guidance as a step of 
intelligence of AUV. 

AUV in general has shortcomings 
about power and communication compared 
with tethered ROV. Not only to overcome 
these shortcomings.but also to perform 
cooperative and long-term missions by a 
group of AUVs, proposed underwater 
survey system has an UUS having the 
missions of docking AUVs, charging or 
replacing AUVs' batteries.exchanging 
information in the shed of UUS ,and 
watching AUVs. This paper deals with 
(1) the situation of fuzzy algorithm in 
terms of intelligence of machines ,(2) 
control architecture of AUV,(3) 
application of fuzzy algorithm to 
attitude control of AUV with CCV modes 
and (4) application of fuzzy algorithm 
to guidance on a prearranged cour.se, 
collision avoidance maneuver, rendezvous 
of AUV with UUS and pipeline survey 
using vision. 

2. INTELLIGENT MACHINES AND CONTROL 
ALGORITHMS 

According to rapid expanse of 
automation in the fields of machinery 
control and process control in recent 
years.the control targets have been more 
complicated,but more advanced.more 
various.more flexible control functions 
have been needed as well.As the 
corresponding control system to such 
circumstances, autonomously distributed 
control system is more desirable than 
centralized control system. In 
addition.cooperative man-machine system 
is also desired. In the autonomously 
distributed control system.functions, 
performances,data,processes,sensors, 
system management.resources and so on 
are distributed to perform intelligent 
tasks such as measurement, congnition, 
inference, evaluation.judgement and 
operation. In the cooperative man
machine system, informations such as 
natural languages,characters and 
pictures are transferd from human 
beings to machines to obtain the support 
of decision making from the machines 
having the system for knowledge data 
base, inference and learning. 
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There are three control algorithms so 
far for the construction of the 
autonomously distributed control system 
and the cooperative man-machine system, 
namely knowledge-based algorithm[3], 
neural network (4] and fuzzy algorithm 
[ 5] . 

Of three algorithms,fuzzy algorithm 
is aimed at realizing the intelligent 
machine capable of human-friendly 
information management and working. The 
fuzzy algorithms have been successfully 
applied to various fields of industry in 
Japan.for instance, autopilot of subway 
and water purification plant for 
drinking water. The fuzzy algorithm 
based on subjective linguistic rules 
with fuzziness is applicable to ill 
defined problems where logical 
algorithms cannot be applied to. As 
relevant matters.the comparison of fuzzy 
control with usual other controls i.e. 
PID control and optimal control is shown 
in Table 1. 

3. UNDERWATER SURVEY SYSTEM AND 
CONTROL ARCHITECTURE OF FLIPPER 

There are three progress stages of 
autonomous control of AUV according to 
communication bandwidth,i.e.1) acoustic 
linked [6] ,2)supervisory (7), and 3) 
perfectly autonomous. A good combination 
of the hardware with the software is 
indispensable to the third stage. The 
main problems of the hardware are 
l)power sourses with long-term 
performance , 2)communication [8], 
3)parallel multi-processor(9] capable of 
parallel multi-task.and 4)optimum hull 
form closely related with missions[l]. 
On the other hand.those of the software 
are l)machine intelligence using 
parallel multi-processor for cognition 
of circumstances and action, 2) 
distributed control architecture ,and 3) 
cooperative tasks by a group of ROVs. 

3.1 UNDERWATER SURVEY SYSTEM 

To solve the first two problems of 
the hardware, the author proposed the 
concept of an underwater survey system 
consisting of a mother ship,a launcher.a 
UUS,a group of AUVs and underwater 
position system. The mission of each 
subsystem is as follows. 
(l)Mother Ship 

A total decision and strategy are 
made on the mother ship. Power is 
supplied to the launcher and DUS through 
a cable.Sampled data by AUVs are 
transformed to the mother ship during 
the docking of ADV in DUS. Mother ship 
watches the locations of the subsystems 
by an underwater acoustic position 
system. 
(2)Launcher 

In launching and recovery of the 
launcher, UUS mates with it housing AUVs 
in the sheds. It enables UUS to do rapid 
and easy operation between the 

mother ship and a target depth. 
(3)UUS 

UUS is connected to the launcher with 
neutrally buoyant cable to protect the 
transmission of the mother ship motion 
in waves to UUS. UUS has .the missions 
of housing of AUVs,power supply to AUVs 
and information transfer between AUVs 
and the mother ship. UUS is equipped 
with the sheds for AUVs,docking system 
and dynamic positioning system for the 
attitude control of UUS by thrusters. The 
battery charging or exchanging system 
and the data transformation system on 
UUS make it possible for AUVs to operate 
for a long period. 

3.2 CONTROL ARCHITECTURE OF FLIPPER 

An optimum hull form was designed 
focusing on the realization of two types 
of CCV decoupling modes,i.e. 
(l)a constant pitch angle and a constant 
vertical speed in the longitudinal plane 
and (2)zero roll angle a constant yaw 
angle in the lateral plane under the 
conditions of design speed of 2 m/sec 
and the length of 2 m. The designed 
submersible(Fig.1) has an all movable 
forward horizontal wing.a rear 
horizontal wing with a pair of rudders 
rotating simultaneously in the same 
direction, and upper and lower vertical 
tails with a pair of rudders rotating 
independently. 

Rough sketch of control architecture 
of FLIPPER is shown in Fig.3. The 
control architecture has hierarchical 
structure consisting of attitude 
control, guidance, navigation, path 
planning and communication. The attitude 
control and guidance are described in 
details as follows. 
(l)Attitude control 

Three CCV modes are used for the 
attitude control, i.e. a)a mode for 
constant vertical speed and constant 
pitch angle ,b)An mode for constant 
vertical speed and constant pitch 
angular velocity, and c)~ mode for zero 
roll angle and constant yaw angle. 
Those target magnitudes are input from 
the guidance process. This attitude 
control process is performed 
asynchronously with the guidance 
process. accelerometers.a rate gyro 
and a magnetic compass are used as 
sensors for the attitude serising. 
(2)Guidance 

This process has six modules. Table 2 
shows the modules of guidance.the 
corresponding CCV modes and sensors for 
the navigation. 

4. DECOUPLING OF MOTION FOR 
ATTITUDE CONTROL 

We consider the decoupled control 
system where the number of output 
variables is equal to that of input 
variables and that of target input 
variables and where a one-to-one 
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correspondence between output variables 
and target input variables is satisfied. 
The decoupling of motion for attitude 
control is an essential point for the 
construction of distributed control 
system of AUV because guidance which 
lies in the upper layer on the attitude 
control can be performed independently 
from the attitude control. 

In the author's earlier paper [1] the 
control law of decoupling of motion was 
based on a state feedback of modern 
automatic control theory which belongs 
to a linear system. However.this control 
law has · disadvantages about the 
parameters of matrixes describing 
dynamic system and disturbances such as 
tidal current. That is.when the form of 
AUV is changed,the parameters must be 
improved. In addition, when tidal 
current flows, a feedforward control 
must be added to CCV controller to 
eliminate the state magnitudes caused by 
tidal current. Or an adaptive control 
with a system of parameter 
identification including disturbances 
must be installed. 

On the other hand.the application of 
fuzzy algorithm to CCV controller has 
the following advantages. 
(i)The description of dynamic system is 
not needed.independent of linearity 
of the system. 
(ii)It has robustness against 
disturbances. 
(iii)Even when the form of AUV is 
changed.improvement of fuzzy rules 
is not necessary for the decoupling 
of motion in essential. 

4.1 Control Algorithm for a Mode 

We construct two sets of fuzzy rules. 
One is a set of fuzzy rules for input 
variables of the difference between 
present vertical speed of AUV and the 
target vertical speed.and the time 
differential of the vertical speed.and 
for output variable of operational 
magnitude of rudder angle 6 ow for the 
control of vertical speed. The other is 
a set of fuzzy rules for two input 
variables of pitch angle and pitch 
angular velocity ,and for output 
variable of rudder angle 6 o p for the 
control of pitch angle. From these two 
output variables.the forward horizontal 
wing angle o a(t) and the rear 
horizontal rudder angle o e(t) at time t 
are expressed using the variables at 
previous time (t - 6 t) as 

o a(t) o a( t-6 t) + 6 o w 6 o p 
o e(t) o e(t-6 t) + 6 ow + 6 op 

( 1). 

Fig . .4 shows an example of 
the simulation where the target 
vertical speed and the pitch angle are 
taken as 0.3 mis and o· ,respectively 
and the time interval is 0.1 second. In 
the figure, w denotes vertical speed,e 
pitch angle, q pitch angular velocity. 

5. SEABED SURVEY 

5.1 Altitude-Keeping 
Collision Avoidance 
the Longitudinal Plane 

Control 
Maneuver 

and 
in 

The main target of the control 
strategy for seabed survey (Fig.5) is to 
keep the pitch angle of FLIPPER zero and 
to keep the altitude from seabed 
constant as long as possible, infering 
risk of collision with seabed and 
forward qbstacles by fuzzy rules. 

· The degree of risk of collision JB is 
inf ered by the fuzzy rules based on the 
informations of altitude sonar and 
forward obstacle search sonar. The 
inputs of the inference are 

6 h = h - hB, 6 1 1 - le (3) 

where h denotes altitude from seabed,l 
denotes distance to forward obstacle ,h0 
and 10 are taken as 5 m and 20 
m,respectively. 

After the inference of JB ,the control 
strategy is separated into three flows: 
(l)When Ja is greater than zero the 
degree of risk of collision is judged 
to be high. The collision avoidance 
maneuver is taken by use of An mode 
of CCV modes, of which target pitch 
angular velocity is obtained from 
fuzzy rules about Ja as input 
variable and pitch angular velocity 
as output variable. 

(2)When Ja is equal to 
zero.the altitude-keeping control is 
taken by use of a CCV mode 
having zero target pitch angle 
and the target vertical speed which 
is obtained from fuzzy rules about 
6 h and d(6 h)/dt as input 
variables and the vertical speed as 
output variable. 
(3)When Ja is less than zero.the 
difference between the target 
altitude and the measured altitude by 
the sonar is judged to be large. The 
altitude-keeping control is taken by 
use of An CCV mode having constant 
target vertical speed and constant 
target pitch angular velocity. 

As an example of simulation of above
mentioned guidance.a sinusoidal seabed 
is taken. The wave length is 40 m,the 
wave height is 3m and the maximum slope 
angle is 1~ .In the simulation attitude 
control was performed every 0.1 second 
and guidance is done every 1 second with 
the running speed of FLIPPER of 2 m/s 
and with the target altitude from seabed 
of 5 m. The result of Fig.6 shows that 
the target altitude of 5 m and the 
target pitch angle of o· are almost 
attained. 

5.2 Course-Keeping Control in the 
Lateral Plane 

The course to be runned on is 
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prearranged in the path planning layer 
of the control architecture. The 
location and the azimuth of AUV are 
measured every one second by a Long
Base Line acoustic position system 
and a magnetic compass. The 
strategy of the guidance is as follows. 
(1)~ mode of CCV modes for zero roll 
angle and a yaw angle is performed. 
(2)AUV runs straight from a corner to 
the next corner and changes the 
course when it runs into the region 
of the circle having the center at 
the edge. 
(3)When the location of AUV runn_ing a 
corner to the next corner is off the 
prearranged course.the fuzzy algorithm 
is applied. 

Two methods for output variable are 
considered against two input variables 
of the minimum distance between the 
present location of AUV and the 
prearranged course to be runned on 
and its time differential. 

(i)The yaw angle to be turned to from 
the present azimuth of AUV is 
obtained as an output variable. This 
angle plus the present azimuth of AUV 
is input to the CCV controller. 

(ii)The variation of the yaw angle is 
obtained from fuzzy rules. The yaw 
angle to be turned to is taken as the 
sum of the variation of the yaw 
angle. 

The former method is used when the 
azimuth of AUV is the main target 
although a off-track remains in case a 
tidal current flows in the transverse 
direction against the course of AUV. On 
the other hand,the latter method is used 
when the off-track is the main target 
although off-angle from the azimuth 
of the prearranged course to be runned 
on remains in case there exists a tidal 
current in the transverse direction 
against the course of AUV. 

6. RENDEZVOUS OF AUV WITH 
UNDERWATERSTATION 

We consider two steps of guidance for 
rendezvous of AUV with UUS ,i.e. rough 
guidance and precise one. The rough 
guidance is defined from an original 
point of AUV to an appointed point which 
lies on the straight line elongated from 
the center line of UUS(see Fig.7). The 
precise guidance is performed from the 
appointed point to the entrance of UUS. 
a mode in the longitudinal plane and ~ 
mode in the lateral plane of CCV control 
modes are performed for the attitude 
control both during the rough guidance 
and during the precise one. 

6.1 Rough Guidance 

When the location of AUV running 
straight is off the prearranged 
course.the fuzzy algorithm is applied 
both in the longitudinal plane and in 
the lateral plane. 

In the longitudinal plane.input 
variables for fuzzy rules are the 
minimum vertical distance between the 
present location of AUV and the 
prearranged course and its time 
differential.while the output variable 
is vertical speed which is input to CCV 
control as the target input. The target 
pitch angle is taken to be equal to that 
of prearranged course. 

In the lateral plane,input variables 
for fuzzy rules are the minimum lateral 
distance between the present location of 
AUV and the prearranged course and its 
time differential.while the output 
variable is yaw angle to be turned from 
the present azimuth of AUV. This angle 
plus the present azimuth of AUV is input 
to CCV control as the target input. 

6.2 Precise Guidance 

The entrance of UUS is equipped with 
four transponders to measure the 
off-track distances both in the 
longitudinal plane and in the lateral 
plane from the prearranged straight 
course between the appointed point and 
the entrance of UUS. AUV is ,on the 
other hand.equipped with transmitter and 
receiver. As shown in Fig.8, the 
transponders Ps and P4 are located in 

X'-Ze plane and Pt and P2 in X'
Y' plane. The off-track distances ~ y 
and ~ z in X' -Y plane and in 
X'-Ze plane.respectively, are 
obtained as follows. 

~ y = ( Rt 2 - R2 2 ) I 4 ·le 
~ z = ( Rs 2 - R4 2 ) I 4 · le ( 4) 

The control routine after that is the 
same as the rough guidance. 

6.3 Numerical Simulation 

An example of numerical simulation is 
shown in Fig.9,where the attitude 
control was performed every 0.1 second, 
the rough guidance every 1 second and 
the precise one every 0.1 second at the 
running speed of FLIPPER of 2 m/s. 

7. PIPELINE INSPECTION 

Computer vision which realizes human 
visual ability by machine is one of the 
most important fields in robotic 
researches. The computer vision for 
cognition of circumstances in underwater 
technology can be used to carry out 
surveys,inspections and workings. 
However.few researches about it have 
been made [10,11). The difficulties are 
due to software for pattern recognition 
and hardware for sufficient fast 
computation for real time operation. 

Here, a simple example for pattern 
recognition is taken,that is, pipeline 
inspection where the diameter of 
pipeline is known a priori and AUV swims 
along the pipeline with constant 
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altitude and constant lateral 
distance from pipeline based on the 
information of computer vision. 
Fig.10 shows an example of video 

pictures about pipeline inspection taken 
by CCD camera mounted on a underwater 
towed vehicle in North Sea. By 
filtering and binarization of the 
video picture (256x 256 picture 
elements ,64 gray levels ),Fig.11 is 
obtained,where clear edges of pipeline 
are detected. The procedure of the 
guidance of AUV along the pipeline is as 
follows. 
(l)Two linear equations of the edge 

lines are obtained by least square 
method. 

(2)The distance lp between the location 
of camera and the point P in Fig.12 
is approximately obtained from 
the vertical view angle of the 
camera ,the length of Dp• in the 
picture and the real diameter of 
pipeline Dp. 

(3)The altitude from seabed hp is 
obtained as follows 

ti e v = ti q/ lp 
hp = lp*Sin(e v +tie v) + Dp/2 (5) 

where e v denotes tilt angle of 
camera, ti q the distance between 
the center of picture and the 
center of pipeline (Fig.12). 

(4)Relative yaw angle of AUV ¢ p is 
interpolated by use of 
relationship between ¢ p and angle 
r between the center line of 
pipeline and the vertical center line. 

(5)The lateral distance Sp is obtained 
as follows. 

Sp = lp*cos(e v +tie v)*sin(¢ p +eh) (6) 

where e h denotes pan angle of 
camera. 
(6)Using 

the 
distance 

the target altitude 
target relative 

Sp0, 

ti hp =hp - hp0 ,ti Sp =Sp - Sp0 

are obtained. 

hp0 and 
lateral 

(7) 

(7)In the longitudinal plane,guidance 
and control of AUV are performed 
using fuzzy rules for guidance of 
which input variables are ti hp 
and its time differential and the 
output variable is vertical speed 
which is input to CCV attitude 
controller having the target pitch 
angle of o· 

(7)In the lateral plane.the input 
variables of fuzzy rules for 
guidance are ti Sp and its time 
differential. The output variable 
is yaw angle to be turned from 
the present azimuth of AUV is input 
to CCV control as the target 
input. 

Fig.13 shows an example of numerical 
simulation where hp0 and Sp0 are taken 
as 1.0 m and 1.5 m,respectively,and 

initial values of hp nd Sp are taken as 
2.0 m and 2.5 m,respectively. 
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Table 1. Comparison of fuzzy control with other ones 

Type Relation between Production of Tuning 
input and output algorithm 

Fuzzy A· small number of Linguistic rule Improvement of rules 
control outputs from a based on operation judging from output 

large number of data data 
measured data 
through reasoning 

PID Single input and Choise of PI or Tuning of gain 
control single output PID judging from 

oscilatory output 

Optimal Multi-output from Based on dynamic Improvement of weight 
control multi-input model of object matrix 

through linear 
matrix opration 
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Table 2. Modules of guidance,CCV modes for attitude control and 
sensors for navigation 

Module Items 

Bottom ·Altitude-keeping control 
survey from sea bed 

(longitudinal plane) 

·Course-keeping control 
(lateral plane) 

Depth-
keeping 

·Delth-keeping control 
( ongi.) 

control 
·Course-keeping control 

(trans.) 

Rendezvous & ·Rough guidance 
docking with Course-keeping control 
underwater (long!.& trans.) 
station 

·Precise guidance 
Course-keeping control 

(long!.& trans.) 

Object ·Relative altitude 
following keeping control(longi.) 

·Relative course keeping 
control (trans.) 

Arrival at ·Course-keeping control 
start point (longi.& trans.) 

Emergent ·No control 
ascent (drop of ballast) 

t.h, Ll.I 

Je > 0 

Fuzzy Rules 
for 

Col I is ion Risk 
Reasoning· 

.J0 = 0 

J0 < 0 

r----------- ------, r------ -----------, 

Fuzzy Rules 
for 

Pitch Angular 
Velocity 

(wl=-0.3 mis) qi 

L __ _ 

Fuzzy Rules 
for 

Vert i ca I Speed 

qi= -0.1 (rad/s) 
wl= 0.3 (m/s) 

CCV Control 
(An mode) 
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Maneuver Altitude Control 

Fig.5 Control strategy for seabed survey 
in the longitudinal plane 
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Abstract 

Japan has developed a new manned research sub
mersible "SHINKAI 6500" whose maximum operating 
depth is 6500 meters. Its maximum depth capability 
is the deepest in the world except those of the 
bathyscaphe submersibles which have already retired. 

"SHINKAI 6500" was built by Kobe Shipyard & 
Machinery Works of Mitsubishi Heavy Industries 
Ltd. (MHI) and marked 6465m and 6527m dives in the 
Japan Tranch during the sea trials with the sup
port vessel "YOKOSUKA" in August 1989. After the 
successful trials, it was delivered to Japan Mar
ine Science and Technology Center (JAMSTEC) in 
Novamer 1989. 

This paper presents the result of the sea 
trials, the history of the development program and 
the features of the "SHINKAI 6500". 

1. Sea Trials of "SHINKAI 6500" 

On August 10th and 11th 1989, the manned re
search submersible "SHINKAI 6500" marked 6,465m 
and 6,527m trial dives in the Japan Trench about 240 
km off the Sanriku coast of the Japan's main island. 
This is the final goal of the research and deve
lopment of the manned deep research submersibles 
in Japan. At the same time, it is the real start 
of the new program to explore the deep oceans in 
1990' s. 

Japanese scientists have successfully carried 
out many studies and researches on biologies and 
geophysics using the submersible "SHINKAI 2000" 
which was built in 1981 and has the depth capabi
lity of 2,000m deep. However, "SHINKAI 2000" cov
ers only 30% of the Japan's 200nm exclusive eco
nomic zone. So they anxiously have been looking 
forward toutilizing the new submersible for their 
current uprising studies, diving to the depth of 
6,000m or more. 

The series of the sea trials of "SHINKAI 
6500", supported by its own support vessel "YOKO
SUKA" which was built by Kawasaki Heavy Industries 
Ltd.(KHI), began on April 1989 and continued for 
for about four months. Prior to the sea trials in 
March 1989, "YOKOSUKA" completed her own sea tri
als andwastransferred to the pier of Kobe Shipyard 
of MHI, where "SHINKAI 6500" was loaded on board 
"YOKOSUKA" and the combination tests interfacing 

Photo 1. "SHINKAI 6500" Recovered After Trial Dive 

"SHINKAI 6500" and "YOKOSUKA" were extensively 
carried out for about a month. During these tests, 
launching and recovery system, battery charging 
control system, acoustic positioning system and' 
acoustic communication system were carefully 
clarified with their functions and performance. 

In the sea trials of final construction stage, 
"SHINKAI 6500" successfully conducted 29 dives 
during scheduled five test periods. The first 
period was consisted of six dives up to 100m deep 
around Kii Straight. The main objective at this 
period was the training of the operators. 

The second period also included six dives up 
to 500m deep. Propulsion system, ballasting system 
and maneuverability were verified systematically 
at this period. 

Successively the third period conducted six 
dives to 1,250m and 2,000m deep. These divings 
were conducted at Kii Straight up to 1,250m deep and 
at Kumano Nada up to 2,000m deep. Three transponders 
were deployed down to the sea floor and Long-Base-
1 i ne (LBL) navigation system was checked. Also 
ballasting and trimming system and acoustic navi
gation and communication system were tested and 
verified. 

The fourth periodn was composed of five dives 
to 3,000m(zenisu Ridge), 4,000m and 5,000m(Nankai 
Trough) deeps. The whole subsystems were success
fully tested there. Advanced to these dives, LBL 
calibration with three transponders and ocean 
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Photo 2. "SHINKAI 6500" am Support Vessel "YCJ<OOUKA" 

floor contour mapping with the multi-narrow-beam 
echo sounder were conducted by 11YCJ<CEUKA". 

The final period included six dives. Three 
6,000m deep dives and following two 6,500m deep 
dives were conducted at the slope of the Japan 
Trench about 240km off north-east coast of the 
Japan's main islam. Although the 6,500m deep diving 
tests were postponed by four days because the Ty
phoon No.13 severely attacked the diving area, 
the function and performance of the total system 
of "SHINKAI 6500" were evaluated greatly and it 
marked 6,527m deep diving record which is the 
deepest one of the world ones besides those of 
bathyscaphes of tens of years ago. 

On the way back to Kobe, 11SHINKAI 6500" made 
an extra dive at the former 1,250m deep dive site to 
recover the transponder which could not be re
leased from the bottom. Finding out am releasing it 
using manipulators, 11SHINKAI 6500" accomplished this 
mission successfully. 

The results of these sea trials were satis
factory and the designed performances were sue-

Period Site 

1st #1 
2nd 

3rd #2 
#3 

4th #4 
#5 
#6 

5th #7 
#8 

Depth 

25-500m 

1250m 
2000m 

3000m 
4000m 
5000m 

6000m 
6500m 

#5 

' #4 

i 

! 
• ! 

#8. #71 

I ' 

I I 

45° 

40° 

35° 

·-·---·-----~~-----~! 30° 
~1 ~ 

Fig.1 Trial Diving Sites of "SHINKAI 6500" 

Photo 3. Deep sea holothurian Kotga k.unr:li at 
4,835m deep by TV C8mera of "SHINKAI 6500" 

Photo 4. Deep sea holothurian Scotopianes gtobos 
at 6,527m deep by TV C8mera of 11SHINKAI 6500" 

Photo 5. A Rat-tail at 6, 527m deep by TV 
C8mera of "SHINKAI 6500" 

cessfully achieved. Also "SHINKAI 6500" proved its 
expected depth capability and reliability. Some 
software bugs found in acoustic positioning system 
of both the submersible and the support vessel 
were carefully amended within the following main
tenance duration. The cause of releasing failure 
of the transponder was also located and the re-
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leasing mechanisms of all the transponders were 
IOOdified. 

On 28th November 1989, the completed "SHINKAI 
6500" was delivered to JAMSTEC. After one year 
training of the pilots and the crew of the support 
vessel, JAMSTEC is planning to start the research 
dives from 1991. 

2. The History of "SHINKAI 6500" Development Program 

In 1969, reflecting the world trend to the ocean 
development, an advisory board for the prime min
ister of Japan submitted the report on the general 
policy and program of ocean development in Japan. 
In the report the necessity of the development of 
a 6,000m class manned deep research submersible 
was insisted as a rost critical issue. This actually 
initiated the development of the manned research 
submersibles in Japan. 

The research and development on the several 
key technologies were started with the support of 
some funds of Japan Marine Machinary Development 
Association (JAMDA), Ministry of Transportation 
and some private ship-building companies. Those 
technologies included pressure hull, buoyancy 
material, batteries, hydraulic system, navigation 
system and so on. 

In 1971 JAMSTEC was established as a national 
center for ocean development under the supervisory 
of Science and Technology Agency (STA) of Japan. 
Thereafter, JAMSTEC has conducted the research and 
development program of deep research submersibles in 
Japan. 

In 1977 the advisory board of STA and JAMSTEC 
reviewed and evaluated the status and achievements 
of the research and development program and state
of-the-art technologies. Consequently it was decided 
to develop a 2,000m manned research submersible as 
an important interim step to the final goal of the 
6,000m class submersible. Thus the 2,000m deep 
manned research submersible "SHINKAI 2000" and its 
support vessel "NATSUSHIMA" were built in 1981 to 
accumulate construction technologies and operation 
experiences. JAMSTEC has operated this "SHINKAI 
2000" system for more than eight years and It has 
has made more than 450 dives by the end of 1989. 
The precious operation experiences on these system 
was systematically util i ized to design and construct 
the new submersible. 

After the completion of "SHINKAI 2000" system, 
JAMSTEC and the ship-building company were still 
obliged to make their research and development 
efforts in such key technologies as titanium alloy 
pressurehull, syntactic foam of binary mixture 
glass-micro-baloon, oil-filled inverter and so on 
in order to realize the new deeper submersible. In 
the following year of 1983 JAMSTEC carried out a 
final feasibility study on 6,000m manned research 
submersible. The results were most promising, 
verified by uprising needs and IOOdern technologies. 

In their consideration in 1984 JAMSTEC made 
two important decisions on the planning and design 
of the new submersible. One is as for its maximum 
depth capability. As the national supervisory 
board declared, 6,000m maximum depth capability 
had been considered to be quite reasonable because 
almost all ocean floors are not deeper than 6, OOOm 
and 97% of oceans in all over the world are cov-

ered by 6,000m depth capability. The recent progress 
in geophysical researches, however, revealed the 
importance to survey the trenches deeper than 
6,000m. According to the theory of plate techton
ics, the Pacific Ocean Plate is subducting under 
the Eurasian Plate on the site of these trenches. 
The movement makes a large scale energy release 
that would cause catastrophic earthquakes and tsu
namis. Even through these global dynamics should 
be investigated in the trenches around Japan, it 
is really the most critical issue of world geo
physical scientists. With this concern, the maxi
mum operating depth of the new submersible was de
cided to be 6,500m. 

The other decision was on the material of the 
pressure hull which was the heaviest component of 
the submersible. There were two candidates, 10Ni-
8Co ultra-high yield strength steel and Ti-6Al-4V 
ELI titanium alloy. The properties of both materials 
were investigated and evaluated by a special com
mittee established by JAMSTEC. Reflecting the high 
strength weight ratio and resistance property to sea 
water, the titanium alloy was finally selected. 

The preliminary design of the new submersible 
was started in 1985. As the same verification pro
gram, the study of the arrangement with a mock-up 
model and a scaled model strength test of titanium 
pressure hull, collapsing after cyclically pres
surising, were carried out in a systematic manner. 
After these verification tasks with satisfactory 
results, JAMSTEC and !'tlII started the construction of 
the 6,500m deep manned research submersible in 1987. 

One of the big events in the process of "SHIN
KAI 6500" construction was performed in the United 
States of America. The rule of the Japanese Gov
erT111e11t on the safety of manned submersible requires 
to test the pressure hull under extra hydrostatic 
pressure of 1.1 times of the maxilll\lll operating pres
sure. As for "SHINKAI 6500" the maximum operating 
pressure is equivalent to 680kg/cm2 (9,670psi) and 
the test pressure is 748kg/cm2 (10,640psi). Al-

Photo 6. The Pressure Hull of "SHINKAI 6500" 
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Table 1 Particulars of "SHINKAI 6500" 

Dimerision5 ~th (overall): abt. 9.5m Thrusters Main : Oil-filled IM 5.2kwxlset 
Breadth (RK>ulded): 2.7m Vertical : Oil-filled IM 1.4kwx2set 
Depth (RK>ulded): 3.2m Horizontal: Oil-filled IM o. 7kwxlset 

Weight in Air abt. 26 ton Weight and Trim Main Ballast Tank : l.3m3 x 2 
Adjustment Variable Ballast Tank : 300kg 

Maximum Operati~ Depth 6,500m i:escent/Ascent Ballast: 1,270kg 
Mercury Trim Systan : ±100 

Complement 3 person5 
Hydraulics Pressure Ci.JqJEmati~ Systan 

Payload in air, excludi~ 200kg 140kg/cm2x12 R. /min 
crew, careras, manipulators 

Navigation Posi tioni~: Sync. Pi~rs, LBL Tr81\5ducer 
Life Support Duration 9hr & 5days Sys tan Alt. Sonar, Gyro Coopess etc. 

Maximum Speed 2.5 kts Comrunication:~ Telephone, Radio etc. 

Pressure Hui I Material: Ti -6Al-4V ELI Cl>servation Manipulator, Grabber, 
Inside Diameter: 2.0m & Research Acoustic Imagi~ Sonar, TV Cameras etc. 
Viewports: 120mmdia x 3 

Bnergency Use Jettisoni~ of heavy itet5 
Main Battery 
Sys tan 

Oil-filled AgO-Zn: Bnergency Battery 
440Ah x 108V x 2sets Bnergency Breathi~ Apparatus 

OIL-IMMERSED POWER 
TRAHSISTEA INVERTER 

Rescue Buoy 

Fig.2 General Arranaganent of "SHINKAI 6500" 
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though JAMSTEC has a pressure test tank with the 
capacity up to 1,560kg/cm2 (22,200psi), its inside 
diameter of 1.4m is too small to test the pressure 
hull of the "SHINKAI 6500". Therefore, it was 
transported overseas and tested with the test 
facility of David Taylor Research Center (DTRC) of 
the U.S. Navy in Carderock, MD near Washington 
D.C. In advance to the transportation to the 
U.S.A., the completely assembled pressure hull was 
fully instrumented with strain gauges in Japan in 
order to save the time and sent to Washington D.C. 
by air. The wiring to the data acquisition equip
ment, pressurising operation and precise strain 
measurement were carried out by DTRC. The pres
sure tests proved the integrity of the spherical 
pressure hull structure on April 1988 in schedule. 

On January 1989, the new submersible was laun
ched at Kobe Shipyard of nu and was named as "SHIN
KAI 6500". In the following sunner, the sea trials 
with the support vessel were successfully per
fol'lll3d as described previously. 

JOOTEC is going to operate "SHINKAI 6500" and 
the support vessel "YOKOSUKA" for training dives 
in 1990 and for mission dives from 1991. 

3. Features of "SHINKAI 6500" 

The particulars and the general arrangement of 
"SHINKAI 6500" are shown in Table 1 and Fig.2 res
pectively. And the list of manned deep research 
submersibles operational today in the world are 
shown in Table 2. Currently "SHINKAI 6500" is the 
deepest submersible operational today. Some fea
tures of "SHINKAI 6500" will be descirbed in this 
section. 

Table 2 Manned Research Suanersibles of 2,000m or 
Deeper Depth Capability 

Name of Name of Maximum Dimension Weight 
C.Ountry Suanersible Operat. LxBxD(m) in air 

Depth(m) (ton) 

TURI1E 3,000 7.9x3.7x3. 7 24 
USA ALVIN 4,000 7.0x2.6x3.8 17 

SEA (l.IFF 6, 100 9.6x3.7x3.7 26 

France CYANA 3,000 5.7x3.0x2.1 9 
NAUTILE 6,000 7.6x2.7x3.2 18 

USSR MIR- I 6,000 7.8x2.9x3.2 19 
MIR-II 6,000 7.8x2.9x3.2 19 

Japan SHINKAI 2000 2,000 I 9.3x3.0x2.9 23 I SHINKAI 6500 6,500 I 9.5x2. 7x3.2 26 

3.1. The 6, 500m Depth Capabi 1 i ty 

As described before, most ocean floors are not 
deeper than 6,000m. There are, however, many 
trenches deeper than 6,000m around Japan. It is 
very important for Japanese scientists to make 
surveys of the slopes of these grounds especially 
for their geophysical studies. For instances, a 
schematic profile of the east-west section of 
Japan Trench north-east off the Japan's main is
land is shown in Fig.4. The plate below the bottom 

of Pacific Ocean is moving from east to west and 
subducting under the Eurasian Plate along the margin 
of the land. The subduction causes bending of the 
plate and many faults on the slope of trench in 
the depth of 6,200m or deeper. These faults are 
considered possibly to result in large scale 
earthquakes and tsunamis which will suffer Japan 
seriously. On the slope of the opposite side in 
the trench, there used to be big landslides which 
would suggest the creation of the basic foundation 
of Japan Island."SHINKAI 6500" will dive to 6,500m 
deep and make surveys on these spots not only in 
Japan Trench but also the following ones, the 
slope of Kuril Trench, Izu---Ogasawara Trench, Mariana 
Trench, Ryukyu Trench and others. 

The 6,500m depth capability can cover 96% of the 
Japan's 200nm exclusive economic zone. "SHINKAI 
6500" expands the ability to explore the deep 
ocean more than three times that of "SHINKAI 2000" 
in both depth and area. 

40°N 

A · ·' ukyu 
Trench 

Fig.3 Location of Trenches around Japan 

f Japan ) ( Axisis of ) ( Pacific ) 
\ Isl. -- Japan Trench -------- Ocean 

ab. 40km 
5,000m 

Big landslides revealing 
~ the old foundation of Japan Isl. 

- - .. .: 

PACIFIC PLATE (Subducting) 

Fig.4 Schematic Profile of Japan Trench 

3.2. Size and Weight 

It is most important to make a suanersible small 
in size and light in weight because of the ease of 
handling while launching and recovery and also its 
maneuverability in water with restricted power. 
Among the 6,000m class submersibles, "SHINKAI 
6500" is almost the same in size and weight as 
Turtle of U.S.Navy, but is heavier than Nautile of 
France or MIRs of USSR. The design phylosophy and 
regulation on performance, safety and reliability 
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are different in each countries, which has an in
fluence in making the basic specification for size 
and 111eight. 

In a fundamental design, the size and weight are 
planned to be the same as those of "SHINKAI 2000" 
because the operational experiences of "SHINKAI 
2000" are to be beneficially adopted to the new sub
mersible. To achieve this target, all kinds of ef
forts were made in the tecmologies of many fields. 

For the weight saving, based on the laborious 
research and development, the pressure hull of Ti-
6Al-4V ELI titanium alloy was adopted instead of 
ultra-high strength steel. The design procedure of 
titanium alloy hull was verified through these
ries of model tests on creep property, cyclic 
pressurising and collapse strength. At the same 
time the fabrication and assait>ly procedure of ti ta
ni um alloy hull were established by the trial pro
duction of a full-size proto type model. Thus hot 
press forming of the titanium hemispheres, elec
tron beam welding for thick titanium sections and 
precise three dimensional machining to improve the 
sphericity were systematically developed. 

On the other side, the property of buoyancy 
material has a great effect on the size and weight 
of the submersible. The syntactic foam with bi
nary mixture composition of glass microballoons 
was developed and applied. The specific gravity of 
the new buoyancy material is reduced to 0.54, that 
is nearly the same to that of "SHINKAI 2000" in 
spite of the higher collapse strength by nearly 
doubled. 

"SHINKAI 6500" has inverters to change the 
direct current of the batteries to the usuful al
ternate one as "SHINKAI 2000" has. Inverters of 
"SHINKAI 2000" were settled in the pressure ves
sels because of fragile electric components. The 
weight of the pressure vessels could apparently 
increase enormously as the operating depth comes 
to 6,500m. To avoid this, new inverters with 
electric components which could operate in high 
pressure environment were developed. The main cir
cuits of the inverters, consisting of power tran
sistors, capacitors, reactors and so, on were put 
into the oil to consist the pressure compensated 
structures. As a result, only the control circuits 
are accommodated in a pressure vessel to realize a 
considerable weight saving. 

C.Onsequently the size of "SHINKAI 6500" was kept 
to almost the same as the "SHINKAI 2000" and its 
weight was only aobut 10% more than that of "SHINKAI 
2000". 

3.3. Maneuverability 

The maneuverability of "SHINKAI 6500" was 
studied and planned on the basis of the evaluation 
of the operational experiences of "SHINKAI 2000". 
The electrically driven induction motors, control
led efficiently by inverters, were proved to be 
satisfactory in controlability~ noise and also in 
reliability. Thus all motors equipped in "SHINKAI 
6500" are electrically driven ones. 

The main propulsion thruster at the stern 
makes the submersible travel at maximum 3 knots in 
ahead and trails by 80 degrees in right and left 
side to increase the traversing and turning capa
bility while that of "SHINKAI 2000" is limited to 
60 degrees. 

The auxiliary thruster system of 11SHINKAI 

6500" was greatly modified from that of 11SHINKAI 
2000". "SHINKAI 2000" has a pair of auxiliary 
thrusters extruded on the both sides at midship 
which turn in vertical plane, changing the direc
tion of the thruster horizontally or vertically. 
This system inconveniently requires some time lag 
to change the direction and its extruded thrusters 
burden some fear to be entangled by ropes and 
fishing nets abandoned in the sea. "SHINKAI 6500" 
has a pair of ducted vertical thrusters on the 
both sides and also a ducted horizontal thruster 
at the bow forehead. Although this system brought 
some increase in length and weight of the vehicle, 
those problems pointed out for "SHINKAI 2000" 
could be el imitated. By the collaboration of the 
main propulsion thruster steered to the maximum 
inclined degrees and the horizontal thruster to 
deny her yaw moment, "SHINKAI 6500" can traverse 
sideways keeping almost the same heading, as shown 
in Fig.5. This property will be very useful to 
make investigations especially along steep cliffs. 

These four thrusters could be controlled with 
two joysticks on a portable control box. 

X(m) 

·I I 
t=100sec 

'l'=-11° 
I 

Horizontal I I I \ I \ ' thruster 
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I . 

. I J I \5 \ ' 

~/i -
Main thruster 25 kgf 
Steering angle 80 deg. 

\ 
. 
\ \l 

I Y(m) 
I 10 15 

Fig.5 Lateral l'tt>venent of "SHINKAI 6500" by 
calculation 

3.4. <l>servation and Research Fquipnent 

The observation and research equipment with 
"SHINKAI 6500" are thoroughly furnished. Manipula
tor and grabber work as right and left hand of the 
submersible respectively. The manipulator has 
master-slave control mechanism, having a bilateral 
force-feedback grip as its seventh axis which is 
designed to perform delicate tasks. The grabber is 
controlled with joystick and especially assigned 
to perform rather heavy works. Both arms are powered 
by electro-hydraulic servo system. 

The two TV cameras are of broadcast-use class 
with high horizontal resolution of 450 lines. ~of 
the 1V cameras is equipped with zooning function and 
is mounted on a pan&tilt table with still camera, 
lkw halogen lamp and strobo-flash so that the TV 
camera works as a view finder of the still camera. 

The three dimensional acoustic imaging sonar was 
intensively developped to figure out and observe 
obstacles in rather long distance beyond the range 
of light transmission. The sonar generates a nar
row pencil beam with two cross-fan (emitting and 
receiving) beams scanning with high speed to per
ceive active reflection of targets which composes 
three dimensional images. Fig.6 shows the sche
matic beam pattern of the observation sonar. The 
detective range capability is just over lOOm. 

The payload capacity of 11SHINKAI 6500" comes 
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up to 200kg excluding those of the crew and fixed 
equipment as manipulators and cameras. the power 
source of AClOOV and DC108V electricity and hy
draulics are available specially for payload 
equipnent. 

Pencil beam 

Emitting fan beam 

Receiving 
fan beam 

Fig.6 Principle of the Acoustic Imaging Sonar 

3.5. Acoustic Positioning System 

In "SHINKAI 6500" system, the location of the 
submersible is acoustically monitored by both the 
support vessel "Y(J{ClSUKA" and the sullnersible itself, 
while location of "SHINKAI 2000" is attained only 
by the support vessel "NATSUSHIMA". Apparently, 
the undersea locating brings about a lot of bene
fit in operation efficiency and position accuracy 
to realize a high quality research. 

"SHINKAI 6500" has a pair of synchronized 
acoustic pingers which interogate a pulse signal 

of the frequency of 6.6kHz, accurately synchro
nized to the clock of the support vessel. On the 
other hand, the three transponders on the sea bed 
respond to the signal emitting the individually 
assined signals of 6.9, 7.2 and 7.5kHz. The trans
ducer on "SHINKAI 6500" receives these signals 
from each transponders and the precise location of 
the vehicle is to be calculated and displayed 
instantly using LBL nets. The rationality and high 
accuracy of the underwater positioning system is 
successfully verified in the sea trial of the system. 

4. Conclusion 

JAMSTEC has completed "SHINKAI 6500" system, 
consisting of a fully developped sullnersible and its 
support vessel, and is going to operate this sys
tem from 1990. At this moment, Japan has joined to 
the nations which operate 6,000m class manned re
search submersible, following to the U.S.A., 
France and USSR. 

It is, however, still an important issue for 
us to achieve the effective and useful exploration 
and researches of prosperous deep oceans, taking 
advantage of these excellent systems. Now the 
fruitful accomplishment of the studies and re
searches in the field of biology, microbiology, 
geology, geophysics, marine mineral resources and 
so on are highly expected. 
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LONGITUDINAL MOTION CONTROL OF FREE 
SWIMMING VEHICLE BY NEURAL NET 

T. Fujii*, T. Ura* 

* Institute of Industrial Science, University of Tokyo, Japan 

Abstract 

The off-line supervised learning method and the self
organizing method are introduced to construct a neural 
net controller for an AUV(Autonomous Underwater Ve
hicle). These methods are applied to longitudinal mo-
tion control of a free swimming vehicle "PTEROA'*·21. 

Two neural net controllers are constructed through 
off-line supervised learning[3l with reference to the 
teaching motions which are generated through numer
ical simulations with linear feedback controller and 
Fuzzy controller. It is shown that both constructed nets 
can operate the vehicle appropriately in numerical sim
ulations and free swimming tank tests. 

To make the control system more flexible to 
cover variation of vehicle dynamics and environment, 
newly developed SONCS(Self-Organizi.ng Neural-Net
Controller System)[4] is introduced. A neural net con
troller is generated adaptively by SONCS according to 
a specific evaluation of motion of the vehicle with min
imum pre-knowledge about the vehicle dynamics. Ex
perimental results show that SONCS succeeded in or
ganizing the adequate controller with several ti.mes of 
adaptation . 

1. Introduction 

Parallel processing and flexible adaptability of neu
ral nets are suitable characteristics for realizing control 
systems for AUVs. As a neural net executes through 
parallel distributed process, it can deal with multiple 

Fig.1 PTEROA150 Vehicle 

data simultaneously and redundantly. And by learn
ing it can be organized and adjusted to the controlled 
objects and environmental conditions. 

In this paper, two methods for construction of neural 
nets are introduced to control the longitudinal motion 
of a free swimming vehicle "PTEROA."[1•21, which is now 
in the stage of development at the Institute of Indus
trial Science, the University of Tokyo. Both methods 
are examined through numerical simulations and free 
swimming tank tests. 

2. Free Swimming Vehicle "PTEROA" 

The mission of "PTEROA" vehicle is to take pictures 
of the sea bed along a measurement line. The vehi
cle consis.ts of a body, elevators, stabilizing fins, rud
ders and a pair of thrusters. The body is designed to 
generate lift force so that the vehicle can glide from 
the surface to a target point on the bottom. A proto
type, named "PTEROA150", of 150cm in length and 
220kg in dry weight has been constructed (cf. Fig
ure 1). The longitudinal motions of the vehicle such 
as pitching and heaving are controlled with a pair of 
elevators. The equations of longitudinal motion of the 
vehicle were investigated by towing tank tests and nu
merical analysi.s[11. Dynamic behavior of the vehicle 

Fig.2 PTEROA60 Vehicle 
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Fig.3 Block Diagram of Experimental System 

can be calculated on the basis of them. 
In this paper, a small test-bed "PTEROA6Q"[5] shown 

in Figure 2 is used as the controlled object to examine 
the applicability ofthe neural net. The principal dimen
sions of "PTEROA60" are shown in Table 1. The vehi
cle is equipped with depth sensor, 2-dim inclinometer, 
a pair of elevators to trim and a thruster. Since the di
mension of the vehicle is too small to be self-contained, 
an umbilical cable links the vehicle to the computer on 
the surface. The block diagram of experimental system 
of "PTEROA60" vehicle is shown in Figure 3. 

3. Mathematical Model of Neural Net 

The multilayered neural net, which is called as the 
Connectionist Modell6l, is used as a mathematical 
model in this paper. It consists of some layers includ
ing several neurons in each layer (cf. Figure 4). When 
the connection between the neurons in the same layer 
doesn't exist, the processing of the i-th neuron of the 
n-th layer is given by: 

Uin = L:w··n-1 .n-l+h·n 
•J X3 ' ' 

j ( 1) 
Xin = J(u;n), 

where U; n is the membrane potential, Wjj n-l is the 
synaptic weight of the connection between the j-th neu
ron of the (n - 1)-th layer and the i-th neuron of the 
n-th layer, and h; n is the threshold value. f(u) is a 
monotonous increasing function defined by: 

Table 1 Dimensions of PTEROA60 

Length of body :L 0.6 m 

Width Over All :BOA 0.39m (0.65L) 

Width of Body :B 0.3 m (0.5L) 

Thickness of Body :T 0.18m (0.3L) 

Displaced Weight :v pg 17.45 kg 

Center of Buoyancy :XB 0.243m (behind the 
leading edge) 

Fig.4 The Connectionist Model 

f(u) = { u : input layer, (2) 
1/(1 +exp (-u)) : others. 

The following Error Back-Propagation[6l is adopted as a 
learning method. Let the potential function E represent 
the summation of the output errors as: 

E = .!_ L(t; - o;)2 • 
2 . • 

(3) 

Here, o; is the output of the net corresponding to a 
certain set of inputs and t; is the desired output given 
by the teaching motions. Each synaptic wei~ht w;; n 

should be .changed by Aw;; n to minimize E according 
to: 

8E 
Aw;; n = -T]--. 

8w;;n 
(4) 

Let Aw;; n(p) be the value of changing in the p-th step 
of learning. It can be given by: 

A n-1( 1) c n n-1 + A n-1( ) uW;j p+ = T]a; x; auw;; p , (5) 

where 6; n is the error signal. TJ and a are parameters to 
determine the rate and momentum of learning, respec
tively. From Eq.(1), (2) and (3), 

. n -{ (t; - o;)f'(u; n) : output layer , 
6, - f'( u; n) L Ok n+lWki n : others. 

k 

(6) 

4. Off-line Learning System of Neural Nets 

In order to get a neural net for controlling longitudinal 
motion of the vehicle, learning should be carried out 
with reference to desired maneuvering actions. This 
procedure is: 

1) Get motion data of typical maneuvering actions. 

2) Make teaching samples including a certain number 
of sets of inputs and desired outputs derived from 
maneuvering actions. 
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< LF > 
m: 8, 8, d, o. 

JJ. 
out: 6. 

<Fuz> 
m: /J.8 I /J.d 

JJ. 
out: 

LF=Linear Feedback Control 
Fuz=Fuzzy Control 

<NEULF > 
in: 8, e: d 

JJ. 
out: o. 

CASE [LF) 

CASE (Fuz) 

<NEUFuz > 
in: /J.8, !J.d 

JJ. 
out: 

NEUu=Neural Net Learned from LF 
NEUFuz=Neural Net Learned from Fuz 

Fig.5 Learning System for Neural Net 

3) Update the synaptic weights by Back-Propagation 

Method. 

To get typical maneuvering actions of PTEROA vehi
cle, the following two controllers are selected as teachers 

(cf. Figure 5). 

CASE[LF] :Linear feedback controller of pitching mo
tion considering depth of the vehicle. 

CASE[Fuz]:Fuizy controller considering the changes 
of pitching angle and depth. 

The teachers should control the vehicle, at first, in nu-
merical simulations to provide typical maneuvering ac
tions. The I/O systems of these controllers are shown in 
Table 2. The pitching angle e, the depth d and the trim
ming angle of elevators De are defined as illustrated in 
Figure 6. Two types of neural net denoted by [NEU LF] 

and [NEU Fuz] are constructed through learning with 
reference to two teaching samples by [LF] and [Fuz]. 
The I/O systems of the nets are also represented in Ta

ble 2. 

Surface 

90 : Steady State Pitch Angle 

do : Depth to Dive 

Elevator 

d do 

Fig.6 Untethered Vehicle in Free Swimming 
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Fig. 7 Teaching Sample by Linear Feedback Controller 

4.1 Learning Process 

CASE [LF]:To calculate the feedback gains of the 
teacher [LF], required parameters were determined 
through the limit cycle tests. of the vehicle in a tow
ing tankl51. The targets of control are depth do and 
horizontal steady swimming angle of pitch eo(cf. Fig
ure 6). A maneuvering action with [LF] is shown in 
Figure 7. Here the initial condition of this simulation 
are e = Orad, d = lm and De= -0.lrad and the targets 

are eo = 0.049rad and do = 3m. 

Table 2 Input and Output of Controller 

CASE 
Teacher Controller Neural Net 

Input Output Input Output 
Neurons in 

Hidden Laver . 
5 8 - e 0, 'e Oe 8, e, d - de oe 

[LF] 
d - d 0, 0 e - 0 e0 

[Fuz] 6. d, 6.8 6. 0 e 6. d, 6.8 Oe 5 
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if t::..d (cm) is t::..e (deg) is then t::..oe(deg) is 

UP NEUTRAL DOWN 

Rule 1 ~ 6 ~ 1~ 
-30 0 30 -20 0 20 0-45 0 45 

DOWN NEUTRAL UP 

Rule2 1~ 6 ~ 

-4<(]: ~30 0 30 -20 0 20 

UP DOWN 

Ru!e3 

~: ~ :C'rl5 
-10 0 10 

DOWN UP 

Rule4 ~~ ~ ~ -10 0 10 -45 0 45 

Fig.8 Fuzzy Algorithm 

CASE [Fuz]:A teaching sample with [Fuz] is derived 
from the result of a numerical simulation of control with 
[Fuz], which is constructed so as to maneuver the vehicle 
to decrease the changes of depth and pitching angle 
in every lsec (cf. Figure 8). Inputs to the "controller 
[Fuz] are the changes of depth t::..d and pitching angle 
t::..e. An output is the incremental trimming angle of 
the elevators !:::..be at every lsec. Membership functions 
of each rules are tuned to attain the ability at least to 
let the vehicle swim horizontaly in the simulation. The 
result of the numerical simulation with [Fuz] is shown in 
Figure 9, where the initial conditions of this simulation 
are e = 0.2rad, d = lm and Se = Orad. 

4.2 Numerical Simulations 

CASE [LF]: Figure 10 shows a result of the simula
tion of control by [NEU LF] on the same conditions as 
the teaching samples of Figure 7. Though there remains 
about 15cm of the deviation of depth, it can be 

! _::v: : : : : : : : ..:·J 
lb-:-: :--:--:-~-~-~-~-~--] 

! _:J : : : : : : : : : : : : J 
0 20 40 60 

TIME(s) 

Fig.10 Simulation of Control by [NEULF]-(1) 
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Fig.9 Teaching Sample by Fuzzy Controller 

said that the net has almost equivalent ability to the 
teacher [LF]. Figure 11 shows another example when 
the initial depth and the target depth are 3m and lm, 
respectively. This result also indicates that the net can 
control the vehicle well even outside the range of input 
values which have been taught. 

It should be noted that the inputs of the net don't in
clude explicitly the pitching angle of steady swimming. 
As the output of the net is the absolute elevator trim
ming, the neural net, therefore, involves the .information 
about the horizontal steady swimming and dynamics of 
the vehicle. This is one of the fascinating advantage of 
this control system. 

CASE [Fuz]: Figure 12 shows a result of the simu
lation of control by [NEU Fuz] on the same condition as 
the teaching samples of Figure 9. It is remarkable 

! -.:~::::::: ::~J 
IE-:-:-: '. ~ ~ . ~-~-j 

! _::E::::::::::: J 
0 20 40 60 

TIME(s) 

Fig.11 Simulation of Control by [NEU LF ]-(2) 
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TIME(s) 

Fig.12 Simulation of Control by [NEUFuz) 
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Fig.14 Experimental Results of Control by [NEU Fuz] 

that the net reduces the oscillation of the pitching mo
tion, which is inevitably induced when controlled by the 
teacher [Fuz ). 

In this case, the inputs of the net are same as the 
teacher controller (Fuz), but the output is the angle of 
the absolute elevator trimming, which is not equal to 
that of the teacher. This also means that the net in
volves the information about dynamics of the vehicle. 

4.3 Free Swimming Tank Tests 

In the practical environment there exists considerable 
amount of disturbance which reduces the stability of 
motion of the vehicle. It consists of mechanical and 
electrical noise of actuation and sensing, and unsteady 
flow, etc. In order to investigate the ,.effectiveness of the 
neural nets in the practical environment, free swimming 
tank tests are carried out with" PTEROA60" vehicle in 
the circulating water tank. This tank has l.Sm x Im 
test section and flow velocity is fixed at 0.7m/sec in all 
the tests. 

TIME(s) 

Fig.13 Experimental Results of Control by (NEU LF] 

TIME(s) 

Fig.15 Experimental Results of Control by (Fuz] 

Figure 13 shows a result of the test controlled by 
[NEU LF] with a target of depth 0.4m, and represents 
that the developed controller [NEU LF] succeeded in let
ting the vehicle swim very stably. 

Figure 14 and 15 show results with [NEU Fuz] and 
the teacher [Fuz), respectively. It should be empha
sized that (NEU Fuz] succeeds in controlling the vehicle 
in such an environment where the teacher (Fuz] fails. 

4.4 Robustness Against Disturbance 

Since (Fuz] has been mainly tuned by means of human 
decisions and doesn't involve the information about the 
dynamics of the vehicle, (Fuz] failed to control the ve
hicle in the test basin as illustrated in Figure 15. It is 
interesting that (NEU Fu:], which has been constructed 
with the samples derived from (Fuz], succeeds in con
trolling in the same environment. This indicates that 
the controller [NEU p,,,] is more robust against the un
known disturbance than (Fuz]. 
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Fig.16 Response of the Control System against Disturbance 

In order to comp11Ie the characteristics of [NEU Fuz] 5. Development of SON CS 
and [Fuz), the response of the control systems to the 
forced oscillation is calculated by numerical simulations, 
namely the vehicle is subjected by sinusoidal pitching 
moments. Figure 16 shows the level of the response 
of the vehicle. The amplitudes of pitching motion di
vided by that of the applied moment are plotted ver
sus frequency. The controller [Fuz) has a clear peak 
at about <l2H z. The response level diverges to the 
infinity at that frequency when the amplitude of the 
moment is more than l.Okgm. On the other hand, the 
controller [NEU Fuz] doesn't have such a peak. It can 
be said tha.t the controller [Fuz] has the tendency to 
make the pitching mot.ion unstable under the existence 
of disturbance with certain frequency and amplitudes. 
[NEU Fuz] does not inherit this demerit owing to the 
characteristic of the logistic function in Eq.(2). It can 
be concluded that the distinguished difference between 
[Fuz] and [NEU Fuz] in the experimental results is caused 
by the difference of characteristics against disturbance 
of low frequency in the flow of the circulating water. 

Fig.17 Self-Organizing 

Neural-Net-Controller System 

As mentioned above, a neural net can be organized as 
a controller by off-line learning with some specific teach
ing samples. The off-line learning method, however, has 
following difficulties for implementa.tions. 

1) The net can't follow the variation of the vehicle's 
dynamics caused by changes of environment and a 
state of motion. 

2) When learning is proceeded only through computer 
simulations, the equation of motion of the vehicle 
should be known accurately. 

When dynamics of the vehicle cannot be obtained 
in advance, a kind of adaptive control system is 
needed to generate an appropriate controller auto
matically according to real dyna.m.ics of the vehi
cle. Here, the SONCS(Self-Organizing Neural-Net.
Controller System)l4l is introduced to deal with this 
problem. 

Back-Propagation 

Evaluation 
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The SONCS consists of three subsystems(cf. Figure 
17): 

1) Controller Network [cnet] : for controlling the 
vehicle, 

2) Forward·Model Network [enet] : for referring 
the state variables, 

3) Evaluation and Adaptation Mechanism : for 
adapting the controller network and forward model 
network. 

The basic concept of this system is to adapt the con
troller network according to backward propagated sig
nals derived from the evaluation of the vehicle's motion 
expressed by the forward model network. This adap
tation can only be carried out by regarding two sub
networks as one network. 

5.1 Introduction of Forward Model 

In order to generate and to adjust the controller adap
tively, it is necessary to establish a subsystem which can 
represent the dynamics of the vehicle. For this issue, a 
neural net which expresses the forward dynamics of the 
vehicle is introduced in the SONCS. This net is called 
"Forward Model Network" (cf. Figure 18). The inputs 
of the net involve state variables of the vehicle at the 
previous time step and corresponding control inputs. 
The outputs of the net are state variables at each time 
step. 

Generally, the Connectionist Model which have only 
the connections between the neurons in the different 
layers can express only static relations between the in
put and the output patterns of the signals. The order 
of appearance of the patterns in the inputs cannot have 
any specific meaning. In order to deal with the time his
torical order of the state variables and control inputs, 
recurrent connections are fitted to the forward model 
nets in the input layer( cf. Figure 18). As the output 
function of the neurons in the input layer are identical 
(cf. Eq.(2) ), these connections explicitly make effects 
of the preceding state of the neurons as follows: 

O;(t) = µ; O;(t - 1) + I;(t) 

+ tf,1 µ; T I;(t - r). (7) 
T=O 

Here l;(t), O;(t) andµ; are the input, the output and 
the synaptic weight of the recurrent connection, respec
tively, of the i-th neuron in the input layer. 

5.2 Evaluation and Adaptation 

The synaptic weights of the controller net can be up
dated so as to reduce the specific evaluation potential 
E" about the motion of the vehicle. The updating value 
t:.w;1 n of the synaptic weights can be calculated as: 

aE* 
f::.w;j n = -c -,::i-- , 

U'Wi; n 
(8) 

-188-

Fig.18 Forward Model Network 

where c is a constant to determine the rate of updating. 
When E• is defined as: 

(9) 

the controller net comes to get the ability to let the 
state vector x of the vehicle correspond to the desired 
state Xt when the updating process progresses. 

When a controller network and a forward network are 
connected with each other, they can be treated as a 
large single network as shown in Figure 17. On the 
assumption that the forward model is accurate enough, 
their outputs is considered to be equal to the state vari
ables of the vehicle. 

To modify the forward model network, their synaptic 
weights are updated with reference to the inputs and 
outputs of the vehicle in order to decrease the modelling 
error in normal way. 

By substituting the outputs of the forward model for 
the state vector x in Eq.(9) and by regarding the de
sired state vector Xt as the teaching signal, the evalu
ation potential is equivalent to the time-integral of the 
output-error function in Eq.(3) of the whole network. 
Therefore, updating of all synaptic weights in the con
troller network can be carried out simultaneously by the 
same procedure as the Back-Propagation Method. The 
propagated error signals based upon the evaluation of 
motion are calculated through the whole network and 
the weights are updated only in the controller network. 

5.3 Organizing Process of Controller 

As mentioned above, it is possible to organize the con
troller which is able to let the vehicle converge to the 
desired state using developed SON CS. In practical envi
ronment, the following two schemes for ignition should 
be included in the system. 



1) Setting the initial values of the synaptic weights. 

2) Getting the motion data to make the Forward 
Model. 

From practical point of view, it is dangerous to start 
the organizing process with no information about the 
vehicle. During initiation of the synaptic weights of the 
controller network and generation of motion data, the 
motion of the vehicle should be kept within appropriate 
range. 

For this purpose, the process which is initiated by 
Fuzzy controller is introduced as illustrated in Figure 
19. Since the structure of Fuzzy controller is more un
derstandable for users than neural nets, it is easy to 
make the rules for control according to only qualitative 
knowledge about the vehicle's action and motion. It 
should be noted that, for this purpose, the controller is 
not necessary to be tuned up, because the issue of this 
controller is to control the vehicle in reasonably safe 
state. So that, this controller is called as premature 
Fuzzy controller in the following. 

Using premature Fuzzy controller as an igniter, on
line organization of the controller network can be pro
ceeded as follows(cf. Figure 19): 

A. Pre-Learning : making the initial controller net
work through learning from the motion controlled 
by premature Fuzzy controller. 

B. Forward Modelling : making the forward model 
network through learning from the motion con
trolled by premature Fuzzy controller. 

I Motion Data 

Pre-Learning of Controller 
[A] 

Forward Modelling 
[B] 

Evaluation & Adaptation 
[CJ 

Optimized 
Controller 

Fig.19 Organizing Process of the Controller 

C. Evaluation and Adaptation : adapting the con
troller network through eva.!uating the motion and 
updating the forward model network simulta.ne
ously with reference to the inputs and outputs of 
the vehicle using the whole system. 

6. Application of SONCS to PTER.OA60 

6.1 Premature Fuzzy Control 

Premature Fuzzy controller for initiation is defined 
by the algorithm shown in Figure 20. The rules are so 
simply tuned that the vehicle just swim in the tank. 
The inputs of this controller are the variations of depth 
6.d and pitching angle 6.fJ in O. lsec at the control tim
ing. An output is the incremental trimming angle of 
the elevator 6.8. at every lsec. Figure 21 shows the ex
perimental result of motion of the vehicle controlled by 
this premature Fuzzy controller. On the basis of these 
motion data, the following SONCS's process is carried 
out through free swimming. 

if 

Rule 1 

Rule2 

Rule3 

Rule4 

6.d (cm) is 6.f) (deg) is then 6.b. (deg) is 

UP NEU1RAL DOWN 

~: L ~ !~ 
-30 0 30 -20 0 20 0-30 0 30 

DOWN NEU1RAL UP 

!~ L ~ 4 0.30 0 30 -20 0 20 -30 0 30 

UP DOWN 

.<l ~ :~ 
-10 0 10 -30 0 30 

DOWN UP 

~~ 
-10 0 10 

~ ~~ 
-30 0 30 

Fig.20 Fuzzy Algorithm (Version 2) 

TiiVIE(s) 
Fig.21 Experimental Results of Control 

by Premature Fuzzy Controller 
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7.2 Pre-Learning 

Inputs of (cnet ], which represents the controller net
work, are ll(t),li(t),d(t),d(t) and t\(t-1), and an output 
is 8e(t). 500 times of learning are carried out with 40 
sets of teaching data which have been made from 20 
sets of the initial motion data and their negative pat
terns for reduction of the time for calculation. Figure 
22 shows the experimental result of motion of the vehi
cle controlled by this initial (cnet]. It can be said that 
(cnet] has come to get the almost equivalent ability to 
the premature Fuzzy controller's. 

7 .3 Forward Modelling 

As the targets of control are given in regards to ll(t) 
and d(t), two forward model networks are made corre
spondingly from experimental motion data. They are 
denoted by (enetll] and [enetd] in the following. Inputs 
of these networks are ll(t - 1),e(t - 1),d(t - 1),d(t - 1) 
and De(t). Though these nets can be combined into 
one network, they are intentionally divided in order to 
make the system understandable and to reduce the time 
for learning. To get [enetll] and [enetd], 3000 times and 
1000 times, respectively, of learning are carried out with 
a set of motion data for 20sec. The outputs of the 
(enetll] and (enetd], which are illustrated in Figure 23, 
shows good agreement with the original motion. It can 
be said that the accurate models of the dynamics of the 
vehicle have been established in these forward model 
networks. Here all the weights of the recurrent connec
tions µ; is equals to 0.9. As these forward models are 
accurate enough, the updating process of these models 
will not be carried out in the following experiments. 

7 .4 Evaluation and Adaptaion 

Let's introduce the following two quadratic integrals 
about e and d. 

(10) 

The evalua.tion potential for updating the controller 
network is defined as: 

E* =Ee*+ Ed*. (11) 

The initial [cnet] and [enet]s are combined to construct 
the whole system as shown in Figure 24. [cnet] should 
be updated so as to reduce E*. 

Figure 2.5 shows the experimental results of motion 
of the vehicle controlled by upd,ated [cnet] after every 
adaptation. Figure 26 shows decrease of the value of E* 
through the adaptation process. Adaptation of [ cnet] 
are carried out for 4 times on condition that 110 = O.lrad 
and d0 = O .. Sm. Here the rate of adaptation c is 0.2. It is 
clearly shown that (cnet] is gradually getting the ability 

to keep II and d in desired values. After four times 
adaption, [cnet] has come to be able to let the vehicle 
swim stably with desired e and d. It is demonstrated 
that the proposed SONCS is available in a practical 
environment to organize the controller of the AUV. 
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Fig.21 Experimental Results of Control 
by Initial [cnet] 

!Forward Model~ 
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TIME(s) 

Fig.22 Output of Forward Model Networks 
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State Variables 
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Network 
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Fig.23 SONCS for PTEROA Vehicle 
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8. Concluding Remarks 

Two types of control systems for AUVs based on neu
ral nets, i.e. the system with off-line supervised learn
ing and SONCS, are introduced in this paper. Both 
systems are examined through the application to a free 
swimming vehicle "PTEROA" and showed good perfor
mance. Results can be summarized as follows: 

1) Neural nets can obtain equivalent ability to the 
teacher controller with sufficient steps of learning. 

2) The controller net can have robustness and flexi
bility because of fascinating characteristics which 
neural nets originally have. 

3) the proposed SONCS have a great possibility to 
make highly reliable and robust control system for 
underwater vehicles. 
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FIELD TESTS ON AQUATIC WALKING ROBOT FOR 

UNDERWATER INSPECTION 

M. Iwasaki, J. Akizono, T. Nemoto, 0. Asakura 

Port and Harbour Research Institute, Ministry of Transport, Japan 

Abstract 

Aquatic walking robot named 
"AQUAROBOT" has been developed. Main 
purpose of the robot is to carry out un
derwater inspecting works accompanied 
with port construction instead of 
divers. 

This robot has two main functions. 
One is the measurement of the flatness 
of rock foundation mound for breakwaters 
by the motion of the legs while walking. 
The other is the observation of under
water structure by TV camera. 

AQUAROBOT is six-legged articulated 
"insect type" walking machine. Operation 
is fully automatic because this robot is 
so-cal led intel I igent mobile robot. The 
working depth is UP to 50m. 

AQUAROBOT has an 
transponder system which is 
I ine type as a navigation 
also has an underwater TV 
ultrasonic ranging device at 
the manipulator on the body. 

ultrasonic 
long base 

device. It 
camera with 
the end of 

Through the field tests, the per
formance of the robot was proved to be 
sufficient for the practical use. 

Test results are as follows. 
Walking speed is 6.5m/min. on the 

flat floor in the test pool and 
1.4m/min. on the irregular rubble mound 
in the sea. In the case of 
navigation, the positioning accuracy is 
within +21cm. The robot can measure the 
flatness of rubble mound by the motion 
of the legs with the same accuracy as 
divers. 

key words: walking robot, underwater 
application, inspection work 

Introduction 

The underwater ins~~ction works ac
companying port construction are carried 
out by manual labor of divers. However, 
the efficiency and safety of underwater 
activity are not sufficient because un
derwater condition is austere. Increas
ing risks and lower working efficiency 

of port construction work at deeper sea 
area and shortage of divers make the 
situation worse. Therefore, it is neces
sary to develop the underwater inspec
tion robot. 

The robot which carries out the un-
derwater inspection work taking the 
place of divers should have good 
stability, positioning ability and the 
abi I ity to move on uneven seabed. Com
pared with free-swimming type, the 
bottom-reliant type is good for this 
purpose. We selected walking type, not 
wheel type or crawler type or ar
chimedian screw type, as the underwater 
inspection robot. 

Fig .1 is schematic 
AQUAROBOT measuring the 
rubble foundation mound. 

view 
flatness 

of 
of 

We started this project from 1984 
and have made 3 models UP to now. The 
1st one made in 1985 is an experimental 
mode I for overground test. The 2nd one 
made in 1987 is a prototype. The 3rd one 
made in 1989 is I ight-weight type. 

In this paper, the walking test of 
prototype in the sea is mentioned. 

Fig.I Schematic view of measurement of 
rubble mound by AQUAROBOT 
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2 Out! jne .Q_f. AQUABOBOT 

2.1 Hardware 

AQUABOBOT is six-legged articulated 
"insect type" walking machine. Each leg 
has three articulations, and they are 
driven semi-directly by DC motors which 
are built inside the leg. The articu!a
t ions are mechan i ca 11 y independent to 
each other. 

Al I the motions are control led by a 
tiny lap-top micro computer CCPU 80286), 
which makes the robot be able to walk on 
irregular rough terrain. The measurement 
of the profiles of seabed is possible by 
recording the motion of the end of the 
I e g s w h i I e i t. w a I k s . 

AQUABOBOT can walk in any direction 
without changing its quarter and can 
turn within its own space. Each leg is 

ler 

foot 

hell lo 11nsor 

equipped with a tactile sensor on its 
end and there are two inclinometers, a 
gyrocompass, and a pressure sensor in 
the body. 

The prototype model has 150cm legs 
and weighs 857kgf. It can be operated 
50m deep in the sea. A manipulator for 
underwater TV camera with ultrasonic 
ranging device is mounted on the body. 
The robot is connected by 
optical/electric cable of lOOm long to 
the control unit on mother ship. 

Prototype has an ultrasonic 
transponder system which is long base 
line type as a navigation device. It 
also has an underwater TV camera with 
ultrasonic ranging device at the end of 
the manipulator on the body. 

Main dimensions and the positions 
of the sensors are shown in Fig.2 and 
the specifications in Table 1. 

Fig.2 Dimensions and sensors of AQUAROBOT 

type axis-symmetric 6-legged insect type walking robot 
articuration drive method semi-direct drive by DC servo motor 
controJ method software control by micro computer 
main material anti-corrosive alminum 
weight 857kgf(in the air) 440kgf (in the water) 
sensors 6 tactile sensors, 2 inclinometers 

1 gyrocompass, 1 pressure sensor 
terrain roughness ±35cm max. 
watertightness 50m deep 
purpose of practical robot measurement of flatness of rubble mound 

observation of underwater structure 
supervision of underwater construction work 

Table. l Specif !cations of prototype 

-193-



2.2 Software 

The control program consists of 
operating program and walking algorithm 
program which are independent of each 
other. They are interfaced by a robot 
language. The calculation for I inear in
terpolation and synchronization of motor 
rotation is processed in the real time 
by this robot language. 

Operation is quite easy. Operator 
just input walking direction and walk
ing distance when not navigated, or X 
and Y coordinate values of the destina
tion when navigated. In both case, 
AQUAROBOT walks on irregular terrain 
autonomously uti I izing informations from 
sensors with the body kept horizontal. 

The state and the motion of 
AQUAROBOT is shown on the computer dis
play al I the time. 

Field test was carried out at Izumi 
working area in Kamaishi Port of Iwate 
Prefecture on February 14-23, 1990. 

Test area, which is 42 77m wide, is 
next to the caisson yard for Kamaishi 
Bay Breakwaters. It is the place for 
temporary storage of completed caisson 
unti I final submersion at the projected 
place. Average water depth is about 24m 
and the sea bottom is rubble mound which 
was leveled by the rubble. leveling 
machine developed by 2nd District Bureau 
of Port Construction in Yokohama. 

AQUAROBOT was submerged on the sea 
bottom being hung by crane barge. 
Photo.I shows AQUAROBOT walking on the 
test area. 

Photo.1 Walking 25m deep in the sea 

3.2 Procedyre ..Q..f. ~ 

In this field test, accuracy of 
navigation, walking speed, error of 
flatness measurement, maneuverabi I ity, 
are mainly investigated to examine the 

adaptab i Ii ty of AQUAROBOT for the prac
t i ca I use. 

Navigation test is done by walking 
from one point to the other Point where 
the location is measured previously. 
These points are landmarked by steel 
plates of 0.9 1.8m. AQUAROBOT is 
navigated by transponder system at every 
two step. Frequency of ultrasonic wave 
is 40-70kHz. The accuracy of transponder 
system alone is +10cm at the measuring 
distance of 300m. 

Relative height of walking terrain 
is measured by summing up the motions of 
the legs. Absolute water depth of ter
rain is achieved by calibrating the 
relative height by the values of pres
sure sensor recorded at the starting 
point and the finishing point of 
walking. 

A....~ Besylts 

4.1 Nayjgatjon 

The test resu It is shown in Tab I e 
2. All the values are measured by 
transponder system. Error is within 
+21cm. In addition to this, when 
AQUAROBOT reached the destination, it is 
observed that the robot is just on the 
steel plate from the view of underwater 
TV camera. 

pulse. step width step height co•aanded 1easured error walk Ins 

output destination destination speed 

speed (01) (c1) (c1) (c1) (c1) (1/1ln.) 

x 34821 x 34816 -6 
0.61 1/3 15 35 y -7251 y -7264 -13 

x 35029 x 36044 +15 
0.67 1/3 20 35 y -8232 y -8218 +14 

x 34821 x 34822 +I 
0.67 1/2 15 35 y -7251 y -7249 +2 

x 35029 x 35037 +8 
0.78 1/2 20 35 y -8232 y -8231 +1 

x 32810 x 32811 +I 
1.27 1/2 20 26 y -7371 y -7350 +21 

x 33000 x 32981 -19 
1.43 1/2 20 25 y -7500 y -7504 -4 

Table 2 Accuracy of navigation and 
walking speed 

4.2 Walking~ 

Walking speed depends on the step 
height, step width, and pulse output 
speed from micro computer. Walking speed 
is also 
shown on the Table 2. Maximum walking 
speed is about 1.4m/min. 

4.3 Flatness measyrement 

An example of measurement is shown 
in Fig.3. The maximum difference is 
56cm. Considering the roughness of this 
area is +30cm from the 30cm pitch 
measurement by divers, the measured 
value is proper. 
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Fig.3 Result of flatness measurement 

4.4 Automatic ·.a..i:...e...a. scannjng 

For the practical use in the near 
future, the software for fully automatic 
operation is developed. When the 
operator just input the coordinate 
values of 4 vertex of projected area and 
measuring interval before operation, 
AQUAROBOT wi 11 generate walking I ines 
shown in the left of Fig.4 and wi 11 walk 
along those I ines automatically. 

The actual walking I ine is shown in 
the right of Fig.4. In this case, walk
ing distance is 95m and walking time is 
72min. without down time of navigation 
system, so average walking speed is 
1 . 32m per min. 

4.5 Walking .i.e.tl .rui. .1.b..e. .u.rul. 

Walking test on the sand terrain is 
additionally carried out on the sandy 
sea bottom around the rubble mound. No 
problem can be observed compared with 
the walking on rubble mound except the 
water was made muddy when the foot 
touches the sea bottom. 

5 Conclusion 

Although the number of 
walking robot is increasing, 

research on 
the perfor-

-6500 END 

-7000 
...... . 
u 
~ -7500 ... 

-8000 START 

-8500 

-9000 . 
31500 32000 32500 33000 33500 34000 34500 35000 35500 36000 

X (c1) 

PLANNED PATH 

mances of walking robot for overground 
use seems to be insufficient for practi
cal use. However, AQUAROBOT is proved to 
have sufficient abi I ity for practical 
4se through the field test. AQUAROBOT is 
expected to become the first practical 
walking robot. 

The technology of AQUAROBOT can be 
applied for the other severe conditions 
than underwater, ·such as space, radio 
active, and so on. 

References 

Mineo Iwasaki et al., 1987, 'Development 
on Aquatic Robot for Underwater 
Inspection', Report of the Port and Har
bour Research Institute Vol.26 No.5, 
pp.393-422 

M Iwasaki et al., 1988, 'Development on 
Aquatic Robot for Underwater 
Inspection', Proceedings of the 5th In
International Symposium on Robotics 
Construction, JSCE, Vol .2, PP.765-774 

J Akizono et al., 1989, 'Development on 
Aquatic Robot for Underwater 
Inspection', Proceedings of 4th lnterna-n 
tional Conference on Advanced 
Robotics 

---------...'=-END 

\ 
LANDING POINT 

33000 33500 34000 34500 35000 35500 36000 36500 
X (c1) 

MEASURED PATH 

Fig.4 The planned and measured path of area scanning 

-195-



AUTONOMOUS UNDERWATER VEHICLE OF THE 

INSTITUTE OF MARINE TECHNOLOGY PROBLEMS, 

USSR ACADEMY OF SCIENCES 

M. D. Ageev 

Institute of Marine Technology Problems, USSR 

Abstract 

In the report one of the latest In
stitute models - the Autonomous Under
water Vehicle (AUV) MT-88 - is des
cribed. The vehicle is a multipurpose 
underwater informative robot assigned 
for various works in the field of oce
anology. AUV is progi:-am-controlled, a 
program is input before the vehicle 
launch and has acoustic link correct
ion. The vehicle trajectory can be ei
ther arbitrary and spatial at hydro
physical measurements or disposea in 
the bottom vicinity at photo- and te
lesurveying. Acoustic Positioning Sy
stem (APS) guarantees AUV location. 
The vehicle is equipped with measur
ing instruments,TV and still cameras. 
The following report presents AUV 
construction and on-board systems 
structure peculiarities. Natural ex
perimental results and further pro
spects are also discussed here. 

L Introduction 

The future of underwater technolo
gies, especially of those assigned for 
aeepocean regions, belongs to roboti
zed systems. An informative underwa
ter robot 1 or,according to terminolo
gy accepted Autonomous Underwater 
Vehicle CAUV} is the simplest repre
sentative of such system. 

The staff of the Institute of Mari
ne Technology Problems has been deve
loping this~trend since 1972. First 
vehicles "Skat" and "Skat-Geo" design
ed for operations at shelf depths per
mitted us to realize the problems of 
this new field of science and enginee-
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ring as well as to gain primary expe
rience. The vehicle "Skat" shown in 
Fig.1 comprised originally two large 
hulls, thus forming a catamaranliRe 
construction. Gradually some extra de
vices arranged in small containers we
re added. "Skat-Geo" proved to have a 
rather large number of said containers 
(Fig.2,3). This caused the idea of a 

modular construction. Propulsor system 
comprising four stern propulsors is a
nother success of early works. Its ad
vantages are pointed below. At last I 
can't but mention one more"discovery". 
Vehicles with such body configuration 
reveal a strong screening effect in 
the bottom vicinity. At tne command of 
descent the vehicle slides over flat 
bottom at distance of 0.2 ... 0.3 m. As 
a matter of fact, such a planed body 
configuration is probably expedient 
for vehicles assigned for operation in 
the bottom vicinity(recall a flounder) 
though it is not always convenient to 
realize due to a number of construc
tion and exploitation problems. The 
vehicles "Skat" and "Skat-Geo" were 
tested and used in experimental works 
in the Sea of Japan,the White Sea and 
Lake Baikal. 

Further on deepwater AUVs were de
veloped. The first model was tested at 
utmost depth in December 1980 1 depth 
of 5,970 ms was reached. Considerable 
experience of AUV exploitation has be
en gained for recent years thus per
mit ting us to affirm that the Autono
mous Underwater Vehicle is the effect
ive and perspective means of ocean in
vestigation and e~loration. Even at 
present state of development(and ca~
bili ties of progress are non-limited) 
they can be usea not only for simplest 
works such as, for example, bottom 



overall photographic survey but for 
more complicated operations as well. 
Carried out by means of AUV the inves
tigation of the submarine "Komsomolets" 
sunk in spring 1989 serves an example. 

2. AUV MT-88 General Description 

AUV MT-88 photo taken during tests 
is presented ip Fig.4, its scheme -
in Fig.5. The vehicle has a tradition
al boay configuration formed, however, 
with buoyancy units and fairings.Basic 
equipmenl is disposed in 14 containers 
small in dimensions.The body is subdi
vided into several sections.Thus there 
occur wide modifying possibilities. 

Though being autonomous, AUV combi
ned witn Acoustic Positioning System 
CAPS) and carrier ship equipment form 
an integral information control system 
with interacting components controlled 
by operator. 

A carrier ship disposes of a cont
rol post comprising a central electro
nic computer, transceiver units of APS 
and acoustic link, recording and other 
devices. Ship kit functions consist in 
providing pre-launch AUV control and 
program input; reflecting AUV and ship 
movement in real time scale; AUV ope
ration correction by acoustic link; 
reading out and preliminary processing 
of data from on-board vehicle storage 
devices after AUV recovery. 

Both constructive elements and com
munication devices of separate elect
ronic units have been unified. On-bo
ard vehicle instruments with unified 
controllers have a common communica
tion channel that permits to vary on
board systems structure and improve 
separate systems, outboard electric 
connections being kept invariable.Pro
grams input before the vehicle launch, 
aata reaaing out after its recovery 
and vehicle operation in towed mode 
(at tests) are conducted over the same 
channel. 

, The vehicle descent and ascent are 
carried out by utilizing cast-iron ba-
1 lasts. AUV descends with 2 ballasts 1 
one of them being thrown off when set 
water-level is reached, the other -
when the operation program is over.The 
AUV movement in this mode of operation 

is spiral and uncontrolled± the vehi
cle langage being 60-70°. he vertical 
descent and ascent rate is about 
4 km/hr. With depth of 4-5 kms the de
viation of descent point from launch 
one doesn't usually exceed 200 ... 300 
ms. At set water-level the vehicle has 
positive buoyancy in the order of 
3 ... 5 kgf. 

The propulsor system tested before 
is applied in the vehicle. It consists 
of 4 main propulsors installed in the 
AUV stern at an angle of about 20° re
lative to the vehicle longitudinal 
axis. Motors rotation velocities being 
controlled,such system permits to form 
a thrust arbitrary in direction, thus 
providing the vehicle fast-acting and 
good manoeuvrability. Simplicity and 
nomogeneity are also the system advan
tages. Instead of one velocity and two 
positional servo-systems(one propulsor 
with controlled velocity, two rudder 
turn gears) four identical velocity 
systems are utilized. It is possible 
to use only 3 propulsors but some in
conveniences arise inthis case.One big 
screw is sometimes considered to be 
more effective than four small ones.It 
is exactly so if you don't take into 
account a number of factors. It was 
pleasant for me to find in [2] the ar
guments for a multi-screw system. The 
analysis of dynamics of the vehicle 
with similar propulsor system is given 
in [1]. The vehicle velocity gradually 
changes to 1.2 m/s. Reverse is also 
provided for emergency cases.Once this 
rate was realizea in the situation 
when the vehicle had got (strung)on a 
thin metallic construction not detec
ted by an obstacle avoidance sonar. 

2.1 AUV MT-88 Main Features 
Assignment 

- Bottom cartography and survey; 
- Geophysical and geodetic works; 
- Deep-water minerals prospecting; 
- Oceanological measurements; 

Characteristics 

- Rated water depth 
- Maximal speed 
- Underwater endurance 
- Mass 
- Overall dimensions 
- Power source -

silver- zink battery 

6i000 ms 
.2 m/s 

6 hours 
1 tonne 

3. 8x1.15x1.1 ms 
16 cells, 

100 A hours 
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MT-88 main units and devices dispo
sition is presented in Fig.5.The con
tainers in which the instruments are 
disposed are made of high-strength 
aluminium alloy, the containers dest
ruction pressure being 750 kgf /cm 2 , 
that guarantees safety factor of 20%. 
It is probably, quite enough for un
manned vehicles.Free space oetween the 
containers is filled with syntactic 
foam. Containers hermetic lead-ins are 
connectors with glass insertions. Ex
terpal jo_ints are accomplished with 
conductors placed into flexible pipes 
filled with oil. Pressure compensators 
are utilized to keep little redundant 
pressure. In Fig.6,7,8 some elements 
and structures are shown as examples. 

The vehicle works the following way. 
By means of cable it is connectea up 
to ship electronic computer through a 
hermetic connector.The vehicle systems 
control is carried out and the opera
tion program is input. The cable dis
connectea, the vehicle is launched. 
While launching it is characterized 
with negative buoyancy, so after laun
ching by a crane and releasing hook it 
easily aescends, and this operation is 
of no difficulty, even in frosty wea
ther. When planned depth i~ reached 
the first ballast is thrown qff. 

APS permits to follow the descend
ing vehicle and to fix the deviation 
of reaching point from the program
planned one. Transmitting the corres
ponding commands to the vehicle over 
the acoustic link one can move it to 
the necessary point.After that the ve
hicle starts working according to the 
program.At a corresponding command the 
program can be corrected during the 
vehicle movement. The program over, at 
command of ascent or in case of emer
gency the vehicle throws off the se
cond ballast and ascends. The carrier 
ship approaches the point of the vehi
cle expected ascent, radio- and light 
beacons on the vehicle are used for 
search. The vehicle recovery on board 
a ship is really a more complicated 
task than its launch as it demands the 
presence of people in the pneumatic 
boat for connecting slings. 

The cable is connected up to the 
vehicle after its installation on the 
deck, data is read out and the vehicle 
is operated. 

3. Control System 

The vehicle is controlled by cent
ral processor unit (CPU) which works 
out program commands interacts with 
all the vehicle electronic units, re
acts to telecontrol signals, provides 
the vehicle systems control ana proper 
commands in emergency cases. Informa
tion exchange between the vehicle sys
tems is realized over the common main 
line. 

The vehicle orientation control sy
stem structure is more or less tradi
tional. The movement control in hori
zontal plane is carried out through 
comparison of data taken from a flux
gate or gyro compass to the course set 
oy CPU. To damp oscillations, a sigJ!al 
of the gyro angular velocity transdu
cer is includea into feedback circuit. 
A control channel in vertical plane 
has two operation modes - the ones of 
reaching set depth or set altitude. In 
the first case a program-set depth va-
1 ue is compared with a depth-meter si
gnal, in the last one a feedback sig
nal is produced by an echo-sounder. 
Signals from a tangage transducer and 
a gyro angular velocity transducer are 
extra-usea. Transducer signal transfer 
coefficients are chosen so as to achi
eve the best dynamic qualities of the 
control system. · 

Obstacle avoidance has been conduc
ted by the present time in the verti
cal plane, with the help of three so
nars, their beams directed down, for
ward and at an angle of 45°. Their si
gnals are adjustea to provide safe ve
hicle movement over the rough bottom, 
at set distance from it. The said sys
tem proved to be effective enough in 
most of real situations. In the AUV 
MT-88 program-set is.the capability to 
realize tlie improved adaptive control 
system with spatial obstacle avoidance 
(see [3] - the report for the present 
congress). The system has been model
led in the electronic computer, its 
testing and debugging in the sea are 
plannea for 1990. 

4. Navigation System 

AUV location from a carrier ship is 
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provided by Acoustic Positioning Sys
tem (APS) in real time scale. Tfie sys
em operates the following way. AUV 
equipment includes a timer synchroni
zed with a carrier ship timer. ~uartz 
generators accuracy makes 10- that 
guarantees distance calculation error 
not exceeding 1 metre, due to genera
tors drift. Both vehicle and carrier 
ship periodically (periods being dif
ferent) excite bottom transponders. 
Thereby the slant ranges between the 
carrier ship,the vehicle and the tran
sponders are determined and thus the 
carrier ship's and the vehicle's coor
dinates are calculated. 

The vehicle on-board positioning 
system includes a log a compass, a 
tangage transducer and provides nume
rical calculation of the vehicle loca
tion. Errors accumulation stipulates 
the above-mentioned system imperfect
ion. It is clear that dead reckoning 
data correction in accordance with APS 
data is demanded. In the AUV MT-88 the 
Integrated Positioning System (IPS)has 
been realized, in which the combined 
data processing is provided [4]. IPS 
tests are planned for 1990. 

Now the work is being done to equip 
AUV with Inertial Navigation System 

(INS) which will 02erate also combined 
with APS. Modern INS use in low-speed 
appara.tus is e~edient only together 
with APS. Really~ the equivalent error 
of AUV velocity aetermination at gyro
es drift in the order of 10-.3 de&!/hr 
makes 0.06 mile per hour(that is abo
ut 100 m/hr), that considerably exce
eds the error permitted and APS error 
in favourable hydrological conditions. 
At the same time, APS operation in the 
vicinity of rough bottom is not always 
stable, prolonged signal losses ( for 
10-15 minutes) are possible. In these 
situations INS keeps working out data 
of AUV location. Il is expected, howe
ver, that in case of AUV when the ex
citing acceler~tions ~re v~ry_ little 
(to 10-.l>g), the rndustrial aviation type 
INS will reveal more accuracy than 
standard one for flight conditions. 

5. Experimental Results 

The AUV MT-88 was tested in summer 
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1988 and in spring 1989, Tests were 
carried out in the Sea of Japan near 
Vladivostok. The main difference be
tween MT-88 and its prototypes consis
ted in electronic eguipment-considera
ble renewal. Thus tne main task was 
the instruments debugging, amplifica
tion coefficients optimization in con
trol channels, all devices operation 
control. 

In September 1989 MT-88 was used in 
experimental investigation of regions 
of iron-manganese noaules bedding, by 
the contract with the industrial so
ciety "Dalmorgeologia". Works were 
conducted in tfie Pacific, in the vici
nity of ridges Clarion and Clipperton, 
at aepth of 4.5 kms. We were to cari:y 
out bathymetric, photographic and TV 
surveying of a bottom area. Due to 
AUV precise stabilization over the 
bottom, TV and photo surveying quali
ty proves to be higher than in case 
of lowed vehicles. Moreover, AUV is 
more effective in detailed investiga
tion of comparatively small bottom 
areas. In contrast to autonomous ve
hicle towed one needs much time ex
penditure for tacking, especially at 
big depths. Bottom pfioto examples ta
ken during work are presented in 
Fig.9. Works were carried out from 
the ship "Geolog Pyotr Antropov". 
Launch-recovery operations were ac
complished with the help of A-frame. 
We find them rather complicated 
even in favourable weather conditi
ons, due to board hei~t at the stern 
(6 ms). However, with board height of 
2-3 ms and crane derrick utilization, 
the vehicle's launch and recovery are 
possible even at sea state four. 

6. Conclusion 

The experience of the AUV develop
ment and e;q>erimental exploitation ac
cumulated by the Institute staff is 
the evidence of the fact that even at 
present stage of technology, AUVs pro
vide costeffective bottom investiga
tion carrying out for example, on 
purpose of minerals prospecting and 
survey. 

In the report many results of my 
colleagues - scientists and engineers 



of the Institute, are accumulated.They 
all are co-authors of the work which 
would have never been accomplished if 
it were not for their enthusiasm. 
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Fig.1. AUV Skat. Fig.2,3. AUV Skat-Geo. 
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Fig.7. Pressure Compensator. 
Fig.8. Elements of electric 

connections. 
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Fig.9. Bottom photo taken by AUV MT-88, 
depth 4.5 kms, height 3.0 ms. 



POP-UP CARRIER WITH WATER BALLAST CELL FOR 

UNDERSEA RESEARCH 

T. Trayanov 

Institute of Oceanology, Bulgaria 

Abstract 

The results on making and experimenting a 
pop-up <:arriers with water ballast cell by Laboratory 
of Oceanographic devices of Institute of Oceanology 
in Varna are exhibited in this paper. 

In basis of experiments (natural dimensions) 
carried out in a deep towing \anks in the lns1.itute ot 
Ship Hydrodynamic in Varna, were determined the 
hydrodynamic resistances of the pop-up carriers. 

1. Design and mode of function 

The advantages of pop-up carriers using bal
last cell with water are well known. They are low 
price; don't throw out iron, steel, lead and/or con-
crete on sea bottom; the prooesses of taking ballast 
(by submerging), establishing of neutral buoyancy or 
the blowing the water ballast oould be easily con
trolled. 

The disadvantages of water ballast are the fol
lowing: low specific weigttt and limited working 
depth, because of the high density of gases for 
blowing the water ballast [1 ]. 

T echnologioal and economical calculations 
togett1er with ergonomic considerations of dimen
sions and weights of pop-up carriers with water bal
last cell demonstrated itself to be the most advanta
geous, when the i::ompressed air is blowing at depth 
up to 200 m. By greater deptt1s are used gas generat
ing substances, e.g. lithium hydrates (UH). 

In case of shallow water seas, as the Black 
Sea and the Baltic, the vertical circulation is mostly 
:expressed in the O - ZOO m layer that is the productive 
zone of Black Sea. That is why using pop-up i::arriers 
with water ballast cell is justified for these depths. 
. A new moment in the application of water bal
last pop-up <;arriers is the possibility of earring-out 
investigation and sampling in an intact water body by 
:the physical field of the research vessel. 

_ I!_ h~~ been_ elaborat~'!_ ill _!he ~~boratory -~f 

iooeanographio devices a pop-up carriers (Fig. 1) 
which consists of water ballast cell 1, connected with 
piping to hermetic body 3, to these pipes being fixed 
rosette 2 of eleotromagnetically guided water 
·samples. In the foremost part of ballast cell is con
tained a signal device 6. 

Hermetic body 3 contains of a measuring and 
:recording apparatus and a block controlling the sink
ing. There are sensors for conductivity 4, temperature 
5 and depth. Ballast cell 1 is fitted with supe!ior and 
inferior controllable valves and oorrespondmg pre
venting valves.At the superior part the pop-up carrier 
ends with lifting hook 7. 

The working scheme with the pop-up carrier 
with water ballast cell is given in Fig. 2. Arriving at the 
:preferred researnh point, the pop-up carrier is low
ered to the water surface with empty ballast cell (pos. 
8). 

Fig. 1 General view of a pop-up carrier with 
:ballast cell: 
: 1 - ballast oell; 2 - rosette of water samplers; 3 

I-hermetic body; 4 - conductivity sensor; 5 - tempera
ture sensor; 6 - signal device; 7 - lifting hook. 
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Fig. 2 Working scheme of suoeseding operations: 
8 - lowering the pop-up carrier; 9 - begining to fille the ballast cell; 1 o - turning 
about it axis; 11 - aotivating the ballast blowing system; 12, 1 :3, 14 - sampling 
water probs; 15 - emerging at the surface. 

The vessel navigates to some distance from 
. which the physical field doesn't exert impact on 
measuring and representativiness of samples to be 
:taken. After determines its location, that of the carrier 
and the direction of superficial drift, by radio signal 
·or by Qradient timer the controllable valves are af.:ti
vated and the ballast cell begins to be filled (pos. 9). 
The pop-up carrier turns about its axis and begins to 
sink (pos. 10). After few seconds a pressure sensor 
emits a signal and the c:oi1trollable valves close. At 
the marginal depth Hrn (pos. 11) is activated the bal
last blowing system. In eventual defect of the system 
at the depth H'm enters in action a doubling ballast 
,blowing system. 

By sinking, the oonductivity, temperature and 
depth are measured. During the process of transi
tion, when the i::anier is inverted, a mioroprocesor 
system by selected criteria determines the depths 
from which samples are to be taken, when the pop
up carrier emerges, e.g. from the layer of ternpera
ture fall. 

Arrivinq at the depth Hn (pos. 1 ZJ the firsl 
sample is taken; at the depth H2 (pos. t 3) is taken an
other sample and arriving at depth H1 (pos. 14) a 
sample is taken with the last water sampler. 

After emerging at the surfaoe (pos. 15], ~ ra1:1io 
siqnal and light signal are given to make a qutok de
te;)tion of the carder [3] . 

The pop-up earrier we constructed hase the -
following technical data: 

Length of carrier 
Diameter max 
Weiqht in air fwithout ballast) 
Ballast £sea water') . . 
Operating depth 
Speed of submerging 

1200 mm 
300mm 

ZB kg 
12 I 

200 m 

and emerging . - 0.8-1.2 m/sec. 
The rosette is equipped with four two liter wa

ter samplers. 

z. Hydrodynamic investigations 

The hydrodynamic ol~araoteristios of the P.op
up earrier are defined experimentally for 1 O oombma
tions for front· and lateral resistance depending on 
whether the waler samplers are opened or closed: Of 
these, hNo c::ombinations have been mounted lt9ht 
strea1~1lined on the rosette with water samplers. For 
determining the front resistanoe are aohieved at ve- · 
lo cities up t.o 1. 9 m/sec, and the lateral one - up lo 1. 5 
m/see. 
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The values of the dimensionless coefficient~ 
ex and Cy are defined also. For velocity ranges of o.5 
- 1.2 m/sec the values of ex can be assumed as con
stant (CX = 0.52) and fall in the empirically defines 
limits of 0.34 for convex hemisphere to 0.89 for a cir
cular cylinder by ratio of l/d = 4 [2). 

The stability of the dimensionless ooettioient 
Cy for lateral resistance could be admitted for the. 
range of 0.5 - 1.4 m/sec. 

---... Cy D 
08 .... _ .. . ---- -------~ 
0,6 

-~----------------
Off 

00 m/sec 
• A--,.-.---.--............... --_.,.~ ....... ~_.:..,.::.....:.....::.......J 

0 0,8 0.4 0,6 a.a 1.0 '·" 1.4 1.6 1.8 v 

Fig. 3 Resistance coefficients offront arid lateral 
streamlining of the carrier; 

o : with open water samplers; 
~ - with closed water samplers; 
1()- with 4 open water samplers; 
()- with 4 closed water samplers; 

By given foroes of resistance, weight and oper
ating depth the velocity of submerging and eme1g\nQ" 
can be calculated, and the whole cycle of emerging 
and submerging too. 

Hop Hop 

where: 

Tc= ts + -- + -- + tip (1) 
Vs Vr 

Tc- whole cycle time (min.); 
ts - time of filling of the ballast cell (sec); 
Vs - speed of submerging (m/sec); 
Vr- speed ot emerging (m/sec); 
Hop - operating depth (m); 
ttp- time of transition process for blowing water 

ballast (sec). 
By testing pop-up carriers _in Black Sea a mean., 

speed of submerging/emerging of 0.875 m/sec was 
found. 

Conclusions 

The pop-up carrier with water ballast cell, 
working atter the above scheme is lowered in the sea 
without ballast which simplifies operating with it. The 
presence of a regulating system for submerging 

. . -

helps to exclude the vessel impact in movement on 
measuring and on taking samples. The mounted mi
oroprooesor permits sample taking from scientifically 
Important water layers. 
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UNDERWATER ROBOT MOTION ADAPTIVE CONTROL 

A. V. lnzartsev, L. V. Kiselyov, 0. Yu. lvov 

Institute of Marine Technology Probelms, USSR 

Abstract 

Mo.st p'obl ems sol ved by underwat er 
robots; or Autonomus Underwater Vehicle 
( AUV). require motion organization in. 
the seabed vicinity. The vehi cl e must 
.manoeuvre actively to compensate 
environment di st urbances and to avoid 
ob.st acl es, their location being unknown 
as a rule. The control algorithm 
intended for these purposes and 
designed for the AUV "Sea Lion" ( l>fT-88) 
·is described. 

Introduction 

The problem of vehicle motion 
control in the seabed vicinity can 
oft en be reduced to reaching a target 
point in unexplored environment. Motion 
spa.ti al char act er st i pul at es tracing 
algorithm speci fi city. demanding. 
besides tart;et point reach, a number of 
requirements in pro{;ram trajectory form 
to be satisfied, as fol l otvs: 

- Minimal power and time expenses 
mu.st be guaranteed. the trajector.y 
being correspondingly minimal in 
length; 

- AUV motion trajectory must in many 
cases be equidisant to seabed relief, 
i t must fol l ow rel i e f pro fi l e al ong the 
equidistant motion trace; 

Environment perturbations and 
forces di st u.rbances (buoyancy, 
steadiness) varying are to be 
compensated when equidistant moving; 

Limitations for maximal possi bl e 
tangage caused by vehicle ma.in 
propulsors must be taken into 
consideration. 

Carrying out such 
trajectories requires AUV 
manoeuvre in horizontal 
planes. Motion control 
underwater robot MT-88 is 

type of 
si mul t aneous 
and vertical 

in the 
accomplished 

by an on-board computer coupled with a 
block of five acoustic sonars. At each 
control cycle the trajectory is 
cal cul at ed a step in advance that 
permitted to create a comparatively 
si mpl e al gori t hm with l it t l. e si ngl e 
control cycle. The approach adopted 
doesn't imply surface scanning and 
leads to the simpler task of relief 
approximation by planes sections 
calculated through sonar data. Herein 
surface pa.rameters determining 
subsequent motion direction are 
calculated for each .step within direct 
visibility. In other '!K,'Ords AUV tot al 
trajectory can be presented as a series 
of se£11tent s, each opt i mi zing the way 
relative to adjacent plane elements 
approximizing visible relief surface in 
a certain trajectory point. Thus, the 
fol lowing operation succession is 
carried out for a single control cycle: -

- surface parameters determined ; 
- motion direction calculated ; 
- mot ion t atl/}Qrds cal cul at ed "optimal " 

straight line organized. 

1. Surface Parameters Determination 

Let us present the surface as a 
function ZCx, y) in Cartesian 
coordinates system. The vehicle 
position is set by the point Pa over 
the surface ZCx,y). When creating a 
rel i e f model '!tie slw.l l .st udy the forms, 
their minimal dimensions exceeding 
those of .AUV. We substitute function 
ZCx.yJ in the point (Pax.Pay) for its 
first differential, i.e. approxima.te 
the surface in the point locality by a 
tancent plane with a normal vector N = 
( Nx, Ny, Nz.) and displacement D. 

Surface parameters are determined in 
coordinates system Axyz connected with 
AUV body. Sonar sighting lines have 
constant orientation in this system. We 
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admi t Dl , D f, Dr, Db, Ds for m.easuri n g 
vectors of left, front, right, bottom 
and slanting sonars correspondin1;.Z ).l. 

Left (right), slanting and front 
sonars are used to identify plane 
relief surfaces discovered ahead along 
the mot ion trace. Thereby t i.-0 pl anes 
are i dent i fi ed for which le ft and right 
sonars data, correspondingly, is 
applied. The normal i,iect or of each 
plane is expressed by the corresponding 
vector product : 

N = f CDf-Dl) * CDf-Ds) 1 
N = f CDr-Df) * CDf-Ds) 1 

A $TOup of sonars including left 
(right), slanting and bottom ones are 
used in al l the rest cases 1d1en there 
occurs no obst ac l e al ong the travel 
trace. The normal. vector of each plane 
is cal cul at ed for this 5-r-oup the 
fol l 01.q,i ng way: 

N = f CDr-Db) * CD.s-f>b) J 
N = f CDs-Db) * CDl-Db) 1 

Sur face normal mean val ue in the 
given point is cal cul at ed by t i.,o normal 
vectors, tlwreafter plane displacement 
D is determined for .said point. 

2. Travel Direction Finding 

Assume the longitudinal axis of AUV 
in the point Pa to be oriented in the 
direction of velocity vector V. lie 
express range to the bottom determined 
in the direction E perpendicular to AUV 
l ongi t udi nal axis. Suppose the veh'i cl e 
list to be zero, "equi di st ant" vector 
'i. s found through the fol l mci ng equation 
system: 

V * E = 0 
E * fK*V-1 = 0 
CPa+E)*N + D = 0 

wh(N'e K is the vector CO, 0, 1.). The 
system SOL ur l on con be pre.sent ed as 
functional dependence E=EC Pa, V). 

Let' s f'i nd travel di reef: ·ion 
"optimal'' for the preseni ptane. It is 
generally knot.111 that a line of minimal 
length connecting two surface points is 
a geodetic one. The mffl n .seodot i c line 
normal coincides in every point ivith 
the surface normal, each point being 
crossed by a si n5l e l i ne in the 
definite direction. Th.us" it is 
necessary to satisfy t ;,;o reqi rement s 
for AUV trajectory to be geodetic: 

AUV must be perpendi cul. arl y 
oriented to the surface normal in i:.•very 
-point; 
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the angl e incl uded bet ween 
direction to the target A and travel 
direction being· determined L must be 
miniw:il. In other words, the trajectory 
must lie in t he plane crossing A and N. 

The abovementioned conditions 
resul t in equation sy.st em: 

I U = 1-
A + t*N = L 
NHL= 0 

Hence, L = CA-NH(N*A))/SQRTC1_-(N*A)A2). 
Horeover, the trajectory achieved 

mus-t meet the fol l uwi n1;· requirements: 
the di stance to the bot tom must equal 
datum E = canst. So one more equation 
sy.st em i s t: o be sol ved: 

I EC P, L)/ = E 
P = Pa + t*N 

i.1here the second system equat ion is 
appl i ed to determine the st art i ng point 
P o j vector L. The cal cul at ed st art i ng 
point P and vector L uniquely define 
the "optimal" straight line. 

When solving- said system, no 
restrictions ~ere imposed on Lz (i.e. 
tang-age increase). It was specially 
done to simplify L and P cyclic 
cal cul at i on procedure. AS' a resul t of 
calculations we can obtain Lz 
correspondi. ng· to t angag-e angle 
exceeding the per mi ssi bl e t,'al ue. 
Therefore, on g·etting the result we 
should chech up whether threshold T set 
for t an~uge PSI is exceeded. 

In case I PSI +arc sin( Lz) I < T is not 
satisfied, the permissible direction is 
to be recalculated on condition that 
Lz = sinCT*sit:nCLz)-PSD. The other 
vector L components can he f mmd b:v 
sol vi n g the fol l owi nt;· system.: 

3. Hotion Organization 

3. 1- Motion in Horizontal Plane 

To get out arbitrary initial 
posi ti on t o a deter mi ned equi di st ant 
set;went we create the condition 
supervising incl uded angle ALPHA 
bet ween vehi cl e l ongi t udi nal axis 
di reef: ion and 7...>ect or L, and di stance 
DELTA f ram vehicle to equidistant, 
exactly speahing, to its projection on 
L on gi t udi nal horizontal pl ane. 

It is expedient to carry out 
hitting to the equidistant by means of 
ci rcul ar movements. TtllJO AUV posi ti on 
variants relative to the adopted 



projection are possible: 
a) vehicle "head'' to projection. In 

this ca~ direct hit to equidistant by 
ci rel e is possi bl e. 

b) vehicle "stern" to equidistant. 
The situation i mpl i es prel i mi nary 
vehicle turning with maximal. possible 
angular velocity, until point a) is 
realized. 

If the condition I DELTA/ < d is 
satisfied, control is carried out 
t hrout:h DELTA and ALPHA displacements. 
Strictly speaking, this motion "in a 
tube" proves to be principal , si nee 
after hitting to equidistant value 
DELTA fluctuates about zero. 

3.2 Motion in Vertical Plane 

To organize underie:at er robot 
control in lon{;itudinal vertical plane, 
a re~lator with etalon and predictive 
models is used which provides vehicle 
real and programmed motion proximity. 

The fol l ote-i ng steps are realized 
for adaptive regulator synthesis: 

constructing et al on motion model 
settint: controlled object desired 
behaviour; 

- carrying out predicted motion based 
on st ate vector measurement of 
cotrolled object; 

- forming control minimizing Euclid 
norm of difference of predicted and 
et al on motion. 

The controlled object is described 
in terms of state space by the 
differential equat i ans system: 

X = A* X + BNU + R, ( 1.) 

'Where X = CY , Y . V- HJ is object 
st ate vector in vertical plane; 

Y - tan.gage; 
Y - t angag:e vel oci t y; 
7.J.- trajectory angle ; 
H - depth; 
A - 4 x 4 dimension matrix; 
B - 4 dimension vector ; 
U - scalar control; 
R - general i zed di st urbances vector 

composed of external physical 
disturbances and disret:arded object 
model errors. 

We set etalon motion X in the sa.me 
forms as real motion (1.) but having 
constant parameters A and B, not taking 
into account external di st urbances: 

Xe = AN-Xe + BN-Ue (2) 

State vector X is easy-measured in 
time tact moments tCkl=kNT, t~here T is 
measuremed procedure ·di scret ·i zat ion 
period. Scalar control U at "k"-th step 

of process ( k.-1.)NT < t < kNT is 
constant and equals UC kl. 

We introduce predicted motion Xp, 
its model differing f ram real motion 
(1.) in the presence of predicted 
di st urbance Rp: 

Xp = AN-Xp + B*U + Rp ( 3) 

the initial condition Xp[k.J=XCk.J, teJhere 
Xfkl is state vector in moment of time 
tCkl. 

Equation system ( 2) and ( 3) solving 
is done by numerical integration with 
period T. 

Disturbance vector can be 
determined tfirouch analysis of 
travel led trajectory part Xf k.J, 
XI k-1. J. . . .As for predicted di st urbance, 
we calculate it by linear extrapolation: 

Rp = 2NR£kl - R£k-1.1, (4) 

where RCkl, RCk-1.J are mean disturbance 
val ues at t [ k.J and t C k.-1.J travel steps. 

Control UCk.J providing predicted 
(3) and etalon (2) motion proximity 
results from the fol lowing condition: 

I I Xp[ k+1.J - XeC k+1. J I I = m.i n UC k+1. J 

0.5NQNUNU + 0.5N(Xp[k+1.1-XeCk+1.])T N

G*( Xpf k.+1.1-XeC k+1.]) = min UC J<.+1.1 ( 5) 

'Where Q - te:eihtint: coefficient; 
G - positively defind diat:0nal 

matrix; 
Object control is found in the form: 

UCk+1.l = UeCk+1.J - LT* CXfkl-XeCk.J) -
- SN-Rp 

where UeC h+1.J = CT * (Xe[ k.1-Xz[ k]) 
etalon linear control; 

LCA,B,G,Q,T),SCA,B,G,Q,T) 
weit:hting vector determined in (5) ; 

C - feedbach weighting vector; 
Xz - program trajectory; 
Xz1. C J<.1 = Y zf kl - program t ant:age 

formed by the abovementioned algorithm; 
Xz2Chl = 0, 
Xz3Chl = 0, 
Xz4Ckl = HzCkl - program. depth. 
Program dept h Hz is formed based on 

ranges found by sonars Di, i = 1. ••• 5 
and program stabilization heit:ht I>z: 

Hz.Ch]= HChl + CiJ* DCkl - 5N[)z[k.J 

tvhere Df I'J = ( Dl, Df, Dr, Db, Ds) 
distances vector by sonars; 

CD - angular co.sines vector (angles 
bette:een Db and corresponding sonars). 
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Fig.1 lsohath trajectory part 

Fig.2 Final trajector~ part 
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4. Motion Simulation in Computer 

Control algorithm investigation was 
carried out by means of mathematical 
si mul at ion. Model structure comprises 
environment ·model (3D relief surface), 
vehicle sonar system model , ·vehicle 
hinematic and dynamic models and motion 
control model. Some results 
illustrating algorithm operation are 
presented in Fig. 1. and 2 demonstrating 
two fragments of one motion. 

Fig.1. presents a still of relief 
surface projected on plane OXY in a 
form of square. Bl ach.ening degree of 
surface elements in inverse 
proportional to angle of view value at 
.which this or that surface area is 
visible to· the observer. In the 
selected model scale relief height 
mahes 60 ms, motion height set for AUV 
is 1.0 ms. starting point in l oteer right 
angle. Finishing point is located so 
that slope is in the vehicle motion 
path. As i t is shown in Fig. 1. , sl ope 

steepness being little, AUV travel led 
to the target along equidistant in the 
vertical plane. When the steepness 
sharply increased, the vehicle started 
horizontal manoeuvring, moving by 
i sobat h trajectory, and thus, avoiding 
the obstacle from the left. To 
demonstrate it more clearly, te.ie showed 
except the main trajectory its 
projection to relief. 

Fi g. 2 i l l ust rat es the final· 
trajectory part, finishing point being 
in the right angle. Projected area 
makes 1. 20 x 1. 20 ms in dimensions. AUV 
is first seen to lot~r in the gently 
sloping crater, thereafter - manoeuvre 
into the cavity between two heights. 
The height nearest to observer covered 
a part of trajectory with itself. 
Having passed the cavity the vehicle 
descended serpentinelike to the base 
pl ane (as sl ope st epness di dn • t permit 
st right moveTl'.ent ). On reaching flat 
seabed, AUV continued travel Zing to 
target along straight line. 
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HIGH PERFORMANCE HYDROFOIL CATAMARAN 

Masakazu Kaji * 

* Kawasaki Heavy Industries, Ltd., Japan 

Abstract 

A high performance hydrofoil catamaran is 
being developed by Kawasaki Heavy Industries, 
Ltd. The hydrofoil catamaran consists of two 
sidehulls and fully submerged hydrofoils placed 
between the sidehulls, and it is supported by 
both hydrofoil lift and sidehull buoyancy. The 
hull form is designed to be thin to reduce the 
wave making resistance and the wave exciting 
force, and the foil is designed to have a high 
aspect ratio to increase the ratio of the lift 
to drag. 

Provided with an active control system, the 
ship controls the motions of heaving, pitching 
and rolling, and relative bow height in order 
to achieve superior seakeeping performance 
including comfortable ride in rough sea. 

As a result of investigations including tank 
tests, the hydrofoil catamaran has been found 
attractive to a high speed cargo ship, 
passenger ferry, car ferry, etc. 

The resistance, ship motion and other 
characteristics of the ship are presented in 
this paper. 

1. Introduction 

To respond to the need for high speed 
transportation, a high performance ship is 
being developed. The targets of this 
development are as follows: 

1. Adaptable to large ships (max. full loaded 
weight of abt. 3000 t) as well as small 
ships 

2. High speed (max. speed of abt. 40 knots) 
3. 
4. 
s. 
6. 

Low resistance 
Superior seakeeping performance 
Technically simple system 
Low construction cost 

As a result of feasibility study on various 
conventional ship forms, it has been found that 
the hydrofoil catamaran, whose weight is 
supported by both hydrofoil lift and hull 
buoyancy, is more suitable for the above 
targets. Tank tests were carried out to 
investigate resistance in still water and 
waves, ship motions and loads in waves and 
maneuverability, and the structural analysis 
was also made. 

As a result of these investigations, it has 
been confirmed that this concept is feasible. 

2. Configuration of Concept 

The hydrofoil catamaran has twin sidehulls 
with fully submerged hydrofoils mounted in 
tandem between the sidehulls as shown in Fig.l. 

The ship is supported by both hydrofoil lift 
and hull buoyancy. 

HYCAT [l], HC-200 [2], HC-2000 [3], etc. were 
designed on the nearly same concept as the 
above one. 

The percentage of hydrofoil lift is determined 
taking account of resistance and ship motions 
in rough sea. The sidehull form is designed to 
be thin to reduce the wave making resistance 
and the wave exciting force. The foils have a 
high aspect ratio to increase the ratio of the 
lift to drag. 

As the ends of the foil are connected to the 
sidehulls, the sidehulls work as endplates of 
the foil, which reduces the induced drag. 

Also, the foil is used as a structural tie 
between the sidehulls to reduce the stress on 
the hull. 

When the foil is used as a structural tie, 
the structural weight of the foil increases 
because the load acting on the foil becomes 
severe, that is, wave loads acting on the 
sidehulls are transmitted to the foil in 
addition to member loads of 1 ift, cross flow 
drag, etc. But the hull. structural weight can 
be decreased. Therefore the weight of the hull 
with foils is made lighter than that of the 
conventional catamaran. 

Center struts are provided to decrease the 
bending moment acting on the foils. The strut 
can be used as a vertical rudder. 

As a propulsion system, the propeller is 
adopted because the propulsive efficiency of 
the propeller is superior to that of the water 
jet as shown in Fig.2 [4] in the speed range of 
this concept. 

The engine, propeller shaft, gear, etc. are 
installed inside the s idehulls. Therefore the 
form of the sidehulls may not be the most 
suitable in view of resistance, especially in 
the case of a small-size ship, but less 
propulsive horse power is required than in the 
adoption of the water jet propulsion system or 
other systems because of the higher propulsive 
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efficiency of the propeller. 
This concept ship is self-stabilizing because 

statical stability in heave, pitch and roll are 
kept by the sidehulls only. Superior 
seakeeping performance is also achieved in the 
rough sea condition because ship motions are 
controlled by the control system using the 
hydrofoils. 

A small high-speed ship 
in Table 1 and Fig.l 

is designed as shown 
to investigate this 

concept. 

Table I Particulars of prototype ship 

Lpp 26.0m 
Bmax 13.0m 
D 4.8m 

d 2.0m ., 
Disp. -= ·- ... abt. 70t 

0 0 Li ft F. abt. lOOt ....... 
Vs 35kts 

., 
d 3.5 • -= -... l>isp abt. 170. Ot .. 0 

=-" Lift F. Ot 

Fig. 1 Configuration of hydrofoil catl!ll<II"an 
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~ PROPflLEll 
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~v WATER JET 
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SPEED (KNOTS) 

fig. 2 Propulsive Coefficient 
(From Ref. [ 4]) 
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In the case of the small high-speed ship, the 
higher the ratio of the dynamic lift is, the 
lower the resistance and the better the sea
keeping performanace becomes. The size of the 
sidehulls is made minimum enough to install the 
propeller shaft, gear, etc. 

As a result, the percentage of the dynamic 
lift is about 59%, and that of the buoyancy is 
about 41%. 

3. Tank Test 

To confirm various performances of this 
concept ship experimentally, the tank tests 
were carried out at Akashi Ship Model Basin in 
1987. Resistance tests, ship motion tests, 
wave load tests and PMM tests were conducted. 

In this paper, the resistance and ship motion 
tests out of these tests are described. 

The aims of the resistance tests are to 
estimate the total resistance of the prototype 
ship shown in Table 1 and to establish the 
technique to predict the resistance of this 
concept ship. 

And the aims of the ship moti~n tests are to 
ascertain that the ship motion can be decreased 
by active control and to confirm the validity 
of the ship motion prediction theory. 

At the resistance tests, scale models of 1/10 
and 1/20 were used, and at the ship motion tests 
a scale model of 1/10 was used. Particulars of 
the models are shown in Table 2. 

The ship speed of the prototype ship is 35 
knots, but the motion tests were carried out at 
the speed of 25 knots based on the full scale 
ship because of the speed limit of the towing 
device. The area of the foil of the model ship 
is determined to be 1.50 times as large as the 
designed value to get the designed dynamic lift 
at this test speed. 

As hydrodynamic characteristics of the foil 
are very important for this concept ship, both 
models are designed so that the dynamic lift 
and the drag of the foil can be measured 
separately from the hull to analyze the hydro
dynamic force of the foil. 

Table 2 Tank lest model 

MODEL I MODEL II 
!RESISTANCE TEST) !MDT I ON TEST) 

Sc11Je . 1/ZO I/JO 

L I. 30 m Z. 60 II 

B ... 0. 65 II J. 30 II 
d 0. JO • o. 20 • 

FOIL NACA 643 • 618 NACA 6•3 • 618 

SPAN 0. 45 .. 0. 90 II 

= CHORD o. 03511 0. 105m 
t/c 0. 18 0.18 

SPAN 0. 4!t • 0. 90 II 
~ 

CHORD o. 035• 0. 15 II 
t/c 0. 18 0. 18 

WEIGHT - 176.S kg 
!G - D. 376• 
Jcb - o. 09S. 
Radius of longitudinal - 0. 80611 
gyration 

3.1 Resistance 

The resistance test was carried out in the 
condition of the hull being fixed and the 
attack angle of the foils being changed 
according to the ship speed. The resistance 
and the lift of the whole hull and those of the 
fore and aft foil were measured separately. 

The coefficients of the total resistance of 
the 1/20 scale model including the foil drag 
are presented in Fig.3 as a function of Froude 
number based on volume (Fnv=v/Jg.vl/3). 

At Froude number below 2.0, the total 
resistance coefficient (CT) decreases nearly 
in proportion to Froude number. At the high 
Froude number over 2.0, the ratio of CT 
reduction to Froude number becomes small. At 
the high Froude number, therefore, it is better 
to increase the percentage of the foil lift 
supporting the ship in order to decrease the 
resistance. 
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() 0.05t----+----+--

1.5 2.0 2.5 

Fig. 3 Total resistant coefficient 

In the case of the prototype ship in Table 1, 
the designed Froude numb er is 2. 44, and so the 
resistance can be decreased by the increase of 
the percentage of the foil lift supporting the 
ship and the decrease of the size of the 
sidehull. In this case, a propeller, which has 
higher propulsive efficiency than any other 
system, can not be adopted because of 
inadequate space in the sidehulls to install 
the propeller shaft, gear, etc. and as a result 
the propulsive horse power increases more than 
that of the prototype ship in Table 1. 

Fig.3 shows that a suitable Froude number for 
this concept is about 2.0 or below, which means 
this concept is especially advantageous to a 
large size high speed ship. 

The resistance of the ship in Table 1 is 
calculated based on the tank test results and 
its components are shown in Table 3. 

Because the sidehull form is designed to be 
thin and the foils with high aspect ratios 
(12. 85 for the fore foil and 9. 0 for the aft 
foil) are used, both the percentage of the wave 
making resistance and that of the foil drag are 
small. 

On the other hand, the frictional resistance 
is much larger than other components. 

In a high-speed ship, measures to decrease 
the frictional resistance are very important. 

Table 3 Drag breakdown 

"' FRICTION 46 % ~ 
u 

"' - OTHERS 8 % > 
--' 

~ 
WAVE 12 % 

WIND 3 % 

FOIL & STRUT 31 % 

TOTAL I 00 % 

3.2 Motion 

The motions are control led by the use of the 
hydrofoils supporting the ship as described in 
"2. Configuration of Concept". 

Three controlling modes are adopted as shown 
below: 
(1) Platforming mode 

To get comfortable ride by decreasing ship 
motion. 

(2) Contouring mode 
To keep a constant relative bow height 
between the bow and the water surface in 
order to prevent slaming at high waves. 

(3) Bank mode 
To bank the ship to make co-ordinate turn. 

Regarding the longitudinal motion both in an 
uncontrolled condition and in a platforming 
control condition, the outline of the ship 
motion prediction theory, comparison between 
experimental values and theoretical ones, and 
comparision of ship motions between this 
concept and a conventional displacement type 
monohull ship are described in this section. 

The tank tests were carried out with the 
pitching and heaving motion being free and the 
surging motion being fixed both in the 
uncontrolled condition and in the controlled 
condition. 

The purposes of this tank tests are to 
examine the motion prediction theory in both 
conditions, and to investigate relations 
between control gain and the motion. Various 
control gains are used in the motion control 
tests to investigate the above relations and so 
the control gain is not the most suitable in 
view of decreasing the ship motion as much as 
possible. 

The state feedback control method is applied 
as shown in Fig.4 Block diagram. 

CONTI .• UNIT 

(He:• l'c:) 

CONTI .. DEVICE 

I 
I l+"TSI 

z i. z 
9 8 9 

llc=Ka1Z+K.,Z+K •• Z 
( Control force for heaving molion ) 

I' c = K • • e + K •• e + K •• e 
(Control moment for pitching molion) 

fig.4 Rinck diagram 

The ship motion equation on the frequency 
domain in the open loop condition is shown 
below. 
The coordinate system is a right-handed 
rectangular coordinate system. 
The coordinate system moves horizontally in the 
direction of the mean course of the ship with 
the mean speed of the ship. 

Here Z and 0 are the displacement of heave 
and pitch respectively, M is mass, I5 

(1) 

is 
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inertia about pitching motion, Aij is added 
mass or inertia, Bij is the damping, Cij is 
restoring constant, F3 and F5 are the 
complex amplitude of heaving force and pitching 
moment respectively. 

The following hydrodynamic forces and 
hydrostatic force are considered in the above 
ship motion equations (1). 

(a) Hydrodynamic force obtained under 
non-lifting potential flow assumption 

(b) Lift 
(c) Viscous damping force (cross flow drag) 
(d) Restoring force (hydrostatic force) 

The strip method is used to calculate the 
hydrodynamic force in (a). 
The boundary value problem is solved by the 
source technique with the interaction between 
the sidehulh being considered. 

The lift of the hydrofoil in (b) is 
calculated in consideration of memory effect. 

The Theodorsen function C(K) stands for the 
memory effect of the hydrofoil due to free 
voltex in an unsteady condition [5][6][7]. 

C(K) 
H ( 2 ) (K) 

1 

H ( 2)(K)+jH ( 2)(K) 
1 0 

F(K) + JG (K) 

K Reduced frequency 

H <2>. Hankel functions of 
n the second kind 

(2) 

The diagram of this function is shown in 
Fig.5. Relations between the wave length O.) 
and the reduced frequency (K) of the aft foil 
of the prototype ship in Table 1 are also shown 
in Fig.5. 
The wave length is made nondimensional by the 
ship length (L). 

As seen from Fig.5, this concept ship is 
operated in the wave frequency bound greatly 
influenced by the memory effect due to free 
voltex. 

G<K> 
j 
0.1 

Reduced freq, range 
K =oo aL operation condition 

o1--....---.-...--........ -......--"'o~s'--~""....,.o.__.-...--TT<<---:-'7-y 
~ -0.1 

-Q2 

-03 

Fig. 5 Theodorsen function 

Therefore the ship motions in both the 
uncontrolled and the contrblled conditions are 
affected by the memory effect of the hydrofoil. 
Comparison between experimental and calculated 
values of heaving and pitching motions in the 
uncontrolled condition is shown in Fig.6 and 
Fig.7. The ship speed is 25 knots and the wave 
direction (X) is head sea (180°). 

The amplitude of heaving motion (Za) and that 
of pitching motion (0a) are presented as a 
function of the wave length (A). 
And these three are made nondimensional by the 
wave amplitude a a), the wave slope (ko ~a) and 
the ship length (L) respectively. 

To know the degree of the memory effect on 
the ship motion, the calculated values without 
the memory effect are also presented in those 
figures. (Fig.6 and Fig.7) 

Good agreement between the experimental and 
calculated values with the memory effect is 
achieved. On the other hand, the calculated 
values without the memory effect are different 
from the experimental ones. Therefore the 
memory effect of the hydrofoils affects the 
ship motion greatly. 

" ..,, 

1.0 I------,.--,,,£-&-,.....::...-__, 
V1= ZSltnot.a 
x= 1811" , 

/ 

~ o.s 1----1-r---+-------j 
N 

c 

0 EXP. 
--CAL 

( with ..rJ effect l 
---CAL 

I wi thaut ~ effect) 

5 
l./L 

Fig. 6 Heaving llOtion 1111pli tude 
in uncontrolled condition 

¥1=Z5knot1 
x= 1111" 

10 

~ -<>.51-----.,,,__..,,._+-------; 

"' "' 
0 EXP. 

--CAL 
I with ..,,.y effect ) 

----CAL 
I without .-oo effect l 

5 

A./L 

Fig. 7 Pitching llOtion 1111pli tude 
in uncontrolled condition 

10 

In the conventional SWATH ship with control 
foils, as the ratio of the hydrodynamic lift of 
the foils to the total hydrodynamic force is 
very small, the calculated values well agree 
with the experimental ones without any 
consideration of the memory effect of the foils 
[8]. 
In this concept ship with large foils, however, 
it is important to consider the memory effect 
so as to predict the ship motion. 

Comparison between experimental and 
calculated values of the vertical acceleration 
per unit wave amplitude at the bow and the 
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stern is shown in Fig.8 and Fig.9. The unit of 
acceleration is gravity acceleration g (9.1 
m/sec 2). Both values agree with each other 
well. 

(g/m) 

Vs=2Sknot.s 
>. = 160" 

0 EXP. 

Q.51---'------------_-_CA_L_ 

"' 0.4 l-+-~----1------__J 

"' 0.3 1-----"~---+--------l 

~ 021-------"<-!----------' 

0.11-------J--c="'""-~~--l 

(g/m) 

5 10 
A./L 

Fig. 8 Vertical acceleration at FP 
in uncontrolled condition 

Vs=ZSknot.s 
x = 180" 0 EXP. 

Q51----------------=-~CA~l-

«) 0.41---__J"-----+------__J 

"' o.31--~-->.~-+-------i 

"' Q2r--------"'--C--------i 
tl 

OJt--------+---"-=:::,,__~=-' 

5 10 
1../L 

Fig. 9 Vertical acceleration at AP 
in uncontrolled condition 

The control method is a state feedback 
control, and acceleration, velocity and 
displacement of heave and pitch are feedback 
variables as shown in Fig.4 Block diagram. The 
closed loop motion equation in frequency domain 
is shown below. 

Hij Hydrodynamic Coef. of hull and hydrofoil 

F· 1. 

1 
l+jwT 

Wave exciting force 

Control device (1st order lag) 
T : Time constant 

CKij: Memory effect coef. of control surface 

G33 

G55 

Heave control gain 

Pitch control gain 

The characteristics of such control devices 
as the actuators and the flaps are replaced 
approximately by the 1st order lag. 

Ckij are coefficients due to the memory 
effect of the foils. 

CK35 and CK53 mean the pitch control 
force becomes disturbance to the heaving motion 
and the heave control force becomes disturbance 
to the pitching motion. In case the reduced 
frequencies of the both foils are same, both 
CK35 and CK53 equal zero. Therefore it is 
necessary to determine the control gain with 
much consideration of the memory effect. 

Comparison between the experimental and 
calculated values of the heave, pitch and 
acceleration in the controlled condition is 
shown in Fig.10, Fig.ll, Fig.12 and Fig.13 in 
the same way as in the uncontrolled condition. 

As seen from these figures, the experimental 
values agree with the calculated ones very 
well. In the controlled condition as well as 
in the uncontrolled condition, validity of the 
theory is confirmed. 

The motion performance of this concept ship 
is evaluated by this theoretical calculation. 

The response functions of the vertical 
acceleration at the bow, the pitching and 
heaving motion of this concept ship of total 
weight 170 t type described in Tab le 1 
calculated by this theory are shown in Fig.14, 
Fig.15 and Fig.16. 
:::alculation conditions are the ship speed of 35 
knots and the wave direction of head sea(X=l80°~ 

"' ...,. 

1.01---------------
\" s = 2Sknot.s 
x = 180" 
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Fig. 10 Heaving •otion upli tude 
in controlled condition 
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Fig. 11 Pitching •otion amplitude 
in controlled condition 

Q5 \' • = 2511.not.s 
x = 180' 

"' 041--------
0 EXP. 

--CAL 

tl 021-------;:;.....,._+------

0.11-------+""""-=----i 

0 

Fig. 12 Vertical acceleration at FP 
in controlled condition 
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0_5,1------- V,= 2Sltnots 
x= 1811" 

10 

Fig. 13 Vertical acceleration at AP 

in controlled condition 

To compare these values with those of the 
displacement type monohull ship, the response 
functions of the monohull ship (L = 38.57 m, \! 
= 168 m3, ship speed = 34. 96 knots) shown in 

Ref. 9 are added in the above figures. 
This concept ship has much smaller motion 

than the displacement type nionohull ship even 
in the uncontrolled condition, and besides this 
motion can be more decreased by control. This 
concept ship has superior seakeeping 
performance. 
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Fig. 15 Comparison of pitching motion 
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Fig. 16 Comparison of heaving motion 

The aim of this control system is to decrease 
acceleration. Therefore, as it is more 
efficient to make the pitching motion smaller 
than the heaving motion, the control gain is 
determined so that the pitching motion can be 
decreased more than the heaving motion. If the 
aim. of the control is to make the heaving 
mot1on much smaller, .the heaving motion in the 
controlled condition can be decreased more. 

4. Hull Structure 

It is necessary especially for this concept 
ship to increase the structural reliability and 
to lessen the hull weight as much as possible. 
So the hull must be designed based on the 
accurate loads and structural model. 
The structural analysis system was established 
as shown in Fig.17 • 

The hull structure of the prototype ship was 
analyzed by the above system using a 3-D panel 
model in Fig.18. The structural characteristics 
of this concept ship were understood clearly • 

Hui I for• 
•eiahl distribulion 

Ship •otion analnis 
•awe pressure 
Acceleration 
fin contra I force 

3~di11ensional FEM 
model in& 

Load data generation 

Stochastic anabais 

fig. 17 Rough flow of analysis 

Fig. 18 Model configuration 
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The split force, yaw connecting force, 
racking force and torsional moment are 
important loads for the design of the structure 
as well as in the conventional catamaran. 
However, the s true tura 1 res pons es of th is 
concept ship to the above loads are quite 
different from those of the catamaran. 

As the foil is used as a structural tie 
between the sidehulls (original model), the 
stress on the hull due to these loads becomes 
about one third of that acting on a model, 
where the foil is not used as a structural tie 
(separated foil model) as shown in Table 4 
[10]. Structural behavior of the separated 
foil model is nearly the same as that of the 
conventional catamaran. 
Therefore, the hull weight can be decreased 
from that of the conventional catamaran. 
As the hydrofoils are important structural 
members, they must be designed by analyzing 
fatigue, buckling, etc. to get high reliability. 

Table 4 Comparison of typical stresses of original 
mode I (A) vs. separated fo i I mode I (B) 

KIND OF S'IllESS 
IAVE 

STRESS RATIO (A/Bl 
CONDITION 

DECK TRANS. " =90' 
2. 7 

AXIAi. S'IllESS (a) 2./Lpp=l.O 

DECK TRANS. " = 120' 
3.0 

BENDING STRESS (b) 2./Lpp= 1.5 

DECK TRANS. " =30' 
2. 5 

SHEAR S'IRESS tel 2./LPP=D. 7S 

SIDE SHELL " =30' 
1.3 

SHEAR STRESS (d) 2./Lpp=D. 75 

5. Outline Design of Cargo Ship 

As a result of the investigations, this 
concept ship has been found to be more suitable 
for large ships of total weight from 1,000 t to 
3,000 t. Two cargo ships are designed as 
examples of the application of the large ship. 
The particulars and the artistic impression are 
shown in Table 5 and Fig.19 respectively. The 
ships are designed on the condition that the 
full load draft in harbor is below 6. 0 m and 
the ship width of type 1 is below 18 m and that 
of type 2 below 25 m. 
The transport efficiency of this concept ship 
type 1 and type 2 is shown in Fig.20. This 
figure was made by plotting values of this 
concept ship, SWATH ships and the high speed 
displacement type monohull ship into the figure 
in Ref. [ 11] • 

Transport efficiency is defined as the ratio 
of the work done by total weight of ship (W) 
travelling at speed (V) to the total power (P), 
whose measurement is introduced by Gabri'elli 
and Von Karman. 

Regarding the ship speed around 40 knots, one 
of the targets of this concept, the displacement 
type monohull ship has the best transport 
efficiency and this concept ship has the second 
best efficiency. But as seakeeping of the 
monohull ship is inferior at the speed around 
40 knots, this ship doesn't seem to be suitable 
for a high speed merchant ship. 

Table 5 Particulars of prototype ship 

type I L)'pe 2 r,... [ ful I loaded wei1bt J ( Ful I loaded wei1bt) 
I. 700L l)'PC Z. 70Dt type 

Diaenaion 

Lpp 65. OD• TS. DO • 

Bmld 18. DD• ZS. DO • 

llmld 8. 00 II I J. 00 • 

dald (foi I borne) ... OD II 4. 00 II 

Old (bul I borne) 5. 80 11 fi. OD II 

Lift Uoil borne) 100' 800 ' 
Disp. ( . I I. ODD t I. 9DO t 

Dead •ei1ht 900 ' 1.300 ' 
fuJ I loaded weisht I. TDD ' 2.100 t 

Ys 40 knots 40 knots 

llain engine Gas turbine Gaa turbine 

Propeller CPP CPP 

SHP 60, 000 PS 90, ODO PS 

Fig. 19 Artistic i•pression 

~~ 
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Significant values of the vertical 
acceleration at the bow of this concept ship 
type 1 are presented as a function of 
significant wave height (H1/3) in Fig.21. 
The unit of acceleration is gravity 
acceleration (g). ISSC spectrum is used and 
sea condition is a long crested irregular wave 
whose direction is head sea. Ship speed is 40 
knots, The relation between the significant 
wave height Hl/3 (m) and wave mean period T 
(sec,) is assumed to be T = 3.86JH1/3 • 

At the significant wave height of 4.0 m, the 
significant value of the acceleration is about 
0.18 g. In this acceleration, only 10% persons 
get seasick during 4 hours. Therefore there is 
no problem in operation of this concept ship in 
rough sea [4]. 

3 
!S 
;::: 
~ 
~ .., ... .. 
~ 

~ 

0.5 

0.4 

0.3 

0.2 

0.1 

--0- NO CONTROL 
__._ C!WlllOL 

2 

SIGHFICANT WAVE HEIGHT (Hl/3) 

4 

Fig.21 Significant value of the vertical 
acceleration at the bow (Type 1) 

6. Conclusion 

The technique to predict resistance and ship 
motion, and the structural analysis system have 
been established for this concept ship. 

As a result of investigations, it has been 
found that this concept ship is more suitable 
for large size high speed ships of the weight 
from 1,000 t to 3,000 t. 

This concept has the following superior 
characteristics: 
(1) An attractive power to displacement ratio 

in the 35 - 40 knots speed region. 
(2) Superior seakeeping performance, 
(3) Large deck area to be designed according to 

trade requirement. 
(4) Low construction cost. 
(5) Design and construction by well-known 

technology. 

The draft of this concept ship in harbor 
condition is deeper than that of the displace
ment type monohull ship of the same size. But 
it is 6.0 m at the deepest in a ship of the 
size of our target, So there seems to be no 
problem. 

A high speed container ship, cargo ship, car 
ferry, passenger ferry, etc. are the most 
suitable for this concept. 

1. 

2. 

3. 

4. 
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· Abstract 

An experimental WIG craft named 
Marin~ Slider: µ sky-1 was devel
oped, constructed and evaluated as 
a high speed boat. The craft had 
ram wing configuration. Its size 
was 4.4m long, 3.5 m wide and 2.0 rn 
high. The total weight of the 
craft was 295 kg. It was propel
led by an air propeller driven by a 
64 .hp engine. The craft was 
constructed by CFRP honeycomb to 
achieve its light weight. The 
tail unit was constructed by 
aluminium pipes covered by cloth. 
The control system of the craft was 
an elevator and, air and water 
rudders. The water rudder was 
linked to the air rudder. The 
craft had no control device for 
roll, because it had enough 
stability for roll by the ground 
effect. When the craft turned to 
right or left, it slided horizon
tally instead of bank turn. The 
engine power was controlled by a 
throttle lever operated by the left 
hand. The take-off speed of the 
craft was 66 km/h and its maximum 
speed was 82 km/h. Results 
obtained from a series of test runs 
suggested that the WIG was a 
promising candidate of a high speed 
boat of the next generation. 

1. Introduction 

Many pacific countries are 
consisted of islands, e.g., Japan, 
Philippine, Indonesia, etc. In 
these countries, one of serious 
problems is transportation beyond 
sea. In Japan they are construct
ing tunnels under sea and long 
bridges over sea. These facil-

ities are very effective for the 
transportation beyond sea. The 
most important demerit of them is 
their costs, which are too huge for 
almost all countries or areas. It 
is true in Japan also. In fact, 
peoples in an area of relatively 
thin population or on islands 
relatively far from the main 
islands are suffering from lack of 
a suitable method of transportation 
beyond sea. 

Table 1. 10 Big Islands in Japan 
(excluding 4 main islands) 

Name Area Population Distance 
(km ) (xl,000) (km) 

Okinawa 
Amakusa 
Sa do 

1,211 
860 
857 
718 
692 
590 

Amami 
Tsushima 
Awaji 
Yakushima 
Tanegashima 
Fukue-jima 
Tokunoshima 

500 
447 
327 
248 

1,122 
182 

88 
86 
52 

p2 
16 
47 
57 
35 

550 
3 

30 
300 
120 

4 or 2 
70 
43 

100 
350 

Distance means the distance from a 
main island. 

Amakusa and Awaji are connected to 
main islands by bridges. The 
largest island in Japan is Honshuu. 
Hokkaido is 20 km off from it, and 
connected by a tunnel. Kyuushuu 
is only 1.2 km off from Honshuu, 
and has the second large 
population. Then it is connected 
by a tunnel to Honshuu. The 
distance between Honshuu and Sikoku 
is 7 km. Now 3 routs are going to 
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connect by huge bridges. On the 
other hand, 8 big islands in Table 
1 and other islands will not be 
connected to a main islands by 
tunnels or bridges. 

The most popular method of 
marine transportation is using 
ships. Throughout the human 
history, it is the most economic 
method of transportation. It will 
be used in future too, especially 
for transportation of raw materials 
and many heavy products. In spite 
of the great merit of ship, it is 
not enough for other purposes, say, 
passengers transportation, mail, 
personal use, general use, etc., 
because of its relatively slow 
speed. In old days, ship was 
relatively a speedy craft in all 

Table 2. Short History of 
Transportation Methods 

1761 Canals for river ships. 
1807 Steam ship. 
1829 Steam locomotive. 
1839 Ship with a screw propeller. 
1863 Underground rail way. 
1869 Suez Canal. 
1889 Automobile. 
1895 Electric locomotive. 
1901 Ship with a steam turbine. 
1906 Bus. 
1908 Mass-production of cars. 
1912 Ship with a Diesel engine. 
1930 Motor Boat. 
1933 Airliner. 
1955 Jet airliner. 
1960 Shinkansen. 

Hydrofoil. 
ACV. 

1976 SST. 
2000? Linear Motor Car. 

countries. Speed of other crafts, 
e.g., cars, trains and aircrafts, 
has been increased in 19th- and 
20th-centuries. Speed of ships too 
has been increased in this time. 
But the rate of increase was 
relatively smaller than those of 
other crafts. From this fact, we 
needs now a speedy marine craft. 

In many developing countries and 
areas, the needs is also very 
strong for a good transportation 
craft on water. The development 
of an area is usually carried out 
along a river or other water 
sources, because water is one of 

Table 3. Order of Cruising Speed of 
Transportation Methods 

pedestrian 
coach 
bicycle 
river ship 
ocean ship 
motor boat 
hydrofoil 
hovercraft 
normal train 
car and bus 
super express train 
commuter airplane 
linear motor car 
jet airliner 
SST 

4 km/h 
15 
15 
20 
50 
70 
80 

100 
100 
100 
300 
300 
500? 
900 

2,000 

important factors for every 
development. The access way to 
such a place is unfortunately very 
limited. Usual river ship is too 
slow to use passengers transporta
tion. Aircraft including helicop
ter is very useful but too 
expensive and too difficult to 
ordinary persons working in such a 
place. They use cars and some 
other similar work machines for 
their construction. They can 
maintain machines complicated like 
as a car or so. But it will be 
difficult to maintain machines like 
as an aircraft. In a short words, 
they need a car on the water 
surface. 

Many attempts have been done to 
increase the speed of ships. The 
first attempts was the design of 
hull shape. Methods to reduce the 
wave drag followed. A great 
improvement has been achieved by 
using planing beyond the hump 
speed. This introduced, however, 
two difficult problems. One of 
them was reduction of payload. 
The other was the shock of water 
surface. Hydrofoil was a 
revolutionary technique to increase 
the ship speed. The speed is, 
unfortunately, not enough high to 
satisfy many users of these crafts. 
Besides this, there are difficult 
problems of cavitation,· spray and 
interaction of water flow between 
the free surface, when the speed of 
ship is increased. In spite of 
these difficulties, attempts to 
reduce ship drag and increase its 
speed are continuing. These 
efforts will give a more economic 
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ship in future. 
Wheels are not suitable to use 

on water, even though they are very 
good tool on land, because the 
water surface is many times 
deformable than the earth surface. 
From the fact, we find that our new 
craft must have a small pressure on 
the water surface. Weight of a 
craft can not reduced in a large 
amount. The new craft must have a 
large ·area though which the craft 
is supported by the water surface. 

One of simple methods to have a 
speedy marine craft is to run in 
the sky instead of on the sea or in 
the. sea. The density of the air 
is about 1/800 of that of sea 
water. This is the reason why an 
aircraft is so speedy. 

Air Cushion Vehicle (ACV) 
satisfies the above requirements. 
It is surely a good method of 
transportation on the water 
surface. But we must recognize 
the fact that ACV has its speed 
limit. ACV is lifted up from the 
surface by its air cushion. If 
ACV's speed is increased, the air 
cushion will be blown off at some 
speed. In practice, it will be 
unstable at a slower speed than 
that limit. ACV has also many 
practical problems. The present 
authors consider that ACV has a 
special characters suitable for 
transportation of heavy object on a 
weak basement. It is not suitable 
for a high speed transportation. 
The reason that ACV has been 
considered as a candidate of the 
high speed craft on sea will be the 
fact that there was no other 
suitable craft for the purposes. 

Aircraft is attractive method of 
transportation beyond the water. We 
know, however, that the aircraft is 
not so common in transportation 
between islands. There must be 
some reasons. The present authors 
estimate the reasons as follows: 

1. Aircrafts are too much 
expensive. 

2. Control of aircrafts is too 
difficult for an ordinary 
person. 

3. Maintenance of aircrafts is 
too difficult for daily use. 

4. Aircrafts are too dangerous 
when an accident will happen. 

5. Maintenance of airfields is 
too expensive and difficult 

for daily use. 

Our new craft should be free from 
these shortcomings. 

2. Characteristics of WIG 

If we want to travel in a high 
speed, it is not necessary to fly 
at a high altitude. The altitude 
of 1 mm is enough high, if it is 
possible to continue. In the 
theory of airplane wing, we know 
the effect of ground, which is an 
effect that the lift increases and 
the drag decreases when the wing is 
in the vicinity of the ground 
surface. This effect is fa
vourable for our purpose. WIG is 
a craft using the effect. 

WIG can fly only at a height of 
less than 10 % of its aerodynamical 
dimension, which is usually wing 
span or chord length. From the 
fact, WIG can not fly freely in 3-
dimensional open space. It can 
travel only in a narrow layer adja
cent to the surface. Its motion 
is restricted in a quasi 2-dimen
sional layer. This is important 
limitation of WIG. From other 
side of view, the limitation is not 
always a demerit. By the 
restricted motion~ many mechanisms 
of WIG can be simplified. The WIG 
engine is, for example, simpler 
than that of the airplane. It is 
as simple as a car engine. The 
engine of the airplane is com
plicated by the reason that the 
airplane must experience vertical 
turn, spin, diving, etc. The 
engine must work in all these 
tangled motions. On the other 
hand the car engine will stop when 
the car is upside down. 
Carburetors, fuel pumps, spark
plugs and many other parts of the 
airplane engine are necessarily 
complicated and delicate. Besides 
this, an airplane engine must be 
light weight. All these difficult 
engineering problems are originated 
to the free 3-dimensional motion. 
Another example is the fact that we 
need not a pressurized cabin 
because we travel only near region 
adjacent to the sea surface. The 
pressurized cabin causes again many 
complicated problems for engineers. 
At first, the cabin must be 
completely shielded against pos
sible air leak. Second, a 
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suitable air conditicning system is 
required for air supply to the 
cabin. Third, the structure of 
the cabin must be proof against 
possible fatigue caused by a cyclic 
loading of pressure change in each 
flight. By simple mechanisms, we 
will be able to construct a WIG in 
a reasonable cost. The main
tenance of WIG will be also easy 
and in a low cost. 

Running cost of WIG is also 
lower than that of an aircraft. A 
wing in ground effect has better 
efficiency than that at a high 
altitude. This means better fuel 
consumption of WIG than that of an 
aircraft. The control of WIG is 
easier than that of an airplane. 
The cost for pilot training is 
smaller for WIG than for an 
aircraft. The cost for main
tenance is also small. WIG is 
therefore more economic than the 
aircraft. 

The quasi 2-dimensional motion 
of WIG is easier to control than 
the free 3-dimensional motion of an 
aircraft. The situation resembles 
that of a motor car or a motor 
boat. 

The source of the difficult 
maintenance of an aircraft is 
caused by its complicated engine, a 
number of movable parts, weak 
structure and its wing extended in 
a large extent. Aircraft engine 
must work in every situation of 
free 3-dimensional motion and in 
every circumstance including a high 
temperature at a low altitude and a 
low temperature and pressure at a 
high altitude. A number of moving 
parts is necessary to satisfy not 
only its low speed flight of take
off but also its high speed flight. 
Our WIG does not need all of these 
complicated mechanisms. Weak 
structure is common to WIG and air
craft, because they need light 
weight. Span of WIG can be 
reduced in considerable order by 
making use of the ground effect. 

Now we will consider about 
safety. The most dangerous 
phenomenon of an aircraft is fall 
down in an accident. When a craft 
falls down from a high altitude, it 
is accelerated by the gravity 
force. The normal altitude of WIG 
is less than a few meter. WIG 
will be not accelerated during its 
fall. The second fact is that the 

impinging angle of WIG to the 
surface will be less than 10 
degree. This means that WIG is 
hard to be broken, turned to upside 
down or crashed. Among all, low 
altitude flight will give pas
sengers a feeling of safety. 
We need not airfields to operate 
WIG. We can use not only a har
bour but also a sea shore and a 
river bank, because the drought of 
WIG is very small due to its light 
weight. 

Cruising WIG does not touch the 
surface of ground or sea. It does 
not suffer from surface suspended 
objects or sea weeds. It can run 
over the sea surface, flat surface 
of ice, snow covered land, muddy 
surface and sand-bank. It is a 
new path of transportation. WIG 
and ACV are sharing the area. 

3. Classification of WIG 

In the 50 years history of 
research, many types of WIG 
been proposed and tested. 
classify these following their 
view (see Fig.1). 

1. Flying Boat Type (Fig.la) 

WIG 
had 

We 
plan 

A craft of this type has hull, 
main wing and tail units 
separately, just like as an 
ordinary flying boat. This type 
is suitable for a high speed craft, 
because the wing area is relatively 
small. We can design the main 
wing without a serious interaction 
between other elements of the 
craft. The type is thus suitable 
to a large craft of high 
performance. A number of concepts 
of huge machines have been proposed 
based on this type. 

2. Lippisch Wing Typ~)(Fig.lb) 
This type has a special wing so

cal led "Lippisch Wing", whose plan 
form is an inverted triangle with a 
negative dihedral angle. The 
inventor of this wing was Alexander 
Lippisch, the famous designer of 
sail plane and aircraft, especially 
the inventor of the delta wing. A 
very high performance was reported 
on the aerodynamic characters of 
the wing. An experimental craft 
was constructed in USA at first. 
After the time, development of this 
type craft has been continued in 
West Germany. In USSR, CLST1) has 
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a 

Figure 1. Classification of WIG 
a: Flying Boat Type, b: Lippisch Wing Type, c: Tandem Wing Type, 
d: Ram Wing Type. 

been continued their effort on 
developing WIGs of this type. 
CSSRC-0 in China is also developing 
models for practical use of this 
type. This type is now the 
most popular type of WIG. 

3. Tandem Wing Type (Fig.le) 
This type has two wings, the 

front wing and the rear wing. It 
has no horizontal tail wing. This 
type has been investigated by 
Gilnter J6rg~ who was a designer of 
the aircraft of vertical take-off 
and landing in West Germany. 

4. Ram Wing Type (Fig.ld) 
This type has a big wing 

extended from the nose to tail of 
the craft. This is the simplest 
type of WIG. It has relatively 
large wing area. Thus it is 
suitable for a slow 6raft. One of 
famous WIGs of the ram wing type is 
RAMESES-I~ which was developed in 
USA in 1975. This craft can, even 
today, satisfy our requirements 
except its pitching stability. 
The problem of pitch-up has been a 
serious problem of WIG of ram wing 

type from the time of the first WIG 
by Kaario~ Many experimental 
crafts including RAMESES-I have 
been given up by the difficult 
problem of controlling the pitch
up. This is a real problem of WIG 
for the practical use. 

4. Marine Slider: » sky-1 

Many experimental WIGs have been 
constructed and tested. Many 
persons are continuing their effort 
to develop machines for practical 
use. 

At the beginning of our 
development of a new WIG, we 
directed our outline of development 
to design a craft of practical use 
and of mass production, if pos
sible. On the other hand, WIG is 
not enough popular in daily life. 
We decided that the new craft 
should satisfy items as follows. 

1. The craft must fly at a low 
altitude steadily and safely. 

2. Slow take-off speed is 
favourable. 

3. A compact craft is favourable. 
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4. The craft must be clearly 
different from an aircraft. 

5. The control of the craft must 
be definitely easier than that 
of an aircraft. 

The items 1 and 4 were required 
by the reason that the new craft 
had a role of a demonstrator of 
WIG. The items 2 and 5 were 
considered for easy translation 
from motor boat to WIG. This 
requirement would be also fa
vourable for safety development of 
a new craft. It is not so 
difficult to increase the cruising 
speed of the craft up to about 200 
km/h. The item 3 was set fro~ the 
stand point that handling f a 
water airplane was not e ough 
favourable because of its large 
size, especially its long wing. 
For personal use and gerieral use, 
handling on the water or on the 
shore is very important. This 
includes the area of storage or 
harbour. 

By these requirements, the type 
of the new c~aft was decided to be 
a ram wing type. By the item 2, 
the craft must have a large wing 
area. The most compact type of 
WIG is the ram wing type, which can 
satisfy the items 3 and 4. Item 5 
will be satisfied by any kind of 
WIG except its pitching stability. 
Therefore, our target was to 
develop a new craft similar to or 
better than RAMESES-I without 
pitch-up. 

We have many advantages than the 
developers of RAMESES-I by the 
following reasons. 

1. We can obtain a suitable engine 
today, because high performance 
light engines have been improv
ed considerably. 

2. We can use many kind of good 
materials, e.g., FRP, special 
cloths, specially treated 
aluminum pipes, etc. to design 
a light structure. 

3. We can use many electronic 
devices for sensors and 
controls, etc. 

4. We can obtain many parts of 
mechanisms, e.g., propeller, 
reduction gear, instruments, 
flexible tube, water pump, 
etc., from the market for marine 
sports goods, ultra-light 
airplanes and small hover crafts. 

5. We can expect a considerable 
market for marine sports. 

Our solution for the pitch-up 
problem was mainly 2 ways. One of 
them was the use of a cambered wing 
instead of the flat wing of 
RAMESES-I. The cambered wing 

..._ -- .- --

Figure 2. Pressure Distributions of 
(a) flat wing and 
(b) cambered wing. 

brought us a mild pressure 
distribution on the upper surface 
of the wing instead of a peaky 
distribution of a thin flat wing. 
We see the ground effect as a high 
pressure at the rear half part of 
the lower surface. 

Another way was position of air 
screw. It was set at the upper 
rear side of the wing and in front 

Figure 3. 

- -- ·-----~?--
-% 

Position of Propeller 
and Tail Uni ts 
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of tail units. The positions of the 
propeller is shown by P, and the 
horizontal tail by H in Fig.3. 
The propeller accelerated the air 
at the upper rear part of the wing, 
which was otherwise easily 
separated from the surface of the 
wing. By the effect, the 
phenomenon of stall became mild and 
was practically controlled by 
pilots. The elevator and rudder 
in the propeller slip stream were 
very effective especially at a low 
speed. This was unexpectedly 
effective for the pitch-up control, 
because the phenomenon used to 
happen at a low speed of take-off. 

We named the craft thus 
developed Marine Slider:µ sky-1. 
Marine Slider is the general name 
of our WIG andµ sky-1 is the 
individual type name. A 
photography of µ sky-1 is shown in 
Fig.4. Its top view and side view 
are shown in Fig.5. Its principal 
particulars are shown in Table 4. 

Figure 4. µ sky-1 in Flight 

Table 4. Principal Particulars 
of µ sky-1 

Length overall: 
Width: 
Height overall: 
Wing Area: 
Wing Loading: 
Weight, empty: 

maximum: 
Installed power: 
Propeller: Fixed 
Passengers: 
Take-off speed 
Cruising speed 
Hull: 
Wing: 

4.4 Ill 

3.5 Ill 

2.0 Ill 

14.0 sq.m 
20.4 kg/sq.111 

225 kg 
295 kg 

64 hp. (ROTAX 532) 
pitch 4 blades 

1 
66 km/h 
82 km/h 

CFRP 
CFRP 

Tail units: cloth + aluminum pipes 

Figure 5. Top and Side View of 
µ sky-1. 

We compare these particulars to 
those of RAMESES-I. The size of p 
sky-1 is about 70 % of RAMESES-I. 
Its weight is 84 %. The wing area 
is 44 %. Then the wing loading is 
about 2 times of that of RAMESES-I. 
The cruising speed is thus 
increased. The engine power is 2 
times larger than that of RAMESES
I. The most significant dif
ference between p sky-1 and 
RAMESES-I is the rigidity of the 
two crafts. µ sky-1 is almost 
rigid. On the other hand, 
RAMESES-I is flexible. µ sky-1 
shows that the success of RAMESES-I 
was independent of its flexible 
structure. We conclude from the 
fact that WIG of ram wing 
configuration can have a rigid 
structure, which is necessary for a 
construction of large vehicle. 

We made the first test run of µ 
sky-1 at March in 1988. A series 
of test runs had been carried out 
from the time. We learned from 
the results that the design of its 
hull should be reconsidered to give 
better performance on ship mode. 
After suitable reformation, another 
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series of test runs had began in 
November of that year. In this 
time, ourµ sky-1 achieved a long 
jump. After about 300 test runs, 
p sky-1 succeeded a complete 
continuous flight of 1 km long at 
an altitude of about 50 cm. 
During the test runs, many tech
nical data were also measured by 
runs of remote control. From the 
successful flight, about 40 test 
runs had been carried out. 

Our µ sky-1 satisfied the item 
1; flight at a low altitude. Low 
take-off speed and compact size 
were also realized as shown in 
Table 4 and Fig.S. It is enough 
slow and compact in comparison with 
an aircraft. The craft has, in 
practice, no tendency of pitch-up. 
Therefore, the control ofµ sky-1 
is definitely easier than that of 
an aircraft. Our p sky-1 sat
isfies all requirements and 
supports the possibility of prac
tical use of WIG. 

We are now developing a new 
2-seater model; p sky-2, for sports 
and light purposes. Its details 
are out of scope of this paper. 

4. WIG in Future 

From scientific or technical 
point of view, there is no 
essential problems to design a WIG 
of 20-50 seats cruising less than 
200 km/h. Many small problems of 
engineering nature is naturally 
left for future investigation. A 
craft of this class will be very 
useful in many countries including 
pacific countries. It will be 
used for passenger transportation 
in a short or middle range, safe 
and comfortable tour around 
beautiful islands, many purposes of 
area developments, etc. 

When we consider a craft of this 
class, we should keep in mind the 
fact that more severe requirements 
will be imposed on developers. 
One of them will be the economic 
efficiency. To improve the 
efficiency, we must have a 
knowledge about performance of WIG 
wing. This suggests us that 
systematic data must be piled up 
just as the data of wing sections 
of aircraft. It is not so easy to 
obtain such data in a short period. 
Numerical simulations will help us 
to find out an optimum configure-

tion of a WIG, if we can develop a 
suitable method of simulation. 
The other one difficult problem 
will be to decide the limit and 
improve the ability of operation at 
rough weather or sea state. This 
problem is consisted in many com
plicated factors. Usual approach 
to answer this problem has been to 
accumulate practical data for every 
crafts now in service. We have no 
such amount of data for WIG at 
present. They will be accumulated 
day by day, when WIG will be used 
even for restricted purposes. 

We can count out many other 
serious problems related to WIG 
operation. The present author 
think that these problems are 
unavoidable to a machine of revolu
tionary new characters. These 
will be solved step by step by the 
effort of persons related to 
individual problems. 

Development of a larger craft of 
higher performance is essentially 
possible. Naturally it needs an 
amount of effort in many fields 
concerned. We conclude that WIG 
has a big possibility of new trans
portation method on the water 
surface. 
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Abstract 

This paper outlines the features of 
Small WaterPlane Area Twin Hull 
(SWATH) vessels, and reviews the tech
nical aspects to be considered during 
design and construction stages. The 
construction record in Japan is 
presented covering the hull par
ticulars and performance. 

Key design parameters of SWATH are 
discussed comparing their merits and 
demerits. The various performance of 
SWATH vessels including speed and mo
tion in waves is presented. 

Finally, consideration of future ap
plication to commercial use is dis
cussed referring to its technical 
merit. 

1. Introduction 

Small Water Plane Area Twin Hull 
(SWATH) or Semi-Submerged Catamaran 
(SSC) is one of the advanced marine 
vehicles. The concept was acquainted 
more than a century ago, and at 
present it is in a stage of applica
tion to commercial use. 

In Japan, the research of SWATH was 
initiated by Mitsui Engineering & 
Shipbuilding Co., Ltd. at the begin
ning of 1970s 1 >. It was just before 
the construction of the U.S.Navy's 
first 190- ton SWATH vessel 
"Kaimarino". 2 > 

The development work at Mitsui was 
followed by the Japanese first ex
perimental 11-meter vessel "Marine 
Ace" in 1977 under the sponsorship of 
Japan Marine Machinery Development As
sociation (JAMDA). The commercial fast 
passenger ferry "Seagull" was con
structed in 1979 and extensive sea 
trials were carried out. 3 > S i n c e 
then, many commercial applications 
have been made in Japan, leading the 
trend of realizing the more-advanced 
high performance vessels. 

In this paper, the technical 
development of SWATH is reviewed, 
focusing on the design and construc
tion in Japan. 
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2.General Features of SWATH 

SWATH has a lot of advantageous 
features in its performance but has 
inherent delicate points in design and 
construction due to its hull form. In 
this section, such points are listed 
with the related merits and demerits. 

2.1 Sustension system 

Fig. 1 shows the relation of 
weight sustension for various advanced 
vehicles. The weight of SWATH is sup
ported by static buoyancy similar to 
the conventional displacement type 
ship. It is, however, very common to 
utilize the hydrodynamic lift in order 
to control the posture of the vessel 
and dynamic motion in waves taking the 
advantage of small water plane area. 

On the other hand, SWATH is fairly 
sensitive to weight change, and there
fore, design and construction is to be 
carried out with best care. 

llUOYANCY 

DYNAMIC l.ll'T STATIC 1.11''1' 

Fig. 1 Weight Sustension Diagram 

2.2 Hull form 

SWATH is composed of three major 
parts of hull. The lower hull is 
torpedo-like body under the water. 
Strut is the surface piercing stream
lined hull located on the lower hull. 



A pair of struts is located in paral
lel. The upper hull connect the two 
struts well above the water line. 

The cross deck arrangement enables 
to afford a wide and flush deck area 
for usage of various purposes, such as 
accommodation, working space, etc. 

The most important feature of SWATH 
performance is its superb seaworthi
ness attributable to the small water 
plane struts. It is, generally, quite 
advantageous that SWATH has a very 
long natural period which is far 
beyond those of encountering waves in 
ocean. This hull arrangement makes it 
possible to maintain the ship motion 
minimum even in rough seas. This fea
ture also results in the minimum speed 
loss in wave. 

2.3 Structure 

The twin hull arrangement of SWATH 
is subjected to different wave forces 
from those which will occur to mono
hull. In the design, the transverse 
strength is the key factor. 

Due to the limited data of the ac
tual vessels, SWATH has to be designed 
not on rules but on analysis. It is, 
therefore, required to be based on 
the proper design wave loads estimated 
from the model tests, theoretical cal
culation results and actual ship data. 

Analytical tools are also important 
for the design by analysis. Combined 
method using the hydrodynamic tool and 
structural analysis is used in the 
practical design. 

2.4 Outfitting 
The most unique point is the outfit

ting of propulsion system in SWATH. 

Due to the limited space in lower
hull, it is required to make arrange
ment of various machineries well in 
compact. 

There are two possibilities for 
the location of main propulsion engine 
arrangement: (1) on cross deck.or (2) 
in lower-hull. 

With respect to driving system, 
there is also alternatives: (1) 
direct, or (2) indirect electric sys
tem. 

2.5 Applications 

Reflecting the various features of 
SWATH, suitable application of this 
type of vessel is fairly wide: Pas
senger vessel with comfortable ride in 
rough seas, research vessel with 
stable working condition, and ferry 
boat with high operability etc. 
Another application is the 
oceanographic survey vessel taking the 
advantage of low level of noise 
emitted in the sea in addition to the 
superior motion characteristics in 
waves. It is reported that SWATH ves
sels for application to large 
oceanographic vessels are being con
structed in the U.S.A. 4 > and Japan. 5 > 

3. Construction Record of 
SWATH in Japan 

The construction record of SWATH 
in Japan is shown in Table 1. Ten 
vessels were constructed so far, and 
nine vessels are in active operation. 

The length of the vessels ranges from 
11 to 53 meters. 

Fig. 1 MA I N P A R T I C U L A R S 0 I' T 11 E SW A T H U U I L T I N J A P A N 

NAME MARINE ACE SEAGULL KOTOZAKI OHTORI KAIYO MARINE WAVE SUN MARINA BAY QUEEN SEAGULL 2 DIANA 
KINDS EXPERIMENT HIGH-SPEED HYDRO- HYDRO- SUPPORT FOR CABINE TYPE SALOON TYPE MULTI- HIGH-SPEED PARTY 

PASSENGER GRAPHIC GRAPHIC UNDERWATER LUXURY BOAT LUXURY BOAT PURPOSE PASSENGER BOAT 
SURVEY SUl!VEY WORK WOl!KJNG 

COMPLETION 1977 1979 1981 1981 1985 1985 1987 1989 1989 1990 
LO. A. (m) 12. 35 35. 9 27. 0 27.0 60.0 15. 1 15. 05 18.0 39. 3 20.8 
LP. J>. (m) 11. 0 31. 5 25.0 24.0 53.0 11. 95 11.925 15. 9 33. 7 15. 9 
BREADTH (m) 6. 5 17. 1 12. 5 . 12. 5 28. 0 6. 2 6. 4 6. 8 15. 6 6. 8 
DEPTH (m) 2. 7 5.85 4. 6 5. I 10. 6 2. 75 2. 7 5 2. 8 6. 8 2.8 
DRAFT (m) 1. 55 3. 15 3. 2 3. 4" 6. 3 1. 6 I. 6 1. 6 3. 25 1. 6 
GROSS TON(T) 670 250 250 2849 19 19 39 567 52 
PAYLOAD OR 20 p 402-446 abt. 36 T abt. 36 T 860 T 17 p 33 p 40 p 410 p 40 p 

COMPLEMENT 
STRUT TYPE TWIN/SINGLE SINGLE SINGLE SINGLE SINGLE SINGl,E SINGLE SINGLE SINGLE SINGLH 
HULL MATEl!IAL AL AL STEEL/AL STEEL/AL STEEL Fl!J> Fl!P AL AL AL 
MAX.SPEHD(KTS) 17.3 27. I 20. 5 20. 6 14. 0 18. 2 20. 5 21. 6 30. 6 19. 2 
MAIN HNGINE GASOLINE ·DIESEL DIESEL DIESEL DIESEL/ELEC. DIESEL DIESEL DIESEL DIHSllL D lllSEL 

(PS x NO. ) 200PSx2 40501'Sx2 I900PSx2 1900J>Sx2 DG 1250KWx4 275PSx2 300J>Sx2 470J>Sx2 2650PSx4 370PSx2 
MT!! 850KWx4 

PROPELLER F. P. P. F. P. P. C. P. P. C. P. P. C. P. P. F.P.P. F. P. P. F. P. P. F. P. P. F. P. P. 
FIN CONTROL AUTO AUTO MANUAL MANUAL MANUAL AUTO AUTO AUTO AUTO AUTO 
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Fig. 2 shows the trend of size of 
SWATH vessels. Regarding ship size, 
the maximum is the support vessel for 
underwater work experiment "Kaiyo" 
owned by Japan Marine Science Technol
ogy Center (JAMSTEC). In terms of the 
speed, the vessels are divided into 
two categories "High" and "Low" 
speed vessels as shown in Fig. 3. 
"Kaiyo" is the only case of low speed 
vessel whose design speed is below the 
last hump of resistance. High speed 
vessels are mainly for the passenger 
ferry and slow speed vessels for re
s ear ch purposes. Other typical 
phenomenon is that the construction of 
small size SWATHs are becoming popular 
for leisure use. 
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Fig. 3 Speed and Hull Parameter 

4. Key Technical,Features 

0 

4.1 Selection of Strut Type 
There are two types of struts in the 

SWATH design, namely; 
1) Single strut per demi-hull type 
2) Twin strut per demi-hull type 

The selection is made considering the 
requirements for stability, speed per
formance and structural design for 
their operation. In Japan, the single 
strut per demi-hull is dominant. There 
is only one case in which the ex
perimental vessel was built with twin 
strut per demi-hull and then converted 
into single strut for the purpose of 
comparative evaluation of the two 
types of struts. Model test results of 
resistance comparison between the two 
types of struts are shown in Fig.4, on 
"Marine Ace". In this case, single 
type is superior to that of twin over 
the whole speed range investigated. 

Rt/6 % 

0.10 

0.05 

0.2 

SINGLE STRUT 

TWIN STRUT 

0.4 0.6 

F n = VI ,;g:i::;pj) 

0.8 

Fig. 4 Comparison of total Resistance 
Between Twin and Single Strut 

4.2 Consideration of Propulsion 
System 

1) Prime mover 
For the total ship design, the im

pact of main engine weight upon a 
SWATH vessel is more significant than 
in the case of a conventional vessel. 
Therefore, the selection of main en
gine is most important, especially for 
the vessel of small sized or high 
speed type. Any prime mover should be 
selected considering its size and 
weight suitable for the best arrange
ment of machinery. The most compact 
and powerful engine is gas turbine. 
But, its application was made only to 
the experimental ship "Kaimarino" in 
the U.S.A .. The installed engines in 
Japan are high speed diesel except the 
experimental ship "Marine Ace" which 
is equipped with two gasoline engines. 
This is mainly due to the economic 
consideration. 

In terms of weight per unit out
put, the installed engines ranges from 
2.6 kgf/kW to 7.1 kgf/kW depending on 
the type and manufacturer. Future 
development of a lighter and compact 
engine is strongly requested. 
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2) Driving system 
Driving machinery system is 

categorized into the two types: 
A) direct drive by diesel prime mover 
B) indirect drive electric motor 

drive 
Among the direct drive system, two 
types of power transmission systems 
are utilized so far: straight shaft 
system and Z-shaft system. At the 
early stage of SWATH design, Z-type 
system was installed on "Seagull" and 
"Kotozaki" as shown in Fig. 5. 

Fig.5 Z-Drive Transmission system 

For the purpose of weight reduction, 
easy maintenance and minimum transmis
sion loss, it became popular to util
ize straight shaft system, allowing 
some rake in propeller and shaft . In 
the case of straight shaft system, the 
arrangement of the machinery system is 
very much restricted from the weight 
distribution and the limit of propel
ler efficiency. 

Another design aspect is the proper 
arrangement of joints of shaft having 
rather long shaft, and careful design 
study and construction are required. 
The very recent application of new 
main engine/gear system is noteworthy. 
In the "Seagull 2" , 2 sets of 16 
cylinders engines exert the shaft 
horse power of 2 x 2680 PS (1971 kW) 
per shaft. The arrangement is shown in 
Fig. 6. 

Fig. 6 Engine Arrangement of 
"Seagull 2" 

It is to be noted that the engine 
arrangement in the lower hull is pos
sible in design but causes some dif-
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ficulty in daily maintenance at site. 
The use of electric power drive is 

mainly for the research vessels in 
which cost and weight penalty shall be 
covered by the merit obtained from the 
system. One of the possible applica
tions is the oceanographic field 
having low noise emission from the 
hull surface.s>. 7 > 

3) Propeller 
In the selection of total propul

sion system, CPP or FPP is also to be 
taken into account in terms of propel
ler noise and controllability of the 
ship. The research vessels "Kaiyo" and 
"Kotozaki" are installed with CPP and 
the other vessels are with FPP. 

In the case of "Kaiyo", CPP is 
used as a propulsor for the dynamic 
positioning system combined with bow 
and stern thrusters. 
CPP increases the controllability of 
vessel. But there is a possibility 
that propeller noise at decreased 
pitch is rather high compared with 
that of FPP. 

In terms of controllability of 
ship, SWATH with FPPs has enough 
moneuverability for usual maneuvers by 
using twin rudder and propeller. In 
addition, slight benefit of propeller 
efficiency is expected in FPP. 

4.3 Structural design 

Regarding the structural design, 
the ISSC conference in 1988 discussed 
the SWATH design as a novel design 
concept, and review of structural 
design was made reflecting the in
creased construction of SWATH ves
sels. 8> Therefore, progress in the 
design method will be expected. 

1) Hull materials 
Material selection is done based 

on the uisplacement hull weight ratio. 
Generally, aluminum alloy and FRP are 
suitable for small ships due to its 
strength/weight ratio. Steel including 
high tensile steel is suitable for 
rather large sized vessels. Table 2 
shows a comparison of materials used 
for SWATH. FRP usage is to be care
fully done for not only keeping the 
strength but also weight control 
during construction due to the weight 
sensitivity of SWATH. 

Table 2 Com2arison of Hull Materials 

Kind Steel Aluminum FRP 
Strength/Weight Small Large Medium 
Weight Heavy Light Medium 
Uniformity High High Low 
Cost Low High Low 
Labor/ton Low High Low 



2) Design method 
The key factor of structural 

design is the estimation of wave 
loads. Estimation is made based on the 
theoretical calculations and model 
test results. 9 ) .io) 

Notwithstanding such approaches, 
the measurement results on actual ves
sel should be carefully evaluated to 
validate the methodology. A comparison 
of side force in beam sea and time 
history of wave fluctuation pressure 
are made in Fig. 7 and Fig. 8 respec
tively. ii) It is very important to 
note that side force is maximum at a 
time when a SWATH vessel is at rest in 
beam sea as shown in Fig. 8 that is 
well illustrated by the measured 
record on actual vessels. 

Structural analysis is usually made 
by using 3-dimensional FEM. Sample 
model of midship part is shown in Fig. 
9. For the future design, wave load 
estimation will become more accurate. 
In addition, strength assessment based 
on reliability will be applied, that 
is different from the present deter
ministic one based on safety fac
tor.i2) This approach is rational for 
SWATH vessels because of the present 
stage where the actual vessels are in 
a very limited number. 
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Fig. 8 Pressure Distribution and Its 
Time History 
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Fig. 9 FEM Model of Midship Part 

4.4 Fin controlsystem 

All of the vessels are equipped 
with fin control system in order to 
enhance the seaworthiness. Two pairs 
of fins are arranged at port and star
board, fore and aft inward lower 
hull.The aft fin type is selected to 
be canard or flap depending on the 
operation mode. 

In the case of a slow speed SWATH, 
fixed fins (non-movable) are used at 
the rear part for stabilizing and 
damping the ship motion. The initial 
setting of fin angle is made based on 
the model test results or theoretical 
stream lines calculation. 

The method of control is divided 
into two categories: 

1) Automatic control 
2) Manual control 

High speed type of SWATH is generally 
controlled by automatic mode and low 
speed by manual mode, judging from the 
operability of the vessel. Fig. 10 
shows the effectiveness of the control 
system for "Seagull 2" and Fig.11 for 
"Bay Queen". 
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Fig.10 Effect of Fin Control System 

on Motion of "Seagull 2" 



S ( w) DEG"Z=SEC 
0.12 

1.00 

O.IJB 

O,IJB 

0.tl< 

o.m 

S(w)DEG'?..SEC 
2.1 

1.a 

1.2 

o.a 

/ 

,,,,"' 

,/'/ 
/ 

CONTROL OFF 

,,,,,1-----------------------· 

CONTROL ON 

/ 

' 

10 J& 

PERIOD (SEC) 

,,' ', 
' ' ,/ '\,, 

/ '," CONTROL OFF 
! -............... ... 
j -........................ .. 

SEC 

I ........ 
I .... ,. 

0.1 /' CONTROL ON 

•••• L.. -"-------1.---,.---l!)--~,. 

PERIOD (SEC) SEC 

Fig. 11 Effect of Fin Control System 
on Ship Motion of "Bay Queen" 

As clearly seen in these figures, the 
adoption of fin control system 
decreases the ship motion in waves and 
enhance the habitability especially 
for passenger vessels. 

4.5 Speed performance 

SWATH has, inevitably, rather large 
wetted surface area compared with 
mono-hull or conventional catamaran. 
However, the required horse-power in
dex is less than that of mono-hull as 
far as small sized high speed vessel 
is concerned as shown in Fig.12. 

x 

..J 
c.,. 
~ sl-------::,....-+o--=="'----:=-.....,~i--------+--~ 

" :i: 

"' 

V/.rL 

Fig. 12 Speed Power Relation of SWATH 
and Mono-Hulll 

Speed in waves is generally 
decreased due to the limit of accept
able acceleration and/or to the hull 
resistance increase. SWATH can main
tain the loss of speed in waves to the 
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minimum extent. An example of actual 
operation record of "Seagull" is 
shown in Fig. 13. As shown in this 
figure, speed loss of 30-meter long 
ship in sea state 5 is about 5 percent 
in speed. 
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> 0. 95 

" "' " > 
; 0. 9 0 

> 

2 3 4 

Sea State 

5 

25: 

" 24 " 
" 0. 

"' 
2 3 "' 

0. 

2 2 ·
-" 

"' 

Fig. 13 Speed Loss in Waves of 
"Seagull" 

4.6 Motion in Waves 

On some vessels fins are not 
automatically controlled. Even if fins 
are not controlled, the motion 
response is very small compared with 
conventional vessel with similar size. 
Some examples of motion response of 
"Kaiyo" is shown in Fig. 14 and Fig. 
15 for rolling and bow vertical ac
celeration, re spec ti vely. In these 
figures, tank test results and 
theoretical calculation results are 
also shown. 
The actual ship data covers wide wave 
range from very calm to the rough 
seas with wave height of about 9 
meters. The response are plotted for 
four speed ranges from zero to 13 
knots. 
The measured significant value of 
rolling is about 10 degrees at 8 
meters wave height. Regarding ac
celeration, less than 0.2 g is 
measured at 8 meters wave height. 
These results well support the ac
tivity of the researchers onboard . 

20 
-;o ., Vs(kts) 
3 16 0 0 - 2 •Tank Test Results ., 
-;;, A3-7 

" < 12 <> 8 -10 

0 
c::: 8 
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'" <.> 
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['red~·----·--
/.-~-· 

~~ o&, -~ 0 
•• .JJ ~00 000-

D 11-13 

• 

2 4 6 8 10 

Significant Wave Height Hu3 (m) 

Fig. 14 Rolling Motion of "Kaiyo" 
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Fig. 15 Acceleration at F.P. of 
"Kaiyo" 

5. Future Prospect 

10 

The requirement for high quality 
marine transportation in Japan will 
increase, reflecting the trend of 
economic growth and public demand. In 
terms of passenger transportation, a 
comfortable and regular service system 
is becoming to be required even for 
islands in remote ocean because there 
are many inhabited islands around the 
main land. In addition, the use of 
ships for marine leisure is becoming 
popular. Therefore, the application 
of SWATH vessel will be expanded in 
future. 

Generally, the keen interest in 
oceanographic research and survey 
requires a more efficient platform 
supporting the researcher's activity 
at sea. This is not limited to Japan 
but is a global trend. The SWATH type 
of vessel will afford stable and com
fortable laboratories on site even in 
rough seas, and contribute to ac
celerate the research activity. 

The SWATH vessel is one of the most 
promising vessels for future applica
tion to the marine transportation of 
light density cargo such as passenger. 
The key technology of SWATH vessels is 
mainly weight- oriented, and 
breakthrough in materials and propul
sion equipment will make it possible 
to design ships with various kinds of 
functions besides the present use. 

6. Concluding Remarks 

The technology of the SWATH type 
vessels were reviewed mainly form the 
aspect of their design and construc
tion. In future, a wide variety of ap
plications is expected, taking advan
tage of their superior performance in 
waves. The most promising and advan
tageous field will be passenger 
transportation and also the support of 
oceanographic or geographic research. 
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Abstract 

This paper describes the numerical method to 

obtain the lift distribution of a high speed craft 

having vee- or wave-shaped bottom with chine under 

the planing condition, which is applicable to the 

initial design. 

The free surface of water is first determined 

by applying the impact theory to motion analysis 

of two-dimensional hydrodynamical model dropped on 

the still water with the velocity equal to the 

vertical speed component of model speed, 

The longitudinal dynamic lift distribution is 

determined by the momentum change theory,consider

ing this free surface. The change of dynamic lift 

to static lift at the planing speed is obtained, 

which enables designers to presume change of cen

ter of buoyancy, Also the pressure distribution 

at each transverse section is obtained by 

Bernoulli's equation, considering wetted wedge's 

spread. The numerical results are reasonably com

pared with the actual craft records, and model 

test data showing the good correspondence. 

Nomenclature 

w potential function, w = 

"' 
+ i ¢ 

"' 
velocity potential 

I{! stream function 

i imaginary unit 

z complex variable, z = x + i y 

u x -direction velocity 

v y -direction velocity 

u u = ./ u" + v• 

v wedge cross section's downward speed 
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rise of free surface 

C a.i : C at infinite distance, i.e. depth of 

. 
c 
t 

c 

keel fron water line at a transverse sec

tion see Fig, 4 and 5 

upward velocity of free surface 

time variable 

maximum half-width of wetted wedge ( see 

Fig, 2 ) 

A. ( c ) spread coefficient of a wedge width, 

A.(c)=dC/dc 

ai ( i = 1,2,3,······) 

composing A. ( c ) 

unknown coefficients 

g 

\/ 

fl 

R 

m 

p 

Froude number, Fv = V I/ g •\/ 113 

speed of model 

gravity acceleration 

displacement of model at V = 0 

displacement weight of model at V = 0 in 

N 

total resistance in N 

virtual mass m = K p n c 2 I 2, where K 

= 1 in this case according to H. Wagner's 

virtual mass [ 1] 

fluid density 

n dynamic lift at a transverse section of 

model for unit length normal to the sec

tion in N /cm 

N total dynamic Lift in N, sum of n 

N s total dynamic lift by spray in N 

s static lift at a transverse section of 

model for unit length normal to the sec

tion in N /cm 

S total static lift in N, sum of s 

r angle between water line and keel line 

at a point on keel, r = r' + fJ 

r' trim 



(J 

p 

angle between water line and tangent at 

a point on keel 

dynamic pressure on the bottom hull along 

a transverse direction in N/aif 

fluid pressure at infinite distance in 

N /aif 

F ( t ) Bernoulli's coefficient 

1 • I ntroduction 

Theoretical analyses about high speed crafts 

are quite few concerning systematic model tests. 

[ 2], [ 3] At the planing condition, induced dy

namic lift causes the hull to rise and hence its 

wetted surface area decreases. This will result 

in the decrease of resistance coefficient R/{(Yz)e 

p V 2 v 2 1 •). This phenomena are the inherent 

property of high speed crafts different from dis

placement type ships such as destroyers etc,. 

I n this report, the dynamic lift distribution 

is obtained by applying the impact theory to the 

motion analysis for a wedge's two-dimensional hy

drodynamical model which was dropped on still 

water, The dropped wedge causes the initial water 

line to rise. I ts free surface is first deter-

mined. Then obtained are the longitudinal dynamic 

lift distributions together with dynamic pressure 

distribution at each transverse direction, 

The numerical results are reasonably compared 

with actual craft records, and also with model 

test data showing the good correspondence. By 

this method, therefore, we can determine ( 1) 

the lift distribution of hull, ~ 2 ) the ratio of 

dynamic lift to static lift, and ( 3 ) the travel -

ing center of buoyancy at the initial design 

phase. 

2. Relation between Resistance and 

Trim at Each Crus.ing Condition. 

Three crusing conditions such as displacement, 

semi-planing, and planing conditions are discussed 

below. 

( 1 ) Displacement condition 

The stern sinks gradually to the. lowest point 

from F roude numbers 1. 0 to about 1. 5, and in

creasing trim t ' from about 100 minutes to about 

200 minutes, There are few cases the bow sinks 
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at low speed up to about Fv = 0.5, but then the 

bow gets upward. lJnder these conditions, the to

tal resistance R increases undulatingly, and 

makes the last hump on the total resistance coef

ficient at about Fv = 1. O. Near around this last 

hump, the wave making resistance will become the 

maximum. Experimental data show that the larger 

trim, the larger becomes total resistance coeffi

cient. [ 3] 

( 2) Semi-planing condition 

The stern continues to rise from the lowest 

position after the last hump from Fv = 2.0 up to 

2.5, and the draft becomes still water condition. 

As the hull will get greater trim reaching about 

300 minutes, the wetted area and total resistance 

coefficient decrease. At this condition small 

quantity of dynamic lift appears. 

( 3 ) Planing condition 

"fhe dynamic lift appears remarkably beyond 

about FV = 2.5. As increase in Froude number 

from about 2.5 up to 3.5, the stern rises back to 

the point of initial draft at rest and goes 

further up. I ts trim t ' decreases than that of 

semi-planing condition, and keeps ups and downs 

about 300 minutes and about 150 minutes. This 

causes both wetted surface area and total resist

ance coefficient become smal 1. The total resist

ance consists of frictional resistance, wave 

making resistance, and spray making resistance. 

Test data indicate that total resistance coeffi-

cients decrease as trim's increase, showing re-

verse compared with that of the previous displace

ment condition. [ 3] ( see Fig, 1 

Since the planing condition is the typical 

characteristics of high speed crafts, the theo

retical analysis is now carrid out, 

First of all, a spread coefficient of a wedge 

width will be expressed in mathematical form, 

which was used by H. Wagner. [ 1 ] 

F .ig. 1 Planing at FV' = 3,5 



3. F onulation of Free Surface 

during I 11pact 

3 • 1 S pread Coefficient of a Wedge 

During the two-dimensional wedge's impact a

gainst water the free surface of water rises near 

the wedge. [1],[4]-[6] To determine the free 

surface, we need spread of the width at the point 

c on wedge surface, and hence a ( c) will be in

troduced as a polynominal equation 

l(c) (1) 

where a 1 '¢: 0, and a z = a a = a 4 = as = ...... = 
0 mean vee-shaped wedge. With arbitrary coeffi

cients of a i any shaped wedges are determined. 

Since each transverse section of the hull re

quires a wave-shaped wedge, we used five a i co

efficients ( i = 1,2,3,4,5 ) to fit the shape of 

wedge. To analyze the planing condition, wedge's 

impact phenomena are applied. Speed V of model 

consists of V sin t normal to the keel line and 

V cos t parallel to the keel line. The velocity 

nor11al to the keel line will be used to calculate 

the dynamic lift, because fluid phenomena normal 

to the keel line are similar to those of the 

wedge's impact model. 

We determine the free surface by using H. Wag

ner' s method, and then the dynamic lift are fol

lowed. 

~ 

I c I 
u=O 
v=-U 

3 • 2 Determination Method of Free Surface 

The free surface and the rise of bow of model 

( 6. = 788.06 N ) at planing condition F'V = 3.5 

are shown in Fig. 1 ~ A ssu11ptions of analysis are 

given below : 

(a ) ideal fluid 

( b ) neglect of g 's effect against impact load 

( c ) symmetrical two-dimensional flow 

During plani~g with speed V, the transverse 

section normal to the keel line moves downward 

with speed v. Supposing that hull is staying, 

fluid around the.section will move upward with 

speed v as shown in F ig. 2 • Considering a 

number of horizontal layers having half width c 

within the section, this each layer will be sup

posed to have fluid with speed v upward. In such 

a fluid field, we ·try to obtain the free surface. 

A layer will be made successively from the apex 

of the section while moving downward. The layer's 

right end moves along the surface of wedge, which 

is the spray root. In the right half plane x > 

c of Fig. 2 , there are the free surface ranges. 

The potential function in this fluid field of 

layer W is given by the rising speed of the 

surface v 

W=.P+it/l=ivJ z 2 -c 2 (2) 

The boundary condition of .P , tfi , u, and v are 

given in Fig. 2 • Since .P = 0 means the range 

x ) c, 

tfi = vJ x 2 - c 2 

(3) 

I 
----,1~~4> =-ii JC2.=7 . o/ = 0 t:t_, 4> ~~:=ii~ xi-~~ X 

_?'· u=u . v=O \: .: / 

then, 

it> =-cii I ---------------- -\~' ~ v 
u = O • v = o . ,,-······-··---~~:~~-------------· --·· u = co v = - j c2 

. •' 
1- -xi I / _,,• V:oo 

r ( / ~Cross Section of Craft 

i y 

Fig. 2 Flow F i.eld 
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v = iJ "' 
iJ x 

- v 
= -;========~ J 1-(c/x)2 

(4) 

This v results in the 



rise of free surface t at t, causing 

the wedge half width to spread up to c 

after the apex contacts with the water. 

t is given by 

t 
C=-1 vdt 

0 

Now if A. ( c) is defined as 

l(c) 
d t /d t e 

= = 
d c/d t d c /d t 

Then E q. ( 5) becomes such as -

c e l(c) c = lo,/ e l-(c/x) 2 

= 1
c l(c)dc 

o ./ 1-(c/x)2 

(5) 

(6) 

d c 

(7) 

A.Cc) 

0.5 

0 

0 

Since E q. ( 7) excludes time t term, C is a 

function of only c variable. 

Required is that t at c moves along the 

wedge's contour or cross section. To satisfy this 

requirement the least sqare method is applied at 

selected points. Unknown coefficients of a i in 

E q. ( 1 ) are now obtained. A computer progran1 for 

the multiple regression analysis is used for this 

calculation. [ 2 ] 

3 . 3 0 btained Results · 

12 points from keel to chine, and 6 points from 

chine to deck side are selected to determine 5 

ai, satisfying the boundary condition within 3 % 
error. 

The free surface is calculated at each wetted 

ordinate of the hull, but around the midship ordi

nate at one-fifth distance between each ordinate 

in order to search the peak of the dynamic lift. 

Number of ordinate of 2.5 m model is defined 

as 0 at the bow and 10 at the stern. 

As an example, the relation between c and 

a< c) 

l ( c) 

at Ord.6 is obtained in Fig, 3. This 

should be substituted into E q, ( 7 ) to get 

C at the points x > c • Up to the infinite 

distance, this t should be assembled successively 

to determine the free surface. 0 btained free sur-

-238-

0 rd. 6 5 e c t ion 

20 30 C (cm) 

F ig. 3 c and l ( c ) at Ord. 6 

faces are shown in Fig. 4 , in case of hull dis

placement A = 788.06 N for each Froude number 

F'i7 = 2.5, 3.0, 3.5. Also the case of A = 588.40 

N is shown in Fig. 5. These figures show the 

change of the free surf aces upward corresponding 

to the decrease of F roude numbers. A cross point 

of the hull side with the surface is considered as 

the source of spray. This point may be called as 

spray root, The special case occurs at chine, 

which is the discontinous point on the contour 

showing nearly the same point of a spray root, as 

the case of F'i7 = 3.5 in Fig. 4. Calculations 

for the wetted chines were all done by 2 steps : 

as the first step the surface having its origin at 

the chine like this special case was determined, 

and then additional water rise C was calculated 

on its first surface. 

Based on these spray roots, the dynamic lift 

will be obtained. 

4. Dynamic Lift along the 

Lengthwise Direction 

4 • 1 F ormulati on 

Dynamic lift n normal to the keel line will be 

given as the change of momentum. [ 1 ] , [ 4 ] - [ 6 ] 

d 
n =---

d t 
( me ) (8) 
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Ord. 6 Section 
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Frt>e Surface 

_______________ {<P.= 6. 0 8 

·-·-·----~.Ll2 
Cm= 4. 3 3 

4 0 

Note 

( 1) c 

Based on the trim at a 

planing condition, 

c A.(c)d c 
Coo = limf ../ 

l-(c/x) 2 x~oo 0 

c 
= f A. ( c ) d c (10) 

0 

. 
(N/aif) Pressure Distribution 

F,=2.5 
F,=3.0 
F,= J. 5 

(2) t 

0 
0 

~ 
I 

0.2 1 
~ D• 

0 . 1-•• :~. ...# . -~-l 
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Fig. 4 Free Surface and 

Pressure Distribution 

at Ord.6 ( A = 788.06 N 

------. 6 Asa downward speed normal 
D 

• 0 to the keel line, 

c (cm) . 
C = V sin t (11) 

4 • 2 0 btained Results 

I Free Surface 

Dynamic lifts, n ,in N/ctn 

obtained by E q. ( 9 ) are shown 

in F ig. 6 and 7 correspond

ing to A =788.06 N and 588. 

40 N, with number of ordinate 

on abscissa, where Ord.O means 

the cross of the keel line 

with the chine line and Ord.IO 

the keel end. 

~ 1 0 

Ord. 6 Section . . 
\ 

\, 

I 
I 

···-------.·--- {ro= 5. 9 5 ..... _________ _ 

·-·-·-·----~-~ 2 

i fen= 4. 0 4 
2 0 4 0 

-~-......:::~.--•-·--·-'-·-·-·--'-·-·-·-'-·-·-·- The amount n beco11es large 

around Ord.3, starting from 

the contact point with water 

surface, This is due to large 

i- value around Ord. 3, compar

ing t value between Ord.5 

and Ord. l 0. Hence, the amount 

n becomes large due to the 

p 0.3 Note 
(N /aif) Pressure Distribution 

0.2 .......... -, A 

0.1 
~· 

0 
0 

.. 

1 0 20 3 0. 

F ig. 5 F ree S urface and 

Pressure Distribution 

at Ord.6 ( A = 588.40 N 

C = 0 because of hull's constant speed can be 

substituted into E q. ( 8). This n results in the 

following non-dimensional form. 

n 2 71: 
(9) -----....-- = ----

c ( Yz • p e 2 A. ( c ) 

a 

• 0 

F,=2.5 
F, = 3. 0 
F,= J. s 

effect of t by E q. ( 9). 

Then, the dynamic lift around 

bow range becomes larger with 

higher speed and larger keel 

curvature. 

The maximum n appears near midship, where 

A. ( c ) of E q. ( 9 ) is small. This means that to 

obtain larger dynamic lift near midship we need 

smaller deadrise angle, and larger c of E q. ( 9 ) • 

The peak value of n appears again around Ord.8, 

because of small A. ( c) as shown in Fig. 6 and 

This form is made by Yz • p C 2 of dynamic pres- 7 . 

sure and c of half width. These can be deter

mined by the following ways. 
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These figures show that the larger dynamic lift 

is brought corresponding with larger F roude num-



bers or higher model speed. 
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Fig. 7 D ynaniic Lift and Static Lift 

( A = 588,40 N ) 

Ord. 

4 • 3 Static Lift along the Lengthwise Direction 

Static lifts, s ,in Niau which are buoyancies, 

are shown in Fig. 6 and 7 corresponding to A = 

788.06 N and 588.40 N. As static lifts change 

corresponding to the cross section area under 

water surface, the amount of static lifts increase 

from the bow through the stern with decrease in 

F roude number. ( see Fig, 6 , 7 and Table 1 ) 

Tablel RatioN/(N+S) 

L i f t in N N --
A F~ N s N+S 

Dynamic Lift Static Lift 

in N ( sum of n ) (. sum of s ) in % 

2.5 261. 7 430.8 38 

788.06 3.0 351.8 330.3 52 

3.5 354.2 276.4 56 

2.5 155.0 398.3 28 

588.40 3.0 196. l 267.2 42 

3.5 250.0 269.6 48 

Also, the dynamic l.ift due to spray N s, which 

.is the sum of the dynamic lift distribution due to 

spray, is roughly given by deducting both dynamic 

and static Lifts by water, N ( sum of n ) , S 

( sum of s ) from the weight of the model /1 , 

as shown in Table 2 • This table indicates that 

at F~ = 3.5 the dynamic lift is a 65 % share of 

the total lift N + N s + S ,and the dynamic lift 

due to spray N s is a 31 % share of the dynamic 

Uft N + Ns in case of A = 788.06 N. 

Table 2 Ratios of Lifts 

L i f t in N 

N Ns s (N+Ns)1 Ns/ 

A F~ Dynamic Spray Static (N+Ns (N 

Lift Lift Lift +S) ftN s) 

(sum of (sum of 

fo N n) s ) in % in % 

2.5 261. 7 96.5 430.8 45 27 

788.06 3.0 351.8 106.0 330.3 58 23 

3.5 354.2 157.5 276.4 65 31 

2.5 155.0 35.1 398.3 32 18 

588.40 3.0 196.l 125.1 267.2 55 39 

3.5 250.0 68.8 269.6 54 22 
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Then, the dynamic pressure distribution on the 

bottom hull along a transverse direction will be 

analyzed. 

5 • Dynamic Pressure Distribution 

on the Bottom Hull along the 

.Trans verse Direction 

5 • 1 Formulation 

Bernoulli's equation is expressed neglecting 

external force, 

P a ip u 2 

-=------+ F(t), 
p a t 2 

(12) 

where F ( t) is Bernoulli's coefficient as 

F(t) 
U 2 Po> =--+--
2 p 

(13) 

In F.ig. 2 , a uniform speed at the infinite dis

tance U equals to a wedge cross section's down

ward speed v, .i.e. U = v. Hence F ( t ) is 

F(t) 
v:• 

=--+ 
2 

Poo 
(14) 

p 

Both ip and U calculated under the layer in 

Fig. 2 are substituted .into E q. ( 12). Consider

ing fluid pressure p00 at the infinite distance of . 
E q. (14) as zero and us.ing condition d CI d t = 

0, p will be obtained. 

p vz 
P = -1-(c_) _ ( ./ l-(x/c) 2 

A.(c) A.(c) 
(15) 

2 { (c/ x ) 2 -1} 2 

Using E q. (15) the pressure distribution on the 

bottom hull was determined. Pres sure distr ibu-

tions of Ord. 6 section for F roude number from 2. 5 

through 3. 5 were shown in Fig. 4 and 5 in case 

of A = 788.06 N and 588.40 N, hav.ing the maxi

mum at the position close to the spray root. At 

the other sections, the same distribution patterns 

were obtained as that at Ord.6 section. It is 

considered that these phenomena are similar to 

those of seaplanes. [ 7 ] , [ 8 ] 

5 • 2 Measured Pressure at Near-by Chine Line 

Pressure distributions for an actual craft were 

measured at Ord.6, showing good correspondence in 

distribution between calculated results by E q. 

(15). [ 9] ( see Fig. 8 ) 

Fig. 8 Recording by Actual Craft 

On the other hand, model tests were carried out 

to measure pressure at a point close to the ch.ine 

line, where pressure becomes the maximum. The 

manometer is installed at this point, as marked 

" * " shown in Fig. 4 and 5. This marked point 

is 11 mm forward from Ord.6 and 10 mm inside from 

the chine line. 

The measured values are plotted by marks " !:!. ", 

" D ", and " 0 " in these figures, showing good 

tendencies around the calculated curves by E q. 

(15). The two cases show us being non-convergent 

at F'i7 = 3.0 in Fig.5 and F'i7 = 3.5 in Fig.4. 

Computer program in our calculation is briefly 

given as follows. 

6 . Computer Program 

St a rt 

input 

Cross section etc. 

Spread coefficients 

A. ( c ) of E q. ( 1 ) 
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Free surface of E q. ( 7) 

D ynamfo lift of E q. ( 9 ) 

Pressure distribution at a section 

of Eq.(15) 

E n d 

For each cross section, using this program cal

culations were pursued concerning relation between 

c and A. ( c ) , plotting free surface up to the in

finite distance, dynamic lift ,and pressure dis

tribution on the bottom hull. 

Conclusions 

A numerical method is presented to get lift 

distributions of vee- or wave-shaped bottom hull 

with chine under the planing condition. 

( 1 ) I n the theoretical analysis, the two-

dimensional impact model of a wedge is used in 

order to estimate approximately the free surface 

during .impact, then, the use of change of momentum 

on this results to dynamic lift distributions 

along the ship length. 

( 2) The pressure distributions on the bottom 

hull along the transverse direction are also ob

tained by Bernoulli's equation with the spread 

coefficients of wedges conforming to the bottom 

hull. 

( 3) These distributions are compared with ex

perimental data, showing reasonable coinc.idencies 

between them. 

Finally we are grateful to many members of 

J a pan Tank Test Committee of the S oc.iety of 

Na val Architects of Japan for their valuable 

discussions. 
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Abstract 

The report presents some results of 
resistance tests in smooth water by four 
models of stepless and stepped planing 
boats, which have hull forms of deep 
vee. The stepless planing boat is 
called "Toreka 26", which has 7.95 m in 
an overall length. The model has 1/6 
scale. The resistance test was per
formed with some changes of displacement 
and longitudinal centre of gravity. The 
test with vertical and horizontal vari
ations of towing positions was, too, 
performed in order to check the effect 
on resistance and running trim. 

The resistance tests were performed 
by three models of planing boats of the 
same hull form of deep vee with steps in 
the same manners as the stepless model. 

In analysis of rise of model at 
running, some effects on surface ele
vation and sinkage by the towing car
riage were noticed. These effects was 
constant under the speed about 4m/s of 
the towing carriage and surface ele
vation were not constant with time over 
that speed of towing carriage. 

Finally, resistance, trim and rise of 
four models were presented with some con 
siderations. 

1. Introduction 

The planing hull form is extensively 
used for recreational craft, pilot boat, 
coast guard vessel, military patrol 
craft, racing boats and work boats for 
offshore industry. The following range 
of geometric and operational parameters 
are typical for existing planing hull 
designs: 

Length overall 
Length-to-beam ratio 
Displacement 

Speed 

4 - 60 m 
3 - 7 
5 - 600 long 

tons 
20 - 60 knots 

The planing hull is designed for op
eration in the high speed range Fn > 1.0 
(Froude number Fn is V/SQRT(gL); V:the 
velocity, g: gravity acceleration, L: 
length overall). The hull form is char
actererized by: 

A. ·sharp chines and transom stern, 
B. Straight buttock lines, 
C. Bottom deadrise, increasing 

rapidly in the bow area, 
D. Fine entrance waterlines 
These characteristics of hull form of 

planing boats have been improved in 
viewpoints of induction of flow sepa
ration at the stern and along the sides, 
and reduction of impact loads in waves, 
reduction of low speed resistance. 

When the planing hull is driven be
yond the displacement ship speed range, 
it develops positive hydrodynamic bottom 
pressures. As the hydrodynamic lift in
creases with increasing speed, the a
mount of hydrostatic buoyancy decreases 
accordingly. In the planing condition, 
it is said that the flow separates from 
the transom and chines, and the resist
ance-to-displacement ratio is essential
ly constant for a given trim angle. 
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The high-speed resistance will be the 
least with the least angle of deadrise. 
However, in order to attain good direc
tional stability and good turning char
acteristics, some deadrise is necessary. 
Recently large deadrise is considered 
better in order to run in rough water. 
If the seakeeping qualities are con
sidered important and the deadrise angle 
are selected large, the performance 
qualities in the smooth water are worse 
than those with small deadrise angle. 
There are some methods for improvement 
of performance and one of them would be 
the boats with steps on the planing 
bottom. 

There are some data of resistance 
tests and propulsion tests by the model 
for the high-speed boats in Japan but 
usually the model size are small about 
0.8 m. And there are quite a few cases 
of model tests for planing boats, spe
cially with steps. 

Therefore, the Ship Research Insti
tute had cooperation test program about 
planing boats with the Boat Association 
of Japan together and measured resist
ance in the large towing tank by large 
models with stepless and stepped planing 
boats, which have large angle of dead
rise /3 of 20 degrees at the aft end. 

There are some discussion of estima
tion method for the performance and cor
relation between results of model and 
full scale of a high-speed craft. Con
cerning to the model tests in the towing 
tank; the resistance test by planing 
boat models have been performed since 
about 50 years ago by National Advisory 
Committee for Aeronautics for seaplanes. 
In 1963, E.P. Clement and D.L. Blount 
presented their paper on the resistance 
of a systematic series of planing hull 
forms, generally known as the TMB Series 

62 [2). All of the considered hull 
forms had a constant deadrise of 12.5 
degrees. In 1982, J.A. Keuning and J. 
Gerritsma presented the paper which 
showed the performance of planing boats 
with a deadrise angle of 25 degrees [5]. 
About the stepped planing boat, there 
are a few publications and nne of them 
is that E.P. Clement and J.D. Pope pres
ented in 1961 some graphs with some 
angles of deadrise of 0, 5,. 10, and 15 
degrees for performance prediction and 
design [ 1]. 

Savitsky et al. showed some explana
tion about model test technique for 
planing boats [4]. There remain some 
problems to investigate the procedure of 

estimation of performatice or phenomena 
at high-speed fluid around hull. 

So here resistance test by large 
models was performed in order to know 
the running attitude and trim of step
less and stepped planing boats, which 
were towed with free to heave and pitch. 
Moreover, the test was performed with 
vertical and horizontal variation of 
towing points. 

It is requested to have a chance of 
full scale measurement in future to get 
correlation factor between model and 
full scale size. 

2. Stepless and Stepped Models 

The planing boat, considered here, is 
called "TOREKA 26", which has length 
overall of 7.95 m in full scale and max
imum speed about 50 knots. The craft 
was built of carbon-fiber reinforced 
plastic in 1981. The deadrise angle at 
aft end is about 20 degrees. This hull 
form is stepless. Figure 1 shows the 
body plan of the craft. The craft has 
two spray strakes in each side. Table 1 
shows the principal dimensions. 

The model size should be selected 
within the limits given by the tank 
boundaries and capabilities of the test 
facility as large as possible to mini
mize scale effect. The towing tank in 
the Ship Research Institute, used for 
these resistance tests, has length of 
400 m, breadth 18 m, depth 8 m and the 
towing carriage can run with speed over 
10 m/s. Around the critical speed of 
the tank ( SQRT(gH) ; g:gravity acceler
ation, H:the depth of the tank; 8.9 m/s 
in the tank), there occurs shallow water 
effects on the performance of model. To 
reduce shallow water effect, the model 
length should be smaller. It was re
quested that the the maximum speed of 
model should be 7.0 in Froude number F'\7 
based on the displacement and the 
weightiest displacement should be 2.0 
tons in full scale. Therefore, the 
model was decided to have scale ratio 
1/6 and the length overall 1.325 m. 

It is said that the model· length 
should be smaller than one-half of the 
tank width to reduce tank wall effects. 
The tank is enough wide to satisfy this 
condition. 

The model was made of wood with 
transverse frame structure. It is im
portant to pay attention to the vertical 
edges of the chine in order to promote 
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separation. Also, the transom is slight
ly recessed to promote flow separation 
at the stern. 

Fig.2 shows the profiles of 4 models, 
one of them has no step, and others have 
steps. Each step has height of 50 mm in 
full scale. The stepless model is call
ed "Ml". The model "M2" has only one 
step afterward from the midship. The 
models "M3" and "M4" have two steps, as 
shown in Figure, one of which is after
ward from the same position of the mid
ship as the model "M2". The second step 
of model "M3" is at 33.3% of the length 
overall forward from the aft end and 
one of model "M4" is at 25%. 

The resistance tests were measured 
with 3 conditions of displacement weight 
of 1.30, and 1.65, 2.00 ton (full scale) 
and 3 conditions of longitudinal center 
of gravity LCG of 25 % length overall 
and 30 %, 35 %. 

The displacement was adjusted by fix
ed ballast inside of the hull. The LCG 
of the model was carefully controlled by 
balancing the fully equipped model in 
air. 

A towing setup is given in Fig.3. 
The model was fixed in roll, yaw, sway 
and surge but free to heave and pitch 
during all tests. The model was towed 
on the propeller shaft line, which was 
estimated to have an angle of 5 degrees 
with the base line of the craft from the 
aft end. At all running trim condi
tions, the apparatus was manually ad
justed vertically with help of a dis
placement censor to coincide with the 
shaft line. The towing force was meas-
ured not on the shaft line but on the 
horizontal component. The rise was re
corded at the position near the aft end 
with the servo-motor displacement sensor 
and the running trim was recorded by an 
electric inclinometer. 

When the model tests is performed in 
the towing tank, there are some meas-
uring problems as towing points. The 
test with vertical and horizontal vari
ations of towing points was, too, per
formed in order to check the effect on 
resistance and running trim. Fig.4 
shows the towing points which are se
lected to compare the effect on the per
formance. As to the basic measurements, 
the point A was taken. In order to ex
amine the effect by the vertical posi
tions of tow, three points were selected 
as A, B and C, and for horizontal posi
tions, three points selected as B, D and 
E. In the Figure, D' and E' are shown 

as the the vertical positions on the 
line between A and C. 

3. Effect by the Towing Carriage 

The towing tank is used usually to 
measure the performance in the smooth 
water and waves for the conventional 
low-speed vehicles. The performance of 
the high-speed vehicles as air cushion 
vehicles, high-spe~d catamarans and 
hydrofoils have been measured in the 
tank. The model of the planing boat was, 
however, not yet measured in this towing 
tank. This experiment is the first test 
for planing boats with high-speed as F'V 
=7. Therefore, it was necessary to check 
circumstances of the tank and the test
ing apparatus and system for test of 
planing boats. 

The ITTC report shows some effect 
upon wave by the towing carriage. It 
says that, during model test of high
speed vehicles, the aerodynamic force 
due to the towing carriage may distort 
the free-water surface such that the 
model trim, heave, and resistance will 
be affected. 

It is usually assumed that the water 
surface is constant and wave formation 
travels with the towing carriage. The 
data of the wave heights are usually 
measured at a fixed location along the 
length of the towing tank as a function 
of time while the carriage (without a 
model attached) travelled down in the 
tank. These data is considered the 
waves generated by the carriage as like 
those of the ship model. When the wave 
heights are measured at some different 
locations along the length of the tank 
at the runs of the carriage, these wave 
formations should be quite closed to one 
and almost the same. 

During measurements of heaving of 
model at running, however, the records 
on heaving were noticed changing and not 
constant with time. This phenomena did 
not occur at the low-speed of the towing 
carriage but occurred in the high-speed 
range. Therefore, it was thought neces
sary that this phenomena should be 
checked by runs of towing carriage with
out the model attached. 

In the case of large and full models 
as like tankers, there were some discus
sions of some effect upon performance by 
a wave generated at the acceleration 
time of the carriage with the model. 
When the carriage starts with constant 

-245-



acceleration, then the solitary wave is 
generated by the accelerated models and 
this solitary wave progresses with the 
specific velocity of the tank (SQRT(gH)l 

Therefore, this solitary wave can 
affect the performance of the model but 
after several seconds of a running time 
with a constant velocity, the solitary 
wave is far from the running carriage, 
and the effect from the wave is a little 
because the velocity of carriage is 
slower than the progress velocity of the 
solitary wave. And the slow acceleration 
was applied to the speed control system 
of the carriage and afterwards there is 
no problems of the tests for large and 
full models. 

While the surface deviation was meas
ured from the carriage during a run in 
high speed range without the model at
tached, the surface deviation was not 
constant as shown in Fig.5. Figure shows 
the surface variation under the carriage 
during runs with three speeds. When the 
speed of carriage is slower than about 
4.0 m/s, the surface elevation under the 
carriage shows almost constant. In these 
cases, if the surface elevation is meas
ured at the any other position of the 
carriage fore or aft, the surface varia
tion is not different with time. While 
the speed is over that speed (two cases 
of speed 6.648 m/s and 9.685 m/s is 
shown here in the figure), the elevation 
is not constant with time and if surface 
elevations are measured at some other 
points of the towing carriage fore and 
aft, they are different each other. It 
would be thought that the surface varia
tion is configured by a kind of a soli
tary wave in the towing tank and the 
wave progresses with the speed of SQRT 
(gH) and the wave would be growing with 
time. 

Some surface elevations are thought to 
be generated by aerodynamic force of the 
towing carriage. And the velocity of 
wave of surface elevation are quite 
close to the speed of the towing car
riage in the high-speed. Therefore, it 
is thought that the wave should affect 
the performance of models. 

Therefore, it is necessary to measure 
the free-surface deviations under the 
carriage and specially around the set
point of model during the run of the 
carriage without the model attached. 
This is based on the assumption that the 
wave elevation is generated mainly by 
the running carriage and not by the 
model. But when the model generates a 

larger wave of the same speed, then it 
is difficult to distinguish the wave of 
models. At least, it is necessary to 
measure the wave of the running carriage 
without a model attached and consider 
the wave in analysis of performance. In 
each run of different velocity of the 
carriage, it is necessary to measure the 
surface deviation. These data apply to 
one specific towing carriage and may and 
may not apply to others. Based on the 
data, it is recommended that the results 
appropriately applied to test procedures 
and the .analysis of the data. 

Under the towing carriage, the sur
face elevation was measured but not the 
wave slope because of lack of measure
ment time. It is necessary to measure 
the slope of the surface elevation and 
check the towing force by the effects of 
surface elevation slope. 

4. Results of Resistance Test 

The following quantities were meas
ured for a given displacement and LCG 
position. 

a. Towing speed 
b. Total resistance in the di

rection of towing velocity, 
i.e., the horizontal component 
of the towing force 

c. Rise and sinkage of the model 
at a position near aft end 

d. Trim angle of hull relative to 
base line, and 

e. Photograph of model underway. 
·Adding to above, the video camera was 

used during the measurements. The follo 
wing quantities are usually measured 
but here was not: 

f. Wetted pressure area from 
underwater photography, and 

g. Whisker spray area from visual 
observations 

The resistance tests of the stepless 
model were performed with three dis
placement weights and three longitudinal 
centers of gravity. The tests of models 
with steps, which has the same hull form 
of deep vee, were performed in the same 
manners as the stepless model. 

Fig.6 shows the example of the re
sults, i.e., resistance-to-displacement 
ratio and running trim, mean rise of the 
model "Ml" of 1.65 ton and LCG 30 % 
length overall. The running trim indi
cates the angle between the base line of 
the craft bottom and the horizontal 
line. The initial trim at stop is in
cluded with the running trim. The re-
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sistance-to-displacement ratio are shown 
increasing as the speed increase. 

At slow speeds, the weight of the 
craft is mainly supported by hydrostatic 
buoyancy, and above F\7=1 the hull expe
riences a hydrodynamic lift which in
creases with speed in the same way as 
the hydrostatic buoyancy decreases. The 
rise of medium between fore and aft ends 
indicates the beginning of a positive 
contribution of hydrodynamic lift. Fig
ure shows that the model rises over the 
speed of F\7=1 and gets to the maximum 
at about F\7=4. 

These results are obtained by the tow 
of 5 degrees to the base line and the 
rise are results with planing force and 
the towing force. The vertical component 
of towing force Fz is given as follows: 

Fz = R tan( T + 5 ) (1) 
where R resistance, i.e., hor-

izontal component of tow 
force 

r : running trim in degree 
From the results of the model test, the 
vertical component Fz is around 3 % of t 
he displacement in the high-speed range 
over F\7=3. 

Fig.7 shows the results of compari
son of the 4 models in the case of the 
displacement 1.65 ton and LCG 30 % of L. 
The results of the model "M2" shows less 
resistance than those of the model "Ml". 
The case of the model "M3" and "M4" with 
double steps have less resistance. The 
running trim is less than optimum 
(about 4 degrees) and, therefore, the 
resistance would be a little larger in 
general. 

Some porpoising phenomena occurred in 
the case of 2.00 ton and LCG 25 % of L 
of "M2" and weak porpoising phenomena in 
the cases of ·l.30, and 1.65 ton with LCG 
25 % of L of the same model. It is 
thought that in these phenomena, the 
testing apparatus had some effects on 
porpoising oscillation. In the cases of 
"Ml", "M3" and "M4", any porpoising did 
not occur. 

Fig.8 shows the results of the cases 
by horizontal and vertical variation of 
the towing points. There are small 
changes in the resistance and running 
attitude by the horizontal variation. 
As the towing point moves from aft to 
fore, the running trim shows a little 
increases and the resistance decreases 
in the high-speed range. This is because 
the model was towed upwards along the 
shaft line and the model rose a little 
on the towing point. 

In the case of vertical variation of 
towing points, the resistance increases 
and the rise and running trim decreases, 
as the towing points are higher. As the 
position of tow is higher, tow force 
increases and, then the pitching moment 
by the tow force increases to bow down, 
and acts less running trim and less 
rise. 

It depends upon the testing apparatus 
and in some cases it is impossible to 
tow the model at the exact point and 
therefore it is necessary to know the 
effect on the performance of the towing 
points. 

5. Consideration 

It is said to the total resistance RT 
of a planing hull is the sum of the fol
lowing components; 

RT = RWF + RWB + RP + RS + RV 
+ RAP + RAA (2) 

Where RWF = wavemaking resistance 
RWB = wavebreaking resistance 
RP = pressure or induced drag 
RS = spray resistance in 

whisker spray area 
RV = viscous resistance in 

pressure area 
RAP = appendage resistance, 

including struts, shafts, 
rudders, water scoops, 
interference drag, etc. 

RAA = aerodynamic drag. 
Dependent upon frontal 
area of superstructure. 
and fineness of bow. In 
model tests, the super-
structure is usually o
mitted. 

The spray resistance is negligible in 
the preplaning speed range and the re
ma1n1ng components of resistance are 
identical to those for displacement 
ships with their usual dependence upon 
Froude number and Reynolds number. 

For a planing hull with straight but
tock lines aft, the following simple re
lationship exits when planing: 

RWF + RWB + RP = 1::::.. tan r (3) 
Where 1::::.. = displacement weight 

r = trim angle 
so that the hydrodynamic resistance RH 
of an unappended hull operating in the 
planing conditions is: 

RH = 1::::.. tan T + RV + RS ( 4) 
and the first term on the left side is 
called pressure drag and the sum of the 
second and third terms is total viscous 
drag. 
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Fig.9 shows the results of model 
"M3", for example, as resistarice-to-dis
placement ratio versus running trim with 
a parameter of speed. In low speed 
range, the results are lower than pres
sure drag component because the speed 
range are the displacement ship speed 
zones. In high-speed range, there shows 
planing conditions and the running trim 
is lower than a specific trim angle at 
which the drag is a minimum (maybe about 
4 degrees) and therefore the resistance 
is large. 

Fig.IO shows the total resistanc~ co
efficients versus the running trim with 
parameter of speed. The total resistance 
coefficients are expressed by displace
ment volume and speed. These results 
show similar among those model because 
those models have the same deadrise 
angles. 

Because the drag of planing hulls is 
sensitive to running trim angle, consid
eration should be given to the pitching 
moments created by the lift and drag of 
the steps. It is thought that the steps 
at the bottom would have some effect on 
planing area and trim and would make 
close to the optimum planing trim of 
about 4 degrees if the step can control 
planing area and aspect ratio by the 
positions and heights of steps with 
balance of LCG position and propelled 
force. 

6. Conclusion 

High-speed crafts are designed with 
many data of experience and experiment. 
It is considered too expensive to per
form some experiments with a large scale 
model in the towing tank. Therefore, 
while the designers would like to get 
or check the performance of the craft, 
they used to have full-scale measure
ments but usually the results is depend
ent on the circumstance as wind and 
wave, current. The data by full-scale 
measurements would be more complicated 
and therefore difficult to find some 
small changes of performance· and to dis
tinguish some effects among the per
formance. 

In this paper, some results show that 
the step can have some effect on planing 
area and trim. If full scale measurement 
is performed, it would be too difficult 
to distinguish the differences. 

In future, the model test technique 
for planing boats will be examined with-

in the boundary conditions and capabili
ty of the tank, and variations· of steps 
will be examined with some full scale 
measurements. 
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Table 1 Principal Dimension 

Craft Model 

Loo (m) 7. 9 5 1.32 5 

Bnx (m) 1.9 0 0.31 7 

BCM (m) 1.40 0.233 

Bco (m) 1.6 5 0.27 5 

IJ. (deg.) 29. 7 4 

p, (deg.) 19. 86 

Scale 6 

-248-



Fig.1 Body Plan of "TOREKA 26" 
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DEVELOPMENT OF A SUPPORT VESSEL "YOKOSUKA" 
FOR 6,500M DEEP MANNED RESEARCH SUBMERSIBLE 
"SIN KA I 6500" 

Shinichi Takagawa*, Toshiyuki Nakanishi*, Toshio Tsuchiya*, Masatoshi Ohyama**, 
Takeo limori**, Tadashi Sano** 

* Japan Marine Science and Technology Center (JAMSTEC), Japan 
** Kawasaki Heavy Industries, Ltd., Japan 

Abstract 

Since 1981, Japan Marine Science and Technology 
Center (JAMSTEC) has operated a 2,000m deep manned 
research submersible 11SHINKAI 2000" with its support 
vessel 11 NATSUSHIMA" for a deep underwater survey 
up to 2, OOOn. 

In addition, JAMSTEC completed a new support 
vessel 11YClCOOUKA" in Apri I 1990 for supporting a new 
6,500m deep manned research submersible 11SHINKAI 
6500", as well as a future 10,000m deep class un
manned remotely operated vehicle (lOK ~). 

11 YOKOSUKA" is capable of providing various 
support services for the submersible and lOK ROV, 
including transportation, launching and recovery, 
underwater navigation support, and maintenance and 
replenishment, and also capable of undertaking a 
deep sea bottom survey and an oceanographic re
search by herself, using the latest advanced and 
improved equipoont over the former 11NATSUSHIMA". 

This paper describes an outline of 11YOKOOUKA" 
and her features, and in particular the acoustic 
features which make her one of the most quiet and 
the most modern research vessel afloat today. 

Introduction 

11 YOKOSUKA" was designed and built by Kobe 
Works of Kawasaki Heavy Industries, Ltd. She has a 
displacement of about 4,000tons on the design 
draught of 4. 5m, a legngth of 105m and a beam of 16m. 

The propulsion system is conventional diesel 
engine driven. Total maximum output of main engine 
is 6,000PS(BHP) giving a service speed of 16.7 
knots at 85% of the maximum output with 15% sea 
margin. She has two controllable pitch propellers 
and twin rudders, and is equipped with one bow 
thruster of 8 tons nominal thrust, which provides 
high maneuverability throughout the operational 
speed range. The cruising range is about 9,500 
nautical miles. She has also a pair of bow thrust
er gates in order to avoid air bubble inclusion to 
the sea water which may disturb the performances 
of acoustic systems. 

The complement of researcher is 12, and there 
are 45 officers and crews operating the vessel and 
handling the submersible onboard. General arrange
ment and principal particulars of 11YOKOOUKA" are 
shown in Fig.1andTable1 respectively. 

Equipment onboard 11YOKOOUKA" to support the 
activities of 11SHINKAI 6500" includes: 
Q) A large A-Frame crane at the stern end for 

launching and recovery of the submersible. It is 
remotely controlled at the aft wheel house. 

® An acoustic navigation systen. 
@ An underwater telephone systen. 
~ A local control and display system which are 

centralized in the command and information 
center on the bridge. 

(ID A supply and maintenance system in a large 
hangar. . 

<ID A multi-narrow-beam echo sounder for efficient 
preliminary· survey of the area where the sub
mersible wi I I be operated. 

CJ) A Doppler current profiler to measure the cur
rent directions and velocities upto 4008 deep. 

® Several apparatuses for analyzing and storing of 
col Iected data and samples. 

<ID A space to mount a container for a deep-tow 
systen and a variety of instrumentations. 

~ The fitting arrangement and the power supply 
required for future installation of equipment 
for lOK ROV handling has been fully consid
ered. lOK ROV wi I I carry out preliminary surveys 
of the area in which the manned submersible will 
dive and will be used for submersible rescue 
operations. 
11YOKOOUKA" is classified by Nippon Kaiji Kyo

kai (NK) and conforms their standards for class C 
ice-strengthened structures except propellers. 

Features 

1. Reduction of Underwater Noise 
Rruhatea from the Rul I 

There is no method other than underwater 
acoustics for the communication, positioning and 
information exchange between the support vessel 
and the submersible. In order to obtain satisfactory 
performances on these underwater acoustic system, 
major effort was expended on noise reduction dur
ing the design and construction and the effort 
resulted in 11YOKOOUKA" as an extremely quiet ves
sel. This performance was proved during the final 
phase of the sea trials in which the 6,500m deep 
manned research submersible 11SHINKAI 6500" dove to 
6,527m deep, the world record for the advanced 
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Class 

Flag 

l..altth O. A. 

l..altth p. p. 

Breadth Mld. 

Draught Mid. 

Dead Weight 

Gross Tomage 

Service Speed 

Cruising Range 

Trip Duration 

Crew Qlq>lanent 

A.P. Dry Labo. wet Labo. 

Trolley SHINKAI 6500 ·10K ROV 

ANS Hydrophone Array 

Bow Thruster 
with Gate 

ANS Projector 

Profile 

F.P. 

Tank top 

MNBES Hyd. & Proj. 

Fig. 1. General Arr~t of "YCJ«l:lUKA" 

NK (['t()) Main ~ine 

Japanese Main Generator 

105.22 m Propeller 

95.00 m Bow Thruster 

16.00 m Thruster Gate 

4.50 m Aux. Boiler 

1,183 tom Distilling Plant 

4,439 tom Launch/Recovery 
Sys tan 

16.7 koots 
Launch/Recovery 

9,500 miles Qxxlition 

40 days(lO days of navigation A-Frame Crane 
am 30 days of research) Qipacity 

57(including 12 researchers) Date of Completion 

Table 1. Principal Particulars 

-252-

Doppler Profiler 
HYd.& Proj. 

Diesel, 3, OOOPS at 600 rpn x 2 

Diesel, 740kw x 3 

CPP, 3n>ia x 2 

8-ton thrust x 1 

Hydraulic x 2 

l,500kg/h x 1 

15 ton/day x 2 

2-rope, 2-point suspmsion by 
Stern A-Frame Crane 

Sea State 4 

28.5/10 ton x 21/42 m/min x 2 

April 10, 1990 

-



lllllJiled submersible. 
The following paragraph describes some of the 

mjor features for reduction of noise in "YCl«EUKA". 

1.1. Target Level of Noise Radiation 

A ship radiates various type of noises. Typi
cal examples are shown in Fig.2. Among them, 
structure-borne noise caused by the vibration and 
noise or the main engine and auxiliary machinery, 
and noise directly radiated from the propellers 
are the most influential ones for the underwater 
acoustic systen. 

From this point ·of view, the target level for 
the hull and propeller noise reduction was deter
mined to secure the SIN (signal/noise) ratio which 
was required for the acoustic instruments or the 
support vessel. · 

There are two operating mode for "YOKOSUKA". 
The first is normal cruising mode and the second 
is the supporting mode, i.e. in a speed or less 
than 4 knots under sea-state 4 or less, in which 
"YOKasUKA" supports the diving or the submersibJe. 
The effort on underwater noise reduction was focused 
on the secorxl condition. 

In this case, the target or the underwater 
acoustic noise level was set up at -35dBas refering 
1 microbar/ Hz at lOkHz at the acoustic instru
ments as shown in Fig.3. This level is lower by 
lOdB than that of the quiet vessel "NATSUSHIMA", the 
support vessel of the 2,000m manned research sub
mersible "SHINKAI 2000". In order to achieve this 
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target, highly precise noise predictions were made 
on the basis of the noise reduction techniques 
applied to "NATSUSHIMA" and confirmed by various 
model tests and measuranents. 

1. 2. Propeller Noise Reduction 

As for propeller radiation noise,· it is strongly 
connected with the occurrence or the propeller 
cavitation. In order to grasp the correlation bet
ween the cavitation noise and the operating condi
tions of an actual propeller, the propeller noise of 
"NATSUSHIMA" was measured, and also in order to 
grasp the correlation or cavitation noise between 
the full scale and the model propellers, the cavi
tation test using a geometrically similar model 
propeller with controllable pitch was carried out. 

From these measuranents, it was found that there 
were combinations of propeller blade angle and 
revolution which gave miniDIDll propeller noise, and 
that the optimum combinations changed in accord
ance with the ship speed. Also it became clear 
that a slight occurrence of face cavitation caused 
a rapid increase or propeller noise. 

"YOKOSUKA"'s propellers and its operating 
conditions were investigated widely from the view 
point of minimum occurrence of cavitation using 
the above mentioned results and the following 
countermeasures were adopted on "YCJCa:;{)KA" and her 
propellers. 
Q) Adoption of 5-blade, large diameter and lower 

revolution propeller. 
CID Adoption of improved propeller geometry with 

highly skewed and tip-unloaded pitch distribu
tion. 

<ID Improvement or wake distribution around the 
propeller. 
Propulsion constrol systen was also evaluated 

from the view point of low propeller noise operation 
of a support vessel having a wide propeller work
ing range. As a result, the follwoing systen was 
selected. 
Q) Adoption or 2-speed changeable reduction gear 

(Low speed for supporting operation and high 
speed for norOBl operation). 

CID Adequate engine telegraph program setting for 
cod>ination control of the propeller blade angle 
and revolution. 

1.3. Structure-Borne Noise Reduction 

The principal way to reduce noise is to use 
quiet machinery at first and then to suppress the 
tranmission. For this purpose, various noise 
sources in "NATSUSHIMA" were measured and analized 
quantitatively. Then a new underwater noise pre
diction method using Statistical Energy Analysis 
(SEA) for the structure-borne noise has been es
tablished so as to realize various noise suppression 
measures. To reduce the noise, the followings were 
considered in the design stage. 
Q) To select low noise and low vibration main 

engines and auxiliary machinery on the basis 
of those acoustic target level. 

CID To select adequate vibration isolation mount
ing arr~t. 

<ID To reduce the hull vibration throughout all 
transmissive routes of vibration. 

(!) To reduce underwater hull vibration levels, 
which should in turn reduce the noise radia-
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tion by the hull. 
.@ To reduce air-borne sound which becaoos a source 

of underwater radiated mise. 
<ID To select an adequate position for installa

tion of machinery so as to make the distances 
to the acoustic devices l~r. 
Several measures taken are stlllll8rized as follows 

to reduce the noise emission from machinery and 
~ipnent ori>oard as well as the hull structures. 
<D The main engine and the reduction gear were 

mounted on a common bed which was supported by 
several V-shaped vibration isolation rubber 
mounts. A flexible coupling was installed bet
ween the propulsive shaft and reduction gear 
to absorb the discrepancies of shafting align
ment caused by the vibration of engine and 
reduction gear. Also air acoustic insulation 
hoods were installed on the reduction gear and 
the supercharger of the main ~ine. 

® The diesel generators was mounted on massive and 
rigid middle-bases using rubber mounts. Then the 
middle-bases were mounted on the same type 
rubber mounts as illustrated in Fig.4. This 
double mounting system gave an attenuation 
over 35dB (acceleration level) at high frequency 
r~. 

@ In addition to the careful selection of the 
machinery and equipment, all major rotating 
and reciprocating machinery were mounted on 
vibration isolators, and pipings and wirings 
to this equiJJDellt were decoupled by the use of 
flexible coupling and isolation mounts. 

@ In order to reduce the noise transmission 
through the structures, vibration dampers were 
applied to the interior of the hull. These 
dampers consist of epoxy resinous viscoelastic 
cement which was painted and fitted to the in
side shell in the engine room, to the interior 
of tanks, to the inside shell near the bow 
thruster and to supporting foundations of the 
major mchinery. 

@ The sound absorbing insulation wall of about 100 
mm thick which consisted of rubber and rock 
wool was installed to the side shell and the 
transverse bulkhead in the engine room. This 
gave an attenuation over 15dB (sound pressure 
level). 
The noise tests during the sea trial demon

strated the full attainnent of the reduction tar
get as shown in Fig.3. "YOKOSUKA" also proved that 
its hull and propeller noise would not adversely 
affect acoustic equiJJDellt, and the above mentioned 
countermeasures for noise reduction were adequate. 

2. umerwater Navigation Supporting System 

2.1. Function of the System 

The systan is provided with two functions. One 
is a preliminary environmental and topographical 
surveys of the see and these surveys are carried out 
from the sea surface prior to the submergence re
search. The other is a navigation supporting for the 
subnersible during the diving research activities. 

At the preliminary surveys, various data of 
interested sea area such as water depth, bottom 
topography and vertical profile of water temperature 
are to be obtained. Using these data, items such 

Generator 
Prime mover 

Fig.4. lbuble l'bunting System for Generator 

as the position, characteristics of the target area, 
position of particular targets, position of the 
obstacles or dangerous topography, predicted 
acoustic ray propagation chart and so on are ana
lized and details of the coming legs and safe and 
efficient diving research activities are planned. 

The function of supporting the diving of the 
submersible has been so designed that they can 
provide the useful informations as listed below, 
by obtaining most of them throughout the period of 
diving. 
<D The accurate absolute position of the support 

vessel (LONG, LAT) as well as the relative 
position of the submersible to the support 
vessel can be obtained. Using these informtions 
adequate informations including proper inst
ructions can be given from the support vessel to 
the submersible in accordance with the pre
determined research plan. 

® Reference points for the acoustic positioning 
can be set upon the sea bottom, thereby the 
correct position of the support vessel and the 
submersible in relation with the reference 
points can be measured accurately on board. Then 
the support vessel can provide proper guidance 
to the submersible with highly reproducible 
position informtion to the reference points. 

@ The motions of other vessels located adjacent to 
the support vessel can be so analysed that she 
can issue anti-collision supporting informtions 
to the submersible to insure safety during the 
surfacing operation. 

@ Mutual communication lileans between the support 
vessel and the subnersible can be provided. 

@ The support vessel can continuously record and 
store navigation tracking data of the submer
sible during the underwater research operations. 

2. 2. Major System Coqlonents 

This system consists of the Hybrid Radio Navi
gation System, Automatic Radar Plotting Aid, 
Underwater Acoustic Navigation System, Underwater 
Telephone System, Multi-Narrow-Beam Echo Sounding 
System, XBf and Total Control and Display System etc. 
as illustrated in Fig.5. The advanced acoustic and 
electronic technologies are applied to each equip
ment so as to meet the requirements of increased 
service range in proportion to the diving depth of 
the subnersible. 

The following paragraph describes some of the 
mjor features of the coqxxmts in the system. 
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2. 2.1. Acoustic Navigation System 

This system can provide underwater position 
locating functions combined with transponders de
ployed on the sea bottom. The system can locate 
the position of the support vessel, the submersi
ble, the transponders and towed objects, and the 
results are plotted on an X-Y plotter or graphically 
displayed on a multi-purpose display unit in the 
oonnanc:I and infonnation center. 

As for measuring method, advanced SSBL is 
adopted together with advanced LBL for underwater 
position location. Advanced SSBL system using 4x4 
elements planar hydrophone array is applied in 
lieu of conventional type to detect various acoustic 
reply signals with high SIN ratio. 

Also a synchronous pinger system was intro
duced to the submersible for position locating by 
the support vessel in order to avoid the lack of 
signal reception at the suanersible due to the large 
noise level emitted from the submersible. Signals 
are received by the SSBL receiver, and the rela
tive position of the submersible to the support 
vessel can be detennined. 

2.2.2. Underwater Telephone System 

This system is the only means for mutual com
munication between the submersible and the support 
vessel. 

The C0111Dunication is made either through vocal 
or keying signals. The underwater telephone consists 
of the beam steering system for both transmitting 
and receiving in order to improve the S/N ratio. 
By 3x3 elements planar array transducer, two kinds 
of directivity patterns (wide and narrow) are pre
pared. A wide beam or a narrow beam is set in 
downward direction, and another eight narrow beams 
in circumferential direction. The most suitable beam 
is selectable automatically or manually toward the 
relative direction of the submersible, and thus 
clear COlllllUnication can be mintained anytime. 

2.2.3. Multi-Narrow-Beam E:cho Sounder(MNBES} 

Safe and efficient diving of the submersible 
requires a detailed sea bottom topography chart 
of the target area. In order to obtain the sea 
bottom topography, "Y(l{ffiUKA" is equipped with MNBE5 

which can measure the maxiDlllR depth of 11,000n. This 
is the first bathymetric survey system mde in Japan 
especially designed for deep sea application. 

To enhance the searching capability, the 
search beam width has been set to 2 degrees and 45 
pieces of preformed beams have been adopted. Thus 
one scan of the signal gives 45 pieces of depth data 
over 90 degrees right-to-left r~, nearly twice as 
wide as the perpendicular water depth. The depth 
data thus obtained are plotted as a real time con
tour map on the X-Y plotter or displayed on the 
color display monitor for topographical survey. 

During official sea trials, "YOKOOUKA"' s MNBF.S 
drew a clear depth contour map of the sea bottom 
about 9,600m deep in the Izu-Ogasawara Trench as 
shown in Fig.6. It was also confirmed at the final 
sea trial of the "SHINKAI 6500" system that the 
depth reading at the landing point of the submer
sible and the depth indicated by contour map 
agreed very well. Also it was confirmed that the 
countermeasures for reducing underwater radiated 
noise were good and the thruster gates were re
markably effective for protecting the MNBES from 
bubbles flowing around its receiver and transmit
ter ait>edded on the hull bottom. 

2.2.4. Hybrid Radio Navigation System 

High-precision surface positioning is indis
pensable for efficient and safe diving. It is also 
necessary in addition to the underwater position
ing by the acoustic navigation system for the 
tracking and recording of the underwater position of 
the suOOlersible. 

The latest version of navigation sensors, i.e. 
GPS/NAVSTAR, NNSS, Loran C, DECCA, Gyor Compass 
and Doppler Profiler, are adopted and each data 
obtained is automatically processed by a multi
purpose computer system, by which the present lo
cation of the vessel can be determined accurately 
and continuously. As a second function of this Hy
brid Radio Navigation System, a route tracking 
capability combined with the steering system is 
provided. 

2.2.5. Automatic Radar Plotting Aid(ARPA) 

Based on the information obtained from two 
sets of radar, the movements of vessels adjacent 
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to the support vessel can be analysed by the ARPA. 
The data obtained by ARPA are sent to the Total 
Control and Display System, where the OK>vements of 
vessels together with the underwater information 
is displayed on the color display system. 

2.2.6. Total Control and Display System 

As for control, connanding and 100nitoring of the 
underwater activities, various kinds of surface 
and \D1derwater informations are integrated and cent
rally displayed on the CRT screen, etc. This 
system is a digital processing full graphic CRT 
display system and has the following displaying 
and controlling functions. 
Major displaying items: 
CD Position display pattern consisting of earth 

fixed plan view, support vessel and/or submer
sible centered plan view, vertical section view, 
etc. 

<ID Various status informations consisting of 
equipnent status. 

Major controlling items: 
CD VHF radio/Underwater Telephone remote opera

tion and voice recording. 
<ID Acoustic Navigation system remote operation with 

character display and keyboard. 

3. Intelligent Computer Network System 

For efficient and rationalized data processing 
onboard, "Y(J{OOlJKA" is provided with a multi-purpose 
oonputer system that consists of two DEC Micro VaxII 

Hybrid 
Navigation 
Synan. 

~-· 

1B11B'! lB' 25.llD'N 16 ID.llD'E 

Micro Micro 
Compuw Comput11r 

Fig.7. Multi-Purpose Computer Network 

central processing units as illustrated in Fig.7. 
This system is the core of an onboard local area net 
work (LAN) for intelligent data handling and has the 
following features. 
CD Measured data and navigation information can 

be obtained on a real-time basis through the 
input, output, arithmetic operations and re
gistration of data concerning the Hybrid Radio 
Navigation System and Multi-Narrow-Beam Echo 
So\D1der. 

<ID Data obtained by the system can be supplied to 
the wheel house, the command and information 
center, the aft wheel house, laboratories, re
searcher's private cabins, instrumentation 
containers, study rooms and others. Researcher's 
cabins and study rooms are equipped with servers 
of personal computers and VAX terminals for 
access to the LAN system. 
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<ID The computer system can also be used for 
scientific and technical calculations to ena
ble researchers to process data when necessary. 

@ The system is linked to the INMARSAT through a 
modem for data communications allowing data to 
be transmitted and received between "YOKOOUKA" 
and shore contacts. 

@ Redundancy is maintained by mutual backup bet
ween the two central processing uni ts. 

4. Ratiooalized Launch and Recovery System 

The launch and recovery operation of the submer
sible in waves is very difficult because the sub
stantial difference of the hull dimensions between 
the submersible end the support vessel, hence 
their oscillation characteristics in waves differ 
from each other and the complex and large relative 
motion appears in irregular waves at the actual 
operation area. 

This problem has been solved through the adop
tion of the shock absorbing method using flexible 
nylon hoisting ropes and the ram tensioners arr~ 
between the hoisting winchs and the A-frame crane to 
follow the relative mtion. Also the adoption of the 
self-mating type lifting device in the A-frame crane 
system is ranarkably useful when recovering the sub
mersible fron the wavy sea surface. 

This system has been adopted on "NATSUSHIMA" and 
now it has proved satisfactory throughout several 
hundreds of operations. "YOKOSUKA" is equipped 
with the same type launch and recovery system as 
"NATSUSHIMA" but it is designed to permit operations 
even in sea state 4 corxli ti on. 

To reduce time and manpower for this operation 
including preparation work onboard, the following 
measures are adopted. 
<D "YOKOOUKA" is planned to be a twin screw ves

sel with a bow thruster and controllable pitch 
propellers considering her good maneuverabili
ty in low speed condition such as launch and 
recovery operations. 

® To reduce the rolling motion of "YOKOOUKA" in 
such operating condition, a Flume type anti
rolling tank is provided on the second deck 
level near the midship of the vessel. 

<ID To minimize the swinging 111>tion of the submersi
ble in hanging condition from the upper beam 
of the A-frame crane, four holding lines are 

connected to the submersible each of which is 
driven by an auto-tension winch. This is use
ful especially in landing operation of the 
submersible onto the trolley. 

@ The transportation of the submersible between 
the hangar and working area of the A-frame crane 
is carried out using the trolley driven by a 
winch. Also a transverse shifting mechanism of 
the trolley is provided in the hangar consi
dering the retrofitting of the lOK ROY on 
"Y(J{<BJKA". 

@ To facilitate attaching the expendable ballast 
of steel plates to the submersible, a semi
automatic ballast loading systan is provided. 

5. Other Features 

<D The submersible is accommodated in the midship 
hangar. In the hangar there are some spaces 
for maintenance and replenishment such as sup
porting machinery room including battery charger 
/discharger, maitenance rooms for machinery 
and electronic equipnent. 

® As for analysis and storage of collected saq>les, 
there are three laboratories onboard, and a 
large refrigerator, cryogenic freezer, micro
scope, rock cutter, video editing device etc. 
are provided there. 

<ID For oceanographic survey, the XBT system which 
is capable of measuring sea water temperature 
profile up to 1, 800n deep in D11XiDU11 and weather 
satellite receivers for NOAA and HIMAWARI are 
provided. 

Prospect and Acknowledgment 

"YOKOOUKA" aitxxlies a variety of new ideas deve
loped through experiences with similar vessels. 
All members concerned in this project expects the 
"YCI<OOUKA" as well as "SHINKAI 6500" and lOK OOV (in 
the near future) to make important contributions 
to deep sea research, oceamgraphic survey and ocean 
developnent not only in Japan but also in the world. 

The authors wish to acknowledge the valuable 
advices and cooperations given by the memers con
cerned in the plaming, design and construction. 
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APPLICATION OF TRANSDUCER WITH FLEXIBLE 
FILTER FOR MEAS.URING PORE PRESSURE IN 
SEABEDS 
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ABSTRACT 

This paper described an application of the pore 
pressure transducer with the newly developed 
flexible filter, which enable us to measure 
pore pressure in many types of deposits, mini
mizing phase lag and damping in measurements. 
The phase lag between the naked transducer and 
the filtered one is observed in our laboratory 
experiments, in which high-density porous 
porcelain filters or metal filters are 
employed. The phase lag and damping due to 
typical metal, ceramic, and plastic filters 
were reviewed. The superiority of the newly 
developed flexible filters was confirmed. 
Moreover the applications of flexible filters 
were reported. 

INTRODUCTION 

Under an ideal condition, even though there is 
no problem with the response of a pore pressure 
transducer, the measurements can easily be 
affected by the condition of the environment 
where the instrument is installed, and this 
causes some problems. For example, even if the 
filter and the filling chamber were completely 
filled with degassed water, air bubbles could 
be produced in the chamber after installation 
of the measuring equipment due to the activity 
of organic matter or microorganisms. Also, 
seawater or underground water in the vicinity 
of the sensor might enter the chamber through 
the filter. Especially with a porous-type 
filter, air bubbles are likely to stick to the 
filter or enter the fluid-filling chamber 
between the filter and the pressure- gauge 
diaphragm. Once the air bubbles enter the 
equipment, they will not cofue out of the filter 
in most cases. Thus, the air bubbles which 
adhered to the filter or entered the chamber 
greatly affected the volume factor of the pore 
pressure transducer, and greatly influenced 
error factors in dynamic measurements of pore 
pressure. 

In consideration of the above-mentioned 
points, the filters used in pore pressure 
transducers should satisfy the following condi
tions: ( 1) distillation of de_gassed water and 
ass-enitiiy of the pore pressure transducer in 
degassed water at the measuring site are 
unnecessary, (2) it has a simple structure 
which can accommodate the properties of the 
soil of the ground, and (3) installation in the 
ground is easy. We therefore developed a new 
type of flexible filter. This filter enables 
us to suppress production of air bubbles, and 
even if bubbles are produced, the structure 
does not allow the bubbles to accumulate easily 
in the fluid-filling chamber which is located 
between the filter and the pressure-gauge 
diaphragm based on the following reasons. (1) 
The filter is a combination of a board having 
small pores and copolymerized resin mesh, (2) 
the strength is comparable to conventionally 
used metal filters, and (3) the mesh is 
chemically stable. Furthermore, the filter 
must be structurally simple, and the 
combination can be changed easily in accordance 
with the properties of the nature of the soil, 
such as the diameter of the sand grains. 

EXPERiMENTAL METHOD FOR FILTERS, 

Characteristic tests of the filters for pore 
pressure transducers were conducted mainly by 
means of a low-cycle pressure device. Among 
the filters tested this time, the flexible 
filters developed in this research were sub
jected to an application test in a laboratory. 
wave simulator tank. 

The characteristics tests were already 
conducted for the many types of filters, e.g., 
typical metal filters, ceramic filters, plastic 
filters and newly developed flexible filters. 
In this paper the phase and damping are quanti
ti vely evaluated for the flexible filters. The 
detailed informations are found in Maeno & 
Tokutomi(1989). Table 1 shows the basic charac
teristics of the typical filters. 

Figure 1 shows the parts and the structure 
of ·the pore pressure transducer used in this 
test. 
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Table 1. Basic characteristics of typical filters. 

Flexible 
Kind of f i It er Metal Porous <I> 0. 5 

p=l I 00 # x 3 

Average pore size 
2 I 0 I 0 0 92 

( µ m) 

Mesh ratio 
44 44 33 9. 7 ( % ) 

Kind of f i It er Ceramic 

Average pore size 
2. 0 I. 4 6. 8 3. 6 ( µ m) 

Appear ant mesh 
22 36 21 36 

ratio ( % ) 

WATER CHAMBER 
POROUS 

DIAPHRAGM 

Fig. 1. Structure of pore pressure transducer. 

The structure of the newly developed flexible 
filter is shown in Figure 2. 

POROUS TIP~ 'MESH RESIN 

ffiiij: l&W!J ,_ 
FILTER~ FILTER 
HOLDER ~ ~ RING 

Fig. 2. Structure of flexible filter. 

Various types of filters fixed into filter 
holders were degassed by means of a vacuum pump 
before the tests so that the filter pores would 
be completely filled with degassed water for an 
ideal condition. In order to study the influ
ence of air bubbles on the response quantita
tively, we used four types of metal filters and 
carried out tests for the two following cases: 
one with air bubbles in the filter, and the 
other with air bubbles in the chamber between 
the filter and the pressure-gauge diaphragm. 
Furthermore, comparative tests of flexible 
filters with typical metal filters and ceramic 
filters were conducted under normal installa
tion conditions of a pore pressure transducer. 
Figure 3 lists the test conditions for metal 
filters. 
In calculating the response magnifications, we 
designated the peak values of probability den
sities of amplitudes as the mean value of the 
peak-to-peak amplitudes. With regard to the 
definition of response magnification, the value 
of each pore pressure transducer was indicated 
in percentage based on the values of the stand
ard pressure gauge. 

CASE. 1 CASE. 2 CASE. 3 
IDEAL AIR BUBBLES AIR BUBBLES 

CONDITION IN FILTER IN CHAMBER 

AIR AIR 

6""" ~T""' O"""'" CHAMBER AIR 
BUBBLES 

PRESSURE 
TRANSDUCER 

DE-AIRED 
WATER 

~ ~"" ~"' LTER BUBBLES BUBBLES 

+ AIR 

HAMBER BUBBLES 

DI -::HRAGM 

Fig. 3. Schematic drawing of test conditions 
for metal filters. 

PHASE AND DAMPING DUE TO FILTERS 

(1) Completely Degassed Conditions 

The considerable phase lag and damping due to 
ceramic filters were observed even in complete
ly degassed conditions. Figure 4 and 5 show the 
relationship between the phase lag and 
frequency, and frequency response. Ac
cording to the results, the pore size of the 
ceramic filters was especially small and pores 
were sparsely distributed. Therefore, already 
at 0.5Hz, a phase lag of -15 degrees to -54 
degrees was observed. In the case of the fil
ter which showed the effects and whose pore 
size was 2µm with 2% porosity at frequencies 
higher than 5Hz, the phase was canceled by the 
wave in the next phase. Similarly, in response 
magnifications, at 0.5Hz, it was damped by 95%, 
or in the worse case, by 43%. Damping in
creased rapidly with the increase in the pres
surizing frequency. 

In order to confirm the superiority of the 
newly developed flexible filters, all of pore 
pressure transducers were examined under an 
ideal condition without being subjected to 
influences of air bubbles. 

With flexible filters, although we did not 
take any special care such as filling them with 
degassed water, response magnifications and 
phase lags were not affected at all. 

Test results of metal filters did not 
indicate any damping of response due to fre
quency. In the case of the filter with 2µm 
pore size, phase lags of -0.1 degree at the 
frequency of 0.5Hz, and -3.6 degree at 20Hz 
were observed. Since pore sizes of plastic 
filters are large, frequency did not affect the 
response or phase lag. 
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Fig.4. Phase lag due to ceramic filters. 
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Fig.5. Response by ceramic filters. 

(2) Phase and Damping due to Air Bubbles 

As mentioned above, air bubbles cause the 
severe influences on pore pressure response. In 
this research, to recreate an actual situation 
in a laboratory, we assumed the following two 
cases. In one case, air remained as bubbles in 
50% of the pores, i.e., in 0.60cm 3 of the fil
ter volume, and in the other case, the entire 
filling chamber of 0.254cm 3 capacity between 
the filter and pressure-gauge diaphragm was 
filled with air. 

The following is the result of the experi
ment simulating the case in which air bubbles 
entered only the filter. When a filter whose 
pore size was 2µm was used, a phase lag of 
approximately 20 degrees maximum occurred at 
the frequency of 20Hz. It was verified that 
the phase lag produced by all types of filters 
was nearly 5 times as much as the phase lag 
produced when the filter was filled up with 
degassed water. 

The response magnification was affected by 
the entry of air bubbles, but damping was only 
about 5% maximum. This can be explained as 
follows. Pore channels leading to the fluid
filling chamber have multiple paths, and even 
if air bubbles entered some of these channels, 
the others could still be connected to the 
chamber and function as water channels. There
fore, pressure is conducted via water, which is 
an incompressible fluid, through these chan
nels. 

When air bubbles entered the fluid
fillling chamber, those behave just as a damper 
because of their compressibility. Combining the 
pressure loss due to capillary friction, far 
greater influence than estimated was observed. 
At a frequency higher than 5Hz, in the case of 
the filter with the pore size of 2ttm, the wave
form was considerably distorted by the next 
wave train. The damping was only several per
cent. Figure 6 and 7 show the results of the 
test. 
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(a) Metal filter with pore size 2µm 
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(b) Metal filter with pore size lOOµm 

Figure 6. Phase lag by metal filters. 
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(a) Metal filter with pore size 2µm 
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(b) Metal filter with pore size lOOµm 

Fig. 7. Response of metal filters. 

(3) Normal Installation Condition 

We assembled various filters with the 
greatest care in water which was boiled and 
then cooled by assuming the actual situation of 
use of the equipment without using a vacuum 
pump, and carried out an experiment. Figure 8 
and 9 show the results of the test. When as
sembling a metal filter, we included a very 
small number (about 0.0 lcm3 ) of air bubbles 
into the fluid-filling chamber. 

The flexible filters are stable and pre
sent no problem for practical use. Their re
sponse also presented no problem. Thus those 
are proved to be easy to handle. 

40 
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-100 

0. 1 0.5 1. 0 5,0 1 o. 0 5 0. 0 

FREQUENCY (Hz) 

Fig. 8. Phase lags for various filters. 
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Fig. 9. Response of various filters. 

In order to measure the wave phenomena 
within 5% of error, only the phenomena whose 
frequency ranges are less than 5Hz can be fol
lowed when metal filters with pores of either 2 
µm or lOµm are used. With regard to the phase 
lag, a problem already develops at a relatively 
low frequency of 0.5Hz. 

With respect to the ceramic filters, the 
response magnification was already approximate
ly 30% to 85% at the low frequency of 0.5Hz, 
while the phase lag of this filter was rather 
large, ranging from about 75 degrees to 20 
degrees. These results indicate that ceramic 
filters were unsuitable for the dynamic mea
surements of pore pressure. 
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TRANSMISSION OF PRF.sSURE IN SAND BEDS 

(1) Experimental Set-Up and Conditions 

The experiments were conducted in a wave tank 
installed at the Department of Civil Engng., 
Maizuru College of Technology. This wave tank 
can generate waves whose periods range from 
2.16 to 0.63 second and whose heights extend up 
to 20cm. 

A sand bed measuring 40cm x 9m was 
prepared in the wave tank and, as shown in 
Figure 10, a pore pressure transducer and a 
earth pressure transducer were embedded in the 
sand bed 3cm from the surface; pore pressure 
and earth pressure were then measured. 
Parallel to these measurements, wave pressure 
was measured at the surface of the sand bed and 
pore pressure was measured at 5 locations, 
i.e., 2, 10, 20, 30, and 40cm from the surface 
of the sand bed. The wave height was also 
measured at the top of the pressure transducer 
by means of a capacitance-type wave height 
meter. 
The sand used in the experiments was collected 
at the Nabae Shore of Takahama, Fukui, which 
has been used in all experiments reported by 
the authors. Physical properties of the Nabae 
sand are shown in Table 2. The details of the 
experiments are given in the paper by Maeno 
(1988). 

(2) Pressure Attenuation in Sand Beds 

Before studying the effective stress in the 
surface layer of sand beds, we need to study 
the development of pore pressure in sand beds. 

= 
Wave Gauge 

h 

3 rs f s 1 
-T---eer• 

7 Sand Bed 
I • 10 

Ds * • Pressure 
Transducer 

• 
cm ) 

Fig. 10. Set-up of pressure transducers. 

Table 2. Properties of Nabae sand. 

Uniformity coefficient 1. 5 3 
Specific gravity 2. 7 0 
Permeability 0. 023cm/s 
Effective grain size 0.114mm 
Average grain size 0.160mm 

Many measurements of pore pressure have been 
conducted; however, the selection of the 
filters used in pore pressure transducers to 
separate earth pressure from the pore fluid 
pressure remains a problem. In addition, many 
other issues such as the frequency of the 
measurements and particular characteristics of 
soils at the measurement sites must be taken 
into consideration. Below, we discuss the 
attenuation of pressures in sand beds, using 
the flexible filters developed by the authors. 

The basic characteristics of the flexible 
filters are described by Maeno and Tokutomi 
( 1989); however, the commonly used metal 
filters and ceramic filters show great 
attenuation of pore pressures even for wave 
frequencies below lHz. Here, since the newly 
developed flexible filters are used, we assume 
that there is no attenuation of pore pressures 
under normal conditions. 
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Fig. 11. Relationship between attenuation of 
pore pressures and frequencies. 
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Fig. 12. Relationship between attenuation of 
pore pressure and wave height. 
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Figure 11 shows the attenuation of 
amplitude of pore pressures in the sand beds 
for different frequencies; as the frequency 
increases, pore pressures attenuate. This 
tendency increases as the depth of the sand 
layers increases. 

Figure 12 shows the relationship between 
the amplitude of pore pressure and the wave 
height for f=0.464Hz. As shown, the amplitude 
of pore pressure was highly attenuated with the 
increase of wave height. These results are in 
agreement with the results reported by Maeno 
and Hasegawa (1985). 

(3) Phase Lag of Pressure Transmission 

The next issue we must consider is that of 
phase characteristics of pressure transmission 
in sand beds. It is known that the wave pres
sure fluctuation at the surface of sand beds is 
not transmitted into sand beds instantaneously, 
thus, it is necessary to evaluate the phase 
characteristics. 
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Fig. 13. Phase lag of pore pressures. 

Figure 13 shows the phase difference be
tween the fluctuation of the water surface 
(hereafter abbreviated as wave profile) and 
pore pressure at different depths for various 
wave conditions. In the figure, phase lags are 
considered positive. As shown, with an in
crease in the depth, the phase angle increases. 
When the fluctuation of the pressure at the 
surface of the sand bed and the pore pressure 
at 2cm from the surface are compared for many 
cases, the phase angle between the pore pres
sure obtained at 2cm from the bed surface and 
the wave profile is smaller than the phase 
angle between the wave pressure fluctuation and 
the wave profile. Contrary to the general 
trend in which the phase angle increases monot
onously with the increase of the depth of the 
sand layers, complicated phase characteristics 
were obtained near the surface region in the 
sand bed. This indicates that the surface of 
the sand bed received different wave influences 
compared with other deeper regions. 

Figure 14 shows the relationship between 
the phase angle of wave pressure fluctuations 
at the surface layer of sand beds with the wave 
profile, and the frequency. According to the 
figure, in each case, the phase angle increased 
with an increase in the frequency. In other 
words, as the frequency increased, the phase 
angle increased. 

In the same way, Figure 15 shows the rela
tionship between the phase angle of pore pres
sure fluctuations with wave profiles, and the 
frequency. According to the figure, at a depth 
of 2cm in the sand, the points are scattered 
but there is a tendency for the phase angle to 
increase with the frequency. However, the 
tendency is minimal compared with the fluctua
tion in the phase angle near the surface of the 
sand bed. As the depth increases, the phase 
angle tends to decrease with the increase in 
the frequency. Then, this trend intensifies as 
the depth increases. 
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Figure 16 shows the relationship between 
the phase angle of fluctuation of wave pressure 
and the wave profile, and the wave height at 
f=0.464Hz. According to the figure, the phase 
angle at the surface of the sand increases with 
the wave height. Thus, phase fluctuation due 
to wave height was observed. 

Figure 17 shows the relationship between 
the phase angle of the pore pressure fluctua
tion and wave profiles, and the wave height at 
f =0.464Hz. According to the figure, the phase 
angle in the sand bed increased with the wave 
height, as was the case for the surface layer 
of the sand. The tendency seems to be that the 
phase angle remains constant regardless of the 
depth of sand. In this respect, the result is 
different from that whereby the difference in 
the phase angle with respect to frequency in
creased with the depth. 
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Fig. 16. Relationship between the phase 
angle of the wave pressure and 
wave profile, and the wave height. 
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Fig. 17. Relationship between phase angle 
of pore pressure and water 
profile and wave height. 

CONCLUSIONS 

From the evaluation of the points described 
above, we reached the following conclusions; 

(1) The newly developed flexible filter out
lined in this research is easy to handle 
in comparison with conventional filters; 
also, its characteristics are stable. 
Using this kind of filter, we confirmed 
that pore pressure in the sand bed of the 
sea bottom can be measured accurately 
because the filter damping of the phase 
lag or response is reduced to a minimum. 

(2) When air bubbles entered into the filter 
only, the influence was not large, but 
when they penetrated into the fluid-fill
ing chamber between the filter and the 
pressure-gauge diaphragm, a considerable 
phase lag and response damping were pro
duced, even though the volume of the en
tered bubbles was small. 

(3) The attenuation of pressure in sand layers 
increases with frequency and wave height. 

(4) The phase lag of pressure fluctuation in 
sand beds becomes pronounced with the 
increase in the frequency and the increase 
in wave height. Furthermore, near the 
surface of the sand bed, due to the effect 
of roughness of the boundary between water 
and sand bed, phase disturbance develops • 
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HYDRODYNAMIC FORCE TESTING MACHINE USING 
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Abstract 

The authors developed new testing 
m~chine of hydrodynamic forces using 
linear motor. The testing machine using 
linear motor is used for measurement of 
added mas, damping force of 
hydrodynamic models. This paper reports 
the theoretical and experimental 
results of dynamic characteristics of 
hydrodynamic testing machine. The 
theoretical and experimental values 
agree where the vibration velocity are 
low. 

1.Introduction 

Testing machines for hydrodynamic 
forces can be divided into towing test 
machines, on which hydrodynamic damping 
forces are measured while towing model 
ships, and forced vibration test 
machines, on which hydrodyanmic added 
mass forces and viscous damping forces 
are measured by vibrating the models. 
While high-speed towing test machines 
using the United States, Britain, 
France and Germany, there have been no 
forced vibration test machines equipped 
with linear motors. The authors have 
used a linear inductions motor as the 
thrust source on a hydrodynamic force 
testing machine to reduce a linear 
driving force in an attempt to reduce 
the amount of distortion on the shapes 
of the vibration waves and to create 
large vibration amplitudes. The 
outline, composition and results of 
vibration tests on this machine have 
been discussed in the two previous 
reportsl,2). 

The study reported here deals with the 
thrust force characteristics on 
hydrodynamic force testing mahines, 
such as the accleration and 
displacement, vary according to the 
sizes and shapes of the test models 
attached. There is a need to estimate 
the we:ight of the model in air, added 
mass in water and underwater damping 

forces prior to the test and to set the 
command singnals for output of the 
predetermined acceleration and 
displacement from numeric~! 
calculations. Here, analysis models and 
equations of motion are calculations of 
the characteristics implemented. The 
calculation results are compared with 
the test results and clarification is 
made of the relationship between 
displacement and the various numerical 
values of the command voltage. 

2. Analysis 

2.1 Outline of Test Machine 

The linear motor hydrodynamic force 
testing machine is shown in Figure 1. 
The machine consists of a water 
channel, a linear motor a control 
device, a frame for the1 machine a 
displacement detector, an acclerom~ter 
and a supporting frame for the test 
model. 

A short primary, induction linear 
motor was used. The motor consists of 
the primary "moving part" on the feeder 
side and the secondary "fixed part". 
The moving part creates travelling 
magnetic fields, which gives rise to an 
eddy current in the fixed part through 
electromagnetic induction. A thrust 
force is created between the magnetic 
field due to the eddy current and that 
due to the moving part. 

The moving part consists of a 161.7 N, 
3 phase 6 pole coil and an iron core 
while the fixed part is made up of a s 
mm thick aluminium conductor plate and 
a steel plate. The specifications of 
the linear motor are as follows 
phases:3, voltage: 200 V, frequency: 50 
H~ ~ synchronous speed: 6. 6 m/ s, pole 
p1~ch: 66 mm, thrust force: 435 N, load 
factor: 0.1, current: 24 A, length: 
34.3 cm, width: 15.8 cm, height: 6.6 
cm, w~ight: 165 N, gap between moving 
~nd fixed parts :3 mm. The fixed part 
is located underneath the moving part 
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and the moving travels along on a 
carriage. the carriage weight 269. 5 N 
and is supported with 12 hard resin 
rollers. A transistor-driven 
vector-control PWM inverter was used 
for the power source and control 
devices. As there was no feedback 
control, slight tension was applied to 
the two ends of the carriage with 
elastic bands to prevent drifting of 
vibration positions. 

The linear motor is fixed to the 
carriage and connect~d to the model via 
the carriage and the load cell. 
Coefficients of the hydrodynamic force, 
such as those for the added mass and 
the damping force, are calculated from 
the reaction force applied to the 
model. 

2.2 Assumptions and Analysis Model 

The following assumption were made in 
creating the analysis model. 
1) The linear motor is used in an area 

with low velocity and the thrust force 
is constant against the velocity. 
2) The thrust force is proportional to 
the command voltage. 
3) The rolling friction of the rollers 
supporting the linear motor is small 
enough to be negligible. 
4) The wave making resistance due to 
the waves created by the model is 
neg lig ib le. 

5) The hydrodynamic added mass 
coefficient and hydrodynamic damping 
force coefficient of the model are not 
dependent on the frequency. 

The analysis model of the linear motor 
hydrodynamic test Figure 2. Here, F is 
the thrust force, M the total mass of 
the moving part, C the hydrodynamic 
damping coefficient of the test model 
and K the spring conatant of the 
elastic bands for maintaining the 
carriage in a neutral position. The 
mass of the moving part is the total of 
the masses of the linear motor, the 
carriage, the load cell for measurement 
of forces, the supporting frame for the 
test model and the test model itself, 
together with the hydrodynamic added 
mass. 

2.3 Equation of Motion and Analysis 

The equation of motion, taking in the 
inertia force, dam~ing force, 
restitutive force of the spring on the 
basis of the analysis model, will be as 
follows, Here h(X) is the hydrodynamic 
damping force expressed by CIXIX, which 
is proportional to the square of the 
velocity, While w is the angular 
frequency. 

M~+h(i)+Kx=F sin wt (1) 

The equation is a non-linear 
differential equation which contains an 
item for the square of the velocity 
based on hydrodynamic damping3). 
Assuming that the solution is close to 
a sine wave, the equation may be 
expressed as follows. 

x(t)=X sin (wt-<P) (2) 

By substituting Equation 2 into 
equating the respective sine and cosine 
items on the left and right sides, the 
following equationis obtained. 

1 •X 

-Mw 2 X+KX+ -I h(wXcos0)sin0d0 =F cos¢ (3) 
7(, 0 

1 '"' 7['"f0 h(wXcos0)cos0d0 =F sin¢ (4) 

By expressing this as 

1 111. 

H < w x) =-;t ~ h < w x cos e >cosed e ( 5) 

the following equation can be obtained 
from Equations 3 and 4. 

KX=Mw 2 X± j F 2 -H(wX) 2 ( 6) 

sin<P =H (w X)/ F ( 7) 

H(wX) is then obtained from h(x). 

,. 
4 < 8C 

H(wX)=~!cw•x•cos3 0d0 =~w•x• (8) 

X and ¢ are obtained by substituting 
the above into Equation 6. 

X = {2~ //1 +-M-2-:-.. -
8 c ..., ... 

q,- 1 =sin (---
.;nr.r 

Here, D=8C/3 

-1 (9) 

(10) 
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3. Vibration Characteristics Test 

3.1 Measurement of Displacement and 
Acceleration 

The displacement of the linear motor 
is measured by sight from the measure 
attached to the side of the rail. A 
servo type accelerometer is used for 
measurement of the acceleration at low 
frequencies. The specifications for 
this are maxium acceleration: 2 G 
(19.6m/s ), measurement frequency 
range: 259 Hz from DC. The acceleromter 
is attached to the upper part of the 
carriage for the linear motor. The 
accelerometer is surrounded by 
aluminium and steel plates to shut out 
the electromagnetic noise from the 
linear motor. 

3.2 Test Method 

In the vibration characteristics test 
basic wave signals were inputted fro~ 
the signal generator and tests were 
made on the relationship between the 
excitation periods and load weights and 
between displacement and acceleration. 
It is known from the results of the 
static thrust force characteristics 
test described in the previous report 
that F=158E, where E is the voltage of 
the command signal and F the thrust 
force. The vibration characteristics 
test was implemented with the command 
vo 1 tage ranging between 0 to 2 V and 
the period between 0.1 and 10 seconds. 
As a load, a column with a length of 
0.489 m and a diameter of 0.048 m was 
attached horizontally to the supporting 
frame for the model and placed in the 
water. Since the resistance 
coefficient4) of the column is 0.82 , 
the hydrodynamic damping coefficient D 
of the model will be 
0. 489*0. 048*0. 82*1000/2. The 1000 here 
is the density of water. 

4. Calculated Values and Results of 
Characteristics Test 

4.1 Displacement Characteristics 

The characteristics of the 
displacement amplitude against the 
command voltage with the period as a 
parameter is given in Figure 3. The 
displacement amplitude is expressed as 
the distance between peaks and troughs. 
It can be seen from Figure 3 that the 
displacement increases with the 

increase in command voltage and the 
priods. The curves are disrupted in the 
par~s with l?w command voltage and long 
periods. This is because the linear 
motor comes into contact with the ends 
of the rail. There is close 

correspondence between the theoretical 
and experimental values. The maximum 
displacement of 3. 6 m is reached when 
the command vo 1 tage is O. 5 V and the 
period 9 seconds. 

4.2 Acceleration Characteristics 

The characteristics of the 
acceleration amplitude against the 
command voltage with the periods as a 
parameter is given in Figure 4. The 
acceleration increases in proportion to 
the command voltage. Figure 5 is the 
characteristics of the velocity against 
command voltage. The test results 
agrees more or less with the 
theoretical values but difference begin 
to appear with velocity of over 0.8 
m/s. It is thought that at these speeds 
Assumption 1 no longer stands as the 
velocity of the linear motor exceeds 
0.8 m/s. There is a need to implement 
characteristic calculations using 
equations of motion which allow for a 
wider range of velocitys. 

5. Conclusion 

The conclusions drawn from the test 
results might be summarised as 
follows. 

1) An analysis model for a linear motor 
hydrodynamic force test machine was 
created and the solution to the 
equation of motion was obtained. The 
application range of the equation was 
asertained by comparing the results of 
the analysis and the experiment. 

2) The theoretical and experimental 
values agree closely where the 
vabration velocitys are low, indicating 
that accurate calculations of the 
vibration characteristics can be made 
using the equation of motion. 
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THE PERFORMANCE OF A WATER-HEAD TYPE WAVE 

GENERATOR 
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Abstract 

The most important performance required for 
the wave generators in leisure pool facilities is 
that they can make large solitary waves suitable 
for surfing. In the previous paper(Ref.1), the 
authors developed a water-head type wave gener
ator which can make such waves. They predicted 
maximum wave height based on conservation law of 
mass, but the result was unsatisfactory. 

In this paper, the different approach is 
adapted. The wave generator is regarded as a kind 
of energy transformation system, and maximum wave 
height is predicted on the basis of energy con
servation law. Consequently, the prediction 
results of wave height has shown good coincidence 
with the experiment. The efficiency of energy 
transformation has also investigated experimen
tally. 

1. Introduction 

Recently, there is a great demand for marine 
leisure facilities of high quality. It is impor
tant not only for leisure facilities near 
waterfronts, but also for ones on land. In fact, 
leisure pool facilities constructed in the last 
several years have high quality. Most of these 
facilities provide some water-sliders or wave gen
erators. As to wave-generator, demands for ones 
which can make large steep waves suitable for 
surfing are increasing. Large solitary waves ob
served near seashore are suitable for surfing, it 
seems to be very difficult to make such waves with 
a conventional wave generator. Large solitary wave 
like tsunami, that is a most typical one, is gen
erated as the result of large energy concentration 
on the free surface or on the bottom in a short 
time. However, conventional type wave generators, 
which are flap type, plunger type, and pneumatic 
type ones, transforms supplied energy into wave 
energy. That can not accumulate large energy in 

advance. When the conventional type wave gener
ator makes large solitary wave, the movable part 
like flap plate must be driven in a way that large 
energy is concentrated near the free surface. For 
the purpose of such movement, scale of the equip
ment must be large, and power supply must also be 
enlarged. Taking a case of flap plate type wave 
generator as an example, it can be shown that the 
scale becomes very big. It is necessary to equip 
2.2m length hydraulic pressure cylinders to gener
ate 2m height waves in water channel of 6m water 
depth. Further, maximum supplied power is about 
220kW per Im width of flap plate(Ref. 2). This ex
ample shows that conventional type wave generators 
can not satisfy the economical requirement for 
construction or for maintenance. 

With this view in mind, we developed a new 
type wave generator which can make a large steep 
solitary wave easily. This paper describes the 
mechanism of the equipment, and a relationship be
tween the supplied energy and the maximum height 
of wave generated. 

2.System of Wave Generator 

The system arrangement of the water-head type 
wave generator is shown in Fig. 1. This equipment 
has a main water tank which has an opening under 
water, an exhaust valve, a suction valve, and an 
exhaust pump or an exhaust fan. A process of wave 
generation is as follows; (!)The suction valve is 
closed and the exhaust valve is opened. (2)Water 
level in the tank rises as the pump exhausts the 
air. (3)Exhaust pump is stopped and suction valve 
is open!;ld in an instant, when the water surface in 
the tank is the required level. (4)After water in 
the tank flows out, a large solitary wave is gen
erated. In fact, mechanism of this type wave gen
erators consists of two parts; first one is an 
accumulation process of static potential energy to 
generate a large wave, and latter is a con
centrated radiation process of energy near free 
surface when water in tank falls freely. So, when 
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this equipment generates a large solitary wave, it 
is not necessary to be large scale. And, supplied 
power is not so great. too. 

3.Prediction of Wave Height 

In the recent report of the authors, maximum 
height of a solitary wave generated was predicted 
on the conservation law of mass, where mass of 
water in tank and mass of a solitary wave are to 
be equivalent. But, the obtained result did not 
seem to be reasonable, because maximum wave height 
was proportioned to both the square of water 
height in tank and the square of width of tank. In 
here, Considering a principle of this wave gener
ator. the authors predict maximum wave height on 
the conservation law of energy on the assumption 
that generated waves can be considered ap
proximately cnoidal waves or solitary waves which 
are special cases of cnoidal wave .. Because waves 
generated by this equipment are large one in 
finite depth water. 

As shown in Fig. l, let the origin of coor
dinate system be taken at the center of a solitary 
wave on the level water line, and X and Y axis's 
be the horizontal and vertical coordinates. Y-axis 
is taken positive into the upward. The coordinate 
system is moving with the solitary wave. T/o, L, d, 
means maximum wave height on level water line, 
wave length, and water depth, respectively. Under 
the assumptions those are d/L«l and Tio /d«l. it 
is possible to solve two dimensional potential 
problem accompanied with non-linear free surface 

conditions with regular pefturbation method, and 
to obtain profile and velocity of cnoidal or 
solitary wave, and velocity distribution in fluid 
(Ref. 3). It is assumed 'here that the generated 
waves can be regarded as solitary waves for 
simplification of the following calculation. 

A profile of a solitary wave is described as 

(1) 

And, u that means horizontal velocity iri fluid is 
described as 

= /g 2( &;; ) u-110.j'd sec h ,j 4d3 x (2) 

where g means acceleration of gravity. Vertical 
velocity in fluid is negligible, since it is a 
very small amount compared with horizontal one. 

When potential energy of water in tank is com
pletely transformed into potential energy Ep of 
solitary wave and into kinematic energy Ek of it, 

(3) 

must be realized. Solitary wave's potential energy 
Ep is represented 

Ep=pgf- rqydydx 
-- Jo 

- 1 2J- ·( rs~ x)dx = z pg110 __ sec h ,J 4d3 

f3::;d3 

= i pgJ 113 (4) 

by using of wave profile (1). Also kinematic 
energy Ek is represented approximately 

EK=~ p J_:J)u2 +v2 )dydx 

;;tpg7)~ J_~sech•(}fjx )dx 

= §pgfi? (5) 

where it is considered that vertical velocity is 
negligible. 

Comparing with Eq. (4) and Eq. (5), we can 
recognize that potential energy and kinematic 
energy are approximately equal each other. We get 
total energy of solitary wave as 

(6) 

form Eq. (4) and Eq. (5). We also get water poten
tial energy in tank accounted from level water as 

(7) 

where H denotes water head from level water and W 
denotes width of water tank. 
When we substitute Eq. (6) and Eq. (7) for Eq. (3), 
and solve for T/o , we can get an expression of pre
dicted maximum wave height as 

1 4 2 

-(· 27 )"HJ W3 110 - 256 -d-- (8) 
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In short, maximum wave height of solitary wave is 
proportioned to 4/3 power of water head in tank. 
Further. maximum wave height is also proportioned 

to 2/3 power of width of tank. So, as for the com
parison between a wider tank and a taller one, it 
shows that the latter is possible to generate a 
larger solitary wave than the former. 

4.Experimental Results 

The result of experiment to verify the pre
diction result shown in the foregoing secti6n is 
described in this section. Wave generation experi
ments were carried out at two dimensional ex
perimental channel (total length is 14m and width 
is of Osaka University. 

4.1 Wave Profile 
The generated wave profile is shown in Fig.2. 

when initial water head is H=0.3m. 
Water depth is 0. 2m and width of tank is 0. 25m. 
Fig. 3 shows the comparison ·between measured wave 
profile in Fig. 2 and calculated one in Eq. (1) 
which maximum wave height is same to the observed 
one. Solitary wave is going from the right to the 
left both in Fig. 2 and in Fig. 3. 

Measured wave profile is slightly unsymmetri
cal about the center of solitary wave on the 
whole. Specifically, although the calculated 
profile is exactly symmetrical. the fore half part 
of observed profile is larger than that of calcu
lated one, and after half part of observed profile 
is smaller than that of calculated one. On the 
whole, the observed wave profile is very similar 
to the calculated one. So, it is reasonable that 
the observed wave is approximately considered as a 
solitary wave. 

Fig. 2 Observed wave profile 

y 
-Exp. 
-- Cal. 0.2 r 
c~=~' -0.4. -0.2 0.0 0.2 0.4. 

Fig.3 Comparison of wave profile between 
experiment and calculation 

4.2 Maximum Wave Height 
Next. relation between maximum wave height and 

dimension of water tank or water head or water 
depth is described. The wave generation experi
ments were carried out in following conditions; 
width of water tank W is 0. 125m, 0. 250m, 0. 500m, 
water depth in channel d is 0. 2m, 0. 4m, and ini
tial water head in tank is varied from 0.02m to 

0. 70m. 
Initial 

height n. 
Figs. 4-8. 

water head H and measured maximum wave 
in various conditions are shown in 

When maximum height of a solitary wave 
is small compared with water depth, it advances 
without the modification of wave profile. But, it 
is known that a solitary wave is modified and 
leads to breaking when the relative wave height ·n. 
/d is larger than 0. 83 (Ref. 4 & 5). Hence, the 
measurement results which are not accompanied with 
wave breaking, are only mentioned in Figs. 4-8. 

Since maximum wave height was predicted to 
proportioned to the 4/3 power of water head H as 
stated before, we chose the relation between H and 

written in the form of 

1/o=AH" 

and we obtained experimental curves by using of 
method of least squares. These are also shown in 
Figs. 4-8. In these results, maximum wave height 

are proportioned to the 4/3 power of water head 
H independently of water depth and width of tank. 
So, it is considerable that the predicted maximum 
wave height is almost correct when it is based on 
the conservation law of energy. 

To clarify this relation moreover. Fig.9 shows 
the plotting of (H1 • Wa)/d2 against n, /d. the 
plotted points are on the one line. So, the 
relationships between wave height, water head, 
tank width, and water depth become as 

1/o H~ W~ 
([~ -tP-

which consists with Eq. (8). 
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Fig. 7 Measured maximum wave height 
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Fig. 8 Measured maximum wave height 

4. 3 Efficiency of Energy Transformation 
We adapted the assumption to obtain Eq. (8) 

that potential energy in water tank is wholly 
transformed into solitary wave' s energy. But it 
seems that energy loss exists actually in the 
process of wave generation, because the large vor
tex like shown in Fig.10 are generated near by the 
opening of water tank when water flows out from 
tank. This observed fact suggests that a part of 
supplied energy disappears as head loss cause on 
viscosity. Accordingly, the relationship between 
supplied energy and wave' s energy is mentioned as 

(9) 

where fJ means efficiency of energy transforma
tion, Eq. (8) can be expressed as 
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-r:i~(27\tHtwt 
7JO -,, 3 256J d (10) 

Applying method of least squares for the ex
perimental results shown in Fig. 9. we can get /3 
=0.433. This means that half part of the supplied 
energy vanishes caused by viscous energy loss and 
by the other loss. 

Considering total head loss in the internal 
flow is usually treated about 0. 5, or a large vor
tex is observed near by the opening of the water 
tank, we can conclude that the predicted value of 
/3 is appropriate in a way. But it is very dif
ficult to predict the exact efficiency of energy 
transformation theoretically, because the flow 
around the opening of tank seems to consists of 
the complex of bending tube flow, nozzle, and jet 
flow. 
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Fig. 9 Measured maximum wave height in 

dimensionless expressions 

4.4 Improvement of water tank form 
We can recognize in Fig. 10 that a large vor

tex, which seems to be caused by the separation of 
flow at the edge of the opening, is flowing out 
when a wave is generated. Since it seems to be 
reasonable that the energy loss mentioned above is 
caused by the generation of such large vortex, im
provement of water tank form is carried out by 
using of some appendages attached to the opening 
edge. 

Three kinds of appendages, which are expected 
to reduce the energy loss at the opening, are 
shown in Fig. 11. Fig. 12 shows measured maximum 
wave height against water head when these ap
pendages are attached to the edge of the opening. 
Comparing the measured wave height between three 
kinds of appendages, we can not find any large 

Fig. 10 Observed flow pattern 
near water tank 

Type I 

Type II 

100 

Type J[ 

Fig. 11 Shape of appendages 
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difference, however we observed and recognized ac
curate differences of flow in the experiment. 

So, it seems that it is necessary to transform 
the whole shape of water tank to improve the ef
ficiency of wave generation. 

5.Concluding Remarks 

In this paper, the authors introduced system 
of the water head type wave generator, and dis
cussed the performance of it with attention to 
energy conservation law. The authors also dis
cussed the improvement of the water tank form to 
save supplied energy. The following is a summary 
of the contents. 
(1) A wave generated by this equipment is closely 
similar to a solitary wave. 
(2) On the basis of energy conservation law, pre
dicted maximum height of generated wave is propor
tional to the 4/3 power of water head in tank and 
the 2/3 power of tank width. This theoretical pre
diction indicates good incidence with the ex
perimental results. 
(3) When some appendages are attached to water 
tank, these do not contribute the improvement of 
the efficiency of wave generation. 

The authors wish to express their appreciation 
to Prof. Shigeru Naito and Dr. Ken Takagi. Depart
ment of Naval Architecture and Ocean Engineering 
of Osaka University for their kind aids in the ex
periment. Acknowledgment is also extended to Dr. 
Toshiaki Makihata, Hitachi Zosen technical Re
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debate during the study. 
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ABSTRACT 

This reports model experiments on an underwater 
train called the "Marine Express" which is now under 
study and development as part of the "Marine Express 

Project". Resistance tests on powering of the train 

were carried out as a first step using a I/17th scale 

model, and resistance components such as the friction 
between the wheels and guideway, skin-friction of the 

body surface, and those due to the existence of the 

guideway were considered. The residual resistance ob

tained by subtracting the friction between the wheels 
and guideway from the total resistance was found to fit 

well with the estimation formula of the skin-frictional 

resistance of the flat plate with the form factor. 

1 Introduction 

This paper deals with the resistance tests of an un

derwater train now being studied as part of the "Ma
rine Express Project" of Kyushu University begun in 

May 1989. 

The "Marine Express" is a linear motor-driven rapid 

transfer system being developed for use both on land 

and in the water. This type of transport would of

fer the benefit of providing direct access to a floating 

airport or a floating city, thus avoiding the need to 

transfer to another system. Another merit would be 

its provision of a stable means of conveyance in the 

ocean which would be free from the effects of storms. 

Research groups involved in the project are segre

gated into those working on train development, guide

way system, station development and ocean environ

mental aspects. This particular report is on train de
velopment and pertains to the resistance of the Ma-

rine Express when it travel in water; estimation of the 

power required at a given speed is also dealt with. 

These resistance tests are thought to be the first in 
the world on an underwater train. Among the factors 

considered were how the existence of the guideway and 

the clearance between the body and the guideway af

fect resistance of the Marine Express. 

2 Model and Experimental Setup 

Experiments were conducted in a maritime water 

tank (L x Bx d = 80m x Sm x 3.5m) of the Tsuyazaki 

Sea Safety Laboratory of the Research Institute for 

Applied Mechanics, Kyushu University. A guideway 

40m in length was constructed about lm below the 

surface of the water, and resistance tests were carried 
out under two condition: with and without the guide
way. 

Figure 1 shows dimensions of a 1/ 17th scale model 
of a prototype of the actual Marine Express, while 

principal dimensions of the full model ahd the actual 

train are shown in Table 1. There are two prototype 

trains each with eight pairs of wheels and bearings as 

shown in Figure 1. Figure 2 is a picure of the model 

taken on the ground. 

The experimental setup for the resistance tests with 

the guideway is shown in Figure 3. The model train 

was towed by a stainless steel wire, and total resis

tance was measured by two load-cells through fore

and aft-struts. Resistance of the body was obtained 

by subtracting the resistance of the struts from the 

total resistance. 

Figure 4 shows the experimental setup for tests 
without the guideway, in which the model was sup-
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ported by four struts and the total resistance was mea
sured by one load-cell. Figure 5 is a top view of the 

experimental setup without guideway. 

The Measured data contained some noise, mainly 
emanating from the discontinuity of the guideway 

which was constructed in. twenty units of 2m length. 

Resistance was, therefore, determined by averaging 
the recordings excluding the acceleration and decel
eration portions. Figure 6 is a picture of an experi
ment with guideway taken in water, where white dots 

denote air bubbles blown from the bottom of the tank. 

3 Components of resistance of the 

model 

The resistance of the model can be separated into 
the following four components as: 

( 1) 

where 

RT : Total resistance 
Ro : Frictional resistance between wheels and guide

way 
(independent of velocity) 

R1 : Skin-frictional resistance of the body 

(proportional to velocity squared) 
R2 : Pressure resistance due to existence of the 

guideway 

(fonction of velocity) 

R3 : Resistance due to the shear flow in the narrow 
clearance between body and guideway 

(linear with velocity) 

Ro is dependent on the friction of the wheels and 
ball- bearings, and linearity of the guideway. It was 
determined from the results of low speed tests and 

assumed to be independent of the forward velocity. 

R1 is the skin-frictional resistance without the 

guideway as for a ship or airplane, and is estimated 
by the following equation. 

(2) 

where 

density of water, V: velocity 
area of body surface, K : form factor 
coefficient of skin-friction of flat plate 

There are several formulas for Gp ; we applied 
Schlichting's formula for the turbulent flow as: 1> 

where 

Rn= VL/v 
L 

Gp= 0.455/(logRn)2·58 

Reynolds number 
length of model 

(3) 

v coefficient of kinematic viscosity 

v 

R2 and R3 are components of resistance which are 

due to the guideway, but R3 can be estimated by the 

analysis of Quette flow in the narrow clearance be

tween the body and the guideway. As shown in above 

Figure, shear stress on the wall for dp/ dx = 0 is given 

as follows, using the coefficient of viscosity (µ) : 

T = µV/h 

Then, R3 may be estimated simply as 

R3 = TA } 
= µVA/h 

(4) 

Substituting values of the present experimental con

dition for h = 3.5 x 10-3 (m) and V = 1.0(m/s), we 

obtain RT= 10.4g. Therefore, we may conclude that 
the resistance due to the shear flow in the clearance 

between the body and guideway is negligible compared 
with other components. 

4 Results and Discussion 

Figure 7 shows the total resistance of the model and 

four struts without the guideway; the resistance of the 

struts alone is also plotted, so that the resistance of 
the model alone is obtained by subtracting that of the 
struts. Although the area of the wet part of a single 

strut is rather small (b x d = 0.05m x 0.74m) , the 

resistance of the four struts accounts for almost half 
of the total. 

Figure 8 shows the total resistance with the guide
way, and that of two struts alone; two clearances, 
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3.5mm and 6.0mm, between the body and the guide

way provided two resistance curves in the :figure. 

The final results of resistance coefficients, in which 

frictional resistance Ro is excluded in the tests with 

the guideway, are shown in Figure 9. Solid lines denote 

the resistance coefficient of the flat plate, and a dotted 

line denotes the resistance coefficient by the Prandtl

Schilichting formula in the transition flow as: 

Gp = 0.455/(log Rn) 2·58 - At/ Rn (5) 

where At is a function of the point of separation of 

the flow; At is assumed as 1500 in this figure. 

Experiments on the velocity under 0.5m/ s might 

give results reflecting the transition flow from the tur

bulent flow, and show the same tendency as eq.(5) 

The clearance effect on the resistance coefficient 

doesn't seem as large in these experiments as had been 

expected by eq.( 4) 

Resistance coefficients of velocity greater than 
0. 75m/ s are roughly parallel to the solid line. There

fore, the form factor K is determined by eq.(2), and 

obtained as: 

/{ = 0.20 without guideway } 
/{ = 0.40 with guideway 

(6) 

The difference of K with or without guideway is at

tributable to the change of the flow field around the 

model due to the existence of the guideway. 

5 Powering of the Actual Marine Ex

press 

From the above model tests, let us estimate the 

power required for actual Marine Express, the prin

cipal dimensions of which are shown in Table 1. Fric

tional resistance between the wheels and guideway 

need not be conordered since there is no contact 

bercause of the utilization of the linear motor and 
the actively controlled fins. Wave resistance is also 

ignored. 

Including the correction of the skin-frictional resis

tance due to roughness of body surface, total resis
tance and the coefficient are given as follows: 

CT = (1 + K)Cp + 6.Cp } 

1 2 
RT = 2pSV CT 

(7) 

Estimation of the effective horsepower(EHP) for 
several velocities is shown in Table 2, where 6.Cp = 

0.56 x 10-3 , /{ = 0.40 and a sea water temperature of 

15°C are assumed. 2 > 

6 Conclusion 

In summary, our conclusion drawn from the above 

experiments are: 

(1) Effect of the guideway on the resistance of the 

Marine Express occurred as the change of the flow field 

around the body, and the form factor of frictional re
sistance became almost double that without the guide

way. 

(2) Resistance due to shear flow in the clearance 

between the body and guideway was as small as had 

been expected by a simple analysis of Quette flow. 

However, this clearance may affect the vertical force 

and moment of the body. 

(3) Estimation of power required for the actual Ma

rine Express was made with correction of body surface 
roughness included. The Marine Express offers ad

vanteges over conventional surface ships operating at 

higher speed because it is free from the wave-making 

resistance. 
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Figure 1 Model of the Marine Express 

Table 1 Principal particular of the model 

Model Actual 

Length (m) 2.94 50.0 

Breadth (m) 0.18 3.1 

Displacement Volume (m3) 0.0667 327.7 

Weight in air (Kg) 69.1 

Weight in water (Kg) 2.4 

Body surface (m2) i.94 561.0 Figure 2 Picture of the model 
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Figure 4 Experimental setup without guideway 

Figure 6 Picture of an experiment with guideway 

Figure 5 Picture of experimental setup without guideway 
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Figure 9 Coefficient of total resistance of the Marine Express 

Table 2 Estimation of effective horse-power(EHP) of the Marine Express 

V(Km/h) V(Km/s) Cy(lO 3 ) R(I<g) EHP 
40 11.11 2.981 10799 1600 
50 13.89 2.913 16486 3053 
60 16.67 2.859 23301 5178 
70 19.44 2.815 31224 8095 
80 22.22 2.777 40240 11923 
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Abstract 

Swash oscillation on a gentle 
beach was measured using a photographi
cal method involving 16 mm memo-motion 
cam~ras. The results showed that beach 
conditions were dissipative and ordi
nary wind waves, ranging in frequency 
between 0. 2 Hz and 0. 06 Hz, 1 ost their 
energy by breaking in the surf zone and 
on the swash slope. Long-period waves 
with frequencies below O. 06 Hz formed 
on-offshore standing waves, and these 
waves primarily governed the swash 
oscillation characteristics. 

1. Introduction 

To determine swash oscillation 
characteristics on natural beaches a 
field experiment was carried out. 
Another paper in these Proceedings [1] 
described and discussed swash oscilla
tion measurement techniques and showed 
examples of observation from a swash 
zone with a steep slope. In that 
paper, it was established that long
period waves from on-offshore standing 
waves which have an anti-node at the 
swash slope, and the properties of the 
standing waves primarily governed the 
characteristics of the swash oscilla
tions. An attempt to separate the 
waves observation in incoming waves 
(incident waves) and outgoing waves 
(reflected waves) was done. In this 
paper, the theoretical background for 
the wave separation is briefly summa
rized and results from field observa
tions from a swash zone with a steep 
slope are described. 

2. Theoretical Background for 
Separating of Incoming Waves and 
Out going Waves. 

2.1 Method Based on Linear Small-ampli 
tude Long Wave Theory 

Applying linear small-amplitude 
long-wave theory, Guza et al. [2] de
rived the following expressions 

1 { [ h] 1/2 } 1J1=-z r;+a g u . • • . . . . . • . • . . . • . . • • • • . . . ( 1 ) 

1 { [ h] 1/2 } 1JR=z r;-a fl U ..•..................... ( 2) 

where TJ, TJ 1, and TJR are the water sur
face elevation of the observed, u is 
the water particle velocity, g is the 
acceleration due to gravity, h is the 
water depth, and a is a constant. The 
constant a has a value of unity theo
retically. However, in analyzing data 
a somewhat different value on a may be 
selected to accomplish optimal s•para
t ion. 

2. 2 Met hod Based on Li near Sma 11 
Amplitude Wave Theory 

Assuming that the measured waves 
can be expressed as a sum of sinusoidal 
waves w i t h d i f f e rent f re q u enc i es, 
Kubota et al. [3, 4] obtained; 

1 { N 1 } T/1=-z 7J+ i~I Hi (C;cos <Til+Disin ad) 

.............................. (3) 

TJR= ~ {r;- i~l ~i (Ci COS O"it+Disin <Tit)} 

.............................. (4) 

<Ti cosh ki (h +z) 
sinh kih 

<Ti2= gki tanh kih 
J ··············· (5) 

where t is the time, z is the vertical 
distance with the origin of the coordi
nate system taken at the still water 
surface, a=2n/T, k= 2n/L, T is the wave 
period, L is the wave length, and C , 
and D are the Fourier coefficients. 

2. 3 Method Based on Quasi-nonlinear 
Small Amplitude Long Wave Theory 
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Applying nonlinear small amplitude 
long wave theory, Kubota et al. [3, 4) 
obtained the following appropriate 
equations for the incident and reflect
ed wave; 

YJr =_!_ {YJ+au [!!_] 1;2_h _[ 
2 g h-Y)) 

.................. (6) 

Y)R =_!_ fY)-a!t[!!_Jl/2_h_t .................. (7) 
2 g h-Y)) 

3. Field Observation 

The fie 1 d experiment discussed in 
this paper was carried out on July 30 
1987, at Hazaki beach facing the Pacif
ic Ocean, located at the southern part 
of Tokai Coast about distant 100 km 
from Tokyo (see Fig. 1). A research 
pier belonging to the Hazaki Oceano
graphical Research Facility, the Port 
and Harbor Research Institute, Ministry 
of Transportation, is located here for 
facilitating field studies in the 
nearshore zone. the field observations 
were carried out us in g the pier as a 
platform for the 16 mm cameras. The 
average tidalrange at the beach is 
about 1. 2 m and the beach slope is 
considered to be gentle. the beach is 
composed of sand with a grain size in 
the range of 0. 1 to 0. 5 mm. the median 
grain diameter on the swash slope was 
around 0. 18 mm. 

A stick array consisting of 31 
target marker iron bars, placed at an 
interval of 1 m, was installed normal 
to the shoreline, about 30 m south of 
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Fig. 1 Location map of experimental site. 

the pier. In extension of the array 
line going seaward, five poles were 
installed for the wave measurement. 
The poles at St. 4 and St. 5 were 
equipped with a capacitance-type wave 
gage and an electromagnetic current 
meter were equipped. a run-up 
meter (see Takezawa and Kubota ( 1990) 
[1)) was located approximately 50 cm 
south of the array. During the experi
ment, a few persons were engaged in 
adjusting the height of the supporting 
devices of the capacitance wire. 
figure 2 shows the beach profile plan
form, and the arrangement of the in
strumentation. Photo 1 shows the stick 
array and 16 mm cameras located on the 
pier. Four sets of 16 mm memo-motion 
cameras we re set up on the pier, where 
two sets photographed the stick array 

I 
0 0 .0 

"'Yr 
-1.0 -1.5 

St. 2 
St.1 

St.3 

Hasaki, 30 Jul. 
1987 

- 4~~~~70~~~--'~-'-~s~o~'----'----'~-'--10Lo~'--__,_--1~-'--1sLo___J'---l--1.~.1..-2-'oo 

Offshore distance (m) 

Fig. 2 Beach profile, and arrangement of instrumentation. 
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Photo 1 Stick array and run-up meter. 

and the other two sets ~hotographed the 
poles in the sea. The measurements 
started on 17:15 and ended 18:31, with 
seventy six minutes of. data collected. 
During the measurement's, the tide rose 
about 20 cm .. The ave rage breaker line 
was located near St. 2 and an ave rage 
breaking wave height of 0.95 m and a 
wave period of 12.1 s were recorded. 
The waves broke as the plunging type. 
The methods for data recording and 
processing ·are the same as presented by 

Takezawa and Kubota [1] in these Pro
ceedings. However, in the present 
experiment video cameras were not 
employed. 

4. Results and Discussion 

Results obtained with the 16 mm 
cameras and from the current meter 
measurements are des c r i bed next. 
Figure 3 shows the beach profile of 
the swash zone. 
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Fig. 4 Time series of raw data. 

4. 1 Raw Data 

Figure 4 displays a portion of the 
measured sea surface variation at Sts. 
1, 4, 5, and at the swash slope. Sta
tion 1 was located near the break 
point, whereas St. 4 and St. 5 were in 
the surf zone. At Sts. 4 and 5, smal 1 
waves occurred between the primary 
individual waves (compare 
Mizuguchi (1982) [5]). These waves are 
probably caused by the wave breaking. 
The passage of the primary individual 
waves are easily follows from St. 1 to 
St. 5. However, the relatively smaller 
primary individual waves are not possi
ble to from St. 5 up to the swash even 
though this could be done for the 
larger primary waves. A large wave 
following a smaller wave travels fast-

er, eventually catches up, and passes 
the preceding wave running up the swash 
slope. A small wave running up after a 
large proceeding wave is prevented from 
traveling up the slope by the large 
wave beginnings to swash down. These 
are the reasons why relatively small 
waves disappear on the swash slope. 
Table 1 gives statistically representa
tive waves of the adjusted data by 
zero-down crossing method. 

Table 1 Statistically representative 
waves. 

Hasaki 30Jul 1987 .. 
Station 

Depth No of Wave height Wave period 

number h waves H..,, Hmean Hma1 H1110 H11l T,Hon Tmo1 TlflO Tu> 
(cm) (cm) (cm) (cm) (cm) (cmJ (s) (s) (s) (s) 

St. I 145 394 59 51 129 108 85 9.6 12.1 11. 8 11.3 

St. 2 121 408 61 55 13 2 103 87 9.3 14. 0 10.9 11.8 

St. 3 114 44 2 54 48 116 86 74 8.6 22.1 12. 6 1 1.6 

St. 4 93 486 41 37 82 64 55 7.8 10.4 12.0 10. 7 

St. 5 76 476 33 30 70 52 45 7.9 17.1 16.4 12.7 

Swash 0 226 42 40 80 64 55 16.6 35. 7 26. 8 21. 1 

(adjusted data, zero-down crossing method) 

4. 2 Distribution of Wave Height and 
Period 

Figure 5 shows the distribution of 
wave height and period defined by the 
zero-down crossing method at St. 1 and 
St.4 and for the swash oscillation. 
Adjusted data implies the removal of 
the tidal rise of 20 cm assuming a 
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Fig. 5 Distribution of wave height and period. 
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parabolic curve and filtered data was 
obtained by high-pass filtering with a 
cut-off frequency of 0. 05 Hz. The wave 
height distributions at St. 1 and St. 4 
are similar to what is commonly ob
served in the surf zone. The distribu
tion of St. 1 located at the break point 
are more spread out towards higher 
waves. the distribution at St.4 locat
ed in the surf zone is bimodal and the 
two peaks appear at either side of the 
ave rage wave height [6). The change in 
the number of identified waves is the 
same as for the steep beach [1). The 
number of waves increases in the surf 
zone, whereas the number considerably 
de c r e a s e s o n t h e s w a s h s l o p e , t h e 
number of identified ~aves in the 
filtered data also increases, the wave 
height distribution for the swash 
oscillation regarding the filtered data 
is similar to the unfiltered data. 

Figure 6 shows the joint distribu
tion of wave height and period at St. 1 

and 4, and for the swash oscillation. 
At St. 4 located in the surf zone, a 
strong correlation is recognized in the 
domain of small wave heights and short 
periods. This phenomenon is usually 
observed in the surf zone. 

The spread of the wave height 
distribution toward higher waves in the. 
swash oscillation was much wider than 
what was observed at a steep beach such 
as Oarai beach, although the wave 
conditions were different during re
spective observation. In the present 
experiment wind waves dominated whereas 
swell reviled for the experiments at 
Oarai Beach. A remarkable difference 
compared to the steep beach at Oarai is 
to be found in the joint distribution 
if the swash oscillation for the fil
tered data. No correlation was found 
in the range of small wave heights and 
short periods. It seems as if there is 
no correlation between wave height and 
period. Establishing the reason for 
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this difference in results is deferred 
to future work. 

Figure 7 shows a comparison of the 
distribution of wave height and period 
for the filtered data using the zero-up 
and zero-down crossing method. No 
significant difference was found be
tween the distributions. 

4.3 Spectral Analysis 

Figure 8 shows the power spectral 
density function of the sea surface 
variation at St. 1 and 4, and for the 
swash oscillation. In the range be
tween O. 06 Hz and 0. 7 Hz, the power at 
St 4 was considerably smaller than the 
power at St. 1. This implied that 
waves in that range break and 1 o st 
their energy as they propagated from 
St. 1 to St. 4. At around 0. 06 Hz the 
power at Sts. 1 and 4 Where of the same 
order. Figure 9 illustrates the 
cross-spectral function of the water 
surface elevation and the on-offshore 
component of the water particle veloci-
'ty at St. 4. 

In the phase function a change in 
phase from + to - is encountered at 
around 0. 06 Hz, corresponding to a 
coherence close to unity. Based on 
these observations it is inferred that 
long period waves appeared in the form 
of standing waves in the range from 
0. 06 Hz to the lower frequency range. 
At around 0. 03 Hz there is a pronounced 
minimum in the coherence function and 
an abrupt change in phase. A maximum 
in power is also identified at around 
0. 03 Hz as seen Fig. 8. Below 0. 03 Hz 
the coherence is nearly unity and the 
phase difference is n/2. It is con-

eluded that perfect on-offshore stand
ing waves, implying no breaking, appear 
in the range below 0. 03 Hz for the 
slope studied. In the range 0. 03 to 
0. 06 Hz partial on-offshore standing 
waves will be formed. 

Figure 10 displays a portion of 
the resolved waves and Figure 11 shows 
the spectral power density function for 
the resolved waves at St. 4 and 5, and 
for the swash oscillation. At both 
stations 4 and 5 the power of the 
reflected waves begin to increase 
around 0. 1 Hz going toward lower fre
quencies. The phase function in Fig. 9 
experiences a distinct change at around 
0. 01 Hz. Thus, the partial standing 
waves become effective around O. 1 Hz. 
Figure 12 shows the joint distribution 
of wave height and period for observed, 
incident and reflected waves at St. 4. 
The distribution for the observed and 
resolved incident waves are similar. 
Reflected long-period waves only affect 
the wave conditions in the surf zone to 
a lesser degree. 

~·r~ 
10~ 

O 0.1 0.2 0.3 t( Hz) 0.4 0.5 

~ 7t0~ /\ "F" 0 • < F ~ v 
a. 

-7t 
Fig. 9 Cross spectrum between sea surface 

elevation and on-offshore component 
of water particle velocity at ·st. 4. 
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5. Conclusion 

The field observations may be 
summarized: 
1. Waves in the frequency range above 
0. 1 Hz loose the energy due to breaking 
and no significant reflection to the 
offshore takes place . 
2. Waves in the frequency range be 1 ow 
0. 03 Hz or on-offshore standing waves . 
These standing wave do not break on the 
swash slope. 
3. Waves in the range between 0. 3 Hz 
and 0. 1 Hz may form partially standing 
waves. 
4. Nd correlation was found between 
wave height and period in the joint 
distribution of swash oscillaiion . 
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Abstract 

In order to record swash oscilla
tion on a beach a measuring system 
encompassing 16 mm memo-motion cameras, 
capacitance-type wave gages, and a 
video camera was developed. Using this 
system the swash oscillation on a steep 
beach face was measured. The observed 
results showed that the swash oscilla
tion is governed by on-offshore stand
ing waves and that the wave character
istics in the surf zone is partly 
determined by superposition of incident 
and reflected waves. 

1. Introduction 

The characteristics of swash 
oscillation on natural beaches is of 
great importance in connection with 
coastal engineering works such as 
predicting beach deformation, designing 
coastal structures, and stabilizing the 
back-shore zone. However, the proper
ties of swash oscillation are not fully 
understood mainly because accurate 
measurements are difficult to perform 
on natural beaches. Attempts to meas
ure has al ready been made by several 
investigators, and for their specific 
purpose the methods employed gave 
satisfactory results. The authors in 
the present paper developed a measuring 
system which combines electrical and 
visual techniques. Utilizing this 
system, measurements of swash oscilla
tion were carried out on natural beach
es. Valuable results were obtained, 
and the purpose of this· paper is to 
describe the measuring system and 
characteristics of swash oscillation on 
a steep beach as elucida~ed from meas
urements obtained with this system. 
Field observations were carried out 
during the summer of 1987 and 1988, of 
which results based on the data ob
tained in 1987 were reported in the 
Proceedings of the 21st International 
Conference on Coastal Engineering ( [1], 
pp. 151-165) Mainly results from the 

observations in 1988 are described in 
this paper. 

2. Techniques for Measuring Swash 
Oscillation on Natural Beaches 

Techniques for measuring swash 
oscillation on natural beaches can be 
divided into two categories with re
spect to the method employed. One 
method involves the use of wave gages, 
resistance-type or capacitance-type 
(for example, Sawaragi and Iwata [2)), 
stretched parallel to and above the 
sand surface at a constant height. The 
other method is to employ 8 mm or 16 mm 
mo v i e came r as (for exam p 1 e, 
Mizuguchi (3)) and/or video cameras 
(Holman and Guza[4]), photographing the 
water surface along target markers. 

Both methods have their advantages 
and disadvantages. In general the 
resistance-type wave gage is superior 
to the capacitance-type regarding 
sensitivity. However, the latter has 
better st·ability and durability than 
the former. A common problem associat
ed with electrical wave gages is the 
need to support the wires at a constant 
h e i g h t ab o v e t h e s a n·d s u r f a c e , s i n c e 
the swash slope is not plane and 
changes in the sand surface elevation 
will take place for every swash occur
ring. Also, the gages require verifi
cation or calibration, normally done 
with visual methods. Eight millimeter 
movie cameras have been employed from 
the early stage of research for cali
brating electrical methods or for 
obtaining data directly. Sixteen 
millimeter movie cameras have also been 
used due to the superior resolution 
compared to the 8 mm cameras. The 
recording time with 8 mm and 16 mm 
cameras is limited by the film length. 
Recently, as an alternative to film 
cameras, Video Cameras have been em
ployed for research purposes. However, 
the resolution of a video camera is 
lower than that of a 16 mm camera even 
though high-quality video cameras are 
appearing on the commercial market. 
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3. Measurement Method Employed 

The system developed in this study 
is a combination of the conventional 
me t hod s, t he e 1 e c t r i ca 1 and v i s u a 1 
measuring technique, improving or modi
fying their respective ability for the 
specific use. The measuring system 
consists of capacitance-type wave 
gages, 1 6 mm memo-motion cameras, and a 
high quality video camera which recent
ly became -:,ommercially available: The 
leading edge of the water on the swash 
slope is detected by a capacitance-type 
wave gauge which is stretched parallel 
to and above the sand surface at a 
constant height by using supporting 
rods installed at fixed interval 
(Hereafter this wave gauge is referred 
to as the run-up meter, CSG in Fig. 2). 
The water surface is also photographed 
by the camera system, which utilize 16 
mm memo-motion cameras, enabling choice 
of an arbitrary shutter interval with a 
minimum time interval of 0. ls, directed 
at target marker sticks installed along 
the swash slope. A set of cameras is 
employed in each photographing direc
tion to be run alternately. By chang
ing film in the cameras not currently 
used, a continuous synchronized record 
without time limitation may be ob
tained. The 16 mm memo-motion camera 
system was originally developed and 
employed for studying nearshore waves 
in the field. Results from these 
experiments can be found in, for exam
ple, Hotta et al. [5] and Ebersole and 
Hughes [6]. The system was applied to 
the swash oscillation measurements with 
some modifications particular to this 
study. In order to take large and 
sharp pictures for highly accurate data 
analysis the 16 mm cameras were used 
with maximum zoom. It could also be 
necessary record the wave conditions 
for wide angles, for which a video 
camera was prepared. Data from the 
video camera may be substituted when 
the 16 mm camera or the run-up meter 
is malfunctioning, although the accu
racy wi 11 be less. A large advantage 
of the system is to ensure the collec
tion of accurate data, also greatly 
reducing the risk of loosing data if an 
instrument is not working properly. 

4. Field Observations 

Field observations were carried 
out in August 29, 1988, at Oarai beach 
facing the Pacific Ocean, located about 
100 km north of Tokyo. Oarai beach is 
at the northern end of the Kashima 
Coast and is bounded by a commercial 
harbor. Groins were constructed here 
to protect the harbor from sand en
trainment from the south, thus sand 
accumulates at the south side of the 
groins. The observation site was 
located approximately 2. 0 km south of 
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the largest groin (Fig. 1). The obser
vation site in 1988 was at the same 
location as in 1987. However, the 
beach profile was somewhat different as 
compared to 1987. The sand in the 
swash zone was well sorted with a 
median· diameter of 0. 45 mm and a sort
ing coefficient, defined as S=d 75/d 25, 
where dp is the grain diameter at which 
p percent of the sand weight is finer, 
of around 1.25. Figure 2 shows the 
beach profile and the arrangement of 
the instrumentation. 

In the swash zone, the run-up 
meter was stretched normal to the 
shoreline. The wire was held at a 
constant height of 2 cm above the sand 
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surface by supporting rods installed at 
an interval of 2 m. A plastic scale 
was pasted to each supporting rod. In 
order to keep the wire at a constant 
height, two men were engaged in adjust
ing the movable supporting device of 
the wire to follow the sand surface 
fluctuations. The length of the wire 
was 20 m which covered the entire swash 
zone during the experiment. For photo
graphic recording by the 16 mm cameras, 
an target stick array consisting of 41 
iron bars painted yellow was installed 
parallel to the wave run-up meter and 
50 cm beside it. The interval between 
target sticks was 50 cm. Photo 1 shows 
the stick array and the run-up meter. 
Four sets of 16 mm cameras were pre
pared for the experiment. Two sets of 
cameras were placed on a scaffold, 
elevated at the midpoint of the swash 
zone approximately 50 m south of the 
stick array, for photographing the 
waves from the side. The other two 
sets of cameras were placed on a scaf
fold elevated at the berm crest to 
photograph target poles installed in 
the surf zone to record sea surface 
variations at the poles. A capaci
tance-type wave gage with a measuring 

range of 4 m in the vertical and a 
two-component electromagnetic current 
meter (EMCM) were attached to target 
poles St. 6 and 5. 

During the measurements the sea 
was rather rough and the average break
ing wave height and period determined 
by visual observation were 130 cm and 
7. 5 s. The waves mainly broke as the 
spi 11 ing type. Because of the rough 
sea conditions no target pole could be 
installed outside the break point. 
Therefore, no data where obtained for 
the shallow water region were non
breaking conditions prevailed. The 
tide was rising and an increase in 
water level of 36 cm was recorded 
during the experiment. 

The measurements started at 14:00 
and ended at 15:41. with a sampling 
interval of 0. 2s. A total number of 
30, 400 data points were collected for 
analysis. The output from the electri
cal instruments were recorded on an 
open-reel type digital data recorder 
with simultaneous monitoring by a chart 
recorder. The tape recorded was di
rectly transformed to a mainframe 
computer for fu'rther analysis. The 
leading edge of the water in the swash 

Photo 1 Stick array and run-up meter. 
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zone as recorded on the 16 mm film was 
read as the horizontal distance from a 
reference point on t~e 16 mm film 
analyzer using an ultrasonic digitizer 
graph pen system. After digitizing, 
the data were transferred to a floppy 
disk on a micro computer. The horizon
tal distance was transformed to a 
vertical distance by assuming that the 
swash zone could be schematized as a 
compound slope consisting of three 
straight lines (Fig. 3). The location 
of the sea surface at the poles, to be 
used for wave height analysis, was 
measured as the vertical distance from 
the top of the poles using the same 
data processing instruments and proce
dures as for, the swash oscillations. 

5. Results and Discussion 

5. 1 Raw Data 

Figure 4 shows a portion of the 
recorded sea surface variation at Sts. 
1. 5, and 6 and at the swash slope. It 
is possible to follow the passage of 
primary individual waves [7) from St. 
1 to the swash zone. The phase veloci
ty of each primary individual wave 
between Sts. 1 and 5, and between St. 5 
and St. 6 is constant and agrees with 
the theory for linear long waves in 
shallow water using the average water 
depth between two measuring 
stations [1). Station 1 locat,ed at the 
shoreward end of the breaker zone 
recorded waves which were decaying in 
height after breaking together with 
waves which did not break at the aver
age break point but instead increased 
in height due to shoaling. There are a 
few small waves between the primary 
individual waves as can be seen at Sts. 
5 and 6. Some of these small waves 
were reflected waves from the shore 
which could be clearly observed as 
outgoing waves by viewing the film. 
Some of the waves were due to disturb
ances in connection with wave breaking. 
These waves influenced the distribution 
of wave height and period in the surf 
zone as described in the next section. 
Table 1 gives statistically representa
tive waves of the adjusted data by 
zero-down crossing method. 

Table 1 Statistically representative 
waves. 

Oarai 29 Aug 1988 .. 
StQtion 

Depth No of Wave height Wave ptHiOd 

number h waves H,"'. Hmeart HlllG.I H1110 H1,l Tmean Tmu T,,,o T11J (cm) (cm) (cm) (cm) (cm) (cml ( s) (s) (s) (s) 

St. 1 182 668 101 93 186 155 134 6.8 7 .0 8.0 7.9 

St. 2 185 672 95 88 202 140 12 3 6.8 9. 3 8. 1 8.0 

St. 3 164 658 94 87 200 141 12 2 6. 9 10.4 8.4 8.0 

St. 4 214 710 .73 68 13 5 105 94 6.4 11.4 8.7 7. 9 

St. 5 174 818 58 53 137 95 80 5.6 19.4 7. 2 7.0 

St. 6 122 787 59 53 127 98 81 5.8 8.6 7.6 7. 0 

Swash 0 379 64 58 146 114 90 12.0 23.3 17. 4 16. 0 

( ad1usted data, zero-down crossing method ) 

St. 1 

(c~:~~vYUw~1\:;J~\JwvM~~~µ 
50 St. 5 

Ccm> 0~\dtd'\tJ !iVOIJV'I !~\}JC 
-50 Q \IJ' \fJ,/\/ • 
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-50 
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-5~ W~f\\?V'\J\JV 
Fig. 4 Time series of raw data. 

5. 2 Distribution of Wave Height and 
Period 

A wave by wave technique was em
ployed when analyzing the wave data. 
The distribution of wave height and 
period are discussed here. The tidal 
trend was first removed from the origi
nal time series of raw data by assum
ing a parabolic curve. Hereafter the 
time series with the tidal trend re
moved w i 11 be refer red to as the ad
justed data. The long-period sea 
surface fluctuations (long-period 
waves), not easily recognized in the 
offshore or nearshore zone, become 
significant and affect waves near the 
shore line. The waves of interest are 
wind waves or swell in the range 
between 5-20 s. A high-pass filter 
which cuts off frequencies less than 
0.06 Hz was applied to the data when 
.the influence of the long-period waves 
was not studied. Data processed in 
this manner are called the filtered 
data. 

Fig. 5 shows the distribution of 
wave height and period defined by the 
zero-down crossing method for St. 1, 
and St. 5, and for the swash osc i 11 a
t ion, encompassing both adjusted and 
filtered data. The distribution for 
the adjusted data indicates that the 
peak frequency of the wave height at 
St. 1 shifted to a lower height at St. 
5, implying wave height decay. The 
number of short"'-period waves increased 
at St. 5 as compared to St. l. For the 
swash oscillation, both the distribu
tion of wave height and period were 
skewed to the right side (the peak 
frequency becomes lower than the aver
age frequency). A remarkable fact is 
the wide range of the period distribu
tion. 

The number of identified waves are 
different at each measuring station, 
being largest at St. 5 and smallest for 
the swash oscillation. These results 
may be understood by studying the sea 
surface variation in Fig. 4. 

Regarding the distribution, it was 
not possible to relate the distribution 
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at a specific measuring station to that 
at another station because the number 
of waves forming the distribution was 
different, even though the primary 
individual waves could be identified at 
each station. A more thorough discus
sion of this problem may be found in 
Mizuguchi [3, 7]. 

For the filtered data, the number 
of identified waves increase at every 
measuring station compared to the ad
justed data. This is explained by the 
effect of the long-period fluctuations 
of the sea surface on the individual 
waves. The removal 'of the long-period 
fluctuations of the sea surface results 
in an increase in the number of waves 
identified by the zero-downcrossing 
method. It should be noted that ·when 
comparing distributions the effect of 
long-period fluctuations becomes more 
conspicuous near the shoreline. The 
distribution of the waves in the swash 
for the filtered data becomes a distri
bution skewed to the right much like a 
Rayleigh distribution. Results from 
observations carried out in 1987[1] 
showed that the distribution of wave 
height and period skewed to the left 
(the peak frequency was higher than the 
average frequency). This difference 
could possibly be attributed to the sea 
conditions but it is not clear at this 
point. Further examini~ion of the data 
is needed and this work will be carried 
out in the near further. 

Figure 6 shows the joint distribu
tion of wave height and period at St. 1 
and 5, and for the swash oscillation, 
for which the marginal distributions 

were considered in the pr-eceding para
graphs. The distribution at St. 1 
located in the breaker zone exhibits 
two maxima which was characteristic for 
·the breaker zone. In the distribution 
of the swash oscillation there is a 
strong correlation in the domain of 
small wave heights and short wave 
periods. This distribution also had 
two maxima. 

Figure 7 shows a comparison of the 
distribution of wave height and period 
for the f~ltered data using the zero-up 
and the zero-downcrossing methods. No 
significant difference could be found 
between these methods. 

5. 3 Spectra 1 Cons i de rations 

Figure 8 shows _the power spectral 
density function of the sea surface 
variation ·at Sts. 1 and 5, and for the 
swash oscillation. At Sts. 1 and 5, 
the main power is in the range from 
0. 09 Hz to 0. 2 Hz (0. 09 < f < O. 2 Hz), 
where f is the frequency. The power at 
St. 5 is considerably smaller than that 
at St. 1. This decrease in the power 
spectral density function is probably 
due to energy loss in connection with 
wave breaking in the surf zone. The 
power of the swash oscillation in the 
range above 0. 15 Hz is considerably 
smaller than at Sts. 1 and 5, and vice 
versa in the range below 0. 15 Hz. At 
Sts. 5 and 1, significant minima in the 
power spectral density function alter
nately appear in the range below 0.065 
Hz. This alternate change in power is 
not observed for the swash oscillation. 
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This implies that the low frequency 
waves are on-offshore standing waves, 
which have an anti-node at.the swash 
s 1 ope. Figure 9 shows the cross-spec
t ra l function between the sea surface 
elevation and the on-offshore component 
of the water particle velocity at St. 
5. An abrupt drop in coherence and a 

Oarai, 29 Aug, 1988 

!~~ u 
O 0.1 0.2 O.Jf(Hz)0.4 0.5 

~ :~AP 1 -
n.. -Jt 

Fig. 9 Cross spectrum between sea surface 
elevation and on-offshore component 
of water particle velocity at St. 5. 
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Fig. 10 Example of resolved incident and 
reflected waves. 

4 
10 

N 

:: 1 a2 
N 

E 
u 

n.. 1 

10 

1988.8.29 
(14:00- 15:16) 

.... , .... swash 
---- SL5 '21 
-- St.5 'lR 

n= 22 800 
At: 0.2 s'· 
Lag:l 140 

sudden change in the phase function at 
corresponding frequencies are charac
teristic features of two-.dimensional 
standing waves. The frequency at the 
fourth zero-crossing counting from the 
zero in the phase function is around 
O. 07 Hz and the coherence function is 
about 0. 07 Hz, whereas the coherence 
function in the region below 0. 07 Hz is 
close to 1. 0. In Fig. 8, a pronounced 
minimum in power at St. 5, and a peak 
in power at St. 1 occurs around 0. 07 
Hz. Based on these facts it is in
fer red that waves be 1 ow 0. 07 Hz form 
perfect two-dimensional standing waves. 
The fifth zero-crossing in the phase 
function is located around 0.09 Hz. 
The power of the swash oscillation 
becomes greater than that of St. 5 and 
St. 1 around 0. 09 Hz. Thus, it may be 
assumed that waves ranging between O. 07 
Hz to O. 09 Hz probably form two-dimen
sional partially standing waves, which 
implies that waves break on the slope 
and a part of the incoming energy is 
lost by breaking but a part of the 
energy returns to the offshore as 
reflected waves. Waves with a frequen
cy above 0. 07 Hz are expected to break 
on the slope and dissipate energy. 

The next step in the analysis was 
to separate the incident and ref 1 ected 
waves. De t a i 1 s of t he s e par at i on 
method is described in another paper in 
these proceedings (see Kubota et al.). 
The separation was done using a method 
involving quasi-nonlinear long-wave 
theory. A part of the separated waves 
is shown in Fig. 10. The dominance of 
the short-period waves in the incident 
wave train disappeared in the reflected 
waves. Figure 11 shows the power spec
tral density function for the swash 
oscillation, and for the separated 
incident and reflected waves at St. 5 
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Fig. 11 Power spectral density function of resolved incident and 
r e f 1 e c t e d w av e s. 
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and 6. The main power of the incident 
waves is in the range between 0. 1 Hz to 
0. 2 Hz. These waves are ordinary wind 
waves coming from the offshore. The 
power spectral density function of the 
reflected waves increases in the range 
between O. 065 Hz to 0. 09 Hz with de
creasing frequency, and the power of 
the incident and reflected waves is 
almost the same. These observations 
support the former inference that waves 
lower than 0. 065 Hz wi 11 form perfect 
two-dimensional standing waves which 
does not break on the slope, and the 
waves ranging between 0. 065 Hz and 0. 09 
Hz will be two-dimensional partially 
standing waves of which some break on 
the slope. 

Figure 12 shows the joint distri
bution of wave height and period for 
the observed, incident, and reflected 
waves at St. 5. T he d i s t r i but i on 
clearly shows the wave field character
istics as inferred previously. High
frequency waves loose their energy due 
to breaking and disappear in the re
flected wave field. The middle-range 
frequency waves partially break on the 
slope and loose some of their energy, 
whereas the remaining energy returns to 
the offshore. Low-frequency waves form 
on-offshore standing waves without any 

breaking on the slope. The long-period 
waves not identified in the incident 
wave field emerge in the reflected wave 
field. 

Concluding Remarks 
The developed measurement system 

functioned satisfactorily during the 
experiments reported in this study. 
However, during other field experi
ments carried out by the same authors, 
mechanical problems in connection with 
the operation of the 16 mm cameras or 
malfunctioning of the run-up meter oc
curred. Sometimes the capacitance wave 
gage did not work for considerable time 
periods because dust in the water ad
hered to the wire and changed the 
output with elapsed time. Wire wave 
gages may not work well during rough 
sea conditions. Under such circum
stances visual methods are highly 
useful. No successful field observa
tions of swash oscillation under severe 
storm conditions have been reported 
yet. The next task is to develop a 
method enabling observations during 
severe storm conditions. 
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WAVES IN FRONT OF PERMEABLE SLOPING SEA 
WALLS 

Daijiro Nagasawa*, Susumu Kubota*, Shintaro Hatta*, and Mitsue Takezawa* 

* College of Science and Technology, Nihon Univ., Japan 

Abstract 

The swash oscillation on a sloping 
sea wall made of step-shaped concrete 
clocks was measured together with the 
waves in front of the sea wall. From 
the obtained data, it was inferred that 
ordinary wind waves in the period range 
5-10 s, which contain the main power of 
the incoming waves, formed partially 
on-offshore standing waves, and that 
the incident waves were reflected at a 
high rate offshore the sea wall. 

1. Introduction 

The construction of sloping sea 
wall consisting of precasted concrete 
blocks where permeability or roughness 
is increased have recently become 
popular in Japan. The main purposes of 
this type of construction are to reduce 
the wave run-up height and to prevent 
local scour occurring at the foot of 
the sea wall. Furthermore, _wave in
duced beach change in front of the sea 
wa 11 is reduced by dee re as i ng the rate 
of reflection. The properties of swash 
oscillation on the permeable slope of a 
sea wal 1 are not fully understood, 
although 1 imited observations from 
laboratory experiments and field meas
urements have been reported. In order 
to obtain a data record long enough in 
time to determine the statistical 
quantities of waves on a sea wall and 
to predict the rate of reflection from 
a sea wall. a field study was carried 
out on a sloping sea wall constructed 
of step-shaped concrete blocks. During 
the field experiment and in the proc
essing of the data some problems were 
encountered. A 16 mm camera experi
enced mechanical problems and a portion 
of the data record could not be used, 
even though data from'a video camera 
could be substituted into the inter
rupted record. The output voltage of 
the run-up meter got lower with time 
elapsed caused by the adhering of dust 
in the sea to the capacitance wire. 

During the data processing, malfunc
tioning of a film digitizer occurred 
and some roles of film will to be 
digitized again. At present, the films 
have not been completely digitized and 
further analysis will be carried out 
for that portion of the data. Thus, 
since limited amount of data are avail
able for analysis at this point, the 
results in this report should be con
sidered preliminary. Results from the 
complete analysis will be reported in 
the near future. 

2. Field Observation 

The field study was carried out on 
may 6, 1989, at Nakayari beach facing 
to the Pacific Ocean, located at the 
norther end of the Kujuukuri Coast at a 
distance of about 80 km from the Tokyo 
(see, Fig. 1). At this beach the 
sloping sea wall was continuously 
constructed using different kinds of 
concrete blocks in a section of several 
hundred meters along shore. 

The portion of sloping sea wall 
investigated in this study was con
structed by a step-shaped concrete 

TOKYO 

50km 

Fig. 1 Location map of experimental site. 
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block called "Cross Akmon Float Type" 
as shown in photo 1. The slope of the 
sea wal 1 was 1 /3. A target maker stick 
array for photographing the wave run-up 
was prepared on the slope normal to the 
sea wall. The interval between the 
sticks was not constant since the 
sticks were installed in the gaps of 
the concrete blocks. The horizontal 
distance between the sticks varied 
between 1 and 1. 5 m. Along the seaward 
extension of the stick array, six poles 
we r e i n s t a l 1 e d t o be u s e d f o r w av e 
measurements. A capacitance-type were 
gage (run-up meter) was also stretched 
along the stick array. Figure 2 illus
trates the beach profile, plan, and the 
arrangement of instrumentation. At 
Sts. 3 and 4, an electromagnetic cur
rent meter and a capacitance-type wave 
gage were also attached. Figure 3 
shows and enlargement of the sea wall 
slope and the stick array. There sets 
of 16 mm memo-motion cameras were 
employed in the experiment. Two sets 
were prepared on the top of the sea 
wall to photograph the poles located in 

Photo 1 Stick array and run-up meter. 
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Fig. 2 Beach profile, and arrangement of 
instrumentation. 

6 Kita-kujukuri, 6 May, 1989 
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Fig. 3 Assumed compound slope for the 
swash zone. 

the sea, providing information of the 
wave conditions seaward of the sea 
wall. A scaffold was elevated at the 
midpoint of the slope approximately 30 
m south of the stick array to photo
graph the waves on the slope from the 
side. Swash oscillation of the water 
surface along to the stick array were 
recorded by a pair of 16 mm film cam
eras placed on the scaffold at a shoot
ing interval of 0. 2 s. 
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The data recording system and the 
procedures used in the data processing 
are described in Takezawa and Kubota 
[1] included in these Proceedings. The 
data collection started at 16:40 and 
ended at 17:40, giving an experimental 
duration of 50 min. The measurements 
were performed immediately before and 
after high tide and no appreciable 
change in tide level was observed. The 
average breaker 1 ine was located be
tween Sts. 2 and 3. The breaker-type 
was plunging and incident wave direc
tion was almost normal to the shore
! in e. 

3. 1 Raw Data 

Figure 4(a) shows a comparison of 
the swash oscillation data obtained by 
the 16 mm cameras and the run-up meter. 
The broken line gives the oscillation 
as recorded by the 16 mm cameras and in 
this case the time series of the swash 
had a step-type character corresponding 
to the slope of the sea wall. The 
recorded profiles are approximately the 
same using the cameras or the run-up 
meter However, there is a tendency 
that the profile crests recorded by the 
16 mm cameras are higher than those 

·recorded by the run-up meter, whereas 
the troughs given by the 16 mm cameras 
are lower than those given by the run
up meter. At the present stage, analy
sis have not been completed to provide 
information on how to deal with the 
step-'shaped wave profiles, and which 
data should be used for determining the 
wave characteristics. For sake of 
convenience, the swash oscillation data 
obtained by the run-up meter wi 11 be 
employed in the present analysis. 
Detailed discussion pertaining to the 
both data sets and associated results 
are deferred to future work. 

Figure 4(b) displays a portion of 
the sea surface elevation recorded at 
Sts. 2, 3 and 4, and for the swash 
osc i 11 at ion. The passage of the wave 
crests for primary individual waves [2] 
may easily be followed from St. 2 to 
the swash on the slope. At St. 3 and 
St 4, many smal 1 waves can be identi
fied between the primary waves. Those 
waves were generated in connecting with 
the wave breaking and reflection from 
the sea wall slope. In front of the 
sea wall it was often observed that 
reflected waves encountered incoming 
waves, being combined into one wave 
which rapidly increased in height, and 
broke almost instantaneously, resulting 
i n 1 a r g e d i s t u r b a n c··e s o f t h e w a t e r 
surface. 
Table 1 gives statistically representa
tive waves of the adjusted data by 
zero-down crossing method. 
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Fig. 4 Time series of raw data.' 

Table 1 Statistically representative 
waves. 

Kita-kujukuri 6 May 1989 
Depth No of Wave height Wave pe-riod 

Station 

number 
h waves Hm, Hmeari Hma• H1110 H113 Tmeon Tma• T,,,D T11:i 

(cm) (cm) (cm) (cm) (cm) (cmJ ( s) ( s) (s) (s) 

St. 2 191 483 69 61 169 126 98 6. 3 9. 3 9. 1 8.6 

St. 3 178 505 53 46 130 94 76 6. 0 8. 7 8.9 7.9 

SI. 4 214 541 63 56 1 7 2 116 91 5. 6 4.8 8.3 7. 6 

St. 5 141 589 61 55 1 3 3 1 07 87 5. 1 5. 5 8.4 7.4 

St. 6 74 61 7 62 56 162 106 86 4. 9 6.4 7.0 6 .1 

Swash 0 363 81 75 16 3 127 109 8. 3 3. 2 12.6 11.4 

(adjusted data, zeoro-dO\¥"n crossing method) 

3. 2 Distribution of Wave Height and 
Period 

Figure 5 shows the distribution of 
wave height and period defined by using 
the zero-down crossing method. The 
number of. waves identified for the 
adjusted data at St. 3 is large. The 
reason for this may be the interaction 
between outgoing and incoming waves as 
described before. The number of waves 
defined at St. 2 for the adjusted and 
the filtered data is almost the same. 
Station 2 was located at a position 
where waves increased in height due to 
shoaling and the small waves induced by 
wave breaking did not appear between 
the primary waves, even though large 
waves sometimes broke. The wave height 
of the standing waves rapidly decreased 
with distance offshore [3]. Station 2 
was located at a considerable distance 
from the sea wall and therefore it is 
inferred that the long period waves, 
which formed the standing waves, only 
influenced the wave field at St. 2 to a 
1 esse r degree. 
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Fig. 5 Distribution of wave height and period. 

Figure 6 shows the joint distribu
tion of wave height and period at Sts. 
2 and 3, and for the swash oscillation. 
At St. 3, there is a strong correlation 
between wave height and period in the 
region of small of wave heights and 
periods. However, the correlation 
between wave height and period is weak 
for the swash oscillation. 

Figure 7 illustrates the differ
ences obtained in the identified wave 
height and period when using the zero
down crossing method. It is not possi
ble to find any significant differ
ences. 

3. 3 Spectral Consideration 

Figure 8 shows the power spectral 
density function of the sea surface 
elevation at St. 2, St. 3, and the 
swash oscillation. The power at St. 2 
and St. 3 is almost of the same order 
at a frequency around 0. 07 Hz. The 
power at St. 3 is smaller than that at 
St. 2 in the range from 0. 07 Hz to 0. 3 
Hz. This probably due to energy loss 
mainly generated by wave breaking as 
the waves propagate from St. 2 to St. 3. 
Figure 9 shows the cross spectral 
density function between the sea sur
face elevation and the on-offsho're 
component of the water particle veloci
ty at St. 3. In Fig. 9, a remarkable 
difference is noted as compared to what 
is observed on natural beaches, for 
example at Oarai Beach [1] and Hazaki 
Beach [4], reported in other papers in 
these Proceedings. Changes in the sign 
of the phase function and corresponding 
depression minima in the coherence 
function often appeared in the frequen
cy range below 0. 16 Hz. This implies 
that waves had a frequency of O. 1 6 Hz 
form on-offshore standing waves. 
Abrupt changes in the phase function 
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Fig. 6 Joint distiibution of wave height 
and period. 

and pronounced minima in the coherence 
may be found in the frequency range 
below 0. 07 Hz. The change in phase and 
the corresponding minimum in the coher
ence are in the range 0. 07 Hz to 0. 16 
Hz, even though the minimum in the 
coherence function is small. 
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Fig. 7 Comparison of distribution of wave height and Fig. 8 Power spectral 
period using the zero-up and zero-down density function. 
crossing method. 

Figure 10 displays a portion of 
the resolved incident and reflected 

waves by using the method of quasi
nonl inear long standing theory (4, 5]. 
Incoming and outgoing primary waves may 
easily be identified. Figure 11 shows 
the power spectral density function of 
incident and reflected waves at St. 3 
and St. 4. and the swash oscillation. 
The power of the incident and reflected 
waves becomes roughly the some at 0.07 
Hz. The power of the reflected waves 
decreases in the frequency range from 
O. 07 Hz to 0. 7 Hz. However, the rate 
of reduction is smaller than that on 
natural beaches. This fact means that 
incident waves in the range from O. 07 
Hz to 0. 7 Hz were highly reflected. 
Further more, it is difficult to find a 
frequency where the power of the re
f 1 ected waves begin to increase, ind i
cat i ng that partially standing waves 
are forming. 

From the above considerations, it 
is inferred that waves below 0. 07 Hz 
from on-offshore standing waves, and 
waves in the range from 0. 07 Hz to 0. 1 6 
Hz form partially standing waves expe
riencing breaking, but with a high rate 
of energy returning to the offshore. 

Figure 12 shows the joint distri
bution of wave height and period for 
observed, incident, and reflected waves 
at St. 3. The distribution of the 
incident waves has two maxima as may be 
found in the breaker zone on natural 
beaches. The distribution of the 
reflected waves shows that waves in the 
period range of 5 to 15 s, which were 
ordinary wind waves, were reflected to 
the offshore with a rather high waves 
height. 

Pig. 10 Example of resolved' incident ahd 
reflected waves. 

3. 4 Rate of Reflection 

The rate 
determined as 
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Fig. 11 Power spectral density function of resolved incident and 
reflected waves. 

reflected and incident wave heights 
(defined as the reflection coefficient) 
for the primary waves. However, inci
dent wave usually experienced wave 
height deformation by shoaling, brak
ing, and dissipation in the surf zone. 
These phenomena are not taken into the 
present consideration when separating 
incoming and outgoing waves. The 
reflection coefficient of primary waves 
obtained by Kubota et al. l6J for a 
steep natural beach face provided 
unexpectedly high values. They sug
gested that further examination regard
ing an appropriate definition of the 
reflection coefficient was needed. The 
results from the reflection coefficient 
calculations will be presented after 
data have been analyzed in detail. 

The ratio of the square root of 
the mean sea surface variation of the 
reflected and incident waves, which 
implies, an average reflection coeffi
cient, were 0. 48 at St. 3 and 0. 59 at 
St. 4. These values approximately 
agrees with those obtained by TakeKzawa 
et al. [6] on a steep swash slope, but 
are somewhat larger than what have been 
obtained in laboratory experiment. 

4. Concluding Remarks 
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The measuring system which was 
successfully employed on natural beach
es experienced some difficulties when 
used on the concrete block slope of a 
sea wall. One problem was adhesion of 
dust to the capacitance wire, resulting 
in a lowering of the output voltage. 
The wire had to be occasionally 
cleaned up and careful verification of 
the data had to be perform. The moving 
sand which is transported up and down 
in the swash probably cleans up the 

Fig. 12 Joint distribution of wave height 
and period for observed·, and 
resolved incident and reflected 
waves. 
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dust adhered to the wire on the sandy 
swash slope. The sea wall slope stud
ied had an irregular configuration in 
both the offshore and longs ho re di rec
tion. When digitizing the 16 mm film, 
deciding the location of the water's 
edge during down swash was especially 
difficult. In future field studies of 
swash oscillation on artificial con
crete clock sea wall slopes, further 
improvement of the measuring system 
will be made to allow more detailed 
analysis than what was carried out for 
the present data. 
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INSTANTANEOUS ELECTROMAGNETIC MEAN SEA 

LEVEL ······ IEMSEL 

Qiu Xing Ya, Shen Yi Shin 

Tongji University, China 

Abstract 

Althouoh the work frequency of Radar 
altimeter is microwave·band, but owino 
to the atmosphere refraction, the beam 
brinos deviation, so, the measured 
distance is not the vertical distance, 
and the beam illuminated point drifts 
off lhe sub-astral point, Lhcrcfore, 
the measured wavc-hioh is not accur~tc, 
In order to improve the measureino 
accruacy, there arc sevcra l error 
correclion formulas and the position 
revision mclhod of i lluminatcd point 
arc presented in this artical. 

IL is valuable of lhc beam 
refraction correction and i l luminalcd 
poinl dcvialion revision of lhe Radar 
allimcter to lhc occa plztlform cnoineer, 
Lide prediction, marine survey and 
mi l i lary. 

Inlroduclion 

1\11 c\cv<1Lion surv(:y in ~Jco:-;cicncc 
Which was prcscnled for lhe firsl Lime 
in 1%(J, is now bein~] realized, in facl, 
U1c salellilc~ <1llimclry is <111 reverse 
\evellin:J 111clhod, the accuracy can be 
in ccnlimclrc order if lhis mclhod is 
used Lo measure lhe hioht of lhc 
seawave. 

In lhe ocneral melhod of Lhe 
clev;,1lion survey, lrw alliludc is 
ueasurc~d up1v::1rd from Lhe ~woid ('.JCOdclic 
dalu111), bul in lhe salellile <illimclry, 
Lhc rcfcrc11cc dalum is Ll1c :-;table 
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platform in orbit of known altitude, 
and the measurement. is from that 
platform virtically downward. 

The measurement of this· vertical 
distance is carried out by the Nadir 
pointed Radar on that stable platform, 
and the platform is assumed to be the 
reference system of motion, the antenna 
axis (actually the electrical axis) of 
Radar is always pointing to the Nadir 
celestial sphere. 

The ·Radar wouks at Ul!F, and 
transmission pulse, in which the pulse 
Width is 10, 100 ns 250 rpps loward· the 
earth (or sea surface). In the 
measurement of the sea surface~ vertical 
distance measured by tht Radar altimeter 
is the "Instantaneous vertical 
distance". The difference between the 
rms of Lhe measured vertical distance of 

Lhe whole sea area and the allilude of 
the satellilc is defined Lo be, 
"Inslanlaneous Electromaonelic Mean 

Sea Level". evidenty, the Inslanlancous 
El eel romaone tic Mean sea level· (I l:MSL) 
is rel 8 led Lo lhe mean sea l evcl and 
the oeodclic clalum, Lhc rclalion is as 
fol lowino, 

hu = hs - ha - .6.h .... .. .. .. .. (1) 
in which 

hu --- altitude from the ~Jcoddic 
da turn; 

hs --- distance from the satellite 
to the mass center of the 
earlh; 

ha --- a l t i tu d c of L he s a Le l l i Le 
from the cl l ipso i cl; 

L\h--- clynwni c cff ect due Lo sea. 
The rue~ Llicma Li c and phy i c mc;:in i n~J of 

above forrnu la is abv i ous clue lo Lhc 



epual gravi tafion fotce, the sea 
t surface has a particular characteris 
~ to maintain in epui l l ibrium state, so 
2 the t'esu lt of the measurement offered 
~ by the geodetic levelling, fhis relation 
gj, is represented straightforward in the 
g; fol lowing figure .1. 
OJ 
c ...... 
Et 
0 

0 u.. satelli t.e 
----- ..... satellite 

O:t'l>i t 

racking 
· system geoid. ·· .. 

··· s plleroid 
I 

earth. center of mass • 
f .ig\.lre 1 determine geoid 

From the JEMSL which is obtained 
from the measurements of sea dynamic, 
through data processing and r.ortecti on, 
we can obtain the mean sea level 
indirectly, is more realistic than the 
mP-an sea level obtained from the ti de 
observation, and is mote actual. 

Of course, the main conhibute ·of 
the satellite altimehy is not noly 
Ii mi ted th ls point, it spread over the 
reseatch to a sed es of all the physical 
phenomenon of the sea, such as ocean 
current, ocean geology, we can get more 
accurate data from the · satellite 
altimety in these area. 

But, in this apaer, we only deal 
with the accu1·ate calculation of the 

"lEMSL" and the actual measurement 
point position. 

• Determination of the IEMSL 

e Vertical distance & it's accuracy: 
The classical formula of pulse 

ranging method is 

0 = 1/2 • c • !;.. t .... ...... ... .••... (2) 

in which 
D --- distance obtained from the 

Radar beam ranging ( arc 
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"'"' distance) noted as. -0. 
C transmission velocity of the 

electromagnetic wave in space 
(Co/ fl , Co: tight velocity in 
the vacuum, fl : refractive 
index of the atmosphere); 

il t ---- ti me de lay between the 
received of return wave and the 
transmitted pulse. 

. for improvement the accuracy of the 
ranging,· it is adapted generally that in 
every ranging ti me element , more 
measurement is to be taken, and them 
get the average the result, i.e. 

D = ( D1 + D2+ --- + On) /n 
............... ... (3) 

~ 

in the equation 
n --- an i ntege t greater than 1 (i. 

e.n>t). 
From equation (~. the accuracy . in 

every ranging 'th-o; is re ta ted to 
measu1·ement of il t, that is the accuracy 
of ilt determine the accuracy of the 
IEMSL, the input data of t.he Radar 
altimeter, except the original data of 
the target, is the time (i. e .. the delay), 
which is consist of three parts. The 
first 'part is t;..1t, it is defined as the 
ti me difference between the trigger ti me 
from the transmi tte1· to the antenna, 
it's value is: 

il 1 t = 6 • 98.0 • 1 o-s • 2 • ·ha .. / c 

.................. (4) 

in which 
ha --- height of the satellite; 
c --- electromagnetic wave speed. 
The second part il 2t is the time 

de lay induced by the execution ti me of 
the software in the al ti tu de tracer, 
it's value is 

il2t = 73. 5 ms .................. (5) 

The third part ilJt is propaaation 
delay of the electromagnetic wave, it 
equal to the one way transition time i. 
e. 

All the above time delay is 
increase the measured time, so 

(o) 

to 
thf' 



t total correct calculation of the 
....., mark shou Id be: 

time 

:Y. 
(l) 

+-' 

St 
0 

0 
.t.L. 

.: - (6 • 980 • 10-6 - 2 • ha/ C 

- 73. 5 • 10-3 - ha/C 

= ha/C - 79. 38 • to·3 

.................. (7) 

From Eq. (4). (6). (7), the time delay 
ti. t is re lated to ha, then, the rev1s1119 

- of ha can be obtained from the revising 
of ti. t, vice versa. . 
• The calculation of the rev1s111g 
value of the ranging due to the instable 
of electromagnetic wave ·proapgation 
velocity. 

It is proved in experiment that thP. 
speed of the electromagnetic wave is 
related to the fransimission medium and 
it's density. To say it move correctly, 
the pulse energy of the altime ter after 
it transverse the outer space will 
passing through the ionosphere, 
troposphere and stretosphere, the speed 
in passing there are not equals each 
other, and then the ti. t wi l l be var.i es 
due to the value c is not a constant! 

Differentiate eq. (2) which respect 
to c, and keep the other value in the 
right of the equation to be unvaried and 
after conversing the value to the 
resultant increment, we gel: 

ti.hac = ha• ti.c/c .................. (8) 

On the other hand, the propagation 
velocity of the radio wave in the a
tmosphere is related to refraction index 
of atmosphere, that is c = co/ YI and 
ri =JS. The recent va Lue of c is 
Co=299, 79245 ± 1. 2 m/s ( ri : atmospnete 
refraction index, s =ai electric constant 
of atmosphere), under the condition 

. I 

rio = 1.0003245. ·differentiate above 
equation with respect to ri and after 
changing it into the ultimate increament 
we can obtain ' 

il C = Co/ 1'l 2 • ti, Y] .. • ........ • .. • .. • (9) 

substitute the ti. c in this equation and 
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the c in the prior to eq. (8), we get 

ti.hac= -ha • f:::.. 1'l / Y] ............... (10) 

If the unit of ti.hac is meter, ha is 
in ki Lometer, and consider that ri = 1 , 
then the baove eqation can be simplified 
to the following form, that is 

ilhac = - il l1 • h. • 10-3 Km 
............... (11) 

in the Radar measurement, the ti. ri in 
above equation, can be obtained as the 
difference value from the refraction 
index of each atmosphere Layer as ( see 
figure 2) 

ti.ri = (ilYlo - (ilri1+ti.ri1)/2) 

+ ...... .................. (12) 

figure 2 

and the YI i. YI 2, YI a, • .. can be obtained 
from the data in the meteorological 
observation, and the il YI 1, f:::.. ri 2, ... can 
be calculation from the forulas 
presented by p. m. roucheha in 1950, that 
is 

• (5709/T1-14.5)) 

il ri 2 = P:/T2 • l 105. 5 + K:/Pz 

• (5709/T2-14. 5) J 



t 
+-' >< ••••••••••••••••••••••••••••••••••••••••••••• 
OJ 

+-' ••••••••••••••• (13) 

in which Vi 
OJ 
en 
<;\) P 1 ,P~ --- pressure of the first 
0. 
OJ & second layer atmosphere; 
-:::: Ti. T2 --- abso tut tempetature of the 
s 
0 

0 
l1.. 

first & second layer atmospaere; 
K1, K2 --- absolute temperature. 

e Ranging error induced by the jitter 
of the modulated pulse's leading edge 

Although the repetation frequency of 
Radar altimeter is highly stable, but 
the high frquchey leading edge of 
transmitter outpdt is jitter when the, 
modulator is triggered by pulae (due to 
flutter of the leading edge of modulated 
pulse grented by the modulator tube) , 
then this error is generating in ranging: 
The experience expression that the Radar 
for using hard modulation tube, the 
Jitter can be contra lled within the 
order 0.1-0.02 µs that mean the 
ranging errm can be controled within 
range of 1. 5-3m, in addition, this 
jitter increased to the order of a few 
tenths of 1 µ s, if the modulator adapte 
soft modulation. tube, and the induced 
ranging error is more! 
e Error due to pulse compression 
technoloay 

In the Radar of new type, most of 
them adapt the "pulse compression" 
technology, in the Radar using liner 
f rqency modulation system, two ranging 
error can be generated, one is the 
distance error had which is induced from 
the dopplor frequency of the returned 
signal and can be expressed as: 

had = 150 t f d/Bs ... ·............ (14) 

in which 
-r --- pulse width of the input 

signal (befor pulse compression); 
Bs --~width of the signal spectrum 

at 3db poi n t; 
fd --- Doppler freqeency. 

e Attitude error is caused that due to 
the position error of the satellite 
orbit 

Because of the radial orbit error is 
a relative large error as comparerl with 
the error in the geod leveling, special 
attention should be given to this error. 

We can analyse the relative error for 
every orbit, the influence of error of 
the station position error, error of the 
gravitation field model, error of 
'refration etc. these etror ate 
proportion to the altitude. Investigate 
these orbit, it can optimize the orbit 
altitude calculation at every pass of 
the satellite. These error can be 
reduced 10 cm after correct ion. 
9 ·Vertical distance errnr due to 
direction pointing error 

Even if the altitude measurements if 
very correct, but if the beam .ditection 
pointing get error, the vert i ca I. 
distance ranging get error to do, this 
error is noted as ,6.had. 

The Nadir point direction can be 
determinated by the antenna direction 
characteristic patter, direction pointing 
error can be determinated by analyse the 
trailling edge of the return signal (see 
figure 3. ) If there is error in the 

o.6 
0.55 
0.50 
0.15 p. 
p. 

0.25 

0 . 50 100 150 200 250 JOO ,so 400 
time ens) 

pointing, there is the distortion in the 
amplitude (variation in slope), the system 
is more sensitive. to the direction 
pointing error when the direction 
angle of the antenna is small. . 
than the pulse width, because of the bad 
influence to the front of the return 
signal caused by the direction point 
error. So, it is valuable to improve the 
accuracy in the rangina and altitude 
measured. 

We know from the figure 3, the 
trailing edge of the return pulse is 
most unsensitive with respect to surge 
of the sea surface, then it is properly 
be chosen as to determine enor of 
direction pointing accuracy. Throurih the 
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f correction of this error, the residual 
...., error in the pointing can be reduced to 
~ about 10 cm, i. e. 
+' 

,6.had = 10 Cm .................. (15) 

GJ • Vertical distance error due to. multi 
c -path propagation 
s 
o The side lobe wave can also be 
0 

LL. 

reflected by the sea surface when the 
direct reflect wave is superposed with 
the reflectionwave of the side lobe. In 
results, the signal to be fluctuation 
and the energy:center of the superposed 
signal is then shifted as with respect 
to the energy ecnter of the direct 
reflected signal. The average value of 
this error is 

hnn = Re• sin8 • h/ .../Gst 
.................. (16) 

Where 
Re --- refraction coefficient of the 

sea surface; 
h --- altitude of the antenna center 

from the sea surface; 
Gst --- power ratio of the signal 

8 --- beam incidence angle. 

e Error in the data transmission 
system and measureing-reading, digitizing 

If the output of altimeter Is 
digital not an analogous, the data 
transimission system, measureing-rading 
system and digitizing do not create any 
error, but ,there is still exists error 
in the digitizing. The neasureing error 
is related to the minimum unit in 
digitizing, the ranging system should be 
setting-up at ground before lauching 
into orbit. The residual error after 
setting-up is called as "normaling 
error" (i.e. normaliztion error), the 
accruacy of zero setting is restricted 
by the measurized interval. so, the 
normalized error can not be less tnan 
the measurized error. 
8 Error due to the targeta l dynamic 

The sea state always ever-changing, 
the wave silrge hi9ht which mean thP 
equivalent reflective areo, of the Radar 
altimeter varies also. this ~ausps 
amplitude fluctuation. Hut this 
fluct1iati 011 is random, so it cal I ed ;;1s 

"amrl itude noise" . It 111;-11\r.s the 
intensity of the reflected wave varing. 
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To say in principle, due to the 
automatic controlled cirr,uit (AGC) in 
the i nsfrument, the amplitude 
fluctuation of target did not cause 
ranging error, but depend on essentially 
how width on the band-widh of AGC 
circuit, and whether dynamic range of it 
is large enough or not! even though, 
the AGC can not cancel the error 
thoroughly, in actual there remains 
little, but it does not influence the 
determination of the "IEMSL" and can 
be neg l ecled. 
• Measure i ng erroi- due to the sea 
surface influence 

The wave on the sea surface can 
cause an error in the measureing, the 
deviatin is between the true mean sea 
level and the actually measurd ses 
level, this error is small, but it's 
mathematics model can not be given and 
the accurate correction not al so, it can 
only be estimated. 

The data of the sea surge altitude 
can be obtained by analyse the leading 
edg~. of the reflected wave sigbal as it 
doe's in the ordinary Radar. The ranging 
resolution is related to pulse width. 
higher ranging resolution can be 
obtained with narrow pulse. The width of 
pules is as narrow as 2- 3 ns in the 
recent Racar, and the resolution is well 
than 10 cm, and the error of the l nf tuei1ce 
by sea surface is estimatedas 0.7 m or 
more, i. e. 

haoc = 0. 75 m ............... (17) 

finally, we gel: 

ha = 0-,6.hac-.6.had-,6.hab-.6.ham 
- .6.haoc - 1. 5 m ......... (18) 

II Determination of the position at 
which the IEMSL, is actually measured, 

In this section, we shall discuss 
the determination of the position of 
marker point while the sea area of the 
IEMSL is measured when all the vertical 
distance error and the estimete or 
calculation of the correction value is 
achi ved. 

The error revision varioi1s have been 
discovered in th(~ referenPc vario11s. now 



t shall presentation my self-work 
.,.... effort. and I hope that this effort have 
~ conhihution to PACON 90-r.onvention. 
~ In general, the actual position of 
~ the ocar.a area is not useful, but, in 
~ the some special reverse altitude 
0. measuring point, orovide an accurate G'l 1' 

c position is practical useful to the 
5 plat form engineer and the surveyer, for 
0 example, provide the maximal sea wave 

u.... hight of some. special econmic value 
place and it's accurate position. 

In the f igute 4, assumption 11 S" is 
satellite instantaneous position in the 
space, and the "S' " is subastra l 

A 

satellite 
$ 

I sub astral 
s point 

actual measument 
point 1 

figure 4 

point posit ion to sate I lite, then the 
geography coordimation of "S'" can be 
obtainted by following two formlas 

Sin(<l>)s• = sin(u) · sin(i); 

= t g ( u) • ms ( i ) (19) 

Where 
~s· --- geography latiturle of the 

subastral point; 
ls• --- longtiturle ofthe suhastral 

point 
u --- the argment of latitude 

point; 
--- an incillination of satellite 
orbit; 

AN --- longtitude ofthe latitude 
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point, 
Te --- equal to earth's 1'otational 

period of a sidereal day; 
tN1 --- the ti me of satellite across 

pass· latitude point in first. 
To say from theory, the position of 

the measrued point by Radar altimeter 
beam illumibation should be the position 
of subastral point, but the actual 
position of measuring point offset the 
subastral pointdue due to the beam 
curved by refrection, thei-efor, we wust 
be shift the position of subasiral point 
by means of above formulas, as such, we 
can ~eti ng true instantaneous pas it ion 
of the measud ng point, get from figure 
4. -O --- the are distance measured by 
Radar altimeter; 

ha---:- approximate vertical distance 
which corrected by errnrs to the 
arc distance D. 
in the spherical trigonometer b.ASS', 

....... 
Cos (AS') = cos (0) cos (ha) + 

sin (0) sin (ha) cos e 0 

............... (20) 

in which , the 0, ha is known, and the 
e 0 is angleal between the start point 
of beam ray and vertical line, it's 
computation formula is 

cos 90 = a ri.·cos e / YJ (a+h) (21) 

where 
a --- the raius of earth; 
h --- the hight of 1'aY; 
e --- the angle between the beam ray 

and the horizon; 
n. ---the refraction index of 

atmosphere at grnund. 
so, the actual position of beam i llumina 
tional point is: 

~ = <l> s' 1- AS' 
............ (22} 

A = 'A s' :!.: AS' 

the ± sign above formula depend on the 
direction of the satellite flying and 
earth rotation, arc distance can be 
obtainted by solution the eq. (20). 

The eq. (22) only apply to the 



t' equatoral orbit or polar orbit, but, 
fol lowing formula can be fit to any 

+' 
x orbit which . an incillination of 
<lJ 

.,_, satellite orbit is small th'an CJ0° , i,e. 
~ r-.. 

g1 <!> = <P s' + 180 • (As') • sin ( i) / (a • rr )" 
0. 

r~ 
OJ 
c A = .As 1 +180 •(As')• cos(i) 
~ / (a • rr cos ( <!>)) 

0 
LI... 

............... (23) 
in which 

i --- an inciliantion of satellite 
orbit; 

a --- the equatorial radius of earth. 

9 Ref ereneo 
S. H. Lauri la: ((Electroic survey 

& navigation )) 1967 
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A STUDY BY SUN GLITTER ON SEA SURFACE 

Maki Enomoto, Manabu Kato and Jun Takahana, Toshimasa Kawanisi 

College of Science & Technology, Nihon University, Japan 

1. Preface 

For the comfortable living on the 
coast or sea, psychological and physical 
effects to the various environmental 
conditions peculiar to the sea such as 
shaking, salt, wind, wave sound, 
temperature and humidity, and light must 
be considered. When we turn our 
attention to the optical environment, we 
can notice the spicular-reflected light 
of the sea surface by sun, which is a 
major factor different from on land, on 
the sea of fine days. 

This is called the sun-glitter and 
is an important visual environment 
factor peculiar to the seascape. This 
is caused by the spicular-reflection of 
light on the sea waves and has numerous 
brightening points with frequently and 
extremely changing luminances, and 
changes its aspect in accordance with 
the weather and the position of the 
sun!> . The beautiful golden or silver 
glittering in the evening is called ''The 
Load to Happiness" in other words and 
gives comfortable feeling to man2 I. On 
the other hand, the glaring glitter in 
the daytime seems to be given an eye 
fatigue or temporary visual acuity drop 
as well as an discomfort feeling because 
of high luminances. The psychological 
and physiological phenomena due to light 
stimulus like this are called "glare" 
with the former as "discomfort glare" 
and the latter as "disability glare". 
"The glare" is the most important factor 
which dominates the quality of visual 
environment31, 

The purpose of the present study is 
to evaluate the relation between the 
physical value and psychological affect 
of discomfort and comfort glare (here 

after called glare). Using an image 
analysis apparatus enabled us to 
discover a method of classification for 
the physical properties of sun-glitter. 

2. Outline of Experiment 

This experiment was conducted on a 
clear December day at the Makuhari Coast 
in Chiba Prefecture(fig.1). A total of 
13 readings were taken at 3° intervals 
(about 20 minutes apart) beginning at 12 
noon. 

2-1. Outline of Image Analysis Apparatus 

a. Measurement System 

Fig.2 indicates the block diagram of 
measurement system and tab. 1 indicates 
details of each equipment. 
The luminance distribution appears as an 
illuminance distribution on image space 
on CCD camera "XC-77"(SONY-MADE) through 
the 16(mm) standard lens. 
A video signal which is directly 
proportional to an illuminance 
distribution is transmitted from a CCD 
camera. And the video signal is 
converted into the luminance signal of 
64 tone by analog digital converter of 
image processing board "FDM-4"lPHOTORON
MADE). 
This converted image is analyzed by a 
personal computer "PC-9801VM-2l"(NEC
MADE). 

b. Character and Correction of Each 
System 

The spectral responsivity of CCD 
camera largely differs from the standard 
relative luminous efficiency V( ) which 
is indicated in fig. 3. Therefore, We 
used a color correction filter 
"No.102"(KODAK-MADE) and an infrared
rays-cut-filter"IR". 
As a result, there is only 5-9% 
difference between the results of this 
correction and the standard relative 
luminous efficiency. 
Fig.4 show the relativity of the 

incident luminance and the reference 
voltage on the image processing board 
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according to the F-number of a camera. 
The light source for fig.4 was the 
lambertian surface made out of a white 
acrytic board lighted by an incandescent 
lamp form the rear. As a result, their 
relation was proportional. 

Po.clflc Ocean 

Fig.1 Measurement Point 

Video Signal 
~--~== 

>----<i:::==:::J,------i V.ideo Tepe Recorder o=ffi:rn-i 
CCD Camera 

Video Signal 

Video Signal 

Image Pcoce•si"g~ 

D 
Monitor Television 

Personal Computer 

Fig.2 Block Diagram of Measurement System 

Tab.! Machine Parts and Specifications 

Camera Tube Spesification : Solid State Image Specification 
(Type of Interline) 

camera Tybe Area : 8.8x6.6[mm] (size of 2/Jin.) 
CCD camera Ufective Picture Elements : 768(H) X493(V) 

S/N Ratio : More Than 5U[dbl 
Camera Corrector : r=l 

16[mm]Standard Lens Horizontal Angle of View : 30.4U' 
Vertical Angle of View : 23.18' 

Image Processing Board Resolution : 256X256 
AID Converter : 6 Bi ts , ti4Tone 
Sampling Time : Jmage/fime 1/50[sec] 
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~ ,., • IR ~ 
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Fig.3 Relative Luminous Efficienty Curve 
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Fig.4 Rataion of Luminance and Referenc Voltage 

2-2. Measurement of Physical Value 

We measured the following four 
physical values which were predicted to 
have an affect on glare and the direct 
sunlight ratio. 

a. Sun-Glitter Luminance 

The sun-glitter luminances is an 
index of light intensity and we measured 
the maximum luminances by scanning the 
sun-glitter part with a luminance meter 
of visibility angle 1° 

b. Luminance Ratio 

This is an index indicating the 
grade of contrast to the circumferential 
sea surface and we calculated it as the 
ratio of the sun-glitter luminances 
the maximum luminances 
circumferential blue sea surface. 

c. Configuration Factor 

over 
of 

This is an index indicating the 
apparent size of the reflected image and 
we calculated it as the ratio of area 
over the visual field area, using sea 
surface photograph taken by a fisheye 
camera set vertically to the sea 
surface. 
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d. Luminance Distribution 

The luminance distribution is an 
index of a grade of irregular luminances 
in a visual field investigated and an 
important physical value on discussion 
of glare. We calculated the amount of 
scattered luminances distribution by 
obtaining the image data of the 
luminances distribution of the sea 
surface with an image analysis apparatus 
using CCD camera, as the index 
indicating the grade of luminances 
variation. Fig.5(a) shows eight stages 
of simulated color indications of the 
luminances distribution of the sea 
surface investigated. We obtained the 
luminances ratio distribution as shown 
in fig.5(b) by performing an image 
operation to extract luminances 
difference between neighboring picture 
elements. After that, we made Lorentz 
diagram from this image histogram to 
numerically indicate the concentration 
of distribution and calculated the 
amount of scatter. 

e. Direct Sunlight Ratio 

This is an index to indicate an 
incident ratio of direct sunlight at the 
time of measurement and we obtained an 
illumination ratio of direct sunlight of 
horizontal plane at the daytime with an 
illumination meter. 

3. Result and Consideration 

We classified the weather 
conditions for each measurement by the 
sun-glitter luminances shown in fig.6 
and the variation of direct sunlight 
ratio. 

In the measurement under 10 percent 
of direct sunlight ratio, we classified 
Dl and D2 as the clouded sky because the 
sun was covered by cloud, Yl and Y2 as 
the evening because the direct sunlight 

was diminished by the air with under 10° 
of the sun altitude regardless of fine 
day and the others Sl to S9 as the blue 
sky. 

When the sun-glitter of each 
measurements was classified by physical 
value, the relationship of luminances 
and solid-angle projection ratio is 
shown in fig.7, and the r~lationship of 
luminances ratio and luminances 
distribution is shown in fig. 8. As a 
result, type A consisting of sun-glitter 
on the clouded sky and evening 
concentrated in the territory of weak 
luminances and small reflection plane. 
At the blue sky, it has larger 
reflection image and amount of 
scattering in the case of 30° to 20° sun 

altitude, having B and C types with 
different luminances and contrast. Type 
D with 20° to 10° sun altitude has very 
strong luminances and contrast, but 
smailer sun-glitter, because of slender 
pattern of reflection image, than other 
sun-glitter of the blue sky. The result 
of classification is shown in tab.2. 

(a) L .. inance Distribution (b)Llllinances Ratio Distribution 
t'ig.5 F.xuple of luge Analysis· 
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Fig.6 Varies of Sun-Glitter Llainance 
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Fig. 7 The Relation of The Sea Surface Reflection 
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Tab.2 Classificatioo of Sun-Glitter by Physical Value 

Ph.vsical Value of Suri-Glitter 
The Sea Surfac 

Type Investigated 
Luminance, i.ullinance Ratio Reflectioo Image Allount of Scattering 

A 01,02,YI, Y2 Very Low Small Small 

B Sl,S2,S5 Low Large Large 

c s:J,S4 Strong Large Large 

0 S6,S7,S8,S9 Very Strong Sllall Large 

References 

1) Maki Enomoto, Toshimasa Kawanisi, and 
Wataru Kato Measurement of 
Luminance Distribution on the Sea 
Surface for Comfortable Living 
Space , OCEANS' 88 Proceedings Vol. 2 
by M.T.S. and I.E.E.E. Oct 1988, 
P276-281. 

2) Motoaki Kishino : Some Ploblems of 
Light Near Sea Surface Marine 
Science , Vol.4 No.9 Pll 
16,Sep,1972 

3) The Illumination Engineering 
Institute of Japan Better 
Lighting , P76 , 1977 

-315-



ROV '90- A TECHNOLOGY REPORT FROM 
VANCOUVER, BRITISH COLUMBIA 

Robert L. Wernli 

Naval Ocean Systems Center San Diego, California, USA 

ABSTRACT 

ROV '9 O was held in Vancouver, 
British Columbia, Canada during 25-27 
June, 1990. Due to the closeness of 
that conference to the PACON 1 90 
conference, it was not possible to 
prepare a written manuscript for the 
PACON conference proceedings. 
Therefore, it was decided to give an 
oral presentation in the Special 
Session on "News Events. 11 The ROV '90 
Proceedings will cover these topics in 
detail, and can be obtained from the 
Marine Technology Society, ROV 
Committee, P.O. Box 61149, San Diego, 
California, 92126, USA. 

This presentation will summarize the· 
most significant information presented 
at the ROV '90 conference in the areas 
of ROV applications, operational 
experience, and emerging technologies. 

The ROV '90 conference technical 
sessions included 67 papers from 12 
different countries. Subjects to be 
discussed will include combined 
operations of ROVs and manned 
submersibles, cable burial with the 
SCARAB IV, and Canada Is new SPIRIT 
autonomous vehicle program. Subsea 
intervention will include the latest 
ROV applications by STATOIL and Saga 
Petroleum and vehicle handling system 
designs. New applications for ROVs 
will address physical security, harbor 
defense, manganese nodule mining, 
oceanographic exploration, and tunnel 
inspections. Emerging technologies 
will address micronavigation, 
manipulators and control systems, 
tactile sensors, acoustic and fiber 
optic communications and ceramic 
pressure housings. 
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DEVELOPMENT OF INTEGRATED MARINE SURVEY 
SYSTEM AND APPLICATION FOR MARINE 
CONSTRUCTION WORKS 

Tadashi Matsumoto and Masafumi Sakai 

Taisei Corporation, Tokyo, Japan 

Abstract 

In marine development, especially marine 
construction work, an understanding of ocean 
phenomena is important. This understanding, 
however, has been lacking in the past due to 
undeveloped oceanographic observation 
technology. Recently, such technology allows 
us to collect and analyze various oceanographic 
data. In the future, the need for accurate 
oceanographic information will multiply 
paralleling the development of marine 
construction technology. 

Our system was developed in anticipation of 
future needs. It covers information processing 
steps ranging from the collection of 
oceanographic information to its analysis and 
evaluation. 

The system can simultaneously measure and 
analyze boat positioning, current, depth, 
seabed topography, sea temperature and other 
environmental factors in an integrated manner. 
Such data allows predictions and assessments of 
the marine environment through simulated tests. 
The system realizes high-precision and 
high-quality of data by the most recent 
ultrasonic and electronic innovations. 

This paper describes the 
system together with various 
marine construction. 

design of this 
applications to 

1. Introduction 

A new national land development policy is 
being put forward in Japan a policy 
befitting the central world economy in the 21st 
century. The expansion of highway and 
transportation networks, including such 
projects as the Trans-Tokyo Bay Highway and 
construction of the Honshu-Shikoku Bridges, 
forms the main axis of this policy which is 
designed to cope with internationalization, as 
exemplified by the New Kansai International 
Airport and by the growth of Tokyo into a major 
world capital. The 4th national comprehensive 
development plan has been also put forward 
against this background, g1v1ng a large-range 
point of view and leading various ministries 
and agencies to develop a range of water-front 
renovation concepts, such as the "Marine 
Community Polis Concept", and the "Aquamarine 
Plan". 

These examples indicate that land 
development in Japan cannot be discussed 
without considering the sea, and in fact most 
large-scale projects at the moment, including 
power stations, are planned for offshore site. 
However, conditions in marine areas differ 
greatly. Also, technical considerations range 
widely from planning, design, and construction 
stages through to maintenance after completion. 

Given this situation, an important aspect of 
marine development is the dissemination of data 
on marine conditions. The work involved is 
continuous through the processes which begin 
with planning, so every effort must be made to 
obtain adequate data of an appropriate 
accuracy. 

Conventional methods of data accumulation 
suffer from problems of accuracy and processing 
time, and the data is not readily usable 
because different readings are all taken 
separately. The marine survey system 
introduced here was developed specifically for 
the type of applications described, and it is a 
comprehensive system encompassing the entire 
range of user's needs. 
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2. Present Status of Marine Development 
and Outstanding Problems 

2.1 Plans for Large Marine Structures 

At the present time, plans for large marine 
structures are continually being announced and 
built. The Honshu-Shikoku Bridges, such as the 
Seto Bridges completed in 1988, the Akashi 
Kaikyo Bridge, and the Kurushima Kaikyo Bridge, 
are progressing, and New Kansai International 
Airport Project which is an offshore airport, 
the Trans-Tokyo Bay Highway including a tunnel 
and offshore artificial island, and the deep 
breakwater in Kamaishi Port are now under 
construction. Each of these large marine 
developments has its own unique site conditions 
and technical problems. For example, while the 
Honshu-Shikoku Bridges is a project 
necessitating marine construction at great 
depth and in extremely swift tidal currents, 
the Trans-Tokyo Bay Highway must be constructed 
in ultra-soft ground. Description of 
representative large-scale projects presently 
underway in Japan follows. 

The Akashi Kaikyo Bridge is to be 3,910 m 
long, linking Honshu and Awaji Island and it 
will be the world's longest suspension bridge 
when completed. Fig. 1 outlines the project, 
in which undersea operations are necessary for 
the main-tower foundations 2P and 3P. The 
laying-down caisson method is being used for 
construction of these foundations, and this 
method involves marine construction techniques 

such as seabed excavation, caisson towing, 
mooring and submerging of the caisson, scouring 
protection work, and concrete placement. 

The bridge site is subject to extremely 
difficult condition; 50 m-deep water and tidal 
currents of over 9 knots. Under these 
conditions, one requirement of the project is 
investigation and estimation of tidal currents 
and velocity, precise measurement of the seabed 
topography, etc. In addition, measurements 
over a long period of time are needed to 
control the excavated surface during 
construction and to control scouring after 
completion, and this constitutes an extremely 
difficult problem. 

Fig. 2 shows the Kurushima Bridge project. 
In particular, undersea operations are 
difficult in SP foundation. The marine 
construction work at this location may be 
undertaken using methods employed for the 
Akashi Kaikyo Bridge. Not only is the tidal 
current extremely fast (maximum of 7 knots just 
as with the Akashi Kaikyo Bridge), but also the 
current is complex because of the many islands 
shown in the figure. Also, since the 
topography is steep, information from marine 
surveys plays a very important role in the 
selection of the route and in the 
implementation of the construction plan. 

The detailed construction plan is presently 
being drawn up based on data from surveys. 

TP ··Tokyo Pail 

(!)Seabed Excavation ®Towing Caisson @Mooring and Submerging @Scouring Protection @Concerte Placement 

~:______.,._~ t,m111~111;:~ 
Fig.1 Outline of Akashi Kaikyo Bridge 

Kurushima Daiichi Bridge Kurushima Daini Bridge Kurushima Daisan Bridge 
990 40 1490 45 1650 

"ff'" "' '"~"' . ":nr.' =="·~ ig~;;J;;~2' ~ 
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Fig.2 Outline of Kurushima Kaikyo Bridge (unit:m) 
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The New Kansai International Airport project 
involves the creation of an artificial island 
(500 ha in Phase I and 1,200 ha in Phase II) as 
shown in Fig. 3 about 5 km offshore from 
Senshu. The seabed is an accumulation of 

ultra-soft material 20 m thick, so 
sophisticated measurement techniques are needed 
to cope with problems of sinking, pollution 
control, etc. 

For Wakayama 3 , soom 

<====:J 
r·--· .. -·---·-·----, 
L __ _!~:mJ.~~~:~~--_J 

Reclamation Area 

4,370m 

Fig.3 Outline of Kansai International Air Port (PHASE I) 

The Trans-Tokyo Bay Highway has a total 
length of about 15 km, and it will join 
Kawasaki and Kisarazu. It consists of a tunnel 
section and a bridge as shown in Fig. 4 On 
the Kawasaki and Kisarazu sides artificial 
islands will be constructed for ventilation 
purposes. 

The artificial island on the Kawasaki side 
will have a cylindrical concrete wall structure 
as large as 100 m in diameter. Since 
construction will be on ultra-soft ground, a 
variety of measurements are required including 
monitoring of marine pollution and measurement 
of the completed shape of the excavations. 

Kawasaki 
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Trans-Tokyo Bay Highway 15.lkm 

Tunnel 9.5km Bridge 4.4km 

-----------------0------------------.c;;:;~=---------1" 
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Fig.4 Outline of Trans-Tokyo Bay Highway 

Kisarazu 

The Kamaishi Port Breakwater at the mouth of million m3 in volume, a massive structure 
the bay will be the largest breakwater in Japan equivalent in size to the world's largest 
when completed, and will be constructed in 60 m rockfill dams. The control and measurement of 
of water as shown in Fig. 5. The caisson will the height and configuration of this mound 
be a huge structure 30 m in width and 33 m in during construction is considered of utmost 
height. The mound section will also be 7 importance. 

v H.W.L.+J.50 -¥-L.W.L.±0.00 

Armer stone 
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-60.0 

Fig.5 Outline of Kamaishi Harbor's Break Water in deep water (unit:m) 
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2.2 Vaterfront Development Proiects 

·several Japanese ministries are presently 
proposing outlines for the re-development of 
coastal areas, and the major cases are shown in 
Table 1. 

announced their own plans for development of 
coastal areas, actively moving into this field 
of construction. All the projects des~ribed 
will require appropriate measurements and 
forecasts of marine conditions (tidal currents, 
waves, water temperature, etc.) in coastal 
areas. 

Besides these, many municipalities have also 

Table 1 Marine development projects proposed by major ministries and agencies 

Ministry or agencies Project 

Offshore artificial 
island and concept 

Marine town projects 
(MTP) 

Ministry of Transport 

Coastal resort 
projects 

Port Renaissance 21 

Coastal community 
zones (CCZ) 

Ministry of Construction 
Marine multi-zone 
(MMZ) 

Ministry of International Marine community 
Trade and Industry polis 

Ministry of Agriculture 
Forestry and Fisheries Marinovation 

Science and Technology Aquamarine 
Agency 

2.3 Demands for Marine Measurements 

Description 

Feasibility studies have been conducted in five districts, 
i.e. off ltisarazu, Yol<ohama, Shimizu, Tamano-Kurashiki 
and Shimonoseki. Proposals include the construction of large-
scale artificial islands, many -of which are expected to be 
the reclamation type though some will be f~oating bedies. 

waterfront development projects in provincial ports and barbers 

aiming at. activating regional economies. Many of the projects 
involve recreation related development as a whole. Surveys . have 
been conducted on ll projects in 1986-1987. 

Waterfront development projects of the marine recreation type 
including marinas, artificial beaches, fishing wharfs in 
addition to marine amusement facilities baaed on the private 
seCtor, restaurants, etc. Surv~ys were conducted on five projects in 1986. 

Making use of private sector vitality, waterfront development 

projects at ports and barbers relatively near urban areas 
are being implemented. The nucleus of these projects includes, 

land-based facilities such as fish markets, for example, 
convention facilities, etc., and port and barber development projects 
of conventional type including new wharfs, etc. as related facilities. 

Waterfront development projects over areas extending 2 km from 
the beach. Development of recreation facilities by the introduction 
of private sector vitality. Surveys were conducted on 12 beaches in 1987. 

Although no specific development areas have been chosen, the concept 
includes construction of sea control structures for effective 
utilization of the sea itself. 'l'hia idea is in the basic research-stage, 
and is similar to the "quiet sea• concept of the Ministry of Transport 
in which a calm sea area behind an offshore artificial island is 
fully utilized. 

surveys were conducted on most of the case study areas jointly with 
the offshore artificial island concept, which include Kashima, 
Yokosuka-Shimizu, Tamano-Kurashiki, etc. 

Aims at sol>histioation of the fishery industry. Projects will 
cover a wide range including development of fishing equipment, methods 
of fishing, distribution, fishing areas, fishing ports, fishing villages, 

Surveys have been conducted to see what new technological development 
can be applied to sea area development. 'l'he need for development 

of new equipment has been emphasized. These ideas are not directly 
connected to actual projects. However, the "Okhotsk Program" set 
forth in this concept is scheduled to be implemented by Hokkaido. 

of view in 
processing 

As has been stated, the importance of 
environmental surveys and evaluation of the 
effects of construction is more important than 
with land-based development projects. 
Preliminary surveys for environmental 
assessment and as the basis ··for drawing up 
design and construction plans have taken on 
more weight. There is also a desire for 
sophisticated construction m~nagement methods 
where sea conditions are severe. 

number of problems; the users' point 
areas such as data collection and 
methods, and these must be solved. 

Basically users want marine information that 
is abundant but accurately and readily 
available, and they would like data that can be 
quickly updated, or even available in real 
time. 

The marine survey system introduced here was 
developed to meet these needs. The aim is 
"Sophistication of Information Processing in 
Marine Surveys" from analysis, evaluation 
through to simulation forecasts using collected 
information. 

Judging from the present condition of marine 
survey technology, however, although 
measurement tools have improved along with 
advances in electronics, there appear to be a 
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3. Characteristics of the New Marine 
Survey System 

3.1 Problems with Conventional Methods 

Where quantitative surveys and analysis of 
the sea is required, it is necessary to make 
use of all the various information available. 
Under present circumstances, it is difficult to 
obtain simultaneous readings of general marine 
observations (tidal current, seabed topography, 
water temperature, salinity, etc.). 

Also with the measuring instruments 
generally used, there are various restrictions 
on the quality of the data collected. For 
example one problem with the conventional 
instrument for measuring water depth is that 
information can only be obtained at a point 
inprediately below the boat (depth sounder) 
while the position of the boat cannot be 
recorded simultaneously. Thus users cannot 
expect highly accurate measurement control of 
the completed configuration during excavations 
nor accurate monitoring of scouring. 

With regard to the measurement of tidal 
currents, conventionally fixed instruments have 
been used and so data is only obtained at a 
single position. Consequently, when the 
particular sea area needs to be measured, a 
large number of instruments is needed at great 
effort and expense. 

Judging from in a different way, 
conventional marine surveys have had to 
sacrifice basic conditions such as "the same 
position" and "the same time" due to various 
restrictions, such as sensors. instruments, and 
information processing techniques. To make the 
information highly usable and to facilitate 
accurate construction management in the future, 
Jt is necessary to systematize use of the 
measuring equipment. 

3.2 Characteristics of Integrated Marine 
Survey System 

This system aims at comprehensive collection 
and use of data such as "current velocity", 
"water temperature", "topography", "geology", 
as shown in Fig. 6, which was independently 
measured and used conventionally. 

The comprehensive range of information is 
recorded onto magnetic tape and quickly 
processed by main-frame, from which output is 
obtained. The computer can also make various 
estimations from the data using simulation 
software. 

As explained, one objective of this system 
is to process information through the entire 
construction period from survey, analysis and 
evaluation through to estimating. The features 
of this system are as follows: 

a) The necessary data can be 
a real-time operation from 
marine information available 
in a short time. 

obtained through 
a boat, making 

over a wide area 

b) Each measurement can be combined as 
necessary with any other and is recorded on 
magnetic tape for the same location and the 
same time. 

c) The data obtained can be quickly processed 
using a main-frame through off-line operation, 
making it possible to carry out forecasting by 
simulatjon analysis, etc. 

d) Sophisticated modern 
possible to carry out 
topography surveys to an 
impossible. 

e) The system can be 
inauagement operations 
construction. 

instruments make it 
surveys such as 

accuracy previously 

applied to various 
f~om pianning to 
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Fig.6 Integrated Marine Survey System 
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4. Component Technology 

Let us introduce the main component 
technologies used in this system. The first 
area is boat position and guidance technology, 
the second is tidal current condition 
measurement using ultrasonics and information 
processing, and the third is detailed 
examination of the seabed topography by means 
of multi-fan beams. 

4.1 Boat Position and Guidance Technology 

To accurately locate the boat on the sea is 
fundamental to surveys. Since the boat is 
moving continually due to the effects of tidal 
currents, waves, etc, in addition to the normal 
forward motion of the boat itself, it is 
necessary for a time record to be kept that is 
linked to other information. This system 
incorporates a boat position measurement system 
and a subsystem which guides the boat to the 
designated sea area or survey line. Presently, 
the boat's position is measured using radio 
observation of position or an optical range
finder, and the information obtained is fed 
into the system. In survey work carried out so 
far, the system has been extremely successful, 
particularly where tidal currents are strong, 
since the captain can confirm his position 
while steering along the survey line. 

In cases where very accurate positional 
information is called for, as in the 
examination of seabottom topography, the total 
station method using an optical range-finder is 
very effective. In this method, as shown in 
Fig. 7, the three-dimensional position X, Y, 
and Z of the target boat are measured using an 
optical range-finder on the shore, and this 
information is then converted into optical 
signals which are returned to the boat as boat 
position information for boat guidance. The 
opcj_cal Lange-finder i.s an extremely accurate 
instrument with an accuracy several centimeters 
per kilometer. Since this system also directly 
measures the elevation of the boat, no tidal 
level correction needs to be made as was the 
case with conventional measurements, so it is a 
good technique for application to seabed 
topography measurements. 

§f"· 
G ro 
(Direction)~ 

Data 

\ 
\ 

\ 

range finder 

Fig.7 Boat Positioning by Total Station 

4.2 Tidal Current Condition Measurement Using 
Ultrasonics and Information Processing 

Unlike the direct measurements (by 
propeller) in systems, this is a non-contact 
method using ultrasonic waves. As shown in 
Fig. 8, an ultrasonic pulse is emitted 
underwater from a transmitter equipped in the 
ship's side. Part of this pulse is returned 
after reflecting off objects in the water 
(plankton, etc.). The frequency of the 
reflected signal is shifted in proportion to 
the relative velocity of the object. This 
phenomenon is known as the Doppler effect, and 
measurement of this frequency shift can yield 
the current velocity vector. As shown in 
Fig. 8, this system emits 60° angle ultrasonic 
pulses in four directions perpendicular to each 
other, and combining those signals for 
translation into velocity means that the 
effects of movement such as rolling, pitching, 
etc., can be eliminated, and a 
three-dimensional vector of current velocity in 
X, Y, and Z directions is obtained. This 
system is capable of measuring the current 
velocity vector in 16 layers simultaneously at 
the rate of once every 30 seconds while the 
boat is under way, and the results are output 
in real time as shown in Fig. 9. Thus this 
system surveys the current direction and 
current velocity from on-board and by combining 
this data with precision positional 
information, the current conditions over the 
entire designated sea area can be accurately 
measured within a short period. The data is 
recorded on magnetic tape, and using a main
frame, plane cross section, of current 
conditions as well as the current direction, 
current velocity distribution and time series 
changes at any point can be constructed. 

Fig.8 Doppler Profiler 

Fig.9 RealTime Output of Tidal Current 
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4.3 Examination of the Seabed Topography by 
means of Multi-Fan Beam 

Conventionally, seabed topography surveys 
were conducted using a single-beam 
echo-sounder, which was unable to measure the 
seabed as a plane (water depth information was 
obtained as single point only) and as the beam 
was wide problems remain to be solved from the 
viewpoint of accuracy. 

The multi-fan beam, on the other hand, 
transmits a fan-shaped beam at right angles to 
the direction of boat motion as shown in Fig. 
10, picking up signals by instantaneous 
scanning. The system measures and records the 
depth of water (seabed topography) continuously 
and over a plane area. 

Transmit Be8111 

Fig.11 Seabed Topography Survey by Multi-Fan Beam 

Fig.12 Three-dimensional View of Seabed 

Fig. 11 shows the multi-fan beam method of 
measurement. It is possible to make 
measurements over a width of more than 3-times 
the water degth in one scan (when the scanning 
width is 120 ), so a three-dimensional view of 
seabed topography can be obtained by making 
measurements continuously. In addition, 
contours, etc. (refer to Fig. 12-14) can be 
checked in real time on the boat. 

This system has made it possible not only to 
survey the completed shape of civil engineering 
work, (surveys of mounds and excavations, for 
example) but also to measure scouring near a 
structure, as shown in Fig. 15. 

Fig.13 Seabed Contour 

Fig.14 Seabed Cross Section 

Structure 
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5. Application and Use 

This system has brought t~gether various 
measurements into a unified time and location 
framework, which is the basis of a 
comprehensive survey system which can cope with 
quick real time operation. Environmental 
assessments or forecasts can also be undertaken 
using the highly sophisticated processing and 
data available. 

This is a comprehensive processing system 
for marine information of construction from 
survey, planning, and design through to 
construction management. 

In particular, the availability of real time 
information has made it possible to perform 
construction management of unprecedented 
accuracy. Yith regard to the analysis of the 
environmental assessment, the effectiveness of 
the system has been freely utilized in 
estimating diffusion, including the monitoring 
of diffusion of hot water effluent. The system 
has been used in as many as ten projects, 

proving its workability. The following are 
major projects in which the system was used: 

(1) Sea area survey for the Akashi Kaikyo 
Bridge of Honshu-Shikoku Bridge Authority. 

(2) Survey of the route for a sea-crossing 
bridge. 

(3) Environmental assessment for the siting of 
power plants. 

(4) Preliminary environmental survey prior to 
laying a submarine pipeline. 

(5) Evaluation of SS diffusion analysis due to 
excavation. 

(6) Scouring survey at a power plant intake. 

(7) Construction management of marine 
construction work. 

Table 2 shows further possible uses for the 
system. 

Table 2 Use of the integrated marine survey system 

Use Description Remarks 

Current Condition Continuous measurement of three-dimensional current over It is possible to measure the current 
Survey wide area. Observation of output is real time. velocity in 16 layers at maximum in the 

direction of water depth. 
Environmental Obtaining the information required for environmental Continuous measurement of composite data 
assessment survey assessment, such as current conditions, water quality, and simulation analysis. seabed qeoloqv. etc •• and evaluation of the data. 

Construction planning for structures.based on measure- Application of measured data and Location planning ment data in the case of power station siting and bridge simulations forecasting total currents. routes etc. 
Highly accurate By continuously measuring in three dimensions the 
managements of completed shape of a mound of underwater excavation to Highly accurate mapping system. 
construction work great accuracy real time management can be realized. 
Survey of diffu- Simultaneously observes and measures multi-layer water Hot water effluent diffusion simulation sion of hot water temperature and multi-layer current conditions. program. effluent Software analvsis bv means of simulations. 

Measurement ot extent ot diffusion and distribution of 
Pollution diffusion pollution resulting from dumping sand or gravel and Making use of reflected intensity of 
survey dredging. Interpolation software by means of ultrasonic waves. 

s'imulations. 
Survey of fishing Survey and analysis of the conditions, topography, and It is possible to survey fish shoals. qrounds layer temperatures of fishing grounds. 
Survey of drifting Periodic measurement of minute fluctuations in seabed Highly accurate mapping system. sand and scourinq topography. 
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A NEW OCEAN MEASUREMENT USING ADCP TOWED 

VEHICLE 

W. Koterayama, A. Kaneko, M. Kashiwagi, M. Nakamura 

Abstract 

The ADCP (Acoustic Doppler Current 
Profiler) is - a powerful instrument 
that can measure three dimensional 
vertical profiles of ocean currents 
and it is sometimes mounted on a 
research vessel. The data obtained by 
using the system of ADCP and a 
research vessel are affected by 
motions of the research vessel induced 
by surface waves, the cabitation noise 
generated by the ship's propeller, and 
bubbles entrained under the ship's 
hull. We developed a towed vehicle 
system for housing ADCP in order to 
eliminate these obstructions. 

The towed vehicle developed is 
depth and roll controllable. The 
length of the towing cable is 800m. 
The height, breadth and length of the 
towed vehicle is 1. 5m X 2m X 2m. The 
weight is 360kg in air. The maximum 
towing velocity is 12 knots. 

On-site experiments in Kuroshio 
showed the good performance of the 
towed vehicle and the good accuracy of 
the data obtained. 

1. Introduction 

The Acoustic Doppler Current 
Profiler (ADCP) is developed for 
measuring the detailed vertical 
profile of ocean currents. 

The accuracy of ADCP is guaranteed 
when it is mounted on sea bottom [1]. 

A few oceanographers made an 
attempt at using ship board ADCP [2], 
which enable us to collect high 
density data of current velocity in 
time and space. They reported that 
ship motions due to surface waves have 
serious adverse effects on the ADCP 
data. 

For avoiding surface waves which 
cause bad effects on collected data, 
under water vehicle is suitable. The 
ideal vehicle for housing ADCP might 
be free-swimming one for excluding the 
effect of surface waves completely, 
but we want to collect ocean data in a 

wide area of the sea and it prompt us 
to choose the towed vehicle system. 

We developed a towed vehicle system 
DRAKE" (Depth and Roll Adjustable 

Kite for -measuring Energy- flux of 
Kuroshio) of which main wings and the 
tail wings are controled automatically 
to maintain the operation submerged 
depth and roll stability. To minimize 
the pitch motion, the best towing 
point is selected through the 
theoretical consideration. 

In this report, the structure of 
DRAKE and results of on-site 
experiments are described. 

2. Concept of DRAKE-ADCP system 

In Fig. I the schematic diagram of 
DRAKE system for ocean measurements is 
shown. The sensors housed in DRAKE are 
CTD (Conductivity, Temperature and 
Depth) sensor and the acoustic doppler 
current profiler (ADCP). ADCP is a 
powerful instrument that can measure 
vertical profiles of ocean currents. 

=. AcoUstic Doppler 
.=Current Profiler 

Control System 

Fig.I Schematic diagram of DRAKE 
and ADCP system 

We choose a product of RD 
Instruments as the current profiler of 
which specifications is in Table I. 

The physical configuration of ADCP 
is shown in Fig.2. The length of ADCP 
is I.8m and the weight in air is 80kg. 

-325-



Table 1 Specification of ADCP 

Acoustic frequency 
NO. of Acoustic beam 
Range of current 

measurement 
Velocity range 
Number of depth cells 
Accuracy 
Dirrection accuracy 
Measurement interval 

150kHz 
4 beams 

250m/400m 
lOm/s 
128 
0.5cm/s 
2• 

1"' 64kping 

The operation principle of ADCP is 
described as follows [3]; The ADCP 
operates by transmitting short 
acoustic pulses into the water along 
the lines of position defined by one 
or more highly directional 
transducers. Four vertically inclined 
beams are used as illustrated in 
Fig.3. Backscattered sound from 
plankton, small particles, and small 
scale inhomogenities in the water is 
received by the transducer with a 
Doppler frequency shift proportional 
to the relative velocity between the 
scatterers and. the transducer. A time 
series of measurements of the Doppler 
frequency shift after sound 
transmission produces a range 
segmented picture (or profile) of the 
water flow velocity versus range along 
the 1 in es of posit ion defined by the 
four beams. By knowing the precise 
beam geometry, three orthogonal 
current velocity components for each 
0 depth cell" are computed by combining 
the measurements from any three of the 
four beams. Normally only the 
horizontal current profile is recorded 
as North & East current components as 
a function of depth. Each depth 
resolution eel 1 represents the average 
current velocity through a horizontal 
~lice" of the water column in the 
region bounded by the four beams. 

In the case that the instrument 
attitude and heading change within the 
measurement interval, the ADCP 

E 
E 

co 
['-. 
~ 

219mm 

compensates the measured velocity data 
for each ping for instrument ti 1 t and 
heading prior to vector averaging. 

Due to the operation principle and 
on-site experiments [1], we can rely 
on the accuracy of ADCP mounted .on sea 
bottom or on the stable platform. In 
the case that the ADCP is housed in a 
vehicle which is oscillated by 
external forces, the accurate 
measurement of ADCP attitudes is 
essential because the all collected 
data are transformed into North and 
East current component in ADCP by 
using the measured data of the 
attitudes and direction. For measuring 
the attitudes of ADCP, pendulum type 
tilt meters are used and they are 
disturbed by the accelerations of 
ADCP. Therefore the accelerations of 
motions of the vehicle must be 

.minimized. 

Resolution Cell 

./ 

Fig.3 Illustration of resolution cell 
of acoustic b~am of ADCP 

1314 mm 

Tape Recorder 
Battery 

Pack 

I/ 0 Connector 
Transducers ( 4 ) 

Fig.2 Physical configuration of ADCP 
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We have developed DRAKE system for 
the purpose of 
o measuring ocean currents accurately 

even under severe sea states, 
o collecting the data at wider range of 

the depth than the covering range of 
ADCP 

o reducing the influence of cavitation 
noise generated by the ship's 
propeller, 

o eliminating interference caused by 
bubbles entrained under ship's hull 
and 

o using ADCP on unspecified research 
vessel. 

The second, the third, the fourth and 
the fifth purpose will be achieved by 
just introducing the towed vehicle with 
the towing cable of an adequate 

length. For the purpose of the first 
one, motions of DRAKE must be 
minimized by designing the most 
suitable hull shape and a control 
system because of above mentiond 
reason. In addition to that, mother 
ship speeds must be measured 
accurately because the data of the 
current velocty obtained with ADCP are 
those relative to DRAKE and they 
should be transformed into the velocty 
relative to Earth by subtracting the 
advance speed of DRAKE. ADCP can 
measure its own velocity relative to 
Earth .by bottom tracking in shallow 
water, but in deep water other methods 
of navigation must be used. Loran-C 
system is adopted in present 
experiments, but in future we plan to 
use the Grobal Positioning Sytem, 
which is much more accurate than 
Loran-C. 

3. Structure of DRAKE 

In Fig.4 we show a picture of 
DRAKE. The hull of DRAKE is made of 
Fiver Reinforced Plastic (FRP). The 
shape is stream line contour and its 
deep vertical contour is intended to 
increase the damping- and added 
mass-force for the roll in order to 
diminish the high frequency roll which 
is hard to control by horizontal tail 
wings. The main wings are symmetrical 
NACA 0010 airofoil Profile. The lower 
part contains ADCP and CTD sensor, so 
the shape of lower part is designed so 
as not to obstruct the acoustic beam 
of ADCP and the flow inlet for CTD 
sensor. 

The towing cable is double armoured 
one with a pair of electric power 
conductors for supplying the electric 
power for sensors and ten signal 
conductors. 

In Table 2 we show the principal 
dimensions of DRAKE system. 

Fig.4 Figure of DRAKE 

Table 2 Principal dimensions of DRAKE 
and towing system 

DRAKE 
Operating depth o.-3oom 
Dimensions L=2m, W=2m,H=l.5m 
Air Weight 360kg 
Towing Velocity 5"'12knot 
Depth control By main wing 
Roll con,trol By horizontal 

tail wing 
Instrumentation ADCP, CTD sensor 

Towing cable 
Length 800m 
Diameter 12.9mm 
Breaking tension 9 ton 
Conductors Power conductor 

1 pair 
Signal conductor 

10 

Cable winch 
Weight 2060kg 
Dimensions 1 . Bmt 1 . 8mr 2 . Om 
Maximum reeling 
tension 1. 5 ton 

Maximum stopping 
tension 2.3 ton 

In Fig.5 the perspective of DRAKE 
is shown. The impeller set at the tail 
end is coupled to a hydraulic pump and 
provides power for the actuation of 
main- and horizontal tail- wings. The 
idea of using a stream-driven impeller 
to generate hydraulic power is 
introduced in the development of 
uBatf ish 11 by the Bedford Institute of 
Oceanography [4]. 

As shown in Fig.6, the electro
hydraulic actuator system is composed 
of a hydraulic pump driven by the 
impeller, oil filter, servomotor 
valves for controling wing actuaters. 
The control signals for the wing 
actuators are sent from the controller 
set on a mother ship through the 
towing cable. 
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Towing -eable 
Transponder of 
acoustic locater 

Pressure vessel 
for electronics 

Towing bar 

Potentio-meter 
for main wing angle 

Acoustic doppler 
current profiler 

Impeller 

wing 

Servo-valve unit 

Fig.5 Perspective of DRAKE 

Pressure balancing 
~diaphragm 

~ J Energy-absorbing impeller 
Control servomotor valve 

Control servomotor 
valve for tail wings 

pump 

actuator 

Main wing actuator Servomotor valve unit(Reservoir) 

Fig.6 Schematic view of control system and hydraulic 
circuit of DRAKE 

4.0n-site experiments 

An on-site experim~nt was carried 
out to confirm the performance of 
DRAKE and the accuracy of the 
numerical simulation technics 
developed for estimation of motions of 
DRAKE and to show the validity of 
DRAKE-ADCP system in ocean 
measurements. 
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In Fig.7 the sea area for the 
experiments is shown. It is near the 
Tanegashima and the OKINAWA which are 
located south west part of Japan and 
near the Kuroshio. The submerged depth 
of DRAKE is measured with a pressure 
transducer mounted at the pressure 
vessel for electronics set inside the 
body where the pressure is equal to 
the outside static pressure. The pitch 
and roll angle are measured with a 



pendulum type clinometers. The angles 
of main wings and horizontal tail 
wings are measured with potent io
meters. The towing line tension is 
measured with a tension meter set at 
the towing winch on the quater deck of 
the mother ship. The location of DRAKE 
relative to the mother ship is 
measured with the acoustic locator 
system. 
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Fig.7 Sea area around Kuroshio 
for experiments 

In Fig.8 the view of an experiment 
is shown. Expriments were carried out 
by a chartered ship of 500ton. The 
deployment of DRAKE was carried out 
with a hoist crane set on the 
quarter-deck of the mother ship and 
the towing winch is also set on the 
quater-deck. 

Fig.8 A view of an experiment 

In Fig.9 the static characteristics 
obtained from experiments are shown. 
The abscissa is the desired submerged 
depth of DRAKE. Hydrodynamic 
coefficients of DRAKE used in 
calculations were estimated from model 
experiments [5]. 

The circles indicate experimental 
results of main wing angle and the 
solid line is its calculated result. 
The squares and broken line show 
results of trim of DRAKE. The double 
circles and one dot chain line are the 
attack angle of main wings relative to 
the uniform flow. The triangles and 
two dot ch a in l in e are the results of 
the tension at the towing winch. This 
figure indicates the good accuracy of 
theoretical estimations in the static 
pr:oblem. 
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Fig.9 Static characteristics of DRAKE (6knot,Experimental results) 
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In Fig.10, we show time series of 
mot ions of DRAKE. The towing speed of 

. this case is 12knots. The motions of 
mother ship caused by surf ace waves 
induce tension variations of the 
towing cable, and they cause mot ions 
of DRAKE. The calculation results 
indicated by broken lines in the 
figure are obtained by using three 
dimensiona.l lumped mass method for 
cable dynamics and six-degree-freedom 
equation for motions of DRAKE [5]. T 
indicates the towing tension. Z is the 
submerged depth or heave of DRAKE, 
.i is the main wing angle' r is the 
horizontal tail angle. The measured 
and calculated values of the amplitude 
of heave and roll of DRAKE is almost 
zero, but the measured value of the 
pitch is greater than expected one. We 
used a pendulum type sensor for 
measuring the pitch of DRAKE, 
therefore, the accelaration of the 
surge has a great effect on the 
measured value of the pitch. If we 
want to avoid this effect, we have to 
use the gyroscope type mot ion sensor 
for measuring the pitch of DRAKE. We 
can use it for measuring the mot ions 
of mother ship, but it is difficult to 
use it for DRAKE because it requires 
the great amount of electric power and 
space. The theoretical calculations 
suggests that the pitch angle is much 
smaller than the measured one. 

In Fig.11 we show the comparisons 
between the power spectrums of motions 
of ship and DRAKE. The heave and roll 
of DRAKE are much smaller than those 
of the mother ship, but the pitch of 
DRAKE is rather greater than that of 
the ship. We have t.o improve the 
measuring system of the pitch of 
DRAKE. We did not measure the surge, 
sway and yaw of DRAKE, but the 
theoretical analysis suggests that the 
sway and yaw of DRAKE is much smaller 
than those of the mother ship, the 
surge of DRAKE is smaller than that of 
ship but it is greater than the sway 

~ @ 

or yaw and the ratios of mot ions of 
DRAKE and the ship decrease with the 
increase of the incident wave height . 
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Fig.10 Time series of motions and 
towing tension of DRAKE 
(Experimental results) 
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Fig.12 Velocity distribution of the Kuroshio 
obtained by using ADCP and DRAKE system 

Fig.13 Submerged buoy system 
for ocean measurements 

In Fig.12 we show the velocity 
distribution of the KUROSHIO obtained 
with DRAKE and ADCP system. The 
disturbances in the velocity 
distribution are caused by the small 
ilands. The velocity distribution in 
an ocean current are usually obtained 
from the geostrophic calculation by 
using the measured vertical profile of 
water temperature and salinity. This 
procedure is indirect and , therefore, 
the results are considered to be 
suspicious. We have developed 
submerged buoy systems which can 
measure the current velocity at 
several points along the mooring line 
[6]. We can collect the continuous 
velocity data for one year or more by 
using this submerged buoy system 
(Fig.13). The submerged buoy system 
has an advantage over the towed 
vehicle system with ADCP in the view 
of the continuous measurement. The 
data obtained with the towed vehicle 
and ADCP are excellent in the point of 
the spatial continuity. The towed 
vehicle system with ADCP and the 
submerged buoy system are 
complementary to each other in the 
measurements of ocean currents. 

out 

5 .Conclusions 

An on-site 
to confirm 

experiment was carried 
the performances of a 

towed vehicle system with ADCP. The 
main conclusions obtained from the 
experiments are written as follows; 
1) Motions of the towed vehicle are 

much smaller than those of the mother 
ship. 

2) The depth and roll of the towed 
vehicle are controled perfectly even 
in the high speed towing. 

3) The calculated results obtained by 
using the three dimensional numerical 
simulation technique show good 
agreements with experimental results. 

4) The towed vehicle system with ADCP 
is very useful for measurements of 
ocean currents. 
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THE SERUM BACTERICIDAL ACTIVITY: A POSSIBLE 
INDICATOR AS CRUSTACEAN HEALTH 
CONDITIONS 

R. Ueda, H. Sugita, Y. Deguchi 

Department of Fisheries, Nihon University, Tokyo, Japan 

Abstract 

Serum bactericidal activity of 
Japanese spiny lobster Panulirus 
japonicus, which was reared under 
various conditions, was examined. The 
activity was influenced by low salinity 
of rearing water while water temperature 
ranging from 13 to 28'C and starvation 
for 14 days did not cause effective 
decrease or increase of the activity. 
Additionally, effect of transportation 
on the bactericidal activity varied with 
transporting media, including air, 
seawater and sawdust. These results 
suggest that the serum bactericidal 
activity of coastal Crustacea changed 
according to the physiological condition 
of animal individuals, and possibly 
become an indicator as crustacean health 
conditions. Moreover, an electron 
microscopic observation revealed that 
the serum bactericidal activity of the 
Japanese spiny lobster is attributed to 
a lytic phenomenon. 

1. Introduction 

Marine Crustacea include a lot of 
economically important species, some of 
which are cultured in many countries 
including Japan. In intensive farms, 
however, diseases often occur and result 
in serious losses. It, therefore, seems 
to be of significant importance to 
obtain the information on the health 
condition of culture animals. 

Many invertebrates possess humoral 
and/or cellular defense mechanisms such 
as agglutinin, bactericidin and 
phagocytes [1-5] . We already reported 
that Japanese coastal crustaceans 

. possess naturally occurring both 
agglutinin and bactericidal activity 
against bacterial cells in their 
hemolymph [6] . The present study was 
undertaken to evaluate the serum 
bactericidal activity, as an indicator 

of health conditions of crustaceans, 
which were exposed under various 
environmental conditions. 

2. Materials and Methods 

2.1 Animals 

Specimens of Japanese spiny lobster 
Panulirus japonicus (85 to 132 g body 
weight) were caught by gill nets around 
Shimada, Shizuoka Prefecture, Japan. 
All alive specimens were transferred to 
the Shimoda Marine Laboratory, Nihon 
University and acclimated in the 
aerated-running seawater tanks (200 to 
1000 1 in capacity) for at least three 
days prior to the experiment. 

2.2 Serum Preparation 

After body surface of each specimen 
was swabbed with 70% ethanol, hemolymph 
was collected by a sterile syringe from 
the pericardial sinus, and then 
transferred into a sterile test tube. 
Serum was obtained by allowing the 
hemolymph to clot and breaking the 
elating with a sterile glass stick, 
followed by centrifugation at 4000 rpm 
for 15 min. 

2.3 Preparation of Bacterial Cells 

Vibrio sp. V-8 strain, which was 
isolated from the gut content of a shore 
crab Plagusia dentipes, was used as the 
target cell since the previous study [7] 
indicated that this strain reacted 
strongly with coastal crustacean sera. 
The strain was aerobically incubated on 
PYBG agar [5] at 25'C for 2 days. After 
being harvested by centrifugation, cells 
were washed three times with PBS (pH 
7.0) and then prepared at the 
concentration of 5x 10 4 cells/ml in 2% 
NaCl-PBS. 
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2.4 Assay Method for Bactericidal 
Activitr 

To determine the · bactericidal 
activity, 0.1 ml of alive bacterial 
suspension was added to 0. 7 ml of 2% 
NaCl-PBS plus 0. 2 ml of serum, and the 
mixture was incubated at 25'C for 2 hr. 
Control, in which the same volume of the 
bacterial suspension was added to 0.9 ml 
of 2% NaCl-PBS, was also · incubated 
similarly. The surviving bacteria were 
counted on the PYBG agar after incubated 
at 25'C for 2 days. The bactericidal 
activity was calculated as the log10 CFU 
(colony forming units per ml) in the 
control minus the log10 CFU with serum. 

2.5 Effect of Various Rearing Conditions 
on Serum Bactericidal Activity 

To determine the effect of water 
temperature and starvation on serum 
bactericidal activity, animal specimens 
were reared for 14 days at the water 
temperature ranging from 13 to 28'C, with 
or without the feeding. Both before and 
after the experiment, hemolymph was 
withdrawn from each specimen. 

To analyze the effect of low salinity 
of the rearing water on serum 
bactericidal activity, animals were 
exposed to 70% seawater and reared for 
14 days at 20'C. Hemolymph was withdrawn 
at 0 and 1 8 hr, and 1 4 days after the 
experiment. Moreover, heal th index of 
specimens was measured simultaneously 
according to Nishimura et al. [BJ • 

To determine the effect of alive 
transportation on the bactericidal 
activity, animals were stored in the 
container including air, seawater or 
sawdust as transporting media, and 
transported 280 km for 8 hr by an 
automobile. Both before and after 
transportation, hemolymph was withdrawn 
from each animal specimen. 

2.6 Ultrastructure of Bacterial Cells 
Reacted with Spiny Lobster's Sera 

A transmission electron microscope 
was used for analysis of serum 
bactericidal phenomenon. At 0, 15, 30 
and 60 minutes after the Vibrio sp. V-8 
strain reacted with the Japanese spiny 
lobster's serum, the mixture was fixed 
for 3 days at room temperature according 
to Ueda et al. [9] . Some samples were 
also fixed by Kellenberger's method [10] 
to observe fine structure of DNA. These 
were followed by dehydrated with a 
graded series of ethanol, embedded in 
epoxy resin according to Ueda et al. [9] 
and analyzed by using a Hitachi HS-9 
transmission electron microscope. 

3. Results 

3.1 Effect of Water Temperature and 
Starvation on Serum Bactericidal 
Activity 

Serum bactericidal activity, against 
the Vibrio sp. V-8 strain, of the 
Japanese spiny lobster which were reared 
for 14 days at various water 
temperatures, with or without feeding, 
is shown in Table 1. It was found that 
the activity was not significantly 
influenced by the water temperature 
ranging from 13 to 28'C while the 
starvation for 14 days may slightly 
influence the activity, except for the 
specimen kept at 20'C. 

Table 1. Serum bactericidal activity 
against the Vibrio sp. V-8 strain, of 
the Japanese spiny lobster reared for 14 
days at various water temperatures, with 
or without the feeding 

Water 
temp. 
13t 
20'C 

25'C 

28'C 

Feeding 0 day 14 days 

Fed 2.40±0.29* 2.18±0.21 
Starved 2.05±0.57 1.73±0.61 
Fed 1.93±0.55 2.11±0.50 
Starved 2.07±0.79 2.07±0.63 
Fed 2.33±0.26 2.19±0.16 
Starved 1.79±0.72 1.40±0.68 
Fed 1.80±0.74 1.75±0.62 
Starved 1.77±0.53 1.35±0.84 

• Mean ± standard deviation of 
bactericidal activity of 5 specimens. 

3.2 Effect of Low Salinity on Serum 
Bactericidal Activity 

Serum bactericidal activity, against 
the Vibrio sp. V-8 strain, of the spiny 
lobster which were reared in 70% 
seawater for 14 days, is shown in Table 
2. At 1 8 hr after a total of 1 8 
specimens of the animal were exposed to 
70% seawater, 15 specimens showed the 
decrease in serum bactericidal activity 
or died whereas the activity of three 
remaining specimens increased. After 14 
days, only three specimens could recover 
their activity to the initial level. 
Fig. 1 shows that there was positive 
relationship between the increasing 
activity and the rising health index in 
the 14 day-specimens while the activity 
varied with the specimen, even, at the 
same stage of health index. 
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Table 2. Serum.bactericidal activity 
against the Vibrio V-8 strain, of the 
Japanese spiny lobster at 0 and 18 hr 
and 14 days after the exposure to 70% 
seawater 

Specimen 0 hour 18 hours 
1 3.04(A)• 1 2.87(B) 
2 2. 51 (A) 0. 41 (D) 
3 2. 08 (A) - • 2 (E) 
4 2.19(A) 2.57(D) 
5 3.04(A) 2.87(B) 
6 0.86 (A) 0.51 (D) 
7 3. 04 (A) (E) 
8 2.16 (A) 0.44 (D) 
9 2. 16 (A) 2. 87 (C} 

10 3.04(A) 1.87(C) 
11 3.12(A) 2.39(D) 
1 2 3. 12 (A) (E) 
13 3.12 (A) 0. 73 (C) 
1 4 2. 34 (A) (E) 

14 days 
2. 08 (A) 
2. 45 (A) 

1.31 (D) 
(E) 
(E) 

0. 33 (D) 
2. 49 (A) 
0. 86 (D) 

(E) 

(E) 

15 1 . 79 (A) 1 . 85 (C) 2. 05 (A) 
16 2. 97 (A) 1 . 00 (D) 0. 71 (C) 
17 2. 87 (A) 1 . 08 (C) 1 . 72 (B) 
18 3.12(A) 1.85(B) 1.77(A) 

• 1 Bactericidal activity (Health index 
according to Nishimura et al. [8]: 
A, very active; B, active; C, weak; D, 
moribund; E, died) . 
• 2 Not determined. 
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Fig. 1. Serum bactericidal activity 
against the Vibrio sp. V-8 strain at 
different stages of the health index of 
the Japanese spiny lobster exposed to 
70% seawater: (a) 18 hr and (b) 14 days 
after the animals were exposed to 70% 
seawater. 

3.3 Effect of Transportation on Serum 
Bactericidal Activity 

Serum bactericidal activity, against 
the Vibrio sp. V-8 strain, of the spiny 
lobster which were transported by an 
automobile in three defferent media is 
shown in Table 3. The activity was not 
significantly influenced when the 
animals were stored in the seawater but 
decreased prominently in the specimen 
stored in the sawdust and only the air. 

Table 3. Serum bactericidal activity 
against the Vibrio sp. V-8 strain, of 
the Japanese spiny lobster transported 
by an automobile 

Medium in Before 
container transportation 
Seawater 1.82±0.97• 
Sawdust 2.15±0.94 
None (air) 2.09±0.86 
•Mean ± standard deviation 

specimens. 

After 
transportation 

1. 83±1. 06 
1.48±1.16 
l.30±1.09 

of 8 

3.4 Ultrastructure of the Bacterial 
Cells Reacted with Spiny Lc>Dster's 
Sera 

Ultrastructure of bacterial cells at 
0, 15, 30 and 60 minutes after reacted 
with the serum from Japanese spiny 
lobster is shown in Photos 1-6 . 

At time zero (control) : the cell wall 
was covered with a cell coat, perhaps 
lipo-polysaccharides, and the cytoplasm 
was filled with ribosomes (Photo 1). 

After 1 5 minutes of tratment: the 
cell coat disappeared, and the cell wall 
was partly broken and high density
masses appeared in the cytoplasm (Photo 
2) . The Kellenberger' s fixation [8] 
strongly indicated that the high 
density-mass was the aggregate of DNA 
(Photo 3). Moreover, some vacuole-like 
structures and round structures were 
observed in the cytoplasm and on the 
cell wall, respectively. The fact that 
these materials possess the multi
lamellar structure strongly suggests 
that they were phospho-lipids (Photo 4) . 

After 30-60 minutes of treatment: The 
ribosomes and aggregates of DNA were 
partly melted and decreased. Both the 
cell wall and membrane were partly 
broken, resulting in the flux of DNA and 
cytoplasm (Photos 5 and 6) . 
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4. Discussion 

In the previous paper [6] , we 
reported that Japanese coastal Crustacea 
possess naturally occurring both 
agglutinin and bactericidin, as self
defense agents, in their hemolymph. 
However, these activity varied 
significantly with the specimen, thereby 
suggesting that these activity 
correspond to the physiological 
condition of animal specimens. In the 
present study, therefore, the Japanese 
spiny lobster reared in various 
suspected stressful conditions, were 
examined for the serum bactericidal 
activity as an indicator of crustacean 
health conditions. 

As shown in Tables 1-3, the 
bactericidal activity was influenced by 
the low salinity (70% seawater) of 
rearing water and the alive 
transportation after stored in the 
sawdust and only the air as transporting 
media, whereas the activity was 
influenced significantly neither by the 
water temperature ranging from 13 to 28t 
nor the starvation for 14 days. These 
results suggest that the low salinity of 
rearing water and the alive 
transportation become stressers for 
coastal crustaceans. Spencer et al. 
[11] reported that the gill NaK-ATPase 
activity of coastal crabs increased when 
the animals were exposed to diluted 
seawater. This result reveals that the 
diluted seawater was stressful for the 
Crustacea. 

As shown in Fig. 1, it was found that 
there was positive relationship between 
the increasing activity and the rising 
health index in the 14 day-specimens 
whereas such relation was not observed 
at 18 hr after the experiment. 
Nishimura et al. [8] reported that the 
health index of Japanese spiny lobster 
decreased first and then recovered after 
18 hr of exposure to diluted seawater if 
the animal specimen could adapt to the 
environment. As a result the 14 day
specimens can be divided into two types: 
(i) adapted specimens (A and B of health 
index) and (ii) stressed ones (C and D) . 
These results suggest that the serum 
bactericidal activity of Japanese spiny 
lobster changes according to the 
physiological conditions of animal 
specimens, and can become·- an indicator 
as crustacean health conditions. 
Farther studies along those lines are 
now in progress. 

On the other hand, there was no 
information on the mechanism of the 
bactericidal phenomenon although much 
were known that Crustacea possesses the 
bactericidin in their hemolymph [2-4] . 

In the present study, therefore, the 
ultrastructure of the bacterial cells 
after reacted with the lobster•·s serum 
were examined by electron microscopy. 
As shown in Photos 1-6, the lytic 
phenomenon of bacterial cells was 
observed with the degradation of DNA and 
the melting of cell wall and cell 
membrane. This result indicated that 
the serum bactericidin of Japanese spiny 
lobster is a lysozyme as reported in 
other invertebrates [12]. 
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Photo 1. Ultrastracture of the Vibrio sp. V-8 strain (control). 
tN: nuclear region. ----

Photo 2. Ultrastructure of the Vibrio sp. V-8 strain at 15 
minutes after reacted with the serum of the Japanese 
spiny lobster. V: vacuole-like structure. 
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Vibrio sp. V8, 
(Serum 15min.) 

photo 3. Ultrastructure of the Vibrio sp. V-8 strain which were 
fixed by Kellenberger'S-method [BJ, at 15 minutes after 
reacted with the serum of the Japanese spiny lobster. 
*N: nuclear region. Arrow shows the aggregate of DNA. 

Photo 4. Ultrastructure of the Vibrio sp. V-8 strain at 30 
minutes after reacted with the serum of the Japanse 
spiny lobster. V: vacuole-like structure; *: phospho
lipids. Arrow shows that cell wall was partly broken. 

-339-



'-0.1pm 

Vibrio sp. va, (Serum eOtnill.l 

Photo 5. Ultrastructure of the Vibrio sp. V-8 
minutes after reacted with the serum 
spiny lobster. *N: nuclear region. 
out-flow of both ribosomes and DNA. 

Vibrio sp. va, 
(Serum 30min.) 

.. 
-ceH coat >' 

~.~ 

strain at 60 
of the Japanese 
Arrow shows the 

Photo 6. Ultrastructure of the Vibrio sp. V-8 strain 30 minutes 
after reacted with the serum of the Japanese spiny 
lobster. *N: nuclear region. 
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A STUDY ON ARTIFICIAL FISHREEF STRUCTURE IN 
SHALLOW WATER 

Kenji Arai 

Fisheries Laboratory Kawasaki Office Mikuniya Corp., Japan 

ABSJ'.KACF 

1'/Je shallow water in t/Je Japan set up t/Je 

artificial f.is/J reefs of t/Je gover1ent 's pol.icy 

start to 1959 fro• continuation • F/Je fishes 

schooling syste• of artificial fish reef was not 

a definite , •eny students state various op.in.ion 

However , t/Je effect ( 1any fishes school.inc 

) of artificial f.is/J reef recognize f.is/Jer1en • 

Several type artificial fish reefs .in t/Je 

lli.J",rata and S/J.izuol<a Pref., o/Jseved to SCUBA 

(self-contained underwater /Jreat/J.inc apparatus) 

diving on fish fauna • F/Je observation was each 

artificial fish reef , underwater recorded on 

t/Je position , total length , nu1ber of fishes • 

1'/Je each fish species was div.is.ion type of 

observetion fish species , convesion we.i",r/Jt fro• 

total length • An artificial fish reef was 

total volu1e 27 ,.J2 ,50 •' (inside are e1pty) 

, unit volwu of f.i"sh school at 196 to 42 l<c/•' 

!'he fish school volu•e on an artificial fish 

reef /Jave been thinkable the inside structure 

than the total volu1e and the outside structure 

HEJ'HOJJS 

1'/Je exa1.ine was diving o/Jservat ion of f.is/J 

school at several type art if.ic.ial f.is/J reef in 

the shallow water 0/Jgata J'own !li.J",rata Pref. and 

llaisaka J'own S/J.izuol<a Pref. ( F1",r. I ) • 

J'he artificial fish reefs in the shallow water 

Ohgata !'own /Jefor t/Je I year set up t/Je sand 

/Jotto• , Poly-con type fish reefs 4 set ( 27 •' 

type 2 set , .J2 •' type 2 set , F.ig.2 ) 

, Trapezoid type artificial f.is/J reefs 2 set ( I 

set 25 •', FJ",r • .J ) A Poly-con type 

artificial fish reef was inside s1all and large 

structure • 

!'he Son.icylindr.ial type artificial fish reefs 

2 set ( I set, 150 •',F.i",r.4 ), and a Poly-con 

type artificial fish reef ( 155 •', F.i°g.2) at 

o/Jservat ion dived , depth 46 • set up on t/Je 

sand /Jotto• in t/Je Ohgata J'own shallow water 

1'/Je artificial fish reef in the shallow water 

llaisaka J'own Shizuoka Pref. set up on the sand 

/Jotto• , Ordinary artificial fish reef ( I 

place, 100 pieces , .J.J7.5 •', F1",r.5) after I to 

.J years set up depth .JO, J6, J7 • of .J places , 

the Poly-con type art if.ic .ial fish reefs set up 

depth 46 • ( I set 42J •', F.i",r.2 ), J6 • 2 set ( 

I set 124 •', 11",r.2) • 

!'he observation of fishes went to a artificial 

fish reef point on fishing boat , after 1oot inc 

tow persons diver at the sa•e ti•e , the 
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subject divine to observed fish fauna etc. 

J'/Je observation was on the artificial fish reefs 

inside and around wit/Jin .5 • , each -fish species 

observed nu•ber of fishes total length , 
attracted position etc. In the water 

observation recorded on the white vinyl chloride 

board by pencil at the sa11e ti•e take a 

p/Jotocrap/J of artificial fish reef on fish fauna 

attracted . 

The artificial fish reef structure by 

observation result was exa11ination different 

fro11 fish species and fish school volu• , study 

on artificial fish reef structure of fish fauna 

•any attracted. 

Oflgata Town 

t 
H.mana lake Ten river 

~~ 
/~// 

/ 

klalsaka Town 
fig. I Flsn sd!oot obseved to diving , Ar.tlficiaf fisn reef 

position In the Cl'lgata Town Niigara Fret: 

and the tf,fa/sak.l Town S'Jizuoka Fret: shallow wa rer 

poly-er>? pollar 

9.110 

Flg.2 .Poly-cnn type arrlficial fisn reef I merdlandise name ) : 

fndostrlal wask: of polyelf/lene sneer fn11YT1enr and hesr up 

sand made a::mpress case on mold in the wllf/ poly-er>? boerrf 

of /Je/g/lr I.OJ m , wldlf/ I.OJ m , lf/lck aOJ m , and 

poly-=n po/far Inside steel pipe of /lelg!Jt aoo m , widlf/ 

aoo m ,leenglf/ J.J m • Consequently, poly-=n type 

ardficial fisn reef putt tvgetfler total wlum ro J m' 

from 42:J m' , /Jeig/Jr 1-10 m • 

Flg.4 

I 
J6.IO 
I 

~- i 

~~ 
.5emlcylindrlal type artificial fisn reef ( merchandise 

name) : Cement coricrere mad casr on mold In the plant • 

.5em!cy!indrlal type fisn reef putt rogetfler rota! wlum JOO 

·m' , height J.J m . 
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Ffg. .S Ordinary art:lficla/ fish reef : Cement: a:ncrete mad cast: 

on mold In nesrby a fismng porr- yard. 

A orrlinary art:lficla/ fish reef ....s about: .1. 4 Cl.Ible merer , 

Inside empty a.tbe. Many ordinary art:lficlal fis/1 reef 

rancf<un svnk on tile sink point:, rancf<un plied tp high • 

.K£SUl7' 

(1).0/Jgata J'ofl'n N.i.igata Pref. 

O/Jgata J'ofl'n N.i.igata Pref. in t/Je s/Jallofl' fl'ater 

of t/Je art .if.ic .ial f.is/J reefs fl'as r/ept/J 21J , 41J • 

of 2 po.int ( Fig. I ) t/Je enY.iro•ent 

cond.it .ions of current etc. fro• t/Je •onotonous 

snore l .ine fl'as about t/Je sa•e D.iYinc 

obserYat .ion fl'as three t i•es .in June , July , 

August , eac/J artificial f.is/J reefs rJ.iYerl tfl'o to 

six t i•e • 

7'/Je obserYat .ion result not da•ace to 

artificial f.is/J reefs • 7'/Je artificial fis/J 

reefs set up t/Je botto• of t/Je depth 21J • h·ne 

sand , 41J • soft sanrl , t/Jat around t/Je botto• 

exist as r/.itc/J at depth 0.5 to O. l • , fl'idt/J 2. O 

to .J. 0 • • 

7'/Je current at obserYat .ion rl.iY.ing fl'as t/Je flofl' 

of June a/;out SK to N£ , July N£ to SK or SK to 

N£, August SK to N£ alone a r/ept/J contour. 

7'/Je obseryat.ion f.is/J fauna of each artif1.c.ial 

f.is/J reefs /Jaye been obserYerl on each 8 to 18 

species , total 28 species • J'/Je obserYat.ion 

fishes fl'as rf.iy.fs.ion type fro• be/JaYioure of 

lligrant fishes , Settle•ent fishes , t/Je Other 

fishes • 

7'/Je rlept/Je 21J • of artificial fish reefs / to 

V /Jaye been obserYed I on Iii species ( 11.f • .J 

species, S.f. l species, t.O.f. If species) , JI 

on II species ( 11.f. 2 species, S.f. If species, 

t. O. f. .J species ) , /II on 11 species ( II. f. .J 

species, S.f. II species, t.O.f • .J species ) , 

Jr on 18 species ( 11.f. .J species, S.f. II 

species, t. O. f. 4 spec .ies ) , V on 12 spec .ies ( 

11.f • .J species, S.f. 5 species, t.O.f. 4 species 

) obserYat.ion f.is/Jes at V of Settle•ent 

fishes fl'as fefl' . 7'/Je r/ept/J 41J • of artificial 

f.is/J reefs /Jaye been obserYerl Ff on l.J species ( 

II. f • ..J species, S. f. l spec .ies, t. 0. f. .J spec .ies 

) , Fr on 8 species ( II. f. 2 species, S. f. 4 

species, t.O.f. 24 species ) , artificial fish 

reefs Ff and Fr differ fro11 obserYerl Sett le•ent 

fishes • Clupe.irlae anr/ J'rac/Jurus japon.icus of 

H.igrant fishes Sebastes sc/Jlecel .i 

Hexagra••os otalr.ii and J'/Ja•nilconus •odestus of 

Sett l e•ent fishes /Jaye been obserYerl on the 

art .if.ic .ial fish reefs / to Fr 
July , each art .if.ic.ial fish reefs of depth 21J 

• stoci the sea fl'it/J Pagrus •a}or fry ( juyen.ile 

stage of artificial culture ) nu•ber of 5, 000 , 

after Ff/Jen /Jaye been obseryer/ be/Jay.foure of 

Pagrus •a}or fry. Pagrus •a}or fry attacter/ to 

the center of art ific .ial fish reefs , Ff/Jen 

school.inc on near botto• ( Fig. If) • 

•a}or fry •any school up Ff.it/Jin .J • sphere , the 

outside school fl'it/J.in 10 • , up the current of 

art .if.icial fish reefs fl'as tfl'ice as •any school 

as rlofl'n t/Je current J'/Je artificial f.is/J 

reefs attracter/ upper t/Je current of J'rac/Jurus 

Japon.icus ( total length 20 c11 ) , .inside of 

Sebastes sc/Joeceli 
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near /)()ft()• the artificial fish reefs 

n"t attacked ()f the "t/Jer fishes • 

fry /Jave 

Pacrus 

•ai"r fry /Jave an attacked ()f artificial fish 

reefs inside at Se/Jastes sc/Jleceli and J(J c• "r 

'"re /J()tt"• upper the current at Trac/Jurus 

/ap"nicus August , Pacrus •ai"r fry had 

escaped fr()• this artificial fish reefs , when 

/Jave /Jeen n"t ()/)served • 

The envir"n•ent C()ndit i"ns in July ()/Jservat i"n 

/Jave /Jeen 11esured ()f undenvater ii lu•inat i"n ( 

incident light , cat()ptric light ) and water 

te•perature ( Ta/Jle 2 ) 

c]()udiness , •esure ti•e 12:J(J 

The weather was 

the decree "f 

transparency 20.(J, underwater illu1inati"n K()Wn 

/J()t/J incident light and cat"ptic light fr"• (} t" 

5 • the '"st a/Js()rpt i"n The sa•e water 

te•perature •()st descended fr()• (} t() 5 • • 

Table I ArtHicial fis// reef of every type observed fis// species 
in Otlgara Town Niigara Pref.. 

Species 
Clupeidae 
Trac/Jinocep'lalus mycps 
Trac/Jurus japonicus 
Serio/a quinqueradiata 
Serio/a dumerili 
Apc:gon semi/ineBtus 
~00 <bederleini 
Epinephelus septemfasdatus 
Stereolepis lsctJinagl 
Hapa/ogenys nitens 

I 

* 0 

* * 

@ 

Artificial fish reef 
II II/ .tr v 
* * * * 
* * * * * * * 

0 @ 

o. @ 

@ 0 

0 @ 

II ff 

* * 
* * 
* 
0 

0 

Pagrus ma/or 0 @ @ @ @ @ 

0 0 0 @ @ 0 
0 

0 0 0 0 
0 0 

Cplegnathus fasciatvs 
Ditrema remmincki 
Ptercgobius zaca/Jes 
Pterogobius za>0leucus 
Prerogobius elapoides 
Sagamia geneicnema 
Cobiidae 

0 
0 
0 

0 0 
0 0 0 0 

Sebasre> Jnermis @ @ 

@ @ @ Sebastes ttiompsoni 
Sebastes sctJlegell 
Synanceildae 

@ 

0 
@ @ @ @ @ 

0 
0 lf>podytes robriplnnis 

Hexagrammas otakil 
Paralic/Jl/Jys olivaceus 
Pleurcnecridae 
Stephanolepls cirr/Jlfer 
Rr..KMrius enxx:les 

0 
0 
0 

0 0 0 0 @ 

0 
0 

0 0 
771amnaect?US modestus @ @ © @ @ @ @ 

Number of species 16 II 17 18 IZ /J 
Number of Observatloo 6 3 5 5 5 2 

note : n : Migrant fises • @ : Settlement fishes • 0 : The others fishes 
/ : Poly-a:n type arrificial fis// reef 35 m' · ( 1f>e Inside of small 
structure ) • II : Poly-ain type artificial fis// reef 35 m' ( 1f>e inside 
of lar;ge structure ) • II/ : Poly-con type artificial fis// reef 27 m' 
( 1f>e inside of small structure ) • ff : Poly-a:n type artificial fis// 
reef 27 m' ( the Inside of large structure ) • V: Trapezoid type 
artificial fis// reef 50 m'( I ser, 25 m', rf.e Inside of large structure). 
II: Poly-a:n type artiflclal fis// reef 155 m' ( 1f>e Inside of small 
structure). ff: Somlcyllndrlal type artificial fis// reef JOO m' 
( / ser, 150 m',the inside of large structure). 

8 

2 

D small 

DOD 
DOD 

~)~peidae 
nicus~ 
~ CURRENT 

rJll.6 Artificial fis// reef on fisll fa,,.. attn!lcra:t oi»ervarion strx::k the see 

lrith Pagr= major fry (~lie stage of artificial cvlture ) • 

Table 2 Ux:lerwater illumination and water temperature of observation poinr 

depth 25.tm 

1f>e degree of transparency : 20.0 

Depth Incident 11g11r Catvptric fight Water Temperature 

Om 9,.21:17 lux 250/ux 26.8 t:" 
1 8,6al 2JO 
2 7,saJ 220 
3 7,50? 200 
4 7,XI? 150 
5 7,.21:17 IM 25.5 
6 7,.21:17 136 

7 7, /«J 128 

8 7,al? 122 

9 6,saJ 113 
10 6,6al 108 2.f'.7 
II 6,«JO 102 
12 6,.21:17 97 
13 6,al? 93 
u 5,saJ 89 
15 5,6al 85 
16 5,.21:17 82 
17 5,al? 80 
18 .f',5'!:tl 78 
19 .f',saJ 76 
2rJ .(<,«JO 7// 23.8 
21 .f',300 73 
22 .f',l«J 73 
.2J <',al? 72 
2.f' ~5'!:tl 72 
25 ~6al 71 23.6 

(2) .Kaisaka T"w" S/Jizuoke Pref. 

Kaisaka T"wn S/Jizu()Ka Pref. in the s/Jall"w 

water ()f the artificial fish reefs set up ()n the 

sand /J()tt()ll" ()f depth J(J t() 4(} • , after set up 

fr()• I t" J year, ()/Jservati"n diving was I t() J 

ti11e 

p"Jy-c"n type artificial fish reef ()f I set 

up "n the depth 45 11 I set 42J • 3 , ar"und the 

exist as ditch at depth (}. 55 t" 0. 8 • , width 

/.(} t() 4.2 •• 

p"Jy-c()n type artificial fish reefs ()f JI set 

up "n the depth Jo • 2 set , 248 • 3 , ar"und the 

!Jott"• exist as ditch at depth 0.5 t() 0.1 • , 

widt/J /. 4 t() 2.5 II • 
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Ordinary artificial fish reefs of .If set up on 

the depth Jo• 100 piece , JJ7.5 •", a d.ia1eter 

about 20 " range at intensively around the 

botto• exist as ditch depth 0. o to I. I , , 11.idt/J 

I. 8 to 2. 8 " 

Ordinary artificial fish reefs of JY set up on 

the depth J7" /(J{) piece , JJ7.5 1 3 , a dia1eter 

about 15 " range at intensively , around the 

botto1 exist as ditch depth 0. 7 to 0. 8 • , 11.idt/J 

I. o to 1.5 • 

Ordinary artificial fish reefs of V set up 

·the depth JO• 100 piece , JJ7.5 1 3 , a d.iaJuter 

about 18 • range at intensively , around the 

botto• exist as ditch depth I. 0 to /. 5 , , 11.idt/J 

2.5 to 4.2 • , this reef was not protruding 

botto• . 

The observation fishes of each artificial fish 

reefs /Jave been observed I on 19 spec.is ( K.f. 

J spec.is , S.f. II spec.is , t.O.f. 5 spec.is) , 

fl on 22 spec is ( K. f. 2 spec is , S. f. 9 spec is 

, t. 0. f. II spec.is ) , .II on lo spec.is ( K. f. 2 

spec.is , S.f. 8 spec.is , t.O.f. o spec.is) , JY 

on 29 spec is ( K. f. 4 spec is , S. f. 15 spec is , 

t.O.f. /IJ spec.is ) , V on 21 spec.is ( K.f. J 

spec is, , S. f. 8 spec is , t. 0. f. /(J spec is ) , JY 

at observation fishes 1ost •any 

The ordinary artificial fish reefs of sa1e 
scale and sa1e structure differ at observed 

fishes A large size artificial fish reef 

not attracted large fish school . 

Parapr.ist.ipo1a triineatu• of Kigrant fishes , 

C.iniistius zonatus , Sebastiscus 1ar1oratus and 

!'ha1naconus 1odestus of Sett le•ent fishes /Jave 

been observed on the artificial fish reefs / to 

v. 

Table J Arrificia/ fish reef of every rype observer:( fish species 
in MaiSllka Town Shizuoka Pref. 

Arrifida/ fish reef 

~ Dilsyar~ye1 
L t ll. 

Plorasus /ineatus 0 
Gymnott>orax kidako 0 
C/upeic"1e n 
Trachur5 japcniars n 
Serio/a quinqueradiata n 
~= semilinetus @ () () 
~a? doecber/einl () 
Apogpnic"1e 0 
Lareolabrax feponicvs () 
Epinephelus sepremfa~atus () ~'jl @ 
Epinephelus moara 
Lut'janus kasmira 
Lurjanus manasrigma 
Franzia squamipinnis 0 0 
Paraprisriporna trilineatum n n n 
PlectorhyndJus cinctus () @ 
Plectorhyncllus pictus 
Pagrus major () 
Acanrt>cpagrus sd1/ege/J () 
Kyphosus lembus 0 
f:Plegnatllus fa~atus () @ () 
CirrtJiriclJtfJys aureus 
Ccniisrkes zonat.us " 0 0 
Panac:entrkfae 
OK;1el"'OCbn azvrio 0 0 
Pseucblabrus feponicvs 0 0 
Thalassoma cvpit:b 
Labroit:ks dfmidiatus 0 0 
Labrid:Je 0 
P/arax orbicvra/is 0 
Microcantllus strigatus 0 0 
PanacandJus imperaror 0 
Chaenxkn auripes 0 0 
01elmo rostratus 
Henicx:f1us acuminates 0 0 
Siganus fuscescens " Sagamia geneicnema 
Pricnun.JS sc.a/pn.JS 0 
Sebastiscus ma1T110n1tus () 0 " Prerois lunulata 
Sebastes Jnermis () 
HeKagrammas otakil 
Parlichthys o/ivaceus 0 
Stey:>'>anolepis cint>ifer 0 
Thamnacvnus modestus () () () 
Canth!£aster rivulata l2 
Afiiij!Jer of §i!!5ies l!l 2J 16 
Mrnber of Ol>serYatia> I J 2 

I! v 

0 0 
n 

n n 
n 
() @ 

@ 
() 
() 

0 
0 

n n 
@ 
() 
@ 

@ 

" 0 0 
0 0 

0 
0 0 
0 

0 
0 

0 
0 
0 0 

0 
0 

0 0 
0 0 

" 0 

" () 0 

" 
" " l2 l2 
2!l 21 

2 2 
note : J} : MJKranr liShfiS • tJI : .>ememenr Iishes • 0 : me othe?S liShfiS 

I : Poly-c:n rype arrificial fish reef I ser,~J2 m' 
II : Poly-c:n rype artificial fish reef 2 ser,24<8 m' ( Iser, 12~ m') 
JI/ : Ordinary artificial fish reef 100 piece,JJ7.5 m' 
Jr : Orrrmary artificial fish reef 100 plece,JJ?.5 m' 
V : Ordinary artificial fish reef 100 piece,JJ7.5 m' 

DISCUSSION 

Ohgata Town Hiigata Pref. and Kaisaka Town 

Shizuoka Pref. both in the shallow water of the 

artificial fish reefs at observed fish fauna , 

the observation fishes sorted out division type 

( !'able 4 ) The division type weight 

esti1ated each fish for total length • Each 

artificial fish reefs co11pared unit volu• of 

fish school The observation fishes of each 

artificial fish reefs exa•ined of Index of 

diversity and Degree of overlap . 

Korishita 's Index of diversity 

,6'= 
N(N-1) 

•.•... (!) 
..Eni ( ni-1) 
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l!orisita 's Degree of overlap (1959) 

CJ= _ __.__,,__,__ ____ , od·a~ 1 (±) • • • • r2J 

-~~------I ); = 

Diving have been observed fish esti1ate weight 

unit volu• of fish school and Index of 

diversity shown table 5 , Degree of overlap at 

table If l'otal observation fish volu• •any 

1ost of JI/ on 191J. 8 kg and then f on IJ2. IJ kg 

, If on 118.9 kg , Jr on IOU.If kg , half of JI/ 

11as the other • l'he unit volu• of fish school 

•any 1ost of JI/ on 7.J kg/• 3 and then Jr on 4.2 

kg/• 3 1 I on 4.1 kg/• 3 , other 11as belo11 1.5 

kg/• 3 • l'he total size attracted 1ost fish 

school on s1all seze of artificial fish reefs • 

l'he sa1e size of artificial fish reefs 

attracted 1ost fish school inside s1all 

structure l'he Index of diversity 

observation fishes attracted •ost at JI/, f, JI, 

Jr •ore than J. 45 , Fl'hen fell' attracted at JI, 

V, ff not •ore than 2. IJ , si1ple f)sh fauna 

l'he Degree of overlap , sa1e depth higher at f 

to V , differ depth loFl'er at If to ff . !'he 

artificial fish reefs betFl'een If to ff higher , 

that said fish fauna attracted decide fro11 depth. 

of possibility hint • 

l'he artificial fish reefs in the shalloFI' water 

lfaisaka J'o11n Shizuoka Pref. have been observed 

at 1ost observation fishes of Jr on 585.2 kg and 

then JI on 505. 9 kg l'he unit volu• of fish 

school 1any 1ost of JI on 2. 0 kg/1 3 anti then JY 

on 1.1 kg/1:1 , half of the other . J'he Index 

of diversity nu1ber higher differed fro• Jr 4.24 

to JI J.21 • J'he construction of sa111e unit at 

JI/ Jr and V differ observf!d result fro• 

differ accu1ulation Poly-con type 

artificial fish reefs of I anti JI not attracted 

1ost fishes at large unit size . Degree of 

overlap , Poly-con type artificial fish reef of 

depth 45 • and ordinary artificial fish reefs of 

depth JO • at fish fauna attracted decide fro11 

depth of possibility • 

J'he artificial fish reefs on attracted fish 

fauna effected of decision facter fro11 depth . 

l'he artificial fish reefs of 1ost fish fauna 

attracted fro• total size than inside structure 

S1all unit higher pilf!d up 1ore effective • 

!'he larger artificial fish reef unit 

attracted fe11 fish fauna sa•e 400 ,, of 

artificial fish reef, I unit of Jess than 40 11 3 

said •any set up artificial fish reefs. 

Table 4 Division rype of observarion fis/J species 

Type Fish species 

DASYATIS AKAJEI - Type Dasyaris aka/el. 

GYM/\077-IORAX KIDAKO - Type Gymnot:horax kid5kr> • 

PAGRUS M4.70R - Type HlpB/ogenys nitens . Pagrus major • Op/egnatfJus 

fasciatus • Ditrema remmincki • Lurjanus kasmira .. Lur/anus 

monosrigma • F'ranzia squemipinnis • Plec!DrtJyndws cinctus • 

Plectomynct>us pictus • AcantfJcpacrus scfllegell • K>Pf>o:;us 

Jembus .. Pomacentridae • 

SEBASTES SCHLEGEL/ - Type Epinep/Jefus septemfasciatus . Stereo/epis 

iscflinagi • Sebastes scfllegeli • Synanceiidae . Hypodyres 

robripinnis • CirrhiridJtfJys aureus .. Coniistius ZC¥Jetus • 

Siganus fuscescens • Priawn..rs sca/prus • SeiJastiscvs 

mannoratus .. Pterois Junu/ata • Epinep/'Je./us moara • 

fl.ATAX ORB/CURAL.IS - Type Pia~ orbicuralis. 

SEBASTCS 7HOMRS4N/ - Type Ap:l'faJ semilinetus • ~"' <ber:lerleinl • 

Sebastes inerrnis • Sebastes t!Jompsan/ • ~cnidae • 

Microcant/Jus stri.gatus .. OJaetlXknropJus seprenuiona/is • 

Pomacantlws imp(;>raror • Chaetock:n auripes • Ole/mo rr::xstratl.JS 

• Henkx::llus acuminares • 

PARAL/C/-177-/YS Oi.JVACEUS - Type ParalicntfJys o/ivareus . Pleun:nectidae • 

HEX4GRAMIJQS OTAKll - Type Tracninocepllalus myvps • Hexagrammas otaki/ 

SER/OLA QU/!IQUERADIA TA - Type Traclwrus fapa?icus • Serio/a 

quinqueradiata . Serio/a dumerill • Lareo/abrax japa?fcus • 

Paraprisiipoma rrilinefitum • 

PSEUDOBLENNIUS COTT/DES - Type PterogOb/us zacal/es • Pterogobius 

elapoides • Pre.rogobius zono/eucus .. Sagamia geneicnema • 

Cobiidae • Cl>oen:la7 azurio • Pseut;blabrvs japaJiCI..lS • 

Tlli1/assoma cvpicb • l.abroidae • Labrokles dimidiatus • 

S4RDl/\OPS MELAJ\WTICTA - Type Clupeidae • 

SllLAGO JAIU'VIOI - Type Ptorasus llneatus 

THAMN4CONU5 MODES7U5 - Type Stephanolepis drmifer • Thamnaccnus 

moclestus • Rudarius ercrx:fes • Candligaster rivulata • 

I 

II 

Jlf 

JY 

v 
Ff 

FI 

Table 6 ObservaritXJ eac/J artificial fish reef on fish fauna artracted 

berween degree of overlap Jn the Ohgata Town shallow water 

I II Jlf JY v Ff 

a57~ aS09 a778 a?S.J 

a57~ a6.JI a586 a.Jt9 ato5 

a6.JI a912 a5s5 

asO!l asJ.J aJJO 

as75 a.J02 a556 

a778 a.JJ9 a5s5 a.J02 as19 

a?s.J a105 a5JO a556 as19 
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Table 5 Divif18 have been observed fish species nt.mber and weight: at: me 

artificial fish reef In the aitfata To..,, shallow water 

(a ntmber of cbservarkn .mean ) 

Artificial fish n!ef 

Type I JI I /Y v IT IT 

Migrant: fishes 
J 2 J J J J 2 

(kg) 6.3./ 27.? ~.o 70.J 61.0 /&? 25.0 

Setr/emenr fishes 
6 6 " II 5 ? 4 

(kg) 65.5 14.J 102.6 J0.2 15.4 99.6 t!l.9 

tlle Otl1er fishes 
? J J 4 4 J 2 

(kg) 4.J a4 at at a4 a5 

Total 
t5 " I? ts 12 IJ s 

(kg) t.32.6 42.4 t%..S taJ.6 ?6.S l/&9 #.9 

U1it: l'Dlum of fish SICl1ool kg/m' 4.t l.J 7.J 4.2 1.5 a? at 

Index Of diversity J.45 2.28 4.4J J.62 2.J!I 4.?4 2.60 

note : LPPer /)lfHCJ/frl1/1h , Obsenl!!d fish species nt.mber • Lower paragraph , 

a......,."" wejghr from observed fish k>ta/ Jengtl> • 

I: Poly-an type BrtiflclB/ fish reef :J2m'( the Inside of small structum) 

JI: Poly-an type arriOc/B/ fish reef :J2m'( 1lle inside of large structum ,l 

I: Poly-an type arr/DciB/ fish reef 2?m'( 1lle Inside of small structure ,l 

/Y: Poly-an tnie artificial fish reef 2?m'( 1lle Inside of large structum) 

V: TrapeZD/d type arriflclB/ fish reef »n'. IT: Poly-an tnie ardflciB/ 

fish reef t5.MI'( 1lle Inside of small structum) IT: Semicy/Jmdriilf tnie 

8rdficial fish reef JtXtn'. 

Table ? Div/f18 have been olJserYed fish species ntmber and wejghr ar tlle 

artificial fish reef In lhe Mllisaka To..,, shallow water 

(a number of cbservatim mean ) 

Artificial fish n!ef 

1)'pe I JI I /Y v 
J 2 2 4 J 

Mignmr fishes 
(kg) 56.S 4/J.9 1.35.0 .321.0 t5&0 

Setr/emenr fishes " 9 s 15 s 

(kg) n.s 82.2 98.5 255.5 9J.? 

5 " 6 10 to 
the Otfler fishes 

(kg) 2.4 !1.9 24.6 &? IJ.4 

Total 
19 2Z t6 29 2t 

(kg) tft.I 5a5.9 258./ 585.2 265.t 

U>it: l'Dlum of fish scfloo/ kg/m' a4 2.0 as /.? as 

Index of <Dverslty 4.08 J.21 J.5J 4.24 J.J.2 

note : LPPer /)lfHCJ/frl1/1h , Obsenl!!d fish species number • Lower paragraph , 

a......,."" wejghr from observed fish k>tal lengtl> • 

I: -4.MI Poly-an tnie BrtificiBI fish reef. JI: -J6m Poly-can type 

art/Dela/ fish reef. I: -J6m Ordimur arrificlal fish reef. /Y: -J?m 

Ordimuy arrificial fish n!ef. V: -xm Onfinary artificial fish reef. 

Tables Observat:ia? each artificial fish reef tx1 fish fauna attracred 

bet:weer> ck!tfree of overlap in the Maisaka To..,, shallow water 

I JI I /Y v 
I aM9 an5 a682 a492 

JI aM9 a~J a9J!I a452 

I 0.655 a~J a825 a»5 

/Y a682 a9» a825 a424 

v a492 a-152 a5D a-124 
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STUDY ON GENERATION OF UPWELLING WITH 

ARTIFICIAL RIDGES "SUPER RIDGES" MADE OF 
-

HARDENED COAL ASH BLOCKS 

M. Oki*, T. Suzuki*, M. Kusabuka*, T. Sugihara**, Y. Kasai** 

* Hazama Corporation, Japan 
** Tokyo Electric Power Co., Inc. Japan 

ABSTRACT 

The world's major fishing grounds are maint
ained by natural upwelling, which enables nutr
ients in the sea water to rise from the seabed 
to the photic region and so increases primary 
product ion. The study reported here was concer
ned with the creation of new fishing grounds, 
where sea water upwelling will be generated by 
installing artificial ridges named "Super Ridg
es" on the seafloor. Coal ash, which has been 
used up until now to be disposed of mainly on 
reclaimed land, is effectively utilized as the 
principal materials of these ridges. This re-
port outlines the "Super Ridges" project and 
discusses the technical problems involved in 
implementation of the project. 

1. INTRODUCTION 

Japan faces the problem of decreases in cat
ches on coastal fishing grounds due to restric
tions on fishing within the 200 mile-zones in 
many countries and decreasing fishing resource 
due to water pollution from coastal reclamation 
and industrial effluent, as well as overfishing. 
The situation calls for development of new coa
stal fishing grounds. 

At the same time, Japan, which is the second 
largest energy consumer in the world after the 
USA, is rapidly turning from oil to coal power 
generation to avoid becoming too dependent on a 
single energy source and thus ensure a stable 
energy supply. As a result, the electric power 
output of coal-fired thermal power plants has 
already reached 13 GW as of 1989, and that lev
el is expected to double within the next 10 
years. 

Coal-fired thermal power plants produce coal 
ash at an annual rate of approximately 360, 000 
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tons per 1 GW of power, which must somehow be 
disposed of. At present, most of the coal ash 
is used as materials for reclamation of coastal 
areas. Al though more effective uses for coal 
ash have been developed, there is no market for 
it in such large quantities. 

This concept of artificial ridges called 
"Super Ridges" has been proposed to solve both 
of these problems. These ridges feature a newly 
developed hardened product made from coal ash. 
They are constructed on the sea bottom in areas 
with poor fishing resources to improve these 
fishing grounds. 

2. UPWELLING FISHING GROUNDS 

Coastal areas off California (west coast of 
USA ) , Peru and Algeria are wel 1 known as good 
upwelling fishing grounds. The upwelling is, in 
many cases, generated by winds. As shown in Fig 
. 1. the wind along the coast generates surface 
currents away from the coast on Ekman's wind 
driven current theory, and this causes sea wat
er at the bottom in the deep sea area (deep sea 
water) to move up towards the surface following 
the topography. Through this process, the upwe-
11 ing carries deep sea water up towards the su
rface. In general, deep sea water contains rich 

EKMAN' S WI NO 
OR I VEN CURRENT 

\ ... -1 e1lw1No 

EKMAN' S WI NO OR IVEN CURRENT 

SEASHORE 

CROSS SECTION 
PLAN 

Fig. l. The model of upwelling generated by the 
wind 



nutrients, such sea water produces plant plank
tons when exposed to sunlight. The large amount 
of plant planktons so generated becomes the fo
undation of a food chain in the sea, leading 
ultimately .to an increase in the fishing resou

rces. 

In addition to wind-generated upwelling fis
hing grounds mentioned above, there are many 
smaller fishing grounds generated by local cur
rents. In Japan, current-generated upwel 1 ings 
are found around islands (e.g. Hachijoj ima), in 
channels (e.g. Naruto Strait) and at other loc
ations. A detailed study on current-generated 
upwellings was conducted on the Shiomaki Reef 
in Yamaguchi Prefecture by Ueki ta, Nakamura, 
Hideshima et al . 1 ;, and the various interest
ing findings from the study were reported. The 
study indicated that this type of upwelling is 
generated by differences in the pressure betwe
en the slow current in the bottom layer and the 
fast current in the surface layer when the curr 
ent flows over the reef. 

SUH LIGHT 

ll !!1 

CURRENT FLOW 

Fig. 2. The simplified mechanism of biological 
production by current-generated upwell
ing 

3. LARGE-SCALE ARTIFICIAL RIDGES "SUPER RIDGES" 
EMPLOYING NEW HARDENED PRODUCTS 

To illustrate the process of constructing 
artificial ridges "Super Ridges" using coal ash, 
let us assume that a 1 GW coal-fired thermal 
power plant is located on the coast, and that 
the area has a sand/mud bottom with less fishi
ng resources. A further assumption is made that 
all the coal ash discharged by power plants is 
used as raw materials. Cement with water and 
admixture is mixed with coal ash to make hard
ened materials. 

In this case, several construction methods 
are possible, however let us assume that blocks. 
as the hardened material weighing 100 tons each, 
are continuously manufactured and stacked close 
by. The power plant discharges 1, 000 tons of 

coal ash per day, to make 17 blocks per day. 
These blocks are piled up to a height of 35 m 
on the seabed 100 m below surface to form a 
Super Ridges as shown in Fig. 3. In case of 10 m 
and 80 m wide ridge at the top and bottom resp
ectively with 200 m length, approximately 280, 
000 m3 volume of the ridge will be required. 
The total quantity of coal ash discharged in 30 
years will be 11 million tons, from which appr
oximately 11 million m3 of hardened coal ash 
can be produced. Using these to construct ridg
es with 66% voids, the approximately 23 km len
gth of ridges can be created. 

When currents in the sea crash against the 
Super Ridge, new upwelling will be created, 
bringing up nutrients near the seabed to the 
photic region of the area where sunlight can 
reach. Planktons will increase feeding on the 
nutrients and subsequently a new fishing ground 
will be created. 

Fig. 3. The image of Super Ridges 

4. TECHNICAL PROBLEMS IN IMPLEMENTATION OF 
CONCEPT 

4. 1 Serviceabi 1 i ty of Hardened Coal Ash Blocks 

The authors have been engaged in research on 
new hardened blocks using coal ash as its main 
component in order to make effective use of 
coal ash and, through development of an admixt
ure, which contributes greatly to harden coal 
ash, have succeeded in producing high-strength 
hardened coal ash blocks at reasonable costs. 

Fig. 4. shows the relation between the ratio 
of cement C/(F + C) and the compressive streng
th of the blocks and a comparison is made betw
een the cases with and without the newly devel-
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oped admixture. It can be seen from the figure 
that the strength of the hardened blocks can be 
controlled by adjusting the ratio of the cement 
and that in all cases use of the new admixture 
was effective to obtain higher strength of har
dened blocks. 

"' E 
'-' 

' "" ""' C:CEMENT 

= ,_ 
<:!> 

F:COAL ASH 
..., 
= ,_ 

200 
SAMPLE WITH 6% 

100 NEW ADMIXTURE 

SAMPLE WITHOUT 

0 '-:-:~:'=-:~+-:o---N E W A D M I X T U R E 
10 203040 

C/(F+C) (%) 

Fig. 4. The relation between the ratio of 
cement and the compressive strength 

Core samples were taken from a hardened coal 
ash block which had been sunk in the sea for 
two years to investigate their resistance to 
seawater. Their compressive strength was 453 
kgf/cm2 and no signs of deterioration were ob
served in X-ray diffraction analysis and SEM 
observation. 

The results of the elution test are given 
in Table 1. The values for hardened coal ash 
block and concrete satisfied the safety stan
dards set by the Environment Agency of Japan-

Table 1. Results of elution test 

(Unit :mg/I) 

Samples 
d et e ct i on Safety 

Analysis Items Harden d Concrete 
C oa I Ash l i mi t Standars 
b I oc k 

Cadmium and n at n at 0. 01 ;> 0. O I 
Compounds detected de t e ct e d 
Cyanide ,, ,, 0. 2 n at 
Compounds detected 
Organophosphoric ,, ,, 0.1 ,, 
Compounds 
Lead and ,, ,, 0. 1 ;> 0. I 
Compounds 
Hexava I ent ,, ,, 0. 0 5 ;;; 0. 0 5 
Chromium 
Arsenic and ,, ,, 0. 0 5 ;;; 0. 0 5 
Compounds 
Mercury and ,, ,, 0. 0 0 0 5 ;;; 0. 0 0 0 5 
Compounds 
A I k y I Mercury ,, ,, 0. 0005 n at 
Compounds detected 
PCB ,, ,, 0. 0 0 0 5 ,, 
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ese government. This is thought to be because 
the hexavalent chromium contained in the coal 
ash as well as in the cement was solidified by 
the cement and the water, then was stabil i.zed. 
Since the safety standards set by the Enviro
nment Agency are as stringent as water quality 
standards under the Water Supply Law, hardened 
coal ash blocks can be reckoned to be as safe 
as concrete to living organisms. 

In Fig. 5, a comparison is made of compres
sive strengths and raw material costs between 
hardened coal ash block and ordinary concrete . 
A coal ash is designated an industrial waste, 

they don't have a reasonable price. If the 
price of the coal ash is subtracted from the 
costs, the cost of the materials for hardened 
coal ash blocks will be a third that for ordi
nary concrete of the same strength. 

10 20 30 40 

MATERIAL COST(US !/s3) 

HAROEHEO COAL ASH BLOCKS 
WITH!% HEW ADMIXTURE 

HAROEHEO COAL ASH HOCKS 

WITHOUT HEW ADMIXTURE 

ORDINARY CONCRETE 

Fig. 5. The relation between the compressive 
strength of blocks and the raw material 
cost 

4. 2 Biological Productivity of Deep Sea Water 
Containing Rich Nutrients 

Culture tests of plant planktons were carr
ied out in order to examine the productivity of 
nutrients in deep sea water. 

(1) Test Method 

Marine chlorel la (Chlorel la sp.), which is 
commonly found in eutrophicated sea zones, was 
used for the test. Water samples were taken 
from depths of 0. 5 m and 80 m for surface and 
deep sea water. respectively. The results of 
water quality analysis are shown in Table 2. 
The deep sea water sample contained 5 times as 
much NOs-N. twice as much T-N and 1. 5 times as 
much P03-P as the surface water sample. 
After the samples were fi 1 tered using 1 µ m gla
ss filters, 5 mixtures with different proporti
ons of surface and deep sea water were prepared 
(ratios of surface to deep water - 1:0, 3:1, 
1:1. 1:3, and 0:1). The sample mixtures (700 m 
each) were placed in flasks and to these marine 
chlorel la of a constant density (5. 2 x 10 4 cell 
s/m each) were added. These were left for 16 
days in the apparatus as shown in Fig.6. 



Table 2. Results of water quality analysis 

Surface Water Deep Sea Water 
Analysis I t ems Sa mp I e Sam p I e 
Water Temperature ("C) 2 1. 9 2 0. 1 
pH 8. 2 8. 1 
DO (ppm) 6. 2 5. 5 
Salt (%) 3 5. 4 3 5. 0 
coo (mg/ I) 1. 0 1. 2 
NH -N ( µ g. at/f) not detected 0. 1 5 
N02 -N ( µ g. at/ I) " not detected 
NO. -N ( µ g. at/ I) 2. 8 1 4. 8 
T-N ( µ g. at/ I) 10. 7 2 1. 2 
PO, -P ( µ g. at/ I) 1. 5 2. 0 

LIGHT SOURCE (A FLUORESCENT LIGHT) 

AIR -
PUMP 

\HEATER 

Fig. 6. The apparatus of culture test for 
chlorella 

(2) Results and Observations 

Fig. 7 shows the increase of chlorella with 
the passage of time. It can be seen that the 
breeding ratio of the chiorella increases with 
the proportion of deep water in the sample mix
tures and it means that the primary productivi
ty is higher for deep sea water containing rich 
nutrients than for surface water with less nut
rients. 

SURFACE DEEP 

WATER : WATER 

0 1 0 

• 3 : 1 
)( 1 : 1 
c. 1 : 3 

"" 0 : 1 

THE PASSAGE OF TIME (days) 

Fig. 7. The increase of chlorella with the 
passage of time 

SEA 

4. 3 Generation of Upwelling with "Super Ridges" 

When the nutrients-rich deep sea current 
coll ides with the "Super Ridges", deep sea wa-
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ter is carried tri the photic region near the 
surface through generation of separated vorti
ces at the summit of the ridge and consequent 
mixing and diffusion of surface and deep sea 
water. The effects of parameters. such as the 
height and slope angle of the ridge, the curr
ent velocity and the difference in density be
tween surface and deep sea water, were invest
igated by generating density stratified flow 
in a two-dimensional experimental waterway. 

The items investigated included the follow
ing. 
a. Relation between height(D) of Super Ridges 

and rise of deep sea water 
b. Relation between slope angle(R) of Super 

Ridges and rise of deep sea water 
c. Relation between current velocity (V) and 

rise of deep sea water 
d. Relation between density difference(Ll p) 

and rise of deep sea water. 

(1) Test Method 

The density of the sea water at the surface 
off the coast of Kanta Region in Japan is 1. 0-
240 to 1. 0246 g/cm3 , while that at 100 m below 
surface is 1. 0254 to 1. 0258 g/cm 3 , giving a 
density difference of 0.0012 to 0.0014 g/cm 3 • 

In the experiment, the density difference was 
created by using fresh water for the surface 
water and salt water for the deep sea water. 
It was assumed that only the deep sea water 
contained nutrients. The salt water as deep 
sea water was coloured and measurements were 
taken of how far the deep sea water would be 
made to rise by the Super Ridges. 

(2) Results and Observations 

The relation between the height (D) of the 
Super Ridges and the rise (Zu) of the deep sea 
water is shown in Fig. 8. The values for D and 
Zu are made dimensionless by the water depth 
(h). The results indicate that Zu/h increases 
with D/h. 

Fig. 9 shows the relation between the slope 
angle (R) of the Super Ridges and the rise(Zu) 
of the deep sea water. It is to be observed 
that the effect of R is not particularly great 
however the Zu reaches its maximum value when R 
is between 50 and 60 degrees. It is not feasib
le from the point of view of actual constructi
on to raise R above 60 degrees. 

Fig.10 shows the relation between current 
velocity (V) and rise of deep sea water. The 
results indicate that the value for Zu/D incr
eases with V. 



1.0 

• .i= 

~ ~ N 

0.5--
0 

0.4 

Fig. 8. The relation between the hight (D) 
of the Super Ridges and the rise(Zu) 
of the deep sea water 
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Fig. 9. The relation between the slope angle(R) 
of the Super Ridges and the rise(Zu) 
of the deep sea water 
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Fig. 10. The relation between current velocity 
(V) and the rise(Zu) of deep sea water 

Fig. 11 shows the relation between the dens
ity difference (fl p) and rise of deep sea wa
ter (Zu). Tests were implemented setting fl p 

at O. 0. 001. 0. 002 and 0. 004g/cm 3 • On the side 
of the Super Ridges facing the current, the · 
greater the density difference, the more likely 
it was for the deep sea water to be retained, 
while on the downward side of the Super Ridges, 
the smaller the density difference. the greater 
the rise. Separated vortices were observed at 
the summit of the ridges when fl p was 0, 0. 001 
and 0. 002g/cm3 . 
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• 6 p = 0. 0 0 0 g/cm3 

0 0. 0 0 1 

A 0. 0 0 2 

2.0 D 0. 0 0 4 

• • • • • • • 
~ 

0 

Cl ~ a 

" 
A 0 0 0 

~ 1.0 A 
CJ 

A A 

CJ CJ CJ CJ CJ CJ 

O'----'-~-'-~-'-~-'-~.____,_~__...~ 

0 2 4 
X/D 

6 

DISTANCE FROM THE SUPUR RIDGE 

Fig. 11. The rel at ion between the density 
difference( fl p) and rise (Zu) 

of deep sea water 

4.4 Numerical Analysis 

In many cases, the vertical distribution of 
nutrients density in the sea water is triangu
lar, as shown in Fig.12. Through numerical an
alysis, the quantity of nutrients from deep sea 

water levels which will be carried to the upper 
photic region due to the influence of the Super 
Ridges, was studied. As an analysis method, a 
turbulent flow model utilizing a k-e equation 
was adopted. The cases of the analysis are sh
own in Table 3. For case 1. conditions corres
ponding to the hydraulic test mentioned in the 
previous section were given. For case 2, cond
itions were given, assuming a triangular distr
ibution for the nutrients density. The results 
of the calculation are shown in Fig.13. This 
figure shows, using a vertical distribution, 



the quantity increased of nutrients density. 
The analysis proved that, in case 2. a large 
quantity of nutrients around the seabed would 
be carried up to the photic region due to the 

influence of the Super Ridges. 

~ 
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Fig.12 An example of the vertical distribution 

of nutrients density (around the lzu 

Islands, Japan) 4J 

Table 3 Analysis case 

VERT I CAL DI STR I BUTI 0 VERTICAL DISTRIBUTION CURRENT 

CASE No. OF SEA WATER DENSITY OF NUTRIENTS DENSITY VELOCITY 

(g/cm3> PO.-P (Jtg at/I) (knot) 

1 ~ .1.001 ~~ ~5 1. 0 

2 ~[~ ~ 1. 0 

1.001 0.5 

Notes; It assums that water depth is lOOm 

and (P04 -P) density at lOOm depth is O. 5 

JJ. g at/I according to Fig. 12. 

0 

20 

40 

60 

80 

D/h=0.4 

R=60 deg. 

2 

CASE 1 

100 - 0.3 -0.2 -0.1 0 0.1 0.2 0.3 
THE QUANTITY INCREASED OF NUTRIENTS 

DENSITY (µ g at/l} 

Fig.13 Results of the calculation 

5. CON CL US I ON 

1) With the existence of a newly developed adm
ixture. high-strength hardened coal ash bloc
ks were produced at reasonable costs. 

2) Hardened coal ash blocks satisfy the Japane
se safety standard of the elution and are 
safe for living organisms. 

3) The primary productivity is greater in deep 
sea water than in surface sea water. 

4) Factors contributing to the upward movement 
of deep sea water are; height of Super Ridge
s, current velocity and density difference 
between the surface and deep sea water. 
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5) The results of the numerical analysis also 
indicate that the Super Ridges are contribut
ing to carrying a large quantity of nutrients 
up to the photic region. 

6. FUTURE TASKS 

1) Investigations have been made on generation 
of upwelling with Super Ridges in two-dimen
sional terms. Since, in reality, the three
dimensional vortices around the Super Ridges 
will also be a factor of upwelling, three
dimensional investigations will need to be 
implemented. 

2) In order to evaluate beforehand the effect 
of the Super Ridges, experiments need to be 
implemented, taking account of the nutrients 
density distribution, sea water density dis
tribution, current velocity distribution and 
the shape of the seabed at the actual propo
sed sea area. 
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Abstract 

Recent efforts have been made to replenish 
depleted coastal fishing grounds through the 
development of artificial reefs. Because such 
reefs are being situated in deeper waters, the 
following requirements must be met. 

1) They must be larger. 
2) They must be able to function in trawl 

fishing areas. 
3) They must attract large numbers of fish. 

Because the reefs must be larger, they must 
also be both stable and strong enough to bear 
hydrodynamic forces related to this increase. 

Secondly, the reef must be of a nature which 
avoids entanglement in drag nets. 

Finally, because of 
fluctuations caused by the 
flows and eddies, the ability 
must remain a consideration. 

hydrodynamic 
reef, involving 
to attract fish 

In consideration of these requirements, two 
types of artificial steel reefs were designed. 
Simulated net-catching and hydrodynamic tests 
were carried out in currents and towing 
tanks, and this paper describes these tests and 
their results. 

1. Introduction 

Vhile the Fishery Agency and other 
organizations are carrying out development 
projects for coastal fishing grounds in waters 
off the Japan Sea coast, the development of 
fishing grounds based on artificial reefs is 
moving forward aggressively. This work is 
focussed on placing larger such reefs in deeper 
water, and also the development of steel reefs 
which will increase fishery resources is being 
sought. 

The use of concrete for artificial reefs has 
an extensive track record good, but steel reefs 
have many advantages as listed below: 

(1) The weight per bulk of the structure is 
low. This facilitates transportation and 
installation. In addition, steel reefs are 
affected less by conditions of soil and 
topography of seabed and the risks of them 
being buried, washed away, or capsized is 
small. 

(2) Steel reefs are easier to manufacture, 
and the design can be chosen more freely. 
Since·steel reefs can be made larger, more 
complicated and in better combinations, the 
functions of the reef can be improved to suit 
specific catch types and fishing grounds. 

(3) A high fish yield can be expected. 
Sunken ships and other steel marine structures 
have been known to attract fish. Dissolved[l] 
iron (Fe ions) may possibly contribute to the 
increase of plant plankton in the seawater 
according to laboratory tests. 

Vork on steel reefs has been chiefly carried 
out by the Kozai Club[2] and each steel maker 
has developed products of its own. 

Nippon Steel has also developed the reef for 
shallow waters and convex/cubic type steel 
reefs for deep waters that are resistant to 
entanglement by gill nets. Subsequently, we 
have come up with two new dome-type steel reefs 
that prevent the entanglement of trawl nets, 
which were realized by taking measurements of 
the hydrodynamic, observing the ambient flow 
and simulating net-entanglement. 

Fig. 1 shows two different reefs. Type A is 
based on the old convex design and helps to 
prevent interference with nets, while type B is 
designed to have an overall curved structure. 
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2. Shape and Structure of the New Steel Reef 

Small trawl nets and offshore trawl nets are 
widely used around the coast of Japan at depths 
of 30 to 200 meters. This creates a wide range 
of applicable depth, from shallow waters up to 
50 meters deep and to deep waters of 50 to 200 
meters. The fish to be farmed were tentatively 
chosen to be seabed species. The shape and 
structure of the new reef were determined on 
the following grounds. 

Table 1 Shape and structural characteristics of 
the new reef 

Objective 

Prevention of net 
entanglement 

Adjustable height to suit 
water conditions at 
di fferent locations. 

Genera ti on of riser 
currents. 

Shape 

Low periphery is slightly 
tapered. 
Point-synmetric, plane-wise. 

Tapered in two tiers. 

An umbrella-1 i ke panel is 
installed inside, and the top 
of the reef has hole 
di rect l y above the pane 1 . 

Of these shape determinants, top priority 
was given to the prevention of net 
entanglement, and a point-symmetric structure 
was employed so that a trawl net could be drawn 
over the reef in any direction. As explained 
later, the reef is shaped such that it is 
smaller than the maximum rise angle of its 
bottom edge so as not to entangle trawl nets. 
As the height of reef is important, a 2-tier 
tapered shape was chosen. This prevents 
sufficient height being obtained as in the case 
of types, so a hole is introduced at the top 
and an umbrella added inside to generate an 
upwelling flow driven by the current. This 
structure creates an apparent height. As a 
whole, the reef is a polygonal pyramid and with 
many holes around the bottom to allow the entry 
of seabed species. The space between openings 
is smaller than the outer diameter of the 
sinker, and other fittings on a trawl net's 
ground rope. 

Type A 

3. Net-Entanglement Simulation 

A basic experiment was first carried out in 
which a model trawl net was pulled over an 
inclined board to see if a change in the bottom 
edge angle is effective in preventing net 
entanglement. Next, models of types A and B 
were examined for entanglement-prevention 
qualities with a trawl net typically used in 
water with a depth of about 50 m. 

The large wave-generating tank (68m long, 
2.5m wide, 2m deep) which also has a tow cart, 
at our Sagamihara Research & Engineering Center 
was used. 

3.1 Method of Experiment 

The model net shown in Fig. 3 was fixed to 
the tow cart and three values of the space X at 
its entrance were tested (20cm, 50cm, 120 cm). 
In the case of the reef models, the model was 
positioned in the direction of the center line 
or in a line away from the center line (Y = 
0.25 cm). 

Reef models of types A and B were used, and 
each was 50 cm in diameter. 

Experiments with inclined board 

To confirm resistance to net entanglement 
resulting from different bottom edge angles, we 
used an inclined board 150 cm wide as shown in 
Fig. 2. The inclination of this board could be 
changed in 5° increments. 

The influence of the bottom edge angle on 
entanglement characteristics was observed by 
recording the action of the trawl net model 
over the inclined board using a video camera as 
shown in Fig. 2 The cart speed was constant at 
0.3 mis and the inclination was changed from 
25° to 90°. 

Experiment with reef model 

The effectiveness of. the new steel reefs in 
preventing trawl net entanglement was observed 
by recording with a video camera the motion of 

Type B 

Fig. 1 New steel reefs 
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the model trawl net over 1/30 scale models of 
the reefs, which were placed on the tank bottom 
with no clearance as shown in Fig. 3. 

Table 2 shows the 
experimental parameter 
actual towing speeds 
comparative rule[3]. 

Table 2 Towing speed 

Actual 

1.4 knots 

1.0 knot 

cart speed as an 
and the equivalent 
based on Tauchi's 

Model 

0.3 mis 

0.1 mis 

3.2 Results and Discussion 

Experiments with the trawl net model over 
the inclined board yielded the following 
results with changes in inclination c0 • 

The trawl net towed smoothly if C was 
between 25° and 50°. Yhen C was increased to 

Fig. 2 Experiment with inclined board 

Photo 1 Type A 

70°, slight catching of the net was observed at 
the top. Yhen C was raised to 90°, the 
inclined board was shifted by the entangled 
net. 

These findings demonstrated that a change in 
the angle of the bottom edge or a change in 
height was important as far as net-entanglement 
was concerned. The reef characteristics 
affecting net entanglement, however, also 
include the height, plane shape, elevation, 
shape of structural members and the openings. 
These factors will have to be considered in 
addition to the bottom edge angle. 

Yhen type A was swept away by the trawl net, 
the net slid smoothly over the model's outer 
edge. (Photo. 1) 

As for type B, the present shape allowed the 
net to sweep smoothly over the reef. Yhile the 
space between the slits on the bottom edge is 
larger than the sinker diameter (1.2 cm), the 
trawl net moved with no trapping of the sinkers 
by the slits. As a result, the type B design 
is seen to have overall qualities of 
net-entanglement prevention. (Photo 2.) 

r--'\ Towing 
'--v" Direction 

Fig. 3 Experiments with reef models 

Photo 2 Type B 
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4. Measurement of Fluid Rresistance and 
Observation of Ambient Flow Conditions 

Here, the horizontal force and capsizing 
moment acting on the steel reef model were 
measured to examine its stability in seabed 
currents and to determine the drag coefficient 
which is an important design factor. 

Next, the ambient flow speed vector was 
measured and the flow, made visible with a dye, 
was observed to study the effects of such flow 
conditions as riser currents, propagation of 
flow speed changes and eddying. 

The experiments were carried out in a 
2-impeller, vertical-circulation, upright water 
tank located in Ship Research Institute of 
Takai University' oceanography department. 
Table 3 shows the performance and 
specifications of this tank. 

Table 3 Specifications of experimental water 
tank 

Observation 
section 

Measurable flow 
speed 

Uniformity of flow 
speed distribution 

Observation 
windows 

2.8m long, 1.4m wide, 
1.15m deep 

0.2-1.3 mis (2.0 mis) 

±2% 

One side window 
1.5m x 0.7 m 
Two bottom windows 
0.5m x 0.5m 

The model used in the experiments was scaled 
·down to 1/30th and was made of brass. The 
experiments were based on Froude's law. 

Table 4 shows the model dimensions and flow 
speeds in the experiment. 

Table 4 Dimensions of model 

Actual l/30th scale 
model 

Outer diameter (mm) 15,000 mm 500 mm 

Type A 6, 150 mm 205 mm 
Height 

Type B 3,750 mm 125 mm 

Flow speed 1.1-7.1 mis 20-130 cm/s 

4.1 Experimental Method 

Horizontal force/capsizing moment 

To measure the hori~ontal force and 
capsizing moment applied to the reef model by 
the flow, a temporary bottom was introduced in 
the circulation tank's observation section. A 
3-component load cell was attached inside the 
temporary bottom to measure the horizontal 
force (Fx) and the moment (My) around the 
detector center. 

The water depth in this experiment was 90 
cm. The flow speed was changed adjust-ing the 
impeller speed and the main flow was set using 
a Prandtl-type pitot tube. 

,!'----, Flow 
'\,---1 directio 

Temporary 
bottom 

Three-component-force 
transducer 

Water tank bottom 

Fig. 4 Method of horizontal force/capsizing 
moment measurement 

Flow velocity vector 

The flow velocity vector around the model 
under these conditions was measured using a 
5-hole pipe current meter with a globular head 
measuring 6 mm in diameter. It was attached to 
a traversing device with 5 degrees of freedom. 

The points of measurement were laid out O, 
10, 20, 30, 40, 60, 80, and 100 cm from the 
model center on the down stream side, O, 20, 
and 40 cm from the center and right of the flow 
and at heights of 10, 20, 30, 40, and 50 cm 
from the temporary bottom in the vertical 
direction (up to 40 cm, in the case of type B). 

Here, the pitot tube was used 
main flow to a constant speed of 
(equivalent actual speed, 4.05 m/s). 

Observation of flow conditions 

to set 
0.74 

the 
mis 

To observe the flow, a fluorescent dye, Neo 
Color Red (Tanner Co., Ltd.), was injected. 
Dye was injected carefully through a 3.3 mm OD 
pipe so that it entered· the flow smoothly. Dye 
was injected in front of the model and behind 
it, over the model and also 10 cm away from the 
center line. Developments were recorded using 
a video camera. 

4.2 Results and Discussion 

Drag Coefficient, coefficient of capsizing 

The drag coefficient (CD) and coefficient of 
capsizing moment (Cm ) are expressed by the 
equations below. Y 

F = Yo C A v2 
2g D 

My = Yo Cm A GK v2 
2g y 

where, F: Horizontal force 
My: Capsizing moment 

-358-



A: Area over which pressure is 
applied 

v: Flow velocity 
GK: Height of center of gravity above 

bottom surface. 

In the experiments, c0 1, the drag coefficient 
based on the total ree! area (Al) projected on 
the plane perpendicular to the flow direction 
and c02, the drag coefficient on the total reef 
area {A2) excluding openings projected on the 
plane perpendicular to the flow direction, were 
derived. Similarly, moment coefficients, Cm 1 
and Cm 2, were obtained. Y 

y 

Fig. 5 shows the drag coefficient and moment 
coefficient of type A. As illustrated, both 
coefficients are nearly constant values with 
the flow velocity. Negative values of moment 
coefficient mean that the reef is tending to 
vertically turn against the flow direction. 
These results indicate that the reef is stable 
in the flow and is very resistant to capsizing. 

Table 5 shows the average of all 
experimental cases. It is seen that c02 ranges 
from 1.1 to 1.3. Since the structure consists 
of boards and squares, this value is equal to 
or larger than the drag coefficient[4] of a 
board. On the other hand, the drag coefficient 
of all structural members (front, middle and 
rear) calculated[5] three-dimensionally by 
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using current velocity components in the slope 
direction, on the assumption that drag 
coefficients of all members of the reef were 
the same, turned out to be approximately 0.57, 
suggesting it was much smaller than the drag 
coefficient of board. That is, the rear 
members inside the reef are seldom exposed to 
the flow road. 

Table 5 Drag Coefficient 

Type A Type B 

C0 1 0.53 0.37 

c02 1.07 1.32 

383 2 157 2 Model cm cm c0A 
2 2 Actual 34 m 14 m 

Flow velocity vector 

Fig. 6 shows the flow velocity vector at 
reef center on the plane perpendicular to the 
flow direction. At the reef center, a rising 
flow is generated in the vertical direction 
with a flow velocity roughly 25% that of the 
main flow . 
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Fig. 5 Drag coefficient and capsizing moment 
coefficient 
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To the rear of the model, an _immeasurable 
area of eddies is formed[6]. The dimension of 
the area along the flow direction is three 
times that of the height, and this area is 
larger in the case of type A than type B. 

In addition, the recovery of velocity loss 
in the flow direction is slower in the case of 
type A. Flow velocity at a height roughly 5 
times that of the model was much lower than the 
main flow velocity. 
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Fig. 6 Flow velocity distribution 

As Photo 3 shows, it was confirmed that dye 
injected near the bottom of reef models types A 
and B flowed through the models and welled up 
through the top hole. 

The dyed flow reaches a height up to 1.5 
times higher than the model and diffusion of 
the dye due to passage through the reef model 
was confirmed. 

It was also shown that the settling of the 
dye takes place to the rear of the reef model. 

5. Conclusion 

From a series of experiments carried out on 
the new reef, the following conclusions can be 
drawn. 

(1) The capsizing moment coefficient and drag 
coefficient were derived to calculate the 
hydrodynamic forces acting during placement. 
As a result, it was discovered that the 
capsizing moment had a minus value in the flow 
and the drag coefficient was small. Thus the 
risk of a capsize or slippage is extremely 
small. 

(2) It was confirmed that there was upwelling 
current through the top hole and eddying to the 
rear of the reef. Because of the influence 
this will have on the flow environment, a 
fish-gathering effect can be expected. 

(3) The trawl net model and its fittings slid 
along the reef model's bottom edge. Sliding of 
the surface of the model also occurred higher 
on the reef. Therefore, the reef can be 
expected to be entanglement resistant. 

Type A Type B 
Photo 3 Observed flow conditions 
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Abstract 

The present floating type net-cage is 
moored by a single line in a proper sub
merged depth in order to cultivate fish. Then 
it is important to predict its resistance and 
position in current. 

In this paper, a reasonable prediction 
method for its resistance and inclination ls 
investigated. The square and octagonal types 
are tested in the experiment. First, resist
ance of a plane net in various attitude is 
measured. Secondly, experiments of 3-D nets 
are carried out. Finally, tensions and incli
nations of a mooring line of the net-cage 
model are measured, when it is moored by a 
single line in uniform flow. 

The authors propose to predict resistance 
of a plane net in any attitude according to 
Tauchi's method by using modified Cd and 
resistance of 3-D net in attitude by using r ( 
interaction among plane nets), and calculate 
inclination and tensjon of a mooring line of 
a net-cage in uniform flow. 

1. Introduction 

As offshore aquacultural facilities, float
ing type net-cage moored by a single line 
is proposed. It has advantages of changing 
proper submerged depth as to sea tempera
ture or surroundings, reducing construction 
cost, and having a small occupancy of the 
sea. While, it is necessary for design to 
know resistance of a net-cage, tension of a 
mooring line, its motion and its attitude in 
severe surroundings of coastal current and 
waves. But analytical methods of these are 
not solved yet. 

This net-cage consists mainly of such 
members as nettings, frames, floats and a 
mooring line. In general, total resistance is 
obtained by summing up resistance of every 
member. As for frames or floats, it is possi
ble to predict its resistance by D.N.V. 
rules[l] etc. based on strip theory. But as 
for nettings, a prediction method for its 
resistance is not clear with some respects. 
Tauchi[2] predicts total resistance of the 
netting considering a twine as a cylinder 

acted by normal velocity of flow. About the 
field of fishery engineering, Tauchl's 
method[3] or Nakamura's method[4][5] is used 
as practical prediction method. Nakamura's 
method is summarized in a design guidance 
called "Orange Book" for a man of affairs. 
Nakamura predicts total resistance of the 
netting choosing simple projected area as 
representative area and as Cd=l.O. 

Many studies of resistance of a plane net 
considering interference among twines have 
been done very actively. Imai[6], Osawa[7] and 
Konagatani[8] made accurate experiments and 
proposed experimental equations about an 
actual netting. And Miyazaki[9] investigated 
the influence of Reynolds number. But by 
these equations, resistance of plane net in 
any attitude can't be predicted accurately. 

As for resistance of a 3-D net, Miyazaki 
made an experiment about netting-bags and 
mentioned that it was practically established 
to sum up resistance of very small nets. 
Nakamura propose an approximate prediction 
method about cube or cylinder_ type net-cage. 
He considers the wake effect of its upstream 
side face on its downstream side face. As for 
inclination of a 3-D net moored by a single 
line, Nakamura predicts from the ratio of its 
surplus buoyancy to dr.ag force of a net
cage without being inclined. The effect of 
its inclination on resistance is not consid
ered. Above two respects have not been 
studied enough. 

In this paper, three problems have become 
subjects to solve as follows; a) how to 
predict resistance of a plane net in various 
attitude. b)whether summation principle of 
resistance of plane nets is applicable for a 
3-D net. c)how to predict tensions and incli
nations of a mooring line of the net-cage 
model. 

The test is performed in the following 
three steps; !)resistance of a plane net, 
2)resistance of 3-D nets 3)tensions and incli
nations of a mooring line of the net-cage 
model. It is assumed that velocity distribu
tion in current is uniform in depth. As 
result authors have proposed a prediction 
method for its resistance and inclinations in 
current. 
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2. Experiment on a plane net 

2.1 A sample of plane net 
A sample of plane net is named No.1. It 

has the following specification; Tetron knot
less netting, a diameter of a twine:d=2.0mm, a 
mesh size:2 l =34.0mm, hanging angle: o =45deg., 
mesh numbers is 19* 19, Imai says that the 
value of the coefficient is not depending on 
mesh numbers, when mesh number is more than 
6*6. 

2.2 Testing procedure 
The testing net is fixed on the gate 

shaped frame in any attitude. Experimental 
angle a on which a 3-D net makes to flow 
direction is 0 to 90 deg., which corresponds 
to inclination of a net-cage. In various 
velocity from 0.2 to 0.6m/s, resistance to 3-
component are measured by 3-directional load 
cell fixed on a top plate of the frame. 
Resistance values of the plane net are 
obtained by subtracting resistance of the 
frame from its measured values of the plane 
net and the frame. 

2.3 Experimental analysis and result 
(1) Calculating Cd by Tauchi's method 

From the experimental results, the au
thors calculate a drag coefficient Cd of a 
piece of twine according to Tauchi's method. 
When uniform flow vector V(u,v,w) acting on 
the plane net fixed on xyz-coordinate sys
tem, xyz-directional forces (F x.F "''F z) are ex
pressed as follows; 

Fx=Cd*Funi*S*(d/1)*2U/sin(2 o) 
F;v=Cd*FUni*S*(d/l)* V*COt(o) 
F,.,=Cd*Funi*S*(d/l)* W*tan(o) (1) 

where Funi=p V2 /2, p :density of water, S:the 
netting area and (u,v,w):unit vector of flow. 

Total resistance R is expressed as 
/Fx2 +F,..2 +Fz2 • Cd is calculated from the experi
mental values of resistance R. 

R (experimental value) 
Cd- (2) 

Funi1S1(d/lJ1J4u2/sin(2o )+v21cot( o )+w21tan( o) 

Figure 2.1 shows that calculated results, 
and comparison of a' with C"-. The authors 
define originally that a ' is an angle 
between flow velocity vector and the plane 
of net. 

(2) Modified Cd 
As shown in Fig.2.1, Cd obtained from the 

experimental results are very scattered on 
the contrary to Tauchi's assumption. When 
a' is over about 20deg., Cd is considered as 
constant. But when a' is less than about 
20deg., Cd is proportion to the angle a' . 
Its physical reason is interaction among 
twines. Then the authors define H' is an 
angle when interaction happens, and propose 
to use two different Cd in two regions, 
a' >8' and a' <8' respectively. From 
experimental results it is decided that 8' 
of Net No.1 is 20deg.. When a ' >8' , it is 
decided Cd=l.59 from average value. When 

a' <8' , it is decided that the first order 
formula of a ' for Cd is Cd=0.04* a ' +O. 79. from 
a least square method. Like this, an approxi
mate formula of a ' for Cd considering 
interaction among twines is named as a modi
fied formula. 

2.4 Comparison with other predicted values 
The authors compare the experimental 

values with predicted values by other re
searchers by making total resistance R 
nondememsional as follows: 
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(3) 

where /3 is the ratio of projected area to 
the netting area. The authors choose /3 *Cd 
as nondimensional values as common with 
predicted methods by each researcher. Its re
sults are shown in Fig.2.2. There are some 
differences in predicted values by each 
researcher. The order of magnitude of 
predicted values is Miyazaki(20cm/s), 
Tauchi(Cd=2.0), Miyazaki(40cm/s), Miyazaki 
(60Cm/s), Nakamura(Cd=l.O), Imai(circular tank 
and knotless net). The experimental values 
stand in the middle of all predicted values. 

3. Experiment of 3-D nets 

3.1 Models of 3-D net 
Cube and Octagonal 3-D nets of 30cm 

scale in length of side are tested. They are 
netting members of (a)Cube(30) and (b)Oct.(30) 
each other, and made of Net No.l. The num
bers in brackets represent scale length of 
the models. 

3.2 Testing procedure 
A frame fixed on the 3-D net is a rec

tangular frame, which is 710mm in height, 
710mm in width and 560mm in length, and is 
made of pipes of 13mm radius. The 3-D net is 
fixed on the frame for its angular side to 
face to the flow direction in its lying atti
tude. Experimental angle a on which a 3-D 
net is changed from O to 90deg., which corre
sponds to inclination of a net-cage. In 
various velocity from 0.2 to 0.8m/s, its drag 
and lift forces are measured by 3-component 
load cell fixed on a top plate of the frame. 
Resistance values of a 3-D net are obtained 
by subtracting resistance of the frame from 
its measured values of the 3-D net and the 
frame. 
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3.3 Experimental result 
Experimental results are shown as white 

marks in Fig.3.1. As shown in Fig.3.1, the 
maximum is at a =45deg. and the minimum is at 
a =90deg.. The maximum is 1.5 times of the 
minimum. The angle has a large correction 
factor on drag. 

3.4 < of 3-D net 
It is defined that < is the ratio of a 

resistance value of a 3-D net to a total 
resistance value of plane nets. Here the 
former resistance value is obtained by the 
experiment. The latter resistance value is 
obtained by summing up resistance values of 
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each plane net calculated by Tauchi's method 
using the modified· Cd formula. Its results 
are shown in Fig.3.2. 

This figure shows that i- is nearly equal 
at the same velocity. As the velocity is 
bigger, t" becomes . smaller and converge to 
about 0.5 of both Cube(30) and Oct.(30) 
models. 

4. A single point mooring test 

4.1 Test models 
As shown in Fig.4.1 and Table 4.1, the 

authors choose four types as experimental 
models. (a) and (b) are cube and octagon of 
30cm scale in length of side. (a) and (c) are 
cube of 30cm and 45cm scale in length of 
side. (b) and (d) are octagonal of the same 
scale, but made of different nets. (a), (b) 
and (c) are made of Net No.I. (d) is made of a 
small scale net for a model. 

4.2 Testing procedure 
The authors set a ball float of 50mm 

radius on the top of each model, and moor 
it by a single line through a pulley. In 
uniform flow from 0.1 to 0.5m/s, the authors 
observe their motion, and measure inclina
tions( a , r ) and tensions of a mooring line. 
Here a is inclination of the main body. r 
is inclination of a mooring line. As for 
Oct.(30) and Cube(45), velocity distributions 
around each model are measured. The direc
tion of measured velocity is the flow direc
tion in far field(X-direction). 

These models are about 1/100 scale of a 
real object. Basically their inclinations are 
decided from the ratio of surplus buoyancy 
to drag. Buoyancy of a model is converted 
into 104 times about a real object, because 
its drag is proportional to its netting area. 
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Fig.4. 1 Outline of net-cage models. 

Table 4.1 Specification of net-cage models. 

Model type kind of net Size and shape of net Fraae members Floats Total weight 
Upper net Side net shape and weigh shape and buoyancy in air 

soo .. uoomm 300amt300am Cl rcular bar a ball(!OOam¢) H5g 
a)Cube(30) Tetron ij •(5° (H¢*302maU UOg 

Knot less 
(Net No. I) 

11 TsU 

lozenge 1esh side length of 132mmt300mm Circular bar a ball(l00mm¢) 365g 
b)Octagon(30) Oct.: 13211, h•¢ •13&••t8 

ij •ff 10 2g•2 
d• 2. o .. 

21•34. Omm 45T11U5Tam 45TomU5Tmm Cl rcular bar a bal I (!OOH¢)+ USg 
c)Cube(SO) ij •45'. 4n¢U6011U Circular bar(bm¢ 

11 TgU H65H), 1027g 

Hyron side length of 132mmt300om Cl rcuiar pipe a ball(J00••¢) J80g 
d)Octagon(T) sheet bend Oct. :132nn, lozenge mesh 5mm ¢ t302mmt8 

d• 0. 3mm ij •38. 5" ij =28. 5" 26gt2 
21•11. Imm 
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4.3 Experimental result 
(1) Motion observation 
When a net-cage model is -moored in flow, 

it is inclined slowly at its static stable 
position but such unstable motion as slow 
oscillation doesn't appear. 

(2) Velocity distribution 
Velocity distribution around Oct.(30) and 

Cube(45) models in uniform flow(30cm/s) is 
shown in Fig.4.2. As for each model, 87% or 
90% velocity is measured before the front 
net of each model, 77% or 83% velocity is 
inside of it, and 67% or 77% velocity is 
behind back net of it. 

(3) Tension and inclination 
On the experiment, T(tension of a mooring 

line) Fu(surplus buoyancy) and r (inclination 
of a mooring line) are measured. D(drag 
force) and L(lift force) are calculated from 
the following formulas. These results are 
shown in Fig.6.2 and Fig.6.3. 

T•sin( r )=D 
T•cos( r )=Fu+L 

5. Prediction for resistance 

5.1 Prediction method 

(4) 

The process of the presented prediction 
method for resistance is shown as follows; 

(stepl)Divide a 3-D net(netting member of 
a net-cage) into plane nets. 

(step2)Predict resistance of each plane 
net by Tauchi's method using the modified Cd. 

(step3)Predict resistance of a 3-D net by 
summing up resistance of each plane net and 
being multiplied by • . 

(step4)Predict resistance of other members 
as frames, float and so on by D.N.V. rules. 

(step5)Add the resistance of other members 
to that of a 3-D net, then it makes the 
total resistance of a net-cage: 

In this method, it is important how to 
decide the modified Cd and • . 

As for (a), (b),and(c), Method.1 is applied, 
which uses the modified Cd formula obtained 
from experimental results. As for (d), the 
modified Cd formula is not known. Method.2 
is expressed as an example method applied 
to such a case. Miyazaki's method suits a 
small scale net of the model(d) best. Each 
constants are decided as follows; 

!)Prediction for Cd of a twine 
<Method.l>Use Cd=l.59 from experimental 

results. 
<Method.2>Determine Cd by Miyazaki's meth

od. Cd=l6•R .. - 0 • 28, R .. =V•h/11, h=(lsin8cos8)/2 
2)Prediction for the modified Cd formula 

<Method.l>Use the modified Cd formula 
obtained from experimental results. 

<Method.2>0btain Cd at a' =0, e' and 90 
by Miyazaki's method, and determine the 
modified Cct formula. 0' is an angle when 
interaction happens. 0' is obtained from 
Imai's method. At the case of sheet bend knot 
netting, e' =6•sin-1 (d/2 l cos 8) 

3)Prediction for • 
Use its average value of each model at each 

velocity from experimental results as •. 
4)Prediction for Cd of other members 

Use Cct=0.5 about a sphere, Cct=l.2 about a 
cylinder. 

5.2 Predicted results of a 3-D net 
As for Cube(30) and Oct.(30), resistance of 

a 3-d net is calculated according to 
Method.!. Predicted results are shown by 
curved lines in Fig.3.1, and agree well with 
experimental results except near a =45deg .. 

6. Prediction for inclination and tension 

6.1 Prediction method 
The authors considers simplified model of 

2-D dynamic system as shown in Fig.6.1 ,and 
set up equilibrium equations for force and 
moment acting on a net cage model. Here 
three conditions are assumed as follows; a 
net-cage is not deformed, resistance acts on 
each members( nettings, floats, frames ) 
independently, and a mooring line is straight 
and have no weight. 

flow direc. 
Fsu+FsL 

F SD 

<spacial coodinate system> 

x-~ 
Z-axis 

I 
1 

Fig. 6. 1 Outline of 2-D dynamic system of a net-cage 
model with floats, which is moored by a single 
line in uniform flow. 

From equilibrium for force of X-direction 
and Z-direction, 

Fi(a,7)={To•L(a)}•tan(7)-D(a)-Fen(a) 
=0 (5) 

From equilibrium for moment around 
the 0-point of the fulcrum, 

F2(a) =[loe•{W-L(a )}-loe*{Feu+Feda )}] 
•tan(a)-{loo*D(a)+loe*Fen(a)} 
=O (6) 

Where constants and variables are as follows; 
Constants of length; loe:length of OB, 

loo:length of OG, la:longitudinal length of 
the main body, O:fulcrum point of the main 
body, G:the center of gravity, B:the center 
of buoyancy, 

Constants of force; Feu:buoyancy of 
floats, W:weight of the main body in water, 
To(=Feu-W):initial tension of a mooring line, 
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Variables; a :inclination of a main body, 
r :inclination of a m.ooring line, D( a ):drag of 
a main body, L( a ):lift of a main body, 
Fen( a ):drag force of floats, Feda ):lift 
force of floats. 

First, equation(6) is solved for a 
Newton-Raphson's method. Secondly, r 
obtained by substituting its converged 
tion a into equation(S). 

6.2 Predicted result 

by 
is 

solu-

As for each four type model on the 
experiment, their inclinations and tensions of 
a mooring line are predicted. Resistance 
acting on a net-cage is calculated by 
Method.I. As for Oct.(T), resistance is calcu
lated by Method.I and Method.2. Each constant 
is fixed as shown in Fig.6.2. As for Cube(30) 
and Cube(45) models, present predicted re
sults are compared with Nakamura's predicted 

results. The calculated results of inclina
tions( a, r) 
are shown in Fig.6.2. Then Calculated results 
of drag and tension are shown in Fig.6.3. The 
comparison of this predicted results with 
experimental results is shown Table 6.2. 

As for Cube(30) and Oct.(30), predicted 
results agree well with experimental results. 

As for Cube(45), predicted results of 
inclinations and force is underestimated a 
little compared with experimental results. Its 
main reason seems to be due to underestimate 
•• 

As for Oct.(T), predicted results by 
Method.2, agree well with experimental re
sults. On the other hand, predicted results 
by Method.I is underestimated compared with 
experimental results. Its principal reason 
seems to be underestimate Cd and • . 

Table. 6. 1 Specification of constant values 
to use for the prediction formulas. 
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Fig. 6. 2 Relationship of velocity and inclination (a, r) of each net-cage 
model, and comparision between experimental values and predicted ones. 
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Fig. 6. 3 Relationship of velocity and tension of leg or drag force of each net-cage 
model. and comparision between experimental values and predicted ones. 

Table. 6. 2 Comparision of predicted values to experimental ones. 

~ e 

(a)Cube(30) 

(b)Octagon(30) 

(c)Cube(45) 

(d) Octagon ( T) 

7. Discussion 

Comparision of force Comparision of inclination 
Tension Drag 7 a 

Ounderest. Ounderest. Ooverest. Ooverest. 

©very good ©very good Ooverest. Ooverest. 

L':.underest. L':.underest. L':.underest. L':.underest 

x underest. x underest. x underest. x underest. 
------------- ------------- ------------- ----------------

Qgood Qgood Ounderest. Ounderest. 

(Predicting resistance) (Pre<!ictjn1.co,ef!icjn<(!l (Considering factor) 

<1> Predi~ting Cd 
of a twine 

7.1 Present prediction method 

<2> Resistance of a 
plane net 

<Cosidering interaction 
among twines on 
the same plane net> 

0. 6 

The authors investigate two coefficients 
of Cd and .- , in order to predict resistance 
acting on a net-cage. .- is defined of a 
coefficient to correct resistance for inter
action among plane nets. As another correc
tion factor, TJ is defined of a coefficient to 
correct resistance for deformation of 3D-net. 
By using these coefficients,· the authors 

<3> <Considering interaction 
among di st ant 

show an idea to predict resistance of a 
net-cage in Fig.7.1. In this paper, It is 
possible to predict to <3.> in Fig.7.1 from 
model experiment. Each' coefficient is 
discussed. 

(1) Drag coefficient Cd 
Some experimental formulas are proposed 

and reliable. From these it is possible to 
obtain its modified Cd formula and predict 

<4> 

<5> 

Resistance of a 
real scale model 
net-cage 

Resi tance of a 
real net-cage 

--- Predicting ~ 

plane nets> 

<Considering scale 
effect> 

<Considering deformation> 

Fig. 7. 1 Outline of the method to predict resistance 
of a net-cage in uniform flow. 
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resistance of a plane net in any attitude. 
Such an example ls Method.2. 

But from results of Sec.2.4, predicted 
results by each method fluctuate. It ls 
expected to develop a more reliable Cc1 formula 
for any given condition. 

(2) Correction factor • for 3-D interaction 
It ls considered that velocity decrease 

before the front net of the cage corresponds 
to the blockage effect, and decrease velocity 
in its middle or behind its back net corre
sponds to the wake effect. The correction 
factor t" depends mainly on these effect. 

As the velocity ls big enough, t" converges 
to a constant value, and ·the shape and angle 
of the models don't have important role for 
't" • Then the effect of its scale and solidity 
becomes important in order to predict resist
ance of a real net-cage. 

(3) Correction factor T/ for deformation 
The present net-cage is difficult to 

deform, because buoyancy of floats pull the 
cage up, and tension of a mooring line pulls 
it down. From experimental results, the 
effect of TJ is negligible for the present 
case. 

(4) Inclination 
From experimental results as shown white 

marks in Fig.3.1, The maximum ls 1.5 times of 
the minimum. The effect of its inclination 
can't be ignored. Then present prediction 
method by iteration is useful in order to 
predict inclination and drag. 

7.2 Method by Orange Book 
As shown in Fig.6.2 and Fig.6.3, predicted 

results by Nakamura are close to experimen
tal results in safety side. The authors dis
cuss its reasons and problems. 

(1) Modified Cc1 
Nakamura uses Cc1=1.0, which underestimates 

Cc1 at a' >20, and overestimates Cc1 at a ' <20 
compared with experimental values. But in 
average predicted Cc1bY Nakamura is near 
experimental values in spite of considering 
t" not enough. 

(2) Correction factor t" 

Figure 3.1 shows predicted resistance 
values of 3-D net of Cube(30) by Nakamura 
at a =O and 90. Predicted values by Nakamura 
are about 1.8 times of experimental values. 
Its reason ls due to considering the effect 
of t" not enough. The authors note problems 
as follows; not considering the effect of 
blockage, how to select plane nets influenced 
by the wake, and confining the effect of 
momentum loss to the inside of a net-cage. 

(3) Inclination 
Nakamura predicts its inclination from the 

ratio of its surplus buoyancy to drag force 
of a net-cage without being inclined. 
Figure 3.1 shows that predicted drag values 
by Nakamura at a =O is close to experimental 
values of the inclined cage. 

From above reasons, Nakamura's predicted 
values of inclination and force are near 
experimental . values in spite of considering 
the effect of t" not enough and not consid
ering interaction among twines on a same 
plane and the effect of inclination. 

8. Conclusion 

In this paper, the authors proposed a 
prediction method for resistance of a net
cage, tension and inclination of a mooring 
line in current. The predicted values agree 
well with experimental values. It was be 
proved that its inclination can be calculat
ed from resistance of a net-cage. As for its 
resistance, it was proved to be predicted 
from two factors as follows; l)modified Cc1: it 
is a drag coefficient of a twine considering 
interaction among twines on the same plane 
as hydrodynamic characteristics of a plane 
net. 2)correction factor t" : it is a factor 
considering interaction among plane nets as 
hydrodynamic characteristics of a 3-D net. 
Some researchers are working on the problem 
of 1). But the problem of 2) is not investi
gated enough. The knowledge mentioned about 
2) is important to make clear the hydrody
namic characteristics of a net-cage in future. 

As for Orange Book, it was confirmed that 
its prediction method ls useful in practice, 
though its way of thinking has problems due 
to the lack of the consideration of charac
teristics of 1) and 2). 

As future problem, the scale effect of t" 

is important. It is necessary to collect 
experimental data of full scale net-cage and 
its physical interpretation. 
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Abstract 

The workable area and level of this coastal 

fishing ground indicates that the areas suitable 

for fishing within Japanese waters have a water 

depth of 200 m or less and said to have an area 
of some 130,000 Km2. however, according to the 

records from 1982 to 1986, areas made workable 
amount to some 1,000 Km2, and if this area is 
added to the areas already in use of 1,000 Km2, 

we will have a total workable area of some 
12,000 Km2. However, the current fishing ground 

utilization ratio is about 9.2%. Thus as far as 

the coastal area is concerned, sea areas nine 

times as large as the current fishing ground can 

be opened up as future fishing grounds. 

The authors have paid attention to this 

utilization of deep layer water by means of an 

upwelling flow, and have intended on reclaiming 

fishing ground which has the same function as a 

natural upwelling fishing ground, by generating 

artificial and regional upwelling . 

This report clarifies the characteristics of 

deep water, through research on single-and twin

type structures, reviewed a newly develop-ed 

structure. Their development techniques are also 

described. 

L Introduction 

Currently, the annual haul by Japan is about 

11 million tons, of which some 7 million are 

hauled within the 200-mile zone off Japan, and 

about 3 million tons are hauled within the 200-

mile zone of foreign countries. However, the 
advent of the "200-mile exclusive fishing zone 

problem" has made it difficult to fish within 

the off-shores of foreign coun-tries, namely, we 

are forced to select between abandoning fishing 
within foreign coastal zones which have thus far 

been opened up by us or continuing by paying 

heavy taxes. As a result, we have been forced to 

make up the haul of some 3 million tons obtained 

within the 200-mile zones of foreign countries 

by fishing in Japanese coastal areas, and thus 

the Japanese marine products industry is 

planning on converting the "fish-catching" 

industry into a "fish-growing" industry. 

Now.let us look at the 200-mile fishing zone 

within Japanese waters. Although the land area 

of Japan is relatively small at about 380,000 
Km2, the area of her 200-mile fishing zone mea
sures about 4.5 million Km2, which is the sev

enth largest fishing ground in the world. If we 

limit our attention to this coastal fish-ery 

zone of Japan, the sea area termed the "coastal 
fishery zone" amounts to some 400,000 Km2, and 

its haul reaches some 3 mil-lion tons, which ac

count for nearly one half of the haul within the 

200 mile zone of Japan .. By opening up the Japa

nese coastal zone in this way, considerable ex

pansion of fishery produc-tion can be achieved. 

Here, let us consider the necessary fishing 

ground reclamation from the viewpoint of "grow

ing and nurturing a fishery." The growing and 

nurturing of a fishery can be broadly divided 

into "farm cultivation" and "seed cultivation." 

Farm cultivation includes fishing ground recl

amation, and artificial reefs have been laid. 

Such activities can be termed as fishing ground 

reclamation, centered on hauling, studied from 

the standpoint of the effects of fish-gathering. 

On the other hand, seed cultivation is aimed at 
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the maintenance and expansion of resources 1) by 

managing fish, etc., when their dissipation is 
the highest, by artificial protection and breed-

ing and 2) by releasing fish, etc., to more hab

itable environments. In the environment after 

release, however, mainteance of a balance of the 

ecology becomes important such as the food 

chain, etc. Many juveniles, after being releas

ed, find a food shortage in the sea area, there

by causing the sea area to become uninhabitable 

and making expection of an increase in fish 

impossible. However, the breeding method until 

fish mature to adulthood, as in cultures, cannot 

be said to be a very sound method, because of 

sea pollution due to fish feed and an imbalance 

between the quantity of feed given and the 

ultimate quantity of fish haul. 

In view of the above, we want to create a 

habitable environment based on a natural rule 

and desire to achieve fishing ground reclamation 

1) as a field where the propagation of fish and 

growing of juveniles can be positively achieved 

and 2) as a production fishing ground which 

can be viewed macroscopically. One of the exam

ples of such a fishing ground reclamation which 

comes to mind is the upwelling sea area known as 

a good natural fishing ground and a high produc

tion area. Ryther estimated fish production, 

when he classified the ocean into open sea, 

coastal zone and upwelling zone, and clarified 

that, although the area of the upwelling zone 

accounts for only 0.1% of the total ocean area, 

its production is equivalent to l/2the total 

ocean fish production. The reason for such high 

fish production in the upwelling zone is that 

deep water enriched with ocean nutrient salts 

are transported to the bright zone, resulting in 

a brisk generation of phytoplankton, improvement 
in primary ocean productivity and increases in 

sequentially-higher-order life forms. 

Next, the generation mechanism of upwelling 

is shown. The generation mechanism of upwellng 

is divided into the eolian and orographic type. 

Fig. 1-1 shows main upwelling zones in the sea 

near Japan. 

First, eolian upwelling (coastal upwelling) 

is explained. As the Ekman transport theory 

shows, surface waters, as a whole, in oceans of 

the rotating earth are transported to the North

ern Hemispere at right angles and rightward to 

leeward. Therefore, when a southern (northern) 

wind blows along the east (west) coast on the 

lands of the Northern Hemisphere, the layer of 

surface water near the coast is transported off

shore. Then, this surface layer water transport

ed offshore is made up of lower layer water 

transferred to the upper layer, because one side 

of the sea is the coast, thereby generating 

coastal upwellng. As examples, offshore Califor

nia on the eastern fringes of the Pacific Ocean 

and from offshore Chili to Peru in South America 

are well-known for this upwelling phenomena. 

Orogrraphic upwellings are found around is

lands, around capes, on submarine mountain 

ranges, and around banks. There upwellings are 

generated regionally by submarine bottom topog

raphy and tides/currents. Examples of such 

upwellings are found in Pandara Attal, Izu

Oshima andthe sea zone around Miyake is. 

In view of the above, the authors have paid 

attention to this utilization of deep layer 

water by means of an upwelling flow, and have 

intended on reclaiming fishing ground which has 

the same function as a natural upwelling fishing 
ground, by generating artificial and regional 

upwelling. Thus the authors have, through re

search on single-and twin-type structures, de

veloped the artificial upwelling generation 

structure show in Fig. 1-2. 

This report clarifies the characteristics of 

deep water, corrects the defects of structures 

shown in Fig. 1-3 and reviews a newly developed 

structure. Their development techniques are also 

described. 

2. Test Method 

The test was carried out by using the 

circular stream cistern (20 x 0.6 x 1.0 m) of 

the Department of Oceanic Architecture & 
Engineering at the Narashino Campus of Nihon 

University, School of Science and Technology. 

In this test, a flow was visualized in order 

to measure the flow condition around the struc

ture and the upwelling effect of the structure. 

Still cameras and VTR were used for recording 

purposes. As a method of visualization, a day 

flow tracer method was used. For coloring, meth-
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ylene blue and rhodamine B were used. To estab

lish similarity, the test was conducted accord

ing to Froude's similarity. The upwelling rate 

was defined as shown blow. For measuring flow 

velocity, a propeller current meter and an 

electromagnetic current meter were used. 

3. Upwelling Generation Mechanis• 

of Upwelling Structure 

The upwelling generation mechanism of the 

structure proposed here has the same features as 

the aforementioned circular stream cisterm. The 

flow, which overflowed the top of the structure 

installed in the flow, generates a large eddy in 

the wake zone, and a negative pressure zone is 
generated eddy. The flow which has passed 

through the interior of the structure is con

verged on by the fence, before the flow reaches 

the water passage inside the structure. Simulta

neously when the flow changes to an upward flow, 

a suction phenomenon occurs due to the negative 

pressure, which has been caused by the eddy at 

the top. The flow which has passed through the 

interior of the structure further rises and, 

together with the transfer 

upwelling. 

flow, 

Characteristics of Deep Water 

becomes 

This Chapter clarifies the characteristics 

of deep water containing ample nutrient salts, 

which become the determining factor in ocean 

primary production through upwelling, and de

scribes the effects of deep water on production. 

a) High Nutrition Quality 

Deep water has ample quantities of nutri

tious chlorine necessary for the growth of 

photosynthesizing algae, and its composition is 

stable. 

b) Cleanliness 

Deep water has a low dissolved organic con

centration and also has a stable composition. 

There are but few parasites and little marine 

fouling which live on sea foods, and disease, 

germs and other bacteria are also sparse. 

c) Low Water Temperature Property 

It has stable physical and chemical proper-

ties at low water temperature. 

Nutrient salts in deep water contain partic

ularly large quantities of nitrate, phosphate 

and silicate. The composition of nutrient salts, 

expressed in atoms, in the seas around Japan 

have been reported to be about 14:1:36 for N:P: 
S. 1) This ratio is fairly stable regardless of 

the depth and sea areas in question, and there

fore, if the concentration of nitrogen nitrate 

is used as an index of nutrient salts in this 

report. Here an example of the productivity of 

deep water is given. Fig. 3-1 shows the vertical 

distribution of nutrient salts in the sea around 

Izu-Oshima. There is little nutrient salt from 

the surface to a depth of 30 m, and concentra

tion suddenly increase at depths between 30 and 

80m, until at a depth of 80 m, nitrogen nitrate 

concentration reaches 10 /1 g/l. At a depth of 80 

m or below, nutrient salt concentration gradual

ly increases, as depth increases. 

Fig. 3-2 shows the result of phyoplankton 

culture, using sea water at various depths in 

the sea around Izu-Oshima. In sea water from the 

surface down to a depth of 40 m, phytoplankton 

do not propagate, but at a depth of about 40 to 

100 m, propagation suddenly increases, as the 

depth increases. At a depth of 100 m or below, 

it can be seen that even if depth increases, 

propagation in quantity does very much. From 

Figs. 3-1 and 3-2, therefore, it can be said 

that 10 /1 g/l or above is sufficient for a 

nitritic nitrogen concentration in deep water to 

be used as an index in the propagation of 

phytoplankton. In this way, a high correlation 

exists between nutrient salt concentration and 

primary productivity. Examples of vertical 

distributions of nutrient salt concentrations in 

other sea areas where orogreaphic upwelling 

occurs are shown in Fig. 3-3 to 3-6. From these 

results, trend can be seen that 1) at a depth of 

80 to 100 m, nitrogen nitrate concentrations 

reach about 10 /1 g/l, 2) at a depth of 100 to 

200 m, nutrient salt concentrations gradually 

change and 3) at a depth of 200 m or below, 

nutrient salt concentrations stabilize. 

Therefore, the authors define biologically 

productive deep water as "sea water in which 

inorganic nutrient salts exist at a nitrate 

concentration of 10 µ g/l at a depth below the 

bright zone, where photosynthesizing algae such 

as phytoplankton find difficulty in growing." 
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4. Folded-surface tYPe Upwelling 

Generation Structure 

4.1 Outline of test 

The cross section and paramenters of this 

structure are shown in Fig. 1-3. 

this structure is developed through tests 

and research on single and twin types. In this 

chapter, the results of hydraulic test are shown 

whereby the optimum dimensions and shape were 

understood under the conditions shown in Table 

4-1, and also the optimum shape of the structure 

itself is shown. 

4.2 Results and Discussions 

Figs. 4-1, 4-2, and 4-3 shown the rising 

rations for the respective resistance board 

angles ( e 3. e 4 ) of throttling angles of ( e 1 • 
e2l=(10·, 40·) ( e 1, e2l=(20·, 50·) and < e 1, 

e2)=(30", 60") respectively. The ordinate 

represents the upwelling rate and the abscissa 

represents the ratio between 1) height H2 from 

the cistern bottom to the bottom edge of the 

throttling board and 2) resistant board height 

H3 vertical height ratio H1/H2 at that time are 

shown in Table 4-2. Therefore, when the 

upwelling rate viewed from H1/H2 is taken into 

consideration, it has been clarified that the 

optimum shape of this structure will have: 
Throttling angle 

< e1 • e2l = (30·. 60· l 

Resistance board angle : 

< e 3 , e 4 l = ( 20· , so· l 

Vertical height ratio 

H2/H3 = 1.0 

Fig. 4-4 shows a typical photo showing the 

test results of the optimum-shaped model. 

5. Cube Structure (Non-directional) 

5.1 Outline of Test 

When it is considered to install a folded

surface-type structure in the actual sea are, it 

is desirable to install the structure so that it 

will perpendicularly intersect the flow at the 

sea area. The flow condition in the actual sea 

area, however, is. considerably complex, because 

reciprocating flows such as tidal flow exist, 

although there is a predominant flow direction. 

Further, in submarine construction work at great 

depth, the execution of work taking into consid

eration such directionality is very difficult. 

In view of the above, the necessity has arisen 

for developing an artificial upweling structure 

which will not be governed by the directionality 

of flow. In view of the above, the authors here 

have proposed the cube structure shown in Fig. 

5-1 on the basis of the results of tests so far 

conducted. To comprehend appropriate model 

dimensions, it has been arranged that both the 

height of the outside board H1 and the height of 

the inside board H2 can be increased i~ height 

at three stages, and hydraulic model tests have 

been conducted, using respective height ratios 

and main dimensions as parameters, to examine 

the optimum shape of the structure.. Fig. 5-2 

shows the cross section of the model. 

5.2 Results and Discussions 

Fig.5-3 shows the upwelling rate obtained by 

the height ratio of the inside board H3 to the 

outside board H1. Fig. 5-4 shows the upwelling 

rate obtained by the height ratio of the inside 

board H3 to the outside board Hl, when the flow 

direction is changed by 45" . Fig. 5-5 shows the 

upwelling rate obtained by the height ratio of 

the outside board H1 to the inside board H3, 

when flow direction is changed by 45" . 

Table 5-1 shows, as a test result, the 

upwelling rates and a mean upwelling rate. 

As a trend. Fig. 5-3 TO 5-5 indicates that 

the upwelling rate is within· a range of 150 to 

200%, and the shape which gives the greatest 

upwelling effect is obtained when the outside 

board is low and the inside board is high. For 

the influence on an upwelling effect, height H3 
of the inside board becomes a parameter, and as 

the height ratio increases, the upwelling rate 

also tends to increase. Viewed as the mean 

upwelling rate from Table 5-1, directionality, 

even though it is slight, has appeared. The 

optimum shape is shown in Fig. 5-6. 

the 

its 

6. Multi-direction Upwelling Structure 

(Cylinder Structure) 

6.1 OUtline of Test 

According to the hydaulic test results 

cube structure, it is clearly inferior 

upwelling effect to the folded surf ace 

of 

in 

type 

structure. Also from the views of work execution 

and economy, the former structure seems to be 
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lacking practicality. Further, the cube struc

ture has shown slight directionality. In view of 

the above, the authors here have taken into con

sideration the loss in upwelling efficiency and 
the effects of fish-gathering reefs, and pro

posed a cylindrical, non-directional upwelling 

structure. 

Its model consists of a combination of the 

open and fence unit. Through combination of 

these two units, the height and open area of the 

structure can be changed. Further in order to 

find the optimum shape, a hydraulic test has 

been conducted using height H1 of the open unit 

and height H2 of the fence unit as shown in 

Fig. 6-1. 

6.2 Results and Discussions 

Fig. 6-2 shows the upwelling rate due to 

changes in the ratio of open unit H1 to fence 

unit height H2. 
Fig. 6-3 shows the upwelling rate due to 

changes in the ratio of fence unit H2 to open 

unit height H1. 

Fig.6-2 and 6-3 indicate that even if the 

fence unit is raised higher than open unit 

height H1 , no upwelling effect can be obtained, 

and the upwelling rate tends to lower, and the 

trend that even if the open unit is raised 

higher than the fence unit height H2, no 

upwelling effect is obtained, and H1/H2 lowers 

within a vicinity of 2.0 times. Therefore, the 

opimum shape isthe type shown in Fig. 6~4. 

Viewed from Table 6-1, it can seen that this 

cylinder structure barely has directionality. 

This will become clearer, if this structure is 

compared with the cube structure. 

7. Conclusion 

Development methods and hydraulic model 

tests of upwelling structures ranging from the 

single type to the current cylinder structure 

containing the fishreef effect have been de
scribed. Ultimately, the upwelling effect which 

was obtained by the folded-surf ace-type struc

ture was lost by adoption of nondirectionality, 

but the authors have proposed' an economical and 

practical cylindrical fish-reef-type model. In 

the future, the authors will select the most 

suitable reclamation sea area for the use of the 

cylinder-type structure and to lay it in an 

actual sea site. 

Therefore, the authors would like to show 

below the conditions which must be satisfied in 

order to reclaim fishing-ground with an artifi

cial upwelling structure at a depth of 200 m or 

below. 

1) There should be a water mass, which has usa

ble deep water or equivalent characteristics 

(nitrogen nitrate concentration of 10 µ g/l or 

above) in the vicinity of the fishing-ground re

clamation area. Particularly within coastal re

gions, sea areas where marine bottom ravines 

interlace would be advantagous. 

2) This upwelling structure requires an appro

priate flow velocity of sea water in order to 

raise water using tide and current energy. 

3) It is possible to artificially create the 

same function as that of the upwelling flow 

generated in natural sea area, but it is impos

sible to actually realize the same scale of 

upwelling found in natural sea areas. Therefore, 

the artificial upwelling structure should be 

installed near naturally occurring upwelling 

areas to assist through natural upwelling. 

4) The purpose of deep water utilization lies 

in the expansion of primary productivity of sea 

areas. Therefore, an efficient conversion to 

phytoplankton is necessary. For this purpose, a 
stagnation time for sea water of a few days is 

necessary, and it is required that a stagnant 

sea area near the upwelling zone be setup. 

Ideally application of an upwelling structure 

within an enclosed area is desirable for enabl

ing the expansion of primary productivity and 

the promotion of sea water exchange. 
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BASIC STUDIES ON LIFTING OF MANGANESE 

N·ODULES BY AIR-LEFT-PUMP 

Takayuki Saito, Furnia Kiyono, Tetsuo Yamazaki, Yasuo Tomishima, Takashi Usami 

National Research Institute for Pollution and Resources, Japan 

l. INTRODUCTION 

The Agency of Industrial Science and 
Technology has started the large scale project 
of research and development of Manganese 
Nodule Mining System since 1981. 

Manganese Nodule Mining System consists 
of total system (mainly mining ship), 
collector system, lift system, machinery 
handling system, and measurement & control 
system. 

National Research Institute for Pollution 
and Resources takes charge of fundamental 
study which is necessary to develop the 
lifting system and collector system and to 
establish operation method of these systems. 

In this project an ocean mining test is 
planned at sea of the southeast of Hawaii in 
the last year of the project. At the ocean 
mining test the water depth is over 5,000 m 
and lifting system will be operated under the 
severe natural condition, such as a rapid 
change in the weather. 

To give a full role to the lifting 
system's ability under such conditions, it is 
necessary to estimate the performance of 
lifting system by computer simulation and to 
establish the operating method forward to the 
ocean mining test. 

In this research, at first, the floating 
velocity of manganese nodules which is 
necessary for constructing fundamental 
equations was measured and an empirical 
formula was deduced. 

Next, fundamental equations for three 
phase flow were constructed by using this 
formula. 

Then the result of simulation was 
compared with the result of pilot plant test 
in which a 200m vertical water tank was used. 

2. MEASUREMENT OF FLOATING. 
MANGANESE NODULE 

2.1 MEASUREMENT METHOD 

VELOCITY OF 

The terminal velocity was obtained by the 
following method. 

A particle was dropped into the acrylic 
pipe filled with water. The time during the 

particle passed through two measurement 
sections was measured by a watch. 

Terminal velocity was calculated from the 
length between measurement sections and the 
time to pass through. 

Inside diameter of acrylic pipe was 
600mm, and the length between measurement 
sections was l.14m. 

The measurement of floating velocity of 
particles was done by using the apparatus 
shown in fig.l. The test pipe is acrylic pipe 
which inside diameter is 150mm and, length is 
3m equipped with pressure taps at the 1500mm 
interval. 

--
Pressure Tmsd1c1r 

l11n1tic 
Flaw-lleter 

Fig. l Schematic diagram of Equipment 
for Floating Velocity 

The water was supplied to the test pipe 
from a head tank which height is 20m and 
inside diameter is 3m. The flow of water was 
controlled by the valve which was equipped 
under the head tank. The velocity was 
measured by magnetic flow meter, and pressure 
drop was measured by a differential pressure 
transducer. 

-378-



Particles which weight were measured in 
advance were put into the pipe. The valve was 
opened slowly to supply water in the pipe. 
The particles began made to float gently. The 
velocity at which the whole particles floated 
was adopted as the floating velocity. 

2.2 RESULT OF EXPERIMENT AND CONSIDERATION 

2.2.l TERMINAL VELOCITY 

The measurement result of the terminal 
velocity of a particle was shown in table l. 

Table l Physical Propaties of Solid Particles 

Solid ds(H) LJ( .. ) Ls(H) Ld(H) Sf Ns(1r) 
·' > 

Ss Vsf(•/s) Vsb(•/s) CD Rep 

Gravel 37.5 52.6 26.9 42.6 0. 70 72.40 2.61 1.020 ' 0.950 o. 758 3.48X 1u4 

S.N-1 40.1 45.8 32.0 42.2 0.85 65. 70 1.94 0. 792 0. 788 o. 785 2.95X 104 

S.N-2 42.0 44.3 39. l 41.8 0.91 75.80 1.96 0.838 0.830 D.750 3.20X 10' 
~ 

S.N-3 42.3 48.6 37.6 42. l 0.83 78.80 1.99 0.807 0.786 0.842 2.l~X 10' 

Rubbor bal I 41.8 41.8 41.8 41.8 I.DO 44.90 1.17 0.365 0.482 0.698 1.39x 101 

Hn (ISs) 32. 7 49.0 21.9 41.3 0.47 38.30 2.03 0.457 0.461 2.110 J. 73X lu4 

Hn (ISo) 36.1 54.2 26.0 37.5 0.57 50.IO ' 2.04 0.589 0.577 1.410 2.42Xl01 

Hn (SHr) 36.6 41.7 35.2 36. 7 0.89 51.90 2.02 0.837 0. 778 0.697 3.18x 10' 

Hn (Sl!r) 56.0 64.0 55.8 59.3 0.89 169.00 1.02 i 0.903 o. 798 0. 737 5.84xlo' 
---------

1.981 6.2JX10j Hn (Sr) 19.6 25.5 16.3 19. 7 o. 75 8.23 0.502 0.497 1.030 

Hn (Sr) 26. 7 29.6 24.9 26.8 0.85 19.50 ~ D.681 0.652 0.698 2. 04X 101 

Hn (Ss) 25.7 34.5 21.0 25.6 0 .. 71 17.00 1.86 0.517 0.523 0.975 8.38X 10 

Hn (Db) 46.6 55.6 45.0 49.1 0.85 92.60 I. 72 0. 784 0. 708 o. 714 4.nx104 

Hn (Db) 48.0 69.9 40.6 45.0 0. 70 112. DO 1.93 0.692 0.655 1.220 3. 78X 104 

Hn (Ob) 63. 7 73.1 62.1 64.9 0.88 258. 00 1.89 0.904 0. 795 0.907 6. 56X 10' 

Hn (Ds. r) 36.D 50.4 29.l 38.1 0.67 51.40 2.08 0.635 0.618 1.390 1.45X 104 

Hn (Os.r) 43.2 61.5 34.1 48.3 0.63 88.90 -z7si 0.665 0.621 1.470 1.82X 1o4 
-

Hn (Os. r) 54.0 77.3 43.9 63. 0 0.63 169.70 2.03 0.707 0.638 1.510 2.42X 104 
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Drag coefficient and particle Reynolds 
Number were calculated by using following 
equations. -

c[I =(4/3){gd,Co. - µ~)};v •• 2 (1) 

R~P = dsVs•/ll (2) 

Fig.2 was the relations of Cd and Rep on 
the logarithm graph. Solid lines show the 
relation of Cd and Rep in the case that the 
shape factor proposed by Al bartson': was used as 
a parameter. 

Fig.2 showed that the particles used in 
the experiment belonged to the Newtonian 
region and the particles which have complex 
figure and complex property of surface as 
manganese nodule showed the same tendency as 
other particles if arranged by the shape 
factor. 

It was clear from the definition of the 
shape factor Sf that Sf was equal to the 
ratio between the projected area toward 
settling direction and the area of section 
perpendicular to that projected area and Sf 
seemed to be the ratio of the representative 
length of the projected area to the 
representative length of section perpendicular 
to that projected direction. 

Sf was thought to show the relation of 
location between the settling posture and the 
point of separat~on. 

Though the drag force is the sum of the 
pressure drag and the frictional drag, in the 
Newtonian region the pressure drag occupy the 
most part of the drag force. 

The pressure drag was decided by the 
projected area of particle toward settling 
direction, and in the Newtonian region the 
location of the point of separation is 
constant. 

CD/CDs= 1.427Sr. -u5 

m 
Sm. '"' Ss(w) ds{mm 
0 ISs 2.03 32.7 
0 m I.I 2 56.0 
~ m 2]2 36.6 e 

'" Db 1.72 46.6 
m !Ss 104 36.I e .. Sr 1.95 26.J 
e Db 1.89 63.J 
m Db 1.9 3 48.0 

1~_,.-----'-----'----'---'---'-,,.------1 
10 2 4 8 1 o0 

Sr 

Fig.3 Relationship between Cd/Cds and Sf 

In addition,thinking the physical meaning 
of shape factor Sf, the ratio of drag 
coefficient of nonspherical particle to that 
of spherical particle was rearranged by using 
a correct coefficient in which shape factor 
and property of surface were considered. 

The relation between Cd/Cds and Sf was 
shown in fig.3. From this figure it is found 
that there is a linear relation between Cd/Cds 
and Sf if plotted in a logarithm sheet. 

This relation was represented 
approximately as following equation. 

(3) 

In the region of this experiment the drag 
coefficient of a spherical particle is 0.4 
constantly, so equation (3) was rearranged as 
following equation. 

(4) 

here 

By deforming equation(4) still more, next 
equation was obtained. 

\'sf = l.46S, 0 · 825 J gds(Ss - 1) (5) 

Fig.4 and fig.5 were obtained by 
rearranging the experimental data using 
equation(5). In fig.4 average value of each 
sample was plotted. In fig.5 average value of 
each group was plotted. Calculated value 
agree with measurement value very well. 
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Fig.5 Comparison of Experimental Value and 
Calculated Value on Terminal Velocity 

2.2.2 HINDERED SETTLING VELOCITY 

As the result of rearranging the 
experimental data by the ratio of the settling 
velocity ar.d the ratio of diameter ds/D, the 
hindered settling velocity was represented as 
following equation approximately. 

Vso/Vsf = 1 - (ds/D) 2 (6) 

And using equation(5) and (6), above 
equation rearranged to following equation. 

Vsh = I. 46{ I - (ds /D)2 }5,0. 825 

J" g d s ( Ss - I ) (7) 

Comparison of the calculated value with 
the experiment value was shown in fig.6. 
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Fig.6 Comparison of Experimental Value 
and Calculated Value on Hindered 
Settling Velocity 

2.2.3 FLOATING VELOCITY OF PARTICLES 

Floating state of particles in this 
experiment was recognized to be different from 
that of very small size particles. In the 
case of small particles the particles 
distributed uniformly in the pipe, on the 
other hand particles in this experiment flowed 
as the projected area to the flow direction 
is maximum shown in fig.7 . 

Sol id Particles I 
between Grouped 

Particles and 

Grouped Particles 

Sol id Particles ! 
between Grouped 

Particles and 

Grouped Particles 

Sol id Particle 

Grouped Particles 

Pipe Wall 

\later Flow 

Fig.7 Floating Model of Solid Particles 

In addition the particles were arranged 
as they occupied the maximum area of the cross 
section of the pipe. Several groups of the 
particles were formed in the pipe and the 
condition of floating was maintained by means 
of exchange of the particles between these 
particles groups and the space between those 
groups. 

It was found that the floating condition 
of particles was affected by the arrangement 
of particles in the pipe as well as the 
property of particle, wall effect et al. 

Relation of the floating velocity of the 
particles Vf and the concentration was shown 
in fig.8. 
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Vf decreased rapidly as the concentration 
increased in the low concentration region but 
in the high concentration region the rate of 
decrease of Vf got small and the linear 
relation appeared between Vf and Cs. Solid 
line of fig.8 was drawn bassd on the 
calculation of Neda's equation~ But these 
results of calculation differed from this 
experimental result. That was due to the 
difference of the floating state between 
Neda's experiment and this experiment. 

In this research it was found that the. 
results of experiment were arranged by 
introducing shape factor Sf as following 
equation. 

Vr/Vsh = /"S1 5 · 38 c9 exp(-4S1Cs)/ 

(1 + Cs) (8) 

The comparison of calculation results to 
measurement results was shown in fig.9. 
Equation(8) can estimate Vf accurately. 

..c: .,, 
> 

1.0 

~ 0.5 
> 

0 

S mb '"' n Ss 
II Gml J 7. ~ .. 

A 0 S.N 1 4 0.1 1.94 • () s. -2 4 .0 1.96 0<) ., S.H 3 2.3 1.99 
• Rtlltlerball .. 1. 1 ~II 0 Mn(IS.tl 3 , H3 .. """"' , "' '!J Allo<) 

~~ ... cY • oH «> 
'q)<L<) Q I Mn CSEr 36.6 '2.02 
~ <> Mn SEii 6. 0 1.R2 

() 1Mn(Sr) '"· 1.98 

"' M (.s:r) 26. 1 1.93 

"' "") 1 1. 6 .. 'lnhl .6 1. 12 
'V ) 0 I. !13 

" n Ob) 3. 1." 
v nrnu 6.0 2. 08 
0 n (us.r 2. 03 

. I II n Os.rl 54. 0 2. 3 

0 0.5 1.0 
J s,s.JBCs, exp (-4· Sf· Csl/ (1 +Cs) 

Fig.9 Comparison of Experimental 
Value on Vf /Vsh 

3. SIMULATION 

3.1 FUNDAMENTAL EQUATIONS 

Simulation model which is based on the 
equation of motion was composed by taking 
account of the result of 200m pilot plant 
test. Model shown in fig.10 was assumed. 

By applying momentum equation for 
incompressible fluid to the section between 
face l and face 2, and momentum equation for 
compressible fluid to the section between face 
2 and face 3, equation (9) and (10) were 
obtained. 

dP0 + ( rm0/2g)d(Vm0 2 ) + r·0dx + 

fr0dx = 0 (9) 

dP2 + d(VmB 2 rm,/2g) + rm2dx + 

frsdx = 0 (10) 
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Fig.10 Air-Lift-Pump Model 

3.2 DEFINITION OF EACH VARIABLE 

3.2.l SUPERFICIAL VELOCITY OF MIXTURE 

Superficial velocity of . solid-liquid 
mixture and superficial velucity of air-solid
liquid mixture are defined as follows. 

Vm0 = {(1 - Cs0)V1s0 + Cs0Vs0}/A (11) 

Vms = {AVm0 + Ogo(P./P)}/A 

3.2.2 SPECIFIC GRAVITY OF MIXTURE 

Tm1 = Cs0rs + (1 - Cs0)r1 

Trn3= fosra+ (1 - f.3){(1 -

Cs1)ri+ Cs1rs} 

(12) 

(13) 

(14) 

3.2.3 VOLUMETRIC CONCENTRATION OF SOLID 
PARTICLE 

Equation(l5) which express the relation 
between particle supplying concentration and 
concentration in pipe was deduced by 
considering local velocity, local 
concentration, and drift velocity of solid 
phase and liquid phase. 

{Vs0/(Vs0+v10)}/Cs = 

(CsrVTr)/(CsrVTr) + CsrVsdr/ 

{Csr(Vs0+v10)} (15) 
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3.2.4 MEAN VOID FRACTION OF THE THREE PHASE 
FLOW 

If the method of Zuber and Findly was 
expanded to the three phase flow and the drift 
velocity was constant in cross section of the 
pipe, the void fraction was calculated by a 
following equation. 

fa~ = {(Pa/P)(Qgo/A}/[{AV.0+ 

(Pa/P)Ogo}/(k,A)+Vads] (16) 

3.2.5 VOLUMETRIC CONCENTRATION OF SOLID 
PARTICLE AT THE CROSS SECTION OF THE THREE 
PHASE FLOW 

Applying same method as above, the 
volumetric. concentration is expressed as a 
following equation. 

Css = {(Pa/P)(Gga/A}/[{AV.0+ 

(Pa /P)Oga }/(k, A)+Veds] ( 17) 

3.2.6 PRESSURE DROP OF THE THREE PHASE FLOW 

Empirical equation concerned with 
pressure drop coefficient and the modified 
Frude number are used. 

Here a and b is coefficient and index 
decided by the flow pattern. 

(6Pn-6Pf2)/(C~6P,2) = 

(ct /?.. l R) [\' mR 2 v' Co/ 

{gO(rslr1 -1)}] 

3.3 CALCULATION METHOD 

(18) 

Taking account of the transition of 
the flow pattern, a function by which a 
section is divided automatically was provided 
in program. 

Runge-Kutta method was adopted to solve 
the differential equation. Convergence of the 
calculation was judged by comparing the 
pressure of upper end of the top section with 
the atmospheric pressure. 
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Fig.11 Exam~le of Calculation Results 
for Lifted Water Volume 

3.4 RESULTS OF CALCULATION 

Taking the case that the depth of air 
inlet was 184m, the comparison between 
calculation result of lifted water volume and 
experimental result was shown in fig.11. 

In other case, the lifted water volume 
and the tendency of curve which showed lifted 
water volume for air supply agreed with 
experimental result very well, so the 
simulation program was considered to be 
appropriate. 

The comparison between calculation result 
of lifted slurry volume and experimental . 
result in the case that the depth of air inlet 
was 184m was shown in fig.12. 
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Fig.12 Example of Calculation Results 
for Lifted Slurry Volume 

Though the calculation result of lifted 
slurry volume is smaller than the experimental 
result, tendency of lifted slurry volume for· 
air supply, rate of drop of lifted slurry 
volume accompanied with increase of slurry 
concentration and effect of the depth of air 
inlet showed good agreement with experimental 
result. 

So this simulation model was considered 
to be reasonable in the case of three phase 
flow. The difference between the calculation 
result and the experimental result was thought 
to be due to the evaluation of particle 
concentration and pressure drop at three phase 
flow. 

4. c·ONCLUSION 

In this research, at first the floating 
velocity of manganese nodule was measured. 

As a result following equation was 
obtained. 

(1 + (;) (8) 
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Secondly, using this equation a 
simulation model was constructed to evaluate 
the lifting capacity. 

Lastly, comparing the calculation result 
with the experimental result of 200m pilot 
plant test, both results agreed very well. 
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NOMENCLATURE 

Cd drag coefficient 
Cds drag coefficient of particle 
ds equivalent settling velocity diameter 
Fr Froude number 
fa void fraction 
g gravitational constant 
L.11 length of particle 
Ls breadth of particle 
La thickness of particle 
Rep particle Reynolds number 
Sf shape factor 
Vsf terminal velocity 
Vsh hindered settling velocity 
Vf floating velocity 
p~ density of particle 
p,..., density of liquid 
v coefficient of kinematic viscosity 
Vad drift velocity 
P static pressure 
Pf friction loss 
$ specific weight 
A cross sectional area of the pipe 
V velocity 
S coefficient of inlet loss 
~ friction factor 
ti. hold up ratio 
D pipe diameter 
Q flow rate 
Cs spacial volume concentration of solid 

P pressure loss 

SUBSCRIPT 

1 i quid 
g gas 
s solid 
0 solid-water 2-phase flow 
2 air-water 2-phase flow 
3 air-water-solid 3-phase flow 
o normal condition 
a in atmospheric condition 
m mixture 
r at arbitrary radius 
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ENGINEERING PROPERTIES OF DEEP-SEA MINERAL 
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Abstract 

Deep-sea manganese nodules, massive 
submarine polymetallic sulfides, and cobalt 
rich manganese crusts, which have been found 
in large quantities at basins and seamounts of 
the Pacific, have been considered as future 
potential resources for Au, Pt, Ag, Cu, Pb, 
Zn, Ni, Co, and Mn. 

Among these, mining technology of 
manganese nodules has been developed these 
twenty years by several countries and groups, 
but there still remain some problems in 
designing a commercial miner~ The other two 
resources have just been in stages of 
feasibility study for exploitation. Almost 
nothing is known, however, in order to 
evaluate their trafficability and 
excavatabil i ty. 

Some physical and engineering properties 
of these three mineral resources, which are 
essential factors for design of their mining 
systems, are introduced and summarized in the 
study. Fundamental design concepts of their 
mining systems are proposed. Some subjects to 
be solved are also presented. 

Nomenclature 

A : contact area 
AP: projected area 
c vane shear strength 
d : distance between loading point 
Fa: adhesive resistance 
Fe: cutting resistance 
Ff: frictional resistance 
Fs: separating resistance 
Ft: total resistance from sediments 
fp: nodul€ pick-up force per unit area 
ka: adhesive coefficient 
kc: cutting coefficient 
kf: frictional coefficient 
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N number of observed data 
n porosity 
p contact pressure 
pl: load at failure 
r coefficient of correlation 
s : cutting area 

Sc: compressive strength 

St: tensile strength 
s standard deviation 
v : volume 
W0 : dried weight in air 
Ws: saturated weight in water 
W : saturated weight in air w 
w water content 
x observed data of x axis 
x average of data of x axis 
y observed data of y axis 
ps: solid density 
pd: density under water saturated condition 
pw: density of water 

1. Introduction 

Manganese nodules are widely distributed 
on soft deep-sea sediments at water depths of 
4,000 to 6,000 m. They have been considered 
as a future strategic metal resource because 
they are rich in manganese, copper, nickel, 
and cobalt. Mining technology of manganese 
nodules has been developed these twenty years 
by several countries and groups [l, 2, 3J, 
but there still remain some problems in 
designing a commercial miner. Fundamental 
engineering properties of manganese nodules 
and deep-sea sediments are reviewed and 
updated in the paper. In concluding these 
characteristics, a design concept for driving 
and excavating mechanisms of nodule miner is 
discussed. 



Massive submarine polymetallic sulfides 
have been worthy of attention these ten years. 
They are formed by hydrothermal processes 
associated with spreading centers of plate 
techtonic activity. They contain considerable 
amounts of gold, silver, lead, zinc, etc .. 
Their general distribution characteristics 
are shown in Table l comparing with the other 
resources. From engineering view point, 
however, they are the least known of the 
deep-sea resources to date [4J. Some physical 
and engineering properties of their samples 
are introduced in the paper. An important 
information is requested for their resource 
assessment. 

Cobalt rich manganese crusts lately have 
become a center of interest because they 
include several metals having top priority 
such as cobalt, manganese, and platinum. 
Crusts which include considerable percentage 
of cobalt have been found at water depths 
between 800 and 2,400m, coating island 
slops, seamounts, and tops of guyots. Their 
distribution characteristics are also 
summarized in Table 1. Very little 
engineering data has been published until now 
[5, 6, 7, 8J. Fundamental physical and 
engineering properties of crusts and their 
substrates are introduced in the paper. Some 
important considerations for the design of 
mining system and problems to be solved are 
presented as well. 

2. Engineering Properties 

2.1 Nodules 

Considering the distribution aspects, 
geotechnical properties of deep-sea sediments 
are very important factors for the design of 
nodule miner. Many data have been measured 
with box core samples on board. Vane s'hear 
strength, cone penetrating resistance, and 
water content which were measured in nodule 
dense area during the GH83-3 Cruise [9J are 
summarized in Table 2. The water content is 
defined by the following equation: 

w = 
WW - WO 

x 100 ( l ) 

WO 

Nodule abundance, nodule size 
distribution, and nodule pick-up force are 
also important factors. Data obtained during 
the Cruise are shown in Figs. l - 3. 
The abundances and the size distribution were 
obtained from nodules sampled by free fall 
grabs. The pick-up force was measured with 
nodules sampled by a box corer. Nodule 
pick-up force per unit area is defined by the 
following equation: 

f = p 

W + F s s x 100 (2) 

2.2 Polymetallic Sulfides 

Density, porosity, and P wave velocity. 
were measured as the physical properties with 
the same test piece which was saturated by 
water in a vacuum water pot for 48 hours. 
Then the weights in water and in air under 
water saturated condition were measured. 
After being dried at 105 degrees Celsius for 
24 hours, the weight in air under fully dried 
condition was measured. The saturated density 
and the porosity were calculated using the 
following equations respectively: 

pd 
WW 

( w - w I PW w s 

(3) 

w - w 
n w 0 x 100 (4) 

WW - WS 

Compressive strength, tensile strength, 
Young's modulus, Poisson's ratio, Shore 
hardness, and micro-Vickers hardness were 
measured as the engineering properties. 
Because quantity of samples was not 
sufficient, it was difficult to core standard 
cylindrical test pieces. Therefore, 
rectangular column test pieces in about 20 mm 
x 20 mm x 40 mm were used for uni-axial 
compressive strength measurements, and 
irregularly shaped test pieces for point load 
tensile strength measurements. The tensile 
strength is calculated using the following 
equation [10]: 

2 St = o. 9 P 1 I d ( 5) 

Samples from Gorda Ridge at East Pacific 
Rise [lll and Izena Calderon at Okinawa Trough 
[12l were tested. The results are summarized 
in Table 3 comparing with the results of 
Kuroko ores which are expected as old massive 
submarine polymetallic sulfides. 

2.3 C!J!ill 

Considering the distribution aspects, 
physical and engineering properties of 
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crusts themselves and those of their 
substrates are important factors for the 
design of crust mining system. Measured items 
and methods of physical and engineering 
properties are almost the same as massive 
submarine polymetallic sulfides. But, because 
crusts and some of their substrates were 
too weak and quantity of samples was not 
sufficient, it was difficult to get even 
rectangular column type test pieces. 
Therefore, a substitutional method using 
irregularly shaped test pieces for compressive 
strength measurement was chosen. In order to 
avoid size effect, fragmental specimens with 
weight ranging from 30 to 50 grams in water 
saturated condition were used for the tests. 
The compressive strength was calculated from 
the ordinary uni-axial load testing method 
using the following equation [13]: 



(6) 

Samples from the. equatorial region of the 
Central Pacific, the south east and the south 
west regions of Marcus Island, and around 
Okinotori Sima Island were tested. The 
results of measurements are summarized in 
Table 4. Frequency distributfon of the 
density, the compressive strength, and the 
tensile strength were shown in Figs. 4 - 6. 

3. Discussion 

3.1 Nodules 

Deep-sea sediments are treated like ideal 
clay from results of undrained and 
unconsolidated tri-axial compression 
tests [14J. The shear strength is, therefore, 
the most important geotechni ca 1 prope·rty. It 
affects bearing capacity, settlement, cutting 
resistance, etc .. The other important 
property is the sensitivity. Sensitivity 
value of three which is the average in Table 2 
is the margin between usual and sensitive 
clay. For example, relatively lower critical 
bearing capacity is expected when the 
sensitivity is higher than three [15J. 

Total resistance acting on a nodule miner 
caused by deep-sea sediments are presented by 
the following equation from the results of 
previous researches [16, 17]: 

Ft = Fe +Ff +Fa 

where F = k c S 
Fe = kc P A 
Ff = kf c A 
a a 

The shear strength has major role in this 
equation, too. The coefficients shown in 
Table 5 mean that it is a pri.ncipal design 
criterion to reduce cutting resistance. 

{ 7) 

In order to recover much nodules from 
miner track, it is required to remove nodules 
in advance with the tracking. It means that 
the sediments on the track are disturbed prior 
to the tracking. Because of high sensitivity 
of sediments it is difficult to expect what is 
the probability of strength reduction. This 
would make control of miner driving difficult. 
Hence it follows uncertainty of miner path. 

The same kind of trade-off relationship 
is appeared between the contact pressure of 
miner and the negative pressure generated by 
hydraulic nodule pick-up device. Balancing 
these trade-off factors is an important design 
concept of a commercial miner. 

3.2 Polymetallic Sulfides 

Solid density of polymetallic sulfides 
which is calculated from the following 
equation is close to that of Kuroko ore, but 
the porosity is higher than that of Kuroko 

ore: 

p = s (8) 
{Wo - Ws) I p w 

The difference of the porosity causes the low 
values of the compressive strength~ the 
tensile strength, and the Shore hardness. 

It is considered from these results that 
the conventional.technique for medium-hard 
rock will be adaptable for excavating 
mechanism as examined in previous feasibility 
studies [18, 19]. Mining system itself is, 
however, affected by dimensions of massive ore 
body. Deposit distribution sizes of spread on 
sea floor and of depth below the sea fl6or are 
required for the resource assessment and the 
design of mining system. 

3.3 Crusts 

Considering the result of density 
measurement, 1.9 g/cm3 is preferable for 
average density of crust, although 1.8 g/cm3 
was adopted in the previous feasibility study 
of crust mining l20J. Gravity separation in 
ore dressing would be useful because about 60 
% of the distribution of substrates in density 
is not overlapped with the one of crusts. On 
the other hand, strength difference between 
crusts and their substrates is probable to be 
used for excavation and dressing. 

Some correlations are expected from the 
results of measurements. The relationships 
between the engineering properties of 
substrates are shown in Figs. 7 - 9. They 
show feasibility of utilizing these 
correlations for estimation of engineering 
properties of substrates. When data 
accumulation of the engineering properties 
becomes sufficient, accurate estimation of 
substrate characteristics seems to be 
possible. 

Quantitative evaluation of crust 
thickness, coverage, and surface 
microtopography by visual and/or acoustic 
means are also very important informations 
both for the exploration and for the 
exploitation. 

4. Conclusions 

Engineering properties of manganese 
nodules and deep-sea sediments are summarized. 
Shear strength and· sensitivity of sediments 
become key factors for design of commercial 
miner. Balancing some trade-off factors is 
considered to be an important design concept 
of a commercial miner. 

Porosity of massive submarine 
polymetallic sulfides is higher than that of 
Kuroko ore. The conventional technique for 
medium hard rock will be applicable for 
sulfide excavating mechanism. Information 
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about dimensions of massive ore body is 
desired to design whole mining system. 

Average density of cobalt rich manganese 
crusts under water saturated condition is 1.9 
g/cm3. Density and strength differences 
between crusts and their substrate are very 
important factors for design of excavating and 
dressing systems. Some useful correlations 
are observed between engineering properties of 
substrates. Quantitative information about 
crust distribution characteristics are also 
required. 
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Depth 
(cm) 

4 
10 
16 
22 
28 
34 
40 

Table 1 Distribution characteristics of manganese nodules, 
massive submarine polymetallic sulfides, and cobalt 
rich manganese crusts 

Depth 

Topography 

Substrate 

Morphology 

Deposit 
aspect 

Metal 
content 

Table 2 

Nodules 

4,000-6,000m 

Flat sea bottom 

Sediments 

Nodule 

Coverage:<75% 
Abundance: 2 

<40kg/m 

Co :< 0.5% 
Mn : < 35 % 
Fe ·: < 25 % 
Ni : < 2 % 
Cu : < 2 % 

Polymetallic 
sulfides 

l,200-3,500m 

Spreading center 
of rise, back 
arc, etc. 

Basalt 
Metamorphic. 

rock 

Chimney and 
mound on 
sea floor 

Massive ore 
tens million m3 

Fe : < 40 % 
Cu : < 15 % 
Pb : < 25 % 
Zn : <50 % 
Au : <15 ppm 
Ag : < 1 % 

Crusts 

800-2,400m 

Island and 
seamount slopes 

Top of guyots 

Basalt 
Hyaloclastite 
Limestone 

Crust 
(Nodule) 

Thickness :<20cm 
Coverage :<l 00% 
Abundance: 2 

<200kg/m 

Co : < 2 % 
Mn : <35 % 
Fe : <25 % 
Ni : < 1 % 
Cu : < 0.5% 
Pt : < 2 ppm 

Geotechnical properties of deep-sea sediments 

Vane shear2strength Cone penetrating 
resistance(gf/cm2) 

Water content 
(gf/cm ) ( %) 

Undisturbed Remolded Sensitivity 
Ave. Max. Min. Ave. Max. Min. 

Ave. Max. Min. Ave. Max. Min. Ave. 

14.3 28.3 6. 1 4.8 8.5 2.7 3.0 68 156 40 293 353 200 
26.0 38.2 18.4 8.5 11. 9 5. 1 3. 1 165 227 100 257 304 221 
31. 1 47.7 14.3 10. 5 16.0 4.8 3.0 194 245 97 250 335 191 
34.5 58.7 11.9 12.4 22.5 5. 1 2.8 243 332 90 239 300 176 
35.4 52.9 14.3 13. 9 25.9 6.5 2.6 277 330 120 231 291 168 
30.0 36.5 15.7 11.6 16.4 6.8 2.6 246 298 130 212 254 150 
30.2 36.5 17.7 11. 2 13.3 7.8 2.7 205 313 125 211 
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Table 3 Engineering properties of polymetallic sulfides 

Izena Caldelon Gorda 
Ridge 

A B c D E F 

Density(g/cm3) 2.94 3.87 2.73 2.32 2.82 1.88 3.14 

Solid 
density(g/cm3) 

4.63 4.55 4.49 4.25 4. 71 3.64 4;68 

Porosity(%) 37 15 39 45 40 48 33 

P wave 3.4 3.5 3. 1 1.9 2.3 1.8 3.7 
velocity( km/sec) 

Compressive 24.0 38.2 21.0 3.45 6.37 3.13 9.06 
strength(MPa) 

Tensile 2.23 4.09 3.04 0.61 0.80 0.14 0.09 
strength(MPa) 

Young's 21.9 35.2 18.5 5.7 7.8 22.5 24.5 
modulus(GPa) 

Poisson's ratio 0.15 0.28 0.47 0. 31 0.27 0.31 0.35 

Shore hardness 10.2 18.3 14.6 1.6 9.4 5.2 x 

Micro-Vickers 162 218 154 x 59 x x 
hardness 

Table 4 Summary of engineering properties 
of crusts and their substrates 

Crusts 

Density (g/cm3) 1.65-2.17 

Porosity (%) 43-74 

P wave velocity (m/sec) 2090-3390 

Compressive strength (MPa) 0.5-16.8 

Tensile strength (MPa) 0.1- 2.3 

Table 5 Coefficients of 
deep-sea sediments 

kc kf ka 

8.2 0.12 0.08 
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Substrates 

1.44-2.92 

7-69 

1760-5860 

0.1-68.2 

0.0-18.9 

Kuroko 
ores 

4.13-4.75 

4.18-4.89 

0-3 

3.4-4.7 

84-144 

2.0-13.4 

39.5-62.6 

0.25-0.38 

32.5-38.9 

176-226 
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THE DRAG AND ADDED-MASS COEFFICIENTS OF 
VARIOUS BUFFERS VIBRATING AXIALLY IN WATER 

K. Aso*, K. Kan*, H. Doki*, and M. Mori* 

* Akita University, Japan 

Abstract 

In order to analyse the longitudinal 
vibration of a pipe-string for mining mineral 
resources at deep-sea bottoms, the fluid 
forces acting on the buffer and pump-module 
attached to the pipe-string must be evaluated 
in advance. 

In this study, first, a new method was 
developed for determining the drag and added
mass coefficients of a buffer vibrating 
axially, and then both coefficients for 
various shapes of buffers were determined. 
The results obtained on the spherical buffer
models proved to be in fairly good agreement 
with those by Sarpkaya and showed the validity 
of the new method. Furthermore, the results 
of other buffer-models indicated that there 
was a good correlation between those coef
ficients and Keulegan-Carpenter number,J(c, 
and that as }(c increases, the drag coef
ficient decreases exponentially and the added
mass coefficient increases or decreases 
linearly according to the shapes of the 
buffer-models. 

Nomenclature 

A = amplitude of longitudinal vibration of 
buffer-model 

AR= resonance amplitude of vibration of model 
a = amplitude of forcing displacement 
a R= amplitude of forcing displacement in 

resonance 
Cd= drag coefficient 
cm= added-mass coefficient 
c = coefficient of equivalent linear damping 
D = diameter of model 
F ( t ) = fluid force due to the ambient water 
G=g1+Y2 
g 1 , g 2 = coefficients of structural damping 

of springs 
}(=k1+k2 
}(c= Keulegan-Carpenter number 
k , , k 2 = spring constants 
L = length of model 
M = m + Cmma 
m = mass of model 
ma= mass of the water displaced by model 

Re= Reynolds number 
S = the maximum cross-sectional area 
t = time 
lJm= the maximum velocity of vibrating model 
x = displacement of model from the equi-

librium position 
xo= forcing displacement 
p density of the ambient water 
v coefficient of kinematic viscosity 
w = circular frequency of forcing displace

ment 
w R= resonance circular-frequency of forcing 

displacement 

Introduction 

For mining mineral resources from deep-sea 
bottoms, a pipe-string is needed to connect 
the mining ship on the sea surface with the 
collector or miner on the seafloor. Further
more, the string must be equipped with the 
pump-modules for pumping the mineral resources 
up to the ship and with the buffer which 
regulates the slurry-density of ore-fluid 
mixture in the pipe-string and plays a role of 
the weight to stabilize the mechanical 
behavior of the string. Hence, the longi
tudinal and lateral vibrations of the string, 
which are caused by the ship-motions, must be 
analysed for the design of the above mining 
system. Besides, to analyse these vibrations 
the fluid forces acting on the pump-modules 
and buffer must be evaluated, and to calculate 
these forces by Morison's formula [1], the 
drag and added-mass coefficients for the pump
modules and buffer vibrating in water must be 
known in advance. 

Up to the present, those coefficients per
taining to spheres, cylinders and plates in 
vibrating flow have been studied by many 
researchers [2--5]. However, the coefficients 
for more complicated shapes of buffers or 
pump-modules have not been reported yet. 

In this study, the drag and added-mass 
coefficients of various buffers vibrating 
axially in water were determined by the 
following method which was developed by the 
authors. First, considering the shape-effect 
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of a buffer on the longitudinal vibration of 
the· above-mentioned pipe-string~ various 
buffer-models, which were sphere, cylinder, 
cylinders with semi-spherical or conical ends, 
cylinder with rugged side,etc., were selected. 
Second, a model attached axially to a ver

tical spring was vibrated longitudinally in 
still water by a vibrator which provided the 
top of the spring with a sinusoidal dis
placement. Then, the drag and added-mass 
coefficients were analysed by introducing 
experimental values of amplitudes and fre
quency in the resonance into the theoretical 
solution of a spring-mass-damper system. 

The results obtained on the spherical 
models were compared with those by Sarpkaya 
[3] in order to examine the new method, and 
both results proved to be in fairly good 
agreement. Furthermore, all results indicated 
that there was a good correlation between the 
drag or added-mass coefficient and Keulegan
Carpenter number, but no clear correlation be
tween those coefficients and Reynolds number. 

Method for Determining Cd and C,,. 

The method for determining the drag and 
added-mass coefficients, Cd and C,,., which has 
been developed in this study, is composed of 
the following experimental and theoretical 
procedures. 

Experimental Procedure 

The experimental apparatus used in this 
study, as is shown in Fig.1, is composed of a 
cylindrical water-tank, a vertical spring with 

Power 
Amplifier 

1 Water Tank 
2 Window 
3 Vibrator 
4 Line-Sensor 

Camera 
5 Electronic 

Camera 
6 Spring 
7 Test Piece 

---¢1600---

Fig.1 Experimental apparatus 

a buffer model, a vibrator and measuring 
devices. At the central axis of the tank 
whose diameter and height are l .6m and 3.3m 
respectively, a vertical spring with a buffer
model is set. After the tank is filled with 
water, the. top of the spring is provided with 
a sinusoidal forcing-displacement by an 
electro-magnetic vibrator, causing the model a 
longitudinal vibration. Then, the forcing 
displacement and frequency are measured by the 
line-sensor camera (made by Hatsusita) and the 
response amplitude of the model is measured by 
the electronic camera (made by Zimmer) through 
the window of the tank. At the same time, 
these three quantities are recorded by an 
oscillograph. Finally, the resonance cir
cular-frequency, w R, the resonance forcing 
amplitude, a R, and the resonance response
ampli tude, AR, are obtained. Here, it must 
be mentioned that in order to prevent the 
lateral vibration of the model, the spring is 
stretched in advance by a certain quantity, in 
which a buffer-model is vibrated longi
tudinally. Furthermore, the spring constants 
and structural-damping coefficients of springs 
are determined by the method of logarithmic 
decrement applied to the experimental results 
of free longitudinal-vibrations of the model. 
The spring constants of springs used in this 
experiment are 15-800 N/m and their coef
ficients of structural damping are O.Sx10-s 
-60.ox10-s N•s/m. 

Analytical Procedure 

Defining the mass of a buffer-model as ni, 

the structural-damping coefficients of the 
springs above and below the model as g 1 and 
g 2 respectively, and the corresponding spring 
constants as k 1 and k 2 respectively, the 
analytical model of this problem can be shown 
in Fig. 2. In this figure, x 0 (=a sinw t) is 
the forcing displacement applied at the top of 
the spring, and F ( t ) represents the fluid 
force due to the ambient water. 

Thus, · the equation of motion for this 
problem can be expressed as follows: 

mx+Y 1 (x-:G,)+Y2x+k1(x-xol+k2x=-F(t). (1) 

Moreover, F ( t ) is represented by Morison in 
the following form [1]: 

Fig.2 Analytical model 
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(2) 

where Cm is an added-mass coefficient, ma is 
the mass of water displaced by a buffer-model, 
p is the density of the ambient water, Cd is 
a drag coefficient, S is the area projected 
to the plane perpendicular to the direction of 
vibration of the model (the maximum cross
sectional area of the model). 

Here, the second term of the right-hand 
side of Eq. (2) could be linearized, and the 
equation can be rewritten in the form: 

(3) 

where c is the coefficient of the equivalent 
viscous damping. Assuming the vibration of a 
buffer-model as a harmonic motion, which is 
Asin(w t +<P), and equating the work done by 
the equivalent damping force pertaining to c 
during one cycle of vibration of the model 
with that by a drag force due to the ambient 
water during the same cycle of vibration, c 
is represented as follows: 

(4) 

Now, defining the following quantities: 

(5) 

and introducing the 
into Eq. (1), the 
obtained. 

relation, x 0 =a sinw t , 
following equation 1s 

Mx+(G+c)x+Kx=g 1 aw coswt+k 1 asinwt. (6) 

Then, the steady-state solution of Eq. (6) 
can be expressed as follows: 

x=Asin(wt+¢), (7) 

where <P is a phase angle, and the amplitude 
A is shown in the following equation: 

../g/+(k1 /w) 2 

A= ~/(K/w-wM) 2 +( G+c) 2 a • (8) 

Furthermore, substituting Eq.(8) into 
Eq.(4), and rearranging the resulting equation 
with respect to Cd and M, the following 
equation is obtained. 

(9) 

On the other hand, the resonance circular
frequency, w R, that corresponds to the 
frequency, at which the amplitude of the model 
becomes maximum, can be determined by differ
entiating Eq. (8) with respect to w . 

WR= /_(_h)2+ f (!£!_)'-(~)2 (( G~c)2- 2K)-'-( K ) 2 (lQ) ,y g1 1 g1 g, .tf M M 

Besides, introducing the relations of 
Eqs. (4) and (5) into the equation (10), and 
rearranging the resulting equation with 
respect to Cd and Cm, the following equation 
is obtained. 

(4ARWRSP)2c2 '2(4ARwRSP)GC -'-G2 
31!" d T 31!" d' 

+wR2 (m+C,,,.ma )2 ( ( grR )2+2} 

-2K(m+Cmma)-( g~ 1K) 2 =0. (11) 

Next, the substitutions of the quantities 
in the resonance into Eq. (9) give the 
following equation: 

( 4ARwRSP)2c 2+2 ( 4ARwRSP)GC +G2 
3 ir d 3 ir d 

Therefore, substituting the experimentally
obtained values of w R, a R and AR into 
Eqs.(11) and (12), and solving the simul
taneous equation composed of these two 
equations, the drag and added-mass coef
ficients, Cd and Cm, can be obtained. 

Results and Discussions 

According to the above-mentioned method, 
the drag and added-mass coefficients for 
various buffer-models have been determined. 
The buffer-models used in this study are shown 
in Fig.3, which indicates six kinds of models; 
sphere (MODEL A), cylinder (MODEL B), cylinder 
with semi-spherical ends (MODEL C) , cylinder 
with conical ends (MODEL D), cylinder with a 

D 

MODEL A MODEL B MODEL C 

D 

L 

MODEL D MODEL E MODEL F 

Fig.3 Buffer model 
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SPHERE 

D (mm) 38.2 25.5 
Symbols • I ·O ... I V' 

f 

0 

(a) 

(Hz) 4.33 - : 6.82 -
4.42 1 6.93 

3.52- : 5.71 -
3.57: 5.82 

m 
'<27 

Kc 

Relationship between Cd and Kc 

rugged side (MODEL E), cylinder with a cir
cular plate (MODEL F). 

1.0.-----........ ----....-----r-------. 

First, the coefficients for . spherical 
models (MODEL A) were determined and compared 
with those obtained by Sarpkaya (3), who 
determined the coefficients by vibrating the 
ambient water. The results are shown in 
Figs.4-(a) and (b), the abscissas of which are 
Keulegan-Carpenter numbers [2]. The Keulegan
Carpenter number, Kc, is defined as 
Kc=U ,,.TI D, where U,.. is the maximum 
velocity of a vibrating model and equals to 
A w , and where T is its period. From the 
figure 4-(a), it can be seen that the drag 
coefficients obtained in this study well 
coincide with those by Sarpkaya (shaded area), 
although a little difference can be seen in 
the range where Kc is less than 4. Figure 
4-(b) shows a fairly well agreement between 
the added-mass coefficients obtained in this 
study and those by Sarpkaya. Here, it must 
be mentioned that . Sarpkaya's added-mass 
coefficients in Fig.4-(b) were obtained by 
subtracting one from the original values to 
adjust them to the values pertaining to a 
vibrating model in the still water. Hence, 
it can be realized that the method developed 
in this study could be applicable for deter
mining a drag and added-mass coefficients of a 

E 
(.) 

(b) 

Fig.4 

5 10 
Kc 

Relationship between C,,. and Kc 

Cd and C,,. for MODEL A (sphere) 

CYLINDER ASPECT RATIO 
D (mm) 60.2 50.2 

Symbols • 0 • I 
6 I I • 

buffer-model considered in this study. 
Second, the drag and added-mass 

ficients for cylindrical buffer-models 
B) with the aspect ratio ( L / D) of 
shown in Figs.5-(a)--(d). Figure 

LID= I MODEL B 
40.2 25.6 12.7 

I 0 " I 'V • I 0 

f (Hz) 4.80-:0.13- 6.25-:10.98- 2.21 - :025 - 2.75-:4.81- 6.00-\10.39-
4.95 1 8.23 6.39 1 11.20 2.36 1 8.48 2.801 4.85 6.281 10.76 

coef
(MODEL 
1 are 
5-(a) 

4 2.--------r------.----....-------. 

'O 
u -..= 

00 

(a) 

4 

'O 
u 

2 

@ 

• • 

10 20 30 Kc 
Relationship between Cd and Kc 

• = 
• .• 0 .. 

~ <:9 00 

' f-"f~ 
105 

Re 

(c) Relationship between Cd and Re 

40 

E 
u 

10 20 30 
Kc 

(b) Relationship between C,,. and Kc 

2..------.--....---....--...---~ 

E 
u 

105 
Re 

(d) Relationship between C,,. and Re 

Fig.5 Cd and C,,. for HODEL B (cylinder, L/ D=l) 
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Kc 

(b} Relationship between C .. and Kc 

40 

Fig.6 Cd and C .. for MODEL B (cylinder, L/D=3) 

indicates the relationship between the drag 
coefficient, Cd, and the Keukegan-Carpenter 
number,Kc, while Figure 5-(b) does the 
relationship between the added-mass coef
ficient, c .. , and Kc· From these figures, it 
can be seen that there is a strong correlation 
between Cd or C .. and Kc. As Kc increases, 
Cd decreases exponentially and approaches the 
constant value (about 1.0) at Kc~14. Fur
thermore, C,,. increases. linearly as Kc 
increases. On the other hand, it can be 
realized from Figs.5-(c) and (d) that there is 
no clear correlation between Cd or C .. and 
the Reynolds number, Re . This is true . in 
cases of all buffer-models used in this study. 
Hence, the only relationship between Cd or 
c .. and Kc will be discussed in the following 
parts of this paper. 

Figure 6 shows the relationship between Cd 
or C .. and Kc in case of the cylindrical 
buffer model (MODEL B) with the aspect ratio 
of 3. Figure 6-(a) indicates the same rela
tionship between Cd and Kc as that mentioned 
before, and the values are almost the same as 
those of Fig.5-(a). Besides, Figure 6-(b) 
also indicates the same linear-relationship 
between Cm and Kc as that of Fig.5-(b). 
However, the values of Cm are less than those 
of Fig.5-(b), and the rate of increase of C .. 
with increasing of Kc is also smaller. 

Third,. the drag and added-mass coefficients 
for the cylindrical buffer-model with semi
spherical ends (MODEL C) are shown in Figs. 7 
and 8. From these figures, again it can be 
found that there are strong correleations 
between Cd and Kc as well as between C,,, and 
Kc· Figures 7-(a) and 8-(a) show that the 
drag coefficient decreases exponentially as 
Kc increases, and approaches the constant 
value when Kc is about 7 in case of the 
aspect ratio of 1 and about 11 in case of the 
ratio of 3. The constant value is about 0.35 
and less than the corresponding value for 
MODEL B. Figures 7-(b) and 8-(b) indicate 

the linear relationship between the .added-mass 
coefficient and Kc. These figures also 
show that the added-mass coefficient decreases 
as the aspect ratio increases and it slightly 
decreases as Kc increases, and that the 
values of this coefficient are smaller than 
those for MODEL B. 

Fourth, the relationships between Cd and 
Kc as well as between C.. and Kc for the 
cylindrical buffer-model with conical ends 
(MODEL D) are shown in Figs. 9 and 10, which 
indicate the same strong-correlation between 
those coefficiens and Kc as that mentioned in 
the previous cases. Figures 9-(a) and 10-(a) 
show that as Kc increases, the drag coef
ficient decreases exponentially and approaches 
the constant value when Kc is about 6 in case 
of the aspect ratio of 1 and about 10 in case 
of the ratio of 3. Besides, this constant 
value is found to be about 0. 30 and smaller 
than the corresponding value for MODEL C. On 
the other hand, the added-mass coefficient, as 
is shown in Figs.9-(b) and 10-(b), is smaller 
in case of larger aspect-ratio, and it 
decreases slightly and linearly as Kc 
increases. Moreover, the rate of the decrease 
is larger in case of larger aspect-ratio. 

Fifth, the cylindrical model with a rugged 
side (MODEL E) was considered in order to 
reduce the longitudinal vibration of the 
offshore pipe-string with a buffer by 
increasing the drag force. Then, the drag 
and added-mass coefficients for this model 
were determined. The results obtained are 
shown in Fig. 11, in which Figure (a) shows 
that the drag ceff icient decreases expo
nentially as Kc increases and it approaches 
the constant value of about 2 when Kc is 
about 10. Hence, the buffer with the shape of 
MODEL E is found to provide a drag force which 
is about twice as large as that of the 
cylindrical buffer. In addition, the added
mass coefficient, as is shwon in Fig.11-(b), 
increases linearly as Kc increases, and both 
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the value and the rate of the decrease are 
greater than the corresponding ones for the 
cylindrical buffer shown in Fig.6-(b). 

Finally, the cylindrical buffer-model with 
a circular plate (MODEL F) was considered in 
order to increase the drag force, keeping in 
the minimum increase of the buffer-mass. 
Then, the drag and added-mass coefficients for 
this model were determined. The relation
ships between these coefficients and Kc in 
cases of two ratios of D / d , which are 2 and 
4, are shown in Figs. 12 and 13. Figures 12-
(a) and 13-(a) indicate that the drag coef
icient decreases exponentially as Kc 
increases and that it approaches the constant 
value of about 1.5 when Kc is about 16 in 
case of the ratio ( D / d) of 2 and about 10 in 
case of the ratio of 4. On the other hand, 
the added-mass coefficients in cases of these 
two ratios are shown in Figs. 12-(b) and 13-
(b). These figures show that the added-mass 
coefficient increases linearly as Kc in
creases, and that the rate of the increase as 
well as the value of this coefficient are 
larger in case of larger ratio of D / d . 

Therefore, it can be realized that among 
the buffer-models considered in this study, 
MODEL F causes the largest fluid force, 
because its cross-sectional area, S, is much. 
larger than others, although its drag coef
ficient is smaller than that for MODEL E, and 
because its added-mass coefficient is greatest 
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of all. Thus, a buffer of MODEL F is more 
effective than others to reduce _the longi
tudinal vibration of the pipe-string for 
mining mireal resources at deep-sea bottoms. 

Conclusions 

In order to analyse the longitudinal 
vibration of a pipe-string with a buffer for 
mining mineral resources at deep-sea bottoms, 
the fluid force acting on the buffer must be 
evaluated in advance. Furthermore, to 
determine this fluid force, the drag and 
added-mass coefficients for the buffer 
vibrating axially in water must be known. 

In this study, first, a method for deter
mining these coefficients was developed, and 
then the coefficients for six kinds of buffer
models, which are a sphere (MODEL A), a 
cylinder (MODEL B), a cylinder with semi
spherical ends (MODEL C), a cylinder with 
conical ends (MODEL D), a cylinder with a 
rugged side (MODEL E) and a cylinder with a 
circular plate (MODEL F), were determined. 

The results obtained are as follows: 
1 . The results obtained on the spherical 

models proved to be in fairly good agreement 
with those by Sarpkaya [3] and shows the 
validity of the new method developed in this 
study, which is for determining the drag and 
added-mass coefficients of buffers vibrating 
in water. 

2. There is a good correlation between the 
drag- or added-mass coefficients of buffers 
vibrating longitudinally in water and the 
Keulegan-Carpenter number,J(c. However, 
there is no clear correlation between those 
coefficients and Reynolds number. 

l. Except for the case of the spherical 
buffer-model, the drag coefficients _decrease 
exponentially as J(c increases, and then the 
coefficients approach the constant values when 
J(c exceeds some values. These constant 
values are about 1.0 for MODEL B, about 0.35 
for MODEL C, about 0.3 for MODEL D, about 2.0 
for MODEL E and about 1.5 for MODEL F. More
over, these values are almost independent of 
their aspect ratios. 

4. There is a linear relationship between 
the added-mass coefficient and }( c. In the 
cases of MODEL B, MODEL E and MODEL F, the 
coefficients increase as J(c increases, and 
the rate of increase in the case of MODEL B is 
greater in smaller aspect-ratio. In the cases 
of MODEL A, MODEL C and MODEL D, however, the 
coefficients decrease as J(c .. increases and 
their rates of decrease are greater in larger 
aspect-ratio. Furthermore, the absolute 
values of the added-mass coefficients for the 
former models are greater tha'.n those for the 
latter models. 

5. In order to reduce the longitudinal 
vibration of a pipe-string for mining mineral 
resources at deep-sea bottoms, such buffer
models as MODEL E and MODEL F are recommended, 
because they causes higher fluid forces than 

the other models. Among the buffe~-models 
tested in this study, MODEL F is considered to 
be the most effective one for that purpose. 

Acknowledgements 

The authors wish to express their deep 
appreciation and profound gratitude to Mr.J. 
Kudo, Mr.M.Hirano, Mr.N.Iwasaki, Mr.M.Jimbo, 
Mr.T. Nakano, Mr.Y. Saito, former students of 
Akita University, and Mr.K.Narita, Mr.R. Kato, 
Mr.Y.Ito, Technicians of Akita University for 
their assistances during the experiments of 
this study and during the preparation of this 
paper. 

References 

1. Morison, J.R., O'brien, M.P., Johnoson, 
J.W., and Schaaf, S.A., "The Force Excerted 
by Surface Waves on Piles," Petro. Trans. 
AIME, Vol.189, p.149-154 (1950) 

2. Keulegan, G.H.,and Carpenter, L.H., "Forces 
on Cylinders and Plates in an Oscillating 
Fluid," J. Research of National Bureau of 
Standards, Vol.60, No.5, p.423-440 (1958) 

3. Sarpkaya, T., "Forces on Cylinders and 
Spheres in a Sinusoidally Oscillating 
Fluid," Trans. ASHE, J. Appl. Mech.,Vol.42, 
p.32-37 (1975) . 

4. Ueno, H., and Kataoka, E., "Fluid Forces on 
Plates Oscillating Vertically in Water with 
Finite Amplitude," Trans. JSME, Vol.44, 
No.386, p.3478-3486 (1978) 

5. lshiwata, R., and Ohashi, H., "Fluid Forces 
on Cylinders in Oscillating Flow," Trans. 
JSME, Ser.B, Vol.50, No.449, p.265-272 
(1984) 

-400-



APPLICABILITY OF MODERN CONTROL THEORY TO 

MARINE DEVELOPMENT 
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Abstract 

This paper is to discuss or criticize the 
applicability of linear quadratic(LQ)-, 
adaptive-, Hardy space- and others-control 
theories to several problems in marine 
developments. The main subjects considered 
here are as follows. 
l)The limits of Liner Quadratic Gaussian 

(LQG) control; 
It has been suggested that dynamics of 
a pipe string for deep sea mining or 
a dynamic positioning system(DPS) of 
platform for petroleum development can 
be improved by LQG control. The LQG 
control system, however, involves an 
assumption that the spectrum of disturbance 
can be entirely known. It seems unpractical 
especially in oceanic environments. 
The author suggests,therefore, an application 
of the Hardy space control theory which 
became discussed eagerly in recent times. 
2)The problem of adaptive control; 
The model reference adaptive control 
system(MRACS) has been applied to sea
surface or submarine vehicles of various 
types. It must be noticed clearly,however, 
that the theory for MRACS excludes the 
effects of disturbances,and consequently 
that its considerable robustness should 
an important target. 

Introduction 

The so-called 'modern control theory' 
corresponds in a narrow sense to the 
theory developed in a vector space as 
well as in a time domain. It made a 
great progress in 1960s as a counterphase 
to the so-called 'classical control theory' 
or 'scalar control theory' based on analyses 
and syntheses exclusively in a frequency 
domain. 

Thereafter,however, further developments 
in control theories and techniques have 
been offering different types of control 
strategies and consequently eliminating 
the borderline between the both theories 
(Table 1). 

Table 1 Brief history of control theory 

Periods 

1840-1900 

1900-1945 

1945-1960 

1960-1970 

after 1970 

Trends 

creation of control 
theory followed by 
establishments of 
a series of stabi-
1 i ty criteria 

recognition of 
similarity of 
feedback loops 
through analysis 
by differential 
equation 

synthesis of 
control loop by 
communication 
engineering 

control mathematics 
of state space 
concept 

theories of 
various dynamic 
systems and 
computer simula-
ti on 

Items 

Routh, Hurwitz 
and Lyapnov 
methods 

Nyquist 
method, 

Bode diagram, 
Ziegler
Nichols rule, 

PID algorithm, 

root locus 
method 

controllabi-
lity, 

observability, 
optimal 
regulators 

(LQ,LQG) 
maximum prin-
ciple, DP 

MRA(CS), STR, 
fuzzy control, 
Hardy space 
control 
theory 

Considering the theories appearing 
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in this stage of developments as the 
'modern control theory' in a broad sense, 
the author surveys and criticizes their 
applicability to several control problems 
to be encountered in different fields 
of marine developments. 

The theories involve Linear Quadratic 



Gaussian(LQG) Control, Model Reference 
Adaptive Control System(MRAgs), Hardy 
Space Control, Fuzzy Control and so on. 

Pipe String for Deep Sea Mining 

A long pipe is an essential element 
of a method in hand for development of 
deep sea mineral resources, i.e. the 
manganese nodules, the hydrothermal deposits 
and the cobalt rich manganese crusts. 
The pipe of a few score centimeter diameter 
and of 2000 to 5000 meter length can 
be more appropriately termed 'a pipe 
string'. 

It seems almost impossible from an 
economical point of view, to test the 
behaviors or characteristics of the pipe 
strings with full scale in oceanic sites 
(Fig.l). It is reasonable therefore 
to try to get necessary information from 
simulation results based on the proper 
mathematical models of the systems. 

Some of such informations are already 
available in the research works including 
those of the governmental project ( 1) • 
Most of them, however, are concerned 
with pipe strength and string deformation 
or shape. Although the latter should 
be accepted as a static characteristic 
from a control point of view, dynamics 
of the string on the other hand have 
been scarcely discussed in the past research
es. 

It is clear that there exists a consider
able dead time in the dynamic relation 
between the manipulated variable and 
the controlled one in case of a mining 
method with a towed or unsteared collector, 
where the mining ship moves t.o control 
swaths by towing a ccllector. 
Systems involving a dead time have been 
investigated eagerly with revival of 
the 'Smith's method'. It remains far 
from practical conditions, however, to 
consider the control object as a 'black 
box' and suppose its linearity. 

It is necessary, therefore, to construct 
a mathematical model of the whole system 
or the pipe string over its full length 
and to investigate dynamics of the whole 
system, which should be inherently expressed 
with distributed parameters. 
A unique contribution (2) to this problem 
revealed several interesting behaviours, 
most significant one of which is that 
the dynamics can be improved by application 
of a thruster. The same result was 
thereafter obtained in the author's 
study applying a model with masses and 
springs or lumped-parametrizing the 
system. 

It must be pointed out, however, 
that there appears a common problem 
concerning the both researches in their 
suggesting an application of an optimal 
regulator with an observer , i.e. LQG 
control system. Two different aspects 
of the problem are to be discussed below. 

Firstly, it does not seem necessarily 
practical that as a performance index 
function a quadratic form is applied, 
a principal concept of which is a trade 
off between the magnitude of manipulated 
variable and the control error or the 
transient behaviour of the control system. 
In some cases otherwise it should be 
reasonable to apply a control in shortest 
time based on the Pontryagin's maximum 
principle. 

Secondly it is not always realistic 
in the oceanic environments that the 
statistical property of disturbance 
is not only constant, but also known. 
It is, however, an indispensable assumption 
for LQG control 
For a countermeasure to the above problem 
an application of the Hardy space control 
theory can be suggested, which became 
recently noticed and aims at maintaining 
a lower limit of compensation for arbitrary 
disturbances through evaluating the 
control error derived by the worst 
disturbance (3). 
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Fig.1 Relationships between 
the behaviours and the 
engineering criteria 
of the pipe string 
Note: Solid lines 

indicate more 
significant 
relationships than 
dotted ones. 



DPS 

The dynamic positioning system (DPS) 
can be constructed by non-interacting 
multiple loops each of which armoured 
with a conventional PID regulator. 
On the other hand a more elaborate way 
is to apply an optimal regulator based 
on the vector control theory to the 
DPS, as it is inherently a multi-input 
and multi-output (MIMO) system. 

Although it can be further suggested 
that the LQG control with Kalman filter 
should be applied, expected performances 
cannot necessarily be obtained because 
of the same reason as mentioned in 'pipe 
string' and an introduction of the Hardy 
space control theory would be also 
suggested. 

Stability 
Analyses 

Autopilot and Maneuverability 

Maneuverability, e.g. course stabilty 
or maneuverability indices, of ships 
has been usually evaluated by stability 
analyses and frequency response analyses. 
' ... he former involves mainly the Routh
Hurwi tz method. 

Most of autopilots have been designed 
utilizing PID regulators based on the 
scalar control theory. 
These systems, however, deteriorate 
their control performances in case of 
changing in ship dynamics or in environ
mental conditions. 

In modern autopilots, therefore, 
they are applying the model reference 
adaptive control system (MRACS). 

Maneuver
a b i l i t y 

e. g, Routh
Hurwitz 

Method 

of Ships 

Feedback 
Control 

with 
PID Regulator 

Feedf orward 
Control 

Optimal 
Regulators 

LQ, 
LQG 

I 

I 

Phase 
Contra 

in 
Wave Energy 
Conversion 

Active 
Control 

0 f 
tMarine 

1 Structures 
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Adaptive 
Controls 

MRACS, 
STR 

---:___·Auto pi 1 o ts 
I 

I 

Hardy Space' 
Control 

Amenity 
Control 

Fu z z y Con t r o l ---- o f 
Marine 
Structures 

Fig.2 Examples in applications of controls to marine developments 
Note: The dotted lines indicate potential applications. 
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The theoretical background for MRACS 
excludes any existence of disturbances. 
This seems a considerable bottle neck 
for its application into oceanic practices. 
Al though filters of different types 
have been suggested as countermeasures, 
the author expects further developments 
of investigations into the robustness 
of MRACS, some information of · which 
has already been available. 

The other 
systems, i.e. 
(STR) has been 

type of adaptive control 
the self tuning regulator 

applied also to autopilots. 

Marine structures 

A recent increase in scale of various 
marine structures has made it necessary 
to apply the so-called 'active control' 
for compensation of their dynamic responses 
to maritime disturbances. 
The strategies of the control 
an open loop or a feedforward 
and an optimal regulator or a 
feedback ( 4) . 

involve 
control 

state 

The former necessitating some detection 
of disturbances cannot solely yield 
sufficient control performances because 
of its neglecting the disturbances not 
to be detected. 
The latter with an observer also holds 
a problem in assuming the Gaussian property 
of disturbances. 

Amenity of maritime structure 

In the maritime structures designed 
for ocean space utilization, i.e. one 
of the main phases of up to date marine 
developments, the controlled variables 
involve those which appeal to the sense 
organs of human beings and on which 
consequently its amenity depends. 

A typical one is 'dazzlingness' in 
lighting. Such a qualitative index 
can be conveniently ex,,ressed by degrees 
of its belongingness or membership to 
the fuzzy sets. 

The cont:::-ol systems based on the fuzzy 
set theory have already been accepted 
by different industries, although their 
theoretical background, e.g. stability 
analysis has never been established. 

Application of the fuzzy control 
to this field of marine developments 
therefore can be practically expected. 

Conclusions 

Mentioning several items of marine 
developments, the author discussed applica
bility of modern control theories to 
them. Figure 2 shows concretely the 
relations between the control theories 
or strategies and the different fields 
of marine developments. 
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PLATINUM ACCUMULATION IN COBALT-RICH 
FERROMANGANESE CRUSTS 
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Abstract 

Sixty-nine bulk manganese crust samples from the 
Hawaiian and Johnston Island Exclusive Economic 
Zones and three U.S.G.S. standards were analyzed 
for their platinum contents. Platinum values ran as 
high as 2 ppm. Samples were analyzed by both 
standard fire assay and low temperature anion ex
change techniques. The results showed a sys
tematic undervaluing of platinum by the fire assay 
technique probably as a result of loss of loosely 
bound platinum spherules. A series of detailed 
stratigraphic micro-sections were run looking at 
platinum accumulation in different layers of a man
ganese crust collected at Schumann Seamount in 
the Southern Musicians Group. Two restricted 
stratigraphic zones of significant platinum accumu
lation were indicated. Electron microscope work 
show~d the platinum to be in very small (average 
60 micron) spherules, apparently deposited in ru
gose undulations on the crusts. These data sug
gest a cosmogenic origin for at least some of the 
older platinum. Platinum appears most favorably 
concentrated south of Johnston Island. Although the 
platinum is not of a mineable grade by itself, it is 
probably worth extracting from a crust mining op
eration designed to recover cobalt. 

Introduction 

During the 1970's the private sector spent 
several hundred million dollars on the development 
of deep ocean minerals, focusing primarily on 
manganese nodules. This in turn resulted in much 
government and academic study and major attention 
in the Law of the Sea Treaty. By 1982 the Law of the 
Sea Treaty had been caught in a stalemate with 
industrialized countries primarily because of its 
unfavorable ocean mining provisions. However, the 
treaty had established 200 mile Exclusive Economic 
Zones (EEZs) as part of common international law. In 
1983, President Reagan formally declared the U.S. 
EEZ and charged the Department of the Interior with 
investigating its resource potential. 

Building on earlier industrial efforts, the 
~!nerals Management Service set up an innovative 
JOmt State/Federal Task Force with the State of 
Hawaii to examine cobalt-rich manganese crusts. 
These crusts had briefly been examined by industry 

but had not received the resources dedicated to 
nodules due to the more restricted geographic area 
in which the crusts are located. However, recent 
studies [11] show that crusts are worth $350/ton 
whereas nodules run only about $200/ton. Resource 
assessment was undertaken on six research cruises 
in the Hawaiian Islands and one in the Johnston 
Island area [7,12). Analysis of the several hundred 
crust samples brought back from these expeditions 
yielded interesting data. The crusts had 
concentrations of cobalt four times those of nodules 
{in several cases over 1% Co). Nickel and 
ferromanganese concentrations were also in the 
economic range but copper concentrations were 
low. The water depths of optimum crust location 
varied from 700 to 1700 meters [19). This makes the 
crusts much more accessible than the 4500 m deep 
nodule fields. In addition to the potential for new 
marine industry and the development of the EEZ, 
mining of cobalt-rich manganese crusts would offer 
to the U.S. a domestic source of at least two of the 
top five strategic minerals. Over 90% of the cobalt 
used in the U.S. is presently imported. Most of this 
cobalt comes from Zambia and Zaire. Cobalt is 
critical to the steel industry for such high temperature 
alloys as jet turbine blades. A similar situation exists 
for manganese with most imported from Brazil arid 
Gabon. 

Although a crust mining and processing in
dustry would provide badly needed high-tech jobs 
in Hawaii and would secure a domestic source of 
critical minerals, it is unclear if such an industry 
would be economic. Several studies on this ques
tion have recently been completed. Unfortunately, 
the results are conflicting. Plasch et al. [16) using 
1985 metal prices concluded that the value of the 
metals recovered from the crusts would be less than 
the cost of the mining operation. U.S. Bureau of 
Mines studies by Ritchey, Avery and Denton [17) 
indicate that other cobalt supplies will be exhausted 
by 2005 necessitating a price rise. This price rise 
will be sufficient to make crusts attractively 
economic by 2005. A Japanese study [1 OJ 
maintains that a converted fishing vessel using the 
low budget continuous line bucket system [15), the 
only mining system currently tested on crusts, could 
sell the crusts directly to existing metal refiners at a 
30% profit. However, U.S. ocean mining industry 
has no interest in this type of system (C. Welling, 
Ocean Minerals Co., personal communication, 
1989). 
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In calculating these economics, value is only 
ever assigned to cobalt, nickel, copper and ferro
manganese. Halbach and Puteanu~ [5] have 
discovered platinum concentrations in excess of 1 
ppm in seamount crusts from the central mid-Pacific 
area. This is the same level of concentration as is 
found in numerous land deposits. At $500/oz. 
(rounded spring 1990 price) the additional value 
recovered from platinum could significantly 
enhance the value of the crusts. 

The U.S. uses 50% of the world's platinum 
supply yet does not have any presently operational 
platinum mines. Half of the U.S. platinum con
sumption is going into automotive uses, particularly 
for catalytic converters. The use of platinum for such 
pollution control projects is rapidly increasing. New 
platinum uses such as cobalt-platinum super
conductors are increasing in importance. One cur
rently suggested design for cold-fusion reactors in
volves a palladium core wrapped in platinum wire. 
In order to meet these clearly increasing demands 
for this precious metal without increasing depen
dence on unstable foreign sources, the U.S. must 
develop domestic platinum sources. Given current 
economic studies which indicate that manganese 
crusts are probably near the marginal economic 
range at current prices, a possible secondary plat
inum ore is very significant. The inclusion of plat
inum may turn a potential resource into a mar
ketable ore with the ability to handle many of the 
U.S. strategic minerals problems for three metals, 
cobalt, manganese and platinum, instead of just the 
former two. 

Most platinum deposits on land do not occur 
in isolation. The most famo.us of these deposits, 
South Africa's Merensky Reef not only is the world's 
greatest source of platinum but it is also a 
significant source of palladium and ruthenium. The 
Sudbury complex in Canada is also a major plat
inum and palladium producer. However, the min
eralogy of the platinum and palladium are different. 
The palladium tends to be associated with pent
landite (Fe,Ni)9S8 whereas the platinum is normally 
found in an iron-sulfide structure (pyrrhcitite) or as 
platinum-iron alloys or their intergrowths [3]. 
Platinum values average 1 O ppm in the Merensky 
Reef and 3.3 ppm in the Sudbury Complex [2]. 
Besides the platinum group elements, gold is often 
associated with deposits of this type. 

Given these potentially very valuable 
associations, the suspicion that platinum was in fact 
concentrated in manganese crusts and the 
uncertain economics of the production of the crusts, 
we decided to investigate the nature of precious 
metals in manganese crusts. Using the collection of 
manganese crusts recovered during the Minerals 
Management Service sponsored cruises we 
selected 69 samples representing the Hawaiian 
Archipelago and Johnston Island for detailed 
analysis. These samples were analyzed by fire 
assay and and a specially devised anion 
exchange-atomic absorption technique. All samples 
were analyzed for platinum_ as well as gold, 
palladium and a standard 'suite of elements 
including Fe, Mn, Co, Ni, Cu, Ca, Mg, Ba, Al, Ti, V, 
K and P. The results showed platinum to be the 
only precious metal significantly concentrated in 
manganese crusts. Palladium and gold concentra
tions have been discussed elsewhere [18] and the 
other geochemical associations with the major 

elements will be treated in more detail in a 
forthcoming paper (Wiltshire and McMurtry, in 
press). Therefore, the discussion which follows will 
focus on platinum. It will include an evaluatior:i of 
the various methods of platinum analysis, an inter
pretation of the results of this initial work, a com
mentary on the possible meaning of these results 
and an evaluation of the direction future work in this 
area should take in the light of what has already 
been discovered. 

Platinum Abundance 

Figure one shows a histogram of the 
geochemical ebundance distribution pattern for 
platinum. The general character of the graph is log 
normal. However, there is one particularly 
significant feature. The high end values are far 
greater in number than would statistically be 
expected. Although the average value is 317 ppb, a 
number of values are as high as 2 ppm. The values 
shown in figure one are a combination of fire assay 
results with secondary selective reanalysis by the 
anion exchange method. In general the anion 
exchange method gives higher (and more accurate) 
values for the reasons which will be discussed. 

Platinum Frequency Distribution 
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Fig. 1 A histogram of the number of samples with a 
given platinum abundance (in ppb). 
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Fig. 2 The geographic distribution of platinum abundances (in ppb) in whole ground 
manganese crusts from the Hawaiian and Johnston Island EEZs. 

Figure two shows the geographic distribution 
of the platinum values. This reveals some very in
teresting trends. This plot indicates specific areas of 
higher concentration. In general the areas of high
est concentration are south of Johnston Island (16 
degrees north) and in the southern part of the 
Hawaiian Archipelago (17 degrees north). Areas to 
the north whether on-axis or in the older off-axis 
seamounts do not show a noticeable concentration 
above a background level. The number of samples 
is not large enough to make an iron-clad correlation 
with latitude, but the trend certainly is apparent. The 
Johnston Island area in particular shows extremely 
elevated values. The question becomes whether 
Johnston Island is in some way unique or is simply 
the most southerly sample site. 

In terms of economics, an area with consis
tent platinum abundances varying from 1 to 2 ppm 
with large tonnages is of mineable grade. Currently, 
the Sudbury meteorite impact structure is very prof
itably mined with an average grade of 3.3 ppm. 
New large tonnage deposits in Montana's Stillwater 
complex are being investigated for possible mining 
with platinum abundances in the vicinity of 1 ppm. 
Naturally, the cost of mining on land would be much 
lower than an offshore mining operation but then in 
any proposed crust mining scheme platinum would 
be a secondary target (a bonus) rather than the 
primary target on which the economics were based. 

Geographic Variation of Platinum Abundance 

The geographic data presented in figure two 
are intriguing. We anticipated a possible correlation 
between the platinum abundance and the age of 
the seamounts on which the crust is formed. The 
seamounts along the axis of the Hawaiian Ridge 
vary in age from zero at newly forming Loihi 
seamount southeast of the Island of Hawaii, to 20 
million ye~rs old at Midway. The s~af!lounts _of~-axis 
are about 80 million years old. Within the hm1ts of 
our data there is no trend favoring on or off axis 
seamounts or any evident relationship to age. A 
check was made to see if an age effect was masked 
by a relationship with water depth. Figure three 
shows a plot of platinum abundance versus water 
depth. These two parameters are clearly indepen
dent. Water depth has no genetic effect in the ac
cumulation of platinum in manganese crusts. 
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It appears that a background value of plat
inum of several hundred parts per billion is rela
tively uniformly distributed throughout the area 
where crusts form. In addition, the areas south of 
the main Hawaiian Islands and Johnston Island 
have additional platinum raising their abundance 
values up to 2000 ppb, although some samples 
show no more than background platinum values. 
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3500 

() 

325C 

() 

3000 

() 
CJ 

2750 

CJ 
CJ CJ 

CJ 
2500 CJ 

CJ 
CICJ () CJ 

CJ CJ 
2250 

CJ 
CJ 

CJ 

2000 - CJQI CJ 

CJ 

1750 

CJ CJ 

1500 

CJ 

1250 Cll 09 -

CJ 
CJ 

CJ 
CJ 

1000...._----~--~--~-~----+ 

0 200 400 600 800 1000 1200 

Pt (ppb) 

Fig. 3 Platinum abundances in manganese crusts 
(in ppb) compared to the water depth (in m) 
at which they were collected. 

Detailed work on a scanning electron micro
scope (SEM) has revealed small spherules in the 
crust. These spherules are iron-rich bout also appear 
to be a site of significant platinum concentration. 
Size, composition and ablation features from aero
dynamic shaping point to these spherules as being 
of cosmogenic origin, most likely being the break
up products from an iron-nickel meteorite impact. If 
this is true it implies that the southern sites are 
closer to the area of meteorite impact or are at least 
more favorably located along the transport paths 
away from it. However, there is clearly a back
ground platinum value which is not directly related 
to any single event or any specific geographic loca
tion. This suggests a relatively uniform marine 
chemical method for the _incorporation of platinum 
into the crusts. Possible mechanisms will be briefly 
discussed later in the paper. More samples will be 
needed to resolve this controversy particularly from 
the Johnston Island and Northern Line Islands ar
eas. To further complicate the problem the analysis 
of platinum in manganese crusts is very difficult and 
at least one of the traditional methods of analysis 
may seriously underestimate any cosmogenic com
ponent of the platinum accumulation. This will be 
discussed in detail. 

Analytical Methods and Difficulties 

A traditional approach to analyzing mining 
grade samples in ore bodies has been fire assay. 
This approach has been particularly widely used 
with precious metals, especially gold, platinum and 
palladium. The standard technique of lead fire as
say involves fusing the material to be analyzed into 
a fire assay bead under high temperature in an 
open reaction vessel. This technique is acknowl
edged to result in the loss of certain platinum group 
elements, particularly osmium (which is lost as os
mium tetraoxide). Some correction can be made for 
this using nickel sulfide as the collecting agent in 
the fire assay rather than lead [20]. Nonetheless, all 
of the fire assay techniques assume that the plat
inum group elements are tightly bound, typically in 
a sulfide mineral structure. Fire assay has not been 
known to be a problem with gold analyses. The 
majority of marine mineral samples are either sedi
ments or oxide phases such as manganese nod
ules or crusts. Analysis of platinum and platinum 
group elements in these samples has frequently 
been ignored because of the difficulties involved 
with low abundances and sample loss [8,9]. 
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Our initial set of analyses was by fire assay 
as described above. Following fire assay fusion and 
subsequent dissolution of the solidified melt in di
lute hydrochloric acid, precious metal contents were 
measured with flameless atomic-absorption spec
trophotometry. Numerous sample repeats were run 
both using identical powders and powders made 
from different subsamples of the same manganese 
crust dredge haul. The whole process was further 
calibrated using the U.S.G.S. manganese nodule 
standards, A-1 and P-1. All samples were run for 
Pt, Pd, and Au. 

This technique appeared to be satisfactory 
for the Pd and Au [18] but seemed to somewhat 
underestimate the platinum. We have set up an 
analytical laboratory for platinum using a technique 
pioneered at Scripp's Institute of Oceanography by 
Hodge et al. [9]. In order to get an accurate platinum 
value, the matrix material should be separated from 
the analyte. The Scripp's technique accomplishes 
this and gets around the need for fire assay collec
tion by concentration of the platinum through the 
use of anion exchange columns. The ground crust 
samples are dissolved in a series of sequential 
treatments with several acids in closed reaction 
vessels under conditions of moderate temperature 
(80-110° C). The resulting solution is then run 
through an anion exchange column (AG 1 X2 resin) 
to concentrate and separate the platinum before fi
nal analysis. In order to avoid any possible contam
ination, the exchange resin is contained in Teflon 
acid-washed columns fitted with specially machined 
frets which allow flow through the columns at opti
mized rates for platinum extraction. Through exper
imentation, using different pH solutions, it is possi
ble to take the platinum off the columns with very lit
tle wash acid. This effectively concentrates the 
platinum for the final analytical step. Final platinum 
abundance measurement is by graphite furnace 
atomic absorption spectrophotometry. 

The key to this method is the tracing of the 
platinum through each stage of the process by the 
use of platinum-191, a radioactive isotope of plat
inum. In this way it can be guaranteed that correc-



tions can be made for any platinum loss. The ra
dioactive platinum is made in the reactor at Oak 
Ridge National Laboratory and shipped to us by 
overnight express. Speed is critical at this juncture, 
as the short half-life of platinum-191 allows for only 
one month's worth of quantitative data. For this rea
son, only a selection of the initial fire assay samples 
have been rerun using this method. 

If the platinum in manganese crusts is in fact 
in cosmogenic spherules, as the initial SEM results 
suggest, then subjecting the powdered crusts to in
tense heating in the fire assay analytical procedure 
could result in sample loss and a serious underes
timation of the amount of platinum present. This is 
further exacerbated by the fact that the crusts are 
oxide minerals known to bind elements less 
strongly than their sulfide counterparts. If the plat
inum-rich spherules are simply sitting in the rugose 
structures of the crusts, chemically bound to the rest 
of the crust structure only through weathering and of 
very small diameter (60 microns), it would seem 
likely that they could be easily lost in the off-gassing 
associated with the fire assay technique. This would 
account for the fact that the few platinum values in. 
the literature for manganese crusts indicate values 
only up to about 1 ppm [14] whereas we have mea
sured values as high as 2 ppm using more sophisti
cated techniques. 

In order to verify the suspected underesti
mates associated with the fire assay technique, 24 
of the original 69 samples done by fire assay were 
reanalyzed using the anion exchange technique. 
The results are shown in figure four.This indicates 
that above 300 ppb, data taken by anion exchange 
are uniformly higher. Fire assay values average 
only 80% of anion exchange values but values may 
be as low as 45%. The 1 :1 line shown on figure four 
would equally divide values if only experimental er
ror were at the root. This is clearly not the case. 
Vertical lines join repeats of the same samples 
taken from different splits of the ground powder. 
This indicates that there is some external variation 
within samples. This is to be expected if discreet 
individual spherules are present. It is significant that 
at low platinum values (300 ppb and below) in 
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Fig. 4 A comparison of platinum concentrations (in ppb) 
obtained by fire assay from X-Ray Analysis Laboratories (XRAL) 
with corrected concentrations obtained by anion exchange. 
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samples from the Northern Hawaiian Islands where 
presumably fewer spherules are present, there is 
almost no variation between sample repeats or 
between fire assay and anion exchange 
techniques. This documented variation between 
these two analytical techniques is indirect support 
for the significance of platinum-rich cosmogenic 
spherules in manganese crusts. 

Mechanjsms of Origin of Platinum in Crusts 

Work by Halbach et al. [6] has shown that the 
manganese crusts are composed of two genera
tions an older and a younger one. The platinum 
content of these two generations is different, gen
erally considered to be significantly higher in the 
older or stratigraphicly lower generation [14]. The 
two generations are typically separated by a band 
of phosphate. · 

Halbach et al. [4] consider that the platinum 
in manganese crusts is derived from platinum dis
solved in seawater. Unfortunately, because levels 
of platinum are usually extremely low in the marine 
environment, the behavior of platinum during conti
nental weathering, transport, precipitation and con
centration is poorly understood. It appears that 
platinum in seawater is largely in the form of chlo
ride complexes. Of the chloride complexes, 
[Pt(ll)Cl.J-2 may be the most dominant one [4]. 

In order to be incorporated into the man
ganese crust, the negatively charged platinum 
chloride complex would have to be adsorbed onto 
the crust surface. Unfortunately the manganese 
oxide mineral phases predominating in the crusts 
selectively scavenge divalently charged cations. To 
get around this Halbach et al. [4) propose the 
following redox reaction whereby the platinum 
chloride complex is broken up and incorporated 
into the crust as elemental platinum. 

In order for this reaction to co-precipitate 
platinum and Mn02 a large amount of Mn+2 must 
be available. Unfortunately, current concentrations 
of Mn+2 are at least an order of magnitude too low 
to accomplish this. Possible explanations include 
an expansion of the seawater paleo oxygen mini
mum layer during times of growth of the older crust 
generation. Such an expansion of the oxygen 
minimum layer would favor dissolved Mn+2 over 
Mn02 and this could raise the Mn+2 concentration 
in seawater significantly. An alternate possible ex
planation is adsorption of [PtC14r2 onto positively 
charged amorphous iron hydroxide particles. 
However, as very few negatively charged species 
seem to be incorporated into manganese crusts 
and an enrichment factor of two million times 
(platinum concentration in crusts versus seawater) 
is present, this mechanism seems tenuous. 

With only a seawater source model it is diffi
cult to explain the significant variation in platinum 
accumulation between the two crust generations. 
The geographic variation of platinum creates an
other difficulty for the sole seawater origin of plat
inum. Possible explanations include changes in 



platinum availability in seawater resulting from dif
fering rates of continental erosion or-differing bot
tom water properties over time resulting in varying 
amounts of platinum incorporation into the crusts. 
These explanations seem to us to be insufficient. 

Preliminary work was therefore undertaken 
to investigate the exact disposition of the platinum 
in the crust matrix . A detailed profile was run over a 
well developed crust sample using a VG instru
ments laser ablation ICP mass spectrometer 
{plasma quad). This detailed analysis undertaken 
at 2 millimeter intervals in the crust, showed that in 
fact there were two areas within the older genera
tion that had significant platinum concentrations. 
These concentrations were related to concentra
tions of iridium which had also been measured for 
this sample. The high platinum areas corresponded 
with the high iridium areas {G. McMurtry, personal 
comm.). Iridium concentration has been related to 
meteorite impact by Alvarez et al. [1 ]. A cosmogenic 
origin of platinum would account for its differing 
abundance in different stratigraphic parts of the 
crust. 

A second piece of evidence comes from 
some preliminary scanning electron microscope 
{SEM) work on the crusts. SEM photos of an area of 
high platinum concentration show tiny spherules 
about 60 microns in diameter. These spherules are 
very Fe-Ni rich and appear to be the location of at 
least some of the elevated platinum content. Such 
spherules have been shown in the past to result 
from the disintegration of iron-nickel meteorites. 

Koskevitch [13] investigated five such iron
nickel spherules from crusts collected in French 
Polynesia. These varied in diameter from 90 to 335 
microns. In one case a nickel-platinum group ele
ment alloy was isolated as an inclusion in the 
spherule. Other workers have also recorded plat
inum as a discrete metallic phase in the spherules 
taken from deep sea clays with spot analyses as 
high as 45% Pt in the most platinum-rich part of the 
spherule [4]. 

These two pieces of evidence are very com
pelling, a distinct iridium association and abundant 
metallic spherules. Unfortunately, the bulk of the 
initial profile work represents one stratigraphic sec
tion taken from one sample on one seamount. 
Obviously, in order to meaningfully document this 
phenomenon the data base must be significantly 
expanded. This will involve additional work on the 
plasma quad as well as a great deal more SEM 
work. 

Consjderations for Mjneabi!ity 

A prime mining target would be character
ized by crust of at least 1.0% Co, thickness averag
ing at least 5 cm, slopes less than 10%, smooth mi
crotopography and platinum values of 1 ppm [11 ]. 
From the data taken to date, the area south of 
Johnston Island appears to be .the prime candidate 
for further investigation. Of the factors contributing to 
a prime mining target, platinum accumulation is the 
least well understood. 

A clear understanding of the origin and dis
position of platinum is needed both to pick the 
highest grade site and to determine ore beneficia
tion. techniques. If the platinum is cosmogenic, pre
sumably this would imply a site near a meteorite 
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impact crater or along the trajectory path of ejecta. 
In terms of beneficiation, the size of the spherules 
could become of tremendous importance in the 
separation of the platinum from the rest of the crust. 
If the spherules are large enough they could be 
separated from the surrounding matrix by grinding 
to a given fineness. This could, for example, be par
ticularly significant in grinding operations where the 
size of the particles was significant for later process
ing. Should the particles be ground at too large a 
size to isolate the spherules then a concentrated 
chemical attack might be required in a case where 
the spherules could have been more easily sepa
rated magnetically if the grinding had been finer. 

In order to calculate an optimum grinding 
range, an accurate estimate of the size distribution 
of the spherules needs to be obtained. This will re
quire detailed SEM work involving a statistically 
significant number of spherule counts. This needs 
to include both the numbers of spherules in given 
areas of a crust sample as well as the size of each 
individual spherule. 

The geochemical profiling work on man
ganese crust stratigraphy has indicated a very 
strong correlation between platinum and iron in the 
one sample we studied in detail. By contrast, most 
of the other valuable metals in the crusts are directly 
related to manganese concentration. This unusual 
geochemical relationship may be an additional 
indication of the cosmogenic origin of the platinum. 

If platinum is so closely correlated with iron 
because it is in iron-rich spherules and the 
spherules are magnetic, then magnetic separation 
could prove an effective beneficiation scheme. 
Magnetic separation is one of the cheapest means 
of ore beneficiation. If this technique could be used 
to concentrate the platinum, then the economic re
turn from even relatively low grade platinum in the 
crusts would be greatly enhanced. 

This scheme would ultimately rest on the 
weathering state of iron in the spherules. Halbach 
et al. [4] found many of the spherules to be mag
netic. Other workers {G. McMurtry, personal comm.) 
feel that the majority of the spherules are too 
weathered to retain magnetic properties. This situa
tion must be clarified. This will require detailed SEM 
analysis of a given crust sample. The sample will 
be ground to the size fraction of the spherules 
identified by the SEM. The· resulting powder will be 
subjected to magnetic fields of different strengths. 
Samples of both the remnant powder and the pow
der separated by the magnet will be analyzed by 
the anion exchange method for their platinum con
tent. In this way, the strength of the magnetic prop
erties of the spherules and the possibility of mag
netic platinum separation can be quantified. 

Conclusions 

The U.S. suffers considerably because of its 
forced dependence on foreign sources for certain 
key strategic minerals. Manganese crusts, if they 
can be economically extracted, could end this 
problem for cobalt, platinum and manganese. 
However, it is unclear under what conditions the 
crusts are economic. Platinum abundance is likely 
to be a meaningful factor in future calculations of 
the economic viability of manganese crust mining. It 
may prove to be the second most valuable metal in 



the crusts. However, platinum is by no means uni
formly distributed. Enriched areas up to 2 ppm are 
found south of Johnston Island whereas the general 
background appears to be several hundred ppb. It 
appears that the background platinum may have 
been incorporated by precipitation out of seawater 
where the most likely dissolved platinum species is 
a chloride complex. By contrast elevated concen
trations are most likely to be reached by incorporat
ing cosmogenicly derived Pt-rich spherules. These 
spherules are likely derived from the break-up of an 
iron-nickel meteorite. The spherules are very sensi
tive to the analytical technique used. It appears that 
standard fire assay may underestimate their abun
dance. Accurate platinum assessment can reveal 
the areas of most favorable occurrence, perhaps 
closest to meteorite impact sites, as well as infor
mation useful for optimizing grinding and process
ing schemes. 

Additional detailed SEM and plasma quad 
profile studies are needed to firmly establish the 
disposition of the platinum in the crusts. These 
studies also need to cover the Northern Line 
Islands and Mid Pacific Seamounts in order to re
fine the limits of high platinum areas. An under
standing of the results will make a crust industry 
more viable as it will stand on a firmer foundation. 
This in turn will offer to the U.S. the possibility of 
virtual independence from the threat of industrial 
disruption by unfavorable foreign sources for three 
of its most critical strategic minerals. 
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Abstract 

A light beacon which is installed on 
the sunken rock as navigation aid has 
great difficulty in securing power 
supply because of its location. 
Therefore as power source for light 
beacon, utilizing wave energy which 
exists in its surroundings can be said 
to be very effective measures. Authors 
have already developed a so-called 
O.W.C. (Oscillating Water Column) type 
air chamber of wave activated generator 
attached around circular base of light 
beacon. 

Now two types of air chambers making 
use of large circular pile are 
investigated by basin test, they are 
economical and easy to construct. 1/5 
scale air chamber models are used in 
this test. One is made of circular tube 
with one part cut off to make wave 
intake. And another is like a upside
down tumbler supported by struts with a 
wave intake around it. The energy 
absorption efficiency (the ratio of 
absorbed energy to incident wave energy) 
of the former air chamber is about 50%, 
and the latter 25%. In spite of the low 
~fficiency, the latter has the merit to 
maintain the same efficiency independent 
of wave direction. 

Usually, water depth is shallow 
around sunken rock where light beacon is 
constructed, therefore, the decrease of 
wave height must be considered to 
estimate energy absorption. Here the 
decrease of absorbed energy is 
investigated. In this experiment, a 1/15 
scale model is used. 

1.Wave Energy Absorption Efficiency 

1.1 Experimental Procedure 

1.1.1 Experimental Model 
Two types of air chamber models 

making use of large circular tube are 
illustrated in Fig.l, one is the pile 
type air chamber and the other is the 
strut type, and the former is also 
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shown in Photo 1. Both models are 592mm 
ih inner diameter, 18mm in thickness and 
made by vinyl chloride tube. Water plane 
area of these models are 2752cm2 • The 
pile type model has a wave energy intake 
of the height lOOOmm and the open angle 
180deg. This model reaches to water 
bottom. And then incident wave from 
intake is reflected by back wall, so the 
amplitude of inner water oscillation is 
enlarged. 

By the way, the strut type has a 
shape of upside-down tumbler style, and 
supported by several struts. A part of 
incident wave is converted to inner 
water oscillation, and the rest of 
incident wave passes through the 
chamber. Then wave energy absorption is 
not so large, but does not change 
independent of wave direction. 

The load for air chamber instead of 
air-turbines and electric generators is 
an air nozzle which is set on the top of 
air chamber. The load of air chamber 
is changed by changing the diameter of 
nozzle. 

180deg. 

! 

I -90deg. 
\ ,' 

\ I /'', ~/ 
Wave intak;---~ """ 

r 45deg. 

Odeg. 

Fig.2 Wave incident angle 

1.1.2 Experimental Conditions 
In the experiment of the pile type 

air chamber, the influence of wave 
direction for energy absorption is 
mainly studied, and in the experiment 
of the strut type, the influence of 
front depth of air chamber is also 
studied. Fig.2 shows the definition of 
wave incident angle X. The wave which 
comes straight to wave intake is 
X=Odeg., and backward i.e. the wave to 
back wall side is X=180deg. 

Table 1 shows the experimental 
conditions. The open ratio R means the 
ratio of nozzle area· to ·air chamber 
water plane area. For both models, we 
investigate two cases of R=l/100 and 
1/270. . 

The measurement iieds are incident 
wave height, inner water level and air 
pressure in the air chamber. Air 
pressure is measured at the top of air 
chamber using miniature water pressure 
sensor. And water level in air chamber 
is measured by two capacitance type wave 
height meters. 

Table 1 Experimental conditions 

Pile tvoe Strut tvoe 
depth(cm) 180 
front wall 20 10, 20, 30 deoth(cm) 
wave incident 0, 45, 90, 0 angle (deg. ) 135, 180 
ooen ratio 1/100 1/270 
wave heie:ht(cm) 5 10 15 20 
wave period l, 1.5, 2, 2.5, 3 (sec.) 

These experiments were carried out at 
Ocean Structure Test Basin in Ship 
Research Institute, which has the width 
28m, the length 40m and the depth 1.8m. 

1.2 Results and Consideration 

The energy absorption efficiency of 
air chamber n is generally defined by 
ratio of the wave energy absorbed in air 
chamber E to the wave energy E. which a i 

comes in width of air chamber B. That is 
n=Ea/Ei ( 1) 

In regular wave, incident wave energy 
per air chamber diameter B is calculated 
by 

E. =.!.PgH. 2 V B 
l 2 l g 

(2) 

Here Hiis incident wave height and 

the group velocity of wave. 
absorbed energy Eais calculated by 

(3) 

Here z 0 ,p 0 are amplitudes of the water 

level and the air pressure in the air 
chamber. A is the water plane area of 
air chamber. Fig.3 shows an example of 
wave energy absorption efficiency n of 
the pile type air chamber. Here open 
ratio is R=l/100, the front wall depth 
is d=20cm, wave incident angle is X=O 
and 180deg. When the wave incident angle 
is X=Odeg. ,the efficiency is about 50% 
at maximum and as same as the case of 
sector type air chamber [ 1] . When the wave 
comes opposite to the wave intake 
(X=l80deg.), the absorption efficiency 
drops to 25% at maximum. 

1. 0 I Pile type I R=l/100 .-o-- d=20cm deg. r:d:g Hi=5, 10, 15cm 

Ir -l 0 ~""-
§ ·-·--i~ //6_sonej' ~e 

A 'f.:" T' 

X=180 

'1 0.5 

0 
0 1 2 3 4 

T(sec) 
Fig.3 Wave energy absorption efficiency 
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Fig.4 Influence of wave incident angle 
on wave energy absorption efficiency 
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Fig.5 Wave efficiency 
of strut 

Fig.4 shows the comparison of mean 
measured data from X=O to 180deg. The 
absorption efficiency is the same when 
incident angle is from X=O to 45deg. But 
when incident angle exceeds X=90deg. the 
efficiency decreases steeply and does 
not change for the more incident angle. 
That is to say, the effect of back wall 
in the air chamber is useful until 
X=45deg. Therefore, if the wave 
direction changes under 90deg., good 
efficiency can be got by setting the 
wave intake to the most provable wave 
direction. 

Fig.5 shows the absorption efficiency 
of the strut type air chamber according 
to the front wall depth. The shorter the 
front wall depth is, the greater the 
absorption efficiency is. But 
considering the change of water level by 
tide, the shorter one is not always 
advantageous, and there exists the best 

front wall depth[2]. The absorption 
efficiency of the strut type is nearly 
as same as that of the pile type when 
incident angle is from X=90 to 180deg. 
The comparison of the absorption 
coefficients of the pile type (X=Odeg.) 
and the strut type is shown in Fig.6. 
The advantage of the pile type can be 
understood. 

Fig.7 shows the absorption energy of 
3m diameter pile type air chamber, that 
is calculated from model test under the 
assumption of Froude's law. The 
absorption energy is proportional to the 

j;:: 
~ 

Cd 
rz:i 

0 2 4 

T(sec) 
6 

R=l/100 
d=lm 
X=Odeg. 
H.=0.Sm 

l 

8 

Fig.6 Comparison of wave energy 
absorption efficiency for 
full scale model 

4 

3 

2 

1 

0 

R=l/100 
d=lm 

o--~~~-+-~--o~-+-~~~--+X=Odeg. 

0 2 4 6 

T(sec) 

8 

Fig.7 Absorbed energy estimated for 
full scale model 

square of the wave height. For 0.5m wave 
height, output energy is about 1.3kw. 
This output energy seems to be 
sufficient for power source of a light 
beacon throughout a year[2]. 

2.Shallow Water Effect 

The absorbed energy and the 
absorption efficiency discussed above 
are that of deep sea condition. But 
reefs, where light beacons are 
constructed, are usually so shallow that 
we must consider the wave energy 
absorption in shallow water. 

2.1 Wave Height Reduction 

2.1.1 Experimental Procedure 
The two. dimensional water channel in 

Ship Research Institute is used for this 
test. This channel has the length 13m, 
the width lm and the depth lm. Making 
temporary bottom, the experiment of wave 
height decrease is carried out. The 
schematic view of this apparatus is 
illustrated in Fig.8. The scale ratio is 
1/15. 

In this experiment, the depths are lm 
(without temporary bottom), 0.3m, 0.2m 
and O.lm, and the shallow part is 7m 
long. The wave height at shallow part is 
compared with that at near front of wave 
maker. Waves used in this experiment are 
regular and their wave heights are 3, 5, 
7cm, periods 0.6, 0.8, 1.0, 1.2, 1.4sec. 
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Fig.8 Experiment of wave height decrease 

2.1.2 Results and Consideration 
When waves come into shallow water 

part, they change their form, and the 
more shallow the depth is, the greater 
the change is. Fig.9 shows an example of 
wave form deformation in this 
experiment. The first wave form is of 
the incident wave at wave height meter 
No.1 in Fig.8. That is regular wave of 
5cm wave height and 1.2sec. period. From 
second to fourth waves are wave forms at 
wave height meter No.2 and depths are 
h=30, 20, lOcm respectively. When depths 
are h=30, 20cm, transformation are not 
so large, but when h=lOcm, the wave form 
changes seriously. These transformation 
coincide with the wave calculated from 
Stokes' wave of the third order. (refer 
to Fig.10.) 

To investigate the wave height 
reduction by bottom friction, 
measurement results are compared with 
wave height reduction calculated by 
Bretschneider-Reid's formula[3]. That is 

1 H 
Kf= 64 n3 fH.tuc h Ks 2 Hi ( 4 ) 

1+:3 g2~(~) 2 sinh3 (2nh/L.) 
1 

Wave height meter No.1 H =Scm T=l.2sec : Fem~~) LP 1 (' •61 ~~.V. . . . . . 
5 . . . . . 

Wave height meter No.2 

:~ 
5 . . . . 

5 f6•• 2\cml !) ;p ;g 
0 w p -~. 'Z7? 

. . . . . 
5 . . . . . 

sf c:· A~m, 4 0 L'] 
0 '"{=:»~ . ~. ~ 

. . . . . 
5 . . . . . 

Fig.9 Deformation of wave 

Where,Kf; wave height reduction factor 

f ;friction factor of bottom 
Hi; incident wave height 

H ; wave height 
Ks; shallow water factor 

And shallow water effect of finite 
amplitude wave is 

h Hi 
K =K +0.0015(-)- 2 •8.(-)l. 2 (5) 

s si Li Li 
for H0 /L0 <0.04. 

.: h=30cm : : 
4 --)i"~~5c:~·::::::::::'.:::::·--·---.------------ -
2 ~ ......... ;T=l.2sec : 

··-, 

: h=20cm : : : 4 ......................... ; ............ ; ............ ; ............ ,. 
' . . . . 

2 . . . ................................................................... 
' . ' . . . . . . . . 

4 :-- . ---····--:- -----------~-·------- ·--:--·-- -- . -. --: ·-. -·- ·-. --'.-
. . . ' . 

: h=lOcm : : : : 
4 "--·-··:············:··········--:--··········:···········-!· 

~2 
s 

, ............ ~ ........... i ..... ...... ~ ........... -~ ........... : . 
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Fig.10 Comparison of wave form of 
calculation and experiment 
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Fig.11 Wave height decrease 

For example, Fig.11 shows the 
comparison of theory and experiments of 
the decrease of wave height H/Hi in the 

case of the sine wave of wave height 
Hi=0.75m coming into the shallow water 

region of lOOm long. In this 
calculation, the friction factor of 
bottom is supposed to be 0.02. The 
measured wave is expanded in Fourier 
series and its first term is used for 
wave height H. 

2.2 Wave Energy Absorption Experiment 

2.2.1 Experimental Procedure 
The temporary bottom in two 

dimensional water channel is used for 
the energy absorption experiment. The 
scale ratio is about 1/15. The shallow 
part is lOm long and has a two 
dimensional air chamber at the end of 
the channel as shown in Fig.12. Fig.13 
illustrates the air chamber model, which 
has the width 964mm, the depth 250mm, 
and the water plane area 2410cm2 . The 
load for air chamber, instead of air 
turbines and generators, is changed by 
changing the area of nozzle. The 
experiments are carried out under the 
conditions of R=l/100 and 1/270. The 
depths are 1, 0.3, 0.2 and O.lm, here lm 
water depth is the case of deep water 
condition. The waves are regular, wave 
heights Hi are 3, 5, 7cm, and periods 

are 0.6, 0.8, 1.0, 1.2, 1.4sec. The 
measurement items are the incident wave 
height, the water level and air pressure 
in air chamber. Air pressure is measured 
by using miniature water pressure sensor 
at the top of the air chamber and water 
level by two capacitance type wave 
meters. 

Air chamber 

J Temporary bottom 

i.--------984------~ 

:r••u~ gag~ozz1e r" 
Water le~el gage 

Fig .13 Two dimensional air chamber model 

2.2.2 Results and Consideration 
Also in this experiments, wave energy 

absorption efficiency is expressed by 
formula(l). But in this case, incident 
wave energy Ei is measured at near front 

of wave maker. Absorption energy Ea is 

calculated by using formula(3). 
Therefore in this case, wave energy 
absorption efficiency is the ratio of 
energy absorbed by air chamber after 
passing through the lOm long shallow 
water part to that of incident wave. 

Fig.14 shows an example of the change 
of wave energy absorption efficiency n 
for the change of the ratio of depth 
to wave length h/A. The open ratio is 
R=l/100 and period T=l.2sec. Here the 
region where the ratio of depth to wave 
length exceeds h/A=0.5, is deep water, 
and efficiency is n=75%. If depth 
decreases; n also decreases, but up to 
h/A=0.25 the efficiency is almost as 
same as at deep water condition. If the 
depth more decreases, the shallow water 
effect develops, and the efficiency 
decreases steeply. The efficiency 
becomes n=70% at h/A=0.15, n=60% at 
h/A=0.1 and efficiency reduces to almost 
0% at h/A=0.05. 

1.0 

~ 
11 0. 5 J R=l/100 

I T=l.2sec. 
I 

0 .H1=3cm 
A _H1=5cm r D H1=7cm 

0 
0 0.1 0.2 0.3 0.4 0.5 

h/>.. 
Fig.14 Relation between depth and wave 

energy absorption efficiency 

Wave maker 
Wave height me~~ ~ 

O . 2 , o . lm v "'-

10. Om -------------i..,_- 2. 7m -
Fig.12 Wave energy absorption experiment in shallow water 
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Fig.16 Comparison of energy absorption 
efficiency of deep and shallow water 

2.2.3 Shallow Water Effect to Absorbed 
Energy 

Fig.15 shows the energy absorption 
efficiency for full scale model, 
calculated from mean value indicated in 
real line in Fig.14 for model test, as 
to wave period T. In this figure, depth 
!Sm means deep sea, and this value n is 
that of deep sea condition. The values 
of the depth from h=4.5 to 1.Sm are for 
shallow condition. Now, supposing the 
efficiency of the deep water (h=l5m) to 
be l, the efficiencies for shallow water 
are 0.9 for h=4.5m, 0.7 for h=3.0m and 
0.1 for h=l.5m. 

As mentioned above, the pile type air 
chamber at deep sea condition is 
sufficiently useful for power source for 
light beacons. But, where the depth is 
shallow, as shown in Fig.15, the 
absorbed energy decreases. Now, as shown 
in Fig.7, comparing the absorbed energy 
at deep water region with that at 
h=3.0m, the absorption efficiency 
decreases and becomes 70% of that of 
deep water condition. In Fig.16, the 
wave energy absorption efficiency 
decreases as indicated by broken line 
and it is doubtful whether it is 
sufficient for the power source of light 
beacons. Therefore to estimate the wave 
energy absorption, one must take the 
water level change by tide etc. into 
consideration. 

3.Conclusion 
The items discussed above can be put 

into order as follows. 

(1) The maximum wave energy absorption 
efficiency of the pile type air 
chamber is 50% and that of the strut 
type is 25%. 

(2) The pile type air chamber has an 
efficiency of 25% even if the wave 
come from backward of the wave intake. 
This value is as same as that of the 
strut type. 

(3) The pile type air chamber has a same 
efficiency for the wave incident angle 
less than X=45deg. But for the greater 
incident angle, the efficiency reduces 
and for the wave which comes from 
sideward(X=90deg.) and straight 
backward (X=180deg.), the efficiency 
is the same. 

(4) If the system is suitably designed 
and constructed, the wave activated 
generator system making use of 
circular pile seems to be useful. 

(5) When the ratio of the water depth to 
the wave height is over h/A=0.25, the 
wave energy absorption efficiency is 
the same as that of deep water 
condition. But it reduces to 0.8 times 
at h/A=0.1 and becomes almost O at 
h/A=0.05. 
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ABSTRACT 
The Ministry of Transport in Japan is 

conducting a field verification 
experiment of an owe-type wave power 
converter. The converter is named the 
wave power extracting caisson and can 
be utilized as a caisson for vertical 
breakwater. The construction of the 
converter was completed in the fall of 
1989. The electric generation !lnd 
related measurements are now being 
carried out. 

1. Introduction 

Japan is surrounded by rough seas 
and is endowed with potential wave 
energy as shown in Fig. 1. The figure 
shows the estimated amount of average 
wave power coming to Japan. The total 
average wave power around Japan is 36 
million kW, or one third of the total 
electric power produced in Japan. This 
amount corresponds to the mean rate of 
7 kW per meter of the coastline, the 
total length of which is measured as 
5200 km along the outer rim of Japanese 
island. The wave power is 
relatively high along the 
Japan Sea side as well as 
along the northern Pacific 
coasts. 

Many organizations in 
Japan have been studying 
the wave power converters 
especially since 1973. 
Several devices were 
already put on sea trials. 
The Ministry of Transport 
(MOT) of Japan is also 
developing a fixed-owe wave Q .. 
power converter called a U 

I> 

the same time. The combination of the 
wave power converter and the breakwater 
is expected to reduce the cost of power 
generation by the converter and also to 
increase the stability as the 
breakwater. 

The wave power extracting caisson 
consists of a hollow case called an air 
chamber and an ordinary caisson 
supporting it. Figure 2 shows the cross 
section of the caisson on the rubble 
foundation. The front wall of an air 
chamber is a curtain wall with an 
opening so as to let waves enter 
inside. The wave action makes the 
water level in the air chamber 
oscillate up and down, the air in the 
chamber is compressed and expanded 
generating an air flow through a 
nozzle, and thus wave power can be 
converted into air power. A turbine 
set within the nozzle is rotated by the 
air flow, and electric current is 
yielded by the electric genera tor 
coupled to the turbine. This system is 

wave power extracting 
caisson. This device can be ~ 
used as caissons for '10 
composite-type breakwaters a 
and sea walls, thus ~ 

~ r:;;--,. 83 D t......:.::__f ••.s 
Co&;oslline Lengrh 

1 .. 
11 

3 l 
functioning as a breakwater 
and a wave power device at Fig.1 Wave Power Around Japan 
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one of 
Oscillating 
Column (OWC) 

the 
Water 

type 
wave power 
converters. The 
Wells turbine is 
adopted for the wave 
power extracting 
caisson. This 
turbine has a 
special feature that 
it rotates in the 
same direction even 
with reciprocating 
air flow. 

L.W. :tO.O 

Side View 

The research and development work 
on the wave power converter is being 
carried out by a collaboration of the 
Port and Harbour Research Institute 
(PHRI), the First District Port 
Construction Bureau (FDPCB) and the 
Coastal Development Institute of 
Technology (CDIT) under guidance of the 
home office of MOT. The PHRI conducted 
basic research for 5 years from 
1982[1). The CDIT conducted survey and 
research including the feasibility 
study of wave energy utilization 
systems in fiscal years 1985 and 1986 
in the form of joint study with twenty 
private enterprises[2]. The FDPCB 
has started a field verification study 
for the wave power extracting caisson 
breakwater since 1987 at Sakata 
Port[3]. The construction works of the 
caisson were finished in the summer of 
1989. The turbine, generator and other 
electric apparatuses were also 
installed. Photo 1 shows the completed 
caisson at Sakata Port. The system 
started the electric power generation 
in the autumn of 1989. Photo 2 shows 
the on-land observation house and a 
tower illuminated by generated electric 
power. 

This paper reports the construction 
of the system and the ongoing prototype 
test. 

2. Outline of Field Verification 
Experiment 

The field verification experiment 
is carried on at the ~akata Port as 
shown in Fig. 3. The Sakata Port is a 
major port facing the Japan Sea and 
comprises two parts of the Main Harbor 
Area and the North Harbor Area. The 
Second North Breakwater is currently 
under construction in the North Harbor 
Area, and one of the caissons in this 
breakwater was made as a wave power 
extracting caisson equipped with a 
turbine and a electric generator. 
Various measurements on wave pressures, 
air power and electric generation are 
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being made. The electricity generated 
by the system and the signals from 
various sensors are sent to an 
observation house on the land through 
an underwater cable. The dat~ are 
recorded and simultaneously analyed in 
the house. The generated electricity is 
supplied to several apparatuses in the 
house for experimental utilization and 
demonstration. 

The caisson is made of reinforced 
concrete and is installed on a rubble 
foundation as the conventional 
breakwater caisson. The caisson is 
quite large, because the water is deep 
( about 20 m) and the design wave is 
high with the significant wave height 
10.2m (Hmax 15.3m) and the 
significant wave period 14.5s. In this 
area, the sea is rough in the winter 
season and the power of about 20kW/m 
attacks the coast. However, the sea is 
very calm during summer. 

The field experiment is divided 
into three portions: 
i) Measurement of the stability of the 

caisson against storm waves, 
ii) Measurement of the power 

generation, 
iii) Use of the generated power. 

The whole field experiment is being 
conducted by the FDPCB. In addition, 
"the Research Group on the Wave Power 
Extracting System Using Breakwaters" 
organized within the CDIT by twenty 
private enterprises is now in charge of 
the experiment on the power generation. 
Also, in order to smoothly carry out 
the field verification experiment and 
to ensure successful achievements, an 
technical advisory committee has been 
set up with various experts in the 
related fields ( the senior author 
being the chairman). 

The experiment began in 1987 and 
the wave power extraction started in 
the fall of 1989. Power generatiol). and 
measurement are scheduled to continue 
for two years from 1989 to 1990, and 
the final report will be formulated in 
1991. 

3. Design of a Caisson for Field 
Verification Experiment 

3.1 Basic shape of caisson 
The caisson width is 24.5m, the 

air chamber width is 7m, and the crown 
elevation of caisson is 12.5m above the 
datum level as shown in Fig.2. The 
width of afr chamber is an important 
factor that governs the efficiency of 
air output (air energy/wave energy). 
From laboratory experiments and 
theoretical analyses with "the 
thermodynamics and wave-kinematic 

theory[4,5]", it has been confirmed 
that an air output efficiency is 
maximized by maintaining the ratio of 
the air chamber width to the wavelength 
within the range of about 0.1 to 0.2. 
The normal wave height and period 
considered for power generation in the 
caisson are H113 = 2m and Ti;3= 6s, 
respectively. The width (7m) of air 
chamber corresponds to 13% of the 
wavelength of the significant wave. 
The crown elevation of the caisson is 
almost close to the design significant 
wave height. The elevation of the 
nozzle between the air chamber and the 
machine room was set to H.W.L. + 
0.5Hmax (= +Bm), which was proposed 
based on the results of laboratory test 
in order to restrict the intrusion of 
sea water during extremely high waves. 
The air chamber is divided into 5 
compartments, each with the width of 
4m. Vent holes are made in the 
partitions between the five 
compartments so that they function as 
one air chamber. 

3.2 Wave resisting design of caisson 
This experimental caisson has a 

sloped upper portion, which reduces 
the horizontal component of wave 
pressure and increases the wave 
resisting stability of caisson by means 
of the vertical component of wave 
pressure. In order to make the wave 
overtopping almost the same as that of 
ordinary upright caissons, the crown 
elevation was made higher than the 
ordinary caissons; this enabled to 
locate the turbine nozzle at a raised 
elevation. Design wave pressure for the 
stability calculations of caisson are 
estimated by the extended Goda 
Formula with the pressure modification 
factors 1 1.0 and 2 0 
considering the wave dissipating effect 
of the caisson, based on the results of 
laboratory experiments [6]. The wave 
pressure distribution is shown in 
Fig.4. The design air and wave 
pressure for the structural members in 
the air chamber is 1.0 w0 Hmax as shown 
in Fig.5. In the figure w0 denotes the 
specific weight of sea water. 

3.3 Design of turbine-generator and 
valves 
Figure 6 is a general view near 

the machine room where the turbine
generator is installed. The turbine
generator is centrally located there 
and two air flow regulating valves for 
adjusting the air flow to the turbine 
are also installed there. In addition, 
two pressure relief valves are 
provided there. The turbine is the 
Wells type with the diameter 1.3m, two 
of which are arranged in tandem as 
shown in Fig. 7. The electric generator 
is placed in the center between turbine 
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rotors. The generator is synchronous AC 
generator with the maximum output of 
60kW and the voltage of 200 V. 

The diameter of the turbine is 
much smaller than that of the optimum 
turbine matching with the air power 
from the air chamber, because of the 
limitation of research fund. Two dummy 
nozzles are installed to consume the 
extra air energy which is almost half 
of the total air power. The air power 
to the turbine is limited by the air 
flow regulating valves and the pressure 
relief valves. Power generation is 
stopped at the time of extremely large 
waves by fully opening the air flow 
valve ( the air flow to the turbine is 
closed). 

Figure 8 shows the air flow 
regulating valve. The valve is a 
rectangular box with a butterfly valve 
inside. The air flow can be controlled 
by the rotational angel of the 
butterfly valve. An electric actuator 
is equipped to move the butterfly 
valve. The actuator is usually 
controlled according to the signal of 
the rotation number of the turbine as 
programmed beforehand. For the 
conservative operation the valve opens 
by 1/4 of the full angle when the 
rotation number exceeds 1800 rpm and 
the valve closes by 1/4 of the full 
angel when the rotation number become 
lower than 1500 rpm. However for the 
standard operation the limit values of 
the rotation number are changed to 2000 
rpm and 1700 rpm respectively. The air 
flow regulating valves are designed in 
such a manner that the total opening 
ratio of about 1/90 (proportion of the 
total cross-sectional area of the two 
air flow valves to the area of the air 
chamber) can be obtained when the air 
valve to the turbine is closed. 

Figures 9 shows the pressure 
relief valve which is a vertical 
cylinder with a covering lid. The 
diameter of the cylinder is 80 cm and 
the height of the cylinder is 170 cm. 
If the air pressure in the air chamber 
exceeds the threshold pressure the 
relief valve opens and air leaks. The 
threshold pressure can be adjusted by 
the weight on the valve lid. The 
threshold pressure of the relief valve 
is set at 1 tf/m2 for the left valve 
and 1.5 tf/m2 for the right valve. The 
pressure relief valves have the total 
opening ratio of 1/120. 

In addition to the pressure relief 
valves and the air flow regulating 
valves, two emergency valves are 
installed. The valve is a kind of 
guillotine type gate as shown in 
Fig.10. When the rotation speed of the 

t, 
I ' I \ Outer sea side 

I \ P. •6.043 ,,,,, 

Harbour side 

B.F. 
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Fig.4 Design Wave Pressure of Caisson 

p: Wave pressure Intensity (t/m2) 
w0 : Specific weight of sea water (1.03 tf/m3l 
II: Design wave height <Hmax • 15.3m) 

~ 

Internal 
earth pressure 

Pu 

Fig.5 Design Wave Pressure in 
Chamber (during compressing wave) 

Air 

Fig.6 Plan View of Machine Room 

Fig.7 Turbine and Generator 
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turbine exceeds a certain value, the 
valve plate falls to close the opening 
to the turbine and at the same time to 
open a nozzle to machine room. The 
total opening ratio of the two nozzles 
is 1/70. 

4. Construction Procedure 

The wave power extracting caisson 
has a special shape compared with an 
ordinary breakwater caisson. 
Especially, the front wall of the air 
chamber is sloped and this makes the 
construction work more difficult. 
Moreover, a large wave force seems to 
act to the sloped wall. Therefore, a 

N 

sufficiently high accuracy is required 
for building this sloped wall. The 
lower portion of the caisson was built 
on a floating dock and the upper 
portion was made at sea at a calm place 
in the harbor. The caisson completed up 
to the sloped portion was then towed 
out to the sea and installed on the 
foundation mound. Machine room and so 
forth for housing the turbine-generator 
was completed after installing the 
machines. Figure 11 shows the 
construction procedure for the caisson. 
Photos 3 and 4 show the towing of the 
caisson and the installation of the 
turbine-generator. Photo 5 shows the 
turbine during its assembly. The 
turbine rotor with the blades is seen 
in the photo. 

~ 
,.; 

/ 
/ 

/ ,.._, / 
I ~ t..-- E 

To Air ! 
Chamber 

To Air Chamber 

Fig. 9 Pressure Relief Valve Fig.10 Emergency Valve 
Fig.8 Air Flow Regulating Valve 

I.Construction of Lower 

11.0 m part on a Floating Dock 

JU II WI 
-~-1---,~-------1-

\1oating Dock 

4.Towing 

2. Construction up to 
16.0m part 

c?c-illIIJ' --
~ 

-rao 

5.Placement of Caisson 

3.Construction up to 
the Air Chamber 

6. Construction of 
Machine Room 

7. Start of Operation 

Fig.11 Construction Procedure for Wave Power Extracting Caisson Breakwater 

-423-



5. Measurements 

Various kinds of sensors are 
attached to the caisson and generator. 
Figure 12 shows the lo ca ti on of the 
sensors attached to the caisson. The 
data obtained are then amplified in the 
measuring room of caisson and are 
converted into optical digital signals 
and transmitted through an optical 
fiber cable to the on-land observation 
room. The data is analyzed in the 
observation room on real time and 
simultaneously recorded on magnetic 
tapes. Measurements are carried out for 
the following items: 

1) Finding the wave condition by 
measuring the wave spectrum with an 
array of three wave pressure gauges 
and the ultrasonic wavemeter. 

2) Verification of the stability of 
caisson by measuring the wave 
pressure and uplift. 

3) Verification of the safety of 
structural members by measuring the 
stresses in reinforcing bars. 

4) Verification of air output 
efficiency and power generating 
efficiency by measuring the air 
pressure and water level in air 
chamber, turbine speed, generated 
electric power, etc. 

Photo 6 shows the operation room in 
the on-land observation house where the 
control panels of the turbine-generator 
and the system for data acquisition and 
analysis are placed. There are four 
personal computers in the room to 
analyze the data simultaneously. The 
first one is to find the incident wave 
conditions including directional 
spectrum, and the second one is to 
analyze the wave power conversion, the 
third one is to know the wave pressure 
and the stress on the caisson and the 
last one is to show the real time 
variation of the operation of the wave 
power conversion. 

6. Power 
Energy 

Genera ting 
Utilization 

Operation and 

Power generating operation is 
basically performed automatically, and 
electric power corresponding to the 
wave conditions can be obtained. At the 
time of large waves, the air flow 
regulating valve and, pressure relief 
valve work in order to restrict the 
output below 60kW. The power generated 
by the system is transmitted through a 
cable to the on-land observation 
station. At the on-land observation 
station, load resistors are provided 
for consuming the power. Also provided 
is a system for branching the generated 
power without affecting the power 

Photo 3 Caisson Being Towed 

Photo 4 Turbine Being Installed on 
the Caisson 

Photo 5 Turbine Being Assembled 

Photo 6 Operation Room 
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Fig.12 Location of sensors 

Fig. 13 Pump System 

generating system. By using the 
branched electric power, the power 
utilization is demonstrated by various 
electric equipment. Figure 13 shows the 
water pumping system utilizing electric 
power from wave power. It was assured 
that the pump works smoothly although 
the frequency of electricity 
fluctuates. The tower in Photo 2 has 
forty !kW-electric lights. The snow 
melting system and other apparatus to 
use the electric power are tested in 
the experiment. 

The electric load is controlled in 
proportion to the third power of the 
rotation speed of the turbine and the 
load of 60 kW is set at 2000 rpm. 

7. Results of the Experiment 

The electric power by the system is 
being generated satisfactorily since 
December 1989. Figure 14 shows the 
sample of the experimental results. The 
average electric power during twenty 
minutes is plotted against the 
significant wave height. The calculated 
value by the thermodynamics and wave
kinematic theory is also shown in the 
figure. The solid line is the 
calculated value with the condition 
that the pressure relief valves and the 
air flow regulating values are closed. 
The dash-dotted line is the calculated 
value for the conservative operation ( 
1500 rpm - 1800 rpm) and the dotted 
line is for the standard operation ( 
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1700 rpm -2000rpm ) . By the 
standard operation the 
average electric power is 
about 20 kW and 40 kW when 
the significant wave height 
is about 2 m and 4 m 
respectively. The 
calculated value agrees 
well with the experimental 
values. 

Figure 15 shows the 
maximum peak value of the 
pressure measured when the 
waves with the significant 
wave height of 7.3 m 
attacked the caisson. The 
estimated maximum wave 
height was 12 m. The 

50 

40 
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-- CLOSED • --- 1500- 1800rpm 
o ----- 1700 - 2000 rpm 

• • •• 
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3 

measured air pressure is 
less than 1.0 w0 Hmax· The 
measured pressure confirms 
the design method of the 
caisson. The experiment is 
scheduled to continue till 
March 1991 and the results 
of the experiment will be 
reported subsequently. 

Fig.14 Average Electric Power Versus 
Significant Wave Height 
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DEVELOPMENT OF FLOATING TYPE WAVE POWER 
DEVICE. 

Yoshie Masuda, Yosiyuki Outa 

Ryokuseisha Corporation, Japan 

Abstract 

Small wave power generator was used for 

navigational buoy.but it's power demand 

increased. And so improvement study was done, 

and efficiency of magnet generator was improved 

from 40% to 80%,and capability of power supply 

to load increased two times. 

,l 
The other hand.ship shapeANormard buoy was 

tested in water tank.it has characteristic of 

low drag.and stable and high power generation. 

In order to progress Backward Bent Duct Buoy 

(BBDB), Professor McCormick Naval Academy 

completed theoretical study. High output in 

head sea.and forward movement by wave were 

certified. 

Large wave power gener~tor was studied for 

island and land use. 

New Heller generator can supply constant Hz 

in variable rotation speed of turbine by wave. 

D~uble rotor Wells turbine was studied.it 

will reduce jet noise of Wells turbine in 

high rotation. 

Using these development works ,power cost 

is reduced to feasible value in large wave 

power generator. 

1. Introduction. 

We reported a new floating type wave power 

device Backward Bent Duct Buoy (BBDB) in 

PACON 88. 

Study was continued.it includes center pipe 
tl 

navigational buoy.ship shap\NORMARD buoy 

and large BBDB. 

Water tank test was conducted in coopear-

ated with Ship Research Institute. 

Theoretical study was conducted by Professor 

McCormick US Naval Academy. 

Electric generator study was conducted by 

Takaba Kagaku Kougiyou and Heller Dejulio 

Corporation. 

Turbine study was conducted by Professor 

Kaneko Saga University. 

Floating type wave power generator 

progressed for feasible use through these 

studys. 
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2. Improvement of small wave power generator. 

2-1 Need of study. 

Small wave power generator was used for 

power supply of navigational buoy from 

1965 by Marine Safety Board in Japan. 

Recently, power demand on the navir 

gational buoy increased by changing of 

international regulation for navigational 

light on buoy from 5 watts to 10 watts in 

average electric consumption. 

Therefore power up of wave power generat-

or is necessary. 

Since wave power buoy uses a long 

center pipe,oyster growing in the center 

pipe disturbs water motion in the center 

pipe. 

It must be prevented without using pois-

onous paint. 

lt is difficult to change buoy's dimension, 

power up must be done by .i mprovmnr~nt of 

conversion efficiency. 

Conversion efficiency of old type wave 

power generator was about 21%. 

Valves efficiency-----95% 

Turbine efficiency----55% 

Generator efficiency--40% total 21%. 

Our study target of improvement of conversion 

efficiency was about 49%. 

Valves efficiency-----95% 

Turbine eff iciency----65% 

Generator Efficiency--80% Total 49% 

This study target looks like to be obtained by 

Vareious study works,some of 1hrm is introduced. 

2-2 Turbine. 

There are three kind small turbine of 

Impulse.Wells and Servonus for buoy use. 

Their efficiency by constant air flow is 

reported in reference 2 as follow. 

Impulse------Peak efficiency 60% 

Wells--------Peak efficiency 40% 

Servonus-----Peak efficiency 30% 

We adopted Impulse turbine for improved unit 

from veiw point of high efficiency. 

Impulse turbine was redesigned to change 

it's rotor diameter from 200 mru to 250 mm. 

New turbine with new electric generator is 

showen in Fig 1. 

Fig.l New turbine with Takaba Generator. 

2-3 Electric Generator. 

It was a difficult study to improve efficiency 

of small electric magnet generator. 

Improvement work of ordinary generator was done by 

Ryokuseisha Corporation. 

Special generator was studied by Takaba-Kagaku

Ktlgiyou Ltd. 

Both studys improved generator's efficiency as 

follows. 

Ordinary generator--------to 65 % 

Special generator---------to 80 % 

Ordinary generator has a perpendicular magnet path 

against rotor axis as same as ordinary design of 

motor and generator. 

Special generator has parallel magnetic path 

against rotor axis,and high efficiency was obtained 

by decreasing of iron loss and electric loss. 
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Ordinary high efficiency generator is now on 

practical use, and special generator finished blower 

test with turbine,but it is not yet tested on sea, 

If the special generator becomes to practical use, 

the target of improvement will be completed. 

2-4 Adoption of Bioclean. 

-----------------------
There are many kind of anti-fouling paint,but 

poisonous paint is not adoptable from enviromental 

view point. 

We tested bioclean paint produced by Chugoku Paint 

Ltd in our sea test of twin-hull Backward Bent Duct 

Buoy (BBDB). 

3-1 General veiw of 1/10 model. 

----------------------------
Fig.2 shows model dimension,it is 61.8 cm in 

length,30 cm in width,22 cm in hight and 6,6 Kg in 

weight. 

It is constructed by Aluminium plate,and · duct is 

fixed in the hull's bottom, duct's cross section 

is triangle, This model is moored in the water tank 

by small chain line. Fig.4 shows test veiw in the 

water tank. 

i···+ 1 · Top ve~w 
Nozzle :i.11."'F-i .. --++---+-'-4--'--:..-:......l--

Front veiw 

'i .. 
,. c: : ~-~', ~ __ :""· ;--,....-,.--,....--'----'-~_-_ ... , -i J-1-...i 

! ! ! (''" 
Principle of prevention of fouling by bioclean is 

it's very high attach angle,and it rejects water 

on the surface and prevents fouling, 
Air ahamber • Side veiw Back veiw 

It has no poison,and it can keep it's function in 

long years. 

It has two horizontal pipes (0.6 min diameter,2.4 

min length), one pipe is painted by bioclean,and 

the other pipe is not painted by bioclean,it is 

painted by ordinary paint. 

Bioclean test of twin hull BBDB was done half year 

(summer season) in Yura Turuoka-city(Japan sea), 

and after half year rest, it was tested half year 

in Mikawa Bay, 

Total 1 year test concluded that it is quite 

effective to prevent oyster growing in the center 

pipe,there were no oyster growing in Bioclean 

painted pipe. 

3. Study of new ship shape NORMARD buoy. 

-----------------·---------------------
Several robot weather buoys are used in telemeter 

oceanographic data and weather data on sea. 

Normard buoy is one of them,it is ship shape buoy. 

It is knowen that this buoy is useable in harzard 

ocean area since it is low drag force in high 

current condition. 

Recently,l/10 model of this buoy with horizontal 

duct in it' bottom was tested on a small water tank 

of Japan Ship Research Institute. 

t.tl~. I 

! .. 

I "Wi 
i 

Fig2 Model dimension of Ship shape wave power 

buoy (Normard buoy type) 

Fig.3 Water tank test veiw. 
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3-2 Test result. 

(a) Air pressure ratio and air output 

by wave period. 

Since model is very small, air pressure ratio is 

relatively low,but it is still higher than present 

center pipe buoy's data. 

Peak air pressure ratio is obtained at D.9 sec, 

and air output was 0.15 watts by 6 cm wave hight. 

(b) Buoy motion. 

When this Normard buoy model was tested on tLe 

same water tank without bottom horizontal water 

duct no wave power absorption), dangerous 

rolling and other motion was observed, but there 

was no rolling and no dangerous motion in this test. 

We concluded that wave power generation and bottom 

duct is quite effective to dump buoy's pitching 

and rolling motion by wave. 

(c) Drag force in towing. 

Drag force by towing was quite small, 

it was 0.15 Kg by 0.82 knot of towing speed. 

3-3 Capability of Wave power NORMARD Buoy. 

Based on model test result,Ship type Normard 

buoy ( 10 times larger than model, 6 m in length. 

6 ton in weight) with wave power generator on deck, 

nd horizontal duct in bottom will have following 

characteristic. 

ld) Electric power generation by 60 cm wave hight, 

3 sec wave period in inland sea is expected as 

follows. 

0.49 x 0.15 watt x 10 3 x .Jlo = 222 watt 

But, 0.15 watts by 6 cm wave is test result by very 

small model with very short pipe length. 

When I tested center pip~ buoy in Meguro water 

tank, air output increased by increasing of center 

pipe length 

Thinking these matter,500 watts electric power 

generation will be possible, and 50 - 100 watts power 

consumption will be possible. 

(b) When this ship type buoy is moored in high 

current channel of 4 knot,drag force is calculated 

as follows, 
:z. ~ 

0.15 Kg x(4/0.84) x 10 = 340 Kg 

It is about 0.3 of drag force of Center pipe, 

and there is no inclination of buoy, 

Safety and high capability buoy can be expected. 

4.Theoretical study result 

---------------- -~-----

Professor McCormick finished a theoretical 

study about BBDB (Self Propelled Backward 

Bent Duct Barge) as showen in Fig.4. 

Fig.4 Schematic sketch of Self Propelled 

BBDB Barge. 

4-1 Output difference by buoy's direction. 

----------------------------------------

BBDB in head sea has 10 times higher out

put than BBDB in following sea and fixed 

BBDB in a following sea as showen in Fig.5. 

As showen in Fig.5, peak output is a little 

longer than Wzc which is natural oscilation 

in horizontal duct.natural oscilation period 

Tz is calculated as follow. 

Tz= 2Ti,)L/2 g 

In where L= Horizontal duct length. 

g= 9.8 m/s 

71...= 3.14 
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Fig.5 Normalized average converted power. 

The maximum power for all wave periods, 

which occurs at T=8.5 s. is used in the 

normalization. The curves correspond to (a) 

the BBDB in head (design) sea------,(b) 

the BBDB in following sea--------and (d) a 

fixed BBDB in following seas -- - ---. 

For this comparison, BBDB's dimension is. 

Len~th----35.6 m. 

Beam------9.91 m. 

Displacment------500 metric ton. 

Duct cross section----- 2 m in hight. 

19.8 m in width. 

Conversion peak efficiency in head sea at 8.5 

second is calculated 83%. 

The reason of high output of head sea 

condition is explained by phase relation 

between pitching and water column movement 

as showen in Fig.6. 

4-(2) Forward speed. 

Standard barge and ship configurations is 

drifted by wave.but BBDB has different 

I 
P/P•x ·. 

I 
; 

!. 
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1 0 

\ 

-1.5 \ 
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Fig .6 Normalized heaving,pitching,water 

column resonances and converted power. 

These are instantaneous valuesover one 

period for T=8.5 s,H=l.O m and U-0. 

characteristic of drift. 

It's drift seems to be positive.it has a 

tendency to go forward in wave. 

In order to check this behavior.Professor 

McCormick made I/20th scale model of· 35,6 m 

berge and tested in a wave tank. The 

positive drift of the BBDB was verified. 

This characteristic will increase of 

safety mooring in high sea area.and also 

it will bring some application for Self-

Propelled Barge by wave power in future. 

5. Study for Large Scale Wave Power. 

---------------------------------

iig.9 Large BBDB wave power generator 



Larger use is island and land p-ower. 

Figure 9 shows one design of BBDB for 

island and land power. 

Conversion efficiency of floating type 

wave power device increased by adaptation 

BBDB as showen in theoret~cal study, but· 

there are still problems in turbine and 

generator design. 

5-1 Study of double rotor Wells turbine. 

Wells turbine needs no valve. It is very high 

speed ,but there is a high frequency jet noise 

at high rotation speed. 

Double rotor Wells turbine was studied to 

decrease noise and strength problem of rotor 

by Professor Kaneko Saga University. 
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case( A) case(B) case(C) 

G/l=O. 49 
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Fig.7 Bench test for biplane 
wells turbine. 

Figure 7 shows the test result. Efficiency of 

bi-plane was higher than monoplane in case of 

(A), but biplane (A) has a poor self-starting 

characteristic~therefore induction generator 

On the other hand;rotation speed is decreased 

to about half. 

When Wells turbine is constructed by plastic 

CRFRP(Carbon fiber),and it is estimated 2 

million yen per 1 unit in case of 2 meter in 

diameter. 

5-2 Study of electric generator. 

Conventional AC generator and induction 

generator were used in Kaimei test.but AC 

generator needs AC-DC-AC conversion to 

connect to grid,it is high price. 

Normal induction generator is constant speed, 

fluctuated electric output can not be 

smoothlized. Improvement of generator was most 

difficult matter in wave poqer generation. 

Fortunatly,US company.Heller-Dejulio 

Corporation made the Heller generator which 
. v 

can generate thesame frequency to grid in wide 

speed range from base RPM with good efficiency 

and powerfactor. It is said that 500 KW with 

Wells turbine is ¥ 10 million . 

is better to be combined with (A) arrangement. 
Fig.8: 15 KW Heller Generator. 
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Fig 8 shows 15 KW Heller Generator in his 

test facility in Sanfrancisco.It is wound 

type induction generator with capacitance 

and resistance in rotor circuit. 

It produced the same frequency (Hz) by 

variable speed from base rpm to two times 

rpm with good efficiency and power factor. 

It is cheap enough for practical use,500 

KW unit is ¥ 10 million . 

5-(3) Calculation of Wave Power Cost. 

Buoy hull (24 m in length,36 m in width 

and 13 m in hight) is constructed by 12 mm-

8 mm steel plate,and 400 ton for hull. 

In adition 60 ton for underwater bucket, 

it can be constructed by ¥ 130 million 

($ 2000/ton,¥290,000). 

two units of 500 KW generator are installed 

on the deck,it will need ¥ 40 million. In 

addition,mooring needs ¥ 20 million. Cable and 

it's laying needs ¥ 15 milluon. Transportation 

and mooring opearation need ¥ 25 millon. 

Contigency needs¥ 10 million.total construction 

cost will be ¥ 240 million in minimum. 

using tank test data,efficiency of BBDB 

of 24 m, with underwater bucket is estimated 

as showen by solid line in Fig.10. 

There are many high wave area.highest country 

will be Newzeland.It is estimated 80-100 KW/m 

in average through year. UK Ireland etc high 

atitute from 40 degree to 50 degree area is 

~ 

>. 
0 
c 
Gl -0 -... ... 
w 

60-40 KW/m~ropic island such as Hawaii is 
T 

20 -26 KW/m,but the other including Japan is 

10- 15 KW/m. 

Conversion eff ic1ency from wave to air output 

in 1 year can be calculated by energy 

distribution in natural wave .in 1 year and 

conversion efficiency as showen in Fig 10. 

In Hawaii case,it is estimated 59 %. 
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Wave Period (sec) 

Fig.10 Efficiency of large BBDB of 24 m, 

with and without underwater bucket. 

BBDB's width is 36 m. Conversion efficiency 

from air output to electricity by turbine and 

generator is 0.6, and output power KW-h 

produced by BBDB in 1 year is calculated as 

follow for Hawaii where 26 KW/m in wave power 

is expected. 

26 KW/m x 36m x 24 h/d x 365 d/y x 0.59 x o.6 

= 2,920,284 KWh/y 

Expense per year of wave power generation is 

10 % of construction cost by UK formula. 

When BBDB in Fig.9 is used in Hawaii, power 

cost is estimated as follows. 
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0.1 x 240,000,000 yen/ 2,920,284 KWh 

= ¥ 8.2 I KWh = 5.6 cent/KWh 

Since wave power is 2 - 4 times higher in UK 

or Newzeland,power cost will be very cheap, 

but it wilf'be high such as 10 cent/KWh in 

Japan etc. 

4 CONCLUSION. 

Recently,the progress of wave power generation 

was delayed by energy situation,but several 

important progress were done as follows. 

(a) Small magnet generator was improved in 

it's efficiency from 40 % to 80 %. This progress 

will givea superiority of wave power for buoy's 

power system against solar power. 

(b) Ship type NORMARD buoy with wave power 

generator will be very superior buoy in high 

current and high sea area and also deep sea 

use. 

~c) Floating type wave power generator 

renders less difficulty of site selection and 

construction than shore fixed type. 
v . 
Iexper1enced test of floating large wave power 

generator "Kaimei".The hull was found to be 

excellent after 10 years use. Turbine and 

generator experienced only minor problems. 

A mooring and power cable to the shore all 

remained intact. but conversion efficiency 

from wave to air output of Kaimei was not good. 

New floating buoy system BBDB increased 

efficiency about 10 times than Kaimei,and 

decreased hull size from 80 m to 25-35 m,and 

decreased number of turbine and generator from 

12 to only 1. power cost became to feasible by 

these improvement. 
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ON THE BEHAVIOR AND PERFORMANCE OF THE 
FLOATING OFFSHORE WAVE POWER DEVICE 

H. Hotta 

Japan Marine Science and Technology Center, Japan 

Abstract 

The method for estimation of the 
behavior and performance of the 
Floating Offshore WAve power Device 
(FOWAD) is described in this paper. 
FOWAD is one of the floating type wave 
power convertor, which is moored at the 
offing and it can absorbe the wave 
energy and create the calm sea area 
behind the device as a floating 
breakwater. 

The motions of six mode of FOWAD in 
regular waves are estimated by the 
modified strip method, and the 
efficiency of wave power absorption is 
estimate by the modified thermodynamics 
and wave-kinematics method. 
Furthermore, the performance in the 
long and short crested waves are 
estimated by the method of 
superposition. 

1. Introduction 

Ocean has several kinds of natural 
energy resources, and wave energy is 
the most convenient energy resources in 
the ocean. Because the total amount of 
the wave energy is very huge and we can 
utilize it at most part of the coastal 
zone except in the bay However, the 
density of wave energy is not so high 
and the output of energy fluctuates 
with time. Nevertheless, the study on 
the utilization of wave energy is 
continued still now. Furthermore, we 
supporse that it will be more popular. 
Because, we should utilize the natural 
energy resources for supplyment of 
energy for the antipollution measure at 
the coast. 

Japan Marine Science and Technology 
Center carried out the open sea tests 
for two types of proto type wave power 
devices up to this time. These are the 
floating attenuator type device 
"KAIMEI" [1][2][3] and the shore fixed 
type device "SANZE" [4]. As a result 
of the project of KAIMEI, we could 

confirm the possibility to utilize the 
wave energy, however the estimated 
value of the cost for the electrical 
generation was not so cheap and output 
power was not stable. In order to 
improve these shortcomings, JAMSTEC 
continued to research and develop on 
the new type of the wave power device. 

As a result of this study, it was 
clarified that the floating terminator 
type device has most effective 
performance for the absorption of wave 
energy and the dissipation of the 
incident waves, if it will be moored at 
near coastline easily. The Floating 
Offshore WAve power Device (FOWAD) is 
one of this kind of devices [SJ. 

2. Outline of FOWAD 

FOWAD has several air chambers which 
can absorb the incident wave energy and 
convert to the other energy resources 
and several floating chambers has the 
ability to keep the buoyancy. Every 
air chamber has an orifice which can 
simulate the air turbine which is 
equiped on the full scale device, and 
it causes the damping force for 
vertical motion of the oscillating 
water column in an air chamber. 
Furthermore, FOWAD has some projecting 
walls and some bottom plates in order 
to increase the efficiency of energy 
conversion because of the phenomenon of 
"the harbour resonance" by the air 
chamber. 

Usualy, FOWAD is moored by some 
catenary chain lines, and its 
longitudinal axis coinsides to the 
significant direction of wave crests at 
the offing like a the floating 
breakwater. A scheme of FOWAD under 
the condition of mooring is shown in 
Fig .1. 

Most characteristic points of FOWAD 
are; 
(1) The natural period of rolling and 

pitching are very long because of a 
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small GM due to the special arange
ment of air chambers and floating 
chambers. . 

(2) The projecting walls causes the 
effect of "harbour resonance" (6) 
even FOWAD is oscillated by waves. 

(3) Heaving motion of FOWAD is very 
small because of the damping force 
due to some orifices. 

3. Motion in Waves 

3.1 Fundamental equation of Motion 

When the FOWAD is moored and 
oscillates in the regular waves, since 
the coupling between heave and pitch 
and between sway, yaw and roll are 
remarkable rather than the coupling by 
the surge, the equations of six modes 
of motion are described as follows. 

Heave and Pitch ; 

rA.t1 l. + a,z l. + ~3 z -1- a,"" er + Cltsep + al6 er = F1-1 
ai1z +.aid.+ O,z3l + Qzq.ep -t azs~p + ~ Bp =Mp 

Sway, Yaw and Roll ; 

aa,1d+ a.12'i+fk3''d·+ fk.~+ Cbscf-t a169' 
. .. . +an~.+ fhgt+ a"l11' ., Fy 
a4J ~ + o..z ~ + a 4-3 l+ a* <f ~ alJS'f'. + a"6cp 

•. • . -t a,n ¥. + Clq.gf + rN,q 4' :::: Mcp 
as111 + Cki"d + C/&J"d+/kq.'f. t Clsso/. +tl.Jt,Cj' 

+Ctwf> + ast</'+asq</> =-A1<P 
Surge ; 

~1X-t fl6zi -t ~::[.::: F :,(,, 

( 2) 

( 3) 

Normaly, the optimal breadth of 
FOWAD is about 15% of a wave length, 
and the optimal length of FOWAD is 
almost same as the length of a wave 
length [7). Consequently, the optimal 
aspect ratio of length devided by the 
breadth is about 8. So, the author 
supporsed that the strip method is an 
available and convenient method to 
estimate the motion of FOWAD in waves. 
However, FOWAD has several 
characteristics which the ordinaly 
ocean structre and ship do not have. 
These are the oscillating water column 
(OWC) in the air chamber, the 
projecting walls and the bottom plate. 
Consequently, the strip method have to 
be modified to apply to FOWAD. 

Strictly speaking, the mass of water 
in each air chamber changes at every 
moment because it is the owe, and its 
surface is waving also. ·. However, since 
such changes and effects due to such 
phenomena is not so large, it is 
available to neglect s~~h items in this 
equations. 

That means the mass of water (OWC) 
in the air chamber can be regarded as 
"the rigid body" which oscillates in 
the wave with FOWAD. Consequently, the 
total mass of FOWAD should be 

considered as the mass of hull added 
the mass_of owe in each air chambers. 
Furthermore, it was considered that the 
restoring · force caused by · the 
displacement of FOWAD is occured by the 
discharged volume of the hull of FOWAD 
and the owe in each air chambers. 

By the way, the damping force caused 
by the orifice on each air chamber must 
be considered and taken into the 
equations of motion. Because, the air 
chamber has a characteristics to absorb 
the wave energy efficiently and it 
generates a large damping force for 
vertical motion of the air chamber (8). 
In this report, it was estimated as 
"added damping force" which is assumed 
the linear damping which is in 
propotion to the velocity of vertical 
motion of the owe in each air chambers. 

Added damping force D is calculated 
by the pressure on the owe as following 
equation. 

D = .1p·Aw ( 4) 

where Lip 
Aw 

differential pressure 
sectional area of an air 
chamber 

Since the differential pressure due to 
a Wells turbine, which is equiped for 
most numbers of this type of wave power 
devices, is in propotion to the 
velocity of air flow through the 
turbine (orifice) "Va", it is easy to 
calculate the value of p using the 
damping force coefficient "da" as 
follows. 

tip = da ·Va ( 5) 

When the waving of the surface of owe 
is not so large, "Va." is calculated as 
follows. . 

Va = (Aw/( Sn· en) ) t; ( 6) 

Sn area of an orifice 
en coefficient of contraction 
5 elevation of the owe 

Consequently, damping force coeffici
ents are calculated as follows. 

da = .S*r°a(Aw/(Sn·Cn))w~a 

where Pa 
lV 
oja 

density of water 
angular velocity of wave 
wave amplitude 

( 7) 

The value of "da" is introduced to the 
items of damping of the equation (1), 
because it is assumed that the value of 
"da" effects on the vertical motion of 
the air chamber. 

3.2 Results of Calculation 
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As some results of the calculation, 
the behaviors of heave, sway and roll 
responses versus the wave period in 
regular waves are shown in Fig.2, 3 and 
4. In these figure, plots are the 
measured values by the scale model test 
and the solid line is calculated values 
by the modified strip method described 
above. Furthermore, in the figure of 
heaving, the dotted line is the 
calculated line without consideration 
of the effect due to the damping force 
by the air chamber "da". 

These figure shows that the strip 
method is available to calculate the 
motion of FOWAD in regular waves. 
However, it was made clear that it is 
necessary to consider the effect due to 
the damping force caused by the air 
chamber when it is absorbing the wave 
energy. 

By the way, the behaviors of motion 
in regular oblique waves are shown in 
Figure 5, 6, 7 and 8. In every 
figures, the calculated values shows a 
similar tendency to measured data 
except the absolute values in the 
figure of heave and pitch. However, 
since it is possible to infer that the 
calculated values will get near to the 
measured data under the conditions of 
longer wave period. 

4. wave Power Absorption 

Each air chamber of FOWAD has a 
"harbour" which is surrounded by both 
side of projecting walls, a front 
curtain wall and a bottom plate at the 
bottom of each air chamber. The author 
tried to apply "the thermodynamics and 
wave-kinematics method (TWM)" which was 
proposed by Takahashi et.al (7) for the 
estimation of efficiency of the wave 
power absorption, rather than "the 
equivalent floating method". However, 
since FOWAD is oscillating in the 
waves, TWM was modified in order to 
consider on the effect due to the 
oscillation. 

By the way, TWM is the theory which 
is available for only a fixed air 
chamber on the sea bottom, and there 
are no consideration on the transmitted 
waves behind the device. But, FOWAD is 
floating in the waves, and we can find 
out the transmitted waves behind it. 
In order to consider this phenomena, 
the efficiency calculated by TWM was 
corrected by the depth of bottom plate. 
In this report, the energy which 
travels under the bottom plate to the 
behind of the FOWAD is considered. 

Furthermore, the velocity coeffi
cient in TWM was corrected in order to 
consider the compression of air 

exactly. It 
the correct 
coefficient. 

made 
number 

easier to find out 
of the velocity 

4.1 Thermodynamics and wave-kinematics 
method 

When an air chamber is fixed in the 
waves as shown in Fig.9, there is a 
following relation between amplitude 
and phase of incident waves and 
oscillation of owe in the air chamber. 

ha. = f howc ({<to f(kh 1 k de) Sir! W'r. . C.OS 1A.7't T kb r 
+[a,j(kh, kdc.)C11s2w"C.+ HltAnkh }2 JYz. (a) 

cfowc= -tan-1{E-a0j(kh1kd,)sir1CQ't· eosw'l:t kb) 

/(«i,J(k~ 1 kdo) Cos2rM'"C + k.l>/i;ari kb) J ( 9) 

where, howc; amplitude of motion of owe 
~owe; phase of motion of owe 
k wave number 
h water depth 
b breadth of the air chamber 
de depth of the curtain wall 
(Xo K-Po/Pw 8-c:lo 
k. =Cp/Cv 
ep specific heat at steady 

pressure 
cv specific heat at steady 

volume 
Po atomspheric pressure 
Pw water density 
g gravitational acceleration 
do height of chamber on the 

water surface 

Kkh kdfl)= 2 eosh H1 s;ri~k(b-dc) 
1 C()S'h k(h-d,) Sivihk 0,-dc) + k(h-de) 

w"t == Gos-I (JI+ ~:t - p) 

-( •• ) 2 ) Cp·To J)_p_ ~ - Cn Cv fn (IC- I (W·d,)Z ha 

en coefficient of contraction 
Cv velocity coefficient 
£n nozzle ratio 
To absolute temperature of air 

Using these equations and some 
equations on the energy of incident 
waves, we can derive the equation of 
efficiency of wave power absorption by 
the air chamber in regular waves as 
follows. 

7 ... ~ bw (horJc.)2 s-iri w'Z> Cosvv c; 
Pw1'ao Ctt ha. ( 1 o) 

where Cg ; group velocity of waves 
Tw ; wave period 

4.2 Relative Incident Wave Height 

Since the air chamber (FOWAD) 
oscillates in waves, it is neccesary to 
correct the incident wave height in 
order to be available to TWM. In this 
report, the relative wave height was 
calculated by response and phase of 
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motion of FOWAD at each air chambers. 

The relative wave elevation "hri" 
between incident wave ano FOWAD at the 
point £i apart from the center of FOWAD 
is 

hri=hgi-Zi (10) 

In.this equation, "Zi" is the vertical 
displacement of the point "Li" and 
"hgi" is the wave profile at the point 
"li" in oblique regular waves of Z in 
incident angle as follows. 

hgi=haCoS{Wt-C.li +xi )kc.osZ 
-y1 k sinZ } 

4.3 Velocity Coefficient 

( 11) 

When the gas of p1 in pressure and 
p in density flows out to the region 
of pz in pressure through the orifice, 
the velocity at the outlet v2 is 

( 12) 

BY the way, the velocity coefficient 'f 
was defined in TWM as follows. 

f.f : [ Powe. __l5._ { I - (k) ~ ' ) ) Yi ( 13 l .op IC- I Powe J 
Consequently, the velocity 
will be calculated by 
equation. 

4.4 Results of Solution 

coefficient 
following 

As some results of solution on 
efficiency of wave power absorption, 
the behaviors in the regular waves are 
shown in Fig.10, 11 and 12. The 
vertical axis in each figures are the 
efficiency of wave power absorption. 

Fig.10 shows the parformance versus 
the wave period in model scale. As you 
can see, it was made clear that the 
calculated values are available to 
estimate the efficiency of wave power 
absorption of FOWAD except the effect 
by the phenomenon due to the "harbour 
resonance". AS a consequence, it was 
confirmed that the maximum efficiency 
of wave energy absorption by FOWAD will 
be about 40% except "the harbour 
resonance", and its band width under 
the condition of more than 10% in 
efficiency is wider . rather than some 
former floating wave power device. 

Fig.11 shows the tendency of 
efficiency in oblique waves versus the 
incident angle of waves. In this 
figure, 90 in B means under the 
condition of the beam sea. The 
calculated values under the condition 
of oblique waves are differ from the 
values under the condition of beam sea. 

It was guessed that the effect due to 
the roll motion and three dimensional 
phenomena occured and effected. 

Fig.12 shows calculated values on 
the longitudinal distribution of the 
efficiency of wave power absorption at 
each air chamber in FOWAD. It was made 
clear that the effect by the position 
of the air chamber in FOWAD is not so 
large even in the oblique waves! 

5. Performance in 
the Short Crested waves 

5.1 wave Energy of the Short Crested 
waves 

wave Energy of the short crested (multi 
directional) waves per unit length "Ei" 
is calculated by the following 
equation. 

where, S 
G 

Cg 
f) 
e, I 

( 14) 

wave power spectrum 

directional distribution 
function 
group velocity of waves 
direction of waves 
8z. ; lower and upper limit 
angle of direction of inci
dent waves 

In this report, since FOWAD will be 
installed near the coastal zone at the 
offing, JONSWAP spectrum was used as 
the wave power spectrum for the 
calculation and experiment. 
Consequently, power spectrum of waves 
is calculated as follows. 

where, Hs significant wave height 
Tp wave period at the peak of 

power spectrum 
ficant wave 

0( 0.166 
0 3.3 
(["' 0.07 (W<Wm), 

0.09 (W > tVm) 
l.Vm; peak frequency of power 

spectrum 

The directional distribution function 
is calculated by the following formula. 

~W) =Cs· cos25(()) C 16 l 

In this formula, "Cs" is a 
normalization function as follows. 
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5.2 Absorption of Wave Energy in the 
Short Crested Waves 

When the efficiency of wave energy 
absorption is a linear function in 
proportion to the wave frequency and 
the direction, since the energy of the 
short crested waves depends on only 
these parameters, it is possible to 
estimate the absorbed wave energy by 
FOWAD in the short crested waves as 
follows. 

9 ~ . 
Ea."'( 2 r EiCw,e)?(w,e)dw d() (17) 

Je, Jo 
However, this equation is available, 
when the damping system of wave energy 
conversion is the linear damper. 
Fortunately, the air turbine of OWC 
type wave power device has a 
characteristic of the nearly linear 
damping system. Consequently, we can 
say that it is available to estimate 
the energy of absorption by FOWAD in 
the short crested waves, and it means 
that it is possible to estimate the 
performance of FOWAD in the sea. 

5.3 Estimation of Performance 

In order to estimate the performance 
of FOWAD in the short crested waves, 
the wave power spectrum and the 
directional distribution function were 
assumed as shown in Fig.13 and Fig.14. 
In Fig.14, the value of "2S" is the 
parameter of directional spectrum. 

The efficiency of wave energy 
absorption in regular oblique waves 
which was used for calculation is shown 
in Fig.15. It was the data which were 
calculated by the ·method described 
above. This figure shows that the 
efficiency of wave energy absorption 
increases with the decrease of the 
incident wave angle e in the region of 
f<l.OHz. 

The behavior of wave energy 
absorption which corresponds to the 
parameter of directional spectrum is 
shown in Fig.16. From this figure, it 
was made clear that FOWAD can show the 
higher efficiency even in the short 
crested waves at the offing, which has 
wider distribution of direction rather 
than in the long crested waves near the 
coast line. 

At last, the perfomance of wave 
energy absorption by FOWAD in the short 
crested waves and the long crested 
waves were estimated and compared with 
some results which were measured by the 
scale model test, as shown in Fig.17. 
Though the difference between the 
results in the short crested waves and 
the results in the long crested waves 
is not so large, the results by 
calculation agree to the results by 

experiments almostly. Consequently, it 
was clarified that the method for 
estimation of the performance of wave 
energy absorption by FOWAD in the short 
crested waves described in this paper 
is effctive, and its accurancy is 
enough for the practical use. 

Furthermore, it means that the 
method of surperpotion of the wave 
power spectrum, the directional 
distribution function, group velocity 
of waves and the efficiency of wave 
energy absorption in regular oblique 
waves is available to estimate the 
energy absorption in waves at the 
offing. 

6. Conclusion 

(1) It was proved that the strip method 
considering the added damping force 
and the added restoring force due 
to the owe in the air chamber is 
effective for the estimation of the 
motion of FOWAD in waves suff ici
ently. 

(2) Furthermore, for the estimation of 
the efficiency of wave energy 
absorption by FOWAD, it became 
clear that the modified thermo
dynamics and wave-kinematics method 
considering the relative incident 
wave height and the transmission of 
energy below the bottom plate of 
FOWAD. 

(3) It was confirmed that the method of 
superpotion is available and effec
tive to estimate the performance of 
the wave energy absorption of FOWAD 
in the long crested waves and even 
in the short crested waves. 

(4) It was estimated that the maximum 
efficiency of the wave energy 
absorption in the sea will be about 
40% without the consideration of 
the effect caused by the multi
resonance phenomenon due to the 
projecting walls. 

Aknowlegement 

This study was carried out as a 
project of Japan Marine Science and 
Technology Center (JAMSTEC) and 
suported by the Science and Technology 
Agency of Japan. The scale model test 
was carried out in the Ocean Basin of 
MARINTEK in Norway by Mr.Y.Washio and 
author of JAMSTEC, and it was benefited 
from the great and kind contribution of 
Dr.C.T.Stansberg of MARINTEK and staff 
of this facility. 

Furthermore, a part of this study 
was suported by a subsidy of 
Scandinavia- Japan Sasakawa Foundation. 

-439-



References. 

1. Ishii,S., Miyazaki,T., Mausda,Y., 
Kai,G., "Reports and future plants 
for the KAIMEI project", Proceedings 
of the 2nd International Symposium 
on wave Energy Utilization, The 
Norwegian Institute of Technology 
(NTH) Norway, p.305-p.322, 1982 

2. International Energy Agency , "Open 
sea Trials", Implementing Agreement 
For a Programme of Research and 
Development on Wave Power, Annex 2, 
Volume 4, 1987 

3. Hotta,H., Miyazaki,T., washio,Y., 
Ishii,S., "On the Performance of the 
wave Power Device KAIMEI", Proceed
ings of the seventh international 
conference on offshore mechanics and 
arctic engineering (OMAE), volume 1, 
p.91-p.96, 1988 

4. Hotta,H., washio,Y., Ishii,S., Masu
da,Y., Miyazaki,T., Kudo,K., "The 
operational test on the shore fixed 
OWC type wave power generator", Pro
ceedings of the fifth international 

heave 

su.rge roll 
ya~sway 

pitch 

J?· 
wave 

floating chamber 

chamber 

orifice 

Fig.1 Scheme of the FOWAD and coodinate 
system 

Table 1 Principal particular of 
FOWAD model 

Total Length ; 1,800 mm 
Breadth 

Air Chamber ( b) · ; 200 mm 
Floating Chamber ; 400 mm 
Bottom·Plate ; 400 mm 

Depth ; 350 mm 
Draft ; 250 mm 
Draft of Curtain Wall (d); 50 mm 
Height of inlet (a) ; 200 mm 
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Abstract 

A double oscillating water column is 
proposed as a means to improve the efficiency 
of wave power conversion over a wide range of 
wave periods ·in deep water. A mathematical 
model of the system based on thermodynamic 
principles is developed to calculate the 
efficiency of power-conversion, the 
hydrodynamic fluid motion, and etc. The 
physical process by which the proposed concept 
can significantly improve the efficiency of 
wave power conversion is clarified through 
experiments and theoretical treatment. 

1. Introduction 

The oscillating water column (OWC) in which 
an entrained column of water acts as a massive 
piston and pumps large volumes of air, is 
probably the most well known of the wave energy 
absorption concepts, and is being worked on in 
the United Kingdom, Norway, Japan and the 
U.S.A. Much of the effort expended on owe 
energy conversion devices has been devoted to 
experimentally and theoretically improving the 
efficiency of power conversion. 

Ambli et al. (1982) introduced the idea of 
adding a harbour, consisting of two parallel 
projecting sidewalls, to the owe device so 
creating an additional resonance within the 
harbour. A theoretical model developed by 
Count and Evans (1984) has confirmed the claims 
of Ambli et al. that the addition of projecting 
sidewalls increases the wave energy capture. 

We propose a Double-Oscillating-Water-Column 
(DOWC) design as a way to efficiently capture 
wave power over a wide range of periods in deep 
water. The DOWC wave power extractor is a 
terminator device consisting._ of two air 
chambers on a semi-submerged floating structure 
attached by vertical tension legs to gravity 
foundations on the sea bed as shown in Fig. 1. 
The air chamber on the sea side efficiently 
absorbs the incident wave energy with 
relatively short periods, while the lee-side 
chamber absorbs radiated wave energy resulting 
from body motion and having relatively long 
periods. 

A numerical model based on Fredholm integral 
equations obtained through Green's second 
identity is described for the two-dimensional 
taut-moored floating structure co~taining the 
DOWC wave power extractor. The theory is based 
on two non-linear thermodynamic equations and 
the hydrodynamic equation; the main focus of 
this theory is therefore a description of the 
boundary between the compressed/decompressed 
air in the chamber and the oscillating water 
surface. Two-dimensional laboratory tests 
using a 1:40 scale model are used to confirm 
the validity of the theoretical model. 

Fig. 1 Conceptual drawing of DOWC Wave Power 
Extractnr 
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2. Theory 

2.1 Division of the Fluid Domain 

The definition sketch of the problem is 
given in Fig. 2. It is assumed that 
small-amplitude waves with an amplitude ~ and 
angular frequency w is incident on the fl~ating 
wave power extractor which is vertically taut 
moored on the sea bed. Since the air chamber 
in the floating structure has thin wall 
members, vertical imaginary boundaries CD and 
C'D' are employed so as to avoid a singularity 
when calculating Green's function for the thin 
wall members. The radiation or matching AB and 
A'B' are taken sufficiently away from the 
object for eliminating the effect on local 
evanescent modes. Thus, we +divid~ the +fluid 
into five sub-regions (1), (2 ) , (2 ) , (3 ) and 
(3-). 

Assuming that the fluid is both inviscid and 
incompressible, while its motion is 
irrotational, a velocity potential may be 
expressed as: 

w(x,z,t) = '(x,z)•exp(iwt)············· (1) 

where i = /=:t:' The velocity components may be 
determined from the following directional 
derivative of a scalar velocity potential, 
W(x,z,t) by 

[u,w] = Vw (2) 

where the two-dimensional gradient operator is 
llC-l = ra/ax, a;azJ. 

The potential function '(x,z) must satisfy 
the Laplace equation in each sub-region. 

172,j = 0 ; for j = 1,2±, 3± · · · · · · · · • · • <3 > 

2.2 Equation of Motion of the Floating 
Structure 

Since the floating body is vertically taut 
moored on the sea bed, we consider only the 
harmonic swaying motion which can be expressed 
as X(t) = X •exp(iwt). The equation of motion 

0 
for the sway mode can be expressed: 

MX + KX = -iwpf ,J. eiwt nxds . s 
6 

for j = 1,2± •••••••••••••••••••• (4) 

where M = mass of the floating structure, K 
spring constant due to the initial tension of 
the mooring lines and n is the directional 
cosine of the angle 6 bet~een the inward normal 
to the boundary of the floating structure and 
the x-axis. From Eq. (4), the stationary 
solution of the sway mode is obtained: 

·+ 
for j = 1,2- (S) 

2.3 Potential Function of Sub-Region 

In region (3+) only the incident wave and 
the reflected waves exist while in region (3-) 
there is only transmitted waves. If the 
reflection coefficient and the transmission 
coefficient are represented by ~ and ~ 

respectively,+the potential function , 3± in 
the region (3-) is given as: 

' 3+(x,z) = 9~a{exp(ikx) 

+ KR•exp(-ikx)}Z(z}/w······· C6l 

, 3_(x,z) = 9~aKrexp(-ikx)Z(z)/w······· (7) 

where Z(z} = cosh k(h + z)/2osh kh and k is the 
wave number determined by w h/g = (kh)tanh(kh}. 
The pot~ntial function ,.(x,z) in the region 
(1), (2) can be obtainJd from the Green's 
second identity as: 

alnr 
a' j ( x, z) = f 0 . { 'j (; • n )-a-v -

J 

- lnr a,,;~~·n) } ds for j + 1,2- .. (8) 

where, r = /c;-xJ 2 + (n-zl 2 , v =outward normal 
to the boundary of the fluid region, S 
distance along the boundary D., and (;,n) 
represents a point on the boundJry D.. When 
the point (x,z) lies on the boundary D~, a= n; 
while the point (x,z) within the boundary D., 
a= 2n. The integration of the boundary rl. 
when j = 1: it is calculated counter-clockwisJ 
on D. = s1 ± + s3± + s4 + s ± + s and when 

j = J2± : it is calculatea cloc~wise. 

2.4 Boundary Conditions 

(1) Imaginary boundaries SS+ and SS-

(2) 

(3) 

(on S +) • • • • · · • (10) 5-

Radiation or matching boundaries s3+ and 
s3-

a, 1/av = a, 3±/av (on s3±) ....... 

Boundary condition in region (1) 

a,/av 

a,/av = 

w2'/9 (on S +) • • • • · · · • 1-

0 (on Si.) ............. 

pw2 nx 

-w2M+K f 'i nxds SG 

(11) 

(12) 

(13) 

(14) 

(on S6 ) ••••••••••••••••••• (lS) 
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( 4 i Boundary condition in reg ion t2 ±) 

JS 1'2± nxds 
6 

(on SG) ............ (16) 

The boundary condition for the boundary s 2± 
is given by the dynamic and kinemaEic 
conditions of the oscillating water surface in 
the air chamber. According to the study of 
Ojima et al. (1985), an approximate solution of 
the pressure fluctuations was derived on the 
basis of the conservation energy, the equation 
of the continuity of mass and the equation of 
state in a system including the open air and 
assuming that the air is ideal gas. When the 
fluctuations of the water surface in the air 
chamber are defined as n(t) =n •exp(iwt), the 
pressure fluctuations in the a~r chamber p(t) 
can be expressed as: 

p(t) = PoU + A· Sin w(t + T )}· ••••••••• (17) 

where 

.A= Ylnalcos wT/Do ................... (18) 

COS WT ±h+Q2 - Q ••.••.•••..•.•.•.•. (19) 

and, y ratio 
specific heat at 

Do (20) . ~········· 
of specific heat, C 

constant pressure, E p 
equivalent nozzle opening ratio, 
temperature of open air, Po 
pressure, and o0 = height of air 

e 
T0 = absolute 
= atmospheric 
chamber. 

From this approximate solution, it can be 
seen that the phase difference between the 
pressure fluctuations p(t) and the water level 
fluctuations n(t) exists and it may be about 
n/2. We assumed that the pressure fluctuations 
p(t) may be expressed in terms of the water 
level fluctuations n(t) and the complex 
variable a which is a function Of na and T. 

p(t) = a(n, T)·n(t) .................. (21) 
a 

where, p(t) is the complex valued function, 
i.e., p(t) = Pa"exp(iwt). Therefore, the 
dynamic boundary condition on the boundary s2± 
is given as: 

The linearized kinematic boundary condition 
on s2± is given as: 

• • • . . • • • • • • • • . • • • • . (23) 

From Eqs. (22) and (23), the 
boundary condition can be expressed: 

combined 

(on 52±) .•••.•• (24) 

2.5 Method of Convergence 

The integral equation (8) can be solved 
through a numerical process of discretization 
under the derived boundary conditions. Since 
the complex variable a<n I T) is a function 
of n and T, it is nece~sary to apply the 
conv~rgence method. The half-interval method 
is used to calculate the complex varialbe 
B(n 1 T); i.e. first an appropriate initial 
val~e of a is taken and pa and n are 
calculated, then a more accurate value o~ a is 
modified by: 

•••••••••••.••••••• (25) 

This process is repeated until the value of 
a satisfies the truncation criterion. 

3. Verification of Theory by Model Tests 

3.1 Method of Experiment 

Two series of experiments were conducted to 
verify the theory, one in which the model of 
the structure was fixed, and one with it taut 
moored on the sea bed. Both experiments were 
performed by two-dimensional model with scale 
1:40 using regular waves. The parameters used 
in the experiments were, nozzle opening ratio E 

= 1/50-1/200, incident wave height Hw = 2 m, 5 
m and wave period T = 5-15 seconds by prototype 
scale. An acrylic model was used, loaded with 
lead, and 78 cm in width, 100 cm in length and 
72.5 cm in height. The fixed tests were 
carried out to verify the model without 
including the equation of motion, and to check 
the total wave force due to the diffraction 
problem. The wave tank is 47 m in length and 
0.8 m in width, and the water depth was kept 
constant at 1.25 m. 

3.2 Comparison of Test Results and Numerical 
Values 

(1) Verification of theory in the fixed 
condition 

Fig. 3 shows the test results and numerical 
values of horizontal wave force and vertical 
wave force where a wave of height Hw = 2 m is 
incident on the fixed floating structure. 
Measured values of both forces tends to 
increase with longer periods, matching the 
numerical values well. Fig. 4 shows the 
reflection coefficient and the transmission 
coefficient in the fixed condition. Although 
the numerical values are somewhat large, they 
generally correlate well. 

(2) Wave absorption and tension fluctuations 
in the legs 

The measured and theoretical values of wave 
absorption for incident wave heights Hw = 2 m 
and 5 m are shown in Fig. 5 (a) and (b), 
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respectively. As the nozzle opening ratio E is 
increased, the transmission coefficient ~ 

tends to go down while the reflection 
coefficient ~ grows. The non-linear effect of 
the air compressibility in the air chamber on 
the wave height demonstrates that the 
transmission coefficient K,,, is smaller when 
wave height Hw = 2 m than wfien Hw = 5 m, while 
the reflection coefficient i.s opposite. The 
numerical results agree well with those 
characteristics of wave absorption. 

The values of tension fluctuations in the 
sea-side ltgs MF and the lee-side legs ~L' 

both measured ana calculated, are shown in Fig. 
6 (a) and (b), respectively. The tension in 
the lee-side legs is larger than in the 
sea-side legs independent of the wave height 

2.0 

~It 
1.0 

0 

Fig. 3 

FIXED 

Hw=2.0m 7· 
,,,...,;· 

0 
g 

• • -·-0 ·--· . 
Fx Fz e 

• o-- ·-- l/l.00 

c-·- • -·- 1/3Xl 

5 10 15 /.../B 

Horizontal wave force F and vertical 
wave force FV in the fi~ed condition 
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KR FIXED H ~.~<>II 50 
w= 2.om •···•----o 11100 

1.01-------+--------t- ::.:~::::: ~ :a5g 
0 

0 § 

1.:..J . _ _. .. 
0 15 ).18 

Fig. 4 Reflection coefficient KR and 
transmission coefficient ~ in the 
fixed condition 

and nozzle opening ratio. The larger the 
nozzle ratio E the greater the tension in the 
legs. The non-linear characteristics 
demonstrated, that the larger the wave height 
the smaller the tension in the legs, are seen 
in both the measured values and in the 
theoretical values, and this seems to be 
advantageous from the view of design ·point. 
The tension fluctuations actually measured did 
not have a harmonic waveform, but included a 
response component of higher orders at integer 
multiples of the basic frequency due to the 
incident wave. According to a study by Yoshida 
et al. (1979), a remarkable integer multiple 
harmonic resonance was measured in the tension 
response of the legs for the tension leg 
platform, and they concluded that it was caused 
by higher order components due to the 
non-linearity of waves. 

KT Ka K. 
Ko Hw =2.0m --<>--• .-u~ 
1.0 -----· 0 ----- • •-Ul.00 

-·- A -·- <I. ·-1/150 I 
0 -··- 0 -··- • • -u:m 

5 

(a) Wave height Hw 2.0 m 

KT 
KR Hw = 5.0m 

KT KR E 
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-+-<>II 50 
••••e----0 I/ I 00 

==~=:=~:mg • • 

<> <> 
.:<l.--..Q..--0·-- 0. 0 

-·-6---- ---0-------..Q ··--a----.. --.. tL_o.__..tl ------
0 5 10 15 )./8 

(b) Wage height Hw = 5.0 m 

Fig. 5 Reflection coefficient KR and 
transmission coefficient KT 
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Fig. 6 Tension fluctuations in tension legs 
(MF5 : sea-side, MFL: lee-side) 

(3) Conversion efficiency to air power 

Fig. 7 shows the test results and the 
theoretical values of water surface level 
fluctuations in the sea-side and lee-side air 
chambers. The water surface level fluctuations 
have a tendency to increase in both the 
sea-side and lee-side chambers as the wave 
periods becomes longer. When waves with short 
period are incident, the sea-side chamber 
exhibits larger water surface level 
fluctuations than the lee-side chamber. 

Similarly, Fig. 8 shows the air pressure 
fluctuations in the air chambers. The 
dependence of the air pressure fluctuations on 
the wave period resembles that of the water 
surface level fluctuations. However, the 
effects of changing the nozzle opening ratio € 

are entirely opposite. Also, the theoretical 
values are generally larger than the test 
values. 

2·0.---s-.-.-L-e_e_E--.-------...-------,.----. 
-+-01/ 50 ----e ----0 I/ I 00 
-·-.A.-·-A I/ 150 
-"-•-··-0 1/200 

0 5 10 15 )./8 

Fig. 7 Water surface level fluctuations 
in air chambers na 
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Q._ 

---· ----0 1/ 100 -·-•--6 11150 ---•-··-O 1/200 

0.5 

0 5 10 15 )JB 

Fig. 8 Air pressure fluctuations in air 
chambers P 

a 

Fig. 9 (a) shows the conversion efficiency 
from wave power to air power EFF. Fig. 9 (b) 
shows the total EFF of the combined air 
chambers and ~he measurem2nts 2f energy loss 
coefficient K (= 1 - K - K ) . It can be 
seen from Ftg. 9 (a) ~hat fhe conversion 
efficiency of the sea-side air chamber is 
higher for short wave periods than for long 
wave periods. On the other hand, the 
conversion efficiency of the lee-side air 
chamber is opposite tendency. This fact shown 
in Fig. 9 (a) can straightforwardly explain the 
DOWC concept; the sea-side air chamber absorbs 
well the incident wave power, while the 
lee-side air chamber absorbs well the radiation 
wave power. The radiation wave power due to 
the body motion may increase as the wave period 
becomes longer. The overall conversion 
efficiency can be obtained by summing up the 
both side conversion efficiency; therefore the 
DOWC device can capture efficiently the wave 
power over a wide range of wave periods as 
shown in Fig. 9 (b). 
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(4) Motion response and hydrodynamic water 
pressure distribution 

Fig. 10 shows the test results and 
theoretical values of the swaying motion. The 
numerical results quite agree with the 
experimental results. The swaying motion does 
not depend on the nozzle opening ratio. The 
trend of the swaying response is similar to 
that of the characteristics inherent to general 
TLP. The non-linear effect on the swaying 
motion is almost negligible. Fig. 11 shows the 
test results and theoretical values of 
hydrodynamic water pressure distribution where 
the wave height Hw = 5 m and the wave period 
Tw =10 seconds. Both sets of values correlate 
well, suggesting that this theoretical analysis 
can be of use in the design of the DOWC 
floating structure. 
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Fig. 10 Swaying motion 
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Fig. 11 Hydrodynamic water pressure 
distribution on floating structure 
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4. Conclusions 

(1) The proposed DOWC concept device 
efficiently converts wave power over a wide 
range of wave periods into an air power. The 
physical phenomenon of the good efficiency of 
the DOWC has been clarified by the model tests. 

(2) The mathematical model can explain 
adequately the effects of nozzle opening ratio 
and the non-linear characteristics due to the 
thermodynamic behavior. The theoretical values 
of conversion efficiency EFF, however, are 
larger than the measured values, and the cause 
of this error may be over-estimation of the 
fluctuation pressure in the air chambers 

(3) The tension in the lee-side legs is 
higher than that in the sea-side legs, and the 
larger the nozzle opening ratio the higher the 
tension. 

(4) The conversion efficiency EFF is 
for Hw = 2 m than for Hw = 5 m. The 
nozzle opening ratio is £ = 1/150-1/200 
= 25-40% can be expected. 

higher 
optimum 
and EFF 
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Abstract 

Many wave energy absorption system 

currenlly proposed can absorb wave 

energy with fairly high efficiency, 

regarding wave energy at a specified 

frequenc;,' band; but they are said to 

lower their absorption efficiency in 

irregular waves. This is due to the 

fact that while waves themselves are 

composed of wide-range frequencies, the 

natural frequency of the wave energy 

absorption system itself is basically 

a single one, and is so arranged that 

the wave energy absorption efficiency 

will become the greatest in 

vicinity of its natural frequency. 

the 

To 

overcome this discrepancy, ingenuity 

has been used to estimate the incident 

waves and ftmctionally change 

natural frequency, but this method 

the 

has 

the not yet been able to enhance 

efficiency. 

This paper verifies the validity of 

determlng the natural frequency of the 

water coltunn in the oscillating water-

coltunn-type wave energy absorption 

system, using the same concept as that 

of the water coltunn in the U-shaped 

tube, and reports the absorption 

characteristics when a plural munber of 

water coltunns, which have different 

natural frequencies, is used in a single 

system to absorb wane energy, 
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1. Introduction 

The present study has conceived that 

the wave energy absorption system is 

made to correspond to wide frequency 

bands, which the irregular wave has, 

by providing a plural munber of natural 

frequencies in a single system, not by 

changing the natural frequency of the 

system itself. 

An attempt has been made to grasp 

experimentally the wave energy 

absorption characteristics. In the 

present system, it was impossible to 

provide a plural number of natural 

frequencies in a single tmit, owing to 

the restriction in scale. 

The authors solved this problem by 

paying attention to the fact that the 

water cohunn in the U-shaped tube had a 

natural frequency, and the length of 

this water column, not its volume, can 

determine the natural frequency, 

Since the existence of a natural 

frequebcy of a single water cohunn was 

confirmed, the authors proposed a system 

which was provided with plural water 

cohunns aimed at absorbing the energy of 

irregular waves, and obtained the 

oscillation and energy absorption factor 

of the respective water coltunns. 

Also a comparision was made between 

the result of the complementary 

calculation and the result of the test, 



and some discussions were given. 

On the basis of such discussions, the 

effectiveness of the system and the 

principle were examined. And when we 

think about a real scale of the 

structure, we examined a planning system 

to set up the structure and most 

suitable shape of the structure were 

suggested. 

2. Absorption Length Ratio of a Water 

Columns 

The model which was used in the test 

had the shape shown in Fig .1. Fig. 2 

shows the test result of the amplitude 

of the water column. Solid lines in 

the figure were obtained by setting up 

equations of motion with respect to the 

water column amplitude and by changing 

damping coefficients at the respective 

frequencies. 

The abscissa of the figures 

represents 

A /B (B 

a dimensionless wavelength 

= O. 7m is used), and the 

ordinate represents a dimensionless 

quantity of the water column amplitude. 

The comparision between the test 

result and theoretical result indicated 

that ( 1 ) the existence of natural 

frequencies were observed in the 

respective water columns, (2) both the 

results showed good agreement even in 

frequencies other then the natural one, 

(3) even when plural water columns were 

installed in the same system, the 

existence of natural frequencies were 

observed as in the case of a single 

water column, ( 4) mutual interference 

between the water columns and effect of 

the radiation fluid force were minimal 

and (5) amplitudes of water columns can 

be accurately calculated with simple 

formulas. 

For the result of absorption length 

ratio shown in Fig.3, the abscissa in 
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the figure represents dimensionless A /B 

, and the ordinate represents absorption 

length ratio ( 71 ) of the water columns. 

This value of 1/ is ( obtained from the 

values of the crest voltmeter and 

damping coefficients accoding to eqs.(1) 

to (4) ),by the energy of incident 

waves. 

From the amplitudes of the respective 

water columns ( I 1 - I 3 ) , wave energy P 

absorbed by the respective water 

columns, will be 

(j=l-3) (1) 

where 1 is the length of the water 

column and g is gravitational 

acceleration. N: Damping coefficient 

w: Circular frequency 

Further, the energy of incident waves 

is obtained by the following equation: 

where h: Water depth (L2m) 

al : Ampi tude of incident waves 

k: Wave number 

p; Specific weight of water 

L: Width of model (80cm) 

The absorption length ratio of 

each water column and that of the total 

system 1/ total are obtained by 

following equations: 

3 • 
1/ total = l: 1/ J 

J•1 

.(j = 1-3) 13) 

(4) 

The caluculation result indicated 

that the absorption length ratio of the 

single water column was low, but an 

efficiency of 70% or more was obtained 

over the total system. This was the same 

performance as had been obtained by 

other conventional apparatus. 

Therefore, it can be said that the 

present shape of the system is. a proper 



one for a wave extinction 

which does not require 

conversion of wave energy, 

3. Planning System 

structure 

secondary 

When we think about a real scale, it 

can be applied to the law of Flued's 

similarity. 

Then, when the real sea were given, 

we examined a planning system to set up 

the structure and most suitable shape of 

the structure were suggested. 

An object of maritime meteorology 

which were given below. 

In case of ordinary wheather on the 

sea, when it is possible to fishery that 

can be satisfied the working ratio 

within a 80% • 

However, in case of unusual wheather 

condition, the absorption efficiency is 

covered by the stability of the 

structure itself as the same structure 

of a breakwater which are proposed at 

present. 

For example, we think 

TAGONOURA-BAY. When we set up 

about 

the 

structure for a extinction, as for the 

sea condition, we obtain H 113 = 1.43m, 

T = 4.61sec in TAGONOURA-BAY. 

H 1/ 3 Significant wave height 

T Average of period 

The planning system that determine 

shape 

Fig.4. 

of the structure was 

As for the width 

shown in 

of tube 

mouth, it is calculated by wave energy 

spectrum. 

Accroding to this planning system 

indicated that the most suitable wave 

energy absorption length ratio is given 

by 9 water columns and each natural 

frequency of columns at intervals of 

1.5sec each. shown in Fig.5 ) 

This has clarified that when we set 
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up the structure in TAGONOURA-BAY, the 

width of the energy absorption band is 

expanded ( w = O. 5"' 7 .O ) and obtain 

high absorption efficiency. 

Therefore, it can be said that 

the present the planning system is 

possible to determine shape of the 

structure for a wave extinction. 

( shown in Fig.6 ) 

4 . Future Action to be Taken 

The above-mentioned result has 

confirmed that when plural water columns 

are installed in the same system and are 

caused to absorb wane energy 

simultaneously, the absorption length 

ratio of the single water column is 

lower than that for the conventional 

apparatus. 

However, the present system as a 

whole showed high absorption energy. 

This has clarified that when the 

number of water columns is increased, 

the width of the energy absorption band 

is expanded. Therefore it will be 

possible to realize a system which can 

cope with irregular waves and obtain 

high absorption efficiency. 

Also it is necessary to examine the 

point at issue when the structure will 

be constructed on the sea. 
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W.AVE ENERGY CONVERSION SYSTEM 

WITH COMPRESSED AIR RESERVOIR 
INTEGRATED 

T. Homma, S. Ogata, H. Nakano 

The University of Tsukuba, Japan 

The purpose of this paper is primarily to propose a wave or wind 
energy conversion system integrated with CABS subsystem which is able 
to produce 3 isolated heat sources in addioion to electricity. This 
combined system has a special feature to enable one to control the 
temperature of the heat sources in order to meet the demand of user by 
making use of the thermo-electric convertor installed on the compressed 
air reservoir. This paper also describes the results of feasibility study 
based on the computing simulation on the system performance. 

1. Introduction 

In the present state of rapid evolution toward utilizing renewable 
sources of energy, wave energy is often considered to be low grade energy 
mainly on the basis of its irregularity and sharp variation in time. In spite 
of this negative aspect, the concepts and designs of wave energy 
conversion devices have variously been made aiming at small-scale 
electric power generation or direct use in the form of mechanical power. 
However, the irregularity in the energy resources necessitates additional 
energy regulation appliances and often needs the integration of some kind 
of energy storage system especially for independent use. 

On the other hand, energy storage technologies have recently 
become more and more important to improve an utility's flexibility in 
matching its generation to customer demand. Power companies are 
willing to cut back power generation as usage drops off at night and boost 
generation as demand rises during the day, combining storage installa
tions into the electric power system to meet the load in the most cost
efficient manner. 

Although many types of principle and designs have been suggested 
for the past hundreds years, the energy storage technologies in widespread 
use today are only pumped-hydro storage and lead-acid battery. Recently 
various types of new batteries such as sodium-sulphur, zinc- bromide, 
redox-flow etc. and superconducting coil are also being developed, these 
option are not yet practically available at an attractive price and in high 
reliability. Some power companies are now taking notice of compressed 
air energy storage system( CABS) as an alternative to those technologies 
above mentioned. A CAES plant can be described as a simple combustion 
turbine that has been modified to operate in separate compression and 
generation cycles. A CABS plant has additional features in the form of the 
storage chamber and a combination motor-generator that does double 
duty, powering the compressor during the. charglr1g cycle and producing 
electricity in the generating cycle. 

In spite of the situation quite different from the gross power system, 
the characteristics that both wave energy and.-CABS are originally the 
same mechanical energy, coupled with the fact that those are entirely 
pollution-free, make CABS favorable for the integration with wave 
energy conversion. A CABS is also capable to produce various heat 

sources in a wide range of the temperature by taking advantage of the 
property that the temperature of compressed air rises and drops through 
the process of compression and expansion respectively. According to the 
reseach result on the feasibility ofmini-CAES by U.S. EPRI, the smaller 
units retain the attractive features oflarger plants while offering additional 
benefits. Although little information on CAES technology is still avail
able to us, the research results obtained so far over the world indicate that 
the concept of a wave energy conversion system integrated with CAES 
appears sufficiently attractive to be the object of a continuous attention. 

The purpose of this. paper is primarily to propose a wave or wind 
energy conversion system integrated with CAES subsystem which is able 
to produce .3 isolated heat sources in addioion to electricity. This 
combined system has a special feature to enable one to control the 
temperature of the heat sources in order to meet the demand of user by 
making use of the thermo-electric convertor installed on the compressed 
air reservoir. This paper also describes the results of feasibility study 
based on the computing simulation on the system performance. 

2. System and Component 

Figure 1 shows the overall system of the wave or wind energy 
conversion system combined with CABS. The notations of variables are 
as follows, T; temperature(K), p; pressure(atm), F; compressed air flow 
rate(moVs), Q; heat flow(W), and W; power input or output(W), and their 
suffixes 1, 2, 3, 4, and 5 denote respectively specific positions in Fig. I to 
which each variab mle belongs. 

Cl compressor(adiabatic) C2 compiasor(isothcrmal) T EXPtwbinc TEC 1hcnno-elcctricconvcttor 

R variable n:sistance HR high temperature air reservoir LR low tcmperatuni air reservoir G gencnator 

low temperature middle temperature 
heat~ heat source 

Fig. 1 Wave Energy Conversion System integrated with CABS 
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The system consists of two types of the air-compressor Cl to run in 
adiabatic change and C2 to run in isothermal change theoretically, two 
compressed air reservoir HR for higher temperature and LR for lower 
temperature, turbine EXP, and the thermo-electric convertor ETC in 
addition to the wave or wind energy conversion devices. The compressor 
C 1 and C2 are driven with wave or wind power, and if the pressure p1 of 
the compressed air is 30 atm at the exit of C 1, the air temperature T 1 attains 
at a highest value of 515°C based on computation. This hot air is available 
to, for example, a combustion chamber of a gas turbine. The compressed 
air is led into the reservoir HR once to be stored and there emits a part of 
its heat flow 02 into the eledtro-thermal conversion device ETC. The 
turbine EXP can be driven to produce electricity Wt, if it is desired, over 
an adiabatic expansion of the air which is followed by a sharp decline of 
its temperature. Thus one can obtain a low temperature heat source as low 
as tens degree below zero centigrade. This cold air is once stored in the 
reservoir LR to absorbe the heat flow 03 from TEC. 

TEC consists ofN pairs of thermo-couples which are made of p type 
and n type semiconductor pieces connected in series electrically but in 
parallel thermally, and two metalic plates which hold N pairs of thermo
couple and also play a role of heat transfer between TEC and the 
compressed air in HR and LR as shown in Fig. 2. Although DC power 
output We ofTECS is much smaller than that of the turbine-generator Wt. 

TEC enable one to control the temperature distribution of the com
pressed air over the system only by means of regulating the load of it. 

T, F4 

P, 

T, 

R 

Fig. 2 TEC installed between HR and LR 

3. Fundamental Equations 

The airtemperature T 2 at the exit of C2 and equally atthe entrance 
of HR can be obtained, if p1 is given, as follows 

and the mechanical power input Wc1 and Wc2 for Cl and C2 respectively 
are written with the air flow rates F1 and F2 as 

Wc1 = F1Cp( T1 -T0 ) 

Wc2 = F2RT2 ln ( p2 / p1 ) 

(2) 
(3) 

where T0 and p0 are the ambient temperature 11nd pressure respectively. 
Similarly, T4 and Wt are written with p4 and F3 as 

(4) 
(5) 

Under the operating condition of a steady state, one can assume the 
following relations, ignoring the mechanical loss of the air flow due to its 
viscosity and friction, as 

and then 02 and 03 are written as 

Q2 = FCp( T2-T3 ) 

Q3 = F.Cp( TS-T4) 

(6) 

(7) 
(8) 

These heat flows exactly participate in the output We ofTEC. 
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Assuming that the metalic plates temperatures are Th at the side of HR and 
Tc at the side of LR, the thermo-electric motive force V due to Seebeck 
effect and the current I induced in TEC are respectively 

V = a.N( Th -Tc) 
I= V/( R +Nr) 

(9) 
(10) 

where a is Seebeck coefficient of a thermo-couple, Rand rare an external 
and an internal electric resistance respectively. 

The following relations hold among Q2, Q3, Th, Tc, and I 

02 = K( Th - Tc ) + a.ITh - (1/2)rl 2 

03 = K( Th-Tc)+ a.ITc - (l/2)rI2 
(lla) 
(llb)· 

where K is a thermal conductance ofa pair of thermo-couple. The 1st, 2nd, 
and 3rd term in eq.(11) stands for thermal conduction, Peltier effect, and 
Joule heating respectively. The power output We can also calculated by 
the equation 

(12) 

4. Steady State Solution 

Provided that the compressed air remains in HR and LR for enough 
time, or the heat transfer between the air in the reservoirs and TEC is large 
enough, for T3 and T5 approximately to coincide with Th and Tc respec
tively, it becomes relatively easy to caluculate the solution. This assump
tion can equivalently be formulated in terms of heat transfer performance 
and air flow rate as 

Ah/CpF>>l 

where A is the heat transfer area and h is surface coefficient across the 
boundary layer of the air in the reservoir for both HR and LR. 

For simplicity, a parameter "figure of merit" Z(/K) defined to char
acterize the efficiency of TEC 

z = a.2/Kr 
and two non-dimensional parameters 

m=R/Nr 
co=CpF/KN 

m=lciir Z,=0.002 

T, 
(°CJ 

180 

ISO 

800 I 4 

T, 

m 

6 7 

420 

m•• 

400 
m=3 

m•-

m=2 

3SO 

m=-

m=l 

300 

T., 
(•C) 

m=l 

m•-

m•2 
m•-

0>•3 

m•-

9 10 

Fig. 3 Temperature Variations of T3 and T5 against m 

(13) 

(14) 
(15) 



W=~ 
·10 ~=JL 

-20 

-70 

•c 

N, 
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P0 •1atm 
To•2S°C 
P1 -=30atm 
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Fig. 4 Temperature Variations ofT4 against m 
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Fig. 5 Variations of We/KV against m 
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are now introduced, taking account ofthe steady state flow conditions as 

(16) 

Substituting eqs.(7),(8), and (10) into (11) and (12) and then applying 
eqs.(13)-(16) for some arrangement, the following equations can be 
obtained. 

02 =(T-T}{l+ 2T3_ 2(T3-TS)J=ro(T-T) (17a) 
KN l 5 m + 1 2 (m + 1)2 2 l 

(18) 

In order to know the temperature distribution over the system, one 
must solve eqs.(17) and (18) in addition to eq.(4) simultaneously under a 
given condition of pl' p2, and p 4• The feature of eqs.( 17) and (18) suggests 
that such varibles as Tl' T4, T5, OjKN, O/KN, and We/KN are related 
only to Z, ro, and m. The authors have completed a computer program to 
solve these equations simultaneously in any mode of steady state. 

Fig.3 illustrates the distribution of T3(=Th) and Ts<=Th} as a 
function of m corresponding to each value of ro, under the condition of 
Z=0.002/K, p1=p2=30atm, p4=p5=latm. Fig.4 shows the temperature 
variations on T4 immediately after the expansion of the air, and Fig.5 
shows We/KN against min respect to E+ under the same condition on Z 
and p. Fig.6 illustrate the variation of heat flows 0 2 and Ol against m for 
ro =3, and Fig.7 is adaiagram of the function on Th, Tc, and We[Wc1 (in 
this case Wc2=0) against ro for m=l. 

5. Equations for Unsteady State 

There are various modes in unsteady state. Among them a typical 
mode where the difference exists in the air flow rate between one and the 
other side of HR seems to be the most interesting. In the case, for example, 
as 

(19) 

the air quantity stored in HR increases monotonously in time t. This 
results in not only pressure rise of the air in HR but also its temperature rise 
under02 =0. 

If the air flow rate F 2 has a sudden rise by A F at t=O and continues 
its value F 2=F+ AF for t>O, though F remains unchanged, the quantity of 
the air x(mol) subjects to the following equation 

(20) 

Applying the first Jaw of thermo-dynamics into HR and using 
eq.(20), the following differential equation on the airtemperature·T in HR 
can be derived as 

x(dT/dx) = Fz('fI'2-T)-F(y- l)T-0/Cv (21) 

Substitution of the steady state condition, mentioned in chaper 3, as 

into eq.(21) results in 

IfT is replaced by Tl, the above equation becomes identical with eq.(7). 

This means that T can be regarded as the air temperature T3 at the exit of 
HR. 

On the other hand, substitution of the condition as 

into eq.(21) results in dT/dt=O. This result means that, when the 
temperature of the air which flow into a ridged reservoir is just l/ytimes 
that inside the reservoir, the air temperature Tl remains unchanged. 

One can hold T3 invariant in time by setting the appropriate value 
of 0 2 in terms of the regulation on We. Substituting dT/dt=O into eqx.(21 ), 
the following relation is obtained as 

' 

or after arrangement, using Fl=F, and F2= F +AF 
0 2 = FCp(T2-Tl) +A FCp(T2 -T/y) 

Then eliminating 02 from eq.(22) together with eq.(17a) yield as 

where ro is CpF/KN as defined in eq.(15) and 

A ro = CpD F/KN 

(22) 

(23) 

(24) 

If the output of turbine Wt remains unchanbged as well as Fl and T 2, 
T4 also does not change its value after the sudden rise of P2, but Ts probably 
begins to change up or down based on the change of heat flow Or In order 
to know both m and Ts, which satisfy with the condition that Tl and T4 

remains unchanbged in spite of a change of F2 by AF, eq.(17b) should 
simultaneously be solved together with eq.(23) under a value of Aro. They 
are both non-linear equations and, therefore should be computed numeri
cally based on the calculated value in the steady state. 

6. Conclusion 

Fundamental performances have been investigated on the wave 
energy conversion system integrated with CAES and TEC, based upon the 
computer simulation about the relation of the temperature distributions 
against the air flow rate and the external load connected with TEC. The 
results on simulation describe that Tl is able to change its value as wide 
as approximately 50°Cbetween runs of TEC on open and short circuit as 
shown in Fig.3, and T4 ideally to decrease to -60°C for ro =I as shown in 
Fig.4. Fig.7 illustrates that We[Wc1 has a piak value in the vicinity of ro 
=2 under m=l but its peak value is no more than 2.5%. This means that, 
although both We and Wc1 increases with ro, Wc1 does more rapidly than 
We. This also implies that only a small fraction of the energy which is to 
be converted over the major process of the system seems to be extracted 
into TEC to make possible the temperature control. 

An example of unsteady state process has been examined theoreti
cally, but is not yet available numerically. 

This work has been carried out aiming at the simulation analysis in 
an ideal operation condition to make clear the fundamental performances, 
therefore every losses based on irreversible process such as thermal and 
mechanical dissipation are not at all treated here. Under such condition 
as being out of the rated power operation on the compressor and the 
turbine, these losses appear likely to dominate. Such problems are fully 
examined in future. 

Finally we acknowledge Dr. Y. Osawa, associated professor of the 
university of Tsukuba, for joining us in the discussion on this matter. 
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DEVELOPMENT OF WAVE-ACTIVATED PUMP 

Y. Mnabe 

Taiyo Plant Engineering Co., Ltd, Yokohama, Japan 

1. Introduction 

Making available such things as 
Japanese culture, technology, industry, 
etc. to many countries which lie on the 
Pacific rim would be helpful for the 
development of culture and the improvement 
of· public welfare in the region. In 
islands in the Pacific Ocean, there are 
some areas where they -don't have 
electricity nor sufficient drinking water. 
In those areas, they are short of not only 
electricity and drinking water but also 
salt, food and a source of power which are 
indispensable for everyone to live. In 
many cases, they don't have any sewage 
disposal facilities or . facilities like 
that and consequently they discharge raw 
sewage to rivers and the sea. As a result, 
it causes epidemics. So this is also a big 
problem for sanitation of those areas. 

2. Purpose of the Study 

The consideration about the above
mentioned matters reminds us of the fact 
that the Pacific Ocean is the vast ocean 
which contains unlimited wave energy and 
therefore it is possible to make use of 
existing wave energy by a wave-activated 
pump to produce water and salt which would 
improve their living. On the other hand, a 
source of power and water for dilution ,re 
necessary to dispose sewage. And using 
wave energy, which is clean energy, to 
drive a wave-activated pump for that 
purpose would have a great merit because 
it causes no destruction of natural 
environment. 

Contents and purpose .of this study 
are as follows. 

1. Study and development of the wave
activated pump which can· desalt seawater 
with wave energy to make drinking water 
in islands, especially isolated islands, 
in the Pacific Ocean. 

2. Study and development of the process 
in which salt is made by supplying 
concentrated seawater, which is by
product in the process· of making the 
above-mentioned drinking water, to a 
salt manufacturing plant. 

3. Study of electricity generation circuit. 
which can generate electricity by 
pressurized water which is necessary in 
the process of desalting seawater. 

4. Study and development of a source of 
power to supply water for dilution which 
is necessary for sewage disposal. 

/,-/ 

1------1-1 ,,/ ,. 

·;::r 

Fig. 
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3. Operating Principles and 
Wave-Activated Pump Construction 

As shown in Fig. 1, a float (1) is 
allowed to float on the sea surface, and a 
base block (2) is set on the sea bottom. A 
saddle (3) and a joint ring (4) that can 
freely turn are mounted on the base block. 
In the center of this joint ring is a 
cylinder (5) containing a piston (6) and a 
piston rod (7). The piston and piston rod 
are designed to move freely when set in 
the joint ring. This joint ring is 
tubular, and the joint is connected to a 
suction strainer (8) and pipe (9), as 
illustrated. The pipes are arranged so 
that, as the piston in the cylinder moves 
a check valve (10) is actuated to allow 
seawater to flow from the suction strainer 
and the joint ring through another check 
valve (11) and hose (12) to the fishery 
pond. A weight (13) attached to the bottom 
of the piston and rod pulls the piston 
down. A chain is of appropriate length to 
permit reciprocation of the piston in the 
cylinder. 

When the float, set up with another 
parts as described above, is moved 
laterally by wave action, the joint ring 
allows the cylinder to tilt in that 
direction. In this way, the energy of even 
very large storm waves can be absorbed. 
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4. Water Bath Experiments and 
Output Calculations 

3.0(SEC) 

3,Q(SEC) 

The first and second experiments were 
conducted in April and May 1985 as 
evaluations by the Oceanographic 
Development Research Division 'of the 
Oceanographic Technological Center, as 
shown in Figs. 2 and 3. The results of the 
first experiment in a water bath are shown 
in Fig. 4, and those of the second 
experiment in Fig. 5. 

The maximum efficiency in the first 
experiment was approxima~ely 3%, but in 
the second experiment, after the rubber 
packing was readjusted, this rose to 
approximately 30%. One important finding 
from these experiments is that ~f iciency 
increases with reduced friction in moving 
barts and greater wave period. 
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In November 1986, the Techno-Ocean '86 
fair was held in Kobe, where the third 
experiment was conducted using a miniature 
model in a water bath. Fig. 6 shows a 
scene from this experiment, and Fig. 7 
presents an example of results. In the 
miniature experimental setup at the fair, 
primary consideration was given to wave 
period rather than wave height to avoid 
unexpected equipment problems and 
splashing the spectators during the 
experiment. Wave period was maintained at 
3.7 seconds, approximately that of actual 
ocean waves. The experiment returned a 
value of 27%, as shown in Fig. 7, for the 
efficiency of transduction from wave 
energy. This value is considered almost 
satisfactory for a water bath experiment, 
provided that the grounds for this value 
are as follows: 

p (kgf/m3) =density of seawater, 
g (m/sec2) =acceleration of gravity, and 
H Cm) = wave height, 
the density of wave energy per unit area 
E (J/m2 ), is given by: 

E = ...!_ p 9H2 
8 Cl) 

In the design of a wave-activated 
generator, it is reasonable to consider 
the flux P (kw/m) of wave energy that 
passes through a given area of sea surface 
over a given length of time. This is 
expressed as the product of the density of 
wave energy E given by formula Cl) and the 
group velocity of waves V Cm/sec). 

Where 
L (m) = wavelength of waves, and 
T (sec) = wave period, 
the phase velocity is given by L/T. 
Since group velocity V is one-half the 
phase velocity, we have 

V = 1 L 
TT" c2> 

From formula (1) and (2): 

P = EV x 10- 3 = ...!_ p gH2 · X ...!_ _.!!._ 10- 3 
8 2 T 

Ckw/m) C3) 

For deep-sea waves, the following equation 
in either form can apply: 

L = 2 ~ gT 2 or = ~ ~:n: T = 1.56T C4 ) 

Substituting formula C4) into formula C3), 
we get: 

p = 1 p gH2 1 1 gT2 x 10- 3 
8 2T • ~ 

= P g2H2T x 10- 3 (kw/m) 
32:n: (5) 

Substituting p = 1030 kgf/m 3 and g = 
9.8m/sec2 into formula C5), we obtain: 

p = 1030 x 9.8 2 
32:n: 

. 0.98H 2 T Ckw/m) 

H2 T X 10- 3 

(6) 

Formulas ('5) and (6) represent a 
fundamental equation of energy flux 
applicable to wave-activated generators. 

In applying this equation to the float, 
the input time was assumed to be the time 
during which the float is influenced by 
waves moving forward at any velocity, and 
formula C7) was obtained by multiplying 
formula C5) by this input time. This 
assumption was deemed reasonable, and all 
calculations of wave energy in the area on 
the waterline of the float will 
hereinafter be based on formula C7). 

Po= 
p g 2 H2 T 21 
32:n: x l0- 3 X 1.56T 

1.26H21 Ckw/m) C7) 

where Po is input wave energy in unit 
width of the float Ckw/m), 1.56T is phase 
velocity of wave on the deep-sea surface 
Cm/sec), and 1 is the length of the float 
Cm). 
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5. A Model (An Example) and Design Concept 

Most of salt which is handled in salt 
manufacturing industry in Japan is 
imported, including salt for industrial 
use. This situation is very regrettable 
for Japan which is surrounded by the sea. 
And islands in the Pacific Ocean must have 
the same problem. 

Fig. 8 shows the flowsheet of the 
system to desalt seawater, make salt and 
generate electricity by the wave-activated 
pump. This system first pushes up seawater 
on shore as pressurized seawater and then 
desalts it by reverse osmosis in the water 
manufacturing plant. In this case, the 
pressurized and concentrated seawater, 
which is the by-product in the water 
manufacturing process, drives a waterwheel 
and generates electricity, and then it is 
supplied to the salt manufacturing plant. 
And after this concentrated seawater is 
changed to salt water (20% NaCl) bv 
electrodialysis, salt is made. 

The design concept is based on the 
assumption that this system is installed 
on a isolated island in the Pacific 
Ocean. 

5.1 Calculation of Required Power of Wave
Activated Pump 

Design conditions 

1. Design wave height (annual average)is: 

H = 0.8m 

2. Population and the number of households 
to be supplied are: 

400 persons or 100 households 

3. The amounts of electric power consumed 
per month are as follows. 

The amount of electric power consumed 
by a household per month is: 

250kw·H/month 

The amount of electric power consumed 
by 100 households per month is: 

Pw1 = 250 x 100 = 25,000kw·H/month 

The amount of electric power consumed 
by schools, public offices and something 
like that per month is: 

Pw2 = 25,000kw·H/month 

4. The amounts of water consumed per month 
are as follows. 

The amount of water consumed by a 
household per month is: 

30m3 /month 

The amount of water consumed by 100 
households per month is: 

30 X 100 = 3,000m3 /month 

The amount of water 
schools, public offices 
like that per month is: 

consumed by 
and something 

3,000m3 /month 

5. The amount of salt manufactured per 
month is: 

150T/month 

The amount of electric power consumed 
for electrodialysis per month is: 

PW3 = 45,000kw·H/month 
6. The amount of electric power consumed 

for sewage disposal per month is: 

PW4 = 15,000kw·H/month 

The amount of electric power consumed 
in the island per month is: 

Pw PW1 + Pw2 + PW3 + PW4 
= 110,000kw·H/month (8) 

The average amount of electric power 
consumed in the island per hour is: 

Pwo· = Pw = 153kw·H 30 x 24 ( 9) 

Pwo = 153kw (10) 

The amount of water consumed in the 
island per month is: 

q = 3,000 + 3,000 = 6,000m 3 /month 

The amount of pumped seawater required 
to make the above-mentioned water is: 

Q 0?4 = 15,000m3 /month ( 11) 

0.4 in formula (11) means the ratio of 
the amount of osmosis to the total amount 
of seawater. 

If the pressure of seawater which is 
required to make the above-mentioned water 
is 60kg·f/cm2 , then the power of the 
seawater Q is: 

PwQ = 15,000 x 1,030 
30 x 24 x 3,600 

= 35.lkw 

x 600 102 

(12) 

If the efficiency of the generator is 
80% and that of the waterwheel is 80%, 
then the required output of the wave
acti vated pump in the island is: 

p Pwo 
0.8 x 0.8 

-PwQx 0.6>< 

+ PwQ 

0.8 2 261kw (13) 
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If the efficiency of the wave-activated 
pump is 70%, then the size of the float 
is: 

P = 1. 26H 2 AF1'/ 

p 
AF = 1.26H2 1'/ 

= 462m2 

= 

(14) 

261 
1.26 x 0.8 2 x o. 7 

(15) 

Assuming that the depth of a float is 
15(m), its width is approximately 32(m). 

RAW SEWAGE 

CONCENTRATEO-

Thus, as is obvious from the above 
calculations, even if the system is of 
relatively small scale, it can supply 
sufficient electricity and drinking water 
which 400 persons in the island need for 
living. And as to the salt which is the 
by-product in that process, it is expected 
that the sharp reduction in the cost of 
manufacturing salt can be attained by 
making use of natural energy such as solar 
heat, etc. effectively in the process of 
boiling down salt water~ 

BUBBLE 
ABSORBING 
WATER 

DISCHARGED WATER 

OEHYORATOR SLUDGE TANK SLUDGE. CONCENTRATION 

5.2 Seawater Supply 
Facilities and a 
them 

Fig 9 

to Sewage Disposal 
Source of Power for 

Fig. 9 shows the flowsheet of the 
sewage disposal facilities where dilution 
by seawater is applied. A large amount of 
water is required as water for dilution in 
sewage disposal facilities. In many sewage 
works, such fresh water as subterranean 
water or water of rivers has been used as 
water for dilution. However, recently 
subterranean water shows a tendency to dry 
up, and regulations concerning the amount 
of water drawn from under the ground have 
been applied in order to cope with a 
problem of subsidence of the ground. 
Moreover, it is· inefficient economically 
to use those kinds of water, and ·there are 
problems such as delay of developing new 
sources of water, etc. For these reasons, 
it is sometimes impossible to get 
sufficient water for dilution. 

In areas such as coastal cities and 
isolated islands, where it is difficult to 
draw rivers' water or subterranean water, 
even if installing sewage disposal 
facilities is planed, it cap not be 
carried out until the problem of getting 
sufficient water for dilution is solved. 

TANK 

In areas in Japan where it is difficult 
to draw water for dilution from rivers and 
under the ground, some sewage works which 
use seawater as water for dilution are 
operated. For example, ·.there are such 
sewage works in Miura city, Kanagawa 
prefecture and in Akita city, Akita 
prefecture. 

Since the amount of seawater is 
unlimited, probably many coastal cities, 
towns and villages are interested in using 
seawater as water for dilution. 

By the way, most part of the cost 
of power required for sewage disposal 
facilities is the cost of power to draw 
water for dilution and drive aeration 
blower in aeration tank. So if both of 
these powers can be supplied by the 
pressurized seawater from a wave-activated 
pump, it is possible to operate sewage 
works at very low running cost. 
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Ta b l e 1 
(In I, OOOyen) 

It em Specification Amount 

Structural materials 
Pump (Main Body) 125, 000 

SS41 250t 

Special stainless 
II ( II ) 75, 000 

s tee I I 5 t 

Concrete b Io ck 400 m• 20, 000 
II II 

II II Valves and others I 5, 000 

Piping mater i a I s c/>200 mm x 300 m 50, 000 

Installation and Inclusive 0 f anchoring 
40, 000 

Piping c 0 st c 0 s t 

Total 325, 000 

6. Cost and its Effect 

Table 1 is an example of rough estimate 
of construction cost, including the cost 
of materials, production cost . and 
installation cost for the wave-activated 
pump and seabed pipeline which ~re used in 
this system. This system consists of a 
seawater desalting equipment, a salt 
manufacturing plant, a generator, sewage 
disposal facilities, a fish farm and other 
various equipments, and each of them is 
different from others according to its 
purpose or use. Since under ~hese 
conditions it is difficult to estimate 
the cost ~f them, in this section we 
consider the cost of power of the wave
acti vated pump including the seabed 
pipeline, in other words, a unit cost of 
generation of electricity which is the 
amount of generation of electricity 
converted to estimate the cost required 
for that. 

Assuming that durability of this system 
is 25 years, interest rate of 
investigation fund is 6% per year and 
annual cost of maintenance is 4,000,000 
yen, then the amount with interest added 
for 25 years LA comes to: 

LA = 325 ,000,000 + 325,000,000: 0.06X 25 

+ 4,000,000 x 25 = 668-,750,000 (16) 

And the total output of wave-activated 
pump for 25 years LP is: 

LP =(Pwo+PwQ-PwQx 0.6x 0.8 2 )X 24X 365X 25 
38,237,400kw·H (17) 

17.5 yen/kw·H (18) 

As shown by the result of the above 
calculations, this system is relatively 
inexpensive as a source of power for 
the various equipments, plant and 
facilities. And as to drawing seawater for 
the incidental equipments, plant and 
facilities, the above calculations are 
based on the assumption that the wave
acti vated pump is used to draw seawater to 
wharf. If any other type of pump is used 
for this purpose, extra cost is required 
to draw seawater to wharf. In this point 
of view, the wave-activated pump is also 
comparatively advantageous. 

Then as to operating conditions, wave 
energy ~hanges according to the conditions 
of the sea and weather. Therefore, it is 
advisable to operate the incidental 
equipments, plant and facilities by wave 
energy suitable for each condition. For 
example, when the waves are high, it is 
better to operate the entire system: the 
seawater desalting equipment, the salt 
manufacturing plant, the generator and the 
sewage disposal facilities. On the other 
hand, when the waves are low, it is 
preferable to operate some- parts of the 
system such as the sewage disposal 
facilities and the generator to get the 
sufficient amount of electric power 
required for the consumption of 
households. And if it is late at night, it 
is wise to operate the sewage desalting 
equipment and the salt manufacturing 
plant. The control made by these combined 
operations will enable us to use the 
system more economically and effectively. 
And since in the area of the sea where 
wave period is long, the efficiency of the 
wave-activated pump is expected to be 
raised, the much better result should be 
obtained there. 
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Finally, I hope that this system will 
help people to develop their culture, 
economy, technology, industries, etc. in 
areas where they use this system. 
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WAVE PROFILES IN THE CHAMBER OF PENDULOR 
POWER EXTRACTOR 

Satoshi Tamate*, Hideo Kondo* and Tomiji Watabe** 

* Muroran Institute of Technology, Japan 
** Dept. of Mechanical Eng., ditto., Japan 

Abstract 

Laboratory investigations have been 
performed for the wave profiles in 
chamber to find energy loss charactor 
of the pendulor power extractor. It is 
concluded that, the chamber length 
should be less than a quarter of wave 
length, and the base mound slope 
should be gentle to get lower energy 
loss and hence higher efficiency for 
power extraction. 

I.Introduction 

to Hydraulic Circuit 
I 

Cylinder --

Pendulor system is one of wave power 
extractors which recieves wave power 
with an oscillating pendulum plate in 
a caisson and transmits the power to 
hydraulic circuit (see Fig.I). 

Fig.!. Sketch of Pendulor Power Extractor 

In this study, we have investigated 
wave profile in the chamber which is 
formed with a pendulum plate and the 
caisson walls in order to get informa
tion for design of efficient energy 
conversion as well as stability of 
caisson against wave force. 

Moter 

2.Wave Profiles due to Mecanical 
Oscillation of Pendulum Plate 

This experiment had been performed 
by mecanical oscillation of pendulum 
plate driven with an electric motor 
(Fig.2). 

The distance between back wall and 
pendulum plate, "B", called chamber 
length hereafter, and wave length "L" 
were varied. The wave profiles were 
measured at the points of B/8, B/4 and 
B/2 from back wall by capacitance wave 
gages. The recorded data were analyzed 
by FFT for each points to get spectra 
of wave profiles. 

The spectrum density for B/L=0.25 
concentrated prodominantly to funda
mental frequency. When B/L<0.25, the 
second harmonic component appeared 
near the back wall. Meanwhile at 
B/L>0.25, the third harmonic component 
appeared near the pendulum plate (see 
Fig.3). 

3.Wave Profiles due to Pendulor 
Movement by Waves~ Fig.4). 

The experimental condition was 
varied for incident wave period and 
chamber length. Wave period was 
l.Q'V2.0 with the pitch of 0.05 (sec). 
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The two chamber lengths were set as 
62.60 cm and 74.65 cm. The chamber 
length was chosen to get "B" of a 
quarter of wave length in chamber for 
wave periods 1.4 and 1.6 (sec). The 
recorded data were analyzed by FFT for 
each points. 

Fig.6 shows the power spectrum of 
fundamental frequency component for 
each wave period which is essential 
for driving pendulum plate smoothly. 
In these cases, we had found approxi
matly three types of wave profile in 
chamber depending on B/L (see Fig.5). 
(1) B/L<0.18 

In this case, the chamber length is 
too small to fit a quarter wave 
length. Wave motion in chamber is 
likely to move up and down and has 
less horizontal motion. 

Waves can not attain a standing wave 
in chamber. Nevertheless they move 
like a restoring force to pendulum 
plate motion and the amplitude of 
pendulum plate becomes large. 
(2) 0.18<B/L<0.35 

In this case, the chamber length 
coincides nearly to a quarter of wave 
length. But when the chamber length 
was a little bit smaller than the 
quarter wave length, the node would 
appear seaward the pendulum plate. In 
such a condition, the second harmonic 
component appeared in chamber. 

When chamber length is larger than a 
quarter of wave length, the node 
appeared behind the pendultim plate. 
The third harmonic component appeared 
in chamber for the case. The 
components may prevent the pendulor 
from moving smoothly. These effects 
can be seen in the Fig.4. 

At B/L=0.25 which means "B" fits to 
a quarter wave length, a standing wave 
is made in chamber, and waves can 
attain a resonance in chamber. Little 
turbulent water motion is expected, 
but energy loss at pendulum plate is 
larger because horizontal water 
particle velocity is much large near 
the pendulum plate. Therefore the 
amplitude of pendulum motion is not so 
large as expected. 
(3) B/L>0.35 
In this case, the chamber length "B" 

lies between a quarter wave to one 
half of wave length. Terefore, total 
hydrodynamic forces on pendulum plate 
are deduced. 

As conclusions, when a quarter wave 
length is larger than the chamber 
length, this system gain a restoring 
force in chamber. 

When the amplitude of motion becomes 
large, it is expected that the system 
may bring high efficiency in this 
condition. But when a quarter of wave 
length is smaller than the chamber 

Fig.4. Sketch of Experiment System 2 
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length, water motion becomes turbulent 
and total hydrodynamic _forces on 
pendulum plate are deduced. Chamber 
length "B" should be set to get 
B/L < 0.25. 

4.Energy Losses of Pendulor System 

It has been already indicated that a 
standing wave is made in chamber for 
the case of B/L=0.25. Therefore energy 
loss at pendulum plate becomes large 
because horizontal water velocity is 
so large around the plate. 
Principal factors of energy losses 

are as in the following: 
(1) Energy loss in the mound on which 

caisson sits. 
(2) Friction loss on the chamber 

walls. 
(3) Energy loss in the slit between 

walls and the pendulum plate. 
In order to investigate character of 

these energy losses at each point, 
three kinds of experiment were per
formed (Fig 7): 

Type A is the case of pendulum plate 
being fixed. Type B is the case of 
pendulum plate being removed from type 
A. Type C is the case of a soild wall 
being set in front of the mound. 

Incident wave hight had been kept 
uniform in the experiment, energy 
losses at each part were expressed 
with the difference of wave power two 
kinds of experiment among the three . 
They were performed to find of energy 
loss in the mound and in the chamber. 
At first, energy loss in the mound 

was investigated with an approach 
shown in Fig. 7 (Type A,C) 

Incident wave power: 

1 
Wi = CgE = Cg-pgH2 

8 
Wi : incident wave power 

Energy loss ratio in the mound: 

Wrc - Wra 

Wi 

Wrc reflected wave power in Type C 
Wra reflected wave power in Type A 

Energy loss ratio in the chamber: 

Wra - Wrb 
~Wchamber = 

Wi 

Wrb : reflected wave energy in Type B 

In type D, the energy transmitted 
from the clearance between pendulum 
plate and caisson walls was measured 
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(Fig.7, Type D). 
It is shown in the following descrip

tion that the transmitted energy ratio 
is given by, 

transmitted energy ratio to chamber: 

Wc,D 

llWtransmitted 
Wi 

Wc,D transmitted energy to chamber 
in type D. 

From these results (see Fig 8), when 
wave period is small, energy loss 
ratio in the base mound becomes large. 
This may have been resulted from the 
fact that the vortex was made at the 
corner of mound and inflow and outflow 
water on the surface of mound when 
nodes come to near the corner of 
mound. 

When wave period is large, the phe
nomenon becomes small because node 
departs from the corner. 

Energy loss ratio in chamber is al
most s~I0% at all period, and it de
creases from short periods to large 
periods. The calculation by the 
theory was also performed by taking 
account nf boundary layer thickness on 
all walls (Fig.9). 

Energy loss in the slit was obtaind 
with the following procedure for the 
case of the fixed pendulum plate. 

Wslit loss = Wi - Wr - Wt 

Wslit loss : energy loss at slit 

Wi incident wave energy 
Wr reflect wave energy 
Wt wave energy of transmitted to 

chamber 

Horizontal water velocity is esti
mated by the wave potential of inci
dence (see Fig.9). The energy loss at 
slit is the highest for wave period of 
I.4 (sec). The reason is that wave 
nodes appear near the pendulum plate 
since a quarter wave length is made in 
chamber and the horizontal velocity 
becomes large near the plate. Mean
while two methods of theoretical cal
culation were carried out. The first 
case employed the horizontal particle 
velocity of the incident wave of 
potential theory neglecting wave 
motion in chamber. 

The theoretical result coincides with 
the experimental ones for larger and 
shorter waves as shown Fig.IO. 

The broken line in Fig.IO was ob
tained by the long wave theory by 
KOND0[2] proposed for so-called 
slotted caisson, which approximates 
well for waves of longer period. 
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Type A: Pendulum Plate Fixed 

I I 

Type B: Pendulum Plate Removed 

Type c: Parti~ion Wal I set in the front 
of the Mound 

I I 

Type o: Pendulum Plate Fixed with Clearances 

Fig.7. Experimented Method for Energy Loss 
Evaluation 



5.Conclusion. 

1. Wave motion in chamber 
When a quarter of wave length is 

shorter than the chamber length, node 
appears behind the pendulum plate and 
wave in chamber have third harmonics 
because of tubulant water motion. 
When a quarter of wave length is 

longer than the chamber length, 
standing wave nodes do not exist 
behind the pendulum plate in the 
chamber and hence the amplitude of 
pendulum motion becomes large. 

The chamber length should be set as 
B/L<0.25 for the period of predominant 
wave power. 

2. Energy loss 
Energy loss at slit on fixed pendulum 

plate becomes large in the period of 
resonance oscilation, but ratio of 
energy loss is less than 40%. But 
when pendulum plate oscillates, 10~20% 
of the incident wave energy is 
dissipated at the slit. 
Energy loss ratio at mound becomes 

large for the waves of smaller pe
riods. When wave period is large, the 
ratio becomes smaller because node 
departs from the mound slope. 
Energy loss ratio in chamber is al

most 5~10% over the experimental pe
riod, and it decrease with increasing 
the period. 

These losses must be decreased at the 
design stage of practical systems in 
the light of present study. 
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STUDIES ON MULTI-PURPOSE UTILIZATION OF THE 
OCEAN WAVE ENERGY 

T. Watabe*, H. Kondo*, Y. Kubota* & H. Yamagishi* 

* Muroran Institute of Technology, JAPAN 

Abstract 

The Pendulor system uses oscillating 

pendulum motion for efficient extracti

on of ocean wave energy. Since this 

principle is based on direct conversion 

of wave force, the system is given an 

inherently tough nature towards extreme 

overloads. 

One of the major problems with the 

OTEC system is its poor conversion ra

tio. In order to solve this condition, 

it has been proposed that the OTEC sys

tem should be combined with the Pendul-

or. 

An OTEC-Pendulor system, in which the 

Pendulor supplies the OTEC the power 

for pumping water has been studied to 

see its feasibility. In this case studY, 

the output of the system was 14% higher 

than the total output of (each) indepe

ndent operation by the OTEC and the 

Pendulor. 

When the improvement of the quality 

and the cost effectiveness are taken 

into consideration, it will be that the 

difference between the two is much lar

ger than 14%. 

Nomenclature 

AP piston area of the cylinder 

B width of pressure plate of the Pen-
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dulor 

cn constant 

constant 

constant 

displacement of the motor 

wave energy entering into the Pen

dulor during T 

g acceleration of gravity 

H wave height 

h water depth 

LI equivalent moment of inertia of the 

Pendulor (including added water) 

K restoring coefficient due to water 

elevation behind the Pendulor 

K0 restoring coefficient of the Pendul-

or 

k 0 wave number 

1 height of supporting center (see 

Fig.1) 

M amplitude of exciting moment 

M0 reaction moment of the cylinder 

N damping coefficient due to radiation 

waves generated by the Pendulor 

nm motor speed 

Po average pressure 

Q1 heat received from warm water 

Q2 heat transferring to cold water 

Q0 average oil flow 

Qw water flow 

r arm length (see Fig.1) 

T period of wave 

t time 

Tm output torque of the motor 



~ thermal efficiency 

"Y) energy absorption ratio _ 

P density of water 

w circular frequency of wave 

8 angular displacement of the Pendulor 

0a_ amplitude of the swing 

1' wave length 

1. Introduction 

A wave energy converter named the 

Pendulor system uses oscillating pendu

lum motion at resonant for efficient 

extraction of the ocean wave energy. 

Since the principle is based on a dire

ct conversion method of the wave force, 

the system is given an inherently tough 

nature towards great overloads[l]. 

From this view point, we have studied 

the Pendulor which can be used not only as 
an electric power generator but also as 

a mechanical power supplier. The system 

has been proved to have a high extract

ing ratio. But the Pendulor is liable 

to have periodic fluctuation in its 

output, which makes a prospect as a 

main power source not feasible[2J. 

However, the OTEC (ocean thermal ene

rgy conversion system) has been studied 

for many years in the world and its 

poor conversion efficiency is still a 

major problem. In order to overcome 

this predicament, an OTEC combined sys

tem with the Pendulor has been proposed 

by the authors, (because the character

istics of the Pendulor are very suit

able for driving the water pumps in the 

OTEC system[3]. 

In this paper, the optimization prob

lem of the OTEC-Pendulor system has 

been studied theoretically and its fea

sibility has been also investigated. 

.0__Con~t?.P.1:; _ _Q_f__t_l:)~_ ~u_l:!:J-::f_u_r_pgE!e_ 

!Lt i lj,_?-9-_tJ_or:i_ 

Ocean wave energy consists of two 

kinds of physical energy;- potential 

and kinetic so that the energy is desi

rable to be utilized as mechanical ene

rgy without any complicated conversion. 

Fig.1 shows the principles of the Pen

dulor. 

1 incident 

Fig.1 Principles of the Pendulor 
System 

As illustrated in Fig.1, inc~dent wa

ves are changed into standing waves by 

superposition with reflecting waves on 

them. At .the node of the standing waves, 

all energies concentrated into horizon-

tal reciprocating water flow. A pendu

lum with the pressure plate (Pendulor) 

is driven by the flow and then, the 

electric generator is supplied with me

chanical power from the Pendulor. Since 

the Pendulor absorbs the wave energy, 

the wave force towards the caisson be

comes weekened by the Pendulor which is 

set on the caisson. So, Fig.1 is an ex

ample of the use of the Pendulor as the 

energy absorber and as the wave force 

dampener too, which can improve stabil

ity of the caisson(4J. 

-474-



~.L_.Pe~c:l~lg_r_il,~-~ '1ux~.U-~J'.'.Y 

Power §~1=lFS~ 

The incident wave energy E coming 

into the Pendulor during T is written 

in the next form, when the waves are 

regular ones. 

( 1) 

The Pendulor is driven sinusoidally 

by the waves, and the motion of the 

Pendulor can be found by solving the 

equation of the motion. 

l:;Ii5+Nlt+(K0 +K)8 +Mo=Msinwt (2) 

where M is an amplitude of the exciting 

moment 

M 
PtiJY0 H 

(3) 

Y0 =kolsinhkJ1 +coshkoh-1 (4) 

The wave number k 0 = 2~/A must satisfy 

the dispersion relation w2/g=k0 tanh koh· 

The Pendulor has been studied using a 

1/6 scale model driven by regular waves. 

Fig.2(a) shows characteristics of a fi

xed type hyd. motor fed oil by the Pen

dulor. The torque Tm can be expressed 

approximately the follows. 

( 5) 

When the hyd. motor is replaced with 

a variable type one, the efficiency 

shall be improved through a wide speed 

range as shown in Fig.2(b). The lower 

the speed is, the higher the torque Tm 

becomes. It is an altered form of the 

wave force. From the torque curves, it 

is evident that the Pendulor is applic

able to even unsteady load. The torque 

Tm can be controlled by displacement of 

the motor so that torque constant drive, 
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speed constant drive, and power const

ant drive are all possible in practical 

use. 

Fig.3 shows the basic principle of 

the OTEC which is expected to become a 

trustworthy technology in the energy 

field. The thermal efficiency of the 

OTEC is shown with the one of Rankin 

cycle. 

(6) 

Since the actual temperature differ

ence between surface and deep water is 

about 20°c, ~= 3-4% might be optimal 

value. As the results, the system con

sumes 1/3 of the whole generating po

wer for pumping water at least(5). 

In a combined system;- the OTEC-Pen

dulor, the OTEC is supplied the power 

for pumping from the Pendulor as it is 

shown schematically in Fig.3. 

The output of the OTEC-Pendulor dep

ends on wave energy so that the system 

has to be set at a place where the tem

perature difference is large and wave 

energy is rich as well, (like the sea 

around Hawaiian Islands). In this sys

tem, two water pumps and a line pump 

are driven by three variable hyd. 

motors. The Pendulor supplies oil to 

them. If, the moment which acts onto 

the Pendulor as supplying oil, is adjus

ted in an even level of the moment by 

generating waves, the power flow to the 

motors achieves maximum value. This is 

the optimal condition[l]. 

The average oil flow Q0 and the aver

age pressure p 0 are written in the next 

forms, when the Pendulor is running at 

the optimal condition[6]. 

. 1.6&arAp_~2rApk0Z0H 
Qo~- T -TY0 sinhk0 h (7) 



. 0.8N9 
Po"' rA p 

kaZa H 
4Y0 sinhk0 h ·2 

N 

(8) 

( 9) 

( 10) 

(11) 

Besides the hyd. motor, its output 

torque Tm and speed nm are expressed 

next. 

(12) 

(13) 

and when the motor drives water pump 

directly, Tm is written by the next 

equation. 

(14) 

Equation(14) shows that the torque Tm 

varies widely as changing the oil flow 

00 , when Dm is fixed. Since Oo is pro

portional to the wave height H, and H 

never takes a constant value at natural 

sea condition, the results expressed in 

equation(14) are unpractical because of 

the high torque. 

In order to improve this state, we 

consider a case in which fixed motors 

have been exchanged with variable ones, 

and the displacement Dm is controlled 

with Oo as follows. 

(15) 

Substitute equation(15) in equation(14) 

we get the next relationship. 

(16) 

(17) 

Fig.4 shows 00 , p 0 , Ow, E and Tm versus 

wave height H. 

5. Conside_!_'at;i()_l'.:l~ 

Since the output of the OTEC-Pendulor 

system depends on water flow Ow direct

ly, the results shown in Fig.4 are very 

preferable for this system, (because 

the flow Ow does not decrease rapidly 

when the wave power E decreases). The 

OTEC-Pendulor would be hardly influen

ced by the wave 's pulsation in the out

put. It allows the Pendulor system to 

become the simpler. 

When the OTEC-Pendulor is installed 

on a floating body of water, the Pen

dulor can dampen the mooring force of 

the body (7) . 

Fig.5 shows a case which an OTEC cou

pled with a 3000kW generator and a Pen

dulor driven by a 2000kW wave power are 

running independently with each other. 

The net output of the OTEC is 1830kW, 

because in the case of using the OTEC 

system independently, the system needs 

1170kW for water pumping and besids, in 

the case of using the Pendulor system 

independently, the system generates 800 

kW, which is not of high quality. 

Therefore, in the case of using each 

system independentl~, we can get only 

2630kW. 

Comparing with Fig.5, an OTEC-Pen

dulor generates 3000kW of good electri

city in the same condition. The output 

lOOOkW of the Pendulor can utilize wa

ter pumping directly. The net output of 

the system is 370kW (14%) larger than 

the case of Fig.5. Considering the qua

lity and the cost effectiveness, the 

difference between the two is more than 

14% [3J. 

In another case, the Pendulor has 

been proposed for desalting process. 

The concept includes a high pressure 
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water pump, and displacement type (pro

bably a piston type pump is most suit

able for this purpose, but the pump has 

a difficulty to be driven because of a 

torque variation). The Pendulor can be 

applied as the driver of the pump by 

reason of its torque characteristics. 

6. Conclusions 

In order to utilize ocean wave energy 

in broad fields, the multi-purpose uti

lization of it is useful, the Pendulor 

system is one of the most appropriate 

system, because of its high adaptabil

ity as a power source. 

The OTEC which is supplied pumping 

power by the Pendulor, can improve the 

efficiency and the Pendulor can be made 

the simpler as well. 

The total output of independent oper

ation with a 3000kW OTEC and a 800kW 

Pendulor is 370kW less than the total 

output combined operation with the same 

systems. 
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POWER GENERATIONS FROM TIDAL CURRENTS 

S. Kihoh*, K. Suzuki*, M. Shiono* 

* Nihon University, Tokyo, Japan 

Abstract 

This paper reports the method of 
electric power generation from tidal 
currents and test results of the system 
which is specially designed for this 
purpose. The system consists of a 
vertical axis turbine, a accelerator, 
an electric generator, and a control 
unit. The turbine is vertical axis 
Darrieus rotor, and has three blades. 
The real test in tidal currents was 
conducted from 1983 to 1988, at 
Kurushima straits, and its results are 
discussed. 

Introduction 

Attention is gathered on the use of 
renewable energy as a substitute of 
fossil fuels. Among others, the tidal 
energy has been studied for 50 years. 
Most of such studies, however, were 
related to optimum location of tidal 
power stations. It is believed that 
average tidal range of 5 m of more is 
required for effective tidal power 
generation with the efficiency of 
wheels taken into consideration. It has 
been also accepted that the energy 
effectively recovered from the tidal 
motion is in proportion to the square 
of tidal range. The tidal range is 
lower than 5 m at any place in Japan 
due to the topography. The authors have 
conducted experiments on tidal power 
generation from the tidal currents 
without blocking at bay or strait. This 
method may be effectively applicable to 
power generation by the river flow with 
low head. The tidal currents have a 
high energy density as compared with 
winds, solar photovoltaic power, solar 
heat and temperature difference in 
ocean [1]. The period of tidal crrents 
is definitely governed by the relative 
motion of the sun, the moon and the 
earth. As it is about 12 hours 25 min. 
[2], it cannot be synchronized with the 

daily power demand curve, although it 
can be used under established schedule. 
For these reasons, the authors 
conducted the experiments with the 
Darrieus type turbines which can take 
up the energy without regards to the 
direction of flow. We also conducted 
power generation experiments three 
times on-site at the Kurushima Straits. 
The paper presents description of the 
power generation systems and data 
obtained from the test channel 
experiments. 

1. Tidal Currnt Power Generation Unit 

Fig.1 shows the configuration of the 
experimental apparatus employed. The 
generator and related units are 
fastened on the bottom (in dotted line) 
and control and measuring units are 
installed on the ground and connected 
to the generator with cables. As the 
flow speed meter is durable to sea 
water only for very short time, the 
flow speed at the location of generator 
was estimated indirectly. The flow 
speed near the generator was measured 
by flow speed meter to establish the 
relationship between the flow speed and 
the flow and tidal curves at the 
channel of Kurushima Straits announced 
by the Maritime Safety Agency[3]. The 
flow speed at the location of generator 
can be estimated by the flow and tidal 
curves for the date of experiment using 
the relationship. Side views of the 

f""""""'"""'""""""'""""'''""'""""""""""l 

! urbine ! 
i i 
I ; 

I I 
I I 
! i 

I ! 
Control unit 

l ....... ~.~ .. ~.~ .. ~·~·~·~ .. ~ ........................ ,_: _,~r r a n s former 
Generator and 
related units 

Load unit 

Rectifier 

Fig.1 The configuration of the experimental 
apparatus empJo~ed. 
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Fig.2 Generator and related units 

Table 1. Structure and dimension of generation unit 

Hight 4.2m 
Total weight 3.9t 
Turbine Darrieus type (3-blades) 
Blade type NACA63a·0018 
Blade chord (Solidity) 0.3m (0.179) 
Blade quality of the material CFRP and GFRP 
Blade weight lOkg/blade 
Generator's rated output 5kVA 
Generator's rated rotation 525rpm 
Generator's rated voltage 200V 
Generator's phase 3 

generator and related units used are 
shown in Fig.2. Dimensions of the 
experimental unit are listed in Table 
1. 

1.1 Turbine 

The energy of tidal m·ation varies 
along time and is reversed at every 6 
hours. Sabonius and Darrieus turbines 
are typical for those which convert the 
motion energy in alternating directions 
to revolving energy in a constant 
direction. 

The Sabonius turbine, a reactional 
type, has a high starting torque, 
rendering an advantage of automatic 

6111 Flow speed (m/S) 

0 • 111. 59 ~ 
~ 5111 0 • 111. 51 o 2foo 

!:i Darrieus 

"" !:i .A. 111. 4 3 OOJ 
0 
c: x + 111. 34 !:i 0 
0 4111 .._ !:i 0 .._ 0 
Q) x 
Q) x !:i 
c: 3111 0 
..c 

~ . x 
..... t:io 
::l x 
I-

2111 • .. 
+11 

x 
x 0 

\ Sabonius x !:i 
1111 

t <ti 

lil 
111 2 3 4 

Tip speed ratio 

Fi93. Comparison between the Darrieus type 
characteristic and the Sabonius one. 

starting by extremely low speed flow. 
However, its efficiency and the 
utilization factor of effective flow 
speed are low as compared with other 
types of turbines. Values of efficiency 
is in a range between 20-30 %. Sabonius 
type is not suited for the power 
generation or large scale operation. 

The Darrieus turbine is 
modification of the Darrieus type 
mill invented by G. J. Darrieus 
application to turbine. 

a 
wind 

for 

Using the Darrieus turbine, the 
authors conducted experiments to obtain 
revolving power from the tidal 
currents, for reasons: the direction of 
flow changes periodically; the lift 
type turbine causes the perimetric flow 
with a speed higher than flow speed, 
and; it has a high efficiency. 

Fig.3 compares the output efficiency 
of the Sabonius and Darrieus type 
turbines in a channel experiment. While 
the efficiency of Darrieus type is 
obviously higher than the Sabonius 
type, its efficiency much low at low 
flow speed. This is the reason for the 
difficulty in starting the Darrieus 
type turbines. The tip speed ratio of 
the Sabonius type does not exceed 1 as 
it is a reaction type, whereas the 
ratio of the Darrieus type is 2.1 or 
higher as it is a lift type, proving it 
to be high speed of rotation and low 
starting torque, applicable to the 
power generation. 

The Darrieus type turbine used in 
the experiment has the vertical axis, 
around which three blades are mounted 
at equal interval, as shown in Fig.4. 
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Three-blade type.was selected for the 
ease of gaining of sufficient torque at 
any position of blades as the peak 
values of the torque would be 
distributed in 120 degrees. As a 
result, the variation of revolving 
force per rotation is significantly 
improved as compared with single or 
two-blade turbine. An example of 
calculation is shown in Fig.5. 

Denoting 
blade as (} , 
given by: 

a:=tan- 1 

the angular position of a 
the angle of attack a is 

( sine ) 
cose + il 

(1) 

where, il : Tip speed ratio 

The revolving force applied to the 
blade F is given by: 

F=Lsina:-Dcosa: (2) 

where, L: Lift, D: Drag 
Calculation of F/Fmax for (} gives 
values as shown in Fig.5[4][5]. 

1.2 Accelerator 

The revolving force obtained by the 
turbine is transmitted to the 
synchronous generator through an 
accelerator. The speed of revolution of 
turbine is increased nine times by the 
accelerator so that the number of 
rotations of the generator is 
maintaining above the rating even with 
low flow speed. 

1.3 Generator And Its Control 

A synchronous generator is used, 
with ratings shown in Table 1. The 
power generation is initiated when its 
rotation reaches 200 rpm and the 
generator is excited. The generator is 
controlled by either of the maximum 
output control or the constant exciting 
current control. In the maximum output 
control mode, the speed of rotation is 
detected by rotation meter, although 
the efficiency of the generator 
inevitably varies due to the 
fluctuation in the flow speed, and the 
exciting current is automatically 
controlled so that the maximum output 
is delivered at any number of rotation 
according to the output characteristics 
curve. The constant exciting current 
control mode is applied for the case 
where the rated speed of rotation 
cannot be maintained. 

1 . 4 Load Unit 

Star-connected variable resistors 
are used as loads in the 
characteristics test of the generator. 
Batteries are used for load of the long 
term test of generator. Floating charge 
is employed for the batteries by 24 V 
DC through a transformer (7:1) and 
rectifier. DC power is 24 V and is 
supplied to the lamps for the night, or 
it was converted to 100 AC by an 
inverter and similarly supplied for 
lighting in the night. The power supply 
cannot be matched to power demand load 
curve as the tidal current changes at a 
period of 12 hours 25 min. However, the 
power can be used according to 
established schedule using the battery 
charging. For the purpose, 
determination of battery capacity is 
significant. 

2. Results 

Experiments with test channels were 
conducted in 1982-83 as a basic study 
of tidal power generation. Main 
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subjects included: comparison between 
.the Sabonius and Darrieus types, 
comparison of straight blade and curved 
blade of the Darrieus turbine, and; the 
automatic starting characteristics. 
Experiments in 1983 and subsequent 
years were conducted at the Kurushima 
Straits. The first experiment (August 
1983) was conducted with the generator 
installed at the sea surface[6][7]. The 
generator was modified for installation 
on the sea bottom and the second 
experiment (July - August 1984) was 
done with it[8]. The third experiment 
with the sea bottom type generator with 
reduced weight of blades was carried 
out for three years (August 1986 
1988). Results form these experiments 
are described below. 

2.1 Tidal Current And Measurement Of 
Flow Speed[9] 

The tidal current is a periodic 
horizontal movement of sea water caused 
by the tidal phenomenon. Therefore, the 
period of tidal current is 12 hours 25 
min. in average with alternating 
direction four times a day. Similar to 
the tidal motion, tidal current is weak 
in the outer sea but very strong in 
narrow straits, generally accompanied 
with swirls of various size. The tidal 
current at the Naruto Straits exceeds 
10 knots (1 knot = 0.51 m/s ) at the 
maximum. The currents also exceed 10 
knot at Kurushima and Ondo Straits in 
the Seto Inland Sea and channels in the 
Ariake Bay. Fig.6 shows a tidal curve 
with time-dependent changes at the 
location of the generator . for the 
experiment. The highest speed at the 
location is about 33 % (north current) 
of that at in Kurushima Straits. It was 
found that the south current is far 
slower than the north current because 
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of topography. Speed, curve of flow, 
difference between directions and 
swirls significantly affected by the 
topography as well as the relative 
motion of the sun, moon and earth. 
Therefore, data of only the north 
current is used for characteristics 
described below. 

Propeller type flow speed meter is 
used for measurement of flow speed. The 
speed is also indirectly determined for 
the long term experiment based upon a 
number of basic experiments. 

2.2 Characteristics Of Turbine [9] 

Of components of tidal power 
generation system, the characteristics 
of turbine for conversion of tidal 
energy is one of the most significant 
factors for the system characteristics. 
Fig.7 shows the characteristics of a 
Darrieus type turbine. The vertical 
axis represents the turbine efficiency, 
equal to the axial output or the total 
of the generator output, mechanical 
loss and loss by the resistance of 
windings including cables divided by 
energy of the flow. The turbine 
efficiency is closely related to tip 
speed ratio, which gives a curve shown 
in Fig.7. With high tip speed ratio, 
the turbine efficiency is reduced as 
the angle of attack is small and the 
rotation force is small. Is is found 
that the highest efficiency 56 % of the 
Darrieus turbine is attained at the tip 
speed ratio equal to 2.1 for each tidal 
flow speed. 

Comparison with data from 
experiments indicates similar 
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2.5 Flow speed (m/s) 
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Fig.8 Output characteristics of the generator 

with the ocean experiment, showing the 
maximum efficiency 54 % at the tip 
speed ratio of 2.1. The efficiency of 
ideal turbine in free flow is 59.3 %. 

2.3 Power Generation Characteristics[9] 

The number of rotation and output 
characteristics of generator is shown 
with the flow speed as the parameter in 
Fig.8. With the fact that the energy 
of flowing fluid is in proportion to 
the cube of the flow speed taken in 
consideration, the ideal operation with 
the maximum power is possible by 
excitation of the generator with 
exciting current corresponding to the 
dotted line connecting the maximum 
value of each curve. When the 
excitation current is controlled to 
maintain the number of rotation at 
constant, the output frequency is kept 
constant. 

2.4 Operation Characteristics (Long 
TerJn.H 1 o] 

Fig.9 records total daily power 
outputs and daily averages of maximum 
flow speed for a month (March 1987). 
The flow speed varies at a period of 
about 13 - 14 days under the influence 
of the lunar age, accompanied by 
changes in total power output. 
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Fig.10 compares the monthly average 
of total power output in half period 
and monthly average maximum flow speed 
for a long term from the installation 
of the generator. It is shown that the 
average power output is larger with the 
larger average maximum speed of flow. 
The total power output decreases 
slightly after certain time elapsed. 
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2.5 Decrease Of 0Qeration Period[lO] 

Following comparisons were made in 
order to determine the cause of 
decrease of power output. Fig.11 
compares between data of January and 
August of the changes in maximum number 
of rotation of generator for the 
maximum flow speed with assumption of 
the constant load. As a good agreement 
is shown between distribution of 
measured data for these two months, the 
rotation characteristics of turbine 
apparently did not change for a long 
term of time. 

Fig.12 compares changes in power 
generation period for the maximum flow 
speed in January with that in August. 
The duration of power generation in 
January is longer than that in August, 
suggesting that the difference of 
average power output between these two 
months is caused by the difference 
between the duration of power 
generation (period from start to stop 
of operation). 

The reduction of power output is 
caused by the decreased duration of 
power generation despite of little 
changes in the rotation characteristics 
of turbine. The cause of reduced power 
output is estimated to be the 
deterioration of the starting 
characteristics due to the difficulty 
of starting the turbine. This is likely 
to have been caused by the increased 
drag to the rotation of turbine blades 
due to deposition of suspended 
materials and living organisms in the 
water. The stable power output is 
expected throughout a year by improving 
the starting characteristics (rotation 
power for start) so that it can be 
started at low flow speed. 

3. Conclusion 

A number of characteristics of tidal 
power generator were measured using 
Darrieus type turbine. Following 
findings were obtained by the long term 
experiment of the power generation in 
hard marine environments. 

1) The power generation 
when the flow speed is 
knots) or higher. 

is 
1. 0 

possible 
m/s (2 

2) High performance was affirmed by the 
experiments in channel and in ocean. It 
is sufficiently practical. 

3) Continuous operation for a long term 
is possible by preventing the increase 
of drag to the rotation due ta 
deposition of marine organism and 
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suspended substances to solve the 
deterioration of starting 
characteristics of turbine. For 
location and system of power 
generation: 

4) The present system was 
meet the requirements for 
of ship navigation, 
environment and the status 
as possible. The power 
significantly affected 
topography. 

selected to 
conservation 

fishery, 
of straits 
output is 

by the 
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5) The problem of installation of many 
generators on the bottom is solved. 
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AN ANALYTICAL ESTIMATION OF THE POOL LEVEL 

IN OPEN-CYCLE OTEC EVAPORATORS 

Gerard Claude Nihous 

Pacific International Center for High Technology Research Honolulu, Hawaii, U.S.A. 

Abstract 

The minimum water level above the 
evaporator baffle plate required to drain 
warm seawater from Open-Cycle Open 
Thermal Energy Conversion flash evaporators 
is analytically estimated. A potential-flow 
solution is first sought, with the spray of 
droplets originating from the spouts modelled 
as a uniform vertical two-dimensional 
source. The resulting fluid kinematics is 
used as an input to assess the effect of spout 
geometry upon the flow. 

1. Introduction 

One of the heat exchangers needed in the 
Open-Cycle Ocean Thermal Energy Conversion 
(OC-OTEC) is an evaporator consisting of a 
vacuum chamber, where warm surface 
seawater, at about 25°C, is partially flashed 
into steam. This steam is the thermodynamic 
working fluid for OC-OTEC as it flows 
through a low-pressure turbine. The 
preferred design for such evaporators 
consists of a baffle plate fitted with many 
inverted vertical spouts through which the 
warm seawater is fed into the vacuum 
chamber. Plants corresponding to net 
electrical outputs of 1 MWe and above would 
typically require hundreds of spouts. It is 
desirable to keep the spout length at a 
minimum to avoid a large water-side 
pressure drop; in addition, shorter spouts 
would allow a better predeaeration of the 
warm seawater (removal of evolved non
condensable gases prior to flashing) below 
the baffle plate because of a lower possible 
predeaereation pressure. 

Spout length should be selected to prevent 
flooding, and, to a lesser extent, to ensure a 
sufficient evaporator thermodynamic 
effectiveness. The actual level above the 
baffle plate should provide enough head to 
overcome all hydraulic losses through the 
warm water discharge loop, from the 
evaporator to the discharge sump. 
Calculations of water levels are given, for 
example, in Wassel and Ghiaasiaan (1983). 
The present study shows how the minimum 
water level may be estimated in OC-OTEC 
evaporators as a function of water flow rate, 
baffle plate radius, spout diameter and 
density. First, a potential flow solution for 
the drainage of the axysymmetric baffle plate 
is determined in terms of modified Bessel 
funtions; the geometric presence of the 
spouts is not included, but the flow from the 
shattered jets originating from the spouts is 
represented by a uniform two-dimensional 
vertical source at the pool free surface. 
Under some realistic assumptions, a 
universal water profile is obtained in terms 
of a properly-chosen set of non-dimensional 
variables. Next, the potential radial velocity 
field is used in combination with a simplified 
form of Morison's equation to evaluate the 
additional pressure drop ( head loss ) caused 
by the cylindrical spouts. Frictional loss on 
the plate itself is negligible. Then, the 
overall water level may be determined as a 
function of radial coordinate, and, thereby, 
the minimum spout length required to prevent 
spout flooding can be assessed. 

-486-



2. Potential Flow Solytion 

For this initial step of the solution 
procedure, the spouts are ignored altogether. 
Moreover, water is assumed to be inviscid and 
the flow irrotationa!. Because of a symmetry 
about the baffle plate axis, the fluid domain 
to be considered is bounded between r=O and 
r=R radially, and between z=O and Z=Z(r) 
vertically. Laplace's equation for the 
velocity potential <p(r,z) may be written as: 

Fluid velocity radial and vertical components 
u r and u z are defined as CJcp/CJr and CJcp/ a z, 
respectively. 

Two of the boundary conditions for this 
problem are: 

CJcp/CJz = 0 at Z=O (2) 
(impervious baffle plate bottom) 

cpis bounded at r=O (3) 

Separation of variables in (1) yields, with 
cp(r,z)=A(r)B(z) and each prime superscript 
referring to derivation: 

A"/A + A'/(Ar) = -B"/B = ±k2, k~O 

Applying (2), and discarding solutions 
with a logaritmic behavior at r=O such as 
Log(r), Yo(kr) and Ko(kr) by virtue of (3), one 
is left with q> (r,z) a linear combination of 
functions such as cosh(kz)Jo (kr) and 
cos(kz) IQ(kr). The former type is typical of 
radially symmetrical wave potentials 
because of the oscillatory nature of Jo; on 
the other hand, lo, like all modified Bessel 
functions of the first kind, monotonically 
increases from a finite value. Since ur is 
expected to monotonically increase between 
baffle plate axis and edge, the solution of 
equations (1 ), (2) and (3) is chosen to be, by a 
heuristic argument: 

cp(r,z) = Ccos(kz)IO(kr) 

Then, we obtain ur = Ckcos(kz)l1 (kr) and 
uz = -Cksin(kz)IO(kr). The two constants k 
and C must be determined by applying 
additional boundary conditions at r=R and 

z=Z(r). As water is discharged over the 
baffle plate edge, we assume that Z(R) is the 
critical depth Zc, defined as the cubic root of 
Q2/g; this corresponds to a flow over a fall, 
as discussed in Binder (1973), and should 
yield a "minimum" pool level. Then, we have 
the following discharge condition at r=R: 

Zc 

a = J Ur dz = Csin(kZc)l1 (kR) 
0 

(4) 

The flow is fed from above by the spray of 
falling droplets which originate at the spout 
exits; these droplets carry momentum and 
energy as they hit the pool surface, 
generating chaotic wavelets and ripples; this 
aspect of the problem is neglected, however, 
and the spray contribution is modelled b.y a 
uniform two-dimensional vertical source q 
equal to V/(7tR2). A vector normal to Z(r) 
(pointing outward) is n{-dZ/dr,1}, and the 
outflow across Z(r), i.e. the scalar product 
u.n, must be equal to -q, yielding: 

cos(kZ) I 1 (kr) dZ/dr -sin(kZ)IO(kr) =-qi(kC) (5) 

Before proceeding further, we can express 
the conservation of momentum anywhere in 
the fluid by means of Bernoulli's equation, 
Laplace's equation being only kinematic in 
nature: 

{ ur2 + uz2 }/2 + gz + p/p = constant 

Differentiating the above equation with 
respect to r along z=Z(r), where p is the 
constant evaporator ambient pressure, yields: 

dZ/dr = - ( urdur/dr + uzduz/dr )/g (6) 

Since 11 (0)=0, and 11 is the derivative of 
IQ, duz/dr, ur, and thus, dZ/dr vanish at the 
origin, which is physically expected; 
applying this result to (5), for r=O, and 
calling Zm the water level there, we obtain: 

sin(kZm) = q/(kC) 

i.e., using (4) and the definition Q = qR/2: 

sin(kZm) = 2sin(kZc)l1 (kR)/kR (7a) 

Integrating (6) between r=O and r=R, and 
noting that uz(O)=-q, yields: 
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Zm - Zc = { ur(R)2 + Uz(R)2 -q2 J /(2g) (7b) 

or, after substituting the values of ur(R) and 
Uz(R): 

(Zm-Zc)/Zc = (112) kZc)2 { 1/tan2(kZc) + 
lo(kR)211 (kR)2} - q2/(2gZc) 

(7a) and (7b) are two equations in the two 
unknowns Zm and k. At this point, we assume 
that kZ(r) << 1. In addition, we define the 

* non-dimensional free-surface elevation Z = 
Z/Zc, and the problem characteristic number 
11 = kR. Thus, (7a) and (7b) become: 

Zm * = 211 (11)/11 

Zm * = 3/2 + {kZclo(11)/l1 (11)}212 - q2/(2gZc) 

The numerical solution of these equations 
in Zm and 11 was performed for the warm 
seawater flowrate (6.0 m3 /s) and baffle 
plate diameters (6.35 and 4.1 m) 
corresponding to the two evaporators of the 
OC-OTEC plant design described in Nihous, 
Syed and Vega (19S9). For these cases and 
for all practical conditions, Zm * = 3/2 so 
that 11 is the solution of 11 (11) = 311/4, i.e. 11 = 
1.S6. This leads to a "universal" potential
flow pool elevation z* (r*), with r* = r/R, 
shown on Figure 1: retaining only the leading 
term ur2 /(2g) when integrating (6), with 
kZ(r) << 1, yields: 

(Sa) 

Additional quantities are utilized in the 
following section. Non-dimensional radial 
velocity and acceleration, ur * and ur'*, and 
integrals D and E are defined below: 

ur* = ur/°'1gZc = 11 (r*11)/l1 (11) (Sb) 

ur'* = (R/gZc) urdur/dr = 1111 (r*11){lo(r*11)-
l1 (r*11)/(r*11)}/l12(11) (Sc) 

1 

E = J ur•*dr* = 1/2 (Sd) 
0 
1 

F = J ur*2dr* = 0.25 (Se) 
0 

3. Spout Head Loss 

As seawater is drained across the baffle 
plate, we assume that the force F exerted by 
the fluid upon each vertical cylindrical spout 
can be simply represented by Morison's 
equation, with "far-field" fluid kinematics 
corresponding to the potential flow solution: 

F(r) =0.5pCdDZur2 + 0.25pCm1tD2Zurdur/dr (9) 

Because of the great number of spouts (Ns 
>> 1), these are considered to be uniformly 
distributed with the density (Ns/xR2). While 
the fluid moves from r to r+dr, it is exposed 
to 2xr( Ns / x R 2 )dr spouts and the force 
required is 2xr(Ns/1tR2)dr times F(r), 
through the vertical surface 2xrZ: the 
pressure drop incurred by the fluid between r 
and r+dr is then (Ns/1tR2)F(r)dr/Z. The 
additional pool elevation Hs(r) due to the 
presence of spouts, at a given radial 
.coordinate r, is equal to the cumulative head 
loss (pressure drop divided by pg) between r 
and R: 

R 

Hs(r)=NsD/(xgR2)J(0.5Cdur2+ 
r 

O .25CmxDu rdur/dr)dr 

Using definitions (Sb) and (Sc) yields: 

1 

Hs * (r*)=NsD{f (0.5RCdur*2+ 
* r 

0. 25Cm xD u r'*)dr*}/(1tR2) 

By virtue of (Se) and (Sf), it can be seen 
that Hs * (0) ... NsD { RCd + CmxD } /(S1tR2). 

Figure 1 shows Hs*(r) for Ns = 122, D = 
0.25 m, Cd= 1, Cm= 2, V = 6.0 m3/s, R = 6.35 
and 4.1 m. Overall dimensional pool levels 
Z(r) + Hs(r) are plotted on Figure 2. 

4. Conclysjon 

The present model permits the 
assessment of minimum OC-OTEC evaporator 
spout length and pool level as a function of 
warm seawater flow rate and baffle plate 
radius. It is applied to the case of a 1 MWe 
plant design to evaluate the effect of 
reducing the baffle plate radius from 6.35 m 
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to 4.1 m, for a volu·me flow rate of 6 m3/s; 
the minimum pool level is shown to rise from 
less than 0.25 m to about 0.35 m. 

Nomenclature 

A : r-dependent term in cp 
B : z-dependent term in cp 
C proportionality constant in cp (m2/s) 
Cd : spout drag coefficient 
Cm : spout added-mass coefficient 
D : spout diameter (m) 
F : force exerted by the fluid upon one 

vertical spout (N) 
g : acceleration of gravity (m/s2) 
Hs : head loss due to the presence of the 

spouts (m) 
H s * : non-dimensional head loss, Hs/Zc 
k : characteristic inverse-length (m-1) 
n : a vector normal to Z(r), {-dZ/dr, 1} 
Ns : total number of spouts 
p : pressure (Pa) 
q two-dimensional source strength, 

V/(nR2) (m/s) 
Q discharge, V/(2nR) (m2/s) 
r radial coordinate measured from 

baffle plate axis (m) 
* r non-dimensional radial coordinate, r/R 

R baffle plate radius (m) 
u fluid velocity vector, {ur, uz} 
u r radial velocity (m/s) 

* u r non-dimensional radial velocity, 

Ur 

Uz 
v 

z 

z* 

•* 

z 
Zc 
Zm 

Tl 
cp 

p 

ur/"gZc 
non-dimensional radial acceleration, 
(R/gZc)urdur/dr 
vertical velocity (m/s) 
evaporator volumetric flow rate 
(m3/s) 

: vertical coordinate measured upward 
from pool bottom (m) 

: non-dimensional pool free-surface 
elevation, Z/Zc 

: pool free-surface elevation (m) 
: critical depth at baffle plate edge (m) 

(maximum) water level at baffle plate 
axis (r=O) (m) 
charateristic number, kR 
velocity potential for the radially 
symmetric problem (m2/s) 
fluid density (kg/m3) 
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Figure 1 - Non-dimensional potential-flow pool-level profile and 
spout-induced head losses (V = 6 m3/s, R = 6.35 m and 4.1 m). 
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Figure 2 - Pool-level profiles (V = 6 m3/s, R = 6.35 m and 4.1 m). 

-490-



NEAR TERM MARKET POTENTIAL FOR OTEC IN THE 
PACIFIC BASIN 

L. A. Vega, A. R. Trenka 

Pacific International Center for High Technology Research Honolulu, Hawaii, U.S.A. 

Abstract 

A straightforward analytical model is developed to 
compare the cost of electricity produced either with OTEC 
or with petroleum or coal-fired plants. Two generalized 
markets are considered: industrialized islands (e.g., Oahu, 
Taiwan); and, smaller less-developed islands with modest 
needs (e.g., Molokai, Western Samoa). The model is 
used to establish scenarios under which OTEC could be 
competitive. 

Given the stage of development, it is postulated that 
the first OTEC commercial plants will be 1 to 10 MWe 
land-based plants designed for the less-developed islands. 
The analysis shows that these plants will have to be based 
on the open-cycle principle wherein desalinated water must 
be produced to offset the, relatively, higher cost of 
electricity; and, that their commercialization must be 
preceded by the installation of a demonstration plant of at 
least 1 MWe and 3,500 m3, of desalinated water, per day 
production capacity. This plant would be used to obtain 
operational information and optimize the design of the first 
generation of commercial plants. 

It is determined that plants of at least 40 MWe 
capacity would be required for the industrialized islands; 
and, that if land-based, they should also produce 
desalinated water to reach wider scenarios. For this pur
pose, it is proposed to use a hybrid plant, based on the 
closed-cycle for the electricity production and a second
stage, for desalinated water production, consisting of a flash 
(vacuum) evaporator and surface condenser. A land-based 
hybrid demonstration plant of at least 5 MWe and 7,500 
m3/day production capacity would have to be designed, 
installed and operated to optimize the design of the 
commercial plants. 

Closed-cycle plants, without second-stage desalinated 
water production, are found to be cost effective if housed in 
self-propelled floating vessels supporting energy intensive 
factories (e.g., hydrogen factoryship); or a vessel moored, 
or dynamically positioned, a few kilometers from land, 
transmitting the electricity to shore via submarine power 
cables. It is recommended that a floating 5 MWe 
demonstration plant be designed, installed and operated 
prior to the commercialization of plants of at least 40 MWe 
capacity. 

The scenarios, under which OTEC is compared with 
conventional techniques to assess its cost effectiveness, are 
defined by two parameters: fuel cost; and cost of fresh 
water production. In the absence of natural sources of fresh 
water, it is postulated that the cost of producing desalinated 
water from seawater via reverse osmosis (RO) be 
considered as a conventional alternative. This technique 
yields a direct relationship between desalinated water 
production and fuel cost; and, therefore a scenario defined 
with one parameter. 

Background 

The search for renewable sources of energy has 
resulted in the revival of a concept based on the utilization 
of the differences in temperature between the warm (22°C 
to 29°C) tropical surface waters, and the cold (4°C to 5°C) 
deep ocean waters available at depths of about 1,000 m, as 
the source of the thermal energy required to vaporize and 
condense the working fluid of a turbine-generator system. 
This concept is referred to as Ocean Thermal Energy 
Conversion (OTEC). 

There are two approaches to the extraction of thermal 
energy from the oceans, one referred to as "closed-cycle" 
and the other as "open-cycle." In the closed-cycle, seawater 
is used to vaporize and condense a working fluid, like 
ammonia, which drives a turbine-generator in a closed loop, 
producing electricity. In the open-cycle, surface water is 
flash-evaporated in a vacuum chamber. The resulting low
pressure steam is used to drive a turbine-generator. Cold 
seawater is used to condense the steam after it has passed 
through the turbine. The open-cycle can, therefore, be 
configured to produce fresh water as well as electricity. 

The closed-cycle was first proposed in 1881, by 
D'Arsonval in France, and was demonstrated in 1979, when 
a small plant mounted on a barge off Hawaii (Mini-OTEC) 
produced 50 kW of gross power, for several months, with a 
net output of 18 kW. This closed-cycle plant was 
sponsored by private industry and the State of Hawaii. 
Subsequently, a 100 kW gross power land-based plant was 
operated in the island nation of Nauru by a consortium of 
companies sponsored by the Japanese government. These 
plants were designed with public relations as the main 
objective and minimal operational data was obtained. 
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The open-cycle concept was first proposed in the 
1920's and demonstrated in 1930, off Cuba by its inventor, 
a Frenchman by the name of Georges Claude. His land
based demonstration plant was designed to resolve some of 
the ocean engineering issues common to all OTEC plants 
and, hopefully, to produce net electricity. This plant made 
use of a direct contact condenser; therefore, fresh water was 
not a by-product. The plant failed to achieve net power 
production because of a poor site selection (e.g., thermal 
resource) and a mismatch of the power and seawater 
systems; however, the plant did operate for several weeks. 

An OTEC hybrid cycle, wherein electricity is pro
duced in a first-stage (closed-cycle) followed by water 
production in a second-stage, has been proposed as a means 
to maximize the use of the thermal resource available and 
produce water and electricity [l]. In the second-stage, the 
temperature difference available in the seawater effluents 
from an OTEC plant (e.g.: 12°C) is used to produce 
desalinated water through a system consisting of a flash 
evaporator and a surface condenser (basically, an open
cycle without a turbine-generator). In the case of an open
cycle plant, the addition of a second-stage results in 
doubling water production. Fresh water production with a 
flash-evaporator and surface condenser system was 
demonstrated in 1988 in a facility built by the U.S. 
Department of Energy at the Natural Energy Laboratory of 
Hawaii (NELH). 

Floating vessels, approaching the dimensions of 
supertankers, housing factories operated with OTEC
generated electricity or transmitting the electricity to shore 
via submarine power cables have been conceptualized. 
Large diameter pipes suspended from these plantships 
extending to depths of 1,000 mare required to transport the 
deep ocean water to the heat exchangers onboard. The 
design and operation of these cold-water-pipes as well as 
the required extended use of the heat exchangers, exposed 
to biologically and chemically active ocean waters, are 
major issues that have been resolved [5]. 

The proof-of-concept projects (i.e., Mini-OTEC, 
Nauru, Claude, Reference 5) demonstrated that both cycles 
are technically feasible and only limited, by the large 
diameters required for the cold water pipe, to sizes of no 
more than about 85 MW gross [ 4]. In the case of the open
cycle, due to the low-pressure steam, the turbine, is 
presently, limited to sizes of no more than 3 MW gross. 

Industry has not taken advantage of this information 
because, at present, the price of oil fuels and coal are such 
that conventional power plants produce cost-effective elec
tricity. Moreover, the power industry can only invest in 
power plants whose design is based on similar plants 
with an operational record. Before OTEC can be 
commercialized, a prototypical plant must be built and 
operated to obtain the information required to design 
commercial systems and to gain the confidence of the 
financial community and industry. Conventional power 
plants pollute the environment more than an OTEC plant 
should and the fuel for OTEC is unlimited and free, as long 
as the sun heats the oceans; however, it is futile to use these 

arguments to convince the financial community to invest in 
OTEC plants without an operational record. 

The trust of the U.S. OTEC programs, at present, is to 
design and build an experimental open-cycle plant that will 
produce net power and fresh water; and, to operate the 
experimental plant for at lease two years as a showcase for 
financial institutions and to obtain the data base required as 
input to the design of commercial-size plants. Given the 
seawater resource already available at the Natural Energy 
Laboratory of Hawaii (NELH) and the limited funding 
available, a relatively small 200 kW gross power version 
has been selected. This experimental apparatus is referred 
to as the Net Power Producing Experiment (NPPE). 

Once the NPPE apparatus is operational, the transition 
to full commercialization will be accomplished through 
fabrication of a few small plants producing electricity and 
water in island communities where open-cycle OTEC 
systems are now cost effective. 

OTEC Potential Market 

The following global indicators are useful in relating 
the size of the plants under discussion with the needs of a 
community: (1) domestic water needs in developed nations 
are met with 50 gallons (200 1) per person per day; in 
agricultural regions the use is 7 to 10 times larger; (2) the 
electrical power needs (domestic and industrial) of each 
1,000 people are met with 1 MW in industrialized nations, 
while in less developed countries the needs of 5 to 15 times 
more people can be met with 1 MW. 

There are at least two distinct markets for OTEC 
in the Pacific Basin: (i) industrialized islands; and 
(ii) smaller or less industrialized islands. Islands with 
modest needs for power and fresh water like Molokai and 
Western Samoa, could use small open-cycle plants. These 
plants could be sized to produce from 1 to 10 MW 
electricity, and at least 450 thousand to 8 million gallons of 
fresh water per day (1,700 to 30,000 m3/day). 

Hybrid cycle plants can be used in either market by · 
producing electricity and water. For example, a 40 MW 
hybrid cycle plant could also produce as much as 16 million 
gallons of water per day (60,600 m3/day). One can 
envision two plants tailored to the Island of Hawaii (i.e., 
Big Island) market, as well as smaller plants satisfying all 
the electricity and power needs of Molokai. In the case of 
Oahu (population of approximately 750,000 people) all the 
water needs, and 20% to 30% of the power needs could be 
met with two to three large plants. Taiwan could use 
several 40 to 85 MW hybrid cycle plants. 

In a study sponsored by the U.S. State Department, it 
was concluded that the majority of the island nations in the 
tropics and subtropics had the required ocean water 
resources, within their territorial waters, to supply all their 
power needs with floating OTEC [7]. Most of these islands 
are lacking adequate fresh water supplies and do not have 
extensive electricity and water distribution systems. 
Therefore, it would be ideal to utilize open-cycle or hybrid 
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OTEC plants of the appropriate size to provide the water 
and electricity needs of specific communities within these 
islands. 

To assess scenarios under which OTEC might be 
competitive with conventional technologies, in the 
production of electricity and water, a straightforward 
analytical model is developed. 

The capital cost for OTEC plants, expressed in 1989 
$/k:We, is established assuming modest engineering 
development. The relative capital cost of producing 
electricity ($/kWh) with OTEC, offset by the desalinated 
water production, is then equated to the fuel cost of elec
tricity produced with conventional techniques to determine 
the scenarios (i.e., fuel cost and cost of fresh water 
production) under which OTEC could be competitive. 
Inherent to this approach is the assumption that operation 
and maintenance costs are the same for OTEC and 
conventional plants of the same power capacity. 

No attempt is made at speculating about the future 
cost of fuel. It is simply stated that if a situation is 
represented by one of our scenarios, OTEC would be 
competitive. 

For each scenario obtained, the cost of desalinated 
water produced from seawater by reverse osmosis (RO) is 
also given because this cost must be greater than the water 
production credit that OTEC requires to be cost effective. 
Once the cost effective scenarios are established, under our 
straightforward approach, a more rigorous economic 
analysis can be performed to model expected inflation and 
levelized costs. 

OTEC Capital Cost Estimates 
and Production Rates 

The capital costs required to build OTEC plants have 
been previously estimated (e.g., References 1, 3, 4 and 6). 
These estimates are summarized herein for land-based 
plants rated at 1, 10 and 40 MW-net as well as for a 
40 MW-net plantship. Production rates are for 0.8 capacity 
factors (i.e., 7,000 hours of operation per year). 

Table 1 gives the estimates for 1 MW-net (nominal) 
open-cycle plants with and without second-stage de
salinated water production as well as a plant with a system 
including the use of 90 kg/s of 6°C cold seawater as the 
chiller fluid for a standard air-conditioning unit supporting 
a 300 ton load. For the purpose of this discussion the 
240 kWe of electricity displaced, in this fashion, are 
considered as additional production, resulting in a total 
production of 8.6 x 106 kWh and an adjusted equivalent 
capital cost of 20,000 $/kW-net. The cost figures are 
expressed in 1989 dollars. These plants would be designed 
utilizing the state-of-the-art bottom-mounted cold water 
pipe technology (i.e., 1.6 m diameter high-density 
polyethylene pipe) [1]. It is assumed that the 1 MW plants 
could be deployed some time after 1995. Their 
commercialization must be preceded by the installation of 

a demonstration plant of 1 MWe and 3,500 m3, of 
desalinated water, per day production capacity. 

Capital costs and production rates for land-based 
plants are summarized in Tables 2 and 3 for 10 MW open
cycle plants, considered, at present, to be the maximum size 
for this cycle, and 40 MW closed-cycle or, if water 
production is marketable, hybrid cycle plants. The design 
of the 10 MW open-cycle plant would be scaled from the 
1 MW demonstration plant with a new design for bottom
mounted cold water pipes [4]. The commercialization of 
the 40 MW plants must be preceded by the design and 
operation of a 5 MWe closed-cycle demonstration plant. 
These plants also require the development of cold water 
pipes [4]. 

To consider the moored or slowly drifting OTEC 
plantship, in the discussions that follow, a capital cost of 
4,500 $/kW-net is estimated for an electrical production 
of 380 x 106 kWh (slightly higher than for the land-based 
plants because of lower pumping power requirements). The 
cost differential between the moored and the drifting 
vessels are insignificant at this level of discussion because 
the savings in mooring system and power cable are offset 
by the propulsion and positioning requirements, as well as 
by the product transport, for the factory ship. This cost is 
also given in 1989 dollars for a system to be deployed by 
the Years 2000 to 2005 assuming modest engineering 
development. These plants would be designed utilizing 
the methodology already available for cold water pipes 
suspended from a vessel [5]. 

Conventional Production of Electricity 

The thermal efficiency (Tl) of conventional steam 
power plants, fired with oil or coal, ranges from 32% to 
34% and has been reported to be as high as 36%. The 
higher value will be assumed in this report. This implies 
that 36% of the heat added is converted to net work. Net 
work is defined as the difference between the output from 
the turbine-generator and the work required to run the plant. 

The cycle efficiency for diesel fuel power plants used 
in Pacific Islands probably ranges from 25% up to 35%. 
A properly maintained and operated plant can reach 
efficiencies of up to 36%. This value will be assumed here 
to determine the work available from the heat added by the 
diesel fuel. This value is higher than realized in small 
steam power plants used for generation of electric power 
only. However, the cost of fuel suitable for the diesel 
generator is higher than the fuel suitable for the steam 
plant. Due to fuel availability, most island nations with 
small electricity requirements (a few MW) utilize diesel 
generators. 

The convention followed in power plant technology, 
to express plant performance is to consider the heat added 
to produce a unit amount of work. This parameter is called 
the heat rate (HR) of the plant and is usually given in 
Btu/kWh. Therefore, the heat rate is inversely proportional 
to the thermal efficiency, Tl = 3413/HR (i.e., 1 kWh = 
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PLANT NOMINAL SIZE: 1 MW; OC-OTEC 1 MW; OC-OTEC 1 MW; OC-OTEC 
with 2nd-Stage with 2nd-Stage 

and 300 ton A-C 
PRODUCTION: 

Electricity 8.1x106 kWh 7.3x 1o6 kWh 6.9x 1 o6 kWh plus the A-C equivalent 

Water 0.45 MGD (1,700 m3/day) 0.94 MGD (3,560 m3/day) 0.94 MGD (3,600 m3/day) 

A-C Electricity 300 ton A-C @ 0.8 kW/Ion 
Equivalent Equivalent to 1. 7x 1 o6 kWh 

CAPITAL COST: 18,000 $/kW-net 23,000$/kW 20,000 $/kW {adjusted) 

YEAR DEPLOYED: 1995 1995 1995 

NOTE: Estimates are from Reference 1 for the Capital Cost expected after engineering development in compressors 
and turbine efficiency as well as for cost reductions in surface condensers from $215/m2 to $1 OO/m2. State-of
the-art seawater piping systems are used.. The estimate for the plant with a 300 ton A-C is for electricity 
production savings due to the use of 90 kg/sec of cold seawater (3% of the total cold water required for power 
cycle) as a chiller fluid for a standard A-C unit. 

Table l. Capital Cost Estimates ($/kW-net) for 1 MW Land-Based Plants in 1989 Dollars 

PLANT NOMINAL SIZE: 10 MW; OC-OTEC 10 MW; OC-OTEC 
with 2nd-Stage 

PRODUCTION: 
Electricity 70x 106 kWh 63 x 1o6 kWh 

Water 4 MGD (15,000 m3/day) 8 MGD (30,000 m3/day) 

CAPITAL COST: 11,000 $/kW-net 15,000 $/kW 

YEAR DEPLOYED: 2000 2000 

NOTE: Estimates are from Reference 3 for the Capital Cost expected after cost reductions in surface condensers from 
$215/m2 to $1 OO/m2; engineering development resulting in improved turbines and vacuum compressors and 
new cold-water-pipe technology. 

Table 2. Capital Cost Estimates ($/kW-net) for 10 MW Land-Based Plants in 1989 Dollars 

PLANT NOMINAL SIZE: 40 MW; CC-OTEC 40 MW; H~brid 
Ammonia ower Cycle 
with 2nd-Stage Water Production 

PRODUCTION: 
Electricity 336x106 kWh 280 x 106 kWh 

Water n/a 16 MGD (60,600 m3/day) 

CAPITAL COST: 6,000$/kW 9,200 $/kW 

YEAR DEPLOYED: 2000 to 2005 2000 to 2005 

NOTE: Estimates are rom'Reference 3 adjusted as described in Table 2. 

Table 3. Capital Cost Estimates ($/kW-net) for 40 MW Land-Based Plants in 1989 Dollars 
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3413 Btu at 60°F), such that a thermal efficiency of 36% 
corresponds to a HR of 9500 Btu/kWh. 

The heating values of standard coal and fuel oil are 
12,000 x (1 ± 0.17) Btu/lbm and 144,000 x (1 ± 0.04) 
Btu/U.S. gallon, respectively. Therefore, the fuel cost 
incurred in producing electricity, expressed in $/kWh, with 
an oil-fired plant is 1.57 x 10-3 times CB, the cost of 
a barrel (42 U.S. gallons) of fuel [9500 Btu/kWh/ 
42 gallons/barrel x 144,000 Btu/gallon = 0.00157 barreV 
kWh]. The same expression will be used for diesel 
generators. For example, at $18 per barrel, the fuel cost is 
0.0283 $/kWh. 

A 180 MW coal-fired plant under design for Oahu 
will use Indonesian coal, with a baseline heat value of 
12,500 Btu/lbm, to be delivered to the plant for $2.25 per 
million Btu ($62 per metric ton) such that the fuel cost 
incurred in producing electricity with a thermal efficiency 
of 36% would be 0.021 $/kWh [9500 Btu/kWh x $2.25 I 
106 Btu]. This is equivalent to oil fuel cost of $13/barrel. 

The electric output will be sold to Hawaiian Electric 
Company under a 30-year contract. The total capital cost of 
the project has been estimated to be $383.5 million; or 
$2,100/k:W [8]. 

Conventional Production of Desalinated Water 

The cost of producing fresh water from conventional 
desalination plants (i.e., Reverse Osmosis and Multistage 
Flash) ranges from about 1.3 to 2 $/m3 for a plant capacity 
of 4,000 m3/day to approximately 1 $/m3 for a 40,000 
m3/day plant. 

The energy (cost) used in multistage flash (MSF) 
distillation is in the form of heat, usually as low pressure 
steam, and the shaft power to drive pumps and other 
auxiliaries. Reverse osmosis (RO) plants require energy 
solely as shaft power from, for example, an electric motor. 
At present, RO is considered the technique of choice. It can 
be shown that, RO, fresh water production from seawater 
costs 0.049.CB, in $/m3, where CB is the cost of a barrel 
(42 gallons) of fuel. This expression is used here to 
establish the desalinated water cost corresponding to a 
given fuel cost scenario. 

OTEC Production of Electricity 

The following formula is used to calculate the 
production cost of electricity p levelized over the assumed 
life for the OTEC plant (nominal value: 30 years): 

p ($/kWh)= (FC.CC + OM.G.CR) I (NP.CF.8760) 

FC annual fixed charge, taken as 0.10 
CC plant overall investment capital cost, in 
OM operation and maintenance yearly 

$ expenditures 
G present worth factor, in years, estimated 

value 20 
CR capital recovery factor, taken as 0.09 

NP net power production, in kW 
CF production capacity factor, chosen as 0.80 
8760 number of hours in one year (CF.8760 = 

7,000) 

The first term simply represents the payment for a 
fixed interest loan valued at CC, $, over a prescribed term 
expressed in hourly payments, where, the loan is for a plant 
rated at a power of NP, kW. The second term models the 
levelized cost of operating and maintaining the plant over 
the term. 

For closed-cycle plants, p is estimated with no credit 
taken for the sale of the fresh water by-product. 

Fresh water credit is obtained by multiplying the unit 
price by the yearly production and subtracting the result 
from the numerator of the expression given above. For 
example, a production of 160,000 kilogallons per year at 
a unit price of $6/kgal for a net power production (NP) of 
1,000 kWe and a capacity factor of 0.80 would yield a 
credit of $0.14/kWh. Under a rigorous approach, the unit 
price would be levelized (i.e., multiplied by G.CR or 1.8). 

The capital cost estimates given above (e.g., Tables 1, 
2 and 3) indicate that OTEC is a capital-intensive 
technology. For example, the capital costs for oil-fired 
plants and coal-fired plants are less than $2,100/k:W, as 
compared with the $11,000/k:W and $6,000/k:W given for 
the 10 MW and 40 MW plants in Tables 2 and 3. The 
1 MW plant should be compared with diesel generators 
whose capital cost is less than 3% the cost of OTEC. 
However, OTEC incurs no fuel costs while conventional 
steam plants and diesel generators incur fuel costs. The 
levelized cost of OTEC electricity can be estimated from 
the equation given above (e.g., References 1 and 3); 
however, for the purpose of this report the capital cost of 
OTEC electricity, adjusted for the capital cost of the 
conventional technology (taken as $2,000/k:W for oil or 
coal-fired plants and neglected for diesel generators) and 
the desalinated water by-product, will be compared with the 
fuel cost for conventional power plants to determine 
scenarios, given by the costs of electricity and water in a 
particular location, under which an OTEC plant of a given 
size could be cost competitive. Implicit in this approach is 
the assumption that O&M costs are similar for OTEC and 
conventional plants of the same power rating. 

This approach can be formalized as follows for oil
fired plants: 

(FC.CC - WC.PW) I (CF.8760.NP) < 1.57 x 10-3 .CB 

Where, FC, CC, CF and NP are defined above, and 

WC unit price of water, in $/m3 
PW yearly production of water, in m3/year 

CB cost of a barrel of fuel ( 42 gallons), in 
$/barrel. 

The production capacity factor (CF) is taken as 0.8 (80%) 
and the fixed charge for the capital (FC) as 0.1 (10%) and 
all values are expressed in present day costs. The water 
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NOMINAL NET POWER (MWe) TYPE SCENARIO REQUIREMENTS SCENARIO AVAILABILITY 

1 Land-Based OC-OTEC • $45/barrel of diesel South Pacific Island Nations 
with 2nd-Stage addilional • $1.6/m3 water by Year 1995 

(Table 1) Waler Production 

10 Land-Based • $25/barrel of fuel oil American Island Territories 
(as above) • $0 .85/m3 water and other Pacific Islands 

-or- byYear2000 
• $30/barrel with 

(Table2) • $0.8Jm3 water 

40 Land-Based Hybrid • $44/barrel of fuel oil Hawaii, if fuel or 
(ammonia power cycle • $0.4/m3 water water cost doubles 
with Flash Evaporator -or- byYear2000 
downstream) • $22/barrel 

(Table3) • $0.8/m3 water 

• Closed-Cycle Land-Based • $36/barrel 
40 • Closed-Cycle Plantship • $23/barrel byYear2005 

• OC-OTEC lim~ed by turbine technology to 2.5 MW modules or 1 O MW plant (with four modules) 
• CC-OTEC or Hybrid (water production downstream of closed-cycle with flash evaporator) 

Table4. OTEC Market Penetration Scenarios 

production of an open-cycle plant is related to the amount 
of warm seawater utilized in the power cycle (i.e., between 
0.4% and 0.5% of the warm seawater is flash evaporated in 
the process). As given in Tables 1, 2 and 3, this can be 
expressed as, PW = 160 x 106 gal/year/MW (or 60 x 1 Q4 
m3/year I MW-net). The second-stage described above 
would, therefore, double the water production in the case of 
an open-cycle with second-stage or yield water production 
(PW) in the case of the hybrid plant (i.e., flash 
evaporator/surface condenser downstream of closed-cycle 
plant). Therefore, to determine the scenarios under which 
OTEC is competitive with oil-fired plants, the following 
expressions are used: 

.cc * NP = 110.CB + 6,000 we, 

and 

cc * = 110.CB + 12,000WC, 
NP 

for open-cycle and 
hybrid cycle; 

for open-cycle with 
second-stage. 

* For the 10 MW and 40 MW cases, $2,000/kW are subtracted 
from the capital cost of OTEC to account for the capital cost of 
the conventional steam power plant. For diesel generators the 
capital cost can be neglected. 

The scenarios identified following this procedure are 
summarized in Table 4 for the capital cost and net power 
given in Tables 1, 2 and 3 for 1, 10 and 40 MW plants. 
Diesel fuel is considered at the 1 MW level, while less 
expensive oil fuel is used for the 10 MW and 40 MW cases. 

1 MW Plants 

This approach indicates that the 1 MW open-cycle 
with second-stage water production (i.e., Table 1) will be 
competitive in a scenario given by a location where a 
h~gh unit price of water, 1.6 $/m3 (6 $/kilogallon), and 
diesel fuel costs at $45/barrel. The cost of producing 
desalinated water via RO would be 2.2 $/m3 at this fuel 
cost. This scenario corresponds to conditions existing in 
certain less-developed Pacific Island Nations with small 
populations (e.g., Western Samoa). For example, in 1989 
the cost of imported diesel fuel paid by the power 

· companies was $47 /barrel in Western Samoa [10]; 
$50/barrel in the Kingdom of Tonga [9]; and, $25/barrel in 
Molokai. · 

The analysis indicates that small open-cycle OTEC 
plants (Table 1) without second-stage water production 
could only be competitive under a scenario of diesel at 
$76/barrel and the high unit price for the water, 1.6 $/m3. 
This scenario does not appear likely. A 1 MW closed-cycle 
plant would require a scenario where the diesel cost is 
$164/barrel. 

It is interesting to note that the plant including a 300 
ton A-C system, described in Reference 1 and summarized 
in the last column of Table 1, would be competitive under a 
scenario given by $45/barrel and 1.25 $/m3 of water. This 
plant could be deployed by the year 1995. 
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lOMW Plants 

For the 10 MW open-cycle plant with second-stage 
water production, with a - capital cost estimate of 
$15,000/kW (i.e., Table 2), a scenario given by $25/barrel 
of oil fuel and 0.85 $/m3 of water; or, $30/barrel and 
0.8 $/m3 of water is plausible in American Island 
Territories and other Pacific Islands (e.g., Molokai) by 
the Year 2000. As indicated above, the capital cost for 
OTEC has been adjusted to account for the $2,000/kW 
capital investment for oil fuel plants. Once more, the 
additional water production makes the difference for OTEC 
for these relatively small plants. The cost of producing 
desalinated water via RO would be 1.2 $/m3 and 1.5 $/m3 
for fuel at $25/barrel and $30/barrel respectively; and, 
therefore greater under both scenarios. 

A 10 MW closed-cycle plant, with a capital cost 
estimate of $11,000/kW-net, would only be attractive under 
a scenario of $82/barrel and no water requirements. This 
analysis implies that closed-cycle plants of 1 to 10 MW size 
are unlikely to be cost effective. 

There are at present discussions, in the public sector, 
regarding taxing the electricity produced by non-renewable 
resources like oil fuels at a rate of $0.02/kWh. This is 
equivalent to adding $13 per barrel (42 gallons) of fuel to 
the cost of electricity production. This tax would not 
suffice to make small OTEC plants cost effective without 
water production. 

40MWPlants 

The land-based plant without water production sum
marized in Table 3 can be competitive under a scenario of 
fuel oil at $36/barrel. This is plausible by the years 2000 to 
2005. If water production is considered, in Hawaii, with a 
hybrid cycle plant, a scenario given by oil fuel at $44/barrel 
and the present unit price of water at $0.4/m3 per 1,000 
gallons; or another scenario wherein the unit price of water 
doubles and oil fuel is $22/barrel would be required for the 
40 MW plant. These scenarios might occur by the first 
decade of next century. The cost of RO water production is 
greater under both scenarios. 

The plantship, housing a closed-cycle 40 MW plant, 
discussed in previous sections ($4500/kW for capital cost), 
could be competitive under a scenario of $23/barrel. This is 
a likely scenario in the near future. 

Development Requirements 

The analysis presented above indicates that there is 
a market for OTEC plants that produce electricity and 
water. Industrialized islands like Oahu and Taiwan, as well 
as island nations under development, could make use 
of hybrid plants like the one summarized in Table 3. 
Less developed or smaller islands could use open-cycle 
plants with second-stage additional water production (e.g., 
Table 2) and plailtships could make use of the electricity 
generated with 40 MW closed-cycle plants. 

However, operational data must be made available to, 
for example, establish production factors and plant 
reliability. These data can only be obtained by building and 
operating demonstration plants scaled from the commercial
size plants listed in Tables 1, 2 and 3. A plan aimed at 
achieving the development of OTEC under the scenarios 
determined in this report can be summarized as follows: 

OTEC Development Program Required 

Years Project Funds Required 

1990-1995 A) • Develop advanced bottom- $10M 
mounted Cold Water Pipes 
(CWP), 

• Reduce the cost of Surface 
Condensers; and, 

• Develop Low Pressure 
Steam Turbines rated at 
about3 MWe. 

B) OC-OTEC I 2nd-stage $30M 
Demonstration Plant 
(1 MWe / 3,500 m3/day) 
using state-of-the-art 

1995-2000 C) Deploy Land-Based Plants International 
Optimized from (B) Banking I Aid 
(fotal 5 MWe I Community 
17,500 m3/day) 

D) Hybrid Land-Based $75M 
Demonstration Plant 
(5 MWe/7,500m3/day) 
using newly developed CWP 

E) CC-OTEC Plantship $60M 
Demonstration Plant 
(5 MWe) using existing 
technology 

2000-2005 F) Deploy 300 MWe of Private 
Land-Based Plants in 
Pacific and Asia. 
Optimized from (D) 

G) Deploy several 50 MWe Private 
Plantship in Tropical 
Waters Optimized from (E) 

2005-2010 H) Provide Projected Power Cumulative 
and Water Increase in small Capital 
Pacific Islands, and part lrivestment 
thereof in Oahu, Taiwan, $13 Billion 
Philippines, etc., and 
Plantships. 
(Cumulative Deployed 
Power: 2100 MW) 
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Conclusion 

Our analysis shows that the combined production of 
electricity and fresh water utilizing the principle of Ocean 
Thermal Energy Conversion (OTEC) is cost effective under 
certain scenarios defined by the fuel cost of electricity 
production, with conventional fossil fuel plants, and the 
production cost of water. At least four scenarios can be 
envisioned. 

One scenario corresponds to small island nations in 
the Pacific, where the cost of diesel-generated electricity 
and fresh water is such that a small, 1 MWe, land-based 
open-cycle OTEC plant, with water production, would be 
cost effective today. A second scenario corresponds to 
conditions that are plausible in the near future in American 
territories like Guam, American Samoa, and Northern 
Mariana Islands, where land-based open-cycle OTEC plants 
rated at 10 MWe could be cost effective if credit is given 
for the fresh water produced. A third scenario corresponds 
to land-based Hybrid OTEC plants for the industrialized 
islands market (e.g., Hawaii, Taiwan) producing electricity 
through an ammonia cycle and fresh water through a flash 
(vacuum) evaporator. This scenario would be cost effective 
with a doubling of the cost of oil fuel or doubling of water 
costs, and for plants rated at 40 MWe or larger. The fourth 
scenario is for floating OTEC electrical plants, rated at 
40 MWe or larger, and housing a factory or transmitting 
electricity to shore via a submarine power cable. These 
plants could be deployed in the tropical regions of the 
Pacific Basin. 

To move forward with the development of OTEC, 
demonstration plants must be built and operated. Dem
onstration plants should be scaled versions of commercial 
plants and be operated for at least a couple of years. 
Conventional power plants pollute the environment more 
than an OTEC plant should and the fuel for OTEC is 
unlimited and free, as long as the sun heats the oceans; 
however, it is futile to use these arguments to convince the 
financial community to invest in OTEC plants without an 
operational record. 
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Abstract 

The echo integration method is indispensable 
for acoustic surveys of fisheries resources. 
The dual beam method, which uses a narrow and 
wide beam pair, is widely used for in situ 
estimation of fish target strengths. Some 
quantitative echo sounding systems employ both 
methods. In those systems the wide beam signal 
is not ordinarily utilized for echo integration. 
We have developed the dual beam echo 
integration method, in which echoes from both 
narrow and wide beams are integrated. This 
method can improve the accuracy and precision 
of acoustic estimates of fish abundance in the 
following ways. By comparing the integrator 
outputs for both beams, we can (1) get index of 
avoidance behaviour of fish to the surveying 
vessel and (2) measure noise contamination. 
The variance of the integrator output of the 
wide beam is smaller than that of the narrow 
beam for shallow and sparse distributions of 
fish. Errors caused by transducer motion in 
bad weather conditions are smaller for the wide 
beam. By combining both beam echoes we can 
exactly measure the volume backscattering 
strength within schools. The method is 
theoretically and experimentally discussed to 
confirm its effectiveness. 

1. Introduction 

The echo integration method has been widely 
and effectively used for fisheries resources 
surveys [1]. Recent quantitative echo sounders 
adopt the dual beam or split beam method in 
order to improve the accuracy of fish target 
strength (TS) measurements [2]. The dual beam 
method utilizes coaxial narrow and wide beams. 
Pulses are transmitted on narrow beam and 
echoes are received on both narrow and wide 
beams or channels. This method corrects for 
the directivity pattern factor by using both 
channels' signals from the same fish, and gets 
an accurate TS value. In ordinary quantitative 

echo sounders, echo integration is performed 
only for the narrow beam and not for the wide 
beam (strictly, composite of narrow and wide 
beams). 

We propose that if we perform echo 
integration also for the wide channel, we can 
get more information and improve the accuracy 
and precision of the estimation. By comparing 
the integrator outputs obtained for both beams, 
we can (1) get index of avoidance behaviour of 
fish to a surveying vessel and (2) measure noise 
contamination. The variance of the integrator 
output of the wide channel is smaller than that 
of the narrow channel for shallow and sparse 
distributions of fish because the sampling 
volume is greater for the wide beam. The 
transducer motion error in bad weather 
conditions is smaller for the wide beam. By 
measuring echo level of the wide channel where 
the echo level of both channels are nearly the 
same, we can get an accurate measure of volume 
backscattering strength (SV) within individual 
fish schools. 

At first, we consider the above points 
theoretically. Next, we examine the theoretical 
results experimentally using data obtained for 
walleye pollock ( Theragra chalcogramma ) in 
the Aleutian Basin area by our quantitative 
echo sounding system which provides 
independent and simultaneous echo integrations 
for both narrow and wide channels. 

2. Theory 

2.1 Principle 

The sound pressure Pr of a single fish echo 
is shown by 

(1) 

where Po is the source pressure, Dr = D( e i. !/> 1) 
is the directivity function in the direction of 
i-th fish which is located at (ri. e 1, !/> ;), a is 
the attenuation coefficient, and Ts r is the value 
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of TS. 
The echo pressure of multiple -echoes Pr by N 

fish is obtained by 

N 
= Po2 [ r exp( a r)]-4 L Dr4 Tsr 

i=l 
(2) 

Introducing J infinitesimal volumes with solid 
angle ti Q and height of c -r /2 where c is sound 
speed and r is pulse duration, we can rewrite 
Eq. (2) 

Pr 2 = Po2 [ r exp( a r) r 4 

J er 
x L r 2 ti Q --- n 1 D1 4 Ts (3) 

j=l 2 

where n1 is distribution density. This can be 
reduced to integral of continuous functions as 

exp(-4ar) er 
Pr 2 = Po2 ------------ ----

r2 2 

x S n D4 ( e , ¢ ) Ts d Q 
Q 

where Q is distribution range of fish. 
If the density n is homogeneous in space 

(Assumption 1), we have 

exp ( -4 a r) c r 
Pr 2 = Po2 ----------- n W <Ts> 

where 

r 2 2 

S D4 ( 8 , ¢ ) d Q , 

2 7' 

1 
<Ts> = ---- S D4 ( 8 , ¢ ) Ts d Q 

w Q 

(4) 

(5) 

(6) 

(7) 

where W is called the equivalent beam angle and 
<Ts> is averaged TS [3][4]. In general, Ts in 
Eq. (7) is a function of e and ¢and is an 
averaged value with respect to orientation 
distribution. If the distribution is not 
dependent on fish position with respect to beam 
axis (Assumption 2) and beam width is small then 
we have 

<Ts> = TJ Ts , 

TJ = S D4 dQ I W 
Q 

(8) 

(9) 

where TJ is the contribution factor [4]. If the 
size of fish school is large compared with the 
beam width (Assumption 3) or the integration is 
done sufficiently, Q will be equal to 2 n- and we 
get 

TJ = 1 , <Ts> = Ts . (10) 

In the echo integration method, our subjects 
are not only multiple echoes but also single 
echoes. However, the integration procedure 
applied to the so called "20 log r TVG" outputs 
of any echo apparently realizes Eqs.(2) - (10). 

2.2 Avoidance Effect 

In the general situation where Assumptions 1 
and 2 are not valid, measured SV is from Eqs. (4) 
and (5) 

Sv = n <Ts> 

S n D4 Ts dQ I S D4 dQ (11) 
Q 2n-

In the dual beam echo integration method, D4 of 
Eq.(11) is replaced by DN4 for narrow channel 
and by DN2Dw2 for wide channel where suffixes N 
and W mean narrow and wide, respectively. 

It is difficult to make an accurate model of 
avoidance behaviour of fish and the resultant 
effect [5], but the avoidance may cause a 
reduction of density and an extreme orientation 
distribution near the beam axis. From Eq. (11) 
we can see that SV for the narrow channel will 
be smaller because the weight of near-beam-axis 
portion is larger for the narrow channel. Thus, 
the ratio of measured SV values by narrow and 
wide channels can be a measure of the magnitude 
of the avoidance effect. The smaller the ratio, 
the larger the avoidance. 

2.3 Noise 

The noise pressure Pn equivalently 
transformed at the transducer surface is shown 
by 

(12) 

where Np is noise spectrum level, ti f is band 
width of the receiver, and Dr is directivity 
index of receiving transducer. This signal is 
amplified and integrated to give so called 
"noise SV" shown by 

Pn2 1 1 1 
Svn = -----

Po2 c -r 

r+rw 
x S [ r exp(2 a r) ]2 dr (13) 

r 
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where rw is the width of the integration layer. 
From Eqs. (12) and (13) the ratio of the noise SV 
of narrow to wide channels is 

Svnw fi fw D1N WN 

where W c is the equivalent beam angle for 
composite beam. 

(14) 

The directivity index and equivalent beam 
angle of a circular piston transducer [6] are 

Di = (ka) 2 

and 

w = 5. 78 I (ka) 2 

where k is the wave number and a is the 
transducer radius. If we assume 

W c = 5. 78 I (k2 aN aw) , 

then we have 

SvnN 

Svnw 

(15) 

(16) 

(17) 

(18) 

This can be used as an index of noise 
magnitude. We may see the noise level from echo 
integrator outputs of each channel, but it is 
difficult when fish echoes appeared. 

2.4 Sampling Volume 

Bodholt [7] showed the following expression 
for the variance of the normalized integrator 
outputs: 

1 1 C< 
(J :2 = --

m 2 2rw 

2 1 
+ -- ------------------

3 n W r (r + rw) 

<Ts 2 > W 4 
------ ---- ] (19) 
<Ts>2 W 

where m is the averaging number for pings, and 
<Ts2 >/<Ts>2 is the moment ratio of TS and 
generally about 2. 7. The moment ratio of 
directivity of transducer W 4/W is about 0.5 
where W 4 = S D8 d Q . 

The second term in the bracket is larger for 
the narrow channel than for the wide channel by 
a factor of W c/W N· If the depth r is shallow 
and the weight of the second term becomes large 
and if a large integration period is not applied 
(m is small), then the wide channel gives more 
precise results. 

2.5 Transducer Motion Error 

Stanton [8] analyzed the transducer motion 
error in the echo integration method. The 
transducer motion gives a negative error as the 
result of reduction of the apparent equivalent 
beam angle. Here we cite from Stanton an 
example in the estimation of fish at 400 m depth 
under the transducer motion with amplitude 5· 
and period 4 sec. When a pulse is transmitted at 
motion angle of - 2· and echo is received at 2· , 
the motion error amount to as much as 64% for 
5· beam-width transducer and to only 4 % for 
40" beam. 

In general, the dual beam method needs a 
narrow beam in order to resolve single echoes. 
This will produce large errors in echo 
integration unless the transducer is stabilized 
or towed. In this connection, the wide beam 
echo integration is preferable in bad weather 
conditions. 

2. 6 Observation of Volume Backscattering 
Strength within School 

For fisheries and identification purposes, 
the volume backscattering strength within a 
school is more important than SV averaged over 
a large area. It is not easy to accurately 
measure SV in schools, because (1) the beam must 
be sharp compared with school size (Assumption 
3) and (2) echo formation must be sufficient to 
get precise SV. 

The first point is shown clearly in Eq.(9). We 
cannot know the distribution range Q of fish 
beforehand and we must assume TJ = 1. We can 
use as a criteria the angle where TJ = 0. 9 and we 
call the angle "90 % beam angle" or e go [ 4]. In 
other words, if a distribution is larger than e 
9 o, we can measure SV with error less than -10 %. 
Thus the narrow beam is preferable to lessen 
the bias. The second point shown above was 
explained in Section 2.4. The wide beam is 
better in order to lessen variance. 

One of the ways to alleviate the above 
contradiction is to measure wide channel SV 
where the narrow channel SV is high. A more 
accurate and practical method is to measure 
wide channel SV where the difference of the two 
channels' SV is small. 

3. Experiment 

3.1 Method 

We examine the theoretical results using 
data from a walleye pollock survey in the 
Aleutian Basin and the eastern Bering Sea shelf 
using our quantitative echo sounding system [9] 
which has the dual-beam echo-integration 
function. 

Figure 1 shows the system block diagram. 
Table 1 lists its specifications. The transducer 
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is mounted on a V-fin type towed body to reduce 
the error caused by transducer motion, by 
bubbles, and by noise. We can monitor the 
towing depth and roll and pitch ruigles of the 
towed body. The receiver has four independent 
TVG channels for two kinds of beam and for 
"20log r" and "40log r" TVG characteristics. The 
TVG outputs are indicated on the CRT of a color 
echo image processor (CEIP) and on a paper 
recorder. The outputs of "20 log r" TVG are 
transferred to an echo integrator and "40 log r" 
TVG outputs to a dual beam processer. All of 
the TVG outputs are recorded on a video tape as 
PCM signals with all sounder parameters and 
navigational information needed for post 
processings. 

The CEIP has all the functions of usual color 
echo sounders. In addition, it can display 
absolute echo levels and the special results 
obtained by combining two of four kinds of TVG 
outputs. For the present purpose, we only 
explain its functions using "20 log r " TVG 
signals and describe two modes of operation. 
SVR mode shows the wide signal level when the 
narrow signal level is higher than a predifined 
threshold level. We can change the threshold 
level by 0.1 dB step. SVB mode shows the 
differences between the narrow and wide signal 
levels. Using these modes, we can accurately 
measure SV in fish school as shown in Section 
2.6. 

The echo integration system consists of an 
echo integrator, a personal computer which 
stores and monitors data, a color plotter for 
abundance mapping and a digitizer to input sea 
chart data. The echo integrator has two 
independent simultaneous channels to perform 
integration. The number of integration layers 
is 60 for each channel. The integration layer 
width of 50 layers is set automatically and the 
width is (maximum range)/50 m. We are able to 
set the widths of the remaining 10 layers at will. 
All of integrator outputs with navigational 
information are stored on 3.5" floppy disks. A 
threshold is set by a SV level at 100 m range 
and by selecting one of three range functions-
"± 10 log r," "± 20 log r," or "flat." The echo 

integrator also calculates area backscattering 
strength (SA), according to the formula: 

where SA is the value of SA and rw is 
integration width. 

(20) 

We conducted three acoustic surveys for 
walleye pollock. In 1988 and 1989, we chartered 
a fishing vessel Seiju-maru #28, a 5lm stern 
trawler. As her propeller pitch is fixed, the 
ship speed is changed by engine speed. In 
1988-89 winter survey, we used a research vessel 
Kaiyo-maru, 92m. 

We calibrated our echo sounding system by 
using a copper sphere ( </> 60.0 mm, TS=-33. 7 [dB]) 

[10] several times during each survey. We 
measured noise level received by our system 
several times to know characteristics of the 
noise and to set threshold parameters of. the 
echo integrator. The engine speed or ship 
speed dependence of noise were measured before 
and after each survey. To measure noise, we 
stopped transmitting and received only noise. 
As the TVG outputs of noise were low at shallow 
depth and increased with range (see Eq.(13)), we 
chose to integrate noise at depth greater than 
200m where the noise contributions is well above 
our system's minimum detectable SV of -99. 9 dB. 

TRANSMITTER 

DUAL-BEAK 
TRANSDUCER 

NARROW 
PRE-AKP. 

WIDE 
PRE-AKP. 

Fig. l System block diagram 

Table 1 Specifications of the echo sounding 
system 

NARROW COMMON WIDE 

Frequency 
Transducer 
Effective 

38kHz 
79 PZT elements 

19 cm 7 cm 
transducer radius 

Beam width 
Equivalent 

6.4° 
0.0072 sr 

15.6° 
0.012 sr * 

beam angle 
Towed body 
Transmitting 2.8kW 

1.3 m V-fin 

Power 
Pulse duration 
Maximum range 
TVG 

0.6, 1.2, 2.4 ms 
50, 100, 200, 400, 800 m 

20 log r +2ar 20 log r +2ar 

a 
40 log r +2ar 40 log r +2ar 

10.0 dB/km 

* Composite beam 

3.2 Results 

Figure 2 is an example of color echograms 
observed on the eastern Bering Sea shelf from 
22:21 to 22:45 on 16 September 1989. The water 
depth was about 105 m and the noise level was 
low. We see a patchy distribution of fish 
between the surface and 60 m depth, and a 
layer-like distribution between 80 m and the 
bottom. 

We often observed fish distributions similar 
to Fig.2 on the same day. Narrow and wide SA 
values summed up over the depth range of 14 m 
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to the bottom are compared in Fig.3 by black 
dots. The maximum range of the echo sounder 
was 200m and the integration period was 4 min 
( the ping rate is about 100/min ). The total 
number of SA measurements is 37. 

Figure 4(a) shows average SV of each layer 
and their coefficients of variation against the 
range from transducer obtained for the same 
data set as black dots of Fig.3. Coefficients of 
variation were calculated assuming data set is 
random sample of SV outputs. The width of each 
echo integration layer is 4 m. The average SV 
curves show that the fish distribution near the 
sea bed was dense. There are four peaks of the 
coefficient of variation at 10, 32, 58, and 78 m. 
It seems that the peaks at 10 and 32 m were 
caused by the patchy distribution of fish. 
Figure 4(b) shows the differences between 
narrow and wide SV plotted against the range 
from transducer. 

Figure 5 is an echogram observed on the 
eastern Bering Sea shelf from O: 38 to O: 52 on 17 
September 1989. We made a midwater trawl 
sampling between the observations of Figs.2 and 
5 and caught juvenile walleye pollock. The fish 
sign near the bottom is weaker than that in 
Fig.2 and distribution density is less. On the 
other hand, the patchy sign near the surface is 
stronger than in Fig. 2. 

White dots in Fig.3 are both channels SA 
summed up over the depth range of 12 m to the 
bottom from 0:36 to 4:41 on the same day. The 
maximum range of the echo sounder was 100 m and 
the integration period is 4 min (the ping rate is 
170/min). The total number of SA data is 62. 

Figure 6(a) shows the average SV of each 
layer and their coefficient of variation against 
range. We see that SV levels decrease and the 

mode) shows the difference between narrow and 
wide SV. In this display the color pattern is 
set white where the difference is smaller than 
± 3 dB. We can read SV within a school at the 
middle of the upper window as -33.1 dB. 

Flg.2 An example of color display on 16 
September 1989. The upper window shows 
"narrow 20 log r TVG" outputs and the 
lower "wide 20 log r TVG" outputs. 

9/16/89 20:28-9/17/89 4:41 

coefficients of variation increases with range. -30 
Figure 6(b) shows the differences between 
narrow and wide SV against range. 

Figure 7 is a result of noise measurements by 
the echo integrator on R/V Kaiyo-maru off 
Tateyama. The Y-axis is "noise SV" between 250 
and 300m, and the X-axis is ship speed. The 
black dots are narrow SV data and white squares 
are wide SV. The solid and dotted lines are 
obtained from the wide and narrow channel data, 
respectively, using a least squares method. The 
towing depth was about 10 m. 

Figure 8 is a result of a noise measurement 
on F/V Seiju-maru #28 in the international zone 
of the Aleutian Basin. The "noise SV" between 
350 and 400 m are plotted against the engine 
speed. The ship speed was 5 kt at 310 rpm and 7.5 
kt at 430 rpm. The water depth was greater than 
1000 m. 

Figure 9 is an example of echograms to which 
SVR and SVB Diodes are applied. This echogram 
was obtained near the Aleutian Islands on 27 
February 1989. The upper window (SVR mode) 
shows SV for wide channel when narrow SV ls 
higher than -50 dB, and the lower window (SVB 
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Fig.3 Comparison of narrow and wide SA 
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Fig.4 An example of dual beam echo integration 
on the eastern Bering Sea shelf. 
(a) Average SV and its coefficient of 
variation as a function of depth. 
(b) Differences between narrow and wide 
SV for each integration layer. Black dots 
connected by a line represent average 
difference. 

Fig.5 An example of color display on 17 
September 1989. 
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Fig.6 An example of dual beam echo integration 
applied to patchy fish distribution. 
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(a) Average SV and its coefficient of 
variation as a function of depth. 
(b) Differences between nar.row and wide 
SV for each integration layer. Black dots 
connected by a line represent average 
differences. 

88/11/15 KAIYO-MARU (250-300m) 
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0 2 4 6 B 10 
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Fig. 7 The results of "noise integration " on R/V 
Kaiyo-maru. Black dots are narrow SV, 
and white squares are wide SV. 
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Fig.8 The results of "noise integration" on 

F /V Seiju-maru #28. 

Fig.9 An example of an echogram showing SVR 
(upper) and SVB (lower) modes. 

3. 3 Discussion 

440 

We observe the following for the results of 
16 September. The fish distribution was denser 
near the bottom than in midwater (Figs.2 and 
4(a)). The ratio of narrow to wide SA was almost 
unity (Fig.3). Near the bottom, the variability 
in the differences of SV decreases as the 
average SV value increases (Fig.4(b)). 

The integrator outputs of narrow and wide 
channels will be almost the same when the echo 
integration period is large enough and the fish 
distribution is dense and homogeneous (see 
Eq.(19)). The above results suggests that our 
system operated well and its calibration was 
suitable. 

We observe the following for the results of 
17 September. The fish distribution was denser 
in shallow depth than near the bottom (Figs.5 
and 6(a)). The patchy fish sign in Fig.5 was 
bigger and stronger than in Fig.2. The wide SV 
was larger than narrow SV at shallow depth 
(Fig.6(b)). 

We may assume that the smaller the fish depth, 
the larger the fish avoidance behaviour against 
the researching vessel [5]. Therefore, we chose 
the above results for the analysis of avoidance 
effect. We consider that the difference of wide 
and narrow SV observed was caused by the fish 
avoidance, because fish distribution was shallow 
and patchy. Since the contribution of high 
frequency noise in echo integrator outputs was 
low in this case because of the small range, we 
can ignore the influence of noise on the 
difference between narrow and wide SV. 

Here, we discuss about the noise 
measurements. Since the band widths of our 
receivers are equal, the substitution of each 
effective radius into Eq. (18) yields 

7/19 = 0.37 = -4.3 (dB) 

and this shows that the noise SV of the wide 
channel is theoretically 4. 3 dB higher than the 
narrow one. 

The difference of the least square curves is 
about 5dB when Kaiyo-maru was not moving (see 
Fig. 7 ), and this value agrees well with the 
above theoretical value. The noise SV of both 
narrow and wide channels increase as the ship 
speed increases; however we see some different 
tendency in the two channels. The narrow noise 
SV increases more rapidly with ship speed and 
shows a larger variability. 

The differences of the SV' s least square 
curves of Seiju-maru #28 are about 7dB at her 
engine speed of 310 rpm (see Fig. 8). The noise 
SV of both channels increase as the ship speed 
increases. However, the narrow SV increases 
more rapidly than Kaiyo-maru and the narrow SV 
is larger than the wide SV for engine speeds 
greater than 390 rpm . 

The reason for this may be that 
environmental noise which has no directivity is 
superior at low ship speed. The propeller noise 
increases as the engine speed increases. The 
propeller noise has directivity and its pattern 
and noise spectrum level change with speed [11]. 
As shown by the results, the relationship 
between noise SV and ship speed becomes 
complex. 

The towed body we used was stable during 
these surveys, so that we did not collect 
information on transducer motion errors. 
However, wide signal echo integration will be 
effective for vessel mounted transducers. 

4. Conclusion 
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We have discussed the dual beam echo 
integration method theoretically and 
experimentally. It is shown that the ratio of 
narrow to wide SV is unity under the suitable 
condition. Therefore, we can detect 
qualitatively the effect of the avoidance, noise, 
or beam motion by comparing the narrow and 
wide channel outputs of the echo integrator. 
Further, we can get a quantitative index of 
avoidance behaviour of fish to survey vessel. A 
small ratio of narrow to wide SV implies 
significant fish avoidance. 

The theoretical ratio of narrow to wide 
"noise SV" shown by Eq.(18) agreed well with the 
experimental value, when Kaiyo-maru was 
stopped or sailed at low ship speed. 

When fish are at shallow depth, the error 
caused by fish avoidance is large and, in 
general, the error by noise is not serious. On 
the other hand, when fish are deep, the error by 
noise becomes more serious because "noise SV" 
increases with the range (see Eq.(13)). We can 
use this SV ratio effectively during survey 
operations. When we notice the large 
differences between narrow and wide SV, we 
compare and examine echograms. If it is caused 
only from noise, we measure noise levels, and 
set suitable threshold parameters. When the 
causes are not only noise, we must sail more 
slowly. This is an effective way to reduce the 
fish avoidance, the noise, and the transducer 
motion. 

The dual beam echo integration method 
should be used widely for sounders with dual 
beams, considering the above mentioned 
superiority. The most useful is the ability to 
monitor the avoidance effect which can not be 
realized by only one sounder. 
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OPTIMAL CONTROL OF A MIDWATER TRAWL 
SYSTEM 
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Abstract 

This study presents an optimal control 
method for a midwater trawl system that 
consists of a trawler, a trawl winch, warps, 
otter boards, hand ropes, a net and so on. The 
system is somewhat simplified and described by 
using equations of motion. A multi-variable 
feedback system is designed as an optimal 
regulator problem. Here manipulated variables 
are both length of warps and angle of propeller 
blades. Controlled variables are depth and 
forward velocity of the net. The optimal 
control system minimizes a criterion function 
that the error of depth and forward velocity of 
the net is small and control actuation is 
small. Moreover, computer simulation for a 
realistic set point control problem shows 
effects of the optimal control of the midwater 
trawl. 

1. Introduction 

As a result of fishermen's effort, a bottom 
trawl method becomes one of the most effective 
fishing methods.[1] Recently, this bottom trawl 
method in Russian water area is almost 
prohibited. Because, this method may threaten 
reproduction of fisheries resources at seabed. 
Thus we should replace the bottom trawl method 
by a midwater trawl method. However, since the 
midwater trawl method is still young, we should 
improve it much more to obtain profit without 
waste of time and energy.[3] A scientific 
procedure is needed to optimize the midwater 
trawl method because empirical procedures will 
take us quite a number of years. An answer of 
the problem may be an optimal control theory 
that immediately indicates an optimal control 
law to minimize a criterion function.[4] This 
theory may indicate an optimal fishing method 
without years and months. 

In trawl methods one tows a net with 
constant velocity that is slightly faster than 
swimming velocity of fish schools and almost 
constant depth. Then fish schools are gradually 
forced to enter a cod end. Thus depth and 
forward velocity of the net are determined if a 
fish school is detected by a sonar. A practical 
problem for a fishing gear control arises as 
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follows. After paying out the net, the 
net becomes steady and a fish school is 
selected as a target. Thus depth and forward 
velocity of the net are determined for the fish 
school. Then one should adjust depth and 
forward velocity of the net to the determined 
values and keep this condition for one or two 
hours until fish gather in the cod end. Here it 
is a problem how one should change manipulated 
variables, that is, a blade angle of a 
controllable pitch propeller (CPP) and warp 
length. Thus we can regard this problem as a 
set point control problem where changing 
manipulated variables turns steady equilibrium 
to other steady equilibrium. 

We have very few examples those introduce 
concept of control engineering into the field 
of fishing gears and methods. Muriaas[5] and 
Hamuro[2,3] reported studies about control of 
bottom or midwater trawl. However, they mainly 
concerned with supporting technology, namely, 
control devices and did not refer to any 
control laws. Nishiyama et al. dealt with an 
open loop transfer function of a midwater trawl 
system, whose input is a propeller thrust or 
warp length and output is net depth, as a first 
order lag system. Since practical operation 
uses both the propeller thrust and the warp 
length, this kind of classic control theory, 
that is formulated for a single feedback 
system, is insufficient. Thus a multi-variable 
feedback theory, namely, a modern optimal 
control theory is required and had not yet been 
applied into the fishing gears and methods. 

To solve this problem, this fundamental 
study applies the optimal control theory to the 
simplified midwater trawl system and examined 
the theory by numerical simulations. 

2. Nomenclature 

x Longitudinal position of trawler s 
m Virtual mass of trawler 

SX 
k Resistance coefficient of trawler s 
K Form factor of trawler 
S Wetted surface area of trawler 
L Length of trawler 
t Thrust deduction fraction of trawler 

p 
w Wake fraction of trawler 



n 
D 

p 
p 

KTA 

Revolution number of propeller 
Diameter of propeller · 

Propeller thrust 
Thrust coefficient under standard 

pitch ratio 
Advance coefficient 

Time constant of CPP controller 

Propeller pitch ratio 

Ordered propeller pitch ratio 
Coefficients of JP for KTA 

Coefficient of p for KTA 

Ditto. 

Longitudinal position of winch from 

midship 
Z Vertical position of winch from water 

w 
surface 

TL Time constant of winch 

11 length of unloaded warp 

Ordered length of unloaded warp 

Sectional area of warp 

Elastic modulus of warp 

Warp Tension 

Angle between warp and water 

surface 
Virtual mass of otter boards in x 

direction 
Virtual mass of otter boards in z 

direction 
drag coefficient of otter boards 

Gravity of otter boards in water 

length of unloaded hand rope_ 

Sectional area of hand rope 

Elastic modulus of hand rope 

Tension of hand rope 

Angle between hand rope and water 

surface 
Virtual mass of net in x direction 

Virtual mass of net in z direction 

Drag coefficient of net 

Gravity of net in water 

water density 
gravitational acceleration 
coefficient of kinematic viscosity 

3. Mathematical model of a midwater trawl 

A midwater trawl tracks.fish schools with 
three dimensional movements. In this paper, as 
a first attempt, we only consider movements 
within a vertical plane for simplicity sake. 
This assumption means that the trawler and its 
net go straight in a horizontal plane under 
perfect control of a rudder and two winches. 
And heaving and pitching motion of the trawler 
are assumed to be ignored because the net 

motfon does not.depend on them very much. 
Further, the otter boards and the_ net are 
regarded as material points on which 
hydrodynamic forces act. In addition, ·mass and 
hydrodynamic forces of the warps and the hand 
ropes are added to the material point for otter 
boards. Thus, from dynamic view point, the 
midwater trawl system is simplified as three 
material points conrtected with two elaitic 
cables and shown in Fig.1. 

WINCH 

z 

Fig.1 Midwater trawl system 

We can obtain an angle and tension of the 
warps between. the ship and the otter boards and 
those of the hand ropes between the otter 
boards and the net as follows: 

Xe+x .. -x1 

cos 9, = { (x.+x.-x,) •+ (z,-z.) "} "" 

Z i- Zw 
s in 9, = -----------

{ (x.+x.-x,) •+ (z,-z.) •) " 2 

cos 8e = ----------
{ (x,-x.) 2 + (z.-z ,) 2 ) l/• 

ze- z 1 
sine. = ----------

{ (x,-xe) •+ (z2- z ,) 2} 1/ 2 

(1) 

(2) 

(3) 

(4) 

T 1 = (A,E,/L) [ { (x.+x._-x,) 2 + (z.-z,) •) l/•-1,] 

(5) 

Te= (A2Ee/l2) [ { (x,-x2) •+ (z,-z.) 2} " 2-lel (6) 

An equation of the ship motion should take 
its surging motion, tension and effects of CPP 
into account. 

maxXs= P-ksXslXsl-T1COS81 (7) 

where 

P= (1-t.) pn•n. [KTA {xo (1-w) / (nD.)} +C.,p+C.2] 

(8) 

(9) 

J.=xo (1-w) / (nD.) (1 0) 

k.=112 (l+K) pS •0.463 {log10 (xoL/.,)} -•·• ( 11) 
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Equations of the otter boards and the net 
are given by, 

mi,Xi Tic o s Bi-kixi I Xi I {l+ (zi/"i) •) i/2 

-T2cos62 ( 1 2) 

muz 1 

+Tes in 82+m1' g ( 1 3) 

m 2 xx 2 = T 2 c o s B 2 - k 2 x 2 I x 2 I { 1 + ( z 2/" 2) 2) ue (14) 

{ 1 5) 

The trawl winch and CPP controller can be 
regarded as a first order lag system. 

TLli+li=li" ( 1 6) 

( 1 7) 

4. Optimal regulator the·~ 

Since the system described by the equations 
(1 )-(17) is non-linear, it is difficult to use 
a control theory. Thus, we linearlize them near 
their steady solutions. 

First, we substitute the following relations 

( 1 8) 

Xs=x1=x2=xo ( 1 9) 

for the equations (1)-(17). If a steady 
velocity i 0 and steady warp length 1 10 are 

given, the steady solutions of the system are 
successively determined as follows: 

Beo=t a n-i {me' g/ (kexo I Xo I)) 

TeoC o s B2o+kixo I Xo I 

Tio= (T2osinB2o+mi' g) /sin Bio 

1 
Po*= po= 

c,. 
[ Tiocos Bio+k.xol Xol 

(1-t.l pn•o.• 

-KT• {xo (1-w) /nD.) ·-C •• ] 

X10=Xso+xw-l10COS Bio {Tio/ (AiEi) +l) 

Z1o=z.o+z.-liosinBio {Tio/ (AiEi) +l) 

(2 0) 

(21) 

(2 2) 

(2 3) 

(24) 

(2 5) 

(2 6) 

(2 7) 

(2 8) 

Next, one can expand variables near the 
steady solutions in the Taylor series. 

xe=xs+llxs 

x1=X1o+flx1 x1=x1+llx1 

(2 9) 

z2=z2o+Az2 

li=lio+Ali L=A li 

p=po+Ap p=Ap 

After putting 

Axi=Ui. 

( 3 0) 

we define state variables x and control 
variables u as follows: 

x= 

* * T u=(lil1 ,L'>p ) (32) 

Substituting (29) for (1)-(17) and omitting 
terms higher than the second order, we can 
obtain the state equation as follows: 

i = Ax + Bu (33) 

Here A is a 12 x 12 matrix and Bis a 12 x 2 
matrix. 

A criterion function J for the optimal 
control is tentatively defined as follows: 

J (34) 

where R1 and R2 are symmetric matrices and 

nonnegative definite. 

(
:t11 0 ) 

0 •• ..... :ti212 (3 5) 

(3 6) 

(i *4, i *10) 

This criterion function penalizes the system 
error and energy required for the controllers. 
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An optimal control of the state equation 
(33) to minimize the criterion function (34) is 
'an optimal linear quadratic regulator. Thus, 
the optimal feedback law is given by, 

-1 T u = - R2 B H x (37) 

Here the matrix H is efficiently 
determined.[?] Put matrix Z 

(38) 

and diagonalize it as follows: 

Z= W (A O) w- 1 

0 -A 
(3 9) 

where A is a diagonal matrix composed by 
eigenvalues of Z whose real part is positive 
and -A is that composed by eigenvalues of Z 
whose real part is negative. W is a square 
matrix composed by eigenvectors and the i-th 
row of W is the eigenvector for the eigenvalue 
in the i-th row of the diagonal matrix composed 
of A and -A· When Wis given by, 

(40) 

we can find the matrix H as follows: 

H (41) 

5. Numerical results and discussion 

In this chapter, we discuss whether the 
optimal regulator shown in chapter 4 is 
effective for a midwater trawl system. 

The system discussed in this paper is a 
Japanese offshore trawler (124GT) with a 
midwater trawl net.[8] The lines of the trawler 
are shown in Fig.2 and its principal 
particulars are shown in Table 1. The 
performance of the trawler is evaluated by 
ordinary experiments in naval architecture. The 
trawler is equipped with a controllable pitch 
propeller, whose performance is approximately 
estimated by a design chart for fixed pitch 
propellers. The diagram of the midwater net is 
shown in Fig.3. The drag of the net is 
estimated from model experiments[8] based on 
Tauchi's Law.[9] The drag of the otter boards, 
the warp and the hand r9pes is roughly 
estimated by Koyama's experimental results.[10] 
The added mass of the otter board is given by 
that of a rectangular plate because the otter 
board is almost rectan1rular. We cannot 
accurately estimate the added mass of the net 
because Tauchi 1 s law is not effective for 
dynamic movement of nets and we have no results 
of dynamic full scale measurements. Thus 
tentatively the added mass of sphere whose 
diameter is equal to the net height is used for 
that of the net. The wires used for the warps 

are JIS (Japanese Industrial Standard) No.1 and 
24mm in diameter. The wires used for the hand 
ropes are JIS No.1 and 20mm in diameter. All 
numerical values for simulations are given in 
Table 2. 

As an example, computer simulation is 
carried out for the following set point control 
problem. At first, the net is towed steady;·the 
velocity is 1.8 m/sec and the depth is 271.8m 
and the warp length is 310m. Then the set point 
for control is given; the velocity is 2.0m/sec 
and the depth is 248.?m and the warp length is 
300m. Thus the net should rise and increase 
its forward velocity. The optimal regulator is 
designed by the linearlization near the latter 
steady towing condition and demands that all 
state variables converge to the latter 
condition. Though the optimal regulator is a 
kind of linear approximation for the optimal 
control, the control input is limited in an 
actual system that is usually non-linear. The 
limited values of the control input for the 
midwater trawl system are assumed to be as 
follows: 

I 11 I <2.0 [m/sec] -300 [m] <A 1 ,<400 [m] (4 2) 

I p I <0.073 [/sec} ·1.94<p<l.94 (4 3) 

WW=T 1 l 1 <220 [ps] (44) 

WP=Px. <SOO [ps] (4 5) 

The weighting coefficients for the input P1 , 

pp reflect these limited values of the input by 

trial-and-error-procedure of the simulations. 
As a result, it takes some time to converge the 
control output. Among the weight for the system 
error, the author thinks that the error of the 
net depth is more important. Finally, this 
paper used the following ratio of the weighting 
coefficients: 

(4 6) 

As the criterion function is given, the 
matrix H is calculated by the diagonal method 
using equations (38)-(41.). The backward in time 
integration of the algebraic Riccati equation 
is also a well known method to obtain the 
matrix H.[11) Thus this study tried both 
methods and confirmed that discrepancies 

between two methods are less than 10-5. The 
diagonal method is much more effective to 
reduce computing time. 

The feedback matrix from all state variables 
is determined by equation (37) with the matrix 
H. This requires that all the state variables 
can be detected by some sensors. 

The results of the simulation by the optimal 
feedback input are shown in Figs. 4-17. Fig.17 
shows relative positions every thirty seconds 
after the beginning of the control. First, the 
trawl winch winds up the warp and the pitch 
angle of CPP increases. These result that the 
net begins to rise. While the pitch angle turns 
to decrease after about thirty seconds, the net 
continues to rise. As a result, the controlled 
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Table Principal ·particulars of the trawler 

Length 
Breadth 
Depth 
lcb 

30.58[m] 
7.38(m] 
4.53[m] 
2.71(•] 

Rudder area ratio (A,/Ld) 
Propeller diaaeter 
Gross tonnage 
Power of 1aln engine 

Pore draft 
Mean draft 
Aft draft 
c. 

1/27.3 
2.3.0(•] 
124.77[ton] 
1800[ps] 

~st·• 
.. i 

"' 

Fig.2 Lines of the trawler 

... 
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Fig.3 Diagram of the midwater trawl net 
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Fig.4 Forward velocity of the trawler 
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Fig.5 Forward velocity of the otter board 
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Fig.6 Vertical velocity of the otter.board 
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Fig.7 Forward velocity of the net 
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Fig.8 Vertical velocity of the net 
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Fig.9 Change of the otter board depth 
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Fig.10 Change of the net depth 

50 DL1(M) 

T ( S E C ) 

400 500 600 

-50 

Fig.11 Change of the warp length 
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Fig.12 Change of the pitch ratio of propeller 
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Fig.13 Tension of the warp 
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Fig.14 Tension of the hand rope 
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Fig.16 Power of the trawl winch 
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Fig.17 Relative position of the controlled 
system 

Table System paraaeters for sinulation 

Trawler Otter boards 
459600[kg] ••x 2575 [kgsec 2 /m] 

m1 , = 1633 [kgsec 2 /m] lsx= 51916 [kgsec•/m] 
3 3 4. I [a'] k 1 331 [kgsec 2 to•] 
J. 29 .,.,. !6000[kg] 

t p 0. 131 
0.163 .!!.!.!. 

••• 60500[kcsec'/1] 
Pro~eller ••• 60500[kgsec•/o] 

n = 1 J. 67 [rps] k2 2980 [kgsec 0 /a 2 ] 

DP= 2. 30 [m] •• 'g= 4000 [kg] 
Ca= - 0. 14 7 
Cb= -0. 286 !.!.!..ll 
C,= 0. 4 9 6 At 2.33XJQ-•[n'] 

PA= 0.571 E, = J.30Xl0' 0 [kg/a 2 ] 

PB= - 0. 5 71 
Tp= 15. 0 [sec] Hand ropes 

Ae J.60 X 10-•[n'] 
Trawl Winch E, 1.30 x I0' 0 [kglo'l 

x.= - 16.49 [ml 1 2 262 [m] 

z.= 3.45 [a] 

T,= 200.0 [sec] 
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Fig.18 Effect of the weighting coefficient of 

the warp (p =106) 
p 
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Fig.19 Effect of the weighting coefficient of 

the pitch ratio ( p1=5X10-2) 



variables, that is, the net depth and forward 
velocity of the net converge to the set point 
while they slightly overshoot.-The other state 
variables also converge to the steady condition 
with their rather large over shoot. The tension 
of the warps and hand ropes is always smaller 
than the breaking load during this control. And 
the control input stays within the limiting 
values. Thus the result of the control is 
sufficient under the limitation of the control 
input. 

Since the control results depend on the 
weighting coefficients, it is important to 
demonstrate sensitivity of the weighting 
coefficients. Fig.18 shows how the weighting 
coefficient of the warp length, p1 , changes the 

maxima of required power of the trawl winch, 
WW, .and the settling time ,Tc' for the net 

depth with an error that is less than 5 percent 
of the changing value. When the weighting 
coefficient for the warp length decreases, the 
settling time decreases and the required power 
of the winch violently increases. Fig.19 shows 
how the weighting coefficient of the pitch 
ratio, p , changes the maxima of required power 

p 
of the propeller, WP, and the settling time, 
T , for the net depth. When the weighting 

c 
coefficient for the pitch ratio decreases, the 
settling time decreases and the required power 
of the propeller increases. In two examples the 
limiting values in power is dominant and other 
limiting values count for little. 

This paper presents an example of the 
optimal control for the actual midwater trawl 
system. Whether this control result is 
sufficient to catch fish schools should be 
finally evaluated by considering the fish 
behavior against the net controlled. If one 
needs the control with less seconds, a net with 
smaller drag may be selected because power of a 
main engine is restricted by our legislation. 
In other words, one can effi~iently and 
economically control the smallest net required 
for fish schools. However, to discuss midwater 
trawl methods in further detail, the study of 
dynamics of nets including added mass and 
dynamic deformation should be developed and the 
optimal control theory should utilize its 
fruits. 

6. Concluding remarks 

This study presented an optimal regulator 
for a set point control to handle a midwater 
trawl system. To design the controller, a 
mathematical model of a midwater trawl system 
was presented. The computer simulation showed 
effects of this optimal regu.lator; this can be 
used to discuss and improve midwater trawl 
methods. 

A part of this study was supported by the 
Special Coordination Funds of the Science and 
Technology Agency of Japan. The author would 
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Abstract 

To estimate the fish abundance using echo 

sounder, the volume back scattering strength 

CSV) of fish schools and the target strength 

CTS) of a single fish have to be known. Some 

echo sounder aimed for estimating fish density 

measure SV, but can not measure TS, 

therefore, the fish density can not directly 

be estimated. 

The Simrad ES 400 split beam echo sounder 

can measure the TS, which is displayed on the 

screen. This echo sounder does not measure 

the SV. In this experiment, we calculated the 

SV by utilizing the amplitude information 

collected from the parallel output of the 

echo sounder, which was connected to a 

personal computer for collecting data. 

This paper describes the calculating method 

of SV based on the amplitude data collected 

from the ES 400 split beam echo sounder. The 

results of the calculated SV were compared 

with the SV obtained by the Furuno FQ 50 

echo sounder, operated simultaneously during 

experiment which showed similar results. 

List of Symbols and Units 

SL source level CdB) 

TL transmission loss (dB) 
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TVGc echo sounder time varied gain CTVG) 

constant CdB) 

Uout output level at receiver (dB) 

VRc receiving voltage response at maximum 

TVG range (dB) 

a length of transducer in the longitudinal 

plane Cm) 

b length of transducer in the transversal 

plane Cm) 

c sound velocity in sea water Cm/s) 

r depth Cm) 

u voltage output at receiver CV) 

B two-way beam pattern compensation CdB) 

a sound absorption coefficient in sea water 

CdB/m) 

f3 alongship angle of target (degree> 

r athwartship angle of target (degree) 

'A. wave length Cm> 

T pulse duration Cs) 

-,P equivalent beam width Csteradian) 

1. Introduction 

The most common acoustic assessment 

technique used today is echo integration. The 

integration is aimed to measure the volume 

back scattering strength CSV> of fish schools. 

It has shown both experimentally and 

theoretically that the integrated acoustic 



intensity from a fish school is proportional to 

the density of the fish in the school. 

The ES 400 split beam echo sounder is the 

equipment for measuring the target strength 

of a single fish and the sizes of the fish. The 

echo sounder is also equipped with a parallel 

output which can be used for collecting data. 

The data contains information such as control 

byte, amplitude, alongship and athwartship 

angles, estimated target strength and depth. 

In this experiment data from fish schools 

were collected and based on the amplitude 

information the SV was calculated with the aid 

of personal computer. 

The ES 400 split beam echo sounder in its 

system applied a Time Varied Gain (TVG) circuit 

to compensate the echo signal from a single 

fish, which produces equal signal amplitude to 

fish of the same size regardless the depth the 

fish is located. On the other hand, when the 

echo signals come from fish schools, another 

TVG circuit is needed, which functions to 

produce equal signal amplitude to fish schoo 1 

of the same size regardless of its depth. This 

TVG function is absent in the ES 400 split beam 

echo sounder. Therefore, in calculating the SV 

of fish schools, a mathematical .correction 

was used converting the applied TVG function 

of the echo sounder for a single fish to the 

TVG function for a fish school. 

2. Instruments and Data Processing 

The experiment was carried out in Suruga 

bay using research vessel Shunyo Maru. The 

vessel has a Furuno 50 scientific echo sounder 

(50 kHz> and a Simrad ES 400 split beam echo 

sounder (38 kHz). During the experiment both 

echo sounders were operated simultaneously. 

The FQ 50 was used to measure the SV of the 

fish schools and the ES 400 was used to 

collect data of the fish schools. 

The parallel output of the ES 400 was 

connected to the personal computer <EPSON 

PC-286LE) for taking data from the echo 

sounder. The parallel output forms a high 

speed, real time data, for every 10 cm column 

of water throughout the echo sounder range. 

In order to avail all the necessary 

information, a program was written for 

transferring data from the echo sounder to 

the computer and then saved continuously into 

floppy disks. 

The information received from the parallel 

output of ES 400 were in binary form and these 

were further processed into each proper form. 

The amplitudes are logged in numbers from O to 

4095, the maximum value corresponds to 2 V 

calibrated output signal. The angles are 

logged in numbers from -36 to +36 with an 

angular resolution of 0.14 degrees from the 

center of the beam axis. The estimated target 

strengths am logged in numbers from O to 80 

with each step corresponding to 0.375 dB, 

where the maximum number corresponds to the 

target strength of -26 dB .and the minimum 

number corresponds to target strength of -56 

dB. The control byte contains information 

about the echo sounder condition during 

operation and also the status of the received 

data (i.e. whether the data received from 

bottom or not). Table 1 shows the list of the 

processed information received from the ES 

400 split beam echo sounder. 

Before using the amplitude information to 

calculate the SV of the fish schools, the 

accuracy of this information should be 

checked. Checking is done by calculating the 

target strength based on the amplitude 

information. The result of the calculated 

target strength is then compared with the 

target strength value estimated by the echo 

sounder which is also received from the 

parallel output. 

In the split beam echo sounder, the 

calculation of target strength is based upon a 

combined calculation of signal amplitude and 

beam compensation value. The beam 

compensation value is determined from the 

angles information and it is calculated as 

follows: 

-516-



Table 1. Print-out of the processed data of 

the ES 400. 

Range: 25 m 1989/ 5/22 18:12:02 Ping : 1 

Control Ampli- Along- Athwart- TS Depth 

tude ship ship 

PRDBAT <Vo 1 t) (0 ) ( 0 ) (dB) (m) 

010011 0. 781 

010011 0. 721 

o.oo 
0.00 

010011 0.573 o.oo 
010010 0.490 o.oo 

010000 

010010 

010010 

010010 

010010 

010010 

010010 

010010 

010010 

0.017 -0.28 

0. 031 -1.12 

0.037 -1.26 

0.030 -1. 40 

0.020 -0.70 

0.021 0.14 

0.038 1.12 

0.043 2.38 

0.052 2.52 

010010 0.048 5.46 

010010 0.031 -5.74 

010010 0.021 0.98 

010010 0. 028 

010010 0.040 

010010 0.046 

010010 0.048 

010010 0.037 

010010 0.025 

010010 0.021 

0.56 

o.oo 
0.98 

1. 82 

4.90 

6.44 

3.64 
010010 

010000 

0.025 6.30 

0.019 -5.18 

010010 

010010 

011110 

011110 

0.049 -8.68 

0.032 -2.52 

0.218 o.oo 
1.812 o.oo 

011110 1.500 o.oo 
000000 

000000 
o.ooo 
o.ooo 

o.oo 
o.oo 

0.00 -34.25 0.1 

0.00 -35.38 0.2 

0.00 -37.25 0.3 

0.00 -38.75 0.4 

-0.14 9.9 

-1.12 -56.00 10.0 

2.94 -56.00 10.1 

2.80 -56.00 10.2 

-0.14 -56.00 10.3 

0.28 -56.00 10.4 

-0.70 -56.00 10.5 

o.oo -56.00 10.6 

1.96 -54.50 10.7 

3.64 -56.00 10.8 

-5.04 -56.00 10.9 

-0.84 -56.00 11.0 

-1.12 -56.00 11.1 

-0.84 -56.00 11.2 

-1.54 -56.00 11.3 

2.38 -55.63 11.4 

-2.66 -56.00 11.5 

-3.64 -56.00 11.6 

0.42 -56.00 11.7 

-0.56 -56.00 11.8 

2.94 11.9 

-7.84 -56.00 23.3 

-3.36 -54.50 23.4 

o.oo -40.63 23.5 

o.oo -26.00 23.6 

o.oo -27.50 23.7 

o.oo 
o.oo 

o.o 
0.0 

B = 10 log {((sin X>/X) x ((sin Y)/Y))'4 (1) 

X = ( n x a/;\> sin {J (2) 

Y = < n x b/ ;\ > sin r (3) 

Combining with the system parameters, the 

calculated target strength, therefore, ls 

given as 

TSc = Uout - B - SL - VRc + TVGc (4) 

Comparison between the calculated target 

~trength (denoted as TSc) with the estimated 

target strength received from the parallel 

output of the echo sounder (denoted as TS) ls 

presen led in figure 1. The difference between 

TS and TSc is very small < ± ldB> which means 

that the received amplitude gives a reliable. 

information about the target detected by the 
echo sounder 
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Figure 1. Comparison between TS and TSc. 



3. Calculation of Volume Back Scattering 

Strength 

The calculation of SV based on data 

received from the parallel output of ES 400 

split. beam echo sounder, combining with the 

system parameter ln use, including correction 

for the applied 40 log TVG function in the 

echo sounder into the 20 log TVG function 

which ls needed for calculating the SV, is as 

follows: 

Uou t = SL - 2TL + TS + VR (5) 

2TL = 40 log r + 2 a x r (6) 

VR = VRc - TVGc + 40 log r + 2 a x r (7) 

The target strength <TS> in the equation (5) 

for a reflecting volume <v> is related to SV as 

follow: 

TS = SV + 10 log v (8) 

The volume is determined by the equivalent 

beam width < f/J ), the depth <r>, the pulse 

duration ( T ), the sound velocity in sea water 

<c> and can be expressed as: 

10 log v = 10 log ((c x T /2) x f/J x r 2 ) (9) 

Substituting the equations (6), (7), (8) and 

(9) into equation (5), the Uout becomes, 

Uout = SL + sv + 10 log (C x T /2) + 10 log f/J 
+ 20 log r + VRc - TVGc 00) 

To simplify the equation, the echo sounder 

constant values are gathered into one 

constant denoted as CN : 

CN = TVGc - SL - 10 log (C x T /2) 

- 10 log f/J - VRc (11) 

and the volume back scattering strength (SV> 

is expressed as: 

SV = Uoul - 20 log r + CN (12) 

The equation <12> has a term of -20 log r, 

which usually does not appear in the equation 

for calculating SV if the echo sounder in its 

system applied the 20 log TVG function. But 

the ES 400 spli l beam echo sounder used the 40 

log TVG function, so the term of -20 log r in 

the equation is a correction factor for the 

applied TVG function in the echo sounder, 

thus, total compensation by the TVG function 

is only 20 log r, as needed for calculating SV. 

To calculate the mean SV, lt is desirable to 

leave the decibels notation and derive 

relations between the absolute values as: 

10 log sv = 10 log u2 - 10 log r 2 + 10 log en 

sv = <u2 I r 2 ) x en 

(13) 

(14) 

The mean sv was calculated up to ten main 

layers vertically, from surface over the 

preset range. The mean sv calculation diagram 

ls shown in figure 2. In order to obtain the 

mean sv of every layer, calculation by 

squaring and integrating are necessary. The 

mean sv for every layer is found by laking 

the weigh led sums of all sv over the out 

sailed distance sampling interval horizontally 

< !::!,. D and the average depth layer < /::!,. d) 

vertically. The mean sv for each layer is 

given as: 

.....c=i. .....c=i. 

layer I 
I~ 

'I 

2 1 £1.d 

3 

d 

' £'.I I 

I I layer 10 I " 

Figure 2. Diagram of SV integration. 
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p K 
E E<u/r(1))2 

svi = en (15) 
P x K 

where, 

K : average number of sample in layer i, 

P : number of pings for the interval 

sampling distance. 

The mean SV for every layer expressed in 

decibel is : 

SV1 = 10 log SV1 (16) 

4. Result and Discussion 

The results of the calculated mean SV based 

on data collected by ES 400 split beam echo 

sounder and related echogram is presented in 

figure 3. This echogram was made with the aid 

of personal computer based on the data 

received from the parallel output of the echo 

sounder. On the top of the echogram, the time 

when the data were collected is shown. In the 

echogram the echo traces of fish schools can 

be seen, of which the mean SV were calculated. 

The results of the calculated mean SV from the 

data collected by ES 400 were then compared 

to the values of the mean SV obtained by FQ 50 

scientific echo sounder. 

During the experiment the FQ 50 was 

operated to integrate the mean SV for every 

0.5 nautical miles. To make both mean sv 
comparable, the calculated mean SV from the 

ES 400 data was also integrated in every 0.5 

nautical miles. On the lower part of the 

echogram, marks were indicated to distinguish 

between one integration interval to another. 

The graphs below the echogram showed the 

mean SV calculated from the ES 400 data and 

the mean SV obtained by FQ 50 for every 

integration interval. The left side graph 

shows the mean SV values for the first 

integration, the graph in the middle shows the 

mean SV values for the second integration and 
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the right side graph shows the mean SV values 

for the third integration. 

A comparison between the SV values in each 

graph shows that both SV values are similar 

especially when fish schools are present. The 

trends of the curves of the calculated SV from 

ES 400 were observed to be almost on the same 

trends with that of the SV curves obtained 

from FQ 50. 

5. Conclusion 

In this experiment, by utilizing the 

amplitude information received from the 

parallel output of the ES 400 split beam echo 

sounder, it is possible to measure the volume 

back scattering strength of fish schools. In 

addition to the target strength information, 

future development of programs will surely 

predict the number of fish. This wil 1 lead to a 

more accurate fish stock estimates by means of 

the acoustic method. 
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Abstract 

This paper deals with Overseas 
Cooperation on Fishing Port Projects 

by the Government of Japan. 
In recent years,refrecting 

increasing mu tu a 1 cooperation of 
many countries in the world, a 
number of fishing port construction 
projects have been increased in 
abroad by Japan's economic cooperation 
(Official Development Assistance:ODA). 
Many requests and consultations 
related to construction of fishing 
ports have come to the Government of 
Japan from the governments of 
developing countries. 

Japan's Overseas Cooperation 
for the fishing port projects in 
abroad consists of three types, 
Grant Aid, Loan and Technical 
Assistance. 

When we think of the better way 
of overseas cooperation on fishing 
port project by Japan, we fee1 a 
little regret of a hasty proceeding 
schedule of Japan's grant aid. 

We feel the necessity of various 
surveys and studies. 

In additiori to these necessity, 
some developing countries carrying 
out Yen Loan projects may occasionally 
fall into serious debtors if the 
ex c hang e rat e of fore i g n cur r e.n c y 
gets changed 

It would be necessary for us to 
make the overall better way of 
overseas cooperation. 

1. Introduction 

In recent years,refrecting 
incresing mutual cooperation of many 
countries in the world, a number of 

fishing port construction projects 
have been increased in abroad by 
Japan's economic cooperation(Official 
Development Assistance:ODA) .Many 
requests and consultations related to 
construction of fishing·ports have 
come to the Government of Japan from 

the governments of developing 
countries. 

This paper has been presented 
to be of help to those who make 
suth requ~~ts of constlltation. 

2. Economic Cooperation 
2.1 Outline of Economic Cooperation 

Economic Cooperation means Flow 
of Financial Resources which 
constribute to economic and social 
development and welfare of developing 
countries. This cosists of three 

types of cooperation as follows, 
(l)Official Development Assistance 

(ODA) 
(2)0ther Official Flows(OOF). 
(3)Private Fiows(PF) 

Development Assistance Commitee 
(DAC) which belongs in Organization 
for Ec~nomic Cooperacion and 
Development (OECD) of the United 
Nations, manages the classification 
and taking statistics of the 
Economic Cooperation. 

DAC dosen't give a definition 
on Least Developed Countries(LDC). 
Generally speaking, LDC is understood 

the nation or area which accepts 
Financial Resources for the 
development. 

DAC says that there are 163 
least d~veloped countries and/or 
area in the world as of 1987. 

2.2 Outline of ODA 
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ODA has been defined as provision of 
Financial Resources with the 

following conditions in DAC since 
1972. 
(l)To be provided by goverments or 

govermental agencies. 
(2)To be principally intended to 

promote the economic development 
and welfare of developing 

countries 
(3)To be inclued Grant Element(GE) 

of at least 25% in order to 
lighten the burden imposed on 

developing countries. 

Remark: 
GE of ODA 

Grant Aid + Loan X GE of Loan 

Total amount of ODA(Grant Aid+Loan) 

GE of Loan 
= T. L. - fresenr V..fue of (l?e; .. £ur.re<J fl..;nc;I"'/ + Interest) 

Toro/ a..,our of Loan (1. L.) 

Discount rate is usually applied 
10%/year when Present Value is 
estimated. Therefore Grant Aid is 
regarded as GE 100%,and Loan carrying 

10%/year interest is regarded as GE 
0%. 

3. Japan's Overseas Cooperation on 
Fishing Port Projects 

Japan's Overseas Cooperation 
for the fishing port projects in 
abroad consists of three types, 
Grant Aid 7 Loan and Technical 
Assistance as follows. 

3.1 Grant Aid 

The first type of cooperation is 
Grant Aid. It is one of the forms of 
Japan's ODA to provide developing 
countries, at their reqest, with 

non-reimbursable funds needed to 
procure eqipment machinery and 
materials and/or to construct 
infrastructures for the project of 
contributing the economic and 
social development and welfare of 
developing countries. 

Grant Aid for fisheries has 
reached 10 billion Yen in 1989 (about 
70 million US$ as 145 Yen/US$). And 
the Budget for fishing port 
construction project has been included 

about 4 billion Yen in it. 
Enforcement of every project of 

Grant Aid is dicided by the Government 
of Japan (the Ministry of Foreign 

Affairs:MFA) and implemented by Japan 
International Cooperation Agency 
(JICA). 

The magnitude of previous Grant 
Aid of each fishing port construction 
projects has ranged from about 600 

million to 2,400 million Yen (about 3 
million to 12 million US$ as 
200Yen/US$) during the one or two 
fiscal years. 
billion yen 

1 0. 2 

Fig. 1 
year 

Variation of Grant Aid for Fisheries 

3.2 Loan 

The second type of cooperation is 
Loan. In the case of large scale 
fishshg port development projects have 

been expect~d to make a nationwide 
contribution to the economy, ODA 

Loan to the goverments (or govermental 
agencies) of developing countries are 
provided by the Overseas Economic 

Cooperation Fund (OECF) of Japan. The 
Loan are usually referred to as "Yen 

Loan". The terms of Loan are as of 
April. 1989 as follows : 

interest :1.0---4.0%/year 
(according to the conditions of 
countries accepted Loan) 

imbursement period :30 years 
(included grace period :10 years) 

The magnitude of previous Yen Loan 
of each fishing port construction 
projects has ranged from about 5 

billion to 10 billion Yen (about 25 
m i l 1 i o n t o 5 0 m i l l i o n US$ as 2 0 0 
Yen/US$). 

3.3 Technical Assistance 
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The third type of cooperation is 
Technical Assistanc~.It is also 
decided to excute by the Goverment 
of Japan(MFA) and implemented by 
JICA and intended to contribute to 
developing countries. Relating to 
fishing port projects, many technical 
assistances have been implemented such 

as dispatch of experts for fishing 
port planning and/or design.acceptance 
of trainees for fishing port projects 
and sending of survey teams for 

fishing port development projects. 
(1) Implementation of Development 

Study ·on Fishing Ports 

Development 
study on a project in a developing 
country involves on-the-site research 
including the social background, the 
economic impact, etc. of the project. 
A report on the feasibility of the 

plan is drafted by the dispatched 
members of Japanese Government. In th~ · 
field of fishing ports, the research 
team consists of experts on fishing 

port planning, construction, 
management, etc. 

(2) Dispatch of Expert 
Experts are dispached in 

accordance with the requirements of 
developing countries. The dispatched 

No. of cases 

_!!Eisheries Grant Aids 16 

•Project-based 7 
Technical Assistant 

~Research/Investigation 3 

expe~ts will work with their 
counterparts in the countries on the 
requested projects. 

(3) Acceptance of Trainees 
Trainees from abroad have been 

accepted since 1952 in the field of 
fishing port as a form of technical 
cooperation. 

Usually, trainees can learn basic 
knowledge and techniques, and also 
study fishery developm~nt in Japan 
through excursions to see the'present 
condition of fishing ports. 

4. The way of ODA Fishing Port 
Projects by the Governments of 
Japan 

The government of Japan executes 
ODA in the way of as shown in Fig.3. 

Studies on fishing Port 
Constructions have been (mplemented 
as shown in Table 1. 

5. Examples of the Fishing Port 
Construction Projects 

5.1 Apia Fishing Port (Western Samoa) 

(1) Outline of the Project 

Contents 

Construction of fishing ports, training 
ships, fish culture, lab equipment, etc. 

Fish farming, fisheries training, 
processing. etc. 

Fisheries, resource research and 
investigation system 

Fig.2 Major Government-based International Fish~ries 

Cooperation. (1987) 
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the Government of Japan 

Ministry of Agriculture, Forestry and Fisheries ( MAFF ) 

Fisheries Agency ( FA ) 

Ministry of Foreign Affairs ( MFA ) 
Japan International Cooperation Agency ( JICA ) 

The Overseas Economic Cooperation 

CID 

MAFF-MFA ---
t© 

© 
t© 

<2> 

FA ~JICA· 

© OECF 

!® 
Government of the 

Fund ( OECF ) 

Embassy of Japan 

Overseas office of JICA 
Overseas office of OECF 

recipient country 

or 
its designated authority 

CD Request for cooperatio~ 

<ID Screening of the requested projects 

@ Dispatch of a survey team 

@) Inter-ministerial consultation 

(5) Budget appropriation.by the Diet 

@ Presentation of draft Exchange of Not.es 

(J) Singnature on the Exchange of Notes { E/N 

If funds for the completion of the proj~ct are providid by 

OECF' s Loans, the fol lwiog procedure shal 11 be fol lowed. 

@ Dispatch of a surver team by OECF 

® Conclusion of Loan Agreement ( L/A ) 

Fig.3 Mechanism of the Japans Economic Cooperation on Fishing Port Projects 
(up to the Exchange of Notes or Loan Agreement)' 

The Government of Japan executed 
t h e f i r s t G r a n t A i d f o r Demerara 
Fishing Port of the mouth of Demerara 
river, Guyana. After that, the 
project of Apia Fishing Port would be 
the first Grant Aid for sea fishing 

port project. 
The fishing port was completed in 

February 1982, with the details as 
shown in Fig. 4. 

(2) Background of the Project 
The Government of Western Samoa 

carried out its Fourth 5 Ye~rs 
Development Plan between 1980 and 
1984. The plan proposed promoting 
the welfare of the people by making 
use of resources. 

Fisheries in Western Samoa is 
c 1 a s s i f i 1 d i n t o t h r e e m a i n 
categories, inner - reef fisheries 

aimed at self-consumption of the 
catch, outer-reef operations for 
earning cash incomes, and experimental 
fisheries conducted by the Samoan 
government. Due to the different 
nature of these fishery types, the 
government implements different 
policies for their promotion. 

The wharf, a new fishing market 
and the other fishing port facilities 
are needed to increase the supply. 

(3) Plan of the Fishing Port 
Construction 

a) Target of the Project 
This project implemented with the 
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Table 1. Implementation of Study Team on Fishing Port Construction 

No. Country/Area Year 
1 Argentine '78 

'86 '87 
2 Brazil '90 
3 Chile '81 '82 

'84 
'86 

4 Egypt '89 '90 
5 Fiji '86 
6 Ghana '88 
7 Guatemala '74 
8 Guy aria '75 ··79 '80 
9 Indonesia '73 '74 

'77 '78 
'BO 

10 Kiribati '80 'BS 
11 Malaysia '69 '70 
12 Marshall '81 'BB 

'B9 
13 Mauritius 'B2 'BB 
14 Mexico '72 

'83 
15 Micronesia 'BS 
16 Mozambique 'B6 
17 Nigeria '66 
lB Palau '87 

19 Papua New Guinea '76 '11 '18 
20 Perl.I '72 

'74 

'76 '77 
'79 '81 '82 
1 88 '89 ''90 

21 Philippines '63 
'78 'BO 

'81 

22 Seychelles '.90 
23 Sri Lanka '60 

'64 
'82 
'86 '87 '88 
'89 

24 Sri name '89 
25 Taiwan '65 
26 Tail and '57 

'69 
'87 
'89 

27' Tuvalu '87 
28 Soviet Union '75 
29 Western Samoa '80 

target as follows, 
(I ) To construct market in order to 

deal with the increasing fishing 
production. 

(II) To increase the income of.the 
fishermen by developing the 

Fishery 
(III) To improve nutritive conditions 

of the people by the fishing 
production 

·• 

Content of 
Place Cooperation 

San Antonio-Oeste, Study · 
Puerto Deseado Grant Aid 
Recife Expert 
Concepcion Study 
do. Expert 
Puerto Monte Grant Aid 
Ataqua do. 
Lautoka do. 
Terna do. 
Sipacate Study 
George Town Grant Aid 
Jakarta Loan 
do. do. 
Pelabuhan Ratu Study 
Tarawa Grant Aid 
Kuan tan Study 
Majuro Grant Aid 
Arno do. 
Po~t Louis do. 
Mazatlan Study 
Mexico City Expert 
Yap Grant Aid 
Quelimane do. 
Lagos Study 
Angaur, Ngerchelong, Grant Aid 
Ngatpang, Melekeok 
Kavien, Rabaul Study 
Oquendo Expert 
Lima, Paita, Samanco, Study 
La Puntilla, Oquendo 
Ventanilla Study 
do. Expert 
do. Study 
Navotas do. 
Iloilo, Lucena, Sual, Loan 
Camaligan, Zamboanga 
Cebu, Davao, Tacloban, Loan 
Cagayan de Oro, Cadiz 
Mahe Grant Aid 
Columbo Study 
Galle do. 
Kirinda Grant Aid 
do. Study 

Paramaribo, New Amsterdam Grant Aid 
An ping Study 
Tertau, do. 
Bangkok do. 
Nakhon Si Thammarat Grant Aid 
Barigkok Expert 
Funafuti Grant Aid 
Pioner Study 
Apia Grant Aid 

b) Plan of the Fishing Port 
Facilities 
The basic facilities and the 

functional facilities1as shown in 
Table 3, were constructed. 

The quay and wharf is planned 
for the major type ships, mainly. 

The functional facilites are 
planned in consideration of flows of 
the fishing production during 
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Fig.4 General Plan of Apia Fishing Port 

Table 2 Fisheries in Western Samoa (in 1979) 

I 
Fishing l N~ .. of Est. Esti11ated I 

Fishing Method . h Gover1111enta I 
Vesse 1 F tsher•en Catch Fis 1:r•~n Pol icy 

Per Boat Population 
Inner Harpoons, trapping, Baobao 10. 000 Reef using bare hands (canoe) - 500 sid1: work 

Protect ion 
Fisheries 
Outer Hua! net and 28 ft. 

Cautious 
Reef 4 1300 lCIOO prOllot ion 
Fisheries 

bottOll fishing Area Policy 
Large- Role-and-I inc 60 ft. Fish far•ing 
scale (with live bait) Bonito 20 7 20 with artificial 
Fisheries boat feeding, Ex-

Per i•ental 
fisheries 

Table 3. Major Facilities of the Ap:la 
Fishing Port 

© Basic Facilities 
Breakwater 77m, Quay Wall 188m 
Annex Facilities 

(Fenders, Mooring Post, Light Buoy, 
Light Beacon, Illuminations, Water 
Pipes, Intake Pipes etc.) 

unloading, freezing and sale. 

5.2 Jakarta Fishing Port (Indonesia) 

(1) Outline of the Project 
The Government of Japan executed 

the first ODA Loan of fishing port 
project for Jakarta Fishing Port. 
Jakarta Fishing Port was completed 
in July 1984, with the details as 
shown in Fig.5. 

® Functional Facilities 
Fish Market 1, 000 m' 

(Market for selling 500 ~. Management/ 
Administration Facilities 500 ~) 
Freezer (50 tons) 1 unit 
Ice maker (1 ton/day) 1 unit 

(2) Background of the Project 
The Government of Indonesia 

carried out its second 5 years 
Economic Development Plan between 1974 

and 1978. Under the Second Plan, 
further expansion of the fishing 
industry is proposed to meet the do
mestic comsumption and export demands. 

Pasar lkan is Playing a pivotal 
role in the capacity of a fishing base 

in Jakarta. However, facilities 
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required as a fishing port/market, are 
so narrow, obsolete and insufficient 
that Pasar Ikan does not fulfill its 

function as a fishing base, or to the 
contrany, such a situation results in 
the prevention of its development in 
terms of modernization and 

rationalization of fishing activity 
and fish distribution. 

(3)Plan of the Fishing Port 
Construction 

a) Economic Analysis 
An analysis on National Economy 

was conducted as follows: 
I )Shortening of the time required 

from arrival to departure of 
fishing boats through relieving 
traffic congestion. 

IT ) Increase of fish catch through 
enlargement of fishing activities 

ill )Maintain fresh condition with 
the use of ice 

IV) Increase of income by :switching 
over from salted and dried fish 
to fresh fish 

b) Plan of the Fishing Port 
Facilities The development of the 

main facilities is shown in Table 4. 
Construction works for the 

Breakwater and Revetment include 
Bamboo Pile and Bamboo Mat.which are 
made of the native material (bamboo) 

in Indonesia as shown in Fig. 6,.....,8. 

6. Problems to be considered about 
Overseas Cooperation related to 
Fishing Port Projects. 

Based on some information about over
seas fishing ports in developing count
ries which we have gotten thr~ugh many 
opportunities, We would refer to some 
problems about overseas cooperation 
related to fishing port projects. 

Generally speaking, the administrative 
organization related to fishery/ fishing 
port is small and insufficient', and it 
only manages license and registration of 
fishermen/. fishing vessels, management 

LIGHT BEACON 
(GREEN) 

Fig.5 General Plan of Jakarta Fishing Port 

Table 4 Major Facilities of the Fishing Port 
Phase I 

LIGHT BEACON 
(RED) 

(!)Basic Facilities 
Breakwat.er 1. 040.. • Quay Wall 1. 504m , Revetment 3, 04011· 
Navigation Aids 2units . Reclamation Area 601,00011 1 

Phase II 
®Utilities Works 

Pavement. Landscaping~ Fence and Gate, Drainage System, Water Supply System, 
Fire Fighting System, Fuel Oil Supply System, Sewerage System, 
Ship Repairing Facilities. Additional Civil Works 

@Building Works 
Refrigerator Facilities/Building 4,590m2, Transit Shed 324m'X 12units, 
Whole Sale Market 2, 187m 2 , Machinery House l, l66m 2 , Rest House 460m', 
Administration Building 2,028m 2 , Dormitory 296m 2 , Water Pumping House 60m 2 , 

Garage 240m 2 , Oil Pumping House 56m 2 , Gas Fuel Storage 34m 2 ,Gate House 27m 2 , 

Toll Gate 3m 2 , Public Toilet 67m 2 x 2units 
®Refrigerator Facilities 

Ice Making Plant 150tons/day, Ice Storage 200tons, Cold Storage 850tons. 
Contact Freezer 1. 5tons/shift, Emergency Generator 1. OOOKVAX 2units 
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, 
Fig.6 T~pical Sect~on of Breakwater 

(Jakarta Fishing Port) 

of ice plants/ co.ld storages, sale of 
ice, diffusion of.effective new fishing 
methods and fishing gears, collection/ 
arrangement of fishery statistic data 
etc •. 

The problem of the aspect of staffing 
is, generally speaking, the technical 
personnel in the field of fishery, 
electricity and machinery etc. are 
assigned only a few in the authorities 
concerned of fishery/ fishing port, 
however the civil engineering staff i_s 
not assinged. 

Theref~re, 
organization 
insufficient 

as 
of 

about 

th~ administrative 
fishing port · is 
maintenance of· th~. 

fishing port facilities of -breakwaters, 
wharfs, piers, revetments, roads , and 
the "depth of routes, anchorages and 
basins etc. , the authorities concerned 
of fishery/ fishing port are· driven by 
necessity to depend on ,other depart
ments, for example, port· authority or 
ministry of public works etc •• 
This causes inconvenient circ:Umstances 

for them to make development of fishing 
port and promotion of fisheries actively 
by themselves. 

The problem of the aspect of material 
and financial matters is, generally 
speaki.ng, the · budget .for administration· 
and maintenance is insufficient, and 
consequently, it causes difficulty of 
maintenance of fishing port facilities, 
machinery and equipment etc., and a 
shortage of repair parts. 

When we think of the better way of 

MAT 

Fig.7 Fabrication of Bamboo Pile 

F'lilll SHEET 

Fig.8 Detail of Bamboo Mat 

overseas cooperation on fishing port 
project by Japan, we feel a little 
regret of a hasty proceeding schedule 
of Japan's grant aid because. Japanese 
budgetary system makes it a principle to 
execute the budget in one or occasion
ally two f:iscal years if it is necessary 
and r~asonable after the Exchange of 
Notes bebreen the Government of the 
recipient country and the ·Government of 
Japan. 

We feel the necessity of various 
surveys and studies of weather 
conditions, marine phenomena and coastal 
topography etc. around the project site 
for man}" years,· and 'also· trial small 
scale work and assessment studies after 
the completion of· fullscale work of the 
project. . 

And in addition to these necessity, 
some developing countries carrying out 
Yen Loan projects m~y ·occasionally fall 
into serious debtors if the exchange 
rate of foreign currency gets changed 
and Yen becomes stronger than the 
currency of the country when the 
government of the country would pay back 
to Japan. 

In such case, the self-efforts of the 
country carrying out the project become 
offset by.9ther factors. 

It would be necessary for us to make 
the overall better way of overseas 
cooperation. 
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CONSTRUCTIO.N OF LARGE SCALE FISHING PORT 

<NEW NAGASAKI FISHING PORT> 

M. Kishino*, A. Nagano**, M. Kurose*, Y. Ugazin*** 

* Fishery Department of Nagasaki prefecture Government, Japan 
** Fishing Port Department, Fishery Agency, Government of Japan, Japan 
*** The Japanese Institute of Technology on Fishing Ports and Communities, Japan 

Abstract 

New Nagasaki fishing port which has 
landing capacity of 290,000 tonnage per year 

,and New fishery town which has population 
of 20,000 has been constructed at Mie inlet. 

Mie inlet is 16km away from Nagasaki city 
to the north west, NAGASAKI prefecture. 
New Nagasaki f i sh i ng port construction 
started at 1973. Amount of investment is 
¥130bi II ion from 1973 to 1989. At 2nd 
october 1989, New Nagasaki fishing port and 
new Nagasaki fish market have been opened. 

Unt i I then, the fish port had I ocated at 
center of Nagasaki city, where landing fish 

we re treated and auction was taken P I ace 
from 1914. At this old Nagasaki fishing 
port, quantity of landing fish was 200,000 

tonnage and amount cost of landing fish was 

¥80bil lionat 1982. The old Nagasaki fishing 
port was one of the biggest fishing ports of 

Japan.Since Nagasaki city has grown up, the 
old fishing port which located at center of 

the city couldn't have the spare of land 

and basin for fishery factory and boat. The 
scheme which is the moving out to the place 
away from the center of the city of such 
large scale fishing port is the first work 

in Japan. 
New Nagasaki f i sh i ng port are cons i sted of 
market area 221,482 square meter,fish 
process factory 26 company in 135,051 square 
meter, sewage, quay 3, 39011 and basin area 
1, 500, 000 square meter. There are · two fish 

I anding houses, fish I ive stock pond, 

middleman house, selling hal I related to 
worker in market.parking area 38,643 square 
meter, f i sh box yard, container yard, sea 

fresh water we 11 fac i I i ty and garbage 
collection yard in the market area. And 
there are ice making f ac i I i ty 480 tonnage 
per day capacity, ice stock capacity 6,300 
tonnage, freezer capacity 476 tonnage per 
day, cold storage capacity 52,845 tonnage. 
Behind New fishing port, new fishing 

town has been constructed with primary and· 
high schools, two banks, many shopping 
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stores referred to fishing gear and food, 
houses544 and condominium 830. 

Now New Nagasaki fishing port has been 
constructed to become more safety port with 
making breakwater and improve facility 
mooring with quay. New scheme which is 

ca I I ed I nternat i ona I f i she ry port provided 
with fishery research and education and 

I aboratory has· been p I anned and has been 
'undergoing. 

1. Project Out I ine 

1.1 Problems with the Older Fishing Port 

The older Nagasaki fishing port had located 
at the most interior of Nagasaki inlet, 
where adjoin to Nagasaki station and the 
downtown of Nagasaki city. At this site, 

Port construction and development had 
continued from 1951 to 1972 under the 



Fishing Port Development Plan by the state 

government. The major structures built 

during these periods were landing 

faci I ities, roads, and parking areas, 

freezers and refrigerators, ice factories 

and other industry related necessities. At 

once, there was a prominent increase in the 

number of larger vessels and consequently a 

greater numbers of landings. 

The main fishing grounds around the 

Nagasaki fishing port are the I se i bottom 

trawling area around the East China Sea and 

the Yellow Sea, the area ground the Tsusima 

Strait, the Goto Islands and the seas in and 

around East China Sea dedicated to I arge 

and medium-scale roundhaul netters.Nagasaki 

is surrounded by rich fishing grounds and is 

also ideal for the landing of catches and 

preparing ships for departure. 

The total annual landing reached 253,000 

tons at 1965, which is the record of 

I anding. But after 1970, the catch I anding 

at older Nagasaki fishing port had been 

decreasing a I ittle by I ittle. There are 5 

main reasons adding up to the gradual 

decline as fol lowing. 

1) Decreasing the resources of I se i bottom 

traw I i ng area and the I anding of roundhau I 

netters. 

2) Insufficient depth at quays and 

ship basins especially for roundhaul netters 

ship, which has gotten large. 

3) Difficulty in developing areas into a 

fisheries processing comp I ex equipped with 

co Id storage, processing and transportation 

terminals directly connected with landing 

area behind the older port. 

4) Water pollution in the older port. 

5) Insufficient width in the older port's 

waterways. There are commercial port 

functionand ship bui !ding industry in 

Nagasaki inlet together. 

1. 2 _PI_~'!'! i ll_g_ a _NI!_!_£ i sh i ng Port 

The three main functions of Nagasaki inlet, 

an industrial port as well as commercial 

and fishing ports, have delimitting effects 

mutually. While it is desirable to promote 

we 11-ba I anced deve I opment of the port area, 

physical I imitations and a 

disproportionately developed industrial 

sector have tipped the balanced development 

of the port and the older fishing port's 

transformation into modern fishing port. 

This being the general state of affairs, 

there is an increasing need for construction 

of mooring facilities and areas suited for 

larger fishing boats, development of both 

water and shore fac i I it i es to accommodate 

greater landings, and maintaining sufficient 

hygiene for fresh food products. 

Construction of a new port was a I so 

necessary in terms of securing safe 

navigation and transportation routes in the 

shore area. 

1) Landed catches and entering fishing boats 

into The New Fishing Port 

In planning the new fishing port, the main 

purposes inc:luded securing required length 

of the landing quay, water depth, sufficient 

resting fa<:i I ities, effective layout of 

port facilities for ship preparations, and 

sufficiently large ship basins. Safe and 

convenient 1>ort layout would enable larger 

vessels (in the 300-1000 DWT range) to moor. 

Total landings are expected to increase to 

249,000 tons in 1994. 
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2) Distribution and processing 

Although the Older Nagasaki Fishing Port as 

a base for landing and distributing fishery 

products, the relatively small number of 

processing companies in the area had been 

one of its major weaknesses. In order to 

overcome this difficulty, 

to deve I op sites for 

it was necessary 

distribution and 

processing by building a processing complex, 

in an attempt to bring together catch 

landing, distribution, and consumption. 

The 135,000 square meter-wide fisheries 

processing complex has already been 

deve I oped and of this area, 92% has been 

sold to 20 companies. Eight companies are 

currently in operation at 1989 present. 



3) Developing transportation 

Recently transportation by trucks is 

increasingly more important than rai I roads 

and this trend is expected to continue in 

the future. Jn order to facilitate truck 

transportation, access roads to highways 

need to be developed or bui It. 

4) Developing drinking water supply and 

water treatment 

Estimated water consumption by 

fisheries-related faci Ii ties of the new port 

and general residential areas is 5,800 

tons/day. Also, work has been finished to 

treat 11, 000 tons/ day of waste water from 

the fishing market, processing p I ants and 

genera I sewage. 

5) Development of a fisheries- oriented city 

The new project ca 11 s for the deve I opment 

of area behind the fisheies related 

faci I ities into residential housing, parks, 

and other urban fac i I it i es to turn the area 

into a fisheries oriented town adequate for 

a population of 20,000 inhabitants. 

Table-1 Comparing the Faci Ji ties at the 

Older and New Nagasaki Fishing Port 

SlZE OF THE 
SIZE OF THE NEW .llASAGAKI PORT 

CATEGORY EXISTING PORT JrllCRE~E OVER .. SIZE 
-~~~~~~! __ 

TOTAL WHARF LEllG'nl 2,047m 4,940m 2.4. 

LANDING 620m I ,4101n 2.3 
BREAK- RESTING · 1,064m 2,2501n 2.1 
DOWll 

PREPARATIONS 225m 5801n 2.6 
SPECIAL USE · 165m 7001n 4.2 

!;HIP BASIN TOTAL ARE 180,000m2 J°, 500, 000m2 8.3 

!JETTY TOTAL AREA 42,508m2 . 227 ,0001n2 5;3 

l>ARKING LOTS 3,.855m2 32,800on2 8.5 

Fig. 1 New Nagasaki Fishing Port 

2. Fish Market Development 

2.1 Market size and capacity 

Jn connection with the New port Development 

Project, port fac i I it i es improvement PI ans 

were comp I eted stead i I y, one after 

another.The New Nagasaki Fishing Port 

Wholesale Fish Market was planned at 1981 

and started to construct at 1984. 

The p J anned market out of the 350m-w i de, 

600m- I ong Centra I Jetty was dee i ded to be 

221,482m2, including the sites required for 

port facilities and public access roads. The 

target hand I i ng vo I ume was set at 235, 000 

tons for 1990. The capacity of the market 

faci I ities was determined based on this 

figure.The new fish market is expected to 

create 3,306 jobs. 
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2.2 Fish Market Faci I ities - General 

The major facilities to be newly built or 

imp roved in the 5-years Market Deve I opment 

Project are I i sted in Tab I e-2. Deta i I ed 

descriptions of each of these facilities is 

given below. 

1) Wholesaler Building 

One bui I ding is located to the east and 

another to the west of the Central Jetty. 

The East Wing hand I es the catch from I se i 



bottom trawlers and coastal fishing vessels 
while the West Wing handles mostly the 
roundhau I netter products. The bu i Id i ngs are 
made of prefabricated concrete and are 
special IY designed with widely-spaced 

pillars, which are 20 meters apart. 
2) Shipping facilities 
The new shipping facilities have been built 

to match the variety of fish species 

hand led at the market. Of particular 
used for importance are the 3 pontoons 

landing and catch classification of lsei 
bottom trawlers products and another 

intended to handle the offshore catches. 
Pontoons are advantageous because they 

accommodate changing ti da I I eve Is. The 

auctioning area for offshore catches is 
provided with specially- designed fork I ifts 
which al low catch landing to be made 

directly from on board the vessel. 
3) Auction Area of I ive fish 

In order to accommodate the recent 

increases in auctioned live fish and 

shellfish, 13 sea-water tanks of various 
sizes, with total water capacity of 80 tons, 
were bui It outside the auction hal I. These 
tanks are expected to boost trade volume and 

more species of live fish. 
4) Broker•s building 
The floor of this building contains 65 
shops with 7m*6m, or 42 square meter area 

each. These broker's shops are an 

outstanding feature of the new port, as they 
expedite rapidly trading of the various 
types of fish and fishery products. 
5) Shops re I ated to workers in the market 
and fish products retail dealers. 
The shop Building has enough space for 22 

smal I shops selling goods of dai IY use and 5 
restaurants. The wel I-provided facilities 
in this building help to promote the use of 
the market by fishermen, broker and 
shoppers. 
6) Automatic Measuring Instruments 

Power and water meters located in the 
Broker's Building, Shop Bui Id i ng, and 

Wholesale Building are periodical IY 

monitored by means of te I emetry. The date 
thus obtained is processed by a computer, 

which can automat i ca I I y calculate 
consumption and utility charge. The 
telemetry and fully automatic system 
stream Ii ne port administration and 
facilities management. 

Table-2 Major Fish Market Facilities 
FACILITIES STRUCTURE/SIZE 

Wbolesale Buidlia1 JrlS..,t'l'iD1 I Sin1Je·1tory re + 17.094•' 

I Leaatb )20m. with storm sbu.uers 
I Wholesale Buildia1 .east Tfiaa S1a1le-story re l').)49 

I Leaatb )ZOm vilh 1l0tm sbuu.eri.-si.le hoor 
Fr.sb Fisb Facilities <Z win as> Ferrobar enforced slated lin1l1•1&ory 460 · 

I I Weier capacil.y" 10 tons 
Broker's 8uildioa z .. ,~- · 11,707 

·I (IF~,, tbOPI t2n otnce1 aDd olber' raCUiliH 
Sbop Buildiaa · Si_~&J•·1tor7 FC . 3.730 

Sbippina Terminal 
Tbemostat Retri1erator 
Site Ortices (6) 
Guardmen 's Orrices CZ> 
Seawater Treatment 
Wu&e Dump 
Outdoor Lavacories (6) 
Ca.so a De posh Ana 
Coatalaer Yard 
Partin1 Lots 

ZZ 1bOj1, )";;s&auri.nts.-omces aod olber1 
Ferrobar enforced itated sin1te-1tory 760 
Aluminum paael buildi.n1 200 
Z·story prdabricated 2,611 
Sinale·story FC 14 
Sin.1le-story FC 608 
Ferrobar enforced slated siaal•·sto,., 106 

Zl6 
, .. 64 
Z.:500 

31.643 
«For business use) 909 pusenaer cars, 74 
lar1er vehicles 
CFor commu_liac_) SH car SDaces 

1se1 1nlwer -..uia1 >Yllem, Autamalic :iiorl• 
iaa Mac.bill• 

3. Development of Distribution and 
Processing Facilities 

The concept for the New Nagasaki Fi sh i ng 
Port stems from the dire necessity to 
accommodate the recent increases in volume 
hand I ed by the o Ider port, which the 
convent i ona I d i str i but ion and processing 

facilities were unable to do because of 
physical I imitations. In designing the new 
port, therefore, the "catch phrase" has been 

a "streamlined flow of operations from 

catch landing to product distribution." 
Regarding new faci I ities, plans have been 
made to bui Id an ice factory (with a dai IY 
production capacity of 500 ton/day), a 

6000-ton ice storage unit, cold storage with 
the freezing capacity of 355 tons/ day and 

35,100-ton refrigerators. 
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The Prefecture Association of Fisheries 
cooperative built 51 ton-day capacity 
freezers and 5000-ton refrigerators in 1978 
with funding from the nat i ona I government. 
However, due to the difficulties involved 

in Fi sh Marl(et re I ocat ion, it was not unt i I 

1984 that full-fledged efforts were made to 
improve the faci I ities. Also, it was this 
year that tlhe new port area was determined 



eligible for a comprehensive distribution of 

fish products development plan by the state 

government. 

In the near future and before the new port 

becomes fully functional, the total ice 

production by 3 plants is expected to reach 

380 tons/day with a storage capacity of 

4, 300 tons. When s im i I ar projec:ts of the 

Japan Deep-Sea Roundhaul ~etters Association 

are comp I eted (they .p I an to bu i Id 100 

tons/day ice makers and a 2000-ton ice 

storage unit), it wi 11 be possible to meet 

the initial targets figures. 

In terms of cold stores, 2115 tons/day 

freezers and 22, 495 ton refrigerators have 

already been bui It by 6 companies. An 
additional 50 ton/day capacity freezers and 

a 5000-ton storage units are expected to be 

completed by the end of 1989. Additionally, 

the fish processing complex has the 210 

ton/day freezing and 25,350 ton storage 

capacity. Compared with the existing 

faci I ities, the new port wil I have 3.3 times 

more freezing capacity and 2.6 times more 

refrigeration capacity. 

As for processing faci I ities, the original 

73,0001112- sites developed for bui I ding an 

industrial complex were quickly sold out. 

Further development made available a total 

of 135,051mi, but at present, the prepared 

lots have also completely been sold out. 

The Nagasaki Association of Fisheries 

Processors was the first organization to 

bu i Id a "sur im i" (ground fish mu at used to 

make fish cakes) factory in the complex 

accomplished in 1973. Because of the 

uncertainty involved in the fish market 

relocating to the new port site, only 9 

companies are current I y in ope1"at ion, but 

in the next three years, all 215 companies 

which purchased the lots are uxpected to 

finish construction of their processing 

faci I ities in the newly developed fish 

processing complex. 

The processing plants already constructed 

or scheduled for completion in the near 

future deal in a variety of processed foods 

Ce. g. frozen processed food, surimi, 

specially prepared delicacies, fish meal and 

so on). The area is expected to develop 

into a fisheries operations center in 

Nagasaki Prefecture within the not too 

distant future. 

The firms that opened p I ants in the fish 

processing industrial complex quickly formed 

a cooperative to discuss the issue of water 

supp I y. However, inadequate tac i I it i es and 

the relatively small number of firms that 

initially moved into the area hindered the 

ability of the cooperative to function 

satisfactori IY. It was later decided that 

the prefectural government would finance the 

water supply project, which would to sold 

to private corporations at a later time. 

At present, the cooperative is managing the 

water supply project and paying back the 

government for the plant and equipment. 

A notable feature at this industrial complex 

is the Fisheries Processing Laboratory, 

bui It with the state government's 

assistance. A ful I-fledged meal processing 

plant is scheduled for completion by the end 

of 1989, which is the first attempt of its 

kind in Nagasaki. The role of the fisheries 

industrial complex is I ikely to expand along 

with the deve I opment of the Nagasaki 

Fishing Port Fisheries Complex Cooperatives. 

When these firms come into fu I I operation, 

they are certain to supply a variety of 

fishery products to meet consumer needs, 

transforming New Nagasaki Fishing Port into 

an important base for fisheries production, 

processing and distribution. 
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For the firms that joined the consortium 

for land development, the capital outlay was 

huge, most of which was spent on the 

exorbitantly priced land. The prefectural 

government has backed up the new processing 

complex development processing complex by 

undertaking highways connecting the 

production areas with consumption areas need 

to be improved, as truck transportation 

becomes increasingly more important. The 

comp I et ion of the Trans-Kyushu Motorway in 



the near future wi 11 I ikely contribute to 
th is trend. 
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Fig.2 Network of Main Roads and Highways 

New processing and distribution facilities 
are ind i spensab I e to the new port and new 

fish market, whose act iv it ies are expected 
to exceed well over those conducted at the 
older port. The opening of the new port and 
fish market, together with such fringe 
benefits as a strong brokers corps, 
middlemen, and wholesalers, is certain to 
revitalize the local economy and further 
contribute to the economic advancement of 
southern Nagasaki. 

4. City Planning 

4.1 Residential Areas - Objectives 

People from al I walks of I ife are expected 
to I ive and work in the new port area. Some 
are fishing vessels crew who return home 
after many months of overseas duties, while 
others are people working at the fish 

market, whose day begins at pre-down hours. 

To satisfy the varied needs and life styles 
of the areas new residents, it is necessary 

to carefu I IY p I an the hab i tab I e areas, 
requiring the construction of hous i ng, 
retail shops, parks, medical and welfare 
faci Ii ties and others. The port development 
authority and a 1. I the peop I e concerned are 
particularly keen on developing a clean and 
functional environment. 

4.2 Residential Area Planning 

In accordance with the initial port city 
deve I opment concept, the housing area was 
schedu I ed to I i e direct I y behind the port 
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area. 

About 128 lots, or 3.2 hectares, has been 
alloted to the fisheries related population, 
wh i I e another 4. 1 hectares, about 164 
housing I ots, is reserved for genera I 
housing. These areas have been developed by 
public housing corporation, which is funded 

by the prefectural government. Of the total 

ava i I ab I e ~ ots, 284 have a I ready been 
completed and sold. 
Nagasaki City planned construction of 
housing cornplex for 220 families. At 
present, 150houses have been bui It, with the 
remaining 70 scheduled for completion 

during the next few months. The prefectural 
government developed a similar project to 
bu i It 610 house. About a third (219 homes) 
have been completed and are already 
occupied, while constructions presently 
underway (124 homes) or being scheduled for 
the future (340 homes). 

5. Fish Market Relocation Policies 

5.1 Measures· Taken against Opposition 
Relocation 

Fi sh i ng port re I ocat ion had met severa I 
difficulties. since its inception. The Port 
re I ocat ion 1> I an seemed innocent enough to 
progress suoothly. However, the project 

encountered a major set back at 1981 when it 
was I earned that bu i Id i ng of new ra i I road 

tracks to the new port would be aborted. The 
trawler's association was quick to react. 
They opposed relocation because a direct 
railway connection was of vital importance. 
Am.id the mounting opposition from these 
primary producers, distributors and other 
groups began to side with them and become 
less enthusiastic in undertaking the 
project. 

In Apr i I 1983, after repeated negotiations 

with the various interest groups,prefectural 

government authorities recognized 
themselves and intensified efforts to 
materialize the project. In view of this. 



even the staunch opponents softened and 

conceded to discuss the relocation project, 

but not major obstacles were c I eared. Th is 

was fo 11 owed by a I most spontaneous 
activities by 13 fsheries and related 
associations to seek a feasible solution to 

the problem of the On March 14, 1985,a 

petition was finally submitted to the 

governor, containing detailed discussions on 

regarding relocation costs and other 

related expenses. 

Upon receipt of the petition, the 

prefectural government conducted wide-range 

pub I i c hearings and announced it~; response a 

half year later. The government was wi II ing 

to give political support, and financial 
aid in the form of subsidization and loans. 
More concrete measures proposed by the 

government are summarized below. 
The government promised support fishery 

private companies and fishery related 

associations for the construction of port 
facilities through subsidies and loans. More 
specifically, support was focused on the 

construction of ice makers, freezer and 

refrigeration faci Ii ties, and 

transportation. Long-term, low interest 

pub I i c funding was arranged to fac i I i tate 

the deve I opment of site for transport 

faci I ities. 

In addition, . the 

subsidize 75% of 

government 

the direct 

dee i ded to 
expenditure 

incurred by relocation of offices and shops. 

A special loan was arranged to help with 
incidental expenses. Furthermore, a special 

fund was est ab I i shed to he Ip with the 
purchase of equipment that suc:h a major 

relocation would necessitate. 
Three years later on December 28, 1988, an 

agreement was reached in favor of 

relocation.However, the prefectural 

government had to increase thE! funds it 

previously prepared for the port relocation. 

5. 2 Measures for The bottom traw I fishing 

llilr.D.e..c.. 

Of those opposing relocation, the bottom 

trawlers group staged the largest and most 

adamant 
October, 

trawlers 

condition 
opposition 

Gradually, 

opposition campaigns. However, 

1986 saw a new movement. The 
group dee i ded to discuss the 

of relocation without the 

reso I ut ion of the group. 

the basic attitude of these 

people shifted because more positive and 

they began to ta I k about the advantages of 

re I ocat ion. In Apr i I 1987, a research group 

in the bottom trawlers group was created to 

discuss the major issues, of which the 

deve I opment of an effective catch I anding 

system was most important. The activities of 
this group came to a sudden halt when 

Typhoon 8712 hit the new port site in August 

of that year. Amid the brisk restoration of 

the typhoon damage, heated discussions of 

development and method to incorporate a new 

catch I anding and hand I i ng system resumed. 
This eventua 11 y I ed to the i nsta 11 at ion of 

new machinery which saved 

manpower and later became 

attraction of the new fish market. 

tremendous 

the main 

5.3 Opposition to Relocation due to Typhoon 

Disasters 

The tremendous damage to the new port was 

brought about by Typhoon 8712. The typhoon 

moved northward a I ong the Goto Is I ands of 

Nagasaki Prefecture and a I most tot a I I y 

destroyed the breakwaters the new port. The 

destruction of "lifeline" structures was 

truly a nightmare to all the people 

concerned. 

On September 5, 1987, the bottom t raw I ers 
group again decided to oppose the relocation 

movement, arguing that the planned port 

site was not safe. 0 Th is action was supported 
by other fishing groups. The Fishery 

Agency, However, acted swiftly and wisely. 

In Tokyo, Nagasaki's Governor received a 

promise from the Agency that the southern 

breakwater wou Id be reconstructed with 
exceeding strength and scope of the ones 
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demo Ii shed by the typhoon. The 

reconstruction work had finished on March 6, 

1989. 
In response to the significant assistance 
promised by the Fishery Agency, the 13 local 

associations and cooperatives began to 
soften their opposition. Within a month, 
they congregated to hear the government's 

description 
of the reconstruction plan and its 
schedule. In a September 25 1987, interview 
with the Newspaper, the governor was quoted 
to have said, "The typhoon attack was most 
unfortunate, but thank God, this disaster 
did not occur after the putting to use the 
new port". Thereafter, restoration was the 
top priority and in the long run, the wise 
steps taken at this time contributed greatly 
to the success of the relocation plan. 

In November 1987, al I concerned parties 
were prepared to meet with government 

representatives and a f i na I agreement was 
reached on the relocation conditions on 

December 28, 1988. 
16 years have passed since the original 
inception of the Nagasaki Fishing Port 

Relocation Plan, and another 10 years since 
the establishment ·official of bodies to 
discuss concrete measures of the relocation. 
At September 29, 1989, The new Nagasaki 
Fishing Port and Fishing Market have 

Relocated. 

6. Planning for an International Marine 

.£.i!l. 
6.1 Background of the plan 

After the New Nagasaki Fishing Port has 
been used, 
plan to 

Nagasaki prefecture government 
improve the new port for 

international marine city.' 
Nagasaki Prefecture is located close to the 
East China and Yellow Seas, two of the 
richest fishing grounds in the world. 
Various fisherman's associations (E.g. 
bottom trawlers, large and medium-size 
roundhau I netters) are active and numerous. 

In Western Japan, Nagasaki ranks number one 
in terms of fisheries production. Also, due 
to brisk activities in the high seas, it is 
directly linked to other international 
operations, it is directly I inked to other 
international operations.The establishment 
of the 200-mile fishing zone 
CDFZ> increased di ff i cu I ty in high sea 

operations. Another difficulty was the 

sudden increases in fisheries product 
imports during recent years. In an effort to 
overcome these obstacles, the Fishery 
Agency established the so-called 'Marine 
innovation concept', for seeking new uses of 
water resources in the seas surrounding 
Japan. Based on this national guideline, 

Nagasaki Prefecture formed the Nagasaki 
International Marine City Concept.At core of 
the concept is the promotion of socio

economic activities, while creating 

comfortable living environment in the 
coastal areas and transforming the area into 
a truly international community. These 
goals are l>est achieved by promoting the 
fishery and processing industries, 

development of the New Nagasaki Fishing Port 
and rea I i zat ion of other projects such as 

those directed at . the construction of 
International Maritime ResearchZone and 
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I nternat i ona I Resource Management 

Information Center. 

6.2 Organizations and Their Roles in 

Promoting International Marine Studies 

1) Nagaski International Fishing Training 

center 

This research center Wi 11 provide 

fisheries-related training to trainees from 
neighboring countries, especially those 

I ocated around the East China Sea and the 
Yellow Sea. Cooperation will be sought from 
other research organizations in Japan. 
Special training wil I also be given to 

fisheries specialists and to the members of 
Youth Overseas Corps assigned to overseas 

duties. 



2) Fishery Agency's Western Japan Research 

Center 
Th is research institute w i I I be dedicated 

to the study of the the East China Seas and 
the Ve 11 ow seas resources and resource 
management techniques while conducting basic 
research for rep I en i sh i ng f i sheiry resources 
in locally waters. Also included in their 

research efforts w i I I be the study of the 

marine environment. 
3) University of Nagasaki Research Center 
for the East China Sea and Vel low Sea 
Corroborating with the cenhr' s motto, 

"Preservation and Planned Use of the Ocean", 

the main activities at this center wil I 
include Western Japan Promotion of 
intramural, comprehensive and international 
oceanographic research. 
4) Nagaski Prefecture Fishery Laboratory 

While promoting the introduction of the 
latest technology and technical research and 

deve I op11ent, this I aboratory w i 11 endeavor 
to develop new industry- application 
technology. Through cooperation with the 

Nagasaki University and the Western Japan 
Marine Research Center, research wil I be 

conducted on international resource 
management in the East China and Vel low 
Seas. 

6. 3 Advantages of locating related 
organizations in one area 

Plans have been made to congregate the 
university and national and local marine and 
oceanographic research institutes scattered 
in Nagasaki City to pro11ote mu tu a I 

assistance. This new system is expected to 
fac i I i tate up-to-date research, of which the 
results can be put to immediate use. 

Greater interaction among researchers 
visiting Nagaski from many countries wi 11 

contribute to ensure an international 
understanding in marine resource 
conservation and management. 
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Research Zone 



THE LATEST TECHNOLOGY IN CONSTRUCTION OF 

FISHING PORTS 
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** Deputy-Director, Planning Division, Fishing Port Department, Fisheries Agency. 
*** Charman of Hydraulics Fishing Port Section, National Research Institute of Fishing Engineering. 

The intricate coastline of Japan totals about 35,000 km in length. The 
government enacted the Fishing Port Act in 1950 as a legal framework for the 
nearly 3,000 fishing ports in Japan. The Long-Term National Fishing Port 
Development Projects have been enacted based on this law ·~o improve fishing port 
facilities. These projects will be effective for 4 - 8 years. See the table for 
the first seven projects completed. The eighth project is being promoted with 
¥2.41 billion in funds to deal with the social and economic changes surrounding 
the fishing industry and fishing communities with importance being attached to 
the following basic targets: 

(1) To effectively utilize the water area surrounding Japan; 
(2) To establish a distribution and industrial processing system that is 

functional in the information society; and, 
(3) To revitalize fishing communities. 

1.:. Introduction 

The concerns for improving fishing ports 
have changed ith the times; the construction 
of fundamental facilities, such as break
waters, revetments, quays etc., were 
important in the early days when the improve
ment started. However, serious improvements 
are required these days including repairing 
access roads to fishing ports; maintaining 
the sewage systems, parks, etc. and creating 
quieter fishing ports. Therefore, new 
technology concerning fishing ports has been 
developed to cope with these requirements. 

This report introduces the current status 
of the study and development of the latest 
technology available for practical use 
concerning fishing ports. 

2. The Trend 2!.. the Study and Development 
of the Latest Technology for the 

Construction of Fishing Ports 

Although quite a number of planning and 
designing methods for fishing ports have been 
presented since the construction of modern 
ones started, many peripheral themes have 
appeared because of the circumstance~ 
surrounding fishing, such as the development 
of resource controlled-fishing. Actions to 
keep the inner areas of ports calm, to 
prevent shoaling of these areas by the 
littoral drift, and to improve the water 
quality there have been developed to 
enhance the safety, usefulness and conveni
ence of the ports. 
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2.1 Development of Breakwaters with 
Idle Water Parts Which Reduce Water 
overtoppiiig-- -- --- ---

The revetment, which protects the land 
from sea water, and the breakwater, which 
maintains calm water within the port, cause 
problems if they are too high or too low. 
Therefore, the construction method in Japan 
of stacking concrete blocks to form a slant 
face to reduce the wave overtopping and 
lower the height of the levee crown has 
been employed. A method has been developed 
to make. more effective breakwaters. 

As shown in Fig. 2-1, this new method, 
called wave-breaking with idle water parts 
adopts a system which provides an adequate 
distance between the upright part and the 
wave-breaking work.a. In this study, the 
regular wave experiment was performed first. 
Then, a variation in water volume, caused by 
various wave conditions, and the condition 
resulting from the bank of wave-breaking 
works were investigated. Which bank shapes 
were effective was clarified according to the 
change in wave force as well as the influence 
of the increased water volume due to the 
raised water level in the idle water part. 

Characteristics of irregular wave forces 
were researched using the irregular wave 
experiment. In addition, secondary waves 
caused by wave overtopping were studied by 
looking at irregular waves. Fig. 2-2 shows 
the relationship between water pressure 
resultant forces (hereafter simply called a 
wave force) of armoring and idle water part 
is 0.01 or more. As seen from the influence 
of the length of idle water part types, as 



well as between the height of passing waves 
and deepwater waves, Ho. The idle water 
part type is expected to cause a greater 
reduction in wave pressure than the armoring 
type when the height of the levee crowns are 
0.55H or more, and the length of the idle 
water parts on the wave force, a reduction 
appears in wave force when the length is 
extended from 0.051 to 0.11. To achieve the 
non-dimensional mean wave pressure strength 
of Pmax/wH1/3 to be 1.0wH1/3 or below, at 
1 = 0.113/3, the required height of levee 
crowns of wave-breaking works is 0.7H1/3. 

The wave pressure distribution becomes 
double the wave pressure type if the levee 
crown he is high. The calming effect of the 
idle water part type is larger than the 
conventional armoring type that has the same 
levee crown height, so its transn1ission 
coefficient is 10 - 16% smaller. 

As to the soundness of the breakwaters, 
the wave-breaking works were found to be 
superior in reducing wave pressure than the 
conventional armoring type, when the height of 
the levee crowns of the wave-breaking works 
were sufficiently high. Also, different from 
the conventional type, a load from the block 
itself, together with a load transmitted from 
the wave force through the block, is not 
generated on the upright part. However, the 
simple body weight of the block had to be 
slightly heavier, by about 1.5 times, than 
the Hudson type of wave-breaking works. 
Moreover, sufficient scour-protection 
measures must be applied to sandy ground. 

2.2 Development of ~ Construction Method 
Using ~ Holed Breakwater with ~ 
Submerged ~ Ez Introducing Sea Water 
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Although port reformation has improved the 
calmness of the water for anchorage, it has 
deteriorated circulation of water in the port. 
Now clean and fresh sea water is being 
demanded, not only for the beauty of nature 
and for public health, but also for temporary 
storage of fish feed. Overall, the improve
ment of water quality in the anchorage areas of 
fishing ports is considered to be an increas
ingly important factor of the future. Hence, 
the construction method using a breakwater 
with a submerged dike has been developed to 
exchange sea water at higher rates using the 
small waves that always exist. The idle 
water part is provided in this system between 
the main body of the breakwater and the 
impermeable submerged dike. As waves are 
forcibly broken above the submerged dike, 

raising the mean water level of the idle 
water part; sea water will be introduced to 
the anchorage through the lead-in hole 
provided in the bank. 

When the energy of swells and waves existing 
in the outer sea is used, sea water is not 
exchanged efficiently by merely providing 
holes or openings in the breakwater. 
Therefore, this system is designed to cause 
a rise in the water level by breaking the 
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FIG. 2-4-2 Wave Force and Height of Deepwater Wave 
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water above the impermeable subme~ged dike. 
This dike is constructed in front of the 
main bank, providing water interchange 
holes (openings or submerged holes) on its 
back side and introducing sea water into 
the port by the differing water levels. 
The amount of sea water interchanged, the 
height of the transferred water, the wave 
force, etc. ,· were measured by the hydraulic 
model experiment to confirm the effectiveness 
of the sea water exchange method. Also, an 
optimum design of a breakwater with the 
submerged dike was studied. 

The test results proved that the amount of 
water exchanged was not affected by the 
distance between the upright part of the 
breakwater and the submerged dike, and 
showed the maximum exchange when the height 
of the crown of the submerged dike coincided 
with the water level. The amount of the 
introduced water that can be calculated is 
shown in Fig. 2-4· Here, He' is the deepwater 
wave height, h is the water depth where dike 
is installed, B is the length of the submerged 
dike, and A is the cross-section area of 
opening. (See Fig. 2-4) 

The submerged dike has an impermeable 
structure, so singular block concrete bank 
is most efficient. However, in terms of 
construction, the block mounted rubblestone 
would be more effective. It was also found 
that the height of the wave passing through 
the breakwater's opening was small enough and 
did not affect the calm area inside the port. 

The water depth (he) above the submerged 
dike and the distance (1 1 ) to the submerged 
dike influenced the force of water acting on 
the breakwater with a submerged dike. The 
mean wave pressure was 1.0 WH or below when 
[he] was 0 - 0.25h (h is water depth) and 
[1 1 ] was 0.2 - 0.251 (Lis length of 
incident wave) or more. If a submerged dike 
is provided, the amount of introduced water 
reaches its maximum level when the depth of 
water above the submerged dike is O. The 
amount of water does not change in the 
0.5 Ho' - 0.5 He' range. 

A flat design with a rectangular dike was 
especially effective in introducing water 
from the outer sea with minimal wave force. 
(See Fig. 2-5) 

1'SIDE THE PORT AREA 

The construction of breakwater with 
openings and a submerged dike allows 
efficient introduction of sea water even 
when the wave height is small. It also 
accelerates the exchange of sea water in 
port areas with a small differnce in 
tidal level. 

J. Activities and Achievements of the 
Research SocietY°for Developmentof 

Fishing Port Technology 

3.1 Outline 

The Research Society for Development of 
Fishing Port Technology was founded in August, 
1985 to seek ways to meet the diversified 
needs of fishing ports and fishing communi
ties, while developing technology necessary 
for improving port facilities. The members 
of this Society are private corporations, 
who have exerted great effort in the study 
and development of new technology for the 
planning and construction of fishing port 
facilities. 

After selecting a common theme out of the 
themes currently discussed independently by 
the member eompanies, study teams were 
organized to discuss specific study and 
development projects. It is necessary that 
the themes flhould reflect the actual needs 
of fishing port management. 

Each Study Team applied the results of 
their discussions to studies at the site. 
The activities of the Study Teams are 
outlined below: 

The results of the various studies 
undertaken :3ince August, 1985 have been 
reported. Some of the findings have 
been used to improve several fishing 
ports. 

Study Team 1 discuss~d "Fenders" 
Study Team 2 discussed "Floating Wharves" 

3.2 New Fender Material for Fishing Ports 

J.2.1 Fende~ =Original Concept and 
Development 

New fend.er materials have been developed 
and put to use in order to reduce the defects 

Breakwater with a Submerged 
Embankment-Conceptual Drawing 
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encountered with conventional materials. In 
Europe and the United States, rubber fenders 
have been in use for the past fifty-five 
years. 

The use of rubber fenders in Japan first 
began in 1953, when this material was 
imported from the United States. The 
following year, Japan successfully 
developed round fender materials on her own. 

The main function of the fender is to 
absorb the impact when a ship collides 
with it to protect both the ship and 
the wharf from friction and damage. A 
good fender material must meet the 
following quality requirements: 

1 • Flexibility 
2. Large freedom in deformation 
3. Small modulus of elasticity 
4. Excellent resistance to friction, 

cutting and aging; good durability 

3.2.2 Background to the Development 
of New Technology 

Based on our studies on the use of 
fishing ports and fenders, we have 
concluded that a good fender material 
must satisfy the following needs: 

(1) Resistance to external force: The 
generally required quality of the fender 
material includes low reactive force, 
high absorption of impact energy and 
good resistance to shearing force as 
well as partial compression, in other 
words, good durability. 

(2) Sufficient width for easy mooring 
operation and protection of the ship's 
body: By providing a wide fender, it 
is possible to increase the a.rea where 
the ship's body directly contacts the 
fender, thus reducing the unit impact. 
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(3) Convenience and safety in catch landing 
operations: A good fender must also be 
useful for landing of the catch. 

(4) Protection of the ship and the mooring 
quay: Sometimes a part of the ship may 
rest directly on the mooring quay. In 
order to minimize damage, protrusions 
and sharp edges must be covered by 
fending materials to protect the ship. 

3.2.3 Development of New Fender for Fishing 
Port 

As described earlier, in order to meet the 
increasingly diversified needs of fishing 
ports, fender design has been improved. 
The V-shape fender, abbreviated as the V-type 
herein, is described below. 

(1) Resistance to Impact: The conventional 
V-type fender was often damaged in its 
foundation. By thickening the rubber or 
providing double rubber faces, it is 
possible to increase the fender's 
resistance to shearing forces and 
particle compression. 

(2) .Wide-bodied Design: The conventional 
V-type fender has a small impact receiving 
area, so ships are subjected to a concent
rated load when they collide with the quay. 
By making the fender area as large as 
possible, it is possible to reduce the 
unit impact applied to the ship. 

(3) Convenience/Safety: In order to use the 
fender's top surface for landing or 
walking, we have designed a stepped 
structure. In order to contribute to 
port safety, we have attached ropes 
that can be used as lifelines. 
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,3.2.4 Topics for Further Study 

Based on the findings of the past study 
on the development and application of new 
fender materials, we wish to continue the 
study to achieve yet greater improvements. 
Site investigations have identified a new 
need for specifying replacement timing of 
the fender materials, based on its damage 
and deterioration or rubber. 

1. Difficulties with Conventional 
TeChnology and SpeciiiI'"""Features of the 

Controlled Motion Floating Pier 

Conventionally, floating piers have been 
used in areas with a large difference in the 
tidal level. These piers, however, are 
attached to the wharf by chains, so they are 
susceptible to the motions of the waves and 
winds, which often result in large lateral 
motion. Also, the need to make such piers 
wide enough to increase stability often 
narrows the mooring basin and the landing 
area. 

In order to address these problems, a 
controlled motion floating pier is secured in 
position by means of posts. This improves the 
floating pier in 1the following ways: 

i) The movement of the floating pier is 
minimized in bad weather, thus increasing work 
safety and ease of operation. 

ii) The pier's width can be made small, 
making it suitable for small ports. 

iii) Reduced lateral movement allows installa
tion of the floating pier close to the wharf. 
The greatly reduces the water surface area 
occupied by the pier. 

iv) Since it is now possible to stabilize 
the floating pier, a passage of the same width 
as the pier can be constructed to which fishing 
2. Tying the Floating Pier to Stationary 

Ports 

The number of posts per floating pier is 
usually four, but two posts will suffice for 
smaller floating piers. Although the former 
type offers greater motion control, the latter 
one has been improved, for example, by tying 
the pier at two (upper and lower) positions 
on each post. 

The floating pier and the post are 
connected by a support, which is made up of 
a 4-point contact, two-way support device. 
The structure and the features of the more 
flexible· support, known as the cushion roller, 
is described below. 

Table 1 

Auditor 

Chairman (one) ---~~~___, Eight Study 
Vice-chairman (two) Teams 

Secretariat I 
Table 2: Research Theme for Eight Study Teams 

Study Meeting 

Study Team 1 

Study Team 2 

Study Team 3 

Study Team 4 

Study Team 5 

Study Team 6 

Study Team 7 

Study Team 8 

Theme 

"Floating Breakwaters" 
Discussed the development and application of 
floating break-waters, design guidelines, and the 
preparation of standards for executin·g work. 

"Fenders" 
Discussed how to develop installation standards 
for the conventional V-type fenders, fenders for 
small ships as cushioning materials, and 
alternative fender materials. 

"Floating Wharves" 
Discussed how to develop an oscillation control in 
a floating wharf to be built in areas with great 
changes in the tide level. 

"Large, deep-water breakwaters" 
To develop new structure and work execution guide
lines for breakwater to be installed in deep water 
areas. 

11 New Wavebreaker Structures" 
To develop complex constructions utilizing 
aggregative blocks. 

"Measures against Strong Winds 11 

To study and prepare the planning standard for 
measures against wind necessary for prevention of 
damage to the moored fishing boats in the sea 
areas inside ports. 

11 1ron Steel Structures 11 

To study how to utilize PC structures for fishing 
port facilities. 

"PC Structures" 
To study how to utilize PC structures for fishing 
port facilities. 

A cushion roller consists of the roller 
section which conforms to be vertical 
movement of the pier, and the cushion section, 
which is designed to absorb the energy of 
other movements. The roller section has 
laminated rubber and enforced fiber layers, 
which result in small·deformation under 
foreign forces. Furthermore, it is durable 
and can be made into a compact design. 

The cushion section undergoes compressive 
deformation, or shearing deformation, thanks 
to rubber's elasticity and deformation of the 
hollow section. An initial displacement in 
the cushion material makes it possible to 
make fine adjustments at the installation 
site. The resilient force of rubber also 
contributes to reducing the motion of the 
floating pier when external forces are not 
too large. 
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Table 3: Targets for Developing New Fender Material 

Purpose Special Features 

Resistance to impact Good resistance to shearjng force and 
particle compression. 

Wide-bodied design Effective in enlarging the contact area, 
minimizing impact on ship with ease in 
mooring operation. 

Convenience/Safety Fender should serve various purposes, e.g 
landing operations, life- saving purposes 
and protecting both the quay and the ship, 

Covering sharp edges Protection of the quay• s angular parts, 
while preventing damage to the ship. 

Other Adoption of colored rubber not to discolor 
or mar the ship's paint color. 

:h_ Passage 

The passage can be made the same width as 
the loading pier, thus allow mooring of 
fishing vessels. The external forces acting 
on the passage are wind pressures and impact 
forces when the vessel is pressed against it. 
Both the shore-side and vessel-side supports 
must be able to withstand lateral forces, 
while enabling the passage to closely follow 
the movement of the floating pier. To 
achieve this, the supports must have 
flexibility in the following directions: 

i) Shore-side support: Flexibility in 
rotation around its shorter axis and 
horizontal rotation. 

ii) Pier-side support: Flexibility in 
rotation around its shorter axis, horizontal 
rotation, and longitudinal slides:. 

Any inclination around the longer axis 
will be balanced out by the reactive force 
of the passage. When the above flexibility 
requirements are satisfied, it is possible 
to control the motion of the floating pier. 
To date, various support structures have 
been experimented with and applied to actual 
facilities. 

!c... Conclusion 

We feel it is always necessary to develop 
new technology to meet the changing 
technological demands of fishing ports. 
There is an increasing demand for a safe, 
easy-to-use and enjoyable port. At the same 
time, in addition to fulfilling the basic 
economic needs of a fishing port, it is 
important to also address the newer roles 
they play, for example, in marine leisure 
activities and sports fishing. 
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Abstract 

The present study was undertaken to investigate the 
vitamin B 12-producing ability of the intestinal 
microflora in six freshwater fishes including Japanese 
eel, carp, goldfish, ayu, tilapia and channel catfish. 
A eromonas spp., Enterobacteriaceae and 
Pseudomonas distributed widely in the intestinal tract 
of freshwater fish. An obligate anaerobes, 
Bacteroides type A predominated in the carp and 
tilapia which do not require the vitamin B12, along with 
the goldfish and ayu. Contrary, this bacterium was not 
detected in the vitamin B 12-requiring fish (the eel and 
channel catfish). In general, the vitamin B12-producing 
ability of obligate anaerobes including Bacteroides 
type A, other Bacteroidaceae and C/ostridium was 
much higher than aerobes and facultative anaerobes. 
It was clarified, furthermore, that there is a close 
relationship between the amount of vitamin B 12 and 
the viable count of Bacteroides type A in the intestinal 
contents of carp. These results strongly suggested 
that the Bacteroides type A closely involves the 
vitamin B 12 production in intestinal tr acts of 
warmwater fish. 

1. Introduction 

Japanese eel Anguilla japonica and channel catfish 
lcta/urus punctatus fed vitamin B 12-deficient diets 
show deficiency syndrome of the vitamin B 12 such as 
poor growth and poor appetite while tilapia Tilapia 
nilotica (=Oreochromis niloticus) and carp Cyprinus 
carpio, even fed the similar diet, show no deficiency 
syndrome [I, 2). Lovell and his co-worker [3, 4) 
reported that the apparent rate of intestinal bacterial 
synthesis of the vitamin B12 in the tilapia fed a vitamin 
B12-deficient diet (at least 11.2 ng per g of body 
weight per day) was eight times that found in the 
channel catfish (ca. 1.4 ng/g/day) fed the similar diet. 
Although much is known about how intestinal 
microflora contributes the synthesis of vitamin B12 in 
mammals [5, 6), little is known about the vitamin B12-
producing ability of fish intestinal bacteria, except for 
the report of Teshima and Kashiwada [7], who 
showed the evidence of vitamin B 12 production of the 
aerobic bacteria from carp Cyprinus carpio. 

On the other hand, Sugita et al. [8, 9) reported that 
an obligate anaerobes, Bacteroides type A, occurred 
predominantly in the intestinal tract of many 
freshwater fishes. However, there is little information 
on the vitamin B12-producing ability of this bacterium. 
The present study was undertaken to investigate the 
vitamin B12-producing ability of intestinal microflora 
including aerobes and anaerobes from six freshwater 
fishes. 

2 .. Materials and Methods 

2.1 Bacteriological Sampling 
Five specimens of Japanese eel (20-45 g body 

weight), carp (21-56 g), goldfish Carassius auratus 
(25-38 g), ayu Plecoglossus altivelis (25-38 g) and 
tilapia (19-46 g), and four of channel catfish (3.7-4.7 
g), which were reared in glass aquaria or fish culture 
ponds. 

The fecal pellets or intestinal content was 
aseptically removed from each specimen according to 
Sugita et al. [10], and liquefied in a nine-fold volume of 
a diluent of phosphate buffer (pH 7.6) containing 0.05% 
L-cysteine hydrochloride and 0.1 % Bacto-agar (Difeo, 
Detroit, Ml). Each sample thus prepared was serially 
diluted and plated onto . seven different media: 
Trypticase soy blood agar (TS) (BBL, Cockeysville, 
MD), phenylethyl alcohol blood agar (PEA) (BBL), 
MacConkey agar (Eiken Chemical Co., Tokyo), 
Eggerth-Gagnon blood agar (EG) (Nissui Seiyaku, 
Tokyo), Fradfomycin-Clostridium welchii blood agar 
(FM-CW) (Eiken Chemical Co.), Bacteroides type A
selective blood agar (AS) and Bacteroides type B
selective blood agar (BS) [11). The inoculated TS, 
PEA and Mai:::Conkey agar plates were incubated 
aerobically, and the EG, FM-CW, AS and BS agar 
plates were incubated anaerobically, both at 25°C for 7 
days. Anaerobiosis was established by evacuating 
the atmosphere of an anaerobic jar containing steel 
wool, which was activated by acidic cupric sulfate, and 
replacing it with a 20% C02-80% N2 gas mixture [12). 

After incubation, the bacterial colonies were counted 
and ca. 20 colonies were isolated at random from each 
plate for further characterization. Gram-negative 
aerobes and facultative anaerobes isolated aerobically 
were identified to the genus level using a modified 
scheme [13) of Shewan et al. [14]. Vibrionaceae 
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strains were further classified into three types: 
A eromonas hydrophila, Plesiomonas shigelloides and 
other A eromonas as reported in the previous paper 
[9]. Gram-positive bacteria were identified according 
to the procedure of Cowan [15]. 

The obligate and facultative anaerobes isolated 
anaerobically were classified on the basis of Gram 
reaction, cellular morphology and arrangement, spore 
formation, and the ability to grow aerobically. 
Bacteroidaceae strains were further classified into 
three types: Bacteroides type A, Bacteroides type B, 
and other Bacteroidaceae since the first two types can 
be identified according to their specific morphology 
[16] and ability to grow on the AS or BS medium [11]. 

After identification of bacteria, suitable dilutions of 
colonies of each bacterial group on the original plates 
were counted and expressed in number per g wet or 
dry weight of material. For each bacterial group, the 
highest count obtained on the different agar media was 
regarded as the estimated viable count for that group. 
The total viable count was obtained by summation of 
viable counts of all bacteria genera. 

2.2 Determination of Vitamin B12 
About tbree strains for each genus of intestinal 

bacteria which showed the highest count through the 
seven agar media used, were selected from each 
specimen and incubated in GAM broth (Nissui 
Seiyaku) at 25°C for 5 days under aerobic or anaerobic 
conditions. The culture and uninoculated medium were 
then assayed micro biologically for vitamin B12 (as 
cyanocobalamin) using Lactobacillus leichmannii JAM 
12066 (=ATCC 7830), according to the procedure of 
Sato [17]. 

2.3 Determination of the Viable Count of Bacteroides 
type A and Amounts of Vitamin B 12 in the Carp's 
Intestine 

Intestinal tracts ( 485-680 mm length) were 
aseptically removed from five specimens of carp (984-
1288 g), and were evenly divided into four parts. 
Content samples from each intestine segment were 
examined for the viable count of Bacteroides type A 
and the amount of vitamin B12 as descl'ibed above. 

3. Results 

3 .1 Intestinal Microflora of Freshwater Fishes 

The intestinal microflora of six warmwater fishes is 
shown in Figs. 1-6. A total of ten aerobic and 
facultative anaerobic components and four obligately 
anaerobic components were detected, and the total 
viable count ranged from 2.2x10S (channel catfish) to 
7.6xl09 CFU/g wet wt. (goldfish). Of aerobes and 
facultative anaerobes, Aeromonas sp., Enterobacteria
ceae and Pseudomonas distributed predominantly in 
the intestinal tract of almost all fish specimens with 
occurrence from 25 to 100 %. An obligate anaerobe, 
Bacteroides type A, occurred predominantly in the 
carp, goldfish, ayu and tilapia with a bacterial density 
from 2. 7x105 (carp) to 1.4x109 CFU/g dry wt. (tilapia), 
but was not detected in the eel and channel catfish. 

Bacteroides type B was detected in only the tilapia. 
Other obligate anaerobes including Bacteroidaceae 
(except Bacteroides types A and B) and Clostridium 
sometimes occurred in the intestinal tract of all fish 
species, except for ayu, at densities up to 1.5x108 
CFU/g. These results generally agreed with the 
previous papers [8,9]. 

3.2 Vitamin B12-producing Ability of .the Intestinal 
Bacteria 

A total of 235 strains of bacteria including aerobes 
and anaerobes, from six freshwater fishes were 
examined for the vitamin B12-producing ability and the 
result was summarized in Figs. 1-6 . The GAM broth 
contained about 1.25 ng vitamin B12fml. Generally, the 
aerobes and facultative anaerobes poorly produced the 
vitamin B12. except for six strains of Enterobacteria
ceae (18%), three of Pseudomonas (13%) and one of 
Plesiomonas shigelloides (7%), respectively, which 
produced the vitamin of ~5 ng per ml culture per optical 
density at 630 nm (OD630). Contrary to this, obligate 
anaerobes, that is, the Bacteroides type A (97%), 
Clostridium (75%) and Bacteroidaceae (67%) 
produced the vitamin B12 abundantly (>5 
ng/ml/OD630) although the Bacteroides type B could 
not produce the vitamin efficiently. 

3.3 Relationship between the Viable Count of 
Bacteroides Type A and the Amount of 
Vitamin B 12 in Carp's Intestine 

The above results indicate that the Bacteroides type 
A is a predominant component and seems to be the 
major producer of the vitamin B12 in the intestine of 
freshwater fishes except the Japanese eel and channel 
catfish. Therefore, the viable count of Bacteroides 
type A and the amount of the vitamin B 12 in the 
content of four intestine segments of carp was 
determined, and the result obtained was summarized 
in Fig. 7. The Bacteroides type A ranged from 3.5xl0S 
to 4.4x1Q10 CFU/g dry wt. and the vitamin B12 was 
from 31.4 to 902 ng/g dry wt. It was found, 
furthermore, that there is a close relationship between 
these two parameters (r=0.91). The present data, 
along with the above results, strongly suggests that 
the Bacteroides type A closely involves the vitamin 
B12-production in the intestinal tract of carp. 

Discussion 

Aoe [1] reviewed that the poor growth and/or poor 
appetite were observed in the Japanese eel and 
channel catfish fed a vitamin B12-deficient diet while 
any deficiency syndrome was not found in the carp, fed 
the similar diet. Lovell and his co-worker [3,4] 
reported that the intestinal microorganisms in the 
tilapia which fed a vitamin B 12 -deficient diet 
synthesized at least 11.2 ng per g of body weight per 
day, which will satisfy the requirement of the host fish, 
whereas those in channel catfish synthesized 
approximately 1.4 ng/g/day. It remained unclarified, 
however, how the intestinal microflora is attributed to 
the difference of those fish species in vitamin B12 
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synthe·sizing rate. Teshima and Kashiwada [7] 
reported that about half the aerobic bacterial strains 
(including facultative anaerobes) produced the vitamin 
B 12· Recently, it was found that many freshwater 
fishes predominantly harbour obligate anaerobes as 
well as aerobes and facultative anaerobes [8,9]. 
Therefore, the intestinal bacteria including aerobes and 
anaerobes were determined for the vitamin Bi2-
producing ability in the present study. As a result, it 
was known that the ability of obligate anaerobes 
including the Bacteroides type A, Bacteroidaceae and 
Clostridium, was much higher than the aerobes and 
facultative anaeorbes, except a few strains of 
Enterobacteriaceae, Pseudomonas and Plesiomonas 
shigelloides (Figs. 1-6). Especially, almost all the 
Bacteroides type A strains (97%) produced the 
vitamin B12 abundantly (~5 ng/ml/00630). The 
Bacteroides type A occurred predominantly in the 
intestinal tract of the carp and tilapia which do not 
require the vitamin B12. In contrast, this bacterium 
was not detected in the Japanese eel and channel 
catfish which require the vitamin B12 (Figs. 1 and 6). 
Moreover, the viable count of the Bacteroides type A 
closely related with the amount of vitamin Bi2 in the 
carp's intestine (Fig. 7), although it is easily 
suspected that a part of the vitamin produced was 
absorbed and utilized by the host animal. These 
results strongly suggest that mainly the Bacteroides 
type A contributes to the vitamin B12 production in the 
freshwater fish although other bacteria may be partly 
attributed to the production of the vitamin. Since it is 

(a) 

A eromonas hydrophila 

Other Aeromonas 

Plesiomonas shigelloides 

Enterobacteriaceae 

Pseudomonas 

A cinetobacter 

Bacteroidaceae 

Clostridium 

••• -· • • ... 
•• 
• • • 

••• • •• 

much laborious and time-consuming to determine the 
vitamin requirement of fish, the viable count of 
Bacteroides type A may become an excellent indicator 
for the criteria of the vitamin B12 requirement of 
warmwater fish. In addition, these results indicate the 
possibility to change the vitamin B12 requirement of 
warmwater fish if the Bacteroides type A could be 
made to establish in the intestinal tract of the vitamin 
B12-requirng fish species. Further studies along those 
lines are now in progress. 

• 

On the other hand, the intestinal tract of freshwater 
fish is generally colonized by Aeromonas hydrophila, 
and Bacteroides type A, with some exceptions, while 
other bacteria such as Plesiomonas shigelloides, 
Pseudomonas, Enterobacteriaceae, Micrococcus and 
Bacteroides type B vary with fish species as indicated 
by the present study (Figs. 1-6), along with the 
previous works [8, 9]. However, the intestinal 
micr oflor a of fish is found to be influenced by 
endogenous exogenous factors including the 
developmental stage [11, 18, 19] and structure [20, 
21], rearing conditions [22-25], salinity [24, 26, 27] 
and temperature [28,29] of ambient water, handling 
stress [30] and oral administration of antibiotics 
[31,32]. Additionally, it was recently shown that 
there is the daily fluctuation and inter-individual 
variation in the' intestinal tract of goldfish, tilapia and 
carp [33-35]. These facts strongly suggest that the 
synthesis rate of vitamin B12 is influenced by the 
above factors. Further studies along those lines are 
desired in near future. 

(b) 

•• 
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Number of strains Viable counts (log CFU/g) 

Fig. 1 The intestinal microflora of five specimens of Japanese eel (a); and the vitamin B12-producing ability of each 
bacterial component isolated (b): O , <0.1 ng/mVOD630; E'.°J , 0.1-1.0; Ii) , 1.1-5.0; II 5.1-10.0; • , >10.1. 
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Fig. 2 The intestinal microflora of five specimens of carp (a); and the vitamin B12-producing ability of each 
bacterial component isolated (b): Refer to the symbol in Fig. 1. 
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Fig. 3 The intestinal microflora of five specimens of goldfish (a); and the vitamin Bi2-producing ability of each 
bacterial component isolated (b): Refer to the symbol in Fig. 1. 
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Fig. 4 The intestinal microflora of five specimens of ayu (a); and the vitamin B12-producing ability of each bacterial 
component isolated (b): Refer to the symbol in Fig. 1. 
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Fig. 5. The intestin~ microflora of five specimens of tilapia (a); and the vitamin Bi2-producing ability of each 
bactenal component isolated (b): Refer to the symbol in Fig. 1. 
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Fig. 6 The intestinal microflora of five specimens of channel catfish (a); and the vitamin B12-producing ability of 
each bacterial component isolated (b ): Refer to the symbol in Fig. 1 . 
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ABSTRPCT 

The overall objective of this 
investigation was to understand larval 
barnacle settlement, with the practical 
goal of developing non-toxic antifouling 
agents by the isolation and partial 
purification of new antibarnacle 
settlement compounds from soft corals. 
Bioactive compounds from five soft 
corals : Solenocaulon tortaosum 
Suberogo:rgia suberosa, Echinogorgia 
complexa, Juncella juncia and 
Spongodes sp. inhibited't>'arnacle 
settlement at levels from several parts 
per million to several parts per 
trillion. Inhibitors from Juncella 
j~ were the most potent. Two 
active fractions obtained by TLC band 
3 and 4 have L EC50 values of 5. 7 ng/ 
ml and 3 ng/ml based onthe weight of 
the unfractionated methylene chloride 
extract. The experiments showed that 
all the five soft corals are not toxic 
to cyprids and hence contain non-
toxic antifouling compounds. 

INTRODUCTION 

Soft corals are often supported by 
horny proteinaceous substance, gorgonin. 
The gorgonians are all colonial 
octocorals with skeletons composed at 
least partially of more or less conso
lidated bits of calcium carbonate called 
spicules. Being attached to the bottom 
they have the problem of protection 
against predators in a medium in which 
animals are always hungry. Inspite of 
their stationary nature, soft corals 
remain remarkably free from predation, 
fouling or overgrowth. The success of 
vigorous growth against predation and 
severe competition for space on solid 
substrate in coral reef may be due to 
the production of organic compounds by 
the gorgonians used as chemicalm 
defence against assilant (10, 3) • 

Gorgonians have proved to be a 
rich source of a great variety of chemi
c ally interesting organic compounds. 
Many gorgonians have an odor which one 
would call aromatic, readily noticed 
shortly after the animals are taken 
out of the sea. The lack of fouling 
is characteristic of living gorgonian 
colonies only. Chemical extraction of 
gorgonians or horny corals yields large 
cmounts as much as 1 to 2 % of dry wt. 
of disterpenoid compounds related to 
cembrane a diterpene with a 14-membered 
ring (4). Possible ecological signi
ficance of this high concentration 
has been sug•;ested (5, 7), as a defence 
against predation and overgrowth. 

Until now, chemical investigations 
of the extracts of various go-rgonians, 
have led to the discovery of many novel 
and interesting molecules including 
oxabridged cambranolides (15), prostagla
ndins (16), sesquiterpene hydrocarbons 
(15), unusual antibacterial dodecane 
bisbutanolide (13) and also some 
ammonium compounds which appear to 
account for the skin and eye irritation 
produced by handling of the animals. 
Rittschof et al (12)showed that the 
chompouinnhd~b~roiilLeitogorgia yirgulata 
t at i it sett ement of larval 
barnacles are discrete low molecular 
weight substances. Extracts of the 
Atlantic sea pansy Renilla reniformis, 
which inhibits the settlement of 
barnacle larvae, have been found to 
contain three new diterpenes : 
renilafouling A(l), B(2) and C(3), (8) 
These three and three fonns of pukalide 
from Leptogorgia virgulata are used as 
examples in a U S Patent on nontoxic 
antifoulants. 

Larval settling behaviour is 
dependent on substratum type.substratum 
rugosity, light intensity, existing 
surface films, host inductance, larval 
chemoreception and other factors. 
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Since barnacles are dominant members 
of the fouling community, -they are 
important organisms to study the effects 
of bioactive substances from soft 
corals. They also have major economic 
impact and contain biochemical secret 
(for example a biochemical glue that 
sets underwater) with future applica
tion. There is worldwide interest in 
the potential of biochemical natural 
products as antifoulants in antiturnor 
and in antiviral activity. The South 
East Indian Ocean is a potentially rich 
source of such compounds. 

The overall objective of this 
investigation was to understand larval 
barnacle settlement, with the practical 
goal of developing non-toxic antifou
ling agents by the isolation and partial 
purification of new antibarnacle 
settlement compounds from soft corals. 
The functioning progr~nme in the present 
study would serve as a nucleus for 
additional development in this fast 
growing areas. 

MATERIAL AND METHODS 

Collection and Extraction of Octocorals 

Colonies of Solenocaulon tortuosurn, 
Suberogo.rgia suberosa, Echinogo.rgia 
ccmplexa, Juncella juncea and Spongodes 
sP• were collected in 10 to 20 meters 
of water in the Indian Ocean along the 
Gulf of Mannar off the southeast coast 
of India. Living colonies were trans
ported to the laboratory in sea water. 
Colonies were blotted dry, weighed, cut 
into pieces and frozen at -20°c. Frozen 
samples were freeaed dried and weighed. 
Dry material was extracted {1:3 weight 
to volume) with methanol. 

Analysis by Thin Layer Chromatography 

Material extracted into methylene 
chloride was fractionated using prepa
rative thin layer chromatography. Prior 
to the preparative step, solvent 
systems for separation were established 
on microscope slide analytical TLC 
plates (ir1hatman PK 6F) • For prepara
tive TLC, Methylene chloride extracts 
(extract equivalent to approximately 
200 grams of original wet weight of 
coral) was applied to Whatman Pk6F 20 x 
20 cm plates in a 0.5 X 20 cm band 2.5 
cm from the bottom of the plate. The 
plates were developed to within 2.5 cm 
of the top. The solvent system used 
was that solvent system that gave 
intennedi ate mobilities (between o. 3 
and o.7 rf) of compounds that inhibited 
barnacle settlement. Solvent systems 
used were : methylene chloride : 
acetonitrile (9:1), hexane: ethyl 
acetate (1:1); and ether (100%). 
Decisions of zones of separation were 
based upon fluore,scence and quenching 
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under 250 to 270 and 230 to 240 nm 
light. Separated material was 
recovered frcm the plates by scraping 
and elution with HPLC grade methanol. 
Methanol was removed by rotary evapo
ration. 
Biological P$says 

Settlement Assays 

The settlement assay was the 22 h 
assay (Branscomb and Rittschof, 1984; 
Rittschof et al., 1984). Approximately 
50 to 100 cyprias were placed into 
Falcon 1006 (Falcon plastics, Cockey
sville, Maryland) polystyrene contain
ers, containg 6 ml sea water as 
control or 5 ml desired concentration 
of vacuum dried test material. Fran 
two to six concentrations of test 
solutions, each with replicates were 
tested to compare the frequency of 
attachment in experimental solutions 
with attachment in the controls. Test 
petridisches were incubated for 22 hr 
at 28°c and 15 : 9 light : dark regime. 
Attached and unattached cyprids were 
counted. 

Statistical Analysis 
The effective concentrations 

giving 50 % inhibition of settlement 
(EC 50 %) (with 95 % confidence limits) 
were calculated by the probit technique 
of Finney with a Basic program for 
microprocessors written by Lieberman 
(1983). Calculations were confirrred 
by repeating the entire experiment at 
least twice using larvae from different 
mass culture. 

RESULTS 

Effect of Methllene Chloride Extract 
from Solenocau on tortuosum on Barnacle 
Settlement. 

The methanol soluble fraction of 
the aqueous extract of Solenocaulon 
tortuosum was partitioned between 
methylene chloride and water. The 
methylene chloride soluble material 
extract of Solenocaulon tortuosurn 
contained inhibitory activity. The 
percentage of barnacle larval settlement 
response to different concentrations of 
methylene chloride extract is shown 
in Figure 1. Near complete settlement 
~~ inhibition was observed at 10 mg 
original animal wet weight/ml. EC 50 
value was 0.02 mg original/ml. and 
50 ug/ml. based upon dry weight of the 
extract. The methylene chloride solu
ble compounds were separated by 
preparative gel TLC. 
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Fig.l. Barnacle settlement assays of 
methylene chloride extract of 
Solenocaulon tortuosum. Near 
complete settlement inhibition 
was observed at 10 mg original/ 
ml. 

Thin Layer Chromatographic Fractions 

The methylene chloride extract was 
fractionated by preparative thin layer 
chranatography on silica. The plates 
were developed with methylene chloride 
acetonitrile 9:1. This solvent system 
yielded 7 uv quenching bands with re
lative mobilities 0.1 to 0.9. 
Effect of Suberogoria suberosa 
Methylene Chloride Extract on Barnacle 
Settlement 

The methanol - soluble fraction of 
the aqueous extract of Suberogorgia 
suberosa was partitioned between me
thylene chloride and water. The 
methylene chloride soluble material 
contained inhibitory activity.Settleme
nt inhibition of barnacle larvae was 
observed at concentrations from0.004 
to 9 mg original/ml. Suberogorgia 
suberosa methylene chloride extract 
had an EC 50 value o. 914 mg original 
animal wet weight/ml and 4.43 ug/ml 
based upon the dry weight of the 
extract {Fig. 2) 

Thin Layer Chromatographic Fractions 

The methylene chloride extract 
was fractionated by preparative thin 
layer chromc:tography on silica. The 
plates were developed with methylene 
chloride : acetonitrile 9:1. This 
solvent system yielded 6 uv quenching 
bands with relative mobilities 0.32 to 
0.9. Of the 6 uv quenching bands, 
bands l and 5 with Rf 0.32 and 0.82 
inhibited barnacle cyprid settlement. 
Further bioassay of band l gave the 
EC 50 170 ng/ml and band 5 gave the 
EC 50 965 ng/ml based on the dry 
weight of the extract. 
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Fig. 2 : Barnacle settlement assays 
of methylene chloride extract 
of Suberogorgia suberosa. 
Settlement inhibition of 
barnacle larvae was observed 

at concentrations from0.004 to 
9 mg original/ml. 

Effect of Meth~lene Chloride Extract 
from Echinogorgia complexa on 
Barnacle Settlement 

The methanol -soluble fraction 
of the aqueous extract of Echinogorgia 
complexa was partitioned betweeen 
methylene chloride and water. The 
methylene chloride soluble material 
contained potent inhibitory activity 
when tested in the barnacle settlement 
assay. The EC 50 value for the 
extract was 0.3 ug original animal 
wet weight/ml and 0.0013 ug/ml based 
upon the dry weight of the animal. 
The methylene chloride soluble 
compounds were separated by prepara
tive silica gel TLC (Fig.3). 
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Barnacle settlement assays Of 
methylene chloride extract of 
Echinogorgia complexa. Near 
complete settlement inhibition 
was observed at 10 mg original/ 
ml. 



Thin Layer Chromat~gsjl.J?hic Fractions 

Preparative silica thin layer 
chromatography was used to fractionate 
the methylene chloride extract of §. 
complexa. Development with 9 : l 
methylene chloride : acetonitrile 
yielded 7 quenching bands with mobi
lities o.o to 0.9. There was only 
one band with Rf value of 0.208 with 
potent antibarnacle settlement 
activity. The EC 50 was 350 mg/ml based 
upon the dry weight of the extract. 
This band was split into 3 bands when 
return on silica with hexane : ethylace
tate 1:1. Pmong these three bands,the 
bands denoted as DBR 1 and OBR 2 were 
active. The EC 50 for DBR l was 375 ng/ 
ml and EC 50 for DBR 2 was 426 ng/ml 

baed upon dry weight of the extract. 
Effect of Juncella juncea Methylene 
Chloride Extract on Barnacle 
Settlement : 

The methanol - extract of freeze
dried Juncella juncea was diluted with 
water and extracted with methylene 
chloride giving an extract containing 
potent inhibitors of barnacle settle
ment. No settlement was observed at l 
mg original animal wet weight/ml. 
Strong antisettlement activity was 
observed at 0.01 mg original animal/ml. 
Juncella j~ methylene chloride 
extract had an EC 50 value of o. 04 ng 
original animal/ml on wet weight basis. 
The methylene chloride soluble cQnpounds 
were separated by preparative silica 
gel TLC (Fig.4). 
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Fig.4: Barnacle settlement assays of 
methylene chloride extract of 
Juncella j~. No settlement 
was observed at l mg and strong 
antisettlement activity was 
observed at 0~01 mg original 
animal wet weight/ml. 

Thin LayerChromatographic Fractions: 

Thin layer chromatographic frac
tions of methylene chloride soluble 
material from Juncella j~ showed 

potent inhibitory activity when tested 
with barnacle settlement assay. The 
methylene chloride extract was frac
tionated by preparative thin layer 
chromatography on silica. The plates 
were developed with hexane : ethylace
tate 1:1. This solvent system yielded 
10 quenching bands with relative mo
bilities 0.2 to 0.9. Of the 10 uv 
quenching bands, bands 2,3 and 4 with 
Rf value respectively of 0.33, o.47 and 
0.57 inhibitedbarnacle cyprid settlement. 
The origin, is the region of the TLC 
platP. where the extract is. loaded.Band 
6 (Rf o. 757) and band 10 (Rf o. 92) 
enhance barnacle cyprid settlement. 
Further purification with hexane : 
ethylacetate 1:1 showed that bands 3 
and 4 (Rf 0.48 and 0.6) contained 
potent inhibitor activity. The band 3 
gave the EC 50 5.7 ng/ml and the band 
4 gave the EC 50 value 3 ng/ml based on 
the dry weight of the extract. 

~ffect of Spongodes sp. Methyelene 
Chloride Extract on Barnacle 
Settlement 

The methanol - soluble fraction 
of the aqueous extract of S~ngodes lU2 
was partitioned between met~lene 
chloride and water. The methylene 
chloride extract of Spongodes sp. 
contained potent inhibitors of barnacle 
settlement. Spongodes ~ methylene 
chloride extract had an EC 50 value of 
2.076 mg original animal/ml on wet 
weight basis and 3.342 mg/ml basedupon 
the dry weight of the extract. The 
methylene chloride soluble compounds 
were separated by preparative silica 
gel TLC (Fig. 5). 
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Fig.5: Barnacle settlement assays of 
methylene chloride extract of 
Sp0ngodes !!!?.• 
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Thin Layer Chromatographic Fractions 

Thin layer chromatographic f racti
ons of methyelene chloride soluble 
material from Spongodes ./!£• showed pote
-nt inhibitory activity when tested with 
barnacle settlement assay. The solvent 
system used for development was methy
lene RllRllill chloride : acetonitrile 9:1 
For six bands with relative mobilities 
of o.141 o.241 o.391 o.591 o.73, o.ss 
probit analysis gave ED 50 values 
respectively of 13.3121 13.8361 11.2981 
0.989 1 16.218 and 0.911 original mg/ml. 
Bands 4 and 6 gave EC 50 values 0.989 
and 0.9llng/ml. Further bioassay of 
band 4 gave the EC 50 480 ng/ml on dry 
weight basis. 

TLC band 6 of the methylene chlo
ride extract had antisettlement 
activity. The EC 50 value for band 6 
was 0.091 mg/ml on wet weight basis. 

TLC band 4 was ret'Um on silica 
PK; 6 F with hexane : ethyle acetate 
1:1 and separated into 5 bands. These 
5 bands are marked as MFR 1 to 5. Band 
1 (Rf 0.63) which is marked as MPR 1 
had an EC 50 value of 3. 474 ug/ml. 

The methylene chloride soluble 
materials from soft corals showed 
potent inhibitory activity. EC 50 values 
based on original animal/ml on wet 
weight basis, 95% confidence interval1 
and EC 50 values based upon the dry 
weight of the methylene chloride 
extract are shown in Table 1. EC 50 
values of thin layer chromatographic 
fractions of methylene chloride soluble 
meterial are summarized in Table 2. 

Table - l The methylene chloride solu
ble materials from soft corals 
showed potent inhibitory 
activity. 

Soft 
corals 

EC 50 
original 
m4)/ml 

95% confi- EC 50 
dence in- CH 2cL2 
terval dry wt 

micro/ml 

.2.tortuosum 0.02 o.05-0.004 50.4 

.2• suberosa 0.91 2.5 - 0.3 4.04 
!• cornplexa o. om 3 l. 9- o. 0013 

0.005 
~· j~ No settlement even at 0.04 

ng/ml 
Spongodes .2.E. 2.07 3.6 - 0.9 3.34 
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Table 2 EC 50 of Thin layer chromatogra
phic fractions of methylene 
chloride soluble material frorn 
softcorals. 

Soft coral 

.2• tortuosum 

_2. suberosa 

!• comolexa 

~. juncea 

Spongodes ./!£• 

Fraction 

2. RF 0.42 

Ec 50 (ng/ml) 
dry wt 
basis 

15 ng/ml 

AP2Rf 0.416 71 ng/ml 

Ether 

Rf 0.02 0.2 ng/ml 

1. Rf 0.323 

5. Rf 0.892 

1. Rf 0.20 
OBR 1 Rf 

0.36 
DBR 2 Rf 

o.68 
3. Rf 0.48 

4. Rf 0.6 

4. Rf 0.59 

MPR 1 Rf 
o.64 

DISCUSSION 

170 ng/ml 

965 ng/ml 

350 ng/ml 

375 ng/ml 

426 ng/rnl 

5. 7 ng/ml 

3 ng/ml 

480 ng/ml 

o.990 ng/ 
ml 

Preliminary evidence supports the 
suggestion that tropical marine orga
nisms may show greater potential as 
toxic antifoulers than do temperate 
latitude species (Bakus and Kawaguchi, 
1984). However, there is also evidence 
that many temperate organisms contain 
compounds with antifoulant properties 
(14,12). Experiments conducted (1) 
indicate that extracts from tropical 
gorgonians and sponges can inhibit, 
enhance, or not affect the settling 
of dorliinant marine fouling organisms • 
Although Leptogorgia colonies are 
generally free of fouling organisms, 
they do harbour several symbiotic 
animals (11). One of these is the 
barnacle Conolea galeata, which 
occurs exclus vely on gorgonians. 

Octocoral defences against larval 
settlement was first proposed by 
Ciere·szko (3). Standing et al. (14) 
tested a common subtropical-"9orgonian, 
Leptogorgie. viroulata (Lamark), for 
substances that inhibited settlement 
of the barnacle, Bal anus amphi trite 
Darwin. The dialyzable low molecular 
weight fraction of an aqueous homo
genatE· of ,!::. viro.ulata soft tissue 



contains at least two types of inhibi
tory substances. One type affects larv
val behaviour, the other including at 
least two substances, (12) inhibits 
settlement (12). They further showed 
that settlement inhibitor eoes not 
directly effect the behaviour of 
cyprids. The authors suspected that 
larval settlement is inhibited by an 
interaction of the substances with ~he 
settlement substrate. They support~d 
their argument with observations of · 
lower EC 50 values or substances wi~h 
higher affinity for the compounds. 
They proposed that inhibitors manifes
ted themselves at surf aces as do 
chemical facilitators of settlement 
function (6,9). 

Working hypothesis as to the 
mechanism of action of the compounds 
from soft corals will be modified as 
additional com1Jounds are identified and 
structures determined, a.s many of the 
affective compounds are not toxic even 
in very high concentrctions. Understan
ding of the mechanism of action of 
these has grec:it potential cQnmercial 
application. The first step in the 
process of identification is, the 
identification of biological activi~y 
and purification of the compounds 
responsible. 

Our experiments showed that soft 
corals Solenocaulon tortuosurn, 
Suberogo.rgia suberosa, Echinogorgia 
complexa, Juncella juncea and 
Sponqodes sp. are not toxic to cyprids. 
Thus the soft corals studied contain 
nontoxic antifoulant compounds. 
Elucidation of the structures of these 
compounds will provide additional 
info.rmation to the mechanism of action. 

l. 

2. 

3. 
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PAPERMAKING OF-ALGAL POLYSACCHARIDES FOR A 

POTENTIAL INDUSTRIAL UTILIZATION OF ALGAE 
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Abstract 

Paper is generally made from cellulose 
produced by land plants. Its production 
amount annually to 210 million tons, 
which attractive to the target of 
potential industrial applications of 
algal polysaccharides as development of 
marine resources. Algal 
polysaccharides, however, are not 
naturally in the form of fibers like 
cellulose but in gel form. To 
substitute for cellulosic pulp by algal 
polysaccharides, therefore, the 
polysaccharides are required to be spun 
to give fibers. Among various algal 
polysaccharides, algin was the most 
suitable polymer because of its high 
spinnability. Water insoluble alginate 
fibers were made by spinning of the 
dope consisting of Na alginate using 
higher valent of metallic chloride 
solution as coagulants. The fibers were 
cut to several mm in length. The 
alginate fiber paper was made by usual 
papermaking method using these cut 
fibers without interfiber adhesive 
agents. This process was almost same 
as that of rayon paper. This paper was 
applicable to a speaker cone material 
because it was not so much rigid as 
cellulosic paper. As the algal paper 
was made in all aqueous system, the 
enzymes were immobilized no only in the 
fiber but also in the form of paper 
which was expected to have potentiai 
applications of bioreactors and 
biosensors. 

Paper is mass-produced from cellulose 
land plant polysaccharide, ' 
amounting annually to 210 million tons, 
but very few reports have been 
published to produce paper from algal 
polysacchari?i_ls before the authors' 
investigation . Brown algae i·n sea, 

corresponding to forest woods on land, 
are mainly constituted from alginic 
acid in cell wall and intercellular 
cementing matrix. Quite different from 
cellulose, alginic acid does not exist 
in fiber form in the algae. For the 
production of paper, alginic acid must 
be span. Fortunately this acid is a 
linear block polymer consisting of D
mannuronic acid and L-guluronic acid 
and has spinnability. Papermaking of 
the cut fiber was successfully carried 
out without inter-fiber binder. In 
this presentation are given the 
preparation and properties of alginate 
fiber paper and its applications ·as 
speaker cone paper and enzyme 
entrapping paper. 

1. Papermaking of alginate fibers 

Sodium alginate has well been 
~~~wn to have spinnability. Two patents 

• suggesting the application 
possibilities of Ca alginate fiber to 
papermaking have been published to date 
but did not provide methods for 
producing paper with good formation 
because of the application of Na 
alginate binder and crushing the gel 
fiber by beating. 

Based on the authors' finding that 
the wet web had interfiber selfbonding 
properties in water without beating, 
papermaking with the fiber has 
succeeded in yielding paper with good 
formation very similar to that of 
cellulosic paper. 

Production method of staple fibers 
Aqueous dopes(3-5wt.%) of Na alginate 
were filtered through ceramic filter 
having fine holes of 50 micron under 
pressure. The filtered dopes were 
extruded through a nozzle with 1000 
holes of 0.1-0.55 mm in diameter using 
a wet spinneret into a coagulating 
sol~tion '2f 5.0 wt.% metallic chloride 
(Ca+, Ba+, Al 3 +, cu2+ etc.) at a 
spinning rate of 13.8 ml/min followed 
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by stretching 1.2-1.3 times. The wound 
continuous yarns were cut using a 
guillotine cutter in fiber length of 
1.5-5.0 mm. The fibers having fiber 
length greater than 5.0 mm were not 
well dispersed in water. Fiber 
composed of alginic acid(free acid 
form) was prepared by soaking the 
corresponding Ca salt fibers in HCl for 
20 min, followed by water washing. 
finding that the wet 

Papermaking method After defibration 
of the short-cut fibers in a 
disintegrator with a capacity of 10 
liter at a consistency of approximately 
2.5-6.0 wt.% for 30 min, the fibers 
were filtered through a 6-cut flat 
screen to remove clots and bundles. 
Hand sheets were made according to JIS 
P 8209. As the webs had high 
shrinkage, they were air-dried by 
fixing them together with filter paper 
upon dry rings under tension with a 
cover of filter paper. 

Spinability and aqueous dispersability 
of insoluble alginate cut fibers The 
spinnability of Na alginate dope was 
not affecte~ by MW within the range of 
1.8-7.8 x 10 dalton but was dependent 
upon coagulating metallic salts. cac1 2 , 
Bac1 2, Cuc1 2 gave smoothly continuous 
yarns. These insoluble fibers had good 
dispersing ability for papermaking. 

Interfiber self-bonding Regenerated 
cellulosic fibers, ~.g_., viscose rayon, 
have usually far less interfiber self
bonding than natural cellulosic pulps 
and require generally binders to make 
rayon paper. Alginate fibers are a kind 
of regenerated one, but were found to 
have paper-formability by interfiber 
self-bonding provided that the aspect 
ratio is within suitable ranges. 

Effect of molecular weight Fixing at 
fiber length of 3.0 mm, four types of 
the paper were prepared: Ca alginate 
and free alginic acid fibers spun 
through 0.1 and 0. 055 mm in hole 
diameter. Representative physical 
properties of the paper were measured 
as a function of MW. As a typical 
example, dependence of breaking length 
on MW is shown in Fig. 1. This tensile 
strength was relatively small in the 
smaller MW ranges but r~idly increased 
over a MW of 5.0 x 10 dal ton. This 
indicated the fact that higher tensile 
strength required higher MW fibers. The 
strength was almost equivalent to that 
of news print. 

Effects of fiber length and metallic 
ions The fiber length · was limited 
within the range from 1.0 to 5.0 mm 
because fibers having fiber length 
longer than 5.0 mm were easily to 
aggregate. As shown in Fig. 2, the 
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Fig. 1 Dependence of breaking length 
on molecular weight of alginate 
composing paper 
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Fig.2 Dependence of strength properties 
on fiber length in papers made from Ca 
algina5e and alginic acid having MW of 
1.8 xlO dal ton. 

(x-x) breaking length; (/::,.-/::J burst index; (0 · .()) tear index; 
(0- - · 0) elongation; (()- •.. -())MIT folding endurance. 

dependence of fiber length on strength 
properties was determined using sheets 
composed of Ca alginate fibers with 
nozzle hote diameter of 0.055 mm and MW 
of 6.3 x 10 dalton. 

2 Sheets we3e hand-made from Al 3 +, 
Ba +, and Fe + a 1 gin ate fibers in 
addition to ca2+ alginate fibers. These 
fibers were 3.0 mm in length. Physical 
properties are summarized in Table 1. 
From view po in ts of papermaking, the 
order of metallic ions a~ coagu:}an ts 
wag as follows: ca2+ > Ba + > Al + >> 
Fe +. Trivalent metals gave paper with 
poor physical properties. 
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Table 1 
Physical Properties of Papers Made From Fibers of Various Metallic Salts of Alginic Acid 

Fiber diameter 
(mm) (spinning 
base) 

Molecular weight 
0.10 0.055 

(dalton) 6.3 x 10• 3.8 x 10• 

Alginate salt Ca2+ Bao+ Ala+ Fea+ Ca2+ Ba2+ 

Built density 
(g/cm•) 0.54 0.59 0.51 0.32 0.65 0.78 

Breaking length• 
(km) 3.6 1.7 1.5 1.6 2.0 1.4 

Zero span breaking 
length (km) 5.4 4.2 2.6 UM 6 5.5 3.6 

Tear index 
(mN·m•/g) 5.9 4.2 2.6 UM 7.0 5.4 

Burst index 
(kPa·m 2/g) 0.27 0.03 0.13 UM 0.14 0.08 

MIT folding 
endurance (folds) 53 UM 

Elongation 
UM UM 9 8 

(%) 2.7 0.8 1.6 1.3 1.5 1.0 

•Fibers were 3.0 mm long. 
•Unmeasurable. 

Table 2 Entrapment of various kinds of enzymes in alginate fibers and their papers.• 

Enzyme 

Glucoamylase 

CGTase 

endo-Polygalacturonase 

Protease 

Glucose 
oxidase 

Peroxidase 

• ND, not determined. 

Spinning conditions 

Diameter of 
nozzle hole Stretching 

(mm) (times) 

0.10 1.23 

0.055 1.23 

0.10 1.21 

0.10 1.48 

0.10 ND 

0.10 ND 

0.055 ND 

0.10 1.11 

0.10 1.24 
0.055 1.24 
0.10 1.24 
0.055 1.24 

Discharge 
rate 

(mUmin) 

13.7 

13.7 

13.7 

17.2 

13.7 

17.2 

13.7 

13.7 

13.7 
13.7 
13.7 
13.7 

Fiber" 

Enzyme Specific 
activity<' activity• 

(U/g) (U/mg) 

3360 27.I 
(100.0) (100.0) 

2370 27.S 
(Hl0.0) (100.0) 

655 31.7 
(100.0) (100.0) 

645 30.2 
(100.0) (100.0) 

120 3.82 
(100.0) (100.0) 

102 5.16 
(100.0) (100.0) 

39 8.06 
(100.0) (100.0) 

4520 69.9 
(100.0) (100.0) 
12400 66.4 
9640 51:1 

330 ND 
175 ND 

Paper" 

Enzyme Specific 
activity• activity< 

(U/g) (U/mg) 

1135 23.0 
(33.8) (84.8) 

971 20.I 
(41.0) (73.1) 

IOI 37.5 
(15.4) (Ill!) 

90 31.8 
(14.0) (105) 

121 9.24 
(101) (242) 

126 5.54 
(124) (107) 

51 4.90 
(131) (60.8) 
2310 79.7 

(51.1) (114) 
ND ND 
ND ND 
ND ND 
ND ND 

Beads' 

Enzyme 
activity• 

(U/g) 

5% 
(17.7) 
ND 

21.5 
(17.9) 

804 
(17.8) 
ND 
ND 
ND 
ND 

Specific 
activity• 
(U/mg) 

IS.I 
(54.9) 
ND 

2.49 
(30.9) 

112 
(160) 
ND 
ND 
ND 
ND 

•Numbers in parentheses are percentage of activity or specific activity entrapped in fibers. 
•Numbers in parentheses are percentage of maximum activity or specific activity entrapped in fibers. 
• Oven-dried base of alginate. • Based on weight on enzyme protein entrapped. 

2. Enzyme-entrapped alginate fibers and Preparation of entrapped enzymes in 
their paper alginate fibers In saline was 

Fiber forms have in general high 
specific surface area and are suitable 
for enzyme immobilization. Researches 
on immobilized enzymes in the form of 
fibers are so far sca~cgj entrapment by 
cellulose triacetate ' , bonding by 
functional groups ~f fiber surf~Jes of 
polyviny,l alcohol , polyamide and 
cellulose8>. 

Applying the fact that Ca alginate 
gel in the form of small beads has been 
widely used as a biomaterial support, 
enzymes were found to be entrapped ~Y 
alginate fibers and their paper '· 
These methods were superior in the 
characteristics that alginate fibers 
and their papers were made under very 
mild conditions using aqueous systems. 

dissolved an enzyme preparation. Sodium 
alginate was gradually added to the 
enzyme solution and well mixed in a 
kneader. the dope thus obtained was 
filtered through a sintered ceramic 
filter(pore size was 50 m or less). 
The filtrate was spun by a wet 
spinneret through a nozzle. 

Using CaC1 2 as a coagulating 
reagent, various kinds of enzymes were 
entrapped in Ca alginate fibers and 
their paper. The results are summarized 
in Table 2 by comparison with the 
entrapped enzyme activities in the 
corresponding beads, approximately 2-3 
mm in diameter. These beads were in 
parallel prepared by dropping the dope 
through small holes, about 1.0 mm 
diameter, into 5.0 wt.% CaC1 2 . solution. 
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Table 3 Effect of divalent cations as coagulating agents on entrapment of glucoamylase in alginate fibers and their papers. 

Spinning Conditions 

Diameter of Enzyme 
nozzle hole activity" 

Group Divalent cation (mm) (U/g) 

Cu2 + 0.10 1840 
0.055 1220 

Ila Sr2 + 0.10 2380 
Ba2 + 0.10 354 

0.055 488 

lib Zn2 + 0.10 2240 
Sn2 + 0.10 12.4 

IV a Pb2 • 0.10 220 

VII Mn2 + 0.10 425 
0.055 671 

VIII Co2• 0.10 2280 
0.055 1500 

NP+ 0.10 1720 
0.055 2010 

• Based on oven-dried alginate. 
• Based on weight of entrapped enzyme. 
' Degradation by hydrolysis was estimated. 

Although the enzyme activities and 
specific activities were more or less 
scattered because of the complicated 
procedures, the following results could 
be obtained: (1) the thicker fiber 
could immobilize the higher amounts of 
enzymes (diameter of extruding holes 
0.10 mm > 0.055 mm); (2) the entrapping 
yields of beads were always lower than 
those in the corresponding fibers and 
papers; (3) in the process of 
papermaking, the leakage was observed 
in most of the enzymes but some enzymes 
such as endo-polygalacturonase were 
almost completely fixed; and (4) the 
specific actvi ties did not decrease so 
greatly as the corresponding 
activities. 

Effect of divalent ions on entrappment 
of enzymes The entrapment of 
glucoamylase in alginate fibers and 
their papers were made using chlorides 
of various divalent metallic ions as 
coagulating agents. The results are 
summarized in Table 3. The order of 
immobilization rate of glucoamylase ~n 
the fiber was roughly as follows: Ca. + 

2+ 2+ 2+ .2+ 2+ 2+ > ~r , Zn 2 , Co > N1 , Cu > Mn , 
Ba + > Pb + > Sn 2 +. In process of 
papermaking, the entrapped enzyme 
leaked through metal chelate linkages; 
their order of entrapment ~n the P.aper 
wa~ sligh2tly altered: Zn + > Ni 2 + > 
Ca + > Co + > Cu2+ > SrT+ > Pb 2+ Ba2+ 

2+ 2+ • • 
Sn >Mn Roughly speaking, 
transition-metal and alkali-earth ions 
gave higher immobilization rates and 
the entrapment was more stable in the 
former as observed in paper entrapment. 
These orders could be related neither 
with affinity of metal ions nor with 
gel strengths but were approximately 
equal to ionotropic series of Thiele. 

Fiber Paper Beads 

Specific Enzyme Specific Enzyme Specific 
activity• activitya activity• activity• activity• 
(U/mg) (U/g) (U/mg) (U/g) (U/mg) 

17.5 540 8.8 136 4.9 
15.8 752 10.7 

29.3 219 25.9 81.0 24.8 

19.5 53 11.5 61.3 4.8 
21.3 128 14.5 
25.9 2140 38.3 4.0" 0.8• 

0.37 39.1 6.4 18.9 3.8 

10.6 167 8.9 132 21.1 

3.1 12.0 1.0 125 1.4 

4.0 27.6 3.0 125 1.4 

13.5 975 18.3 430 9.6 

7.9 954 22.3 430 9.6 

23.9 1930 36.9 569 22.3 

25.2 1520 36.2 569 22.3 

Physical property Quality of 

of material speaker cone 

Density (p) Sensitivity 

Young Modulus Frequency range 

( E) (in relation to .rT!P> 

Internal loss 

(tan o ) distortion 

3 Relationship between performance 
fundamental speaker cone and 

erties of diaphragm 

3. Application of alginate fiber paper 
to speaker cone 

Recently such new fiber materials 
as synthetic fibers, carbon fibers, and 
metallic fibers have been applied to 
diaphragms for speaker, geYfffally so
called speaker cone . The 
relationship between performance as 
diaphragm and material properties is 
shown in Fig. 3. 
The required physical properties for 
the diaphragm materials are summarized 
as follows: (!)smaller density for high 
efficiency and sensitivity, (2)higher 
modulus of elasticity for broader 
regenerative band width, and 
(3)moderate internal loss for damping 
resonance. To fill these requirements, 
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Table 4 fundamental properties of Ca alginate fiber paper for speaker cone 

Density Specific Young Internal Propagation Coefficient 

volume Modulus loss speed of elasticity 

loss 

p E tan o rrrP E" 

g/ cm 2 cm 3 / g dyne/cm 2 cm/ sec dyne/cm 2 

x 10 t 0 x 1 o- 2 x 10 5 x 10 

0. 4 2 2 2. 3 7 4. 0 2 5. 5 2 3. 0 8 2 2. 2 
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Fig. 4 Acoustic properties 
alginate fiber paper 
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of speaker cone composing of Ca 

many kinds of fibers have been tried as 
materials for speaker cones. When 
physical properties of alginate fiber 
paper were analyzed from viewpoints of 
speaker cone materials, it was found 
that the paper had merits for this 
application as given in Table 4. The 
Table shows that the paper had 
following superior properties: 
(!)smaller bulk than that of wood pulp 
sheets depending upon selection of 
papermaking methods, (2)higher 
propagation rate for improved timbre 
and (3)mojerate internal loss ranging 
5.5 x 10- . This paper had other merits 
such as applicability of existing 
papermaking equipments - and expectation 
of special tone color. 

Based on these basic 
investigation, several, kinds of speaker 
cone were made on experimental base 
using various kinds of alginate fibers. 
Though the measured relationship 
between frequency and response was very 
similar to that of wood pulp sheets as 
given in Fig. 4, the response was quite 
specific especially in bass bands and 
the tone color was found to be clear in 
being suitable to classical music. 

4. Conclusions 

Quite s1milar process of rayon 
papermaking process, it was found to 
produce alginate fiber paper from agal 
polysaccharides. This was so-called 
paper from marine plant, corresponding 
to usual paper from cellulose 
originating from land plants. As the 
cellulosic paper has extraordinarily 
wide applications, the newly born paper 
from seaweeds can expected to make full 
use in the fields of medical 
applications and electronics. In this 
presentation, two applications, i. ~·· 
immobilization of enzymes and a 
materials for speaker cone, were 
exemplified. 
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Abstract 

Alteromonas colwelliana is a periphytic 
marine bacterium that has been shown to 
enhance oyster set 3-8 fold. Enhancement is 
most pronounced on 72 hours or older biofilms 
that form on set surfaces. Many of the 
factors by which this bacterium promotes 
oyster development have been determined. 
Briefly, it released ammonia which is a swim 
search cue, L-dihydroxyphenylalanine (L-dopa) 
which promotes crawl search behavior, and 
exopolysaccharide (EPS) on which larvae pre
ferentially cement down and metamorphose. 
Periphytic A. colwelliana also release 
quinones and other aromatic compounds that 
have been shown to inhibit the growth of 
microorganisms that parasitize oysters. 
Lastly, periphytic cells of A. colwelliana 
are in the size range where they can be filter 
fed by bivalves. 

Using recombinant DNA technology, we have 
cloned the tyrosinase gene and enhanced its 
expression leading to increased production of 
L-dopa quinones and other benefical products. 
We made mutants with increased surface adhe
sion and EPS production. None of these mod
ifications introducted qualitive alterations; 
only quantative enhancement. 

Cultch has long been used as the 
Crassostrea virginica set surface in Chesa
peake Bay. It is now in short supply. In 
any case, large hatcheries have discovered 
surfaces which are easier to manipulate, and 
which, when coated with certain microbial 
biofilms, yield better grow out than does 
cultch. In laboratory micr-0cosms and in 
small scale hatchery trials, biofilms of A. 
colwelliana have enhanced f · virginica and 
C. gigas set on glass, cu~tch and mylar. 

Additionally, ~· colwelliana that has been 
genetically enhanced for EPS production and 
adhesion and/or engineered for increased tyro
sinase/DOPA synthesis will be tested for the 
first time in microcosm regimes as we have 
previously tested wild type A. colwelliana. 
Should these "enhanced" strains cue more set 
than the wild type, they will also be tested 
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in scaled-up biofilm surfaces. Such surfaces 
will include French Tubes, corrogated acrylic 
panels and mylar sheets, each of which is now 
being used as artifical set surfaces at one or 
more hatcheries. 

1. Introduction 

In the natural environment, oyster larvae 
undergo a sterotypical sequence of actions 
before they become sessile and metamorphose. 
Each of these actions is cued by environmental 
stimuli that direct the motile larvae to 
fertile surface targets that are conducive for 
their development. It has long been known that 
certain bacterial biofilms are beneficial to 
oyster set (Cole and Knight-Jones, 1939). 
Recently, it has been recognized that these 
biofilms sequester nutrients, thus providing 
fertile surfaces. There may be multiple 
signals that attract invertebrate larvae to 
such surfaces (Chia and Bickell, 1978). 

2. Results and Discussion 

We have isolated and characterized specific 
chemical cues from bacteria that are important 
and perhaps essential, for oyster set. We 
have demonstrated that.ammonia, the widely 
encountered product of protease and deaminase 
activities, inititates swim search behavior 
above the biofilm (Coon, et al. 1988). We 
propose that products of tyrosinase activity 
cue swim and crawl search behavior just above 
and on the biofilm (Coon, et al. 1985). Using 
a cosmid system in Escherichia coli we have 
cloned (Fig. 1) and expressed the tyrosinase 
gene (Tyr) of~· colwelliana (Fig. 2), a 
bacterium which was most beneficial to oyster 
set among 100 species that were tested (Weiner 
et al. 1985 Table 1). The DNA fragment encod
ing tyrosinase was subclonedin a pUC19 vector, 
sequenced (manuscript in prt!paration) and 
reduced to 1.3 KB. The gene was expressed, in 
vitro, using an s30 system and found to encode 
a 40,000 MW protein, which correlated with the 
size of its DNA open reading frame (manuscript 
in preparation). 

The gene has been placed downstream of a 
Lac promoter providing amplified tyrosinase 
production. This construct can be moved back 



CLONING STRATEGY 

Gcosmld 

Pst I digested 

Alteromonas colwelllana 

chromosomal DNA 

Pst I digested 
app. 35 kb. 

ligation 

cosmld cosmld 

I 
Insert I 

:oncatomers of various sizes lpackaglng Into 
Phage Lambda particles 

~ lTransductlon 
host strain 
E. coll HB101 

Screen Transductants 
for gene expression 

Fig. 1 Alteromonas colwelliana cloning 
strategy. The cosmid system was used 
to maximize chance of inserting the 
entire code necessary to express 
tyrosinase. Screening was on Marine 
agar with copper and tyrosine addi
tions. Expression was detected by 
melanin production (black colonies). 

into A. colwelliana on a broad host range 
plasmid (RP4) for enhanced synthesis of the 
search cue. The products of the tyrosinase 
were identified (Dagasan and Weiner, 1988) 
after fractionation in a C-18 reverse phase 
HPLC column, by electrochemical detection of 
di- and trihydroxy phenyl products (Morrison 
and Cohen, 1983). An atypical reaction 
product was isolated, 5-hydroxy dihydroxy 
phenylalanine (5-TOPA), which was one of the 
strongest inducers of swim-search behavior 
that we have ever observed. In the relatively 
anoxic and acetic biofilm niche, this compound 
would, theoretically, be stable and active. 

During swim/crawl-search, Crassostrea lar
vae cement down. If not, they resume search 
behavior and may die in the process. We have 
examined the biofilms of marine bacteria, 
particularly A. colwelliana, to test the 
hypothesis that a specific bacterial product 
cues the ultimate decision to become sessile. 
One strategy was to present purified exopoly
saccharide (EPS) and other surface bacterial 

Fig. 2 Transmission electron micrograph of 
Alteromonas colwelliana. Dark granules 
are postulated to be melanin. Cells 
were harvested in stationary phase of 
growth. Bar represents one micrometer. 

Table 1 Percent of oyster larvae that set and 
metamorphosed on various surf ace films 
in estuarine water at 20°C. The 
Alteromonas and autochthonous films 
promoted statistically significant 
more set than other sample surfaces. 
Results of 3 experiments using 
competent, eyed Crassostrea gigas. 

Substratum % Set and Metamorphosed 

Glass Control 8 
Cultch (Shell Control) 23 

Hyphomonas neptunium film 12 
Pseudomonas fluorescens film 5 
Vibrio fischeri film 9 
Aeromonas hydrophila film 15 
Shewanella colwelliana film 47 

(nee Alteromonas, nee LST) 
Autochthonous film 45 
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Table 2 Lectin Binding to !!:_. -colwelliana 

+/
++ 

Lectln binding to whole cells of 
. L. colwelliana 

J.ectin and Specificity 

GS-I 
WGA 
PNA 

MPA 
GS-II 

SBA , 

BPA 
UEA I 
DBA 

ConA 

alpha-D-Galactose 
Sialic Acid/N-acetylglucosamine 
Methyl alpha-D-galactose>>>D-

galactose 
alpha-D- galactopyranos ide 
alpha and .&-D-2 acetOamido-2-deoxy

D-glucose 
alpha and 1-D-N-acetyl galactosamine> 

alpha-D-galactose 
N-acetyl gillactosamine 
alpha-L-fucose ' 
Methyl 2-acetamido-2-deoxy-D-
. galactos,e 
alpha-D-glUcose, alpha-D-mannose 

++ very strong reaction; +/- weak reaction; - no reaction 

WGA binds very strongly to L colwelliana indicating the presence of sialic 
ar.id or N-acetylglucosamine residues on its surface. Weak binding of GS-I 
indicates a small number of galactose residues on its surface. 
Whole cells were heat fix~d t'o slides and incUbated for 30 minutes with an 
appropriate dilution of FITC conjugated lectin, washed and exam.inad under 
flourescent microscope for binding. 

components, such as linpolysaccharide (LPS), to 
competent larvae. The other was to block 
determinants, of these molecules so they 
would not be available to cue set. Lectins 
(Table 2) and monoclonal antibodies 
(manuscript in preparation) to f ormalinized 
whole cells, purified EPS and outer membrane 
components were used for this purpose 
(Sledjeski and Weiner, 1988). Wheat germ 
agglutinin (WGA), known to bind sialic acid 
residues, had the strongest affinity and GS-
I, known to bind to alpha-D-galactose, had a 
weaker affinity_which appeared to be localized 
on specific sites of the A. colwelliana cell 
envelope. 

Neither the lectins nor monoclonal anti
bodies to EPS blocked the ability of A. 
colwelliana films to cue set. From this and 
other evidence we theorize that an integral 
biof ilm determinant does not cue set but 
rather that the chemical cue is likely to be 
some molecule (e.g. 5-TOPA) that is bound·~y 
EPS (Weiner, et al. 1989). We have recently 
made strains that hyper~produce E~S. 

These results are being applied to increase 
oyster production in the Chesapeake Bay. 
Larvae are being treated with catecholamine 
precursors prior to their release over natural 
oyster beds. Cultch and several synthetic 
surfaces, coated with A. colwelliana biofilms, 
are being tested for p~tential use in hatch
eries and in remote setting. 
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ABSTRACT 

As the world population increase rapidly, 
there is an urgent need to increase production 
of animal protein food sources. Aquaculture and 
mariculture possess a great potential to meet 
this demand. Studies conducted by us and 
others showed that application of biosynthetic 
trout GH to juvenile rainbow trout resulted 
in significant increases in growth rates. 
These results indicate that growth hormone, 
growth factor and their genes can be used 
to promote rapid growth of cultured fish. 
In this paper we will discuss application 
of molecular biology and biotechnology methods 
to promote rapid growth of cultured fish 
via manipulation of growth hormone and/or 
growth factor genes. 

INTRODUCTION 

As the world population increases rapidly, 
there is an urgent need to increase production 
of protein food sources. Since fish products 
are an excellent source of protein, they 
possess a great potential to meet this world 
demand. Traditionally, success in fisheries 
has been largely dependent upon the natural 
population of freshwater and marine finfish, 
shellfish and macroalgae. In 1986, the world
wide harvest of fish products reached 92 
million metric tons. However, due to increas
ing world consumption of fish products, an 
increase release of chemical pollutants into 
the aquatic environments, and poor restocking 
and management efforts, the total world-wide 
annual harvest level of fish products is 
rapidly approaching the maximal potential 
harvest level of between 100 to 150 million 
metric tons, recently reported by the U.S. 
Department of Commerce and NOAA. Recently 
a number of regions have shown significant 
decline in the catches of important fish 
species such as salmon, striped bass, stur
geons, eels, jacks, mullets, mackerel, krill, 
abalone, oysters and crabs (FAQ 1988). As 
a result, fisheries have traveled farther 
to exploit more productive areas, switched 
to alternative species, and begun to employ 
sophisticated technology. These developments 
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have resulted in a significant increase of 
international fish prices. In recent years 
U.S. has imported twice as much fish products 
as they have exported, and thus contributed 
significantly to the trade deficient. This 
trade deficit in fish products has escalated 
to 6.6 billion U.S. dollars per year in 
1989. In order to cope with these problems, 
drastic measures to increase fish production 
are required. 

As a means of increasing the production 
of fish products, many countries have turned 
to aquaculture and mariculture. In 1985, 
the production of finfish, shellfish and 
macroalgae by aquaculture/mariculture reached 
10.6 million metric tons, which was 12.3% 
of the world-wide catch tonnage generated. 
Clearly aquaculture/mariculture has the poten
tial to significantly increase the world 
production of fish products, and thus affect 
the trade balance of fish products. 

Success in aquaculture/mariculture 
revolves around four key requirements: 
breeding, feeding, disease protection, and 
management. Molecular biology and biotech
nology can help to improve breeding, feeding 
and disease protection. These applications 
include enhancing growth rates, controlling 
reproductive cycle, improving feeds, develop
ing vaccines, developing disease resistance 
and hardier genetic stocks, and many other 
possibilities. Using economically important 
fish species as models, our laboratories 
are investigating strategies to increase 
growth rates of finfish and shellfish in 
intensive culture operations via manipulation 
of growth hormone (GH) and growth factor 
genes. In this paper we shall discuss some 
of our recent findings to illustrate our 
approach. 

GROWTH ENHANCEMENT OF THE 
GROWTH HORMONE: 

Through molecular cloning, two genes 
encoding growth hormone polypeptides (GHl 
and GH2) were identified in rainbow trout, 
Oncorhynchus mykiss (Agellon and Chen, 1986; 
Age!ion et al., 1988a, 1988b). A large 



amount of biologically active rainbow trout 
biosynthetic GH polypeptide was ~repared 
by expressing rainbow trout GHl cDNA sequence 
in E.coli cells (Agellon et al., 1988c). 
This biosynthetic hormone is a fusion protein, 
containing 9 amino acid residues derived 
from the N-terminus of ~ coli beta-galactosi
dase and the entire sequence of the mature 
GH polypeptide. Agellon et al. (1988c) 
demonstrated in a series of experiments 
that application of this hormone to yearling 
rainbow trout resulted in a significant 
growth enchancement. After treatment of 
yearling rainbow trout with the biosynthetic 
GH for four weeks at a dose of 1 ug/g body 
weight/week, the weight gain in the individuals 
of the hormone-treated group was two times 
greater than that of their controls. Signifi
cant length gain was also evident in hormone
treated animals. When the same biosynthetic 
hormone preparation was administered to 
rainbow trout fry by immersing the fish 
in a GH containing solution, the same growth
promoting effect was also observed (Agellon 
et al., 1988c; Leong and Chen, unpublished 
results). These results are in agreement 
with those reported by Sekine et al. (1985) 
and Gill et al. (1985) that application 
of biosynthetic GH from other sources to 
rainbow trout, chum salmon or coho salmon 
also resulted in growth-enhancement. Several 
years ago, Morse (1984) reported that bovine 
insulin and GH enhanced the growth of Califor
nia red abalone. Recently Paynter and Chen 
(unpublished results) have observed that 
administration of biosynthetic rainbow trout 
GH polypeptide to spats of juvenile oysters 
by the "dipping method" referred to above 
also resulted in significant increases in 
shell height, shell length, shell weight, 
as well as oyster wet weight and dry weight. 
Although the above discussed data clearly 
point to the possibility of enchancing the 
growth rates of cultured finfish and shellfish 
by supplying optimal levels of biosynthetic 
GH, many studies are still required to 
delinate a number of basic and practical 
scientific issues. These issues include: 
(i) efficient methods for large scale product
ion, purification and renaturation of biosyn
thetic GH polypeptide; (ii) effective means 
of hormone delivery; (iii) detailed dose 
regimens for each target fish species; (iv) 
effects of both chronic and acute GH treatment; 
(v) nutrient requirements of GR-treated 
organisms; and (vi) genetic and physiological 
regulation of GH action. 

GENERATION OF TRANSGENIC FISH 

Although exogenous application of biosyn
thetic GH enchances growth rates of cultured 
fish, it may or may not be .cost effective. 
The use of gene transfer technology to generate 
new strains of fish that express higher 
levels of GH, as an alternative, would bypass 
many of the problems associated with exogenous 
GH treatment. Moreover, once transgenic 
fish strains have been generated, they would 
be far more cost effective than their non-

transgenic counterparts because these fish 
would have their own means of producing and 
delivering the hormone, and could transmit 
their enhanced growth characteristics of 
their off spring. 

Zhu et al. (1985), in China, reported 
the first successful transfer of human GH 
gene fused to a mouse metallothionein gene 
promoter into goldfish. .According to Zhu 
(personal communication), the Fi offspring 
of these transgenic fish grew twice as large 
as their non-transgenic sibilings. Although 
Zhu and his colleagues did not present com
pelling evidence for integration and expression 
of the foreign genes in transgenic fish, many 
laboratories (including our groups) have 
successfully confirmed their work by demon
strating that GH gene and other gene constructs 
can be transferred into embryos of a number of 
fish species and integrated into the genomic 
DNA of the host fish (for review, see Chen 
and Powers, 1990). While a few groups have 
demonstrated expression of foreign genes 
in transgenic fish, at present, we are the 
only group to document that foreign fish 
GH genes are: (a) transferred to the target 
fish species; (b) integrated into the fish 
genome; (c) genetically transmitted to the 
next (F1) generation; and (d) able to increase 
growth rates of both Pi and Fi generations 
of transgenic fish (Zhang et al., 1990; Chen 
et al., 1990). 

In studies conducted in our laboratories 
(Zhang et al., 1990; Chen, et al., 1990), 
about 106 molecules of linearized recombinant 
plasmid containing the long terminal repeat 
(LTR) sequence of avian Rouse sarcoma virus 
(RSV) fused to the rainbow trout GHl cDNA 
were injected into the cytoplasm of one-cell, 
two-cell and four-cell common carp embryos. 
Genomic DNA samples extracted from the pectoral 
fin of individuals derived from these embryos 
were analyzed for the presence of RSVLTR-rtGHl
cDNA by dot blot and Southern blot hybridi
zation, using radio-labelled LTR of RSV and 
trout GHl cDNA as probes. Results of this 
study showed that about 35% of the injected 
embryos survived at hatching, of which about 
10% of the survivors have stably integrated 
the pRSVLTR-rtGHl-cDNA sequence. Southern 
blot analysis of the genomic DNA of several 
transgenic fish revealed that a single copy 
of the RSVLTR-rt-GHl-cDNA sequence was integr
ated at multiple chromosomal sites. In some 
cases, the Hind III site residing between 
.RSVLTR and rt.GHl-cDNA was modified. While 
foreign gene sequences introduced into embryos 
by micro-injection are usually integrated as a 
head-to-tail concatamer at a single chromosomal 
site and modified (Palmiter et al., 1982; Dun
ham et al., 1987), examples of single or low 
copy integrations of foreign gene sequences 
exhibiting deletions, modifications or rearran
gements have also been observed (Gordon and 
Ruddle, 1985). Hence our results of pRSVLTR
rtGHl-cDNA integration in transgenic carp agree 
with those reported in other system. 
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EXPRESSION AND INHERITANCE OF FOREIGN 
GENES IN TRANSGENIC FISH: 

As reported by Agellon et al. (1986) 
that polyclonal antibodies to chum salmon 
GH reacted specifically with GH of rainbow 
trout, hence these antibodies had been used 
as probes for detecting the production of 
trout GH in transgenic carp by a quantitive 
dot blot immunochemical method. Since these 
polyclonal antibodies shoed a partial cross
reactivi ty with common carp GH, they were 
rendered specific to rtGH by extensive re
absorption with pituitary extracts of common 
carp. We did not detect rtGH in the circula
tion of transgenic individuals, since the 
rtGHl-cDNA used in the gene transfer studies 
did not contain a signal peptide sequence. 
Instead, various levels of rtGH were detected 
in the red blood cell (RBC) extracts of 
transgenic individuals: ranged from 8.0 
to 89.1 ng/mg RBC proteins (Zhang et al., 
1990; Chen et al., 1990). As expected, 
there was no correlation between the number 
of pRSVLTR-rtGHl-cDNA integrated levels 
of rtGH expressed in RBC. These results 
are consistant with those in transgenic 
mice reported by Palmiter et al. (1982). 
Although there was considerable variation 
in sizes among the P1 transgenic fish, they 
were 22% larger (p<0.05), on the average, 
than their sibling controls. 

To study patterns of inheritance of 
RSVLTR-rtGHl-cDNA sequence in transgenic 
carp, sexually matured P1 male transgenic 
fish (4R, 36L, 131L and 94R) were crossed 
to one non-transgenic female, and DNA samples 
extracted from resulting F1 progeny were 
assayed for the presence of RSVLTR-rtGHl-cDNA 
sequence by dot blot hybridization. None 
of the F1 progeny derived from transgenic 
male 04R received the RSVLTR-rtGHl-cDNA 
sequence from their father, suggesting that 
the RSVLTR-rtGHl-cDNA sequence was not inte
grated into the germ line of fish 04R. 
Although most of the F1 progeny derived 
from fish 36L died, the four survivors in
herited the foreign gene sequence. Results 
obtained from F1 progeny of fish 131L and 
94R are most informative. About 31.3% and 
42.3% of F1 progeny derived from fish 131L 
and 94R respecively carried RSVLTR-rtGHl-cDNA 
sequence. Since transgenic fish are indepen
dently derived by injecting the foreign 
gene at different stages of development, 
one would expect transgenic animals mosaic 
for RSVLTR-rtGHl-cDNA. The degree of mosaicism 
in transgenic animals determines whether 
a foreing gene will be present in the germ 
line and whether it will be transmitted 
to subsequent generations. Since nearly 
50% of the progeny derived from fish 94R 
carry RSVLTR~rtGHl-cDNA, the transformed 
progenitor cells must be primoridal to the 
entire germ-line. Conseversely, the progeny 
ratios of 1 transgenic: 3 non-transgenic 
from fish 131L suggests that his germ-line 
is mosaic. 

The body weights of F1 progeny derived 
from 131L and 94R were measured at the age 
of three months. The positive F1 progeny 
of fish 131L and 94R were about 20.8% (p<0.05) 
and 40.1% (p<0.0001) larger than their non
transgenic sibilings, respectively. Further
more, these progeny were 32% and 46% larger 
than their largest non-transgenic sibilings 
respectively. These results clearly demon
strated that the growth enhancement phenotype 
resulting from the presence of RSVLTR-rtGHl
cDNA sequence in transgenic fish 131L and 
94R have been passed down to their respective 
F1 progeny through germ-line inheritance. 

FUTURE PROSPECT 

Although results from our studies and 
others showed that transfer, expression and 
inheritance of a foreign gene in finfish 
have been achieved, considerable amount of 
research is still required in order to develop 
strains of transgenic fish for commercial 
aquaculture/mariculture purposes. To achieve 
this ultimate goal of applying gene transfer 
technology in aquaculture/mariculture, several 
major breakthroughs are required. These 
include: (a) developing efficient mass gene 
transfer technologies; (b) developing rapid 
procedures for identifying ·presumptive trans
genic individuals; (c) developing methods 
for targeting foreign gene integration into 
specific areas of the fish genome; (d) identi
fying suitable promoters to drive the express
ion of the foreign gene; (3) determining 
physiological, nutritional, immunological, 
and environmental factors that will maximize 
the performance of transgenic individuals; 
(f) assessing safety and environmental impacts 
of transgenic fish. 
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