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FOREWORD

This is Volume II of a two-volume record of the NOAA Workshop on
Ocean Acoustic Remote Sensing held in Seattle, Washington, on
January 21-24, 1980. Volume I provides a concise summary of the
Workshop conclusions and recommendations, as well as summary reports
of the discussions of the four Working Groups on Climate and Weather,
Fisheries, Ocean Pollution, and Ocean Services. Volume II contains
the programmatic and technical presentations made at the Workshop, as
well as the complete Working Group reports. These documents were
edited only to the extent of eliminating obvious typographical errors.
In the interests of expediency, compactness and time-saving, no
attempt was made to achieve uniformity of paper structure. Figures
were left in the "raw" form since these would take the greatest expendi-
ture of time and money to redraft. Nor have the discussions following
the presentations been included. 1t is felt, however, that the overall
product does reflect gquite accurately the supporting documentation
available to the Working Groups of the Workshop in helping them reach
their conclusions and recommendations.

Some caveats are in order here. This volume is considered a NOAA
internal report with a Timited number of copies. It is not meant to
be quoted as a publication. Many of these papers may have been or are
to be published elsewhere with copyright protection. Be advised also
that the organizational identifiers for some of the NOAA participants
have been changed since the dates of the Workshop.

Morris Schulkin
Technical Editor
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0ARS Paper #1
INTRODUCT TON

by
Stanley R. Murphy, Workshop Chairman
Division of Marine Resources
University of Washington

This Workshop began as a result of a recommendation from the Remote
Sensing Workshop held in Estes Park in August last year that there be
a serious and careful look at the opportunities and potential of acoustic
remote sensing techniques for ocean observatfons as an adjunct to and a
supplement to the work that is going on in the electromagnetic area.

A Steering Committee was established--a very fine group--that in
turn planned this Workshop. I'd 1ike to mention the names of the
Steering Committee because these are people that you can call on for
assistance during the course of the next four days: Dr. Gordon Little,
Director of the Wave Propagation Laboratory; Dr. John Proni, from the
Atlantic Oceanic and Meteorological Laboratory; Dr. Robert Bunney from
the Office of Ocean Engineering, on assignment to the Applied Physics
Laboratory at the University of Washington; Dr. Andy Kemmerer from the
National Fisheries Engineering Laboratory; Dr. Ron New from the National
Ocean Survey; Dr. Morris Schulkin, on my left, from the Applied Physics
Laboratory, University of Washington, who is the technical Program Chair-
man of the Workshop. He will be available to Workshop working group
chairmen to assist wherever possible for reaching a successful conclusion.

The Workshop is organized in four major program areas: Ciimate and
Weather, Fisheries, Ocean Services, and Ocean Pollution. Dr. Mike Hall
from the Office of Ocean Engineering is Chairman of Climate and Weather;
the Assistant Chajrman is Dr. Don Hansen from AOML. The Fisheries Chair-
men are Dr. Paul Smith from the Southwest Fisheries Center, and Andy
Kemmerer, who is also on the Steering Committee. Ocean Services has
Dr. Stan Alper from the Office of Marine Technology, assisted by Morris
Ringenbach, Engineering Development Laboratory. And finally, for Ocean
Potlution, Dr. John Proni will chair that working group; the Assistant
Chairman is Capt. Lawrence Swanson from the Office of Marine Pollution
Assessment (later replaced by Dr. W. Woodward, Office of Ocean Engineering).

Each of you has a 1ist of the participants that have been invited.
This 1ist is in two forms. One 1ist is alphabetical; the second form is
a list of participants by assignment to working groups. The Steering
Committee asks that each of you assigned to a working group work with
that group. Each chairman or assistant chairman of a working group will
establish the proper and appropriate 1iaison with the other groups and
you may be asked to assist in that liaison function. But we ask that
each of you begin your work with the working committee as assigned. There
is also a list of working group tasks established by the Steering Committee.
Fach chairman has been encouraged to establish more specific objectives
and tasks for the special groups that they chair. Many of you have been
contacted by the chairmen in that function,

We have a little over a day and a half of interesting speakers as
input to the Workshop itself. Each speaker has been asked to, if at all
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possible, provide an extended summary of his remarks and copies of the
important illustrations that can be a part of the record of the Workshop.
Each speaker has 30 minutes to make his presentation and 15 minutes for
discussion and questions. The questions and discussion, of course, are
in many ways an extremely important aspect in providing inputs into the
working groups themselves. The sessions today and tomorrow will be
yecorded so we will be able to go back and reproduce particularly the
discussions resulting from the presentations.

Speakers were, of course, chosen both from outside NOAA and inside
NOAA as representing a cross section of the area or field of acoustic
remote sensing from the technological, scientific, requirements, and/or
programmatic points of view. We are very fortunate to have as our first
speaker Mr. James Walsh, Deputy Administrator of NOAA, who will give us
some remarks and comments on NOAA Program Missions and Requirements that
relate to the area of Ocean Acoustic Remote Sensing. So it is my pleasure
to introduce as our first speaker Mr. James Walsh.
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QARS PAPER #2
Remarks of

James P. Walsh
Deputy Administrator
National Oceanic and Atmospheric Administration

Ocean Acoustic Remote Sensing Workshop
January 21, 1930; Seattle, Washington

This is an unusual opportunity for me. Over the next several
days, you will be discussing in this workshop a highly technical sub-
ject--ocean acoustic remote sensing. Stan Murphy has asked me to pro-
vide an overview of the missions of the National Oceanic and Atmospheric
Administration as they relate to applications of this sophisticated
technology.

My perspective will, of course, be that of a manager, and not of
someone with the familiarity of ocean acoustics that most of you possess.
But I do welcome the opportunity to study the technology and questions
you are addressing this week. [ am continually confronted with manage-
ment and budget decisions which require a working knowledge of a variety
of technological systems.

In general, as I understand it, the purpose of this workshop is
to review the state of the art in ocean acoustic remote sensing and to
identify specific applications to NOAA missions in four areas: (1) cli-
mate and weather; (2) fisheries; (3) ocean services; and (4) pollution.

What I would like to do this morning is, first, provide an over-
view of NOAA missions that might use applications of acoustic remote-
sensing and, second, comment generally on the problem of managing pro-
grams utilizing evolving technology of this sort.

Most of you work for, or are fairly familiar with NOAA. But I
would 1ike to say a few words about the general character of our agency.
This year--1980--marks our tenth anniversary, although our origins can
be traced back to Thomas Jefferson and 1807. Oceanic and atmospheric
science and services on behalf of and for the nation was the overriding
mission of the several agencies brought together to create NOAA by Presi-
dential Reorganization Order #4 in 1970.

Since that time, new statutory programs--all in the broad areas
of oceans and atmosphere--have been enacted not only expanding NOAA's
traditional science and services missions but adding new resource manage-
ment, regulation and enforcement responsibilities. To this day, the
strength of our agency remains our science and services base, which pro-
vides the knowledge and expertise to deal with our management missions.

Let me briefly expand on our missions and identify where ocean
acoustic remote sensing might serve those missions. I do not intend my
remarks to be all-inclusive of such applications, but illustrative of
present uses and some opportunities.
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Fisheries. OF all of NOAA's agencies, the National Marine Fisheries
Service has experienced the greatest change in its fundamental purpose
over the last ten years. With passage of the Marine Mammal Protection

Act and the Fishery Conservation and Management Act, NMFS took on some
extremely difficult management tasks and has had to evolve away from its
previous primary role of research and service to the States. As a result,
we have become the nation's principal fishery manager, with all the prob-
lems that job brings. The needs of management have also placed enormous
pressures on our fishery research program, in particular stock assessment.
Fishing effort is increasing faster than catch, since U.S. fishermen are
still concentrating on the traditional high-value, Tow volume fisheries.
What this all means is that our fishery assessment techniques are put in
great strain to be more precise to allow more refined allocations among
Fishermen and a more defensible overall cap on fishing effort--e.g.,
optimum yield. Knowing what fish stock size will be next summer still
remains educated guesswork. We are not even certain what's in the ocean
right now.

With the need to know about fish stocks more critical economically
and politically, we might find more efficient and more effective tech-
niques for assessing the abundance, composition, location and condition
of fish stocks. The need for information and knowledge extends to those
factors in the marine environment that influence fish stocks. Conse-
quentiy, the regional fisheries centers are continually searching for
new methods, new techniques and new theories to do stock assessment.

The use of acoustic remote sensing can help. Determining how much is
the goal of this conference. To the extent remote sensing can either
add to our tools, or improve the tools we now use, we in NOAA must move
guickly to use the technology.

There may be other applications in marine mammal assessment, which
remains more difficult than fish stock assessment because there is almost
no harvest data for marine mammal stocks and their wide range. Perhaps
you will also focus on this problem as well.

Climate and Weather. Combining these two mission areas creates a problem.
Our mission in weather services is greatly different from our climate

role. Our weather services require a major operational, near real time
technological system. Our climate responsibilities are basically research-
oriented, at least as it may relate to acoustic sensing in the ocean.

Our fundamental role in weather is to provide information, in par-
ticular warning of severe weather, to the public in time for them to
use it. We are seeking to expand our ocean weather services 1o include
useful forecasts of storm surge, waves, regional coastal winds, ice, and
currents in our coastal zone. OQur remote sensing work has concentrated
on those technologies that use the electromagnetic spectrum, in particular
satellites, skywave radar or aircraft sensors. At present user needs
place greater demands on surface weather phenomena. And lacking the
surface observational system present on land, we are struggling to find
ways to obtain surface weather data from remote sensing. Subsurface data
is becoming important to us as well, particularly in heavily used and
populated coastal areas. But in our basic need in ocean weather services,



except perhaps for currents, ocean acoustics may play a smaller role
than other remote sensing techniques. You may determine differently
after this workshop.

Our role in climate is research and information services. One
of our research emphases is sea surface temperature analomies. Acoustic
remote sensing may help in understanding this phenomenon.

Ocean Services. [ spoke of ocean weather services earlier. By the term
ocean services used in this workshop, I assume the prediction of waves,
currents, and tides but also mapping and charting of geophysical fea-
tures on our continental shelf. The National Ocean Survey (NOS) plays

a large role in this area, along with the National Weather Service. NOS
is another service organization which seeks new ways to improve their
tide, current and wave monitoring programs. And NOS is seeking to
develop techniques for acoustic sensing of currents.

We are now utilizing swath sonar to add to our efforts to improve
bathymetric charts. It promises to simplify and improve greatly our
present ship- and labor-intensive method of locating contours on the
sea {loor. Improved efficiency of a routine service program is the
result.

Pollution. As most of you know, NOAA has gained a large role in direct-
ing the federal government's marine pollution research and monitoring
program. We also have a sizable pollution research program, about $50
million per year. We play this as a result of statutory authorities
such as the Fish and Wildlife Coordination and the Ocean Dumping Acts,
and simply because our other agencies need expertise, for example the
OCSEAP program founded by the Bureau of Land Management.

We are presently utilizing acoustic sensing in our pollution
programs. John Proni will speak about his ocean dumping monitoring
work. For Targe-scale pollution events, the application is not too
clear, but perhaps in a week it will become clearer.

Other areas of application may exist, for example in fishery
enforcement, but these are the principal NOAA mission areas in which
acoustic remote sensing s now used or looks promising.

Let me finish with a few general comments on factors I see as
being important in your "brain-storming" effort. First, please be
mindful of economies. If off-the-shelf technology exists, by all means
we should adapt it to our needs and then use it. This includes not only
the technology itself but also the support systems that will be needed
to apply the technology--data management, communication, etc. These
support systems are likely to be different for research and operations.

Secondly, and along the same line, technology transfer between
the military and our civilian agencies is a key problem. Stan (Murphy)
has charged you with examining this issue, I know these are classifi-
cation constraints but in some cases this may be a perceived rather than
real hindrance. We need to communicate more with the Navy to find out

what can be done.



That, I hope is the overview that initiates a good discussion
of this subject. _We in NOAA recognize the need to embrace new technologies
not only to expand our research capabilities but to make our basic service
programs more efficient and effective.

Thank you.
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OARS Paper #3

HOW TO MONITOR CLIMATE VARIATIONS BY MEASURING THE OCEAN

by

J.0. Fletcher
Environmental Research Laboratories/NOAA

Qur purpose here is to consider the prospects and needs for monitoring
ocean variability.

One of the reasons for observing ocean variability is to follow the
development of climate processes. Unfortunately, we don't know what those
processes are, How do we find out?

Every climate plan has a statement that the ocean is the memory and
flywheel of the coupled ocean/atmosphere system.

The atmosphere has a very short memory, it responds guickly to a
change in thermal forcing, but the ocean has thousands of times the heat
capacity, hundreds of times the mass and several times the momentum. Its
present state should reflect the forcing by the atmosphere over a consider-
able time. The two fluids are closely coupled, with each forcing the
motion of the other in important ways--so we have good reasons to suspect
that the ocean is the memory and the flywheel and that we should monitor
its variability to gain insight to the behavior of the coupled system.

So what do we monitor? Do we disperse our efforts over the whole
ocean or do we focus on particular areas? Can we identify particular areas
which exhibit large climate signals? If so, do we know what they mean?
What is the time scale of their variability? Do we need to observe them
daily, weekly, monthly or yearly? With what accuracy? On what spacial
scales?

To answer these kinds of questions, we must know something about the
anatomy of climate variability. Does the coupled system exhibit coherent
behavior? Are there characteristic modes of fluctuation which recur
again and again? If so, how are they manifested? What are their oceanic
signals?

To investigate these questions, we have examined the century-long
data base known as the marine deck, extending from 1861 to 1960. The
summary tape for this data set contains sea surface temperature (SST), wind
direction and speed, air temperature and a few other things, enough to
describe the changing patterns of these fields in space and time over the
world's oceans.

We ask of this data set, "are there coherent modes of fluctuations
which repeat themselves? If so, how many? What behavior do they exhibit
in space and time? What is the location and magnitude of their most
characteristic signals? What kind of measurement, with what accuracy,
over what space and time scales, is needed to monitor their behavior?"”
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Preliminary analysis indicates that two coherent modes of fluctua-
tion account for most of the observed variability in sea surface tempera-
ture and in the atmospheric fields. Both are global in spacial extent:
both appear to be basically autofluctuations of the coupled ocean/
atmosphere system, influenced to some degree by external forcing not
yet identified.

One mode of fluctuation is manifested by individual anomalous years.
It recurs on a time scale of 3 to 6 years during some climate epochs
(before 1900 and after 1940}; less frequently during other climate epochs
(1900 to i940). It is associated with long-recognized climate fluctua-
tions such as the southern oscillation and the "E1 Nino." The largest
SST signals occur in the eastern equatorial Pacific, particularly the
latitude zone 0-10°95, although coherent patterns of SST anomaly can be seen
over the entire Pacific and Indian Oceans (the Atlantic is not included
in the data set used).

Although much additional investigation is needed to understand the
ocean's behavior in this mode of fluctuation, preliminary estimates of
monitoring requirements suggest that for SST patterns appropriate resolu-
tion in time is one month and in space several hundred kilometers.

In relative temperature a resolution of 1100 is needed, preferably
+60 over the space and time scales indicated. In theory, these require-
ments can be met by contemporary satellite sensors; in practice, further
refinement of techniques for data reduction is required.

The second mode of fluctuation of the coupled ocean/atmosphere system
seems to operate on a time scale of about a century. Thus, the evidence
that it is a recurring mode does not come from the marine deck but rather
from proxy indicators for which there is a long time sequence; for example,
discharge of the Nile River (since 622 A.D.) and air temperature in a
New Zealand cave derived form isotope analysis (since 1000 A.D.}. Such
proxy indicators suggest that the "century scale" fluctuation does recur,
although its duration and amplitude is variable (50 to 90 years from
600-900 A.D., no occurrence from 900-1200, more than 120 years after
1200 and about 120 years since 1700). The available marine data set
allows us to explore the anatomy of the fluctuation since 1861. (In the
audio visual presentation at the workshop, coherent changes in atmospheric
and SST fields for both the century scale fluctuation and the interannual
fluctuation were illustrated.)

The most striking features of the century scale fluctuations are as
follows:

THE ATHMOSPHERE: The overall vigor of the global atmospheric
circulation fluctuates from high (1860-75) to low (1320-40) to
high (1965-present). The wind stress on the ocean during a
period of high vigor is at least twice, probably three times
greater than during the period of low vigor. Although the
general global trend is relatively smooth, abrupt changes of
Targe magnitude are reflected in the most energetic features
of the atmospheric circulation, especially in the Indian
Ocean sector, where about 1875 the trade winds decreased
abruptly, and in 1902 the mid-latitude westerlies decreased
abruptly (more than halving wind stress on the ocean).
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During periods of high circulation vigor the Asian monsoon
is extended farther east and the subtropical highs are
crowded toward the equator and displaced westward.

THE OCEAN: The ocean surface temperature fields reflect
basin-wide coherence, evolving in time over the whole
century. The largest signals appear in the latitudes
40-5005 and 35-450N. The general evolution is most con-
spicuous in the southern hemisphere circumpolar current
and is highlighted by the following sequence. In the
1860's, the Antarctic circumpolar current (ACC, 40-500S)
was warm relative to the century mean. About 1870, it
became abruptly colder in the New Zealand sector and in
following decades this coldness spread to encompass the
entire circumpolar flow, the southeast Pacific and, from
1900 to 1940, the equatorial ocean. In 1917, a warm anomaly
appeared in the same region in which the cold anomaly had
appeared in 1870. In following decades, it spread and
intensified in patterns similar to the spreading and inten-
sifying of the previous cold anomaly, embracing the equa-
torial latitudes early in the 1940's. The sparse data
south of 5095 indicate that these anomalies, which appear
First in the Australian/New Zealand sector, develop earlier
at higher Tatitudes and move into the region from high
latitudes.

As a first step in gaining more understanding of this observed
sequence of events and for designing an ocean climate monitoring system,
the following straightforward modeling experiments are needed. To
elucidate the striking ocean variability described above, a global ocean
circulation model should be forced by the observed surface winds from
the data set (mean montly values for each data square since 1861). It is
expected that the ocean model behavior will exhibit the seguence of
SST anomalies reflected in the data set. If so, then the internal
dynamics of the model should reveal the processes by which these anomalies
develop; the response to wind forcing, the time lags, and where and how
to monitor the most revealing signals. Quite independently, a global
atmospheric model can be used to simulate atmospheric behavior during
extremely different patterns of SST exhibited by the data set, say the
1920's decade compared to the 1970's decade, in an attempt to simulate
the different climatic characteristics of these different epochs. Such
an experiment should yield insight to feedback on the atmosphere of
changing ocean SST patterns.

Pending these further investigations, we can make some preliminary
estimates from the data set of how to monitor climate by observing the
ocean. To follow the development of the century scale fluctuations, it
appears most feasibie to monitor the SST anomalies described above which
develop first poleward of 5095, then in the 40-500S zone, most strongly
in the New Zealand sector of the ACC, later spreading across the 5. Pacific.
This could be done by a combination of SST maps (derived independently
from satellite and ship sources until the two agree) and North-South
hydrographic sections south of New 7ealand. Wind stress over the southern
ocean can be computed form surface weather charts and the gross response
of the ocean can be monitored by a few pressure gauges distributed across
the circumpolar flow. The time resolution needed for SST is probably not
more than a season (3 months) and the space resolution a few hundred
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kilometers. The accuracy for this space and time scale should be better
than +.59C, preferably half of that.

In conclusion, I would emphasize that to monitor climate by measuring
the ocean we must know what ocean processes we are measuring, and what
their relation is to global climate changes. This seems quite feasible
to do. The "shotgun” approach, measuring all possible things in all places,
is not only unfeasible but unnecessary. Secondly, [ would emphasize that
the reason we observe the ocean to monitor climate change is that the more
ponderous ocean has greater thermal and mechanical inertia and responds
more slowly and with greater coherence than the atmosphere. It follows
that we do not need great resolution in time or space because averages
over a few hundred kilometers and a season are probably good enough. The
accuracy needed depends on the particular feature we are monitoring and
the size of signal associated with it and is thus not the same for different
parts of the ocean.



0ARS Paper #4

OCEAN ACQUSTIC TOMOGRAPHY:
A METHOD FOR MEASURING LARGE-SCALE VARIABILITY

by Walter H. Munk
Institute of Geophysics and Pianetary Physics
University of California, San Diego

1. We have formed a joint venture to study what we have called
"gcean acoustic tomography.” Our group consists of Bob Spindel and
his associates at WHOI, Carl Wunsch and his associates at MIT, Ted
Birdsall and Kurt Metzger at the University of Michigan, and our
group at Scripps (Peter Worcester, John Spiesberger, Mike Brown, Bob
Knox and Walter Munk). We are working closely with AMOL/NOAA; David
Behringer of that laboratory will be participating in a major experi-
ment in spring 1981.

2. The basic idea behind ocean acoustic tomography is to use
variable travel times from many acoustic sources to many acoustic
receivers as a way of inferring the changes in the interior ocean.
The emphasis is on mesoscale processes, with typical scales of 100 km
and two months.

3. Figure 1 shows the result of an experiment conducted in
October 1978, for a 1000 km transmission path from a moored receiver
southwest of Bermuda. We have resolved about 12 multipath  arrivals,
and these are stable over the two-month period of the experiment.

The tides are faintly visible as small wiggles.

But the important things are the siow variations in travel
time. Because of some clock problems, the only thing that can be used
in Figure 1 are slight variations in the relative travel times, and
these can be discerned by glancing from left to right along the figure.
But in a subsequent experiment conducted in April 1979 to the northwest
of Bermuda a meander of the Gulf Stream came into the path of the trans-
mission and left a very noticeable imprint on the travel time pattern
(Figure 2).

4. Figure 3 is a schematic indication of what we are trying to do.
The upper path shows the circulation pattern as it would appear from a
long-term average of two years or more. The lower cycle shows the situ-
ation at any given time. We might consider these two displays as
corresponding to climate and weather. One purpose of acoustic tomography
is to monitor the ocean with sufficient resolution so as to give the
equivalent of weather maps.

5. Once the matrix of travel time perturbations has been observed,
we use the formalism of inverse theory to construct the best possible
maps of the interior ocean. Here we mean by "best possible” that
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particular field which is consistent with the observation and has the
minimum wiggliness. For details, I would iike to refer you to Munk
and Wunsch.*

6. Figure 4 shows a result of inverse theory from a numerical
experiment. Figure 5 shows similar considerations in a vertical plane;
here the aim is to apportion the distribution in depth of any travel

time perturbations. Taken together, one ends up with a three-dimensional
chart of sound speed perturbations.

7. We are planning a major experiment in early 1981. This will
consist of 4 sources and 5 receivers, plus some transmissions to 4
remote stations. Some of the arrangements are indicated in Figures 6,
7, and 3. David Behringer of NOAA will be making some CTD surveys at
the beginning, middle, and end of the experiment. The Navy will also
take some AXBT sections.

8. Even if this experiment should prove reasonably successful,
there are many problems that need to be looked into before one could
even think of an operational system. 1 will mention a few experimental
problems. We would like to develop a broadband source to improve the
resolution of muitipaths. We are now Timited to 50-sec resojution.

We would 1ike to study reciprocal propagations and use the difference
in travel time as a means of measuring the velocity of flow. We will
experiment with stiffer moorings to see whether the present method of
position-keeping (which is expensive and a nuisance) could be dropped.
We shall alsc experiment with acoustic communications to get the data
ashore in "real time."

9. Along theoretical lines, we are trying to lTearn how much better
we can do to use the entire received signal instead of just the travel
times of the resolved arrivals. With regard to inverse theory, we need
to learn about the trade-off between better dynamic models and actual
hardware for the measurements.

10. In 1983, we are planning to conduct a local experiment using
the tomographic tool. This experiment is to be dictated by its oceano-
graphic importance and not by the development of the tool itself. One
possibility is to measure the stability of the equatorial undercurrent.
Such an experiment would fit into the ongoing plans for equatorial
studies in the early 1980s. The details of such an experiment need to
be worked out.

11. The ultimate goal is to observe the ocean to mesoscale resolu-
tion on the scale of an ocean basin. We are vaguely thinking in terms

of conducting an experiment along these lines in 1985. As we now see

it, such an experiment would work in close conjunction with a satellite-
borne radio altimeter. Satellite altimetry and acoustic tomography
complement one another rather nicely; the altimetry ought to give a good
first estimate of positions of the larger ocean eddies, and the tomography
should give information concerning the continuation of these features

into the interior ocean.

FMunk. W.H. and C. Wunsch (1979) Ocean acoustic tomography: a scheme
for large scale monitoring. Deep-5ea Research 26A, 123-161.
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Figure 1. The relative travel time of multipath arrivals at 10-minute

intervals over a 48-day period (except for five gaps) for the Fall 1878
experiment.

source southwest of Bermuda.

The transmission was over an 850 km range from a moored
The figure displays 14 selected multipaths

for peaks having signal-to-noise ratios larger than 10 dB's, with dot

size proportional to this ratio.

The two cycle per day oscillation

evident on all multipaths is due {apart from mooring motion) to the
barotropic tidal current component along the source-receiver line.
(From Spiesberger, J.L., R.C. Spinde! and K. Metzger (1980) Stability

and identification of ocean acoustic muttipaths.

Submitted to J.A.S.A.)
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Figure 2. Multipath travel times at 300 km range from mooring to mooring
(top) and from mooring to a fixed Bermuda receiver (bottom). The variation
in travel time by about 0.7 sccond is believed to be the result of a
southward meander of the Gulf Stream (from Spindel R.C. and J.L. Spiesberger,
in preparation).
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Figure 3. TOP: The long-term average (or. climate) of the North Atlantic;
BOTTOM: the momentary structure (or weather}.
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16 paths between 4 sources and 4 receivers.
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An area of 1000 km x 1000 km is divided
acoustic travel time is measured along the
RIGHT:

in each grid area

the top number gives the assumed departure in sound speed 1in ms—1;

the
two bottom numbers give the values computed from an inversion of the

travel time departures, assuming O and 0.1 s rms errors in travel time,

respectively.

4-6

1000 km




DEPTH {km)

O 7 ] {, _ - 2.2 1
2 \ ,.f.-.«s'i‘o'!'!"»’#gi'flfbtl’,"""s'ﬂg.?.f’i-‘ ;;&:,9___{\, /A 15,0 ¢
1 f \’(f‘,’ﬂ".".‘:f.'-.'l'f'\"\‘ ’-",‘r}',“" \"\\ Y i 8.4
/) 'I:‘t' 3 ""l'\‘;ﬂ".’:" iy “\"S‘v’;"”!’ e 'l\'.!‘ ' RN
J‘. N AARKOCA ! 2.7
Y (RO AR L TRV SSGIE 1/ I I .
. NPPRIR P SBAAMAATRCA RO R L)
TR IR RO 0.4
RO
3 $ -'\\\"‘ X , PR LA
] \“ '\ " "‘
“‘1"'\“ﬁ“"' <\ 0.
\ :
H (/
. A 0.
5 LT PP IS SR TI IS I ISa f ¢ TS IIT TR IIITT) : L PIP P TIPS 5 FTTFTITTIIIIFS
O 100 km 900 km 1000

Figure 5. Vertical slice. Ray diagram for a 1000 km range, using the mea
sound profile along a path between Eleuthera and Bermuda. The source is
at 2000 m depth, the receiver is axial at 1280 m. For simplification only
those rays that travel downward towards. the receiver are plotted. The
first and last 150 km are shown on an enlarged scale, with the earliest

9 rays and the latest (28th) ray labeled in order of their arrival. The_1
first column on the right gives the assumed anomaly in sound speed in ms
for each of seven layers. The second column gives the sound speed values
computed by the inverse technique. given only the perturbations in travel
time. A 0.1 s rms error in travel time was assumed.
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Figure 6. Location of 1981 experiment. Arrows indicate directions to
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Figure 7. Arrangement of moorings in 1981 experiment, over chart of
bottom topography (meters). S, R, E denote source, receiver, environmental

moorings (E3 is to be set by University of Miami as part of a separate
experiment],
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OARS Paper #5
OCEAN VARIABILITY AS OBSERVED BY LOW FREQUENCY ACOUSTICS

Alan 0. Sykes
Office of Naval Research

ABSTRACT

This paper presents experimental data which indicate that acoustical
fluctuations in the ocean can be caused by a variety of ocean and at-
mospheric processes. The data are derived primarily from studies in the
Straits of Florida, and between Eleuthera, Bahamas and Bermuda by the
Universities of Miami and Michigan in a cooperative research program
termed Project MIMI, sponsored by the Office of Naval Research in the
period 1962-1975. Limited data by other investigators, and more recent
data obtained by the Institute for Acoustical Research - a non-profit
corporation formed by the group formerly at the University of Miami -
are also included.
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1. INTRODUCTION

In the early 1960's the Universities of Miami and Michigan, under
ONR sponsorship, initiated a research program termed PROJECT MIMI, to
determine the relationships between ocean and atmospheric and acoustic
fluctuations. The Navy interest derived from the need to develop im-
proved concepts for undersea surveillance and communications.
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To separate acoustic fluctuatuions associated with source or re-
ceiver motion from those caused by fluctuations in the ocean or atmos-
phere, the MIMI experiments, for the most part, utilized fixed-sources
and fixed-receivers. To make possible acoustical measurements at long
range with moderately powered transducers, MIMI took advantage of modern
signal and receiver design techniques exploiting periodic sequences with
high average to peak power ratios, bandwidths and line spacings appro-
priate for simultaneous measurements of signals and noise, for measure-
ment of medium transfer junctions, or for multipath studies.

The measurements show that acoustic fluctuations can be related to
a number of ocean and atmospheric processes having a wide range of space
and time scales, as will be discussed in Section VI.

I1. OCEAN ENVIROMMENTAL AND ACOUSTIC FLUCTUATIONS

CAUSES:

* Sound speed and current fluctuations;
* Boundary motions;
*  Source/Receiver motions; boundary proximity.

ENVIRONMENTAL PROCESSES:

Seasonal changes; Internal waves:
Current systems, fronts, eddies; Surface waves;
Gravitational forcing; Biomass movement.

Atmospheric phenomena;

IIT. MEASURABLE ACQUSTIC QUANTITIES

There are a variety of acoustic guantities that can be measured, as
indicated in the table below:

1st Order - Range, Frequency Signal level, phase, spectrum;
Dependent Propagation loss;
Noise;

Array gain;
Signal excess;

2nd Order - Range, Frequency, Medium transfer function;
Time, Motion Spatial coherence - angular
Dependent spread;

Temporal coherence - bandwidth;

Frequency coherence - travel
time spread;

Multipath structure;

Single path amplitude, phase;

Pulse time-spread and wander,

Which quantity should be measured is dependent on what information
is desired. 1In general, acoustic phase and travel time are the most
sensitive indicators of changes in ocean structure, although the changes
in propagatirn loss associated with passage of sound through a feature
such as the Gulf Stream are also very significant.
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IV. MEASUREMENT TECHNIQUES

A number of new underwater acoustic measurements techniques were
developed, principally by Prof. T. G. Birdsall and his associates at
the University of Michigan for use in the MIMI program. Most of these
have made use of periodic sequences with amplitude or phase modulation
to achieve required spectral or temporal resolution characteristics.

PERIODIC SEQUENCE *

Periodaic sequence signals - often termed pseudorandom seguence
signals - consist of a periodic train of contiguous CW pulses, either
the amplitude or phase of which is changed from pulse to pulse. They
can have the same spectral character and correlation properties of a
periodic pulse, yet the average power of a CW signal. They are useful
in sound propagation experiments because much more information can be
obtained than with CW signals or explosive shots, The periodic sequence
can be designed to have a broad line spectrum centered about the fre-
quency of the sinusoid used in generating it, often termed the car-
rier frequency, and to have a narrow auto-correlation function. Because
of its spectral character, the sequence can be used to distinguish
between refractive and multipath fading processes, to measure the band-
width of fading processes, to obtain data for the comparison of the
statistics of single frequency and multifrequency (broadband) amplitude
fluctuations, to determine the correlation bandwidth of the propagation
channel (the bandwidth over which fluctuations in the complex signal
are highly correlated), and to make possible the simultaneous measure-
ment of signal and noise in the same frequency band.

Figures 4, 5, and 6 illustrate characteristics of periodic sequence
signals. Figure 7 shows the characteristics of a dual comb filter imple-
mented for simultaneous measurement of CW signal amplitude and phase, of
comb signal power,of ambient noise, and forward scattered reverberation,
Figure 8 presents a sample of the data obtained. Figure 9 illustrates
the use of a periodic sequence for measuring medium-induced pulse time
spread.

As a caution, it should be recognized that long time series measure-
ments place severe requirements on system stability. For example, in
transmission experiments across the Straits of Florida -- a distance of
about 43 nautical miles -- a phase change on the order of 240 phase cycles
has been observed to occur in a period of about 1/2 year. If the phase
measurement is to be good to 0.1%, the oscillator driving the source must
not shift phase by more than 0.240 phase cycles over that period, or by
more than about 7 x 109 Hertz. It follows that the oscillator requifsd
to drive the source must be stable in frequency to about 1 part in 10°%.
Signal synthesizers, available from a number of commercial sources, when
locked to a rubidium standard, meet this requirement.

* See Figures 4 through 9 and Bibliography pp. 5-8.
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V. FIXED vs MOVING SOURCES AND RECEIVERS

Since both changes in ocean structure and changes in acoustic
multipath structure associated with source/receiver motion cause
acoustic fluctuations, it is necessary for most purposes to study
ocean environmentally induced acoustic fluctuations using fixed
sources and receivers, although 1imited information about large ocean
features, for example, changes in propagation loss associated with
the Gulf Stream, can be obtained using towed sources. Section VI
presents data showing environmentally induced acoustic fluctuations
using both measurement techniques. '

VI. PHENOMENA ASSOCIATED WITH ACOUSTIC FLUCTUATIONS

Acoustic fluctuations can be associated with a number of ocean
environmental processes and with source motion.

A. SEASONAL COOLING

Figure 11 presents acoustic phase data obtained at the 43 MI
hydrophone indicated in the diagram of the MIMI Straits of Florida
environmental acoustic range in Figure 10. Thé 250-cycle decrease
in phase over the period September to January can be attributed
primarily to th2 seasonal cooling that is recorded in the upper
part of the water column by the Miami thermistor string. The cal-
culated temperature change from the phase data is of the order of

that observed.

B. LARGE SPACE-TIME SCALE OCEAN PROCESSES - FRONTS, CURRENTS,
AND EDDIES

Figures 12 thru 24 present data showing fluctuations associ-
ated with large space time-scale ocean processes. The 42 and 43 MI
data in Fig. 12 show phase fluctuations with a period of a month
believed to be associated with the change in lunar declination, on
which are superimposed fluctuations with a duration of 4 to 8 days
or so which are associated with atmospheric effects. The inter-
mediate hydrophone phase data in Figs. 13, 15, and 16 show large,
relatively rapid phase changes over periods of about 1 week to
1 month which may be associated with the passage of Targe ocean
cold eddies through the sound paths, and the associated cooling.

Figure 17 shows the variation of propagation loss observed
when a shallow acoustic source is towed into the Gulf Stream; Fig-
ure 18 shows the sound speed cross-section along the sound track;
Fig. 19, 20, and 21 show how the acoustic multipath structure
changes as the source passes from a point somewhat northwest of the
Gulf Stream through the North wall into the core; Fig. 22 shows the
variation in propagation loss as the projector is towed through a
warm eddy; Fig. 23, the sound speed cross-section through the eddy:
Figure 24, a picture of the multipath structure as the source is
towed through a ccld eddy.

C. GRAVITATIONAL EFFECTS

Figures 25 through 36 present data showing gravitational ef-
fects. Figs. 25 and 26 show the effect of changes in lunar declination
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and the tides on acoustic phase. Figure 27 shows variations in acoustic
signal amplitude associated with the tides; Figure 28 shows variations in
acoustic phase, both experimental and theoretical, associated with a
slowly decreasing sound speed and a tidal current; Figures 29 and 30 show
variations in acoustic phase which are related to Gulf Stream transport
fluctuations at tidal and lower fregquencies; Figure 31 presents a
comparison of experimental and theoretical phase variations associated
with measured transport variation. Figures 32 through 34 show tidal
phase fluctuations observed in the deep ocean; Figure 35, a spectrum

of the phase variations in Figure 34; Figure 36, a tidal freguency anai-
ysis of the data in Figure 34.

D. METEOROLOGICAL EFFECTS

Figures 37 through 41 present data showing meteorological effects,
Figure 37 shows changes in propagation 1oss associated with the wind;
Figures 38, 39, and 40 show variations in temperature and acoustic
phase which appear to be correlated with the wind, The change in
propagation loss between Bermuda No, 1 and Bermuda No, 2 is belijeved
to be associated with the passage of a hurricane through the sound
path.

E. INTERNAL WAVES

Because the emphasis in this paper is on the longer, larger
space time scale processes important for climate and weather, the
subject of internal waves 1is mentioned only in passing,

The study of acoustic fluctuations associated with internal
waves has been intense for the past few years, and a by-no-means-
complete bibiiography is appended for the interested reader,

F. SURFACE WAVES

Again, because of their time-scale, 1ittle will be said about
surface waves. They are of interest from the weather forecasting
point of view; and, in fact, acoustical techniques could be used for
the measurement of wave height, and the directional spatial spectrum
of the waves. Figure 42 shows the spectrum of the forward scattered
reverberation for a CW signal propagated 7 miles in the Straits of
Florida. The sideband structure associated with the surface wave
modulation is evident. Figure 43 is a second spectral example; Fig-
ure 44 shows an ambiguity function which shows the multipath arrival
structure is spread both in time and space.

A bibliography listing papers discussing the interaction of
acoustic signals with the sea surface is included.

6. BIOMASS MOTION

Figure 45 presents time-series of acoustic data as a function
of range and frequency, The data at 0,431, 0.500, and 0.625 kHz
shows amplitude fluctuations associated with the coming of sunrise
and sunset. These fluctuations are attributed to the formation of
schools of fish as the light intensity increases, and their break-up
with the arrival of darkness,

There is a considerable body of information in the use of
acoustics for studying biological phenomena, and some of this mate-
rial will be discussed by the other speakers.
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H. SOURCE MOTION

Source motion, as well as changes in environment, causes acoustic
fluctuations. In a stable ocean with a sound speed independent cf
time and position, with a flat motionless surface and a flat bottom, the
signal received at a fixed receiver from a moving CW source will vary in
time because of range-dependent changes in multipath structure, and be-
cause the signals received over the various multipaths will have slightly
different frequencies because of differences in source emission angle,

Figures 47-52 show the results of calculations of acoustic fluctu-
ations as a function of range for an ocean with the sound speed profile
in Figure 46 for a projector being towed away from a receiver at a
speed of 5 kts for a source depth of 150 m and receiver depth of 2500 m
for a frequency of 350 Hz for a range increment from 500 to 520 km,
Figure 47 shows the change in the set of paths reaching the receiver as
a function of range; Figures 48 and 49 show the relative amplitudes of the
various arrivals as a function of travel time, angle of emission, angle
of reception, Doppler, and total rate of change of phase with time taking
account of surface and bottom reflections; Figure 50 shows the variation
in signal level for incoherent and coherent summations of the rnultipath
arrivals, as well as the time-series of acoustic phase for the received
signal., Figure 51 is identical with Figure 50, except that the time-
series of acoustic phase has been modified by subtracting out the mean
rate of change of phase with time obtained from the multipath data in
Figures 48 and 49. Figure 52 shows that although the rate of change of
phase is nearly constant for each arrival over a 22 sec, time interval,
the rate of change of phase of the multipath sum varies quite rapidly;
Figure 52 presents a time series showing time variation of the channel
frequency response caused by multipath interference effects,

VII. CONCLUSION

The purpose of this paper has been to summarize a series of
experimental studies carried out in the late 1960's and early 1970's,
primarily for the US Office of Naval Research, which were investigating
what factors in the ocean and atmosphere cause underwater acoustic
fluctuations. The studies showed that many environmental factors do
influence sound propagation in the ocean and suggest that acoustic
techniques, when combined with accurate physical models, can be used
for acoustic remote sensing of ocean processes., In particular,
evidence was presented which suggests that acoustic techniques can
be applied in the measurement of sound speed and current, their
fluctuations, and of surface and biomass motion. Secondary purposes
of the paper have been to indicate what acoustic quantities are
usually measured, some of the more advanced techniques that have been
developed for measuring them,and to make the reader aware of the
acoustic fluctuations associated with source motion, which must be
accounted for if moving source experiments are to be used for studying
spatial or temporal variations in ocean.
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OARS Paper #7

ACOUSTICAL TECHNIQUES IN
FISHERIES RESOURCE MANAGEMEN{

by Pauil H. Moose
Naval Postgraduate School

One might characterize tne task of determining the location and
size of the world fisheries as a problem of measuring all or part of the
following quantities: (A) Abundgnce density P (B) The mass density M,
and {C) The composition vector & (i.e., size, species and age) as a
function of space and time.

Slide #1: Formal Definition of Problem

One important question for us to consider is, "To what extent does
and/or can acoustical equipment and processing techniques heip estimate
some or all of these population parameters?' This is a purely technical
question.

S1ide #2: Some Important Characteristics of the Problem

--Another question is, "Which of these parameters, and what resolu-
tion (S-T) and accuracy is (A) needed or (B) useful in the management of
this dynamic ecosystem?” This is a broader question, one partly technical,
but with major management and policy components as well. Some important
characteristics of the problem, seen from this broader view, are listed
in Slide #2. --What I would like to do today is to briefly overview the
acoustical methods that have been brought to fruition in the last ten
years, and point out some of the work that still needs to be done to
improve the estimates even more.

--Secondly, I would like to throw out some new ideas aimed at pro-
voking a bolder, more ambitious view for the role of acoustical remote
sensing in the coming decade.

--Finally, I would like to suggest that some cooperative effort
among biologists, managers and technologists in tackling the second ques-
tion may lead to some useful new direction for acoustics in particular and
for effective utilization of remote sensing capabilities in general.

S1ide #3: Acoustic Methods

Let's turn our attention first to a brief survey of the acoustical
methods that have already demonstrated a practical utility (Tist).

Slide #4: Sonar Mapping of Fish Schools

Sonar mapping is a technique that is used to identify the general
shape and location of schools or shoals of fish. It is very much analogous
to radar weather mapping of rain clouds and squalls. Radar weather mapping
is typically done around major airports, and frequently shown fo us on
the evening news.
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Both the breadth and height resolution of the sonar mapping technigue,
obviously degrade with increasing range, they also depend directly on the
beam width of the sonar transducer. Lower frequencies are needed for
long range transmission, but beam widths tend to broaden at low frequen-
cies. The range or thickness resolution, depends on system bandwidth which
also tends to degrade with lower frequency. The result is that a design
tradeoff must be made between range, and hence volume coverage, and vol-
ume resolution. Most practical systems for shipboard use are found in
the 3 to 30 kHz band, and may operate successfully to ranges as great as
3 km or more, or to as little as 700 m or even less, depending on the
frequency, the acoustical scattering strength of the school and the back-
ground noise. Also, severe thermal gradients in the water column can
refract the sound energy to the extent that certain regions may lie in
an "acoustic shadow" and hence be inaccesible to the sonar mapper
altogether. Variable depth towed systems, such as illustrated in the
drawing, are less susceptible to severe shadowing problems than hull
mounted systems.

In spite of these limitations, sonar mappers are useful tools to
estimate the number and approximate volume of fish schools in a given
region. Also, from the strength of the echo returned from a school
taken in combination with other available knowledge of density, one can
make estimates of the total school mass.

Slide #5: Acoustic Fish Counter

At one far end of the spectrum of spatial distributions are those
in which the fish are spread out great distances from one another, fish
that are not "schooled" in any real sense at alj,.

For such species, fish counters are more useful Chan sanar map-
pers. The acoustic fish counter simply counts the numoer of echos
returned from any given depth Z. The system volume resolution must be
great enough in relation to the true density (Y) that the only probable
counts are zero or one. If this in fact is true, and the ship moves
about takinm manv soundings in independent volumes gf water of a hori-
zontally homogeneous field, then the sample mean of P(Z) will converge
to the true mean.

Slide #6: Variance in Counting Low Density Populations

The normalized variance depends on the ratio of probability of
zero counts to one count, a number much greater than one so there is to
be expected considerable intrinsic scatter in fish counter estimates of
abundance, even for a fairly large number of samples in the survey.
Even more serious errors occur if the density increases and multiple
fish are insonified at one time. This biases the estimate downward.

0f course, if one can count every single fish unambiguously in a
water volume, or the flux of fish through a constricted ?assaqe or channel,
the question of statistical parameters is moot; the total number of'f1sh
is, after all, a definite quantity, not a random variable. Statistical
characteristics are of importance only when statistical inference is
involved, as in sampling surveys.



It is clear that the counting method is quite inappropriate for
tightly schooled or shoaled fish "clouds" of the type one tries to map
out with sonar. However these are numerocus species whose concentrations
£a11 above the 10-6 to 10-8 fish/m3 where counters do work {to 100-200 m
depth) and below the 1 to 10 fish/m3 found in dense fish "clouds." Many
concentrations of fish in this intermediate range, though not "schooled"
in the strict sense, do accumulate along different distinct depth strata
with horizontal scales of inhomogeneity that are quite iarge, compared
with the vertical. An acoustic technique called "fish echo integration®
has evolved that works quite well for these horizontaily stratified
populations.

Slide #7: Fish Echo Integration

In echo integration, all signals returning from a given depth
stratum are normalized for transmission loss, squared and integrated.
The ship moves along, collecting a number of samples from the same
stratum to produce a sample mean: it should be noted that a number of
strata of varying thicknesses can be examined simultaneously. Consider-
ing a single stratum for the moment, the expected value of the inteqrator
sample mean is proportional to the total number of fish insonified and the
average return from a single fish. Looking at it another way, it is
directly proportional to the average scattering/unit volume.

Sl1ide #8: Echo Integrator Statistics

The variance of this estimate can be made arbitrarily small, at
least in theory, by looking at a great many fish PV =P ywith a very
high range resolution system, 4dA »e . In practice, the stratum is
not infinite in extent and one wants to see its edges. Also, system band-
width which limits range resolution, is limited to 10% or so of the
carrier frequency. Nevertheless, it is quite reasonable to expect
standard deviations of 20% or less of the true mean after a few hundred
soundings.

The problem with the integrator, of course, has been to convert
this relatively well stabilized numerical quantity, the integrator out-
put, into an estimate either of abundance or biomass. One must be able
to calibrate his system quite precisely and determine the sample volumes
accurately; one must also know the average target strength of the fish
in the population. Target strength, that is how much sound a fish
reflects, is known to depend on a number of factors including the aspect
of insonification, the fish size, structure and gas content, and the
sonar frequency used. Over the years, a number of experiments have been
undertaken to obtain empirical formulas for fish target strength from
laboratory measurements, and more recently several clever methods have
been described to measure target strength in situ. Unfortunately, most
of these methods require observation of single fish, a condition we have
already pointed out to be a difficult one to obtain in situ in the more
dense and/or remote aggregations. Considerable research is going and has
gone into the target strength problem and one might hope we can reduce
our uncertainty in this parameter from say a factor of ten, which may be
where we were a decade ago, to a factor of two or so by using a
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combination of the laboratory knowledge and in situ measurements. This
may represent a practical 1imit and would be comparable to what we might
hope for in calibration accuracy and stability of the field instrumentation.

Another possibility is to note that the integrator output is
really an estimate of "scattering strength/unit volume.” It may be that
biomass scattering strength is more simply related to biomass/unit volume,
and is relatively independent of individual fish characteristics.

Slide #9: Biomass vs Volume Scattering

However, it seems that the only way to estimate this relationship
is inferentially, through comparison with another non-acoustic estimate
of biomass. This brings in the set of errors associated with the non-
acoustic technigue. Whether or not this could improve the overall bio-
mass estimate isn't totally clear, but it seems to warrant more discussion.

There are two potential problems with the integrator theory it-
self. These are (1) the acoustic shadowing or multiple scattering effect
and (2) the possibility that fish aggregate in well ordered structures,
that is, not randomly as assumed in the theory. Considering the first
issue, we expect that when the density becomes too great, that first
order acoustic scattering theory will begin to fail. That is, we cannot
treat the acoustic return to be the simple superposition of echces from
the individual fish, each calculated as if the others weren's present.
Fish in front begin to reduce the amount of signal that reach fish in
back, and partially block the echo return as well. Also, the total sig-
nal reaching a fish comes from other fish scattering the puise from the
source as well as directly from the source.

It appears from recent research results that these multiple
scattering effects may become important at somewhat lower mass densities
than previously believed.

Finding out more about this and determining the best way to incor-
porate corrective terms for multiple scattering into the integrator
equations should be decided on as soon as possible. A re-analysis of
past data records may be useful, particularly if any acoustically pro-
duced estimates have turned out in retrospect to appear faulty.

With regard to the second issue of regular vice random fish
spacings, I am not aware of any evidence that this has been a probiem.
However, neither am [ aware of any experiments specifically designed to
look for the potential acoustic effects. What I would expect to see
would be an unusually Jlarge scatter in the data. It may be useful to
estimate higher moments of the integrator output in addition to the
mean value, on a continuous basis in order to Took for any unexpected
statistical behavior. [If such evidence is uncovered, then further
research would be warranted.

I would now 1ike to briefly outline some of the acoustical tech-

niques for differentiating among fish in an aggregation and for looking
at their dynamics.
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Slide #10: Composition Determination Methods

From what 1 can see, all of these techniques have been showh cap-
able of contributing important composition data, but do not yet seem to
be in very wide use.

I suppose this stems partly from the rather specialized nature
of their application; nevertheless, I was somewhat surprised to see that
a relatively small effort is being expended on acoustical identification
met?ods and on how to integrate them into survey equipment on a broad
scale.

Slide #11: Some Candidate Systems

I would like for just a moment to propose some other techniques
as candidates for investigation in the years ahead. Instaliing some
fixed acoustic sites to get continuous data in critical geographical
spots is an obvious candidate., Short range systems have been developed
and tested for a habitual route of passage of sockeye saimon south of
Adak Island. These systems were quite useful and I'm sure a number of
similar routes could he identified around the world where such a contin-
uous capability of monitoring flux would be beneficial to fisheries man-
agers. Long range, low frequency systems operating to 60 km or more,
have tracked the movement of fish shoals in the Bristol Channel for years.
Further deployment of such systems, which I understand will be discussed
at this meeting, could help provide fisheries biologists with a wealth
of information about concentrations, behavior, etc., of both pelagic and
demersal fisheries.

Let me now discuss, in a little more detail, the possibilities of
acoustic imaging, particularly for the horizontally stratified fish
distributions.

Slide #12: Technique of Reflection Seismology, Common Depth Point

The problem can be made analogous either to that of synthetic
aperture radar or reflection seismology. The best analogy is probably
reflection seismology. The basic technique of reflection seismology, COP
for "common depth point," is shown in Slide #12.

The method consists of simultaneously recording the outputs of N
equally spaced hydrophone receivers towed in a long line array behind the
ship. If the source is puised every time the ship has traveled a half
hydrophone spacing, then by the time it has traveled half the array length
and pulsed N times, N echoes have been obtained, one on each hydrophone,
from exactly the same point, say Xy. After properly compensating for
different travel times, the N echoes are integrated. The process is
equivalent to forming a one-dimensional acoustic image. However, note
that this is true for any arbitrary depth, hence every depth can be
imaged simultaneously.

Slide #13: Example of a Marine Seismological Section

An example of a marine seismological section obtained in this
manner is shown in Siide #13. Although a fair amount of processing is
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required to obtain these images, this is now routinely done on board
seismic ships for many days on end. Again, just as ten years ago, the
opportunity to "look into the sea" with acoustics has been greatly
expanded by the advent of powerful and affordable modern digital elec-
tronics.

Beyond acoustic sections, we might look forward to 3-D images by
using techniques analogous to acoustic holography. These slides are
photographs of acoustic holographic images mostly obtained at short
range and high frequency. Producing such images of fish distributions
will require a two-dimensional array of receivers, a technology yet to
be developed but one I'm certain we will see in this decade. Perhaps
the fisheries community will be the one to pioneer it.

S1ide #14: Chlorophyll Distribution {not available)

Finally, let's look at these satellite images recently obtained
by Howard Gordon at the Univ. of Miami from the Nimbus-7 Coastal Zone
Color Scanner. They are color coded to show chlorophyll distribution
and by inference the "standing crop" of phytoplankton. The next slide
shows the same variable measured by the R/V Athena II on a transect
through the same zone. Quantitative agreement is within a factor of
two. [ would like to emphasize that anybody with a receiver can read
out Nimbus-7 as it passes over your area. T[here is now a receiver at
Scripps for example. What I am trying to suggest is that acoustic sur-
veys should be correlated with other remote sensor data, particularly
the satellites which produce synoptic data from large areas. I know the
surface properties do not tell the whole story, yet they must be tied
in, perhaps through some time delays and other factors. Many powerful
techniques are available from estimation theory and stochastic optimal
control to determine these relationships and help make much better
inferences about total fish biomass, its rate of growth and its
geographical distribution.

Thank You
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0ARS Paper #8

- MARINE POLLUTION AND OCEAN ACQUSTIC
REMOTE SENSING: REQUIREMENTS

by C.A. Parker and R.L. Swanson
National Oceanic and Atmospheric Administration

Introduction

During NORA's first decade marine poliution research, develop-
ment and monitoring have become major issues and NOAA has been charged
with coordinating much of the Federal effort in this regard (Public Law
95-273: The Ocean Pollution Research and Development and Monitoring
Planning Act of 1978). An early NOAA effort dealing with marine pollu-
tion was the Marine EcoSystems Analysis (MESA) New York Bight Project.
This research was motivated primarily by concerns over the deleterious
effects of ocean dumping of large volumes of various wastes into the
waters of the New York Bight.

Since then, several new programs addressing different problems
have been undertaken. These include outer continental shelf deveiopment,
hazardous material (including oil) spill response, resource mining (both
deep ocean and coastal), energy utilization, and waste disposal (municipal
and industrial).

The steady growth of marine poliution programs, particularly in
coastal waters throughout the Nation, reflects the ever-increasing social
awareness of the magnitude, pervasiveness, and gravity of environmental
pollution. It is now apparent that land-based waste disposal alternatives
are not as attractive as once believed, and the ocean is being reexamined
as a major waste receptacle. Thus, there js an urgent need for fresh
scientific approaches and new technology dealing with pollution and the
marine environment. QOcean acoustic remote sensing (OARS) can help meet

this need.

Our first experience with acoustic remote sensing (other than tra-
ditional geophysical applications) was associated with an ocean dumping
experiment conducted in September 1975 (Proni, et al., 1976). The aim
of the experiment known as STAX (for Sludge Tracking Acoustic Experiment),
was to demonstrate that sewage studge dumped in the ocean was acoustically
detectable. At the time, we were interested in testing the hypothesis
that sewage sludge remained principally in the water column after dump-
ing, particularly at the thermocline. Standard water column sampling had
not proven to be effective. If the method were successful, it was then
our intent to map the time-space evolution and short-term fate of the
dumped sewage sludge and to guide selective chemical sampling of inter-
esting features. The primary objective was met (figure 1} and the
resulting ability to "see" sewage siudge in the water column assisted
greatly in our understanding of the dispersion processes. The experiment,
however, also emphasized a need for much more research in acoustic pro-
filing methods if we were to quantify our data and refine our interpreta-
tion.
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STAX-1, and similar experiments that followed, pointed to other
potential appiications of acoustic systems. One example was the obser-
vation (in STAX II} of turbulent flow of dumped sewage sludge radiating
along the pycnocline surfaces and the concomitant generation of internal
wave-like oscillations (Proni, et al.,, 1977; figures 2 & 3). Knowledge
of the characteristic acoustic signature of internal waves has led to
general studies of this phenomenom on continental shelves. Specifically,
these studies have made it possible to apply acoustic methods to the
problem of dispersion of drilling muds in the Flower Garden region of the
Gulf of Mexico (Proni, personal communication).

Today NOAA faces a number of challenges in the marine poilution
field which, if not met agressively and innovatively, may tax resources
at the expense of other important programs, or may qo unresolved. With-
out trying to be exhaustive nor to reflect other concerns within NOAA
external to OMPA, we turn our attention to programmatic/observational
requirements and opportunities for OARS development or interface (essen-
tially workshop objective 3).

Needs and Applications

Our needs fall into four general categories:
1. reconnaissance

2. mapping

3. directing sampling

4. time series observations

1. Reconnaissance. Occasions occur when there is a need to find
and rapidly measure the extent of a pollution field. This frequently
happens with hazardous material spill responses, but the need also arises
in our research programs. An example of the latter occurred in June 1976
when sport divers off the New Jersey Coast reported pink to brown clouds
or flocs of material in the subpycnocline layer; coincident with the
floc were dead or lethargic benthic organisms. We had no idea of the
extent or cause of the floc. We could not easily disrupt ship schedules
and divert a ship for a preliminary survey, and if we had, we could not
have optimally directed her course. The episode turned out to be a
major ecosystem perturbation and received considerable research attention
(Swanson and Sindermann, 1979). The floc was a decaying bioom of Ceratium
tr1gos, a dinoflagellate which utilized the available dissolved oxygen
in the bottom water layer, thereby caus1ng the death of benthic organisms.
An acoustic profiling system mounted in a helicopter could have been a
useful reconnaissance and monitoring tool in that instance.

The IXTOC I oil spill in the Gulf of Mexico is another example
where improved reconnaissance tools would be beneficial. Based on the
estimated flow rate, the quantity of material released at the well was
not consistent with the estimates of the volume of oil on the sea surface
calculated from field surveys and remote sensing observations. Subsurface
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transport was suggested but could neither be verified nor quantified.
When the RESEARCHER cruise to the well site was designed in August of
this past year, our office encouraged the exploration of acoustics as a
too] to locate and track any subsurface oil, if present. Initial indica-
tions are that the experiment was successful and that it is worth con-
tinuing to explore further the use of acoustics in this manner.

At present, we are concerned with questions as to where and how
much of the oil remains in the marine environment from the IXTOC I spill.
It has been hypothesized that much of the 01l has settled to the bottom
several kilometers offshore and is perhaps working its way into the sedi-
ments. If acoustics can help with this problem, perhaps this workshop
can give us some guidance.

2. Mapping. Mapping is a more detailed delineation of concen-
trations than normally required by reconnaissance. The importance of
synopticity should be underscored in this regard. Many marine poilution
problems occur in nearshore or estuarine environments at depths less
than 30 m, a very dynamic environment. Suspended sediment and chlorophyll
observations of the Bight Apex, made from a helicopter equipped with
water bottles, can be obtained in a fraction of the time required for
comparable ship coverage. This technique has provided excellent ground
truth data for remote sensing experiments as well as yielding data of
equal, if not superior, quality to that obtained by ships. Perhaps
acoustic techniques can be used similarly from airborne platforms to
improve mapping and sampling programs.

Concurrent use of a towed acoustic profiling system, appropriately
interfaced with chemical sampling systems, would also be beneficial. For
example, a profiling system used in conjunction with an undulating chem-
ical sampler would enhance the depth selectivity of sampling.

3. Directing Sampling. A generic problem for marine pollution
programs is the need to minimize the number of water samples taken in
the field and the number of chemical analyses performed on each sample.
Qur understanding of the physics of acoustic systems, as applied in STAX,
points to applications where there is either sufficient particulate
material or density contrast within the water column to present a useful
acoustic target.

We will leave to acousticians the precise definition of the criti-
cal 1imits and constraints for application of acoustic methods; however,
many poliuting activities or sources generate the necessary conditions.
Many pollutants exhibit an affinity for particulate matter, while others

are partitioned in the dissolved phase and disperse with a fresh water
plume. The ability to track the distribution of these conditions,
therefore, can frequently provide the means for directing chemical
sampling in space and time in a most efficient manner.

Chemical pollutants are often associated with specitic size frac-
tions of suspended matter. To the extent that we understand this rela-
tion in a given environmental setting, acoustic systems that can discrim-
inate size fractions could nelp to limit the number of samples taken in
the field and the specific analyses required aboard ship or in the
Taboratory.
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4. Time Series. In addition to mapping and reconnaissance tools,
single site, vertically-resolved, time-series observations are often
required for pollution research and monitoring. Of course towed systems
can be utilized in this manner, but they would generally be inefficient.
Also such measurements are often required in shipping lanes and/or harsh
environments (strong currents, high waves, etc.) making operations haz-
ardous and difficult to accomplish. In such cases unattended, bottom
mounted systems would be beneficial.

The determination of fluxes of water and pollutants over various
time periods through a given vertical section is a major programmatic
need which in general is difficult to achieve with presently available
technology. A major example of this is the section separating the New
York Bight Apex and the Hudson-Raritan Estuary (figure 4). The estuary
is a major source of pollutant loading to the Bight. Cost efficient
technologies and operations are not available to obtain the temporal and
spatial observations of currents, sea level, and poilutant concentrations
required for determining the exchanges between these two environmental
regions. Spatial density, marine fouling, corrosion, and damage from
ship traffic are major problems to be considered in the design of such
instrumentation.

A bottom-mounted, upward-locking, acoustic current meter, coupled
with serial measurements of sea level, suspended particulates, salt,
temperature and possibly other specific pollutants, would be a major
step toward pollutant flux determinations and a contribution to the
entire marine pollution research program.

Conclusions

We believe that ocean acoustic remote sensing has a bright future
in marine research in general and holds the promise of being an impor-
tant technological development in NOAA's efforts to meet the Nation's
marine pollution challenge. The close association many pollutants form
with particulate material, and the speed with which concentration fields
can be determined, make acoustic profiling systems valuable reconnais-
sance tools. These tools should serve to minimize costly chemical
sampling.

Used as a mapping tool in conjunction with other sampling, acous-
tic profiling systems greatly facilitate the determination of dispersion
and fate of pollutants from a variety of pollutant sources. Also, as
specific management criteria are established for various pollutant
sources, it may well provide the means for cost effective compliance
monitoring. Our recently established cooperative 301{h) program with
EPA is concerned with reviewing requests to waive the upgrading of sewage
treatment plants to secondary treatment. We will be assisting EPA in
developing compliance guidelines and monitoring procedures. Other
monitoring applications should be identified and explored.

The development of bottom-mounted, vertically-profiling, time-

series packages, particularly the current meter, is long overdue.
Because of the costs and many difficulties in maintaining fixed moorings
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in the field, the development of this technology could vastly improve our
ability to determine pollutant fluxes. Another application for the
acoustic current meter is possible within the framework of the newly
established Northeast Pollution Monitoring and Research Program along

the Atlantic coast. In conjunction with the National Data Buoy Office's
environmental data buoys, such current meters could provide the essential,
real-time data necessary for diagnostic models of the New York Bight
circulation.

The opportunities that we have discussed for ocean acoustics
remote sensing applications to marine pollution problems represent only
a beginning. We need to get the tools out of the hands of the acousti-
cians and into the hands of marine scientists. Until more operational
tools become available, the number of actual application may remain small.
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Figures

Figure 1: Three lateral sections across a sewage sludge 1ine dump, 22
September 1975, (STAX-1) occurring 9, 45 and 68 minutes (1eft
to right) after beginning dump. Upper panels present acoustic
output from 1-KW, 20 kHz, echo sounder; lower panels present
acoustic output from 80-KW, 200 kHz echo sounder.

Figure 2: A 200 kHz record traversing a sewage sludge "spot" dump on
15 July 1976 (STAX-I1) made between 14 and 29 minutes after
dumping. Change in ship's course occurred between 1018 LT
and 1022 LT.

Figure 3: Ship track corresponding to Figure 2.
Figure 4: Hudson-Raritan estuary and New York Bight Apex. Section of

interest separating these two regions is situated between
Sandy Hook, NJ and Rockaway, NY.
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OARS Paper #9
ON THE USE OF ACOUSTICS IN OCEANIC POLLUTION PROBLEMS

by John R, Proni
National Oceanic and Atmospheric Administration

The use of acoustics in studying oceanic pollution problems has
risen substantially in the last five years. As far as the author knows
the first use of acoustics in an oceanic pollution problem occurred in
September 19751, In that case 200 kHz and 20 kHz sound signals were
used to obtain an estimate of the concentration field, C r.t), of ship
dumped sewage sludge. Since that time numerous uses of acoustics have
been made in studying dumped materials; these materials include sewage
sludge, dredge material, petrochemical wastes, industrial wastesZ,
pharmaceutical wastes, subsurface oil (from the IXTOC-1 oil spill} and,
recently, drilling muds.

Three specific exampies using acoustics to map the concentration
field, ¢ (*,t), and to guide chemical sampling will be presented. These
examples are (i) the IXTOC-1 oil spill, (ii) pharmaceutical wastes and,
(iii) dredge material disposal. The data for these examples were gathered
in the same way, namely a research vessel towed two acoustical systems
which transmitted sound vertically downward and then recorded the back-
scattered acoustical signals. The backscattered signal strength is then
interpreted as a measure of the concentration of the specific substance
under investigation.

Figure 1 shows a real-time data. record gathered near the IXTOC-1
0il well spill. Depth is the vertical coordinate and time or distance
is the horizontal coordinate; since the research ship towing the acous-
tic sensors was moving at about 2m/s, total distance shown in the hori-
zontal is about 3.6 km. Note that most of the subsurface oil (the
darkened portion of the acoustic record) appears to be contained within
the upper 30 m of the water column. The kind of data shown in Figure 1
is useful in determining whether or not a chemical sample should be
taken and at what depth it should be taken. The next stage of acous-
tical data processing may be seen by examining Figures 2 and 3 which
present data from example (i1} above--i.e. pharmaceutical wastes.

Figure 2 shows real-time data of two dumps of pharmaceutical
wastes--i.e. the darker areas shown at about 1157 universal time.
Figure 3 shows these same data but now reconstructed from magnetic tape
recordings of the acoustic backscattered signal. The two dumps referred
to in Figure 2 are shown between 11:54:30 and 11:57:30 in Figure 3.
The dump shown at aboue 12:01:30 took place at least 24 hours rior to
the dumps of interest. In Figure 3 contour lines of equal bacEscattered
soqgg intensity have been drawn; that is a representation of the field
1 (¥,t) has been made. It is the hope of the writer and other acqusti-
cians as well that C (r.t) may be deduced to some degree from 1 (¥.t).
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One of the most important characteristics of a given volume of
oceanic water is the rate at which dilution of a given dump material
occurs in that water. There are various factors which influence the
dijution rate, these include water column stratification, currents and
dispersion {turbulent) characteristics. Accurate dilution rates are
extremely difficult to obtain. However, using the acoustic data from
example (iii), dredge material dumping in the New York Bight, estimates
may be made of horizontal dispersion coefficients, K, which are funda-
mental in dilution rate predictions.

Figure 4 presents acoustic intensity contours I (F.t) for dredge
material dumped in shallow water (bottom depth 23 m to 24 m) in July 1979.
Assuming C is essentially distributed as is_I we may observe that, as
is shown in Figure 5. - r_'g_
€ (r,t) ~ 1130 e” 319

That ig C (?ﬂt} is essentially distributed in a Gaussian curve.
Note that I (r,t}) or C (¥,t) is expressed ag a function of equivalent
radius, r. This term is discussed by Okubo® and is defined as the radius
of a circle (or sphere} whose area is equal to that area enclosed between
any two iso-Eoncentration curves. A dispersion coefficient K of
8.6 x 102 cmé/s is obtained after a time 9.3 x 102 s has elapsed since
dumping. A so-called diffusion speed, P = 0.61 cm/s is deduced, These
data are very difficult to obtain through any non-acoustic means.

The basic quegtion regarding acoustics is what precisely is being
meagpred? Does 1 (r,t) indeed have a well defined relationship to
€ (¥,t)? The writer considers this as one of the basic research areas
for acoustics in pollution. Some things may be stated definitely now by
means of a few simple considerations. Now, basically

1 (F,t) = ¢ /;:" N (a,7.t) da

where a = a typical dimension of a scattering particle
N (a,,t) = the size distribution of particles at v,t
C' = a constant
n = integer denoting nth moment of particle size distribution.

Likewise the total suspended material, TSM, may be written as

TSM = D 4{sz N (a,7,t) da

a constant
integer denoting mth moment of particle size distribution.

where D
m

i

Thus the relationship between [ (F:t) and TSM (F:t) depends to a
large degree on the particle size distribution.

A deceptively simple appearing relationship may be written between
differentials of 1 and €. If one assumes a simple geometric dependence
on particle size for any constituent of interest (e.g. TSM, chemical x,

etc.) then _
d1=ﬂ &M dc
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where n is an integer denoting the nth moment of the particle size
distribution, m is an ipteger denoting the mth moment of the particle
size distribution and #is a constant in which many perplexing problems
are hidden. For I, often n=6 and for TSM, assume m=3. In general one
must examine on a case-by-case basis the relationship between I (¥,t)
and TSM (M, t).

In summary, the use of acoustics in pollution research and
monitoring has increased from essentially zero prior to 1975 to a stan-
dard item in today's NOAA ocean pollution programs. There is a substan-
tial demand for acoustical techniques from outside of NOAA as well; the
EPA and the Corps of Engineers both have significant needs in acoustic
pollution techniques. The future of acoustics in pollution research and
monitoring appears to be very bright, but a substantial amount of research
is still needed in interpreting acoustical data.
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OARS Paper #10
OCEAN ACOUSTICS AND CHEMISTRY

by

F.H. Fisher
University of California, San Diego
Marine Physical Laboratory
of the Scripps Institution of Oceanography
San Diego, California 92152

What has chemistry got to do with ocean acoustics and remote sensing?

First, looking at ocean acoustics, the chemical properties of sea
water have a large effect on its sound absorption. Two household chemicals,
epsom salts and eyewash, cause nearly all the sound absorption in the ocean
below 200 kHz as seen in Figure 1. Near 200 kHz chemical absorption
losses can be as high as 60 dB/km, a reduction in sound intensity by a
factor of a million for a distance of one kilometer. This is the same as
the inverse square or spherical spreading loss for a receiver at a distance
of one kilometer from a sound source. At 2 km the spreading Joss is 66 dB
while the chemical absorption loss at 200 kHz is 120 dB. Therefore, absorp-
tion 1osses can be a major factor in limiting sound propagation.

Below 100 kHz the large increases in absorption in addition to that
attributed to water are due to relatively small amounts of magnesium sulfate
and boric acid. For example, only four parts per million of boric acid
increases absorption by a factor of 300 above that due to water.

The pH of the ocean determines the magnitude of the boric acid contri-
bution to absorption. The coefficient of the boric acid term in absorption
equations for sea water appears to be directly proportional to the hydroxyl
jon concentration. In Figure 2 we see that the coefficient of the boric
acid term for the Atlantic Ocean data summarized by Thorp (1) is a factor
of two greater than that for the Pacific Ocean data of Morris (2) and
Lovett (3). Refining the work of Mellen and Browning (4), Lovett {5) has
just published a worldwide map of the coefficient for the boric acid term
in the Thorp equation. His results for the Pacific are shown in Figure 3
and for the Atlantic in Figure 4.

Depending upon range, frequency, temperature, pressure, salinity, and
pH, the answer to part of the question is "chemistry has a lot to do with
ocean acoustics because of chemical sound absorption." Keep in mind that
absorption due to water itself is no longer negligible at higher freguencies;
above 300 kHz water becomes the dominant absorber of sound in the ocean.

The next part of the gquestion is "what has chemistry got to do with
acoustic remote sensing?" Once chemical absorption can be described
quantitatively, then departures from predicted absorptions can be used to
remotely sense chemical variations of the ocean or to infer other processes
affecting acoustic propagation.

In principle, if sound absorption measurements at several low frequen-
cies and ranges were added to the acoustic tomography technique (6), it
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would be possible to monitor the pH variability of the region under
study.

Absorption data are acquired by measuring transmission loss as a function
of range and frequency as illustrated in Figure 5. While chemical absorption
can be very large compared to water absorption, it does not mean that the
measurements are easy to make either in the ocean or in the laboratory. The
laboratory acoustic data, of course, are necessary for a quantitative under-
standing and analysis of ocean propagation experiments.

At low frequencies the absorption effects are so small compared to
spreading Tosses that measurements need to be made at long ranges in order
to detect the absorption. For example, at 100 Hz, chemical absorption at a
range of 1,000 km accounts for only a 1 dB Joss, compared to a spreading 10ss
of 100 to 110 dB. By normalizing spreading losses in propagation data to a
low frequency such as 50 Hz, the absorption effects can be more readily
measured as seen in Figure 6 from the work of Morris (2).

Typically explosive shots are used which yield a broad spectrum for
multifrequency analysis. Pulsed CW work has been used at lTow frequencies
but is more suitable for work above 1 kHz. The normalization of spreading
losses in multifrequency experiments has been used at higher frequencies;
the normalization in this case being made to a freguency for which good

absorption data exist. The normalization process assumes that spreading
Tosses avre the same for all frequencies.

Once chemical absorption can be described quantitatively, the way is
also clear for analyzing other attenuation mechanisms such as those due to
volume scattering, as well as calculating target strengths of fish or volume
scattering strengths.

A superb example of this is shown in Figure 7 where a radical departure
from the expected frequency dependence for spreading and absorption losses
was observed by Vic Anderson in some recent work at ranges of 90 to 110 km.
He attributes the unusually high losses around 2 kHz to scattering by fish
larvae and juvenile fish. This discovery is of prime significance to large-
scale remote sensing of the ocean biomass.

Attenuation in its own right may be of interest as & synoptic sensor
for the particulates entrained in a water mass. Scattering due to particu-
late matter in a pollution plume would have a large effect on attenuation
of horizontal sound propagation., Multifrequency measurements would have to
be made in order to distinguish attenuation losses other than those due to
absorption.

For the design of remote sensing systems operating at higher frequen-
cies such as echo sounders, side-looking sonars or acoustic imaging systems,
absorption losses are the price to be paid for higher resolution. Quanti-
tative data on absorption are necessary in order to make informed trade-offs
of the various design criteria. The effect of pressure reduces absorption
substantially, an important consideration for systems to operate at great
depths. As yet this effect is not well defined, as will be discussed later
in this paper.

The question was "what has chemistry got to do with acoustic remote

sensing?” It is clear that through chemical sgund absorption, chemistry is
already important to remote sensing ocean acoustics in the design of high-
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frequency systems and in the evaluation of ocean biomass. The potential
for using attenuation and absorption measurements in other applications
seems promising.

At this point I would 1ike to give several examples of how good propa-
gation data and good laboratory work interact to lead to further discoveries.
In the history of sound absorption measurements in the ocean this cycle has
now been repeated three times. First, the anomalous absorption in the ocean
was observed at high frequencies in 1935 by Stephenson (7). It was anomalous
in the sense that it was greater than expected for pure water. The cause of
the first anomaly was identified as magnesium sulfate by Leonard, Skidmore
and Combs (8) using the laboratory acoustic resonator technique.

For the second cycle, as results from measurements in the ocean at
lower frequencies became known, Thorp (1) pointed out that the absorption
below 1 kHz, as seen in Figure 8, exceeded that predicted by the Schulkin
and Marsh (9) equation by a factor of ten. Yeager, et al., (1) used a tem-
perature-jump technique of chemistry to identify boric acid as having a 1 kHz
relaxation frequency and Simmons {11) confirmed the acoustic absorption in
the laboratory using a 200 liter resonator, as well as the temperature-jump
technique. On the basis of Simmons' data, Fisher and Simmons (12} generated
a sound absorption equation for a pH = 8 ocean. With this equation the
third relaxation in the ocean was discovered.

For the third cycle, in Figure 9 is shown the plot of Pacific Ocean data
of Morris (2) and Lovett (3) in a different format; absorption per wavelength
versus frequency. The advantage of the oA over the a plot is that the
ordinate extends over only one decade instead of three in going from 100 Hz
to 10 kHz. Only by including a third unknown relaxation could Lovett's one
point at 3 kHz be explained (13). Adding the third relaxation to the boric
acid and magnesium sulfate relaxation effects provides good agreement with
Thorp's data (1) as seen in Figure 10. Subsequently, the laboratory work of
Mellen, Simmons and Browning (14) has identified the magnesium and carbonate
jons as being involved in the third relaxation. Urick (15) provides a highly
useful treatment of much of the work summarized here,

If you are beginning to get the idea that not everything is known about
chemical absorption in the ocean, you are right.

[1lustrating why this is so, I would 1ike to show some comparisons of
two equations (9, 12) for sound absorption in sea water. In Table 1 compari-
sons are made between the two equations at two temperatures and pressures.
Substantial differences exist and are shown in Figure 11. In Figure 12 the
Fisher-Simmons equation is given. Besides the boric acid term, the other
differences with the Schulkin and Marsh equation are: a different pressure
effect for both water and magnesium sulfate, a lower magnitude and different
relaxation frequency for magnesium sulfate. In Table II these two equations
are compared against the data of Murphy, Garrison and Potter in Dabob Bay
with a salinity of 30 o/o0o. The Fisher-Simmons equation provides a better
fit in this case. However, for the low temperature Arctic data of Garrison,
Farly and Wen {17) shown in Table III, the results are mixed. Schulkin and
Marsh (18) have a newer paper out which treats the low temperature puzzle.

Remaining work that needs to be done on chemical absorption includes
the effect of pressure on magnesium sulfate absorption. Bezdek (19) made
high-frequency measurements at sea of the effect of pressure on sound
absorption and relaxation frequency. The results are shown in Figure 13 in
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which we see a decrease in absorption and a shift in relaxation frequency
upwards with increasing depth. The only laboratory work on the pressure
affect was done many years ago and then only in a 0.5 molar solution of
magnesium sulfate, hardly a sea water substitute. Schulkin and Marsh (9)
used that work for the pressure term in their 1962 equation as seen in
Figure 14. The actual measurements are also shown. Bezdek's results
indicated a greater effect of pressure, a linear decrease twice that of

the Schulkin and Marsh equation. Actually, his results are in fair agree-
ment with the laboratory data in Figure 14. However, his results to 3,000 m,
if extrapolated to greater depths, indicate no magnesium sulfate ahsorption
at 7,000 m. Laboratory measurements of the effect of pressure on sound
absorption in sea water are about to commence. A 100 liter titanium ballast
tank sphere from the research submarine ALVIN will be used as an acoustic
resonator up to a pressure equivalent to a depth of 3,000 meters over a
frequency range of 20 to 300 kHz.

The boric acid, magnesium sulfate and the third retaxation contribu-
tions to absorption as yet do not explain the propagation data of Skretting
and Leroy (20) in the Mediterranean as scen in Figure 15. Other differences
between laboratory (12) and field (4) data are summarized in Table IV.

In terms of theoretical understanding of chemical absorption in the
sea, the best understood relaxation is that due to magnesium sulfate.
Liebermann {?1) provided the basic understanding of how pressure-dependent
chemical reactions can produce sound absorption. Stuehr and Yeager (22)
provide a comprehensive review of chemical sound absorption. Extensive
experimental work by Kurtze and Tamm (23) and theoretical work of Eigen and
Tamm (24) led to the multistate dissociation model which comes close to
explaining both acoustic absorption and jon-pairing of magnesium sulfate
in the complex polyelectrolyte medium of sea water.

As yet no quantitative explanations exist for the boric acid and the
third acoustic relaxations in the ocean. What makes it difficult is that
these reactions couple inta other chemical reactions. Normal coordinate
mathematical treatments are required. These are not simple even when the
reaction schemes are known.

To sum up, absorption does indeed play a major role in ocean acoustics
and remote sensing. Major effects are fairly well in hand on an empirical
basis, with the exception of the pressure effect. Unexplained anomalies do
exist and theoretical understanding is incomplete.

1 would like to conclude by pointing out that one of the most exciting
new areas in acoustic remote sensing is the work of Dr. Robert Pinkel. He
has developed a powerful narrow beam 75 kHz sonar system for measuring
ocean currents to a resolution of 1 cm/sec out to ranges of 1.6 km in 20 m
range bins. It is mounted on FLIP and transmits horizontally as shown 1in
Figure 16. He also measures the strength of the scattering from zooplankton
and other organisms as shown in Figure 17. At the maximum range of 1.6 km,
absorption amounts to about a 63 dB loss and spherical spreading amounts to
128 dB. Instead of using only the Doppler shift for current measurements,
he is exploiting the amplitude as weil. His graduate student, Paul Greenblatt,
is currently relating the acoustic data to simultaneous biological sample
data and looking at probability density of echo strength in terms of multiple
scattering. For quantitative biomass assay, here again chemical absorption
becomes vitally important to remote sensing.
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Finally, I would 1ike to remind you that all the chemical relaxation

absorption processes described in this paper were initially discovered by
remote sensors. Now we are ready to do the inverse problem: to use what
we already know about these absorption processes to monitor by remote
sensing either the chemical absorption processes themselves or other
attenuation mechanisms in the ocean.
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Sound absorption in the ocean as a function of frequency
calculated from the Fisher-Simmons equation.

Note that the coefficient in the Thorp equation for the boric
acid contribution in the Atlantic is twice that for the Pacific.

Revised contour plot of the Value A in the Pacific Ocean for
use with Thorp sound absorption equation.

Contour plot of the Value A in the Atlantic and Indian Ocean
for use with Thorp sound absorption equation. A determined
from the pH at the SOFAR axis.

Schematic diagram for making attenuation measurements in the
ocean. Range is calculated by the difference in travel-time
of the acoustic and radio signals.

Propagation loss vs. range for explosive shot sources as
received by hydrophones at 775 m and 2492 m depths. Note the
10 dB difference at 1000 km {600 nm) range between the 50 Hz
and 400 Hz data. Convergence zone focussing effects cause
large variability in signal levels. Attenuation is deduced
from linear fit at long range normalized to 50 Hz.

Transmission loss vs. frequency at 90 to 110 km range. Inverse
square compensation is probably 10 dB too much at such a long
range. Cylindrical spreading or inverse spreading after 10 Kyd
is usually used; that is, 80 dB + 10 log R. The low transmission
loss at 1 kHz is due to convergence zone focussing. Scattering
is responsible for the added losses at 2 kHz.

Sound attenuation at low frequency in the ocean after Thorp.
Evidence for unknown relaxation at 3 kHz in the Pacific.

Evidence for unknown relaxation at 3 kHz in the Atlantic.
Difference between the Fisher-Simmons (1977) and the Schulkin-
Marsh {1963) equations for sound absorption as a function of
frequency and pressure,

Fisher-Simmons sound absorption equation for seawater. The P
coefficients are for the pressure effects where p is in
atmospheres. The f coefficients are for the relaxation frequency.

Results of Bezdek multifrequency absorption measurements at two
depths.

Ratio of absorption at pressure P to that of atmospheric pressure.
The MgSQ, data are for 0.5 molar MgS0, solutions.
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Fig. 15. Absorption per wavelength vs. frequency for the Mediterranean
Ocean: Data of Skretting and Leroy vs. prediction of the
Fisher-Simmons equation with and without the third relaxation.

Fig. 16. Schematic diagram of sound transmitted horizontally from a
75 kHz sonar mounted at the bottom of FLIP.

Fig. 17. Time series of backscattered energy losses {compensated for
spreading)} sonar transmitting horizontally. Depth increases
with range due to refraction. Energy decreases with increasing
range because of absorption. Note day-night differences due
to vertical migration of deep scattering layer (DSL). Lower
losses are observed at longer range at night because of strong
DSL backscatter.

Table 1. Comparison of Schulkin and Marsh (SM) Equation with Fisher-
Simmons (FS) Equation for Sound Absorption in Sea Water as a
Function of Frequency, Pressure and Temperature for S = 35%/00;
pH = 8.0.

Table 2. Comparison of Murphy, Garrison and Potter (MGP) Sound Absorp-
tion in Sea Water Data Against Fisher-Simmons (FS) and
Schulkin and Marsh (SM) Equations. T = 10°, S = 300/00, P = 1 ATM.

Table 3. Comparison of Garrison, Early and Wen (GEW) Data with Schulkin
and Marsh {SM) Equation and Fisher-Simmons (FS) Equation.
T=-1.69, § = 32%/c0, P = 1 ATM.

Table 4. Comparison of Field and Laboratory Derived Formulas for

Absorption in Various Oceans Due to Boric Acid and Magnesium
Sulfate for Frequencies Below 10 kHz (f in kHz).
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Figure 1. Sound absorption in the ocean as a function of frequency

calculated from the Fisher-Simmons equation.
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Attenuation coefficient (dB/yd)

o MISCELLANEA, 1950
A C THORP & BERNIER, 1859
10—2 | A SUSSMAN, MACDONALD
& KANABIS