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Preface

Speakers were invited to address themselves to a wide range of
subjects -- some of a legal-political nature and others emphasizing
estuarine technology . Sessions were devoted to modeling, hydrodynamics,
sediment transport, the ecology of estuaries, state and national legal
policies and standards affecting developments of estuaries. It was
demonstrated that very competent talent exists in the Pacific Northwest
in governmental organizations, educational institutions, industry, and
consulting firms to effectively handle technical problems concerning
development and preservation of estuaries, However, the interactions
between local groups and governmental groups at all levels needs to
continue in order to effect needed standards and regulations to reduce
the complex conflicts of use of the coastal zone.

On the following pages appear the texts of papers delivered by the
invited speakers to this first Technical Conference on Estuaries of the
Pacific Northwest. Grateful acknowledgement is directed to those who
participated in the program and open discussions during the conference.
Additional conferences are being planned to be, held on an annual basis
at Oregon State University to continue to promote greater understanding
of our Pacific Northwest estuaries.

John N. Nath
Research Engineer
Department of Oceanography

Corvallis
1971

g rI

 
Larry S. Slotta
Director
Ocean Engineering Program
School of Engineering

Estuaries are the natural focal point for many industrial and recre-
ational activities; their uses should be recognized. Ne realize that
estuaries are the rearing areas for many marine animals and that land
fill and pollution have wiped out many estuaries on the shores of North
America. Many life forms and the valuable aesthetics of the remaining
estuaries of the Pacific Northwest are in danger. Thus, it is timely
to review the problems involved in the preservation and proper utilization
of the estuaries in this region .
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Opening Address

Robert W. MacVicar

President

Oregon State University

I would like to say a few words about the importance I attach to

the subject that you are examining. The estuarian problems of the
Pacific Northwest clearly are critical as far as the whole marine area

is concerned. It is this relatively fragile band where the land meets
the sea that is critical for the entire marine biota Particularly
here in the Pacific Northwest and especially in Oregon so much of this
confrontation is brutal, involving rocky headlands and spectacular
scenery that is elegant to look at but not very useful for anything
else. It is the estuaries that make this joining of land and sea

useful for the human beings that inhabit the planet.

It is for this reason that it seems to me the coastal zone and

particularly the estuaries represent a very important resource that
must be both preserved and protected. These two words, preservation

and protection, mean different things to different people. I would
like to suggest that the word pxeservation might be more intended
to imply that there will be certain selected axeas in peculiar

locations which are so critical to marine life, or so important in

other respects or so valuable an economic resource that they should be
henceforth preserved without significant change from their natural

state.



other areas this is not feasible if we are to make expectedIn ote

use of our marine resources, but in these areas we should be sure that

we exercisecise appropriate protective measures. In using the valuable

inter ace oof land and the sea we do not so intact upon the estuaries

they cease to be as valuable and significant as they otherwise

could be, Protection becomes a very essential ingredient for long-

term use.

seems to me that for at least a great many of you in this room

these are the objectives that you seek in your respective organi-

zations, This is what the organizations that you are here representing

are focusing their attentions upon. I might suggest that it seems to me

if we are to engage meaningfully in this dual action of preservation and

protection that we need to do two things ~

One is we need to know a great deal more about the fragile interface

than we now know. There is, of course, massive research both biological,

physical, oceanographic that has been accumulated over time. It has been

my experience in a few brief months in Oregon that when the questions have

arisen, when the public policy issues have been raised that very frequently

the best answer that you could give to a concerned individual, or a group,

or a legislative assembly was: "We do not know." This, of course, is

not good enough of an answer; hence the expanded and continuing research

of all kinds, including engineering research, is in my opinion an absolute

necessity if we are to achieve the dual goal of preservation and protection.

It seems to me a second thing, that it is absolutely essential that

«must put this knowledge to work. Knowledge unused is, as far as I am

concerned ~ knowledge that for all practical purposes does not exist.

U»e» someone is aware of it and it is put into some functional purpose

is little reason for it to be buried in the library. Hence in the

field»f planning, in the fields of organization and administration and
enf rcement of both statues and codes, the availability of information

appro priate accuracy and the implementation of appropriate planning

~d procedures is a critical matter indeed.



You are here to examine some of the most recent studies that have
been undertaken relating to estuarian problems. You are here to discuss
some of the public policy issues this research and other research is
bringing to us You are here to examine what changes in procedures and
policies and agency directives might be helpful. You are here probably
more than anything else to be with one another to share ideas in the

informal situation as well as to listen to formal presentations.

I will not, therefore, consume further of your time except to say
that I am confident that this first conference cannot achieve the obj ectives
we seek. I would hope that this is not the fi rst time I will be extending
greetings from this University, inviting you to use our resources while

you are here, and encouraging your planning group to consider what will
be appropriate for 1972.



The Potential of Physical Models to

Investigate Estuarine Water Quality

Problems

by

Henry Simmons

Assistant Chief, Hydraulic Division

Waterways Experiment Station

Army Corps of Engineers

Vicksburg, Mississippi

ABSTRACT

Four physical models of Pacific Northwest estuaries are described.

These include the Columbia, Umpqua, Grays Harbor and Tillamook estuaries;

in addition some discussion is given to San Francisco Bay, San Diego Bay
and New York Bay. These models have been verified to reproduce tides,

tidal and river currents, and salinities for prototype conditions. Tests

of pollutant release and dispersion have been conducted to simulate flushing
capabilities on these and other models. Salinity intrusion, navigation,

dredging and shoaling problems are typical of the studies conducted on
these models.



The theme of this technical conference is management and planning
for water quality in the Pacific Northwest estuaries, and my particular
subject is related to the potenti.al of physical models for water quality
investigations. Possibly because the Pacific Northwest was developed
and exploited by man at an appreciably later date than were the Atlantic

and Gulf Coasts of the United States, and thus has not been exposed
to manmade pollutants for so great a period of time, much greater use
of physical models has been made to date for water quality studies
in the Atlantic and Gulf Coast regions than in the Pacific Northwest.

This is no reflection on the potentials of physical models for such
investigations, but perhaps emphasizes that more needs to be done
before estuarine pollution becomes as critical in this area as in some
other regions of the United States.

At the present time four physical models of Pacific Northwest

estuaries are in existence at the U. S. Army Waterways Experiment
Station that have good potential for water quality studies, and some



of these have already been used ta a limited extent for such purposes
The oldest of these is the Columbia River model  Fig. I! constructed
in l962, which reproduces the lower 52 miles of the Columbia River
and adjacent offshore areas to linear scale ratios of I to 500
horizontal ly and I to l00 vertically. Following construction, the
model was adjusted carefully so that tides, tidal currents in both
plan and vertical, and salinities in both plan and vertical agreed
closely with measurements made in the field for madel verification
purposes. The principal studies made to date in the Columbia River
model were concerned with navigation improvements and the reduction of
maintenance dredging quantiti es and costs, and in these respects the
model has contributed much valuable design data for both engineering

and operations efforts by the North Pacific Oivision and the portland

Dis tri ct of the Corps of Engineers.

In addition to these principal studies, a few supplemental studies

have been made in the Columbia River model that were directly related

to water quality, In 1964, a series of tests was performed in coopera-
tion with USGS to gain some insight as to the rate of flushing of.

pol lutants released in the lower Columbia River and to determine the

gross effects of upland discharge on flushing rate. Figure 2 presents

a summary of the results of two tests involving reproduction of a mean

tide, an upland discharge of 600,000 cfs, and the release of simulated

contaminents � flourescent dyes! at mile 47 above the river entrance.

One dye tracer was released at strength of flood current., and the

second was released at strength of ebb current. The two graphs

in Fig, 2 show the concentrations in parts per billion of the two

dye tracers as measured at middepth along the navigation channel

centerline at high water slack of the tidal current at times carres-

ponding to 2, 4 and 6 diurnal tidal cycles following release of the

tracer. The initial concentration of the dye tracers was 100,000 ppb ~

You will note that the peak dye concentration observed after two tidal

cycles was in the vicinity of river mile 12 for the release during



flood current and in the vicinity of river mile 6 for the release

during ebb. In the subsequent tidal cycles, most of' the dye tracers

had moved completely out of the river entrance, and only very low

concentrations were noted in the lower twelve miles of the estuary .

Figure 3 shows the results of two similar tests except that the

upland discharge. was reduced to 200,000 cfs. At four tidal cycles

following release of the tracers, peak concentrations of both tracers

were observed in the vicinity of river mile 18, and lesser but signifi-

cant concentrations were observed in the lower river 6 and 8 tidal

cycles after release. The results of these tests illustrate the

extremely rapid flushing rate that occurs in the Columbia River and

further illustrates the significance of the upland discharge on

flushing rate. For example, the tests with an upland discharge of

600,000 cfs showed that the peak concentration moved downstream some

35 to 41 miles in two diurnal tidal cycles, whereas the tests with

200,000 cfs indicated downstream movement of about 26 miles in 4 tidal

cycles. Thus, the rate of downstream movement of the peak concentratio~

at the lower upland discharge was less than half the rate for the

higher discharge.

In 1966, a series of tests was made in the Columbia River model

to determine the upstream limits of salinity intrusion at high-water

slack for a wide range of upland discharges. Figure 4 shows the

bottom salinity distribution in the estuary for conditions of a mean

tide and upland discharges of 400,000, 200,000, 120,000 and 40,000 cfs.

It may be noted from these data that upland discharge is a highly
significant factor in controlling the extent of saltwater intrusion.

The maximum penetration of salt water was to river mile 20 for a dis-

charge of 400,000 cfs, to mile 24.5 for a discharge of 200,000 cfs,

to mile 31.5 for a discharge of 120,000 cfs, and to mile 38 for a

discharge of 40,000 cfs . The probability of upland discharges in the

range of 40,000 cfs or less is fairly remote in the Columbia River,

but these tests illustrate the major advance of saltwater intrusion

to be expected should the discharge be reduced to or below that value .



The Umpqua River model  Fig, 5! was constructed in 1966 to study
navigation and shoaling problems in the entrance to this estuary. The
model is built to linear scale ratios of I to 300 horizontally and
1 to 100 vertically and reproduces all of the tidal portions of the
Umpqua River and tributaries, along with adjacent offshore areas.
Portions of the Umpqua River and tributaries upstream from Reedsport
were bent into a labyrinth form to conserve space and reduce costs;
however, the cross sectional areas and the tidal prisms of these
streams were faithfully reproduced . The entire model has been verified
for tidal elevations and phases and, in addition, it. has been verified
for velocity and salinity distribution in both plan and vertical from
the seaward ends of the jetties upstream to Winchester. No water
quality studies have been performed to date in the Umpqua River model,
but the model has great potential for such studies if and when required.
There are no immediate plans to dismantle the Umpqua River model;
however, at some future date it is inevitable that the space now
occupied by this model will be needed so urgently for other models
that it will probably have to be destroyed . lf there are water quality
studies planned for the Umpqua estuary that could be implemented by
model tests, serious consideration should be given to scheduling such
tests at the earliest practicable date.

The Grays Harbor Model  Fig. 6! was constructed in 1968 to study
a number of existing navigation and dredging problems in the estuary
and to investigate the effects of possible future changes in channel
alignments, channel dimensions, and structures. This model is con-
st.ructed to scale ratios of 1:500 horizontally and I:100 vertically
and reproduces the entire estuary along with pertinent offshore areas.
Like the Umpqua River model, the upstream portions of the Chehalis
River and other tributaries are reoriented to conserve space and reduce
costs, but the significant characteristics of these streams have

been preserved. The model has been carefully adjusted for tides, tidal
currents, and salinities throughout the entire estuary, making use of



measurements made in the field especially for that purpose, and is
presently being used to investigate the effects of suggested modifica-
tions to the north and south jetties at the harbor entrance on hydraulic
and other conditions in the estuary .

Some rather detailed water quality studies are planned during
the comprehensive testing program scheduled for the Grays Harbor
model, involving detailed studies of flow patterns and velocities,
salinity intrusion and salinity distribution, and flushing rates and
patterns throughout the estuary. Detailed data on these subjects have
been developed for existing conditions, and the basic tests will be

repeated For conditions representing any major modification to be

given serious consideration. Thus, direct compariso~ of the results
of such tests will define in detail the changes to existing water
quality parameters to be expected should the modifications under
study be selected for construction in the prototype.

Dye dispersion tests have been made using injection points at
opposite ends of the estuary. In the first, dye was released at mid-
depth in the Chehalis River near Cosmopolis, Washington, over a
complete 24 hr 50 min tidal cycle at a rate equivalent to 25.5 mgd
and with an initial concentration of 10,000,000 ppb. In the second
test, dye was released at the bottom of the natural entrance channel

adjacent to the outer end of the south jetty over half a tidal cycle
at the rate of 92.7 mgd and with an initial concentration of 10,000,000
ppb. These tests were actually conducted simultaneously using differ-
ent flourescent dyes.

Figure 7 shows plots of dye concentration in parts per billion
as measured at middepth along the navigation channel centerline at
the times of high-and low-water slacks of the tidal current for the

upstream dye release. Curves are presented for conditions at tidal

cycles 2, 5, 9, l2 and 16 after release of the dye. It can be seen
that the position of the peak concentration rapidly moved downstream
to about station 40 at high-water slack and station 65 at low-water

slack, but the subsequent downstream movement was quite slow.



Similar pl,ots for the downstream dye injection are presented in
F ig B In this test the posi tion of the peak concent.ration i s not
very well defined, since the tops of the concentration curves are
rather flat. It can still be seen, however, that the initial upstream
movement of. the peak was quite rapid, whereas the subsequent. downstream
movement of the peak was quite slow. The results of these tests il 1 us
trate the relatively slow flushing rate of GraYs Harbor, especially
when compared with the Columbia River.

The fourth North Pacific estuary model at WES is the Tillamook
Bay model which was constructed in 1970  Fig. 9!. This model is built
to linear scale ratios of 1 to 500 horizontally and 1 to 100 vertically
and reproduces all of Tillamook Bay, the tidal portions of significant
tributaries, and pertinent offshore areas. The principal studies being
performed on this model are to investigate the effects of j etty and
channel modifications at the estuary entrance on hydraulic and shoaling
phenomena. However, supplemental studies are planned to determine
the effects of such modifications that might appear desirable on water

quality parameters throughout the estuary .
The model has been verified carefully for tides, tidal currents,

and salinities, and tests are in progress to study various alignments
and lengths for the new south jetty now under construction at the
entrance. Since significant scour has occurred off the end of the
completed jetty section, these studies are being extended to investi-
gate the effects of leaving temporary gaps in some portions of the
structure to minimize scour, then filling these gaps as the final stage

of jetty construction. The ~ater quality studies in Tillamook Bay

model are still in the future, since not even tentative decisions have

yet been reached as to the jetty or entrance channel plans to be

recommended for construction; however, when this point in time is

reached the water quality studies will be made to determine changes

to be expected in tides, flow patterns, velocities, salinities, and

flushing characteristics throughout the bay as a whole . Should



detrimental effects on water quality parameters be disclosed by the

results of such tests, in all probability the project design MoUld

then be modified as necessary to minimize or eliminate such effects.

It might be worthwhile to note the existence of two additional

models of Pacific coast estuaries, although neither estuary is located

in the northwest. One is the San Francisco Bay model  Fig. 10!,

located in Sausalito, California, and operated by the San Francisco

District of the Corps. This model was constructed in 1956 to study

navigation and shoaling problems in San Francisco Bay and to evaluate

the effects of the many saltwater barriers proposed for the bay at

that time. Within the past year or two, this model has been extended

to include the entire channel complex within the Sacremento - San

Joaquin Delta, and it will be used in the future to study in detail the

effects of the comprehensive California Water Plan on water quality

throughout the delta and bay complex. The second model is the San

Diego Bay model  Fig. 11! located at WES. This model reproduces San

Diego Bay and adjacent offshore areas and has been used to study the

effects of possible second entrances to the bay on the hydraulic and

flushing characteristics of the bay . The results of water quality

studies performed in this model were reported in some detail in a

recent paper by Simmons and Herrmann presented at the FAO Conference

on Marine Pollution in Rome, Italy, in December 1970.

As an example of comprehensive use of a physical model in water

quality studies, I would like to summarize the results of a recently

completed study at WES concerned with proposed construction of a new

inlet across Sandy Hook Peninsula about S miles south of the entrance

to New York Harbor. The new inlet, known locally either as Shrewsbury

or Sandy Hook inlet, has authorized dimensions of 250 ft in width and

1S ft in depth at mlw .

The principal purpose of the new inlet is to provide a safer and

shorter route for recreation and charter boats between the Shrewsbury-

Navesink River complex and the popular fishing grounds lying offshore
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to the southeast. Boats presently going to the fishing area go

north through Sandy Hook Bay, around the tip of Sandy Hook, thence
south to the fishing grounds. The authorized inlet would reduce

travel distance and time by more than 50 percent and eliminate thc

need to pass through the rough waters of Sandy Hook Bay, thus

providing a much safer passage.

Before constructing the new inlet, it was considered essential to

know its effects on tides, currents, salinities, temperatures, and

the flushing characteristics of Sandy Hook Bay and the Shrewsbury-

Navesink River complex so that the effects of the project on environ-

mental factors throughout the area could be Sully evaluated. Since such

effects could not be predicted with full confidence by analytical methods,

the U.S. Army Engineer District, New York, requested WES t.o conduct the

necessary physical model experiments to define the effects.

Two physical models were used for the studies. The first was an

undistorted 1:100 scale model  Fig. 12! of the area in which the new

inlet would be constructed, including appropriate portions of the

ocean and bay approaches to the inlet, and this model was used to define

the hydraulic characteristics of the inlet, to study the details of

channel and jetty locations and dimensions, and to determine the amount

of wave energy that would be transmitted through the new inlet into

Sandy Hook Bay, with specific reference to the locations of marinas

near Highlands, New Jersey. The second model used was the existing

comprehensive model of New York Harbor  Fig. 13!, constructed to linear

scales of l:1000 horizontally and 1:100 vertically, which was extended

especially for this study to include the Shrewsbury-Navesink Rivers and

appropriate offshore areas. The comprehensive model was used to deter-

mine the effects of the new inlet on normal tides, hurricane surges,
tidal currents, salinities, temperatures, and the concentrations of
pollutants in the study area for various input sources of pollution-

The extended portion of the New York, Harbor model was first verified

to insure that tides, tidal currents, and salinities observed in the

12



field were faithfully reproduced. Once verification of the model was
established, tests to define the effects of the new inlet on each

environmental factor of concern were initiated. The procedure followed
involved two identical tests, made under the same carefully controlled
test conditions, except that one test was made for existing conditions
and the second was made with the new inlet installed in the compre-
hensive model. Therefore, direct comparison of the results of the two

tests established the effects of the inlet on the environmental factor
being investigated.

The results of the model tests have been summarized to provide a
quich appraisal of the effects of the new inlet on various environmental

factors. Figure 14 shows the effects of the new inlet on average salini-
ties in the major compartments of the study area  Sandy Hook Bay,
Shrewsbury River, and Navesink River!, and you will note that the maximum

change in average salinity amounted to about 0.3 - parts per thousand.
Figure 15 shows the effects of the new inlet on normal tides at

three locations in the study area, and it will be noted that normal

tides were relatively unaffected . Figure 16 shows the effects on water

surface elevations for a test involving reproduction of the November 1950
hurricane surge in the harbor. You will note that the maximum elevation

of the surge was no greater with the new inlet installed than for exist-

ing conditions, but outflow through the new inlet allowed surge elevations
to drop slightly faster than for existing conditions.

Figure I7 shows current velocities over a complete normal cycle at
three locations in the model. You will note that current velocities
were not changed significantly by the new inlet, although the time
phasing of the current at a station near the new inlet was modified

slightly. This information, together with the tidal data in Figs. 15
and 16, show conclusively that the new inlet would not change existing
flow rates and volumes of inflow and outflow between Sandy Hook Bay and
Shrewsbury and Navesink Rivers. The control inflow and outflow remains

in the relatively small channel connecting Sandy Hook Bay with the

13



Navesink Rivers, and dredging of the new inlet would
Shrewsbury an

not change this control section in any way,
18 shows the effects of the new inlet on the rate of changeFigure

in temperature inin the study area for conditions simulating an upwcl ling

of cold ocean water owater off Sandy Hook whi-ch is a fairly common occurrence.

You wil,l note that the rate at which water temperatures decreased in

the st y area eh tud rea because of such upwelling was essentailly the same with
the new inlet installed as for existing conditions, thus indicating that
the new inlet would have no significant effects on water temperature,

Three separate tests were made to evaluate the effects of the new
inlet on pollution concentrations in the study area. For the test data
shown in Fig, l9, a pollution source in Raritan Bay was simulated,
representing the effluents discharged from the Middlesex County Trunk
Sewer Outfall. You wi ll note that pollution concentrations from that

source were lower in all three of the major water bodies of the study

area with the new inlet installed, thus showing that the new inlet would

reduce the influx of Raritan Bay wastes to the studv area, Figure 20

presents the results of a similar test series, but simulating the major

sewer outfal ls in Upper N, Y. Bay. You will note that, for this source

of pollution, concentrations in all three major water bodies of the studv

area were increased slightly. Figure 21 presents the results of the

third pollution test series in which the local sources of pollution input

in the Shrewsbury and Navesink Rivers were simulated, and you will note

that, for conditions of these local sources, concentrations throughout

the study area were substantially reduced .

The reduction in pollution concentrations in the study area from

Raritan Bay source is attributed to the fact that tidal flow in and out

of the new inlet reduces the present exchange of flow between Lower
New York Bay and Sandy Hook Bay, and thus less of the polluted water of

Lower New York Bay is drawn into the study area. The increase in pollu-
tion levels in the study area from Upper New York Bay pollution sources
is attributed to the fact that pollutants from this source diffuse



largely into the ocean, from which a small percentage of this waste
is then transferred to the study area by tidal exchange through the
new inlet. The substantial reduction in pollution in the study area
from local sources is attributed to the fact that pollutants flowing
out through the new inlet during ebb currents do not completely return
during the subsequent flood currents, and thus the rate of flushing of
such pollutants is much faster with the new inlet in place. In suumaary,
the new inlet would reduce pollution concentrations in the study area
from two of the three principal sources, would slightly increase con-
centrations from the third maj or source, and the net effect on pollution
concentrations would be beneficial .

In addition to studies of environmental factors just described, the
two models were used to define the optimum dimensions and alignment of
the navigation channel in the interests of navigation and maintenance;
to study various lengths, locations, and spacing between jetties at the
ocean end of the inlet in the interests of providing safe navigating
conditions for small craft; and to conduct tests to define the amount
of ocean wave energy that would pass through the new inlet and reach
critical locations along the Highlands shoreline. As a matter of inter-

est, it was found that wave energy passing through the new inlet under
very severe wave action in the ocean produced maximum wave heights of
only 0 .2 ft along the Highlands shoreline .

While time today would permit only a very brief presentation of
these test data in summary form, I would like to emphasize that the
actual test data obtained from the model were very comprehensive in
nature . Tides, current velocities, and salinities were measured at

hourly intervals or less over complete tidal cycles at many stations
throughout the study area, and current velocities and salinities were
measured at several points in the vertical at each station . In the

dye tracer tests simulating pollutants, surface and bottom samples
were obtained for analysis at well over 100 stations in and adj acent
to the study area. Time exposure photographs showing surface current

15



patterns and velocities were obtained at hourly intervals throughout
the tidal cycle in the new inlet and in all adjacent areas where flows
could be affected by the new inlet. All of these test data have been
furnished to Federal, state and local agencies concerned with the e f fects
of the inlet on the water qua!ity. The significant point here, and the
one I would like to emphasize in conclusion, is that reliable data
showing conditions as they' now exist, as well as those to be expected
following construction at the new inlet, have now been developed and
are available to the environmental oriented scientists as the basis for
making a sound evaluation of the impact of the new i~let on the total,
envx ronmen t.
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Applications of

Some Numerical Models to

Paci6c Northwest Estuaries

R. J. Callaway

Water Quality Office

Environmental Protection Agency

Pacific Northwest Water Laboratory

Corvallis, Oregon

ABSTRACT

Physical-chemical features of some Oregon and Washington estuaries
are discussed in relation to existing or potential pollution problems.
Available mathematical models of flow and dispersion phenomena are reviewed
and applications of a steady-state, a time-variable, and a box model are
presented. The effects of estuaries on oceans are illustrated via examples
on the Columbia River and Cook Inlet.
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INTRODUCTION

This paper considers estuarine processes from the deterministic
viewpoint and emphasizes numerical solutions of differential equations
via the digital computer rather than the analog-hybrid or hydraulic
model approach.

It is recognized that the hybrid computer may prove highly useful
for large scale, multi-dimensional, diffusion problems especially

thwhen these include n order kinetic reactions. The hydraulic model
will remain an extremely useful tool in a variety of situations
such as sediment loading, scour, etc.  See Fischer and Hol ley, 197 l,
For a discussion of their use in dispersion studies.!

Briefly reviewed are some recent modeling efforts on two aspects
of the simulation of estuarine processes. These are:  I! the repre-
sentation of currents, and water levels, and �! the representation
of diffusion and the local change of concentration due to currents,
diffusion, and source-sink terms. The source-sink terms represent
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waste loadings, bottom demands, growth-death rates, phytoplankton

grazing, etc., and are considered more in the light of ecological

modeling. Sets of coupled equations are necessary for dealing with

ecological processes and these must also include the two aspects

listed above; hence, while the modeling of the ecology of a system

is usually highly dependent on the physical processes the reverse

situation is only rarely true.

Users who develop and apply models must be aware of the numerical

pitfalls involved in applying finite difference approximations which

are usually involved in the study of real-life pollution problems.

They must also be able to represent the fluid motion in complex

estuarine waters with its tidal currents and changing water levels;

i.e., the advection and diffusion processes which exist . The

simulation of these processes requires employment of numerical

techniques and consideration of stability and mass and momentum

conservation. This paper is directed mainly to the user although

numerical and fluid dynamical problems are also discussed.

A summary of the state-of-the-art for simulation of pollution

problems and controls in estuaries has been presented by Baumgartner

and Callaway �970!. Their paper was based on an assessment of

pollution control capabilities performed by the TRACQR Corporation

�971! under contract to the Environmental Protection Agency. Emphasis

in the above papers was on deterministic models rather than on

empirical or stochastic approaches and should be examined for a general

view of present day estuarine modeling capabilities.

Estuarine-Riverine Zones

The commonly used definition of an estuary is that it is a semi-

enclosed body of water having free connection with the open ocean and

whose waters are measurably diluted by fresh water drainage. Some
of our Pacific Northwest estuaries, as will be shown, are completely

flushed out by Fresh waters during periods of high runoff hence, under
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a strict application of the above definition, should probably be
treated as tidal rivers when such conditions exist.

A large river system, such as the Columbia, has essentailly
three separate zones; {1! a saltwater portion which, for the Columbia,
penetrates a maximum of 20-25 miles upstream of the entrance, �!
a freshwater, current reversal zone upstream of the salt section
and, �! a run-of-the-river section upstream of the latter zone where
current direction is always directed se~ward but which might exhibit

vertical, tidally induced, oscillations, usually on the order of
inches. The transition region between successive zones migrates
longitudinally and depends on source salinity, tide range and duration,
tributary and mainstream flow, and winds. For the Columbia, all
three zones have been modeled  Callaway et al., 1969!. While the

simulation of such a large system results in a rather complex grid
for the flow network it does simplify upstream boundary conditions as

they may be hei,d constant or allowed to vary with observed tailwater
elevations at upstream points  e.g., Bonneville Dam for the Columbia!.

The saltwater portion of a coastal river is significant from the
point of view of its ecological setting. The dynamics of this zone
are complicated by the fact that gravitational convection  see Hansen

and Rattray, 1965!, due to the density difference between fresh and

salt waters, can set up circulation patterns that are difficult to

simulate. The so-called 1-dimensional model imposes no horizontal or

vertical deviations in velocity or salinity or pollutant. Slight

vertical changes in salinity  density! are enough to generate convec-

tion currents which will in turn modify the distribution of a pollutant

in the estuary. lt may be that this contribution to the pollutants'

distribution is minor but the modeler must be aware of the existence

of such things if only to aid in understanding reasons for discrepan-

cies, if they occur, between model and prototype.



If an effluent is discharged to an estuary through a canal or

pipe it may approximate a point source. The discharge may be continu-

ous or periodic; the volume of flow and the mass of pollutant dis-

charged may vary at the same or different rates. The velocity of flow

and dimension of the orifice may indicate that the momentum of the

discharge will be enough to carry it some distance into the receiving

water, The density difference between the effluent and the ambient

stream and the depth of discharge may also contribute to the path

the effluent follows before the ambient currents and turbulence

dominate the flow.

In general, three flow regimes exist  see Baumgartner and Trent,

1970!.' �! a zone of flow establishment; �! a zone of established

flow, and �! a zone of drift flow. The first two zones are related

to the initial momentum and/or buoyancy of the discharged fluid

relative to the ambient Fluid. If these zones are small in area it

may be possible to approximate them by denoting one or more of the

grid areas as sources-- assuming ambient conditions have taken over!.

If the zones are dominant or the numerical grid unsuitable, then

models incorporating these features must be used. Typical of the

models which do this are those of Brooks �959!, Okubo �967!, and

Koh and Fan  l970!.
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ADVECTION-DIFFUSION PROCESSES

Specialists in a given field often work around a surprisingly
few basic differential equations. In estuarine work we usually concern

ourselves with a fixed grid system and predict the local time change of

concentration of a substance. The concentration is presumed modified

in transit by advection and diffusion; the total amount in a closed

s stem remains constant unless it degrades natural'Iy or is modifiedsys em remains

by chemical or biological processes.

The so-called advection-diffusion  AD! equation can be written as;

Bs Gs �3s �3s 3  K Bs! 3  K Bs! a  1 at + u ax v ay w Bz � 3x x ax � ay y ay az 2 Bz

where s = concentration of substance

u = velocity in the x-direction

v = velocity in the y-direction

w = velocity in the z-direction

K , K , K = eddy coefficientsx' y' z

FS = sum of the sources and sinks

The terms containing velocity components make up the advective transport

part of the equation; terms with eddy coefficients make up the turbulent

transport. The source and si nk terms defi ne pollutant addi tions,

phytoplankton growth and death rates, etc. If more than one substance

enters i nto a reaction then two or more equations will be coupled through

feedback or feedforward mechanisms in the source and si nk terms .

Difficulties exist concerning all the terms in the equation;

the physical processes are sometimes difficult to express as functions

and must be solved numeri cally  and usually separately! before inclusion
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in the equation. This can cause problems relating to the conservation

of mass in the numerical process and constitutes a large area of research

pursued by numerical analysts and fluid dynamicists.

Presently more intractable, however, is the role of the source

and sink terms, both from the viewpoint of the experimentation needed

to delimit certain coefficients and the non-trivial mathematical

representation of several interacting components in an ecological

chain. The TRACOR �971! report should be referred to here for a

more thorough discussion of the above topics.

Recent Work on the AD E uation

Table 1 summarizes the terms included in some, but not all, of

the numerical models of the AO process in estuaries. Such a represen-

tation can be misleading since the programs for running the models

are usually easily expanded or modified to include extra phenomena.

For purposes of this exposition the documentation of the programs or

descriptive papers available to the author was examined in order to

make up the table. The progress indicated in the table in estuary

 and/or coastal! models is noteworthy. Starting from Stomnel 's steady-

state, first-order kinetics model, in the relativeIy computer-free times

of 19S3 to Thomann's first computer model in 1963 the expansion progressed

in the main, to a non-steady state, one-day average, simulation of the

BOD-DO system of a very large, complex tidal river. Two-dimensional

vertically integrated cases are now handled by Leendertse's model

although by no means routinely. Although there is still much to be

learned in the vertically integrated case, progress is even more

wanting in the representation of the vertical distribution of currents

and pollutants.
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The gain in accuracy is due to the fact that the former equation does

not necessarily conserve mass during the iteration process; neither

does the latter  exactly! but it is much better behaved. This topic

has been discussed rather extensively by Leendertse  TRACOR, 'f971!;

he has also treated the numerical prob]ems involved in both the hydraulic

and AD equations.
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One point should be made in relation to the way equation 1 and

the Table express the advective transport. Any correct method of

solving a given equation should lead to the same answer. Unfortunately,

some seemingly correct finite difference approximations of the continuous

processes assumed in the equations can badly represent the intent of

the approximation. Illustrative examples are given by Crowl ey �968!

who has shown the improvement in the use of fourth-order over second-order

approximations  referring to the Taylor series truncation! and more

significantly, improvement in using the conservation form of the advection

equation. The latter consists in writing the equation:



HYDRAULIC EQUATIOl'iS

The velocity terms in equation 1 are usually computed independently

short time i nterva1 s   seconds to minutes !, output to a di sc or tape

and then averaged over a longer time period. The average values  minutes!

are input to the equation upon demand, Diffusion terms are expressed

as functions of a characteristic scale, as functions of the variance

of an observed spreading of material, as a random process, etc. As

the advection process is more closely approximated at shorter time

intervals the magnitude of the diffusion term becomes less--relative

to the advective transport process--and can sometimes be neglected.

Table 2 shows terms in the x-direction equation of motion. As in

the table before, some recent reports concerning computation of the

velocity terms have been examined as to the assumptions implied by the

terms included or excluded. This is not represented as a complete

summary; it is meant to relate to i nvestigations whose pri mary objecti ve

was for use in estuaries or which have since been modified for such use.

Trouble arises in the explicit methods of solution  marching methods!

because of the short time periods requi red to ensure stability and the

general problem related too in the AD equation concerning mass

conservation. In this case momentum conservation can be violated resulting

i n abnormal velocity and water transport volumes. These problems are

qui te real but can be modified by judicious selection of computing

schemes, such as the al ternating direction implicit scheme of Leendertse

�970! .

All of the methods above revolve around the primitive equation of

motion except for Okubo's.  The continuity equation has to be solved
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~ t,on with the finite difference approximations. Okubo's is
in conjuction w~

an analytica sl t'cal so ution.! Okubo has incl
shear in tion velo city term, prompted by the f
re eases ar
eleases are usually observed to elongate in the direction of
rather than spread radially about the center of mass. inc]usion of th
velocity shear terms enables one to more nearly simulate jnstantanepus d
continuous source releases  Okubo and Karweit, lg6g!. ps have many
things, the original work on the importance of shear  Saffman, l962!
was generated by meteorologists. They have an unfair advantage, of
course, in that their observations are sinfully easy to obtain and
reproduce compared to oceanographic measurements. This has resulted
in their making relatively great advances in entering the 3-dimensional

 

space domain by employing multi-level, global, models of circu]ation.

40



FEATURES OF SOME OREGON-WASHINGTON ESTUARIES

Burt and McAlister �959! reviewed the hydrography of Oregon estuaries

and classified them on the basis of their vertical salinity profiles.

Hansen and Rattray �966! have classified estuaries on the basis of

circulation and stratification parameters at given cross-sections of

an estuary. Dimensionless ratios of net surface current to mean

freshwater velocity  u /U ! and top-to-bottom salinity difference
s f

 bS/S ! are used to exhibit the physical significance of di fferent0

systems.

Figure 1 shows the classification in terms of the above ratios.

The examples given by Hansen and Rattray are replotted with an abbreviated

description of the different types �-4!. West coast waters shown are

the Columbia  C!; Straits of Juan de Fuca  JF!; and Silver Bay, Alaska  S!.

A point for the Yaquina River  Y! at mile 14 has been added to the

graph from data collected by the author. The Yaquina data were taken

during a 25-hour survey; the stratification parameter equals 0.12, and the

circulation parameter is 1.64. The coordinates of the point place the

estuary at this river mi1e, at this time, in type lb, a case of

"...appreciable stratification. ' The nearly vertical line of dots

through the po~nt was obtained by computing individual hourly circulation

and stratification parameters in order to obtain an idea of the range of

values that might be expected under the prevailing conditions. As can

be seen, the dots extend inta higher stratification values  as shown by

an increase in ES/S ! and a1so range into type la "...the archetypical
0

well-mixed estuary in which the sa1inity stratification is slight...."

Yertical profiles of salinity and current  used in computing the

above parameters! and dissolved oxygen are given in Figure 2a which shows
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periodic stratification of salinity  and oxygen! in the first eight

hours followed by well-mixed conditions for the remainder of the time.

Oxygen stratification is apparent at the same time but the gradient is

directed upward rather than downward as shown at about 1500 hours. If

salinity were expressed in terms of the amount of freshwater rather

than saltwater, the gradients would be in the same direction; more

important, however, is the fact that contours of different substances

will rarely be matching. A description of this type of disparity is

impossible to rectify by conventional mathematical models and recourse

must be made to models that incorporate terms--aside from diffusion--

to at least account for photo-synthesis and respiration. The discrepancy

is put into perspective by noting that sources of freshwater and

oxygen, e,g., are distinctly separate mechanisms. The freshwater

source is upriver while atmospheric oxygen can be supplied loca'Ily

at the surface by reaeration and from within by photosynthesis. The

sinks are also different, freshwater decreasing by seepage through

the bottom and evaporation while oxygen decreases primarily by within-

stream BOD, respiration and bottom demand.

The use of l-dimensional, longitudinal models implies that the

es tuary is well-mixed vertically and laterally.  See Ward and Fischer,

1971, for additional comments on the limi tations of 1-di mensional

models!. The Yaquina is well mixed part of the time, but averaged

over a tidal cycle it still exhibits stratification. In general,

increasing the period of averaging serves to smooth out intra-tidal

fluctuations. This rationale has been employed in order to average

out diurnal tidal fluctuations in some models, primarily for ease

of computation and to keep the problem within computing bounds. The
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above example shows that an anomalous condition can obtain; namely,

a short-term average and computing interval would well suit 1-dimensional

qualifications while a long-term average would put the system into

the partically stratified calss. Borderline cases such as the above

are not all that rare and pronouncements of 1-dimensionality should

be made cautiously.

Figure 2b shows vertical profiles of salinity and current speed

at river mile 8 in Coos Bay. Coos Bay at this time lies well within

class la; profiles are of the modeler's dream-come-true variety

exhibiting very little variation from top to bottom. There is no

guarantee that the well-mixed condition applies to the whole estuary

all the time and it is again emphasized that a well-mixed salinity-

velocity profile by no means ensures a well-mixed oxygen, nutrient,

plankton or any other profile. If the pollutant or substance under

study enters the estuary from the ocean or river end of the estuary

in the same manner as the salt or freshwater and behaves in the same

fashion, then its prediction can be assumed to be as assured as the

sal t distribution. If on the other hand, the substance interacts

within the estuary or is subject to conversion to other foms then

these mechanisms have to be modeled. In the latter case, coupled

sets of equations will need to be used. The point to be made here

is simply that one should be aware of the fact that one man's well-

mixed condition may be another man's stratification.

Figure 3a presents data collected by the author at river mile 2.3

in the Umpqua estuary during a period of high runoff. The latter

condition is exhibited in the salinity profile as a complete flushing

of the estuary from about 0800-1300 hours followed by a rapped influx
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of salt in along the bottom to about 28 ppt. The surface speeds

associated with buildup of freshwater were in excess of 4-5.5 fps

decreasing to 1.5 fps at the botton during the ebb cycles. The flood

speeds were somewhat less with the maximum speeds being located at

depth. This was also a period of upwelling; the two flood cycles

brought in water low in oxygen at depth, some 7-8 mg/1 less than

that in the surface. Mathematically modeling this sort of condition would

obviously not be a trivial exercise, although two-layer modeling is

now being carried out  see, e.g. Vreugdenhil, 1970!.

Finally, data for the Columbia River at river mile 5 are shown

in Figure 3b. This again typifies high runoff conditions although at

this river mile complete flushing does not occur as in the Umpqua

example. Similar features are apparent, however, such as the submerged

velocity peak on the flood cycle and surface maxima on the ebb. The

duration of the ebb cycle is greater than the flood, the difference

becoming less disparate with depth i.e., ebb begins earlier in the

surface layers and ends later.

In summary, it should be stated that 1-dimensional models of

hydraulic phenomenon are rather well developed. Amplitudes and

phases of tides may be represented rather faithfu]ly but this in no

way ensures that the pollution problems associated with the dispersion

of an effluent is reproduced in any such satisfying fashion. This

is mainly due to the fact that most non-conservative substances

usually show some degree of stratification, especially when surface

boundary conditions are in effect and when interactions within the water

column and at the sediment-water interface are likely to occur.



TIDES AND CURRENTS AS BOUNDARY CONDITIONS

Tidal in forma'ti on is of interest, in the modeling of estuarine

pol 1 uti on prob 1 ems for a number of reasons: � ! ti da1 hei gh ts or
currents are sometimes required as natural boundary conditions;

 Z! the tide range provides an indication of the amount of energy

available for mixing--being propor tional to the square of the range;

�! local tidal heights determine the amount of water available for

dilution; �! the excursion of pollutants depends on the range and

duration of the ebb and flood tides; �! in conjunction with  Z!

above, the vertical salinity profile can be determined in advance

given the runoff and tidal prism.

Information on tides in the Yaquina, Alsea, Siletz and Coos

estuaries has been presented by Neal �966!, Goodwin, et al. �970!,

and Blanton �970!.

prediction of tidal hei ghts by harmoni c analysis is well� -established;

discrepancies from predi cted heights occur due to storm surges

and freshets due to local precipi tation . Tidal current prediction

is less well-behaved from the viewpoint of predictability  as exempli fied

by ESSA publications!; unlike heights they are subject to cross-stream

variations and are also markedly affected by wi nds, local runoff

condi tions. Both currents and heighths are affected by channel

medi fi cations.

p«di«ion of tidal heights and currents becomes less certain

with distance upstream as the damping effect of the estuary becomes

less dominant The li nearized equations of motion, or the equati ons

where the non-linear terms are neglected aI together, may be quite

adequate in the ocean or coastal regions, but definitely cannot be
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employed in shallow water cases where topographic effects, friction

and the Bernoulli acceleration govern the shape of the wave.

Of the three general methods  the harmonic, characteristic, or

numerical method! of solving the equations of tidal motion, the

numerical scheme is probably best suited for incorporating variable

river flow inputs, winds and irregular topography; the examples given

later utilize the numerical scheme.

Tidal Constituents

First of all, consider the tide generating constituents if only to

provide a basis for correctly specifying the tide as a boundary condition.

Tidal constituents are the result of trying to account for

perturbations in the orbits of the sun and moon. Each constituent

represents, in effect, a miniature planet revolving about the earth

exerting an attractive force on the earth's water surface. At any

given prediction station the constituent is expressed as a periodic

sinusoidal elevation of the surface and has an associated amplitude,

period and phase; these terms are computed by harmonic analysis of time-

series data. The synthesis of the harmonic constituents with reference

to a specific datum gives the local tide height; prediction tables

usually report the time of high or low water and the water level and

the times of slack waters and maximum ebb and flood speeds.

The principal constituents are designated as M2, S2 ii2 Kl Ol

P~, etc., where the subscript  >! refers to the diurnal and the �!

refers to the semi-diurnal nature of the constituent. The relative

amplitude of the various constituents determines the type of tide that

will occur, i.e., whether it will be semi-diurnal with two nearly equal
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highs and lows per day or "mixed" with unequal highs and lows, or

"diurnal" with only one high and one low per day.

In Table 3, constituent amplitudes, H, phase angles, K, and

mean tide level elevations are give~ for Oregon-4fashington ports � .1/

A]so shown is the ratio  Ki + O~!/ M2 + S~! �; for values of this ratio2/

less than 0.25 the tide is semi-diurnal; between 0.25 and 1.25, it is

mixed. It is diurnal for ratios greater than 1.25. It can be seen

that the coastal ratios all indicate mixed tides. In the approaches

to puget Sound, however, the ratio indicates diurnal tides as is shown

as an example for the Friday Harbor station.

Ql
Abstracted from U. S. Coast 8 Geodetic Survey data supplied by LCDR
L. Swanson, NOAA.

2/
The ratio  Kg + Oy!/M, is sometimes used.
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STEADY STATE MODELS

Deterministic models of the environment are either steady-state

or time-varying, the steady-state assumption implying no time change

term in the AD  or hydraulic! equations. The effluent is discharged

at a constant rate, and has come into equilibrium with the receiving

waters; freshwater inflow and other characteristics of the environment

are also steady. The topography of the estuary can be modeled quite

closely, e.g., tide level cross-sectional areas can be incorporated to

show the irregular nature of the geographic setting. However, the

effect of tidal height variations on cross-sectional areas  hence,

water volume changes! and tidal current fluctuations cannot be modeled

here except by repeated application of the steady-state case, in which

case there would evolve a process of simulation. The upstream distribution

of an effluent from its source is provided for by a form of exchange

coefficient. Simulation of various reaction rates, river flows, diffusion

and reaeration rates is a logical extension of the steady-state assumption

and perhaps the best justification for its use, since the expected

range of concentration of a given pollutant can be easily explored.

Input information to a complex area can be obtained from existing

hydrographic charts, flows can usually be extracted from Federal or local

government publications or files. The actual use of a developed steady-

state model, as opposed to the judgment necessary to carry out a

realistic simulation, is elementary. Modeling tidal flat areas which

are periodically exposed is an exceedingly complex undertaking;

properly done it will consist of aerial photogrammetric surveys

and precise leveling.
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ln the highly industrialized setting of the Delaware Estuary the

steady-state case has been used as the foundation of a linear programming

method of meeting certain water quality standards. For instance, for

wastes of known volume, concentration, and reaction rates discharged

at various locations along some mi les of an estuary and a dissolved

oxygen standard of, say, 5 ppm, the linear programing concept can be

used in conjunction wi th the steady-state case to ensure that thi s goal

will be met a gi ven percent of the time and at the least expense to

the parties involved . Various external constrai nts are, of course,

involved here, but, the tools are avai lable for the exercise of logi cal

and unarbitrary decision making.

Two steady-state models are described below in order to exhibit

some of the uses of this approach to estuari ne problems . Both models

were applied to Grays Harbor.

Gra s Harbor Washin ton

The Grays Harbor entrance is about two miles in wi dth, but shoals

extending southward from Point Brown contract the navigable channel to

a width of 0.4 miles  Fig. 4!. From the entrance, the bay extends

eastward for 1 5 miles to the mouth of the Chehali s River. The bay

is fil'led by shoals and flats which are bare at low water and cut

by numerous channels.

The mean range of tide at Aberdeen is 7.8 feet. The range

between mean lower low water and mean higher high water is 9.9 feet

and a spring range of about 14 feet occurs. The flushing rate at 700

cfs was calculated by the tidal excursion-prism method to be 5.5 days.
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Eriksen and Townsend � 940! have presented data available for

calculation of eddy diffusi vi ties from the longi tudi nal salinity prpfi ] e

in the harbor. During a peri od of a constant flow of 700 cfs wel]-mixed,

essentially 1 -dimensional, conditions existed.

The influence of the extensi ve tide flat areas on the distribution

of waste effluents is unknown, and the computational error introduced

by thei r presence cannot be evaluated at this time .   Dr. Be] la ' s paper

on the influence of tidal flats or water quality should provi de some

insight on this subject.! The ti de flats were taci tly included i n

the model by using crass-sectional areas based on mean tide level.

Two pulp mills in the area discharge partially treated wastes

directly to the estuary or to holding lagoons for discharge at high

flow periods. The discharge of oxygen-demanding wastes naturally contributes

to the oxygen deficit in addition to bottom demands and plant respiration.

Another factor which enters and which frequently occurs on the West

Coast of the United States is the process of upwelling. During periods

of sustained northerly winds, surface waters are transported away from

the coast and replaced by waters at depth. The dissolved oxygen content

of the deeper waters may be as low as 1 to 2 mg/] and have been observed

as penetrating into the harbor  Pearson 8 Ilo]t, 1960!. Prevailing winds

that induce upwelling general]y occur during the low river runoff period

and can compound the effect of low dissolved oxygen concentrations

resulting from estuarine waste discharge practices.

When only one industrial or municipal sewage facility affects an

environment, the problem of a desirable level of waste treatment is

fairly straightforward if water quality objectives are stated. When two

or more facilities discharge into the same system, then an amenable



treatment level requires that the contribution of each facility to the
total stream waste load be capable of isolation. Examination of field
data alone cannot separate the concentration distribution observed in
the waterway into individual facility components, since the concentration
at any point depends not only on the amount but also upon the location
of waste discharge. Upwel ling compounds the situation.

Stommel 's Model

A model for treating the distribution of a pollutant in a well-mixed,
1-dimensional tidal estuary was given by Stommel  !953! as;

F x! = gL - SA� dL
dx

F x! = net seaward flux of pollutant across a section
A = turbulent eddy diffusivity  L T !2 -1

g = river flow  L T !3

where

L = concentration of substance  M/M!

S =. channel cross-sectional area  L !2

The steady-state equation �! for a non-conservative pollutant may
be written as:

�a! d  gf -SA d ! + Kl SL = 0
or

�b! ~  gL-SA ~! + Kl SL = Jd dL
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at an outfall where J is the rate of flow of po'llutant  MT ! at the
outfall, and the reaction term, Kl T !, is taken as a constant throughout



the estua y Bu'rt and Harr> age �957! "ployed eq at~ ons �!
a study of the potential pollution of Yaquina Hay, Oregon,

Stommel 's relaxation solution of n linear differential equations was

replaced by a matrix algebra solution by Callaway �966! which was first
employed by Dorrestein �960! and later extended to the time-variable
case by Thomann �963!. After expressing equations �! in finite difference

form they become, uti li zing matrix notation:

�! iAj [L]

where  Aj is an n x n matrix which includes the advection, diffusion

and decay terms, [L] is a column vector of dimension n representing BOD

concentrati on and [J] is a column vector of dimensi on n representi ng

forcing functions of waste discharges. Equation �! is easily solved by

matri x inversi on on a di gi tal computer:

�! [L] = [AI [J]

The output [Aj, which is the inverse of [A], is multiplied by [J]

in a given section where an outfall is situated. If outfalls are located

along the estuary the resulting outputs may be added to give the total

longitudinal output since the system is linear and superposition of

solutions app'lies.

Lon itudinal DO Profile

The computation of the steady-state DO profile is somewhat more

complex than that for describing the distribution of a conservative or

non-conservative pollutant and was not treated by Stommel. The basi c

dissolved oxygen equation, avoiding finite difference formulation and

neglecting photosynthesis and sludge bed demand, is:
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�  QC-SA � ! = K S C -C! - K SLd dC
dx dx 2 s 1

 B!

where C = dissol ved oxygen concentration  ML !-3

C = saturation concentration  ML !
s

K = reareation coefficient  T !
2

and the other terms are as before. Nodifying equation �a! for the

distribution of pollutant or BOD:

�  QL-SA � ! + K SL = Fd dL
dx dx 1

 g!

where F is the forcing function.

Upon differentiating equation  8! with respect to x and rearranging,

we have:

�0! [Q dx � ax  SA! dx SA ax + K2 S7 C = K2 SCs - Kl SL

for dissolved oxygen distribution, where L is determined from �1! as:

t:~d� � d� �4! d� - SA d� Kl 5] L = F

In equation �0!, the terms in brackets represent a system of operations ~

or transfer function, which transforms the forcing functions K2 SC and Kl
s

into an output C. Similarly, the forcing function F in equation �1!

end of the model C = C, and eddy diffusivity at the river  freshwater!s

end is taken as zero. Although Stomnel's model is applicable to tidal

freshwater streams, the evaluation of eddy diffusivity would have to be
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is the BOD discharged at an outfall section somewhere in the estuary which

is transformed by the advection, variable diffusion and constant reactio~

terms within brackets to a longitudinal BOD distribution. At each



made through the use of dye releases or some other substance beside

salinity as used here.

Writing equation �0! in matrix notation for the system of equations:

�2! [BII [C] = [K! SCs - Kl SL!

and solving for [C]:

�3! [C] = IB! [K~ SCs] -  B3 [Kl SL]

In equation �1! when F = 0, E = 0 and equation  8! reduces to
since i t is assumed that there is no longitudinal variation in

C=Cs
s

C  first
s

 B! is written as:

�4! [C] = [C ] - fB$ [Kl SL!

Solving for [L] in equation  ll! and substituting in �4!:

�5! [C! = [C ! - [Bj IA! [Kl F]

which is the synthesized DO profile equation.

Twenty-three sections were used in the 700 cfs model, no attempt

was made to assess temperature effects on the BOD rate constant:

C  = 7.5mg/1! was taken as constant in the estuary.  The forcing
s

functions used in the above derivations have awkward dimensions which

can be resolved by dividing the equation by the cross-sectional area

term. !

Sal ini t Profile

Figure 5 shows the computed and observed longitudinal salinity

distribution in the estuary at 700 cfs. Computed resul ts were taken

from the matrix inversion of the system represented by equations

�! with Kl = O. Observed salinity at the ocean end of the model

was taken as the input forcing function.
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II
was taken as the input forcing function. The "compute

serves mainly as a check on the calculation of the coe 'cien»n

 9! since the observed salinI ty data were used in the calculation
of eddy diffusivities. Diffusivities calculated fo r 4 = OG c«
averaged 2.6 square miles per day.

At the ocean end of the model upwelling is introduced as an initial

oxygen deficit  C � C! subject to reaeration only. Work by Sverdrup and
s

Fleming �941! and Barnes and Collias �958! suggests that waters at

depth in the ocean and in fjords have very slow deoxygenation rates.

Barnes and Co'11ias find average rates of 0.016 ml/1/day in the fjord-

'like waters of Puget Sound while Sverdrup and Fleming reported 0. 005

. ml/1/day at a depth of 200 meters off the California coast. In estimating

the upwelling contribution to low DO conditions, then, Kl has been

taken as negligible.

Figure 6 shows an initial oxygen deficit of 5.5 mg/1 in the ocean

subject to reaeration rates of 0.15 and 0.30 per day within the estuary.

In the absence of a pollution source in the estuary the deficit would

decrease upstream  C would approach C, shown by the dashed line!. Thes'

upwel ling effect for K = 0.15/day is superimposed on an observed DO
2

profile  solid line, Eriksen and Townsend, op.cit.!. The dash-dot line

shows the superposition of the two def'icits; during periods of upwelling,

interpretation of field data extending only from mile 8 upstream would

attribute the entire oxygen sag to the BGD sources Iocated in the middle

of the estuary if the possibility of an upwelling effect were not recognized.
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Thomann's Model

The Thomann model  Thomann, 1963, Thomann and Sobel, 1964! also
goes by the name of DECS III  for Delaware Estuary Comprehensive Study!;
it has been extensively documented by Jegli c   1967! .

Some features of the model are similar to Stornmel's, but there

are enough differences to warrant discussion before the resul ts are

presented.

The time variable case is explained below; the examples shown,

however, are steady-state.

In matrix form the differential equations for BOD  L! and

dissolved oxygen  C! are:

[6j [L] + [W] = [J] - [L,]

�7! [A! [C] [ � '] = [ ] [C,] [r ] - [D] [L] - [C ]

where at any given time j the matrices [AI and [B$ are square, tridiagonal

matrices of order n, the nonzero coefficients of which are defined as:

Q + E

I

� E.
I+1

T
Pi ~i +I+I I+I I I = I,2,3....n

.-E, -E'Q i I ~' I ' ' i+1
I = I,2<3....n

[i=i.2.a... <n-»]
I, I+1 I, I+1
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.thwhere the i subscript denotes the i interval in a 1-dimensipna] grid

 n grids! and the j subscript represents a time interval. The other

variables are as below:

j . = waste 1oad to segment i

r. = reaeration coefficient
J

d. = decay -coeff i ci ent
J

P- = other sources and sinks of oxygen
J

Y = volume of segment i

0. = net flow
J

. = eddy exchange coeff i ci ent
i,J

o.;, g,- = advection factors

The exchange coefficient is:

E } -~L +L !
2 f i,+1

where K.. = eddy diffusion coefficient
1> J

A. . = cross-sectional area
1, J

L, = segment length

The advecti on factors are:

1 ~i-1
iy } 2 Qg g }

Oen y
} 0< } , } Q! j

8 rP > 0.5 thorn cP, = 9.5, and,

6S



The role of the advection f'actor is similar to the weighting function

 discussed, e.g., in Smith, 1965, p.23!. The implicit method of solution

ensures stability  but not necessarily accuracy!; the advection factors

minimize numerical errors which resemble diffusion.

The time variable Thomann model does not solve for short-term tidal

fluctuations, hence, upstream dispersion is accomplished through the

exchange coefficient and not through advection .

Steady-state solutions of equation   17! are shown in Figure 7 as the

oxygen deficit per 100,000 pounds BOD discharged at various points in the

estuary under various specified condi tions . Figure 7a shows the effect

of adding 100 cfs increments of flow to the head of the estuary with

eddy diffusion calculated from the salinity profile. As can be seen the

peak concentration is reduced and moves further downstream. The deficit

at sections 14 and above, however, are slightly greater as a result of

the increased flow. Figure 7b shows the effect of placing the outfall at

different points in the north channel with a 550 cfs flow and specified

diffusion rate.

Figures 7c and 7d show the effect of a doubling of the reaeration

coefficient with the same decay coefficient in each case. The areas

under the individual curves for a release point are greatly reduced for

a reaeration coefficient increase from 0.15 to 0.30 per day.

Because the profiles have not been verified the above should be

cons i dered as examp] es of numeri ca 1 experimen tati on rather than of

actual conditions. A very important  and di fficult! part of modeling

lies in verification of the model output. Verification, or adjustment,

is largely a matter of judgment; unfortunately there is little agreement

or precedent upon which to go except in the simplest o f cases in which

analytical solutions can be simulated.
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TIME VAR I AH L E MODELS

Columbia River Tides and Currents

The mathematical methods for predi cting tides and currents i n the

'Columbia River from the Pacific Ocean to Bonneville Dam have been
presented by Callaway, et al . �969!. Briefly, an explicit soluti on of
the 1-dimensional equations of motion and continuity was utilized in a

finite element formulation of the geometry of the system; the algorism

used is due to Shubinski and Sheffey  l965!. The input requirements for the

model are channel lengths, widths, cross-sectional areas, and frictional

resistance coefficients, and junction surface areas. Boundary conditions

consist of the time varying tidal heights which can be expressed as a

Fourier series or equally spaced points and tributary and mainstream

river flow data, The model also treats conservative and non-conservative

substances and temperature with a surface boundary exchange.

The next few paragraphs deal with verification attempts  Callaway and

Uyram, l971!; by this is meant duplication  primarily by adjustment

of friction! of predicted heights and currents. We were not overwhelmed

wi th actual field data and relied mainly on USCEGS tide tables for

verification of the hydraulics. Stage elevations at Bonneville Dam

were takeo from a report by Bonneville Power Administration.

At the upper boundary condition the flow from the junction representing

Bonneville Dam was i nput. Water elevation above datum was then approached

as the channel depths responded to the amount of discharge. At the

outset of this s tudy, we were not sure just what the elevations should

be and it was pleasurable to find that the computed elevations fell
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within 1 to 2 inches of observed, even when the difference in tajlwater
elevations for two flows was about seven feet.

In Figure 8, computed and observed co-range lines are given. A]so

shown in the figures are "observed" ranges as taken from the C8GS tide

tables. In general, the agreement between computed and observed values
is excellent.

Figure 9 shows a 'Iongi tudi nal section of computed and observed

ranges. Note the agreement in the lower ri ver which shows an i ncrease

in mean diurnal range with distance upstream, passing through 6 feet

about mile 5 and agai n at mile 25 . The agreement i s rather good along

the entire ri ver stretch with the exception of from about mile 70 to 100.

The reason for this di screpancy is not known, but could be due to channe'I

modifications made after the USCBGS computations base data were collected

but whi ch are i ncorporated on the charts f'rom which the input data was
taken.

The 1959 flow data were chosen as representative of a "normal"

low flow period. Starting at ri ver mile 27, a wave wi th 6 foot range,
'/e

Manning coefficient of 0.02 ft and a 12.5 hour period was input, at

a river level of 3.8 feet  as determined from Corps of Engineers data

for the flows used!. It was assumed that 25 hours would be sufficient

for convergence, hence these output data  fi rst 25 hours! were discarded.

Figure 10 shows the progression of the wave wi th distance upstream.

Agreement between computed and Tide Table phase lags and amplitudes

was very good.

Clark and Snyder �969! published a note on thei r observations of

current reversal 70 miles upstream from the mouth of the Columbia
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River, near the proposeo site of two thermal electric power plants.

The particular river stretch was chosen because heated cooling water

returned to the stream might interfere with the endemic and anadromous

fishery, especially if there were to be periods of low current speeds as

during a current reversal. The purpose of their study was thus to

determine if reversal occurred, and if' so, to measure its duration during

a very low flow period  84,500 cfs at Astoria! of less than haif the

river's mean annual discharge. The low flow occurring during their study

was the result of filling the then just-completed John Day Reservoir.

A rather extensive field study using dye dumps and fluorometry was

reported; in summary, they found that reversal occurred over a four-

hour period from about 3:50 a.m. to 8;00 a.m. on April 16-17, 1968.

sine wave with a period of 12.5 hours and range of 7.5 f'eet, the

diurnal range at the l>orth Jetty, was input at the ocean end of the model.
lgA ilanning coefficient of 0.0Z ft ' was employed and conditions simulated

for two tidal cycles.

Figure 11 is a computer plot of tidal elevations, velocities and

flows at river miles 67 to 74. The somewhat erratic traces in the first

few hours of simulation are due to convergence of the numerical solution

from the given set of initial conditions. In this case, convergence

was complete in about 10 hours. The open circles on the figure are

tidal elevations as taken from Clark and Snyder and adjusted so that

the computed second high water maximum is in phase with the observed.

Lven though no attempt was made to input the existing mixed tide at

the entrance  although it could easily have been at the expense of more

computer tine! the coniputed curve is in good agreement with the observed.
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It can be seen that the frictional and non-linear term in the equation of

motion have distorted the ocean input sine wave to the output shown near

Prescott. Computed tide reversal  middle figure! occurs for about three

hours as compared with four hours observed, the difference due mainly

because a uniform friction coefficient was used in the model. Computed

maximum flood velocity was 1.2 fps; maximum ebb velocity was 2.1 fps.

These velocities are integrated vertically across channel and will

generally be lower than observed peak velocities in mid-channel.

Computed transport through the channels is show~ in the lower part

of the figure. New flow in the Columbia channels for the last 12.5

hours of the run was 78,606 cfs; the remaining flow being diverted

north through another channel. For the low flow period of 1968,

Figures 12 and 13 show computer plots of head, velocity, and volume

of flow with river mile upstream for the tidal cycles. These results

have not been "verified" as such but are given here as additional

examples of output.



f:ig. 1Z. Computed tidal e levation, velocity and flow, River
mile 0-68, Columbia River, low flow conditions.
From Callaway and Bvram �971!.
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FLUSHING

Tne residence time of pollutants in estuaries depends primarily

on the freshwater runoff to the estuary. Calculation of the time

required to remove dissolved substances results in a flushing rate and/or

time. If the pollutant is discharged in or near the primary freshwater

source, then the salinity distribution can be used for this computation;

if not the distribution of the pollutant may have to be used,

Machine Calculations of Flushin

Once dynamic steady-state has been achieved in a time-varying model,

i.e., af ter the pollutant has been distributed by allowing the program to

run long enough, the flushing of a continuous release can be easily

observed. The given distribution at time t is simply used as the initial

distribution {t = 0! on a second run; the waste input is set to zero

and the concentration decrease followed as long as need be.

For an instantaneous release, one sets the initial distribution

in a given section or grid of the model to a certain level with no

further inputs and allows the program to run  assuming the hydraulic

portion, if any, of the model has achieved convergence!.

Point source releases cannot be exactly simulated with a finite

sized grid system, for the instantaneous or continuous case, of course.

direct Obse rva ti on

The response of an estuary to a sudden increase in streamf low can be

quite dramatic as seen in Figure 14, a time-series of salinity in the

Yaquina River Estuary  Camlaway et ai., 1970!. Rainfall in inches per

day is shown in the upper inset and the combined runoff from the Yaquina
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River and Elk Creek are shown below it, Coincident with tne rainy

season  starting in november, 1967! the salinity at mile 3.5 drops from

about 33 ppt to 10 ppt.

'Ai th the succession of rainy periods during the winter, about 5

months are required until the higher salinity is achieved again  Nay, 1968!,

In June, 1968, a single intense storm of short duration lowered the

salinity to about 15 ppt. It would appear from the hydrograph that

local rainfall was effective in lowering the salinity as was the

upstream runoff. In essence, then, flushing can be extremely fast

and may at times sweep out the entire estuary.

Tidal Prism Method

The flushing ra te of Grays Harbor was calculated by the tidal prisni

method described by Ketchum �951!, Here, the excursion length of the

flood tide was used to divide the estuary into segments. Exchange ratios

for each segment were calculated from:

p

n P + V
n n

where n = segment number

r = exchange ratio
n

P = tidal prism volume
n

V = low tide volume
n

Constant river flow was assuined �00 cfs! and a flushing time of

5.5 days was found

The ratio of freshwater discharge during a half tidal cycle

�2.4 hours! to P can be used to determi ne the type of vertical

ity distribution that is likely to occur:
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Odt   /P

where T = tidal period

Q = runoff

General, but not infallible, guides to vertical stratification

were postulated by Schul tz and Simmons �957! who found that well-mixed

estuaries have ratios of about 0.1; partly-mixed about 0.2-0.5; stratified

conditions are found for values greater than 0.5 with 2-layer conditions

being found at values near 1.0 or more, P»/g provides a measure of the

flushing time.

Box l'iodels

The "box" or "reservoir" model as used in oceans and estuaries has

been described by Keeling and I>olin �967! and Okubo and Pri tchard   1969! .

In brief, one box or several connecting boxes are postulated as containi ng

completely mi xed fluids wi th exchange allowed wi thi n a box and between

them at thei r mutual i nterface . Objections can be raised as to the

1 oss of ri gor when usi ng the box model approach, i .e ., replacing the

appropriate differential equation wi th intui tive ideas on exchange

processes and fluxes. llowever, when the sys tem studi ed is complicated

the box model method can prove a valuable tool, and perhaps the only

tool, for studying processes between water masses and also between the

water-air or water-sediment interface.

In a sense, all numerical models, i.e., finite sized grid models,

are box models i n that exchanges take p l ace between gri ds at certai n

time steps. One difference between the "numerical" and the "box" model

is that. in the former case the governing equations are in terms of di ffusion
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The rate of change of SWL can thus be expressed as:

-  + � + K!sds

dt U A

where s SWL concentration  ppm!

net seaward advecti on  l. T !3 -1

volume of the box  L !3

vertical eddy diffusivity  l T !

area of the horizontal plane  L !2

decay rate of SWL  T !

K
Z

A
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coefficients while in the box model diffusion processes are expressed

as rates. As Dkubo and Pritchard  op. cit! put it, "The exchange rate

constants in the box model have ... no clearly defined physical bas~s,

to be honest about it, neither do the eddy diffusivities."

an example, the box model approach is used for evaluation of

f 1 us hi ng rate o f s ul fi te was te 1 i quor  SWL ! i n Be 1 1 i ngh am l3ay .

flushing, as evidenced by a decrease in the surface concentrati on of SWL,

can be accomplished by seaward advection of the surface layer, diffusion

downward, and biodegradation. Data on the distribution of SWL emanating

from a pulp mill in the northeast corner of Bellingham Bay have been

described in U, S . Department of Interior   1967!, which includes data

collected by the author during and after a mill closure as shown in

Figure 15. Collias et al. �966! give an extensive analysis of the

flushing mechanism in the l3ay .

The l3ay is considered to be a box wi th a depth, d, of 10 feet  the

upper mixed layer!, length, 1, of 12 nautical miles, and width, b, of

5 nauti ca 1 mi les� . Rates are expressed as � ! seaward advecti on through

the ~outh vertical plane, �! vertical diffusion through the bottom

horizontal plane, and �! decay within the box.
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Fig. 15. Surface SWL:  A! average for the period Nov. 1959-Nov. 1961;
 B! observed on Nov. 18, 1964;  C! observed on Nov. 25, 1964,
and  D! observed on Dec. 1, 1964, From U. S. Dept. 1nt. �967!.



Seaward advection was estimated from net surface tidal velocities
found at the entrances to the Bay by the USC&GS. Uncertainty exists as
to the depth of the surface layer which for this example was chosen from
an examination of vertical SHL profiles  Figure 16!. Net velocities,
passage widths, and depths resu'lt in a mean advective velocity, O, o f
0.1 ft. sec . Since Q = U bd = 3.04 x 10 cfs, the rate of advection,-1 4

Q/V = 1.37 x 10 sec . The primary tributary, Nooksack River, has
daily flows ranging between 595 and 46,200 cfs with a mean daily flow
of 3,700 cfs. The latter value of Q would put U at 0.012 ft. sec
Both estimates of Q will be used in the order of magnitude analysis.

Vertical flux was estimated from the steady-state expression:

0 � =as B's
ax z az

and K was computed from:
z

The horizontal SWL gradient, 3s/Bx, was found to be 0.009 ft., and the

vertical term, 3's/3z', to be 0.06 ft, as displayed in Figures 15 and

16 rFo U = 0.1, K = 0,015 ft sec . The half-life  t>/ ! of sulfite wasteV2

'liquor in lagoons has been reported as 1 week by Lindsay et al. �960!.

Assuming first order decay, the rate constant can be found from the

expression K =  t ~/ ! ln- 0.5.
h

For the lower advection rate  Q = 3,700 cfs! the magnitudes of

the terms are:

Q/V = 0.17 x 10 sec

K /A = 6.09 x 10 sec

6 -1
sec
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From this analysis it can be seen that the loss by diffusion
downward  for the box depth used! can be neglected relative to the
other processes. The loss of measureable SWL by decay cannot be
neglected at the flows used; however, as the size of the box decreases,
K becomes negligible and  }/V becomes dominant.

Writing equation l8 in terms of the half-life of the distribution,

taken as the time when the area  rather than the concentration! enclosed

by the 5 ppm contour decreases to half that of the initial area:

  I ~ K! 0. 693
t>/

Upon substitution it is found that t~ = 6.4 days for 0 = 37GG cfs.
/z

For 0 2400G cfs, t> = 3.6 days. For  j = 48000 cfs  the upper limit'/~

observed! Q 6 hours. The half-life found by planimetering the areas
/z

in Figure 15 was 2 days. The computed value seems reasonable considering

the assumptions made.

In an attempt to calculate the rate, the word of warning mentioned

at the begi nning of this section was violated in obtaining a figure

for the advection rate, namely, that the source of the eff luent and

the primary flushing source were in the same location. This is probably

no worse a violation than the other assumptions such as complete  nixing,

etc.

In sonmary, it can be seen that a rapid estimate of flushing can

be obtained via the box model approach but the data demands are no less

stringent than a more sophisticated approach.
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EFFECTS OF ESTUARIES ON OCEANS

The freshwater entering a river system eventually enters an

estuary and is then discharged to sea. En route, losses may occur

through seepage, evaporation or withdrawals, and agricultural or other
diversions.

Water origi.nally very pure in the headlands may, on its passage to
the sea, accumulate substances which are detrimental. Some of the

materials transported in this manner may preci pi tate out upon mixing
wi th saltwater in the estuary, or be lost by deposition, by uptake
of organi sms, by evaporati on, etc, Eventually, however, discharge
of substances to the ocean will occur. When runoff is large, the plume
of freshwater can be traced far offshore by observing the salini ty
distribution as shown for the Columbia, for example, by Duxbury et al.
 l968!. Work on the coastal distribution of Zn suggests that the best

time to study its effects and to separate the Columbia from other

coastal river discharges is during the winter when the Columbia is

65confined nearshore and directed northward; razor clam uptake of Zn

is high at this time. At other times the Columbia plume is directed
of f s ho re.

Except in well-mixed estuaries, net flow landward along the bottom

will occur, balancing the outflow in the surface layers by advect'ion and

entrainment of saline waters into the fresher surface layer. Offshore

waters at depth will move inshore towards an estuary  the dynamics of

this situation are different than these due to wind-related coastal

upwelling! as has been demonstrated experimentally on the west coast

for the Columbia River and San Francisco Bay; it appears to be a
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reasonable assumpti on for Cook Inl et waters. Coinci dent wi th thi s

net shoreward movement are pollution problems associated with offshore

dumping and barge disposal  see Gal laway, 1970!,
Tamai et al, �969! exhibited the variation of salinity concentration

in the Pacific Ocean resulting from the jet act~on of the Columbia

during the spring and summer as a plot of ratios of seawate~, jet axis,
and river mouth salinities versus the dimensionless ratio of axis distance

 x! divided by the width of the river mouth  Do!. These data are plotted

in Figure 17 as is the relation found by Jen et al. �966! for comparison.

The latter was derived from laboratory experiments to determine the

characteristics of a warm water jet discharged horizontally into

initially resting deep water; Do was 0.036 feet.

Pak et al. �970! have presented data on light-scattering measurements

in the Columbia River plume  Do = 2 n. miles! and were able to trace

the plume for 200 km; they deduced that the scatterers were contai ned

in the plume water for at least 30 days . Their data are also plotted on

the figure.

The salinity distribution along the south coast of Alaska and

Shelikof Island  Do = 30 n. miles! and the Aleutian Island chain was

calculated in a like manner and is shown in the figure for the summer

of 1957  Callaway, 1963! and 1958  Dodimead et al., 1963!. Average

combi ned ri ver flow of the Susitna River and from Kni k Arm in Cook Inlet

are reported  wagner et al., N.D.! as about 52,800; 102,000; 124,000;

and 111,000 cfs during Nay, June, July, and August, respectively.

The June through August values are in the range of low Columbia River

flows.
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The slopes of the four cases are somewhat similar. The ratio in

the ordinate does not begin to fall off for the Aleutians until x is

about equal to lp Do, unlike the Columbia, suggesting less horizontal

and/or vertical entrainment with distance from the orifice. Since the

coast and islands prevent entrainment of less saline waters to the

north and since current direction south of the chain is into Bristol

Bay, entrainment will be less than that of a plume directed into the

ocean  as for the Columbia! where it can occur on both sides of the

plume.

Less dramatic effects will be exhibited by estuaries fed by smaller

river systems; however, it should be clear from the above brief

discussion that the estuary and ocean are interacting systems with the

potential to affect each other in adverse as well as beneficial ways.

The upwel'ling model given for Grays Harbor provides one example of the

oceans affect on the estuary.
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DISCUSSION

A rather broad view of models has been presented with emphasis

on the physical processes in estuaries. Of course, the rea'1 problems

concern ecology and the effect of pollutants and natural substances on

animal 'and plant comnuni ties.

Some examples of model use have been given ranging from a slide

rule approximation of flushing to a time varying digital computer

so'1ution of an estuary-river system. Applications to Pacific Northwest

estuaries serve to point out the usefulness of steady-state ways of

looking at things while anticipating full scale, at least Z-dimensional,
simulation of our rather smaIl but high'Iy complex systems. The main

waters of Puget Sound have been avoided in this discussion for lack of

actual computational examples rather than to suggest that they are

uninteresting or unimportant. The Sound is anything but that; hopefully
i t is not a setting awaiting its overdue succession of disasters.

Visions of one large, uncoordinated, city subdivided into an array of

poli ti ca 1 fi e fdoms s preadi ng from Olympi a to Canada occur.

Pollution problems are difficult to solve. The more we learn

about what were once thought to be rather straightforward relationships
the more mysteries we uncover. If the problems relating to our

estuaries are to be solved in a short time span then recourse will

necessarily have to be made to models of some sort. As before, the

complexity of a model has no real bounds; we must utilize the simplest,

largest scale, model possible to attack existing problems rather than

devoting too much attention to a virtually limitless collection of

microcosmic structures. Information exchange among practicing engineers
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actually using models or requiring them to make management decisions

and theoretical and applied engineers and scientists is a necessity

if we are to continuously narrow the gap between overly simplified

models  what is practical! and those of the forefront variety  what

is possible!.
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ABSTRACT

The use of mathematical models in a study of estuarine benthal systems
is discussed The mechanisms within the benthal systems which result in
a reduction of dissolved oxygen and a release of free sulfides are discussed.
A mathematical model which describes the relationships between soluble organics.
1nsoluble organics, sulfates, dissolved oxygen, and free sulfides within
the deposits and overlying waters is presented.
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INTRODUCTION

Aquatic ecosystems contain a wide variety of species. This

diversity of species has been considered to be of great ecological
importance, particularly in maintaining the stability of the eco-

system. Similar species compete for similar resources such as food,

space and light. There is a tendency for the more efficient species

to eliminate from the system the less efficient species  I!. Because

a high species diversity is desirable, a question that should be

asked with reference to water resource management is, "what are the

environmental conditions which allow competitor species to coexist

and how can these conditions be preserved'P".
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Environmental variations, both in time �! �! �! and space

�! �! are factors which can contribute to the coexistence of com-

petitors within a given ecosystem. Reduction of natural environmental

variations can thus contribute to the reduction of species diversity,

Consider a cross section of a typical estuary as shown in

Figure l. The estuary has been divided by the vertical solid line

into two general sections: the main channel section  left side! and

the tidal flat section  right side!. These two sections have been

further subdivided into four general regions. Regions A and A'

consist of the main water bodies of each section. Regions B and 8'

are the water regions which extend several centimeters above the

bottom. Vertical mixing in these regions is low and thus the chemical

properties of regions 8 and B' are often quite different from the

chemical properties of regions A and A'. Thc upper interstitial

waters of the bottoms  waters containing dissolved oxygen! comprise

regions C and C'. Deeper interstitial waters, lacking dissolved

oxygen, make up regions D and D'.

Though varying in relative size, each of these eight general

regions is of great ecological importance. Organisms which persist

in one particular region would likely not survive in the remaining

regions. L'nvironmcntal conditions and variations with time are

different for each of these regions. These differences are impor-

tant as they contribute to the overall species diversity.  There

are additional important variations within each of the defined

regions, of course!. Despite the ecological importance of all of
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Figure 1, � Different Regions Within a Cross-section of
a Vertically Well Mixed Estuary

these regions, water quality standards are written primarily for

region A. Water quality monitoring by regulatory agencies is done

almost exclusively in region A. Most research of water quality is

concerned with region A. Most mathematical models involve only

region A and occasionally region A'.

It is the purpose of this paper to discuss several aspects

of the less frequently studied regions of estuarine ecosystems.

Particular emphasis will be given to the role mathematical models

have played in a current research project being conducted at Oregon

State University. This paper will seek to not only present results

of past observations, but, will attempt to give some insight as to

the future directions of this study. Before proceeding to discuss

observations of this research, however, the views from which the

observations were taken will be discussed,
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OETAIL AND VERSPl<Ci'IVE

pears to be organized into an iritcrgratcdThe real worl appears

series of organi ational structures.s. Orr an extremel l siira 1 1 sc;i 1 e,

atoms are organized to form molecul s.ules. On a large scale, Lhc pla»cts

Larg<. riuriibe rs ofand sun are organized to form the solar system.

intermediate structures, some obvious an<an J some not., a 1 < ' 0 f coll i. Sc

present. The dc in itio is od.f ' ' of different structures and thc dis;igree-

Rather, thc pointd.merits of these defi»iti<ins will not be pursue

to be made is t. urt;r g ivcn sI; t ; <' . n structure or eritity is both made up ot

comporrents a»J i> also a component oft of a iiigher' structure.

ln order to unJerst,ind the natural world, man has foui'13 it

necessary to group what appear to be natirral structures into larger

groupings. As an example of a functiolial groui!ing, iri J i vidual

organisms with si;iii I ar fiinctioiis iiave been ~ i'oupe<l into t'roiihi c

levels. Tiii s grouping I<as enabled man to study' tire re 1;it r.onshi ps

between I;irgc grouiis of organ isrirs. Sucii a grouping thu.. enables orie

t.o "a L <i pcrspeet ivc, vet because of this I;ii ger nroup i rig, oii: 1 posesO

detail, This same real world systems may be stud>ed at finer Ie<<.ls

of resolution, That is, smaller groupirlgs may be employed . As an

example, indi<,idual organisms <<ray be grouped into species. Such

groupings >er'mit orie to gain detai I, yet, because of the larger

numbers of groups, one noi< has great Jifficultv in obtaining per-

speiti; e. '!'hus, the same real world systems may bc studied at dif-

ferent levels of organization  that is, di ffcrent levels of resolution;

Jiffcrent Jegrees of groupirrgl . A fine rcsol«t ion leads to 'i g iin

iri detail with a sacri fr ce ot perspect. ivc while a low r<. soliit i on

leads to a gain in perspective with a sacrifice in detail
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Once a given inve st igator has defined what. he feels to be the

most important components of the particular real world system being

studied, he then seeks to define the relationships between these

component s . I n th is manner, he hopes to form a conceptua I mode 1

that will describe, within acceptable limits, specific real world

phenomena by a logical arrangement of general, simple, and acceptable

concepts

Investigators of different professional background, both studying

the same real world system, often form models of different levels

of organization, Thus, for, a microbiologist, a level of resolution

sufficiently fine to describe the numerous and different types of

bacteria i s essential . For an engineer or ecologist, most of these

bacteria, as well as certain other organisms, can be grouped into a

single category of "decomposers". The microbiologist argues that the

larger grouping of "dccomposers" omits detail whi ch is essential to

understanding the system. The ecologist and engineer, however, argue

that if one divides the "decomposer" component into separate components

for each species, or possibly for each individual organism, the number

of components will be so large that it will be impossible to define

the relationships between the components. In a sense, both arguments

are correct for the increase in detail is gained by a loss in perspective

while a gain in perspective results from a sacrifice in detail. Whi Ie

such different professions often appear to be separated by the tra-

ditional levels of organization used by each in viewing the real world,

their views and observations should compliment each other and provide

a means of understanding both det.ai I and pers ective.*
*Authors Note: Some xn ormatxon may requ>re ot dctai I an perspect tve

simultaneously. Such in forniat i on may be essert . 'a 1 1 I anat ~ . i nab 1 c,
this time, however, the rather philosoph i ca I q c'est ion ot "'c I ":,i ' i l
uncertainty" will not be pursued,



The research project upon which this paper is based, from the

start, has studied benthal systems  loosely defined structures having,

however, some unique characteristics! from two general views  i.e.

at two general levels of organizations.! Related component parts which

make up benthal systems were studied. In addition, larger estuarine

systems, of which the benthal systems are components, were also studied.

Feedback occurred between the results gained from the different

views; that is, results gained at one level of organization influenced

the direction of work done at the other level of organization As

an example, the percent of fine particles within the benthal deposits

appear to be important, This result came from investigating the com-

ponents of benthal systems within tidal flat regions  fine level of

resolution!. A wide range of man's activities might lead to a significant

increase in the percent of silts and clays. These activities may be

studied at lower levels of resolution; by studying the estuarine-river

system, Upstream dams tend to hold back larger particles while suspended

particles  colloidaL and near colloidal! can proceed downstream. A

large portion of these particles may then flocculate and settle out in

the more saline estuarine waters.

Dredging operations tend to suspend large amounts of bottom materials.

The larger particles settle quickly and are thus eventually picked up

by the dredge, Often, currents at the lower depths within estuaries

have a net velocity in the landward direction. Thus, dam's and dredging

may contribute to along term increase in the percent of fine material

within benthal deposits. A study of the larger river-estuary system

would be needed to investigate the extent of this possible increase in

fines Thus, a study conducted at a fine level of resolution  henthal

system! is now leading to questions that. must be answered by a study at

a lower level of resolution  river-estuarine system!.
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The remainder of this paper will emphasize benthal systems

 particularly those in tidal flat regions!. It must be recognized,
however, that the behavior of benthal systems depends not only on
the relationship of their sub-systems but also on the relationship
of the benthal systems within the larger estuarine systems.

MATHEMATICAL MOOELS

Conceptual models often lead to the development of mathematical

models. Such use of mathematics results in two benefits.

First, mathematics is a precise language and thus it forces

an investigator to precisely state the basic concepts of the model.

Second, having defined the concepts in the precise language

of mathematics, one can manipulate the symbols by following a pre-

cisely defined set of rules, Such manipulation of symbol s is a

logical manipulation of the concepts expressed by the symbols. Thus,

one may interact concepts to form new concepts.

The difficulty in the use of mathematical models most often

arises when the symbols of the mathematical model are translated

back to concepts. In order for such concepts to be reasonable and

justified, the translator must be cognizant of the assumptions

which had been made in translating the original concepts into the

mathematical language.

The worth of a mathematical model, of course, depends on the

worth of the concepts upon which the model was built. The worth

of these original concepts, as well as the worth of the translation

of the mathematical symbols into new concepts, rests on real world

observations and the understanding of these observations. That is>

mathematical models and experimental observations compliment each
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other. As an example, the oxygen demand of benthal deposits, par-

ticularly within tidal flat regions, was recognized in this study

from the start as an important consideration. First, lalaboratory

studies were made to study the benthal uptake �!. iVext, a simple

mathematical model was developed. From this model, an in situ

benthal respirometer was designed, built and run.un. The results

from the in situ benthal oxygen uptake rate studies appeared to be

affected by leakage from the respirometer, A mathematical model of

the respirometer system was developed and, from that model, coi rection

for the leakage was made  8!. The corrected benthal oxygen uptake

rates were then studied. The mathematical model results indicated

that the experimenta.l results could only be explained if a substantial

portion of the measured oxygen uptake rate was due to the release

of a material which was oxidized rather quickly  half life of several

hours or less!. Both of these processes suggested that a large

portion of the benthal uptake  not including benthal plant respiration!

was due to a quickly oxidizing material; the material being oxidized

either within the aerobic region of the deposit or within the overlying

water. The literature suggested that free sulfides might be such

materials. Because free sulfides  particularly hydrogen sulfide!

are quite toxic, their presence within the water might often be of

greater significance than the low DO values which result, in part,

from the oxidation of the free sulfides, It was genera.lly felt at

the time, however, that the rapid rate at which free sulfides are

oxidized in estuarine waters would prevent their presence in waters

containing measurable UO. Thus, it was felt that the free sulfides

which were released from the anaerobic regions of the deposit would

normally be completely  or near completely! oxidized within the



aerobic zone of the deposits. The literature also appeared to reflect

this notion . A mathematical model of the aerobic zone of the deposits
was developed  9!. This model included the downward diffusion of DQ,
the upward diffusion of free sulfides and the reaction between the two.
The model results indicated that under certain conditions, the free
sulfide concentrations would likely be significant. Experimental
methods were then developed and significant concentrations of free
sulfides were measured in certain areas  9!. Field studies and an
exhaustive literature review then led to the following qualitative
description of what appears at this time to be the important processes
leading to both the oxygen uptake and the release of free sulfides
 9!  l0! .

QUALITATIVE DESCRIPTIOiV OF BENTHAL SYSTEM

The sulfur cycle has been described in some form in nearly
every textbook on ecology. Its importance in benthal ecosystems

has been stressed �1!�2!, yet, it has often received only super-
ficial attention. Significant processes which occur within benthal

systems are illustrated in figure 2. In Figure 2, the overlying

water has not been divided into the two regions shown in Figure l.

This omission was done for simplicity and thus the significance of
these two regions should not be overlooked.

Various sulfur compounds occur within the water column overlying

benthal deposits. In most brackish water which is oxygenated, these

are usually in an oxidized state, with sulfates being the most abun-

dant. Those sulfur species which are soluble may diffuse across the

sediment-water interface and enter the sediments. Within the water

and upper aerobic layer of the deposits, inorganic sulfur compounds
JO7



may be utilized by sulfur oxidizing bacteria, such as those belonging

to the genus Thiobacillus, which produce sulfates.

Hydrogen sulfide occurs in aqueous solution as part o t pHf he

dependent system

HS~HS +S
2

At a pH of approximately 6.5-7, free sulfides are equally divided

between H S and HS with 5 being negligible. In the following dis-
2

cussion, all components of equation �! will be referred to as ' free

sulfide'. Free sulfide orginates within the anaerobic layer where

it is primarily produced by heterotrophic sulfate reducing bacteria

which utilize the sulfates as hydrogen acceptors �2! . The sulfates

diffuse downward from the overlying water. When sulfates are avail-

able, biological stabilization will likely occur through sulfate

reduction rather than through methane Fer~entation �3!.

Free sulfides may also be produced during anaerobic putrefaction

of sulfur containing amino acids, but this process is felt to be of

lesser importance in the marine environment �1!�4!. The fate of

the free sulfides thus produced will depend upon the physical and

chemical characteristics of the deposits, If sufficient amounts of

metal ions, such as iron, are present, the sulfide will form insoluble

precipitates. If removal of these insoluble sulfur compounds does not

take place, either by resolubilizing or through transport out of the

area, the levels of total sulFide, which include free, soluble, and

insoluble forms, may reach significant proportions in the sediments.
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If the rate of sulfide production exceeds the rate at which

can be converted to nondiffusible forms, such as ferrous sulfide or

insoluble sulfur, it may diffuse upward into the aerobic region e~d
possibly into the water column. Here it will be oxidized to sulfite,
sulfate, thiosulfate, or insoluble sulfur �4!  IS!  I6! .

The chemical reaction of sulfides with oxygen in aqueous solutions
has been studied by many investigators. Half lives of free sulfides

ranging from IS minutes to 70 hours have been reported �4!�S! �6'

�7!�8!�9!. Several studies have described the oxidation of fre.

sulfides to occur by a second order reaction �4! IS! l6!, however .

such a description is a simplification of an extremely complex s' -tern

�6!. Studies done in sea water have indicated that pH, temperature,
dissolved oxygen concentration and free sulfide concentration are ~l'

factors affecting the rate of oxidation �4!  IS!. The oxidation of

free sulfides is catalized by the presence of metallic ions such as

Ni, Mn, Fe, Ca, and Mg and is accelerated by some organic substance.

such as formaldehyde, phenols, and urea �6! . These results sugges~

that oxidation of free sulfides in estuarine water may be more rapid

than in distilled water due to the presence of such catalysts. During

the past year, several experiments were conducted to investigate the

rate of sulfide oxidation using aged, 0,2 micron-filtered sea water

 salinity of 33 parts per thousand and initial pH at 8.2!. Sulfide

was measured with a sulfide membrane electrode on samples withdrawn

from the system and fixed with a sulfide antioxidant buffer solution.

While results varied with initial concentrations of oxygen and sulfide,



half lives ranged from 10 minutes to one hour. These lcm>ted

resu ts are inlt are in fair agreement with other studies done in sca water

in which half lives in the range of approximatelv l5-25 minutes were

reported �4! l5! �9! .

If the aerobic layer of the sediment is thin enough to a]low

light to penetrate to the anaerobic zone, photosynthetic purple

green sulfur bacteria may utilize the sulfides, producing free sulfu~

as a by-product. This often occurs below a layer of benthic algae

and xs possibly due to the lower compensation point for photoreductxon,

and to the ability of the photosynthetic bacteria to utilize longer

wavelength light than the algae �1!�0!. At one study site, a light

purple color, believed to be caused by the presence of purple sulfur

bacteria, was noticable on portions of the mud surface and immediately

below mats of benthic blue-green algae which covered large portions

of the site, The purple growth was identified as belonging to the

purple sulfur bacteria, but as yet has not been classified as to genus.

The dissolved oxygen within the water overlying the deposits

may originate from reaeration and photosynthesis. In tidal flat

regions, wind and wave action will have a major influence on the air-

water transfer of dissolved oxygen. This transfer may occur either

into or out of the water, depending upon the relative partial pressures

of oxygen on each side of the interface.

During daylight. hours, oxygen is produced photosynthetically

by planktonic and benthal green plants through photolysis of the water

molecule. The extent of photosynthesis depends on light, nutrients

temperature, and standing crop. Photosynthesis results in the
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production of organic material which may accumulate in the upper

regions of the deposit During the night hours, photosynthesis ceases,
but respiration continues, resulting in a nocturnal decrease of DO.

Diel DO variations between 14 mg/L and 6 mg/L are not uncommon within
tidal flat regions.

The high reaction rate between free sulfides and dissolved oxygen
in estuarine waters has contributed to the general assumption that

free sulfides released from the anaerobic layers of the deposit will

be essentially completely oxidized within the aerobic 1 ayer of the de-

posit. Significant concentrations of free sulfides within waters

containing normal dissolved oxygen concentrations has been generally

considered as a transient condition due to dredging, scour, or other

similar major benthal disruptions. In general, the continued presence

of significant concentrations of free sulfides in waters containing

dissolved oxygen has been considered improbable. Because of the

relatively high toxicity of free sulfides, principally H S, the presence

of free sulfides might often be a more serious water quality problem

than the lower DO values resulting from the oxidatio~ of the sulfides

�1! .

Under certain conditions, free sulfide concentrations within

tidal flat waters were measured at concentrations of approximately

I mg/1 even within waters containing 4 mg/I or more of dissolved

oxygen  9!. These levels of free sulfides will most likely be quite

harmful to many desirable species �1!�1! . The presence of silt

and clay particles, large amounts of organics within the deposits,
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Figure 2, � Diagram of Estuarine Benthal System.
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shallow water depths, available sulfates, low dissolved oxygen

concentrations, poor drainage and low water velocities all appear

to contribute to higher concentrations of free sulfide» within the

overlying waters.

is intended that continued research employing a feedback

between experimental and mathematical model results will better

define the extent and significance of free sulfide release and the

conditions contributing to this release.



GENERAL BENTHAL DEPOSIT hIODEL

General

In this section, a model is developed which more closely desf:

the processes illustrated in Figure 2 than did previous models. S

principal assumptions used in the model are listed below.

1. The model will be one-dimensionaL; considering only
variations in the vertical direction.

2, The model will assume an equilibrium between sorbed
and non sorbed materials.

3. The model will assume an initial distribution of
organics and no addition of total organics will be
included. The addition of organics through settling
primary production and other sources will later be
included as an expansion of the model,

4. It vill be assumed that adapted microorganisms are
available to carry out biological reactions. In
addition, substances which effect biochemical reacti
but are not included within the model are assumed to
have a constant influence.

5. As in all models, many different substances will be
grouped into large catagories. As an example, solub
organics will be grouped into two catagories  degrade
and nondegradable! . If necessary, these groupings m'
be further broken down.

b. Several additional assumptions can be observed by
inspection of the model. Because of assumptions 2
and 4, the model will better describe slow, long terrr
variations than sudden, short term, variations.

General Notation

The following general notation will be utilized.

l. G proceeding a second symbol will signify a rate chan
per unit volume of water, The second symbol, followi
the G, will define the substance changing.
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R will signify a maximum rate for a particular reaction,
assuming no limiting materials and no inhibition. Sub-
scr jpt s on R will def ine the part icu 1 ar react ion.

3, The star superscript  *! wi ll signi fy a coefficient
pertaining to an aerobic reaction.

New specific notation will be defined as the model is developed.

Organic material wi ll be quantified by the COD through a different
measury may later be needed due to measurement difficulties,

General Descri tion of Soluble Materials

Consider a vertical section of deposit and overlying water of

horizontal area A, Positive depth z, is measured from the water

surface downward. Taking a mass balance on a slice of depth dz

within the deposit leads to

F. � F + n bs'!Adz'!
at i 0

in which n is the fraction of the deposit filled with water, S' is

the concentration of a. soluble substance, F. is the total flux of
1

this substance into the slice, F is the flux of the substance out
0

of the slice and  GS'! is the sum of the addition and removal rates

Pei unit volume of water of S' within the slice.

The flux of S' due to advection and dispersion is taken as

F = � D Am � + UAms
as'

s' az
�!
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» which D , is the vertica.l dispersion coefficient for S', U is the

vertical velocity  positive downward! and m is the fraction of A

op« « diffusion and convection. Let



F =F, +~dz3F
0 1 z �!

Substituting equations �! and �! into equation �! leads to

a  S > a D, A aS'yaz> V UAmS >
+ n GS'!A �!

as' I a D-  as'! az! 3 U S'!  Gs
Bt n Bz Bx �!

which is taken as the general equation for a soluble material within

the vertical slice. Equation �! can be used within both the deposit
and the overlying water. In the overlying water n and m will equal

unity, while both will have lower values  approximately 0.4! within

the deposit. In addition, 0, will be substantially greater within

the overlying water.

General Equation for Insoluble Materials

For the present, no insoluble materials will be included in the

overlying water. Thus, following a similar mass balance as above,

one obtains the general equation for insoluble materials shown below.

 GI '!

in which I' is the concentration of the insoluble materia1s and

 GI'! is the sum of the sources and sinks of insoluble materials at

a particular depth.
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i'romoters and  nhib! tors

Th<. primary di if<.'<onces between the various substa»ces i»c lu<ied

i» the m,<ss i>alance wi 1 1 he expressed i.n thc ter;<!s   !S ' i

i! i t  ere»ces i n !! . may also hc expect ed p'<rticu !arly»hen <l i sped sio»

is reduced to molecular ditfusio»,

Re»etio» rates which determine   'S '! and  CT ' !» i 1 1 be deter!» jned

I>y the co»contr;<tions of two types of substances; substances which

i>romote the re;<ct ion and substances which inhibit or retard the re-

'<ct <o»,

As a» exam!>le, l� would promote aerobic biological reactions

;<nd inh!.bit anaerohi c. biological reactions, Let p be thc concentration

oi-' a substance which promotes the reaction while I is the concentration

of;< substance which inhibits or retards the reaction.

Considering a unit volumie of water, biological reaction promotion

wi l l be expressed b> the common iiichaelis-.~!ention equation sho»in below

 i = k

p

1» which  i is a g i vcn react i on rate per unit vol u>ne of' water, R i s

thc maximum reaction rate which occurs when i> is large, and K is the
p

conce»trat ion of i' when C equals one ha] f R, assuming no other pro-

!<!ot ers or i nhib i.tors r<. duce the reaction rate. A star  *! superscript

»'ill Jcno'e K v <lucs applicable to aerobic reactions. !<'hcn multiple

l>romoters occur oquati on  N! wi 11 be expanded to

P K + P
p
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Vror!oters will generally classified into substrates and hydrogen
acccptors.

Inhibition of a biological reaction will presently be expressed
by the equation

G = R I I

I I+ I  l0!

tnsoluhl~eOr @nice

The source and sink term for insoluble organics is given by

GIO GI 0! 1  GIO!

i.n «'hich  GIO! I s the aerobic breakdown rate of insoluble organics
I

and  GIO! is the anaerobic breakdown rate of insoluble organics.2

Fhe fol lowing equations «ill be applied.

F*+ S

 :"!

b*IO 0

I IO K* + b* IO K + 0
IO 0

�2!

bio GIO!� = R . bIO
10

0
1

F ~ 0
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in which F is the concentration of I at which the reaction is re-I

duced by one half. The sharpness of the inhibitor effect can be

adjusted by raising I and F to higher powers. In the following

prese»tation of equations, higher powers will not be shown. That is,

equation �0! wI.ll be used as shown for the sake of simplicity. It

is anticipated that a better rncthod of including the effect of in-

hibitors «'ill be developed as the system is better understood . For

the present, however, equation �0!, «ith higher powers of I and F

used as needed, will serve to describe the inhibitor effects.



in which 0 is the concentration of dissolved oxygen, S is the concen-

tration of free sulfides, IO is the concentration of insoluble organics

and b is the fraction of the insoluble COD that can be broken down.

The source and sink term for soluble organics is given by

 GSO! = f  GIO! + f*  G IO!

 GSO!
I

 GSO! 2

 GSO!

�3!

in which f is the fraction of the biodegradable COD remaining after

the conversion of insoluble to soluble, SO is the concentration of

soluble organics,  GSO!l is the breakground rate of SO per unit volume

of water due to aerobi c decomposition,  GSO! is the breakdown rate
2

of SO due to sul fate reduction and  GSO! is the breakdown rate of
3

SO due to other anaerobic processes.

The following equations will be applied

SO

SO K + SO K + 0 j F* + S
SO 0 S

S
F' +S

S

SO 'SUL 0
SO K + SO K V + SVL F + 0

SO 0 S
SO K 0 + SO F + 0 F + S

 GSO!

 GSO!

 I4!
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In which R' denotes the maximum rate of SO removal per unit volume
of water due to sulfate reduction while R applies to all other

SOanaerobic processes. SUL is the concentration of sulfates  SO !
4and F, describes the inhibition of S on sulfate reduction,

Sulfates

The reaction of sulfates is given by

 GSUL! = � Y  GSO!
SUL 2

Sulfides

Let

 GS! = Y  GSO! + Y'  GSO!S 2 S 3
�  GS! I

 GS!

 GS! 3
�6!

in which YS is the mass of sulfides released per mass oF COD removed
through sulFate reduction, Y'S is the mass of sulfide released per
mass of COD removed anaerobically  non sulfate reduction!, resulting
from the sulfur within the organic materials  putrification!  GS!

Iis the loss rate of sulfides  S! per unit volume of water due to
the chemical reaction with DO,  GS
 is the removal rate of S due

I19

in which YSVL is the mass of sulfate utilized per mass of COD oxidized
by sulfate reduction. It is assumed that the source of SVL resulting
from the biological and chemical oxidation of sulfides can be ignored
when compared to the dispersion of SUL downward.



to the anaerob i c photos> tiiet i c sulfur bac ter i a and  GS! > ' s the

removal rate of S due to the aerobic autotrophic bacteria.

'I'he following equations wi.ll be applied

 GS! = I-i�!  S!

S L 0
S K + S K + [. F +0

S L 0

S 0
3 S K +S K +0

S 0

�7!

Lct

 GO! = -  I-f!  GIO!
1

 GSO!
1

Y,  GS!
OS 1

Y. IGS!
SO 3

�8!

i ii willi ch Y . i » the riiass of 0 utilized per unit mass of S chemi callyOS

oxidi zed, aiid Y, i» t!ie iaass of 0 utilized per unit mass of SSO

oxid i:ed by;ierobic sul fur I!acteria. It is assumed that the GOD

1os» iii tiie an;it rohic solubilization would result in an insignificant
loss of 0.
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in which Ii is the second order coefficient for thc chemical oxidation

of S and L is the light intensity.



Comb in ed 8 uat. i ons

Equations �! through �8! combine to form a model of an

estuarine benthal system. All of these equations may be included

botii witjiin the interstitial water and within the overlying water,

Interstitial and overlying water differ principally by the values

of D, n, arid m. The lower boundary will likely be relective,

while the upper boundary condition at the water surface wi11 be

relective except for gases which transfer between the water and the

atmosphere.

The model serves to quantitively express concepts concerning

the processes that occur within an estuarine benthal system. The

limitations of the concepts of course are riot removed when these

concepts are put in mathematical form, Thus, proper use of the

model involves a cont inual evaluation of its limitations, The model,

hopefully, wi11 permit one to develop new concepts which arise by

the interaction of the basic concepts from which the model was built.

Sensitivity studies with the model will eventually serve to estimate

which factors have the greatest influence on behavior of the benthal

system. The model can thus indicate where experimental effort might

most profitably be exerted. Ultimately, it is anticipated that the

model «'ill serve to describe  through probably not to a high degree

of accuracy! the benthal response to a given environmental change,

be it man-made or natural.

Finite-difference procedures �2! will be used to obtain ap-

proximations to the solutions of equations �! through �8!, At the
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present date t e cornd, th complete model has not been programmed though

portions o t e mf the model have . Currently, experiments are being co

ducted to better define the processes expressed within

particular attention is being devoted to reactions  GIO!  CSO!1'

 t'M!, .nd   '~! . As a result of model, laboratory and3' ' 1'

experiments. the model will likely change as the bentha] syst

tter understood. In particu lar, micronutrients may play a ' f

role in controlling> biological reactions, As an example, 1 ck of

iron within the depths of the deposit may decrease sulfate reduction.

1 f t his i s found to be significant, inclusion of iron within the

model may be necessary. In addition, certain soluble organics may

not he directly av«ilable to the sulfate reducing bacteria. Conversion

of these organics to more available forms may be necessary. At present,

it does not «ppear advisable to further divide the organics into two

or more soluble components though this possibility will be considered

more experimental results become available. In the model~s present

form~cert«f» coxiplex soluble organics which are not available to the

su 1 f ate rednc ing b«cteri.a may be included within the insoluble organics

component.
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SUMMAR Y

The use of mathematical models in conjunction with field and

laboratory experiments for thc study of estuarine benthal systems

was discussed. The importance of dissolved oxygen and free sulfides

was stressed. A mathematical model which includes important aspects

of the benthal system was presented, It is intended that use of

this model along with field and laboratory studies wi ll lead to a

better understanding of the estuarine benthal system and in particular,

the influence of man's activities on this system,
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Remote Sensing Acquisition of

Tracer Dye and Infrared Imagery

Information and Interpretation for

Industrial Discharge Management
by

J. R. Eliason, D. G. Daniels, and H. P. Foote

Pacific Northwest Laboratories

A Division of Battelle Memorial Institute

P. Q. Box 999

Richland, Washington 99352

ABSTRACT

Techniques have been developed at Battelle-Northwest to predict de-

tailed patterns of waste movement. in surface water by digital modeling

techniques utilizing data collected from an aerial platform. Data is

collected from a light ai,rcraft flying at speeds greater than 100 miles

per hour, Systems have been developed to conduct tracer dye tests with

a sensitivity to ~1 pph and to map temperature patterns with 0.5'C accu-
racy. Techniques for computer reduction of the data collected have been

developed, Data collected with the aerial imaging system is presently

being utilized for computer model verification and input. Output from the

models is in the form of isoconcentration or isothermal plots o«he po lu

tant distribution with time in the water body. This information is in-

valuable for assessing the environmental impact of wastewater discharges

and for providing data needed for industrial plant siting-
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INTRODUCTION

Innumerable tracer and thermal studies of surface waters

have been conducted to determine the dynamic parameters of

water bodies. These studies in the past have relied primarily

on contact sampling devices and aerial photography for quan-

titative and qualitative evaluation of the tests. In areas

where rapid dynamic changes within the water body are taking

place, it has been impractical to attempt to obtain enough

measurements during a single test to quantitatively def ine

the system characteristics. Remote sensing systems developed

over thc past several years are now able to provide the

coverage necessary to conduc detailed studies of these

dynamic changes which must be considered in evaluation of



an industrial site. Limitations on discharge of industrial

wastes into surface water bodies of all types are now being

imposed by state and federal regulations which may be

severely limiting because of lack of ability to accurately

predict the impact of waste discharges on the environment.

Advanced remote sensing systems developed by Battelle-

Northwest are now capable of providing information on diffu-

sion and dispersion of tracer dyes and accurate measurements

of thermal patterns which are valuable input for evaluating

existing industrial waste discharges and proposed industrial

sites. This type of information will provide a sound basis

for evaluating the effects of existing sites and will pro-

vide invaluable data needed to evaluate the impact of pro-

posed sites.

Remote sensing systems used to collect data are mounted

in a Cessna 206 aircraft. These systems include a dual

channel optical mechanical imaging system operating in the

visible spectrum for collection of tracer dye data, a single

channel optical mechanical imaging system operating in the

far infrared spectrum for collecting two-dimensional surface

thermal data and an infrared radiometer operating in the far

infrared spectrum for collecting radiometric temperature

traverses. Data from these systems is recorded on a wide

band magnetic tape recording unit for subsequent computer

analysis. A block diagram of the aircraft and data analysis

systems is shown in Figure l. Output can be obtained as

isothermal or isoconcentration plots produced directly by
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the computer or the data can be output on digital tape,

paper tape, or computer cards for subsequent computer

analysis.

Subsequent analysis of the above described data yields

input which is necessary for computer simulation of the

temperature or concentration fields that would exist in the

vicinity of an industrial effluent discharge. From the

remotely sensed dye concentration data, lateral and longi-

tudinal eddy diffusivities are calculated. A computer pro-

gram has been written to solve the equations of motion in

simplified form and output from this program is the predicted

current velocity field in the vicinity of the pla~t effluent

discharge outside the turbulent mixing zone caused by momen-

tum and buoyancy of the effluent jet. Dye velocity measure-

ments, taken during dye studies, are compared with the

predicted velocity field for verification.

Within the turbulent mixing zone due to the momentum

and buoyancy of the effluent jet, a separate jet model is

used to predict the temperature or concentration and velocity

fields. These temperatures or concentrations and velocities

are used as boundary conditions in the simplified equations

of motion and in the water transport model. Final outpu

is in the form of predicted isothermal or isoconcentration

plots that can be used for advanced planning and determina-

tion of the effects of the industrial discharge on the envi-

ronment. Also temperature or concentration surfaces can be

projected on oaper for qualitative evaluation.
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REMOTE SENSING INSTRUMENT S YSTEMS

Remote sensing systems developed by Battelle-Northwest

are now capable of providing data on dif fusion and disper-

sion of tracer dyes and accurate measurements of thermal

patterns. The basic data collection system is an optical

mechanical scanner which is operated from a light aircraft.

Data is recorded directly on magnetic tape which can be

input to a computer system for analysis. Output can be

obtained as isothermal or isoconcentration plots produced

directly by the computer or the data can be output on digi-

tal tape, paper tape, or computer cards for subsequent

computer ana lys is .

The optical mechanical imaging systems scan an area

normal to the aircraft flight path and 45 and 60 degrees

either side of nadir. Figure 2 shows a typical scanner

sweep path and the instantaneous field of view of the scan-

ner, i.llustrating the relationship of the scanning system

to the ground. Figure 3 shows a generalized diagram of

an optical mechanical imaging system. his system consists

of several basic units. The control and recording unit

consists of a magnetic tape recorder section that records

the signal  and other synchronizing pulses! generated in

the systems. The system monitor and control section displays

the signal on an oscilloscope for visual monitoring purposes.

The intensity-modulated film recorder section uses the signal

to modulate the intensity of an oscilloscope that sequenti-

ally scans and produces an image of the surface on film with
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the position on the f ilm correspond.ing to the scanner 's

position on the surface. The radiation conversion unit
consists of a detector  photomultiplier or infrared detector!

that responds to the radiation  fluorescence or radiant,

energy! to produce a signal that varies in amplitude with
variations in the radiation intensity, and a pre-amplifier

which amplifies the output of the detector. The scanning

unit consists of a rotating mirror system that scans a

segment of the surface normal to the flight path, and an
optics system that collects and focuses the incoming radia-

tion on the detector.

The dye tracer system and the infrared. thermal system

are passive systems which collect the electromagnetic radia-
tion emitted by the fluorescent dye due to solar pumping

and the long wavelength electromagnetic energy emitted by

objects due to their temperature. The basic scanner is
used in both systems with the dye system utilizing photo-

multipliers for the detectors and the thermal system having

a photoconductive long wavelength detector sensitive to 8
to 14 rr infrared radiation  mercury cadmium telluride! .

Optical mechanical imaging systems normally have a

nonlinear ground scanning rate due to the scanner rotating

at a constant angular rate. The relationship of the alti-

tude to the distance from the center line of the scan is

D = h Tan 9, where 3 is the distance from the center line

and h is the altitude  Figure 2!. The output plots produced

by the computer system are rectified to account for this
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factor. General radiation intensity patterns are not changed,

but the removal of the distortion allows overlays to be made

for direct comparison to maps of the study area which aids

in interpretation of the data.

The systems are being flown in a light aircraft.

Figures 4 and 5 show the imaging head and the system monitor

and control unit installed. One of the primary sources of

distortion in data collected with an optical mechanicaL

imaging system is the instability of the aerial platform

itself. Using light aircraft, it has been necessary to

correct the imagery for aircraft roll. This is achieved

by recording the output of a vertical reference gyro on one

track of the magnetic tape. In the computer analysis of the

data, the roll compensation signal is used to displace the

scan lines in proportion to the aircraft roll. An example

of roll compensated and uncompensated imagery is shown in

Figure 6.

Thermal Ima in S stem

The thermaL imaging system consists of an optical mechan-

ical imaging system equipped with the long wavelength mercury

cadmium telluride detector which provides a temperature sen-

sitivity to <0.5 C, a magnetic tape recording system, and

computer data analysis programs. Data collected with this

system is representative of the near-surface, <0.1 mm, tem-

peratures. A complete two � dimensional pattern is collected

as the aircraft traverses the target area, The optical

resolution is dependent on aircraft altitude with a system
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divergence of <3 milliradians which would limit the instan-

taneous field of view to approxima.tely a 3 foot diameter

spot at 1,000 foot altitude. En order to quantitatively

evaluate the imagery, it is necessary to collect surface

temperature measurements during each survey. These measure-

ments are then used to scale the signal level during the

data processing sequence. The computer generated plots of

the data are coded isothermal levels  Figure 7! which can

be individually identified even in the complex patterns

which develop near thermal discharge points. Also the mag-

netic tape record can be used to produce intensity modulated

two-dimensional images of the thermal patterns  Figure 8!.

Tracer D e Ima incr S stem

The tracer dye system as it is presently being operated

consists of a dual channel optical mechanical imaging system,

a magnetic tape recording system, and a computer data analy-

sis program  Figure 9!. The optical mechanical imaging

system developed for the dye surveys is a dual channel sys-

tem utilizing a branched fiber optic light guide to divide

the incoming radiation into the two channels  Figure l0!.

Narrow band pass filters in the imaging system are centered

at the fluorescence emission maximum for the tracer dye and

for a reference at. longer wavelengths beyond the fluorescence

emission of the dye. Data from the fluorescence channel is

corrected for reflectance variation by using the longer

wavelength reference chan~el. Figure ll shows typical output

from the fluorescence channel A, reflectance channel B and
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the combined output C. Magnetic tape recordings of the data

are collected and processed by a computer program which pro-

duces a display of selected dye concentration r anges which

are individually coded  Figure l2! . The computer generated

displays are rectified to correct for aircraft roll and

scanner distortion; also the displays are superimposed on

a reference grid and the integrated areas for each concen-

tration range can be printed out. The imaging system pro-

duces a signal which is proportional to dye concentration

and to which quantitative values are assigned from the field

samples which are collected at the surface and with depth.

These samples provide a point measurement of the dye con-

centration and an estimate of the depth of the dye, In the

analysis sequence, an effective depth for each survey time

is input and, based on the amount of dye released, a mass

balance is calculated. The mass balance calculation and

field sample results provide a cross check on the dye con-

centration plots produced. Figure 13 diagrams a typical

dye release, the sampling technique, and the effective depth

which would be used in the analysis sequence.

Several advancements over presently available instruments

conducting dye tracer studies have been achieved with the

system. The two-dimensional scanning provides essentially

real-time coverage of a dye plume in that a complete survey

of the plume can be obtained in the time  several seconds!

required to fly the length of the plume. This can be con-

trasted to the need for collection of innumerable samples
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an ever chang ing dye pa e tern
from surface vessels

t- ns derived from directly sampling the
Concentration patterns

1 'ted by the lack of detail necessary todye plume are 1imite
d l d cur rent dynamics and dispersion, Znitia1evaluate detaile curr

studies indicated t that a high signal-to-noise ratio can be

obtained at very owlow dye concentrations using rhodaminc or

dye as the tracer . This system eliminates thefluorescein

need for using radar tracking or other aerial navigation

aids in that the imagery produced provides a detailed picture

of shoreline features or other landmarks  e.g., nearshore

roads, buildings, jetties, etc.!. On open waters, reference

buoys and boats have been used as navigation aids. Correla-

tion of surface samples to data can be achieved by relating

the scanner signal level at the boat, which can be identi-

fied, to the measured sample concentration. The system

has been operated under various weather conditions with the

only 1 smiting reguirement being uniform lighting of the dye

plume. Cloud ceilings as low as 500 feet have not limited

th. 'y.'teni's operation. The system's sensitivity would be

,«ffc< t~d by extremely heavy cloud cover which would signi-

fic,tntJy lower the overall daylight level.

,':om ut cr ilnal si s S stem

si gnal s for video, sync, and roll are input to the digital

computer by use of analog to digital converters. From 600
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The computer system serves to simplify the analysis of

recorded data and facilitate presentation of the information

i,j Qn u lders tandab le and usable f ashion. The recorded analog



to 8QQ points are digitized in each recorded scan line

depending on the fraction of the scan line containing infor-

mation of interest. For example, if a dye patch occupied

only 10' of the f ield of view, only that part of the scan

line would be digitized. Additionally, the program uses

aircraft altitude and speed to calculate the number of scan

lines that must be averaged for processing. The same infor-

ma.tion is used to determine the spacing for the background

reference grid  Figure 12!. This grid size may be varied

over a wide range, but is always calculated to match the

scale of the display.

After the correct number of scan lines have been aver-

aged, a correction is applied to correct for the distortion

caused by the constant angular scanning rate of the scanner.

For example, a 5' portion of the field will represent a

larger distance when the scanner is looking near the horizon

rather than directly below the aircraft. The correction is

incorporated through a weighted averaging method. The

averaged scan line is reduced to 133 points each of which

is at one of 15 levels proportional to the signal level.

This form of the line is stored on a magnetic drum memory.

The process continues until the desired surface area has

been recorded by analysis of the appropriate number of scan

lines.

At this point, the results can be viewed on a high

resolution memory oscilloscope. If a dye signal is being

processed, the computer calculates the total mass of dye
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based on an ef fective depth for the patch. This check main-

tains a mass balance on the dye between time planes.

An editing program is available for adding or removing

features desired on the data displayed on the oscilloscope.

For example, land areas can be edited into the display to

provide actual reference features in the final output. The

processing is then complete and the picture ready for printing.

There are three forms of output available. The first

output utilizes a number of different patterns to represent

either temperature levels or dye concentrations  Figures 7

and 12! . The patterns are chosen for maximum recognition

and also to have an alternating density. Thus, one level

would tend to be light and the next dark. This variation

facilitates dif f erentiation of one level from the next. By

using a unique pattern for each level, it is possible to

determine the level of every point in the picture. Addition-

ally, there is a background grid for reference which does

not overlap the character patterns. The second output form

is a standard contour plot. The contour levels may be iden-

tified by overlaying this map on the pattern coded output.

The contour map can be produced i.n two views that form a

stereo pair. In t»s form. it is easy to distinguish the

contour levels viewed in stereo even with complex patterns.

The third output form is similar to the first but uses

density coded characters- The higher levels are darker

producing a picture similar to a normal photograph. All

output.s are in the»me scale and may be overlapped

in any combination-
150



In addition to the pictorial type of output, the char-

acter types are printed along with their levels. The number

of characters at each level is listed and the total area at

each level is printed. The altitude, speed, heading, grid

scale, time of flight, and location are also listed  Figure 7!

Intensity modulated pictures can be produced from the

recordings for qualitative evaluation of the data  Figure 8! .

This type of display provides detail which is not apparent

ir. the computer generated displays. Particularly in the

case of infrared, it is often interesting to see the fine

structure of the temperature variations. Oblique projection

of the thermal surface can also he made  Figure l4! . These

provide a quick qualitative feeling for the relative signi-

ficance of the temperature variations.

THE WATER TRANSPORT SYSTEM

The water transport system is used to predict the tem-

pera.ture or concentration patterns that would exist in the

vicinity of an industrial discharge and is based on the

concept depicted in Figure l5. Modeling the temperature or

concentration and flow distribution in the region affected

by effluent jet momentum and buoyancy is done with an outfall

jet plume model developed by D. S. Trent . The velocityl

boundary conditions from this model are input to a potential

flow model responsible for predicting the flow field in the

Baumgartner, D. J., and D. S. Trent. "Ocean Outfall
Design � Part I, Literature Review and Theoretical
Treatment." U. S. Department of the Interior, Federal
Water Quality Administration, April 1970.
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f f c ted by the i ndus tria 1 discharge toge ther wi thregion affecte
b undary co ditions, ambient currentexternal boun ar

The velocitY field calculated by the
water flow.

odel is input to the transport system togethflow mode

diffusion coefficients calculated from remotely sensed dye

data and climatology. This transport system is responsible

for predicting the temperature or concentration f ield due

to the input conditions.

This water transport system is based on the ma

energy conservation equation described conceptually jn

Figure 16. This equation states that the rate of mass or

energy entering a system less the rate of mass or energy

leaving a system must equal the rate of accumulation of

maaa or energy within the system.

Now if the system is treated as a block as shown in

Figure l, the conservation equation can be written. When

thi s block is reduced to inf initesimal size the conservation

eq ua ti on become s

BS BS BS B2S B S
3t "5x T x X Y~

Bx By

which includes cconvective, dif fusive, and source

a two-d imensiona 1 transient system with variable velocity
field. Equation l analyticallY
able velocity fieldy ield, but has been solved numerical y Y
writing in finite difd 'ff e form using an alternati g
tion implicit al or 'a gori th . A detailed. description o

154



~z
ZO

I Z



algorithm is given in a recent publication by Oster, Sonnich-

2
sen, and Jaske

The system to be modeled is divided into a set of cells

by a rectilinear grid system and the finite difference

algorithm is applied to each cell. The assumptions neces-

sary to write Equation 1 in finite difference form include:

o Velocity is constant across a cell face

~ Eddy diffusivity is constant within the system

~ All internal source or sink terms can be

described by S

~ Turbulent diffusion is treated analogous to

microscopic diffusion but on a larger scale.

In order to solve Equation 1, eddy diffusivity and

velocity must be known for the system. The velocity field

may vary in time and space; the diffusivity field is assumed

to be constant with respect to time and space. Eddy diffusi-

vity data are obtained from the remotely-sensed dye tracer

data and velocities are calculated from the equations of

motion, using measured dye plume velocities to check these

calculated velocities.

The lateral and longitudinal eddy diffusivities are

calculated directly from the remotely-sensed dye concentra-

tion data as previously described. This is done by assuming

the dye plume is vertically homogeneous and that the

2 Oster, C. A., J. C. Sonnichsen and R. T.
cal Solution to the Convective Dif fusion
Water Resources Research, Vol. 6, No. 6,
December 1970.

Jaske. "Numeri-

Equation,"
pp. 1746 � 1752,
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concentration patterns follow a bivariate normal distributi

in the lateral and longitudinal directions. The second

assumption implies that the dye disperses according to the

conservation equation described by Equation l. Xf the

velocity components and eddy diffusivities are assumed

constant with respect to spatial coordinates and time, the

conservation equation has an analytical solution

W~ 2 � 2
S = 2 � exP � 1/2 +

ma a 0 0
x y x

�!

D = ~2D t
x x

where

�!

and S refers to dye concentration.

The eddy diffusivities can be calculated by examining

changes in the dye plume concentration as it moves and dis-

perses with time. For example, by following a dye plume

and obtaining successive detailed dye concentration pattern.'

in time* with the remote sensing instruments, the effective

average eddy diffusivities responsible for dispersal of the

dye plume between successive time planes can be calculated.

If the time difference between successive time planes is

short and the dye plume does not extend over too large an

area, the assumptions necessary to write Equation 2 are

nearly satisfied.

* Hereafter referred to as time planes.
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f f ' t es can be ca lcu 1 ated f rom var iance
The eddy diffusivities

data obtained between adjacent t~ ptime lanes as

2-a 2
2 1 �!

2 2
a -a

y2 yl �!

where subscripts I and 2 refer to variances calculated at
the f irst and second time planes, respectively.

The evaluation of the lateral and longitudinal variances
follows from the development of Equation 2 by Diachishin in
1963 . By examining the isoconcentration lines within the3

dye plume and measuring the surface areas of the regions
enclosed within each isoconcentration line, one can plot

the area versus the logarithm of the corresponding concen-

tration line enclosing the area as shown in Figure 17.

Examination of the table accompanying each remotely-sensed

dye concentration pattern  as in Figure 12! will show that

by summing the right-hand column  which tabulates the area

of each separate concentration range! and noting the lower

limit of each concentration range, the above information is

immediately available.

Diachishin has shown that each graph of the above des-

cribed data should have a slope fs ope of -2 va rr . For example,x y'

a plot of some of these dthese data is shown in Figure 18. With

3 Diachishin, Alex N. "DDye Dispersion Studies," J. of the
Sanitar En ineerin D' Proceedings of the ASCE,
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further information regarding the ratio of o and v, which
X Y

is obtained from the overall length and width of the dye

plume, it is possible to calculate 0 and a for each time
X Y

plane represented. From these variances, longitudinal and

lateral eddy diffusivities can be calculated between succes-

sive time planes using Equations 5 and 6.

Generally accepted theories of transport phenomena in

turbulent systems  e.g., the Prandtl mixing length theory!

conclude that values of eddy mass diffusivity and eddy thermal

diffusivity are essentially the same for systems in which

the molecular rate of transport of mass and heat are com-

parable in magnitude. This is true for water and, conse-

quently, the eddy mass diffusivities derived from dye data

are used directly in solving Equation l for mass concentra-

tion or thermal energy distribution.

The velocity information necessary to solve Equation 1

is calculated from a simplified set of equations of motion.

At present, these simplifications are based on the fo3.lowing

assumptions:

~ Steady flow

e Coriolis forces are negligible

~ Buoyancy forces are small

~ Frictional forces are negligible

~ Two-dimensiona3. 3.ateral irrotational flow.

With these assumptions, the equations of motion can be

written as follows:
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Su au 1 ar
u~+ v~y = p 3x �!

av av BP
+ v~ ~ p $y  8!

It can be shown that equations 7 and 8 are satisfied by

0  9!

where < > is a scalar potential give y

a0
ui = axi �0!

x2 xl
u  ll!

Y2 yl
v

t2 - tl �2!

A diagram of this relationship is given in Figure 19. The

x and y coordinates are measured from an arbitrary origin

represent the point in the dye plume with the maximum

con<.entration. These measured velocities are compared with

<,>lou!,~ted velocities and boundary potentials are adjusted

l>nt>I,> rf.aSonab!e COmparisan iS Obtained.

<.bc Rcuicn Affected b Effluent Jet Momentum and
l<u<l~<,> nC~

one r< pion in the flow field that cannot be treated

with reasonable accuracy using the potential flow theory

<it-.scr ibed by Equation 9 is the region near the outfall where

considerable rotation, mixing, and buoyancy are associated

with a jet discharge of warm water.

fez

Velocities for the dye plume are calculated by measur-

ing the dye plume movement with time according to the follow-

ing equations
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In this region, the flow field is modeled with a two-

two-part outfall model is composed of an initial
mo el responsible for transporting the ef fluent t

' scharge to the sur f ace or to the e leva tio h
mixed jet density is the same as the ambient water. From
this point downstream the plume is treated as a horizontal

wedge.

This initial mixing model is based on a similarity

solution of the conservation equations for a horizontally�

discharged buoyant jet. Figure 20 illustrates this model.

Assuming an axially symmetric jet, the governing equations

for the jet are

Momentum along jet axis:

dE 3~S = ~F S R sin 8
3.

�3!

Conservation o f buoyancy:

dR 1/3 d *
0.109 SE

dS ~S
�4!

where p*
P 90

Dilution:

S = 1/4 E / S �5!

Ang le of plume center line tra j ec tory:

B=cosE'cosG 2/3

E

�6!
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along with the additional geometric relationships

dx
cos 9

as
�7!

dz sin 8
S

�8!

In Equa tions 13 a.nd 1 4

E '4  V S!

R~ Vis!
m m

�9!

�0!

The subscript j refers to the condition at the discharge

port, o refers to the receiving water at the port elevation,

and e refers to conditions along the plurne centerline where

flow is completely established.

In this wedge jet, the plume relationships are

3.16

~x
�1!

S = 0.2vx �2!

W = 0.43x �3!

Q = 263~x �4!

This wedge jet is carried to an arbitrary distance

 ~l500 f t! beyond the point where the axially symmetric jet

reaches its equilibrium elevation. The velocities around

this wedge jet and the temperatures calculated within this

wedge jet are used as boundary conditions in the potentia]

flow model.
166
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as a horizontal wedge moving at the elevation of its equilib-
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Water Trans ort S stem Out ut

Using the eddy diffusivities calculated from the r~tely

sensed dye concentration data and the velocities calculated

with the simplified equations of motion and source terms as

input to the finite difference form of Equation l, mass con-

centrations or temperatures can be calculated for a particu-

lar problem.

An example is a simulation of the temperature distribu-

tion around a proposed industrial site. Figure 2l describes

the potential contours calculated around the outfall of this

plant located on the rectangular island . The streamlines

run normal to the potential contours and in the direction

of increasing potential. Figure 22 is a description of the

temperature exce s isotherms calculated for this case.

Figure 23 is a two-dimensional projection of the three-

dimensional temperature excess surface described by tempera-

ture contour lines in Figure 22. To give some idea of the

scale in Figure 23, the long side of the island is about

2800 feet long and the temperature spike near the center of

the depicted surface is 3.5'C.

CONCLUSIONS

Advanced remote sensing systems being developed by

Battelle-Northwest. are capable of conducting detailed tracer

and thermal surveys of surface water bodies near existing

and proposed industrial sites. The detail obtainable far

exceeds that obtainable by field sampling or contact measuring
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systems. Tracer dyes, fluorescein and rhodamine, have been

used in studies in fresh and salt water bodies. The use

of advanced remote sensing systems and computer, analysis

techniques to conduct studies of surface water movement has

provided data which could not be collected by other techniques.

Data colLected and analyzed hy the systems developed at

Battelle-Northwest axe versatile, providing displays which

can be used directly by engineers and scientists or the

data can be produced in a format which can be submittecF

directly to advanced computer analyses or modeling programs.

The concentration and thermal data produced are being

analyzed to obtain lateral and longitudinal eddy diffusivi-

ties and velocity information. These data, together with

velocities calculated with a program used to solve a simpli-

fied form of the equations of motion, are input to a water

transport system capable of predicting temperature or con-

centration fields that would occur due to an industrial

effluent discharge.

The direct use of data acquired with the remote sensing

instrument systems in conjunction with the predictive water
j

transport system to simulate the water effects of an effluent
-i 1 ~

discharge on a body has been accomplished for the first

time in the comprehensive system deIzcribed herein. Nore
I

advanced methods of utilizing the remotely-sensed data

and of modeling the water systems are being developed.
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NOMENCLATURE

Temperature or concentration f ield, 'C or
ppm, respectively

Time, seconds

Eggy mass and eddy thermal diffusivity in
the x ang y directions, respectively, ft /sec2

D, Dx' y

Variances in the x and y directions,
respectively, ft

0, 6x'

Dye re3 ease parameter, ppm/ft 2
Wd

Distance along jet centerline where not
ref erring to temperature or concentration
field, ft

Position coordinates directed east, north,
and vertically upwards from an arbitrary
origin

x, y, z

Velocity components in the x, y and z direc-
tions, respectively, f t/sec

u~ v~ w or

1' 2' 3

Density, ibm/ft

Ambient density, ibm/ft

Density of receiving wate~ at intake or
outfall elevation, ibm/ft

P.

V
m

172

Density of effluent at discharge port, ibm/ft

Average axial velocity in jet, ft/sec

Axial velocity along jet centerline, ft/sec

Centerline plume velocity, ft/sec

Plume width, ft

Jet flow, ft /sec3



Legal Protection of the

Pacific Northwest Estuaries

by

Nelson H. Grubbe

Director, Regulatory Programs

Northwest Region, Water Quality Office

Environmental Protection Agency

Portland, Oregon

OUTLINE

-Common law history of administrative regulation of water use.

-Restricted by statute and judicial guidelines, administration is primary

protector of estuaries

-Federal role in standard setting -- E.P.A. go~1~

-State and Federal water Quality standards. Enforcement conference in

puget Sound . Citizen suits.

-Ocean dumping policy -- dredging precautions.

-Proposed new legislation

-N.E.P.A. clearly points the way to placing burden upon user to prove that

he is not abusing the estuary. Outlook favorable.
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There are forty or niore agencies that exercise some legal

jurisdiction over the Pacific Northwest estuaries. But as one

TU commercial points out, "You are just, polishing the polish",

unless you use Srand K. The opportunity for duplication is tre-

mendous. The chances that no agency will make the important de-

cision for protection are also present. The legal protection

available for Pacific  northwest estuaries is however encouraging.

Legal protection of estuaries does riot mean that the wetlands

cannot or will not be used. Legal pi otection, at its best,

means enforceable rules to assure th«t there will be no abuse.

The definition of no abuse, hovevor, I leave to this conference.

Legal protection can be no better than the scientific input upon wjiich

it is based. Ilaybe non-use is the answer in many sensitive areas.
174



Maybe there will devetop out of this conference a new standard to

protect the estuaries of the Pacific Northwest.

Jurisdiction over the control and regulation of estuaries

has been a long and continuing struggle. It is going on today.

The privately-owned title to land, the rights of water use, the

police powers of the state, the constitutional powers of the Federal

government, all have engaged in the battle in the overall struggle

for jurisdiction. A newcomer to this battleground may be referred

to as the "concerned c~tizen" who is interested in his "public

rights".

The Federal role in regulating the nation's water has not

yet been clearly defined. The tublic interest, however, is re-

flected in the common law development over the past several years.

As a starting point, I would like to read a policy of the Board

of Trade, in Great Brita~n:

"In a country as crowded as England is, where the

preservation of every open space is of the highest im-

portance for the public health and enjoyment; in a mari-

time country, where facilities for navigation, for

fishing, boating, beaching, landing, and shipping are

essential to our trade and to the well-doing of our

maritime population -- it is of the greatest moment

t4t tjqe control of the public and of the Government

over the bed of the sea and the stri p of common which

lies between land a»d open sea should be preserved so
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that it may be used fpr the furtherance of the important

interests above referred to, and so that nothing may be

d»e with it which is inconsistent with those interests,

it to private persons because a high price is

offered. without reference to those interests, would

be as absurd as it would be to sell Dover pier or

to include or build in the London parks

 Meniorandum of 8oard of Trade, 1866!

The Constit~tion of the United States places considerable

power in Congress to regulate commerce and to provide for the
general welfare  Article I, Section 8!. The early Acts by Congress

were based uoon the commerce clause.

Legal protection of estuaries is not accbmoli shed by statutes

alone. Judicial interpretation on a case-by-case basis may

give us guidance but its application is often limited. Legal
protection of our estuaries is accomplished for the most part
by administration of state and Federal programs. Th" administrative

agency is the protector. The administrative agency makes the
cision that spel ls wise use or dumb abuse. Recent examples pf

the e f fects pf the Ex«utive Sranch upon estuaries are president

proc r es t9 bl i shi nq a i ed.- ral p rmi t system and Governor

[icCa] ] 's order banning construction on the coast ivhich might

block estuaries.

Administrative decisions ha'.e, by far, t!ie greatest impact

upon the regulation»of the use of these sensitive areas. The
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treatment requirements in a municipal system before approving

a grant; the criteria established for the protection of shellfish;

the anti-degradation pol icy ot each state to protect pristine waters.

All of these decisions made by the administration have a direct

and sometimes drastic effect upon the estuaries.

Out of the forty agencies I mentioned that have a concern

for estuaries, the Environmental Protection Agency stands out.

This agency, formed in late 1970, is charged by Congress

with the administration of the laws relating to noise, air,

pesticides, radiation, solid waste and water. It has transferred

people and responsibility from 15 other programs. Its purpose

is to better analyze and regulate the environmental forces in

these six fields. E.P.A. administrators, with your help, will

set rules and regulations for the wise use and not abuse of

estuaries and other resources.

This agency is in the forefront of the revolution described

by President Nixon in his recent State of the Union tiessage.

That revolution is crying out that the smokestack which was once

the symbol of community prosperi ty is now a monument of its pol lu-

tion. That revolution is telling us that the economic benefits

that helped us overlook water quality degradation is no longer

strong enough to support the continuation of pollution. The voice

of the people and the voice of this conference tell us the same

thing -- we must fi nd a ne« way to do business -- that the envi ron-
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mental ethics of the past, however valid they might have seemed

in the first half of this century, are no good for the Age of

Aquarius. Such a philosophy shapes the policies of this agency.

The regulation of water quality standards in interstate and

coastal waters is carried out by first establishing state and

Federal water quality standards, classifying streams, defining

criteria, and establishing impletnentation schedules. Classifica-

tion of water uses brings us to the Pacific Northwest estuary.

Waters valuable for shellfish propagation; waters used for fish

and wildlife purposes; water use of the ocean as it may affect

the estuary. This is the area to be protected -- this is the

area where evidence of abuse haunts us dai'ly. This is the area

of your concern.

Congress provided for the establishment of criteria, imple-

mentationn plans and enforcement procedures in the Federal Mater

Pollution Control Act of 1965 �3 USC 466!. Under tl is Act,

the State of Oregon has established standards for the marine and

estuarine waters of the State. The criteria for water quality

provide that no waste discharge or activity shall cause the dis-

solved oxygen to fa 11 below 6 milligrams per liter or cause

concentrations of coliform bacteria to exceed 1O Nl'N per 100 milli liters;

that the pI{ range remain between 7. and S.5 for shellfish waters

in marine and estuarine areas; that turbidity not exc ed 5 JTU above

natural background, except during authorized dredging and that

temperature changes cause no adverse effect.
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The State of washington has classified certain streams as

AA Extraordinary. These are to receive the most stringent pro-

tection. Amonq other criteria, the total coliform organisms

shall not exceed 50 in fresh water or 70 in marine water. D.O.

shall exceed 9.5 milligrams per liter in fresh water and 7.0 mg/1

in marine water. Temperature ranges are specified not to exceed

60 F  fresh water! or 55 F  in marine water!.

Alaska has established similar criteria for the protection

of its estuaries. An interesting note on these standards relates

to water classified for growth and propagation of fish and other

aquatic life. The restriction on residues is "None alone or

in combinat.ion with other substances or waste as to make receiving

water unfit or unsafe for the use indicated, except that no waste

oils, tars, grease or animal fats are permitted."

The 'Federal government has approved these standards

The implementation and construction of treatment facilities

is worked out on a case-by-case basis. Each municipality and in-

dustrial discharger was given notice of the requirements. The

large majority of these entities are well along on the preventive

job that must be done.

In Puget Sound we have worked long and hard with the pulp and

paper industry. A State and Federal conference for enforcement

of the standards was held at the request of Governor Rosel li ni in

1962. Thereafter, a join t study of the effect of the pulp mitls

was compl c ted in 1966. Thi s det a i led survey i ncl uded a number of
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different studies on the effect of pulp mill wastes on oysters
and oyster larvae, juvenile salmon, fish food organisms as well
as waste contribution and sludge bed distribution. The conference
was reconvened in 1967. The implementation plan is well under-
way but not without its exceptions.A complaint was filed in the
U.S. District Court for the Western District of Washington
against Georgia-Pacific Corporation at Bellingham. This effectively
reduced mercury discharges into the Sound, Litigation has been
recommended against ITT-Rayonier at Port Angeles because there
has been no agreement concerning the treatment facilities to be
installed. The legal protection of these waters has not been as
effective as we would like. The decision of the administrator

insist upon the highest and best practicable treatment now known
to the i ndustry.

In addition to the efforts of th. State and Federal agencies,
two suits have heen filed against pulp mills in Puget Sound by
citizens who alleged a right, under the Refuse Act of 1899.
One of these has been dismissed and one is now pending. Cit.izen
suits have been authorized in the Clean Air Act of !970 and
water standards may be the subject of such suits if the proposal
now before Congress is enacted.

One of the practices that certainly has an impact upon

estuaries is th; discharge of wasi.e into the ocean. These dis-
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charges include industrial and municipal sources -- solid as

well as liquid. This practice has recently undergone extensive

studies by the Council on Environmental Quality, the President's

Advisor on Environment. In thei r report dated October, 1970,

several important recommendations were made:

�! New legislation needed

�! Ban unreguIated ocean dumping of all materials harmful

to the marine environment,

�! High priori ty to protect the mari ne envi ronm nt

which is biologically active; name'ly, the estuaries

and the shal'Iows, nearshore areas in which many marine

organisms breed and spawn,

�! Corps of Enqineers shouId dredge highly polluted areas

only when absolutely necessary,

The I-ederal liater Quality Improvement Act of 1970 established

the current requirements for the handling of oil. Absolute

1 iabili ty for cl eanup of oi'I spill s has been legi slated.  Up

to $14 million!. A national contingency plan was established and

approved by the President in June, 1970. The most advanced

scientifi c knowhow of oi 1 cleanup is assured. Teams have been

formed. Equipment has been centralized. The military-like

preparati on has been made . Each Region has supplemented this
plan with 24-hour on-the-scene preparedness . Re continue to have

serious oil spills but the calamity crew has improved.
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The requirement of the past year for the transportation of
oil has been considerably strengthened. Preventive measures have
been taken by the industry. Some evidence of thi s, loca'I ly,
is the sophisticated ballast treatment plant to be built at the
Southern terminus of the Alaska Pipeline. E.P.A. engineers
have worked on the specifications for this plant for some time .

As further evidence that the administrator makes the impor-
tant day-to-day decisions that protect our estuaries, we in the
Reqional Office of E.P.A. work closely wi th the Corps of
Enqineers in their dredging program and in their permi t program,

The Columbia estuary, as well as many on the Mashi ngton
coast, require constant dredging to keep them free for comm r cial
traff ic. The F . P . A, 1 ahoy story here in  'nv»il 1 ic r ~.i r na +
many of the sludge analyses prior to dredging. There is in my own
shop i» Portland close reviev and cooperation in deciding upon
tIn di posal of contaminated dredge spoils. From this conference

and ~!t.hors like i t, we hope to assure the wise use of our

est uari~ s -- not. du!!!b abuse.

Private drc<igo and fi 11 operations can no longer be made

as a !!mtter of right. A» ir!important judicial announcement was

made in the c,ise of Zabel vs. Tabb, 5th Circuit � 1970. Tabb

was tl!e District Colonel for the Corps of Engin ers at Jacksonvi lie

Florida. Zal!el and otl!ers applied for a permit to dredge and

fill navigable waters to develop a trailer park. Although no

182



navigational harm could be shown, the Corps refused the permit

on the basis of the recommendation of the Department of the

Interior relating to damage to fish and wildlife habitat. The

U.S. District Court ordered the permit to be issued. The U,S,

Court of Appeals reversed the District Court and agreed with the

Corps that it need not issue the permit unless satisfied that the

requested activity vJould not. harm the environment. Thus opened

wide the door for the Corps of Engineers to be influenced by

the sciences of environmental protection,

Under Section 13 of the Refuse Act., the President has

announced a Federal VJaste Discharge Permit Program. This is

another effort at the Federal level to exercise broader juris-

diction and control over these sensitive vJaters. This program,

whereby the Corps of Engineers will issue permits to each in-

dustrial discharger will be backed up by our water scientists in

E.p.p,. The states will also have an opportunity to recluire

safeguards � so the tim for indiscriminate uncontrolled devastating
pol Iution of the coastal waters i s hopefully drawing to a c Iose-
One of the high priority studies to precede a Section 13 permit
is now underway in the fish processing industry. The seagulls
may have to go further out for their gourmet dinners.

Congress has Iong recognized th need to give special
attention to estuaries. In August, ]95',  PL 90-45<! they

authorized a stu!Iy to be made directed to the need to p~ o«« ~
coi serve and rester!. estuaries. This Act recognized the interest
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of the states and urged cooperation between the Federal and

State agencies. This study, carried out. by the Department of

Interior, was released in January, 1970. It is a 7-volume

work entitled National ~pstuar «Stud . The Federal h at'er llual ity

Administration, then in Interior, also released early last year

three volumes entitled, "National Estuarine Pollution ~tu%'"-

of you here, no doubt, are familiar with these studies.

One of the most far-reaching and significant Congressional

Acts that will surely have a beneficial effect upon the care and

feeding of wetlands is the National Fnvironmental Policy Act

signed by President Nixon on January 1, 1970. I have provided

you with a copy of Section 101 of that Act whi ch recites the

basic direction of puoiic iand and water managem nt in the future.

The Act also requires all Federal agencies to consider the

environmental impact of their activities. This requ'.rement should

be fe'lt at the estuary level during the forthcoming permit

program that will authorize the use of navigable waters for

industrial waste. i<ere again the decision of the Administrator

of E.P.A. in setting treatm nt requirer. nts will be the prot ction

to the resource involved, Certainly a heavy load in this case and

one in which we are frantic<illy seekine tlie technical answers

from you folks,

Now for a look at the legal protection in the wings that

we Can expeCt tOl:OrrOW ~ The! e haS bet » intrOduCed in the Current

session of Congress a bil l ent.itled "l!ational Coastal and
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estuarine 2one Managenient Act of 1971." The bill pr ovid «

Federal aid in assisting states in management of these

It also provides for authority to purchase lands for research

and protection within these zones. The bill was developed after

the studies authorized by Congress in 1968. Qn February 4, 1971,

Senator I/ollings from South Carolina advised the Seriate

need for this new legislation. He said:

"Mr. President, the coastal and estuarine ~one~ of

the United States are among the most productive natural areas

found anywhere and are under great, pressure from our in-

creasing population and development. It is essential to

n + a0o oniiirnnrnenta1 and resource ma nagement

in those areas, management geared to their special needs,

management that differs markedly from terrestrial areas

farther inland...

"There is heavy public interest in both the environment

and the resources of the coastal and estuarine zpries.

Thirty million p ople turn to the coasts annually for

swinuming; ll million to fish; 8 million to sail.

the greatest contests between public and private

interests for the scarce resources in these areas

take place tjiere...

No mot e po Ii tie al ly complex areas exist

States than in our coastal and estuarine zones.

I85



political authority extends from the local, to state,
Federal, and international. Rut there is no overall

management by the states nor any nationa1 guidance in this
critical area. Yet strategically, the coastal and es-

tuarine zones are the key to preservation and use of the

ocean's environment and resources."

Additional Federal statutes have been introduced in the current

session of Congress. These include:

Amendment to Section 7 - a grant program for State planning

Amendment to Section 8 - a two fold increase in construction

grants to provide for Federal assistance of $6 billion
over the next 3 years to be granted on an equal

etrhwmn h>c'1 cCi>uteri » < >g vcr' ~

Amendment to Section 10 - to strengthen the enforcement

of water quality standards and to broaden juris-

di cti on to al 1 navi gabl e waters

Marine Production Act - authorize E.P.A. to issue permits

and control ocean and coastal durrping

COl'ICLU S I ON

Out of this jurisdictional struggle comes the legal protection

of the estuaries. Federal influerce is increasing -- E.P.A. has

the expertise that is critical to protection. Our administrator

has pointed the way.
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Your efforts to emphasize the importance of these

have paid off -- the local agency, the State government,

Conoress, and best of all, the general public, have commenced to

talk about estuaries. All Federal agencies must build and ad-

minister their programs so as to take into account the environmental

impact of their activities. States have come a long way in

wise land use planning. The water user now has the burden of

showing that prooosed activi ty will not damage the resource.

The outlook is promising.A bit of order is shining through the

chaos, Hut we have a lot of work to do. The techniques of

protectio~ developed at this conference wi 11 be the backbone of

"Legal Protection". If we are to insist upon wise use we must

have the scientific background to justify our administrative

decision.

Congratulations on your approach to estuary protection. You'

have made a bold beginning toward a hospitable environment for

today and for tomorrow.
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  ~
NAT I pNAL pNy I RpNRENTAL POL IC V ACT

Public Law 91-190
January 1, 197o

Spc. lpl.  a! The Congress, recognizing the profound impact of

n's activity on the interrelations of all components of the

natural environment., particularly the profound influences of popu-

growth, hi gh-dens i ty urbani zati on, i ndus tri al expans i on,

resource exploitation, and new and expanding technological advances

and recognizing further the crit1cal impor tance of restoring and

maintainfng environmental quality to the overall welfare and de-

velopment of man, declares that it is the continuing policy of the

Federal Government, in cooperation with State and local governments.

and other concerned public and private organizations, to use all

practicable means and measures, including financial and technical

assistance, in a manner calculated to foster and promote the

general welfare, to create and mai ntain conditions under which man

and nature can exist in productive harmony, and fulfill the social,

economic, and other requirements of Present and future generations

of Americans.

 b! In order to carry out the policy set forth 1n this Act,

it is the continuing responsibility of the Federal Government to

use all Practicable means, consistent with other essential consi-

derat1ons of national policy, to improve and coordinate Federal plans,

functions, Programs, and resources to the end that the Nation may--
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�! fulfi'll the responsibilities of each generation as trustee
of the environment for succeeding generations;

�! assure for all Americans safe, healthful, productive,
esthetica'11y and cul turally pleasing surroundings;

�! attain the widest range of beneficial uses of the environment
without degradation, risk to health or safety, or other undesirable
and unintended consequences;

�! preserve important historic, cultural, and natural aspects
of our national heri tage, and maintain . wherever possible, an
environment which supports diversity and variety of individual
choice;

�! achieve a balance between population and resource use which
will permit high standards of living and a wide sharing of life' s
amenities; and

�! enhance the quality of renewable resources and approach
the maximum attai nable recycling of depletable resources.

 c! The Congress recognizes that each person should enjoy a
healthful environment and that each person has a responsibility to
contribute to the preservation and enhancement of the envi ronment.
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Studies of Sediment Transport in the

Columbia River Estuary

D, W. Hubbell

J. L. Glenn

H. H. Stevens, Jr.

Water Resources Division

U . S, Geological Survey

Portland, Oregon

ABSTRACT

Information on sediment transport and deposition in the Columbia River

estuary has been obtained by measuring and sampling the flow, surveying the
bed with acoustic techniques, and determining radionuclide levels. Flow

measurements and water-sediment samples show that temporal and spatial vari-
ations in suspended-sediment concentrations and in suspended-sediment dis-
charges are large and are affected significantly by a turbidity maximum
that develops and migrates longitudinally in the estuary. Side-scan sonar
record» obtained during a period of relatively low river flow indicate pre-
dominantly 1 andward transport of sediment along the bottom in deep channels
upstream from the mouth to about mile 14 and predominantly seaward transport
on shallow slopes marginal to the channels downstream to about mile 5. A
mass-balance equation that considers the amount of Zn in the estuary bed6S

and the net inflow of Zn to the estuary suggests that approximately 30
percent of the silt and clay that enters the estuary from the river is re-
tained there, Because of the complex character of estuary flows, detailed
information on transport can be obtained only by making observations through-
out tidal cycles and over extended periods of time.

190



i NTRODUCT iOH

For the past several decades the Columbi.a River has received radio-

nuclides from nuclear fallout over its drainage basin and from the release

of Low-Level radioactive effluents at the U.S. Atomic Energy Commission's

Hanford Reservation near Richland, Wash. Although many radionuclides de-

cay during transport or are sorbed by river bottom sediments, some radio-

nuclides are conveyed in solution and in association with particulate mat-

ter downstream to the estuary and thence to the ocean. In late 1963, the

U.S. Geological Survey, in cooperation wi.th the U.S. Atomic Energy Commission,

l/ Publication authorized by the Director, U-S. Geological Survey.

2/ Research Hydrologist-

3/ Research Hydraulic Engineer.
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initiated an investigation of the transport and disposition of the radio-

nuclides in the Columbia River estuary. In order to quanti fy transport

rates of radionuclides and to better understand radionuclide transport phe-

nomena, water di.scharges have been measured and sediment data, as well as

radionuclide data, have been collected. Thi.s paper briefly describes sev-

eral different collection and analysis techniques that have been used to

obtain data during the investigation. and discusses aspects of the data

that relate to sediment transport in the estuary. In particular, data on

spatial and temporal variations in suspended-sediment transport are pre-

sented; trends of sediment movement along the bottom as inferred from

acoustic records of bottom topography are discussed; and general conclu-

sions about sediment transport derived from the radionuclide data are

described.

For the purposes of the overall investigation, the estuary has been

defined as the part of the Columbia River between Longview, Wash., CRM

 Columbia River mile! 66, and the mouth CRM 0  fig. 1! . The discussion

of sediment transport in this paper, however, mainly pertains to the part

of the estuary seaward from Harrington Paint, CRM 23, which is the part

subjected ta salt-water intrusion. The width of the estuary in this part

varies from about LO miLes just below Harrington Point ta about 2 miles

between the jet t ies at the mouth. Tides are the mixed type, and at the

mouth the mean tidal range is 5.6 feet and the mean diurnal range is 7,5

feet  U.S. Coast and Geodetic Survey, no date, p. 172-173!. On the basis

of Long-term records at The Dalles, Oreg.  U.S. Geol. Survey, 1968!, upland

flow  fresh-water flow! at Vancouver, Wash., CRM 107, averages about

200, 000 c f s  cubic feet per second! . Dur ing 1963-67, d i acharge at
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Figure 1.--Columbia River estuary. Flags show Columbia River mile. River
mile 0 is on li.ne with ends of north and south jetties.  From Hubbell and
Glenn, 1971.!
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Vancouver ranged from about 80,000 c f s to 675,000 c f s  U, S. Geol. Survey,

1968! . These flow rates represent roughly from l./10 to 1/3 of peak instan-

taneous ebb discharges measured at Astor ia, Oreg., CRM 13. Salinity dis-

tributions usually vary more or less gradually in the vertical and longi-

tudinal directions, and at times a lateral gradient that decreases from

north to south exists in the vicinity of Astoria. Because of these dis-

tributions, the estuary usually is classified as "partially mixed."

SUSPENDED-SEDIMENT TRANSPORT

Me as ur in and Sam 1 i n Tec hni ue s

In order to define, on a continuous basis, rates of suspended-sedi-

ment transport, samples of water and suspended sediment were col.lected

periodically from cross sections at Astoria and at the former Beaver Army

Terminal, CRM 53, and routinely from single fixed sites at these loca-

tions. The samples provide information on the temporal and spatial vari-

ations of suspended-sediment concentration in the transition part of the

estuary  Astoria!, where fresh and salt water mix, and in the fluvial

part of the estuary  Beaver Army Terminal!, where only fresh water is

present but where the tide significantly influences the flow. In addi-

tion, total water di.scharges were measured at the two cross sections to

provide data for adapting and calibrating a mathematical model  Lai,

l965! to compute instantaneous total discharges throughout time. The com-

bination of instantaneous concentrations and water discharges gives con-

tinuous records of suspended-sediment transport through the two cross

sections. A more synoptic view of transport in the estuary, however, is

provided by data, which were obtained on two occasions, on the longitudinal

distr ibut ion of suspended sed iment.
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For water d i sc harge de termi nat iona, f low was measured f rom a c ont i�n-

uousl� ~oving boat by using equipment and a technique  Prych and others,

1967! that provide s for the rapid collection of data for defining velocity

profiles  magnitude and direction! throughout the total depth. By mea-

suring repetitively during the daylight hours at about 20 verticals, spaced

roughly according to discharge across the width of the estuary, and by com-

bining the discharges from several adjacent verticals, the time variation

of discharge through i.ndividual segments of the width was defined. Summing

discharges for common times from the hydrographs for all segments of the

width yields the discharge hydrograph for the entire cross sect ion.

Suspended sediment was sampled by two di.f ferent techniques. To ob-

tain information on the vertical di.stribut ion of suspended sediment, the

point- integrated sampling technique was used. Ei.ther 3- or 6-gallon sam-

ples were collected from vari.ous points throughout the depth with a

vacuum-actuated pumping uni t that has a streamlined sampling assembly with

a horizontal nozzle which orient s into the f low. The pumping rate was

regulated so that the velocity within the nozzle nearly equaled the ambient

velocity at the sampling point. Sampling at ambient velocity insures that

all particles in suspension, regardless of their size, are collected accord-

ing to their concentration in the flow. When samples were obtained pri-

marily for suspended-sediment discharge computations, the techniques of

depth integration was employed. With this technique, a sampler with a

hori.zontal nozzle that collects water- sediment mixture at stream velocity

is traversed at a uniform rate throughout the total depth. Thus, in each

increment of depth, an incremental volume of water-sediment mixture is
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collected which is proportional to the water discharge through the incre-

ment. The resultant concentration of the sample then i.s discharge

weighted and can be multiplied directly with the approptiate water dis-

charge to yield the suspended-sediment discharge through the width assumed

to be represented by the sample.

In the foll.owl.ng discussions, the sampling technique employed to ob-

tai.n the samples will be mentioned. An important point. with both tech-

niques is that the sample is collected at stream velocity; thus, sand par-

ticles that may be transported in suspension near the bed, as well as

finer sediments, are collected in proportion to their true concentration

in the flow.

Temporal and Spatial Variations in Transport

In the Columbia River estuary, depending on location, velocities

near the surface vary during the flood from zero to about 4 fps  feet per

second! and during the ebb from zero to about 8 fps. Suspended-sediment

concentrat.ions vary over a relatively wide range i.n response to these

velocities. The variation in t.he concent.ration of' depth-integrated sam-

ples ohta 1 ned at a rout.ine sampling site on the south side of the nav iga-

t fona1 ciiann< 1 in th<i vicinl ty of CRN 13 is shown in figure 2 for a 25-hour

p< rood <in 8< ptemh< r 14-15, 1969. Total water discharge, water-surface

<1< vat f<>n  stag<!, self ni ty �, and suspended-sediment discharge1/ 2/

1/ Th< t< rm "sa11nity" is used to designate the dissolved-solids content,
in part s per thousand  ppt! . Sal ini ties were determined by converting mea-
surrd conduct ivit. 1<'s and temperatures to dissolved solids by means of lab-
oratory ca1ibratf.on data.

2/ Suspended-sediment discharge at any given time is determined by multi-
plying 0.0027, which is a units-conversion constant, by the product of the
concentration and water discharge at that time.
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 computed from concentrations and water discharges given by the curves!

also are illustrated Integration of the suspended-sediment discharge

over the tidal eye le �4.1l pours! gives a net landward transport of sedi-

of 7,400 tons. +or the tidal cycle depicted in figure 2, the maxi-

mum suspended-sediment concentratio~ occurred during a flood. At another

time, May 23-24, >970  f ig 3!, at the same location, the maximum concen-

tration occurred during an ebb. The suspended-sediment concentration was

fairly constant during the floods but increased significantly during the

ebbs to produce a net suspended-sediment transport over the tidal cycle

of 50,000 tons seaward.

Temporal variations in suspended-sediment concentrations at any par-

ticular location. in the estuary are af fee ted significant ly by the charac-

ter and areal distribution of the so-called "turbidity maximum" which is

a characteristic feature in many estuaries. In the part of the estuary

subjected to salt-water intrusion, flow throughout the ent.-ire depth is

alternately conveyed landward and seaward; however, a net circulation pat-

tern  called the estuarine circulation pattern! is developed such that

landward flow of dense salt water predominates in the lower layers and a

seaward flow of le ss-dense fresh water predominates in the upper layers.

S imi l,arly, suspended sediment alternately is transported landward and sea-

wardd by the f Low. Particularly during slack water, some of the par tie l es

su spe n s ion i n the uppe r layer s se t t le int o the lowe r layer s and sub se-

quently are transported back upstream  landward! as a result of the up-

stream f l ow. 7 hi s aetio" over many tidal cyc les causes sediment to accumu-

late, in the zone where net flow near the bed is zero. Hence, whenever

velocities in the zone are sufficient to transport sediment, a turbidity
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suspended- sed i ment c once n t rat i on s are
is developed wherein

t hey are in ei ther t he r iver wat er ups tream orconsiderably higher than t ey «e

high!y sa l, ine water downstream

The charac ter of the turbidity maximum in the Columbia River estu-

ary was i.nvest gate on twoi vest ig t d on two di.f ferent occasions by collecting data during

3-day periods when the tidal patterns and upland discharges were rela-
tively constant. In each 3-day period, point-integrated suspended-sedi-
ment samples were collected 5 feet above the bed and 10 feet below the

water surface and vertical distributions of velocity, salinity, and tern-

perature were measured at seven stations that were located about 2 miles

apart along the navigational channel. On each day, data were collected

at thrre adjacent stations from a single vessel that repetitively occupied

each station about every 2 hours during the daylight hours. On the second

day of each 3-day period, the occupied stations were located in the middle

part of the study reach and the upstream and downstream stations corre-

spondrd, respectively, to the downstream station on the first day and the

upst ream stat ion on the last day. measurement data were combined accord-

ingg to l h  re lat ive t ime of collection i,n the tidal cycle to give distri-

but ion curves that show the time variations of variables at all stations

< hi si cond  middle! day. The distribution curves for the two stations

win ! <. 'input i cate da< a were col lee ted are defined relatively well because

the data combined to roo provide measured values about every hour. The well-

defined curves in turn s7 served as guides for the preparation of distri-

bution curves at the other stations.

The longitudinal distri uttri but ion o f suspended- sediment concentration

5 feet above the bed durin di.ng dif ferent t imes in the tidal cycle

200



May 23, 1970 is shown in figure 4. The mean dai ly flow through the cross

sec tion at. Astor ia on this day was about 468,000 c f s. At 0800 hour s,

about 2 hours after the time of high ebb velocities, concentrations were

fairly high all along the reach and the peak concentration in the tur-

bidity maximum was at about CRM 8. At 1100 hours, during the Low slack,

the general level of concentrations had diminished and the peak concen-

tration was seaward from the study r'each. At 1430 hours, about I hour

after the peak flood velocity, the turbidity maximum again was well de-

vc]oped and the highest concentration vas at about CRM 9.5. At 1700

hours, during the high slack, transport was nil, material in suspension

settled, and the concentration decreased to a relatively low level.

Concentration distributions on Sept. ember 14, 1969  fig. 5!, when the

mean daily flow through the cross section at Astoria was 231,000 cfs, show

the sane general di stribution patterns for essentially the satne relative

t.imes as are illustrated in figure 4; but, the turbidity maximum was

roughly 10 miles upstreatn. Approximately l~~ hours after high ebb vc Loci-

ties {0630 hours! concentrations generally were Iov and the peak concen-

tration was at about CRM 19. At. Low slack �930 hours! concentrations were

low and they varied somewhat throughout the reach. Soon after high flood

velocities �230 hours!, the turbidity maximum again was well developed

and peaked at CRY 16.5. At high slack �630 hours! concentrations again

had diminished appreciably throughout the reach.

The textural composition of the suspended sediment  table 1! varies

as the turbidity maximum develops and abates, and it also varies from one

titne to another. On September 14, 1969, the concentr'ation of a sample

collected 1$ hours after the peak ebb velocity was 17 mg/I  milligrams
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~«e 4 --Longitudinal distributions of the concentration of suspended sedi.�
the bed at vari.ous times on Hay 23, 1970. Indicated timesare Pacific Standard time� .
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Figure 5.--Longitudinal distributions of the concentration of suspended sedi-
ment 5 feet above the bed at various times on September l4, l969. Indicated
times are I'ac i fic Standard time.
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per lifer!; about 63 percent of the sediment or approximately 11 mg/I
was silt � and about 37 percent or 6 mg/I was clay � . Approximately the
same silt-clay content cxi sted during low slack water. When concentra-

i ions increased dur ing the flood, some sand � �-5 mg/I! as well as in-7

creased amounts of silt and clay, were suspended in the flow. During
igh slack, the sand and coarse silt apparently settled, but. the f ine-

sediment content increased slightly, possibly because of an increase in

the organic-mat ter content, As with the previous ebb, the par t ic le size
di stribut ion remained essent ially unchanged from the s lack except that
the c lay content decreased. During the tidal cyc le, apparently most of
the sediment that was resuspended was silt, except during the time of
high flood ve inc it ies when some sand was resuspended.

On May 23, 1970, somewhat before and during the time of the peak

flood velocity, up t o 28 mg/I of sand  approximately 8 percent! and

146 mg/1 of c lay were i.n suspension. As the velocities decreased, the
quantity of sand in suspension diminished, but thc clay content increased
to 217 mg/ I .

Craphs of the change with time in the vertical distributions of

velocity, salinity, and suspended-sediment concentration at a central lo-

cation within the zone of the turbidity maximum conveniently illustrate

relations between these three variables. Concentrati.ons, velocities, and

salinities on May 23 at CRN 8.5 are shown in figure 6. On this day,

I/ Inorganic and organic material whose falL diameter is >6 microns and
�2 microns.

2/ Inorganic and organic material whose fall diameter is � microns.

3/ Inorganic and organic material whose fall diameter is �2 microns.
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highest suspended-sediment concentrations occurred somewhat after the peak
ebb velocity and when the salinity was about 1-3 ppt. During the flood,

peak suspended-sediment concentration, which was slightly lower than
the peak concentration during the ebb, also lagged the peak velocity, but
occurred when the salinity was about 20 ppt at the bed. On September 14

CRH 16.2  fig. 7!, measurable salinities persisted near the bed through-
out the day. With this condition, the peak concentration occurred at about
the same time as the peak flood velocity and when salinities still were low.
During the ebbs, the peak concentrations remained relatively low. The data
do not cover completely the ebb periods; however, it appears that the peak
concentrations may have occurred at times of maximum velocity and moderate
�-8 ppt! salinities.

Meade �968! has observed in some Atlantic Coast estuaries that the

maximum concentration follows the fresh water-salt water transition as i.t

moves back and forth with the tide. These measurements indicate that, in

general, this is also the case in the Columbia River estuary. Certainly,
the reach of the estuary where the turbidi.ty maximum occurs varies through-

out the year and corresponds approximately with the reach over which

saline water at the bottom oscillates with the tide. &ereas, in many

estuaries peak concentrations coincide with low salinities  Heade, 1968!

and lag peak veloc ities  Postma, 1967!, the variations in hydrodynamic

conditions in the Columbia River estuary apparently are so extreme that no

consistent and simple relations exist among concentrations, velocities, and

salinities.
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SEDIMENT TRANSPORT ALONG THE BOTTOM

Unlike suspended-sediment transport, the transport of sediment along

the bottom is difficult to measure di.rectly by sampl.ing. Acoustic equip-

ment and techniques that provide information on the topography, texture,

and stratigraphy of bot tom sediments, however, can be applied to study

transport at the bed. Side-scan sonar is particular ly useful because it

provides an areal view of the surface composi.tion and topography for

fairly long distances on either side of a cruise track.

Side-scan sonar records from parallel cruise tracks that were about

500 feet apart are shown i.n figure 8. By maintaining the same velocity

over the bottom along each crui.se track i.t was possible to provide data

that could be matched to produce a record that showed bottom topography

over a 1,000-foot width of the estuary. This particular figure shows the

bed in the main channel near CRY 53. The upper two sections were produced

along one cruise track and the lower two were produced along a second

parallel cruise track. Each section shows features to one side of the

cruise track. The zero line on the travel-time and slant-range scales

represents the position of the submerged towing unit that housed the

transmi.tting and receiving transducers, The first heavy line represents

the reflection from the water surface and the irregular line represents

the t opography of the bed directly below the transducers. The remainder

of the record shows the strength of the reflected sound waves at all

points on the bed surface from below the transducer unit outward to a

selected full-scale range of 247 feet. Strong reflections appear as dark

areas in the record and weak reflections appear as light areas; hence,

surfaces that are approximately normal to the sound waves and that act as
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Fig~re 8.--Side-scan sonar records shoving the characteristics of a dune field in
a deep fluvial channel. Seaward  downstream! direction is to the left.
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good reflectors show up as black, whereas, surfaces Chat are in the so-

cal led acoustic-shadow zone appear white. In f igure 8 it is evident that

dune crests are approximately parallel to one another and that they ex-

tend for the full 1,000-foot width of the record. The black areas in the

troughs between dune crests are strong reflections from areas where sub-

bottom profiles indicate that bedrock is present.

Because side-scan sonar records show the topography of large areas

of the bed, they can be used to study the orientation and shape of dunes

that commonly form the estuary bed. These characteristics, in turn, re-

veal the dominant direction of sediment movement along the bottom of the

estuary. The side-scan record shown in figure 9 was obtained during a

run across the navigational channel at CRH 7. The shallow flats at either

end of the record are essentially free of large relief features, as are

t.he steep and deep parts of the slopes on either side along the navigational

channel. Within the navigational channel, the foreward slopes of dunes

cause acoustic shadows  thin circuitous bands of white! in the port record

and strong reflections  thin circuitous bands of dense black! in the star-

board record. This pattern indicates that the foreward slopes of dunes in

the channe I. are toward the top of the recor d, which is the landward direc-

tion. On the gentLe and shallow parts of the slopes on either side of the

navigational channel, however, the acoustic shadows and the strong reflec-

tionss are reversed and appear in the starboard and port records, respective ly.

This pattern indicates that. the foreward slopes of the dunes are oriented

seaward. From this record it appears that at the time of the survey the domi-

nant sediment transport along the bottom of the navigational channel was
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I andward; whereas, on the slopes adjacent to the navigational channel

the sediment movement along the bottom was seaward. Prentice and others

�968! reported similar transport pat terns of bottom sediment in the

Thames estuary; Nichols and Poor �967! observed that suspended-sediment

transport was upstream in the main channel of the Rapahannock estuary and
downstream on the adjacent flats.

By analyzing side-sean records obtained throughout the estuary, a

generalized qualitative pattern of sediment movement along the estuary
bottom has been developed  fig. 10! for a period of relatively low upland
flow  early fall of 1968!, The pattern shows that between Harrington Point

and Tongue Point, sediment movement along the bottom was seaward and was

confined mostly to the vicinity of the navigational channel. Downstream

from Tongue Point, transport along the bottom in the navigational channel

was dominantly landward; whereas, transport on the slopes marginal to the

channel was seaward at least as far downstream as CRM 5. On the north side

of the estuary, transport along the bottom was dominantly landward in the

deep channel, but occurred in both directions on slopes. Lateral trans-

port in the old ferry channel at Astoria was in a northerly direction at

the south end of the channel and in a southerly direction at the north

end.

The pattern shown in figure 10 corresponds generally to that suggested

by Lockett �967!. Studies at other times of the year, no doubt, would

show somewhat different patterns.

CRM 7.
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Comparison between the dominant direction of flow near the bed and

the ox ientat ion. of bed forms sometimes can be used to infex' the relative

magnitude of sediment transport along the botto~. A relation  fig. 11!

for flow predominance at a point 5 feet above the bed in the center of

the north channel just above the Columbia River Bridge at Astoria  CRM 13!,

which was developed from velocity prof il.es measured sequentially ovex.

parts of tidal cycles during 1966-70, indicates that approximately 80 per-

cent of the total flow back and forth past this point at the time of the

side-scan sonar survey  discharge at Vancouver � 120,000 cfs! was in a

seaward direction. Because the orientation of the bed forms at the same

location also was seaward, it seems reason. able to assume that some sea-

ward transport may have occurred; however, since the bed forms below the

bridge were oriented upstream, the transport probably was low. At higher

flows, presumably, landward transport along the bot tom would commence.

In the navigational channel just above the bridge, landward flow appears

to predominate near the bed  fig. 11! at low discharges, but seaward flow

predominates at higher discharges. At this location during the side-scan

sonar survey, flow near the bed apparently was dominantly upstream as was

r.he orientation of the bed forms. This correspondence would tend to indi-

cate that some sediment was being transported along the bottom in a land-

ward direction.

IMPLICATIONS OF SEDIMENT TRANSPORT FROM RADIONUCLIDE DATA

The association between sediments and radfonuc lides in the estuary

px'ovides a unique means for trac ing the movement of sediment particles and

for quantifying long-term average values of sediment transport variables

in the estuary, Unfox'tunately, not al 1 analyses that might be made appear
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f =  csQ~! - cqQ~! + cygne! - cgQg! + cqQc! - ccQc!
where

is the amount of the radionuclide in the estuary

at any given time, t;

A

Cs, Cf, Cc are the concentrations of the radionuclide in

solution and assoc iated wi th the fine and

coarse sediment-, respec t ively;I/

Q, Qf, Q are the discharges of water and of fine and

coarse sediment, respectively;

are subscripts denoting a quantity that is coming

in or going out of the estuary, respectively,

0

is the decay coefficient for the radionuclide.

1/ Fine sediment is all material, including biota, whose diameter is
0.45 micron and   62 microns. Coarse sediment is all material ! 62

microns in diameter.
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to be valid because of the influence of sorption and desorpt i on phenomena

and of the complexities of sediment movement.

According to computations in a recent report  Hubbell and Glenn,

1971!, approximately 2,060 cur ies of Zn resided on sediment in the bed65

of the estuary in June 1965. This value, together with information on

the discharge of Zn at Longview, has been used  Hubbell and Glenn, 1971!65

to estimate the fraction. of fine sediment retained in the estuary. The

calculation is based on equation 1, which states that the change with time

in the amount of a radionuclide in the estuary equals the difference be-

tween the net rate of inflow  inflow minus outflow! to the estuary and the

rate of decay of the radionuc lide in the estuary.



In equation

  CfQf!aCf Qf and CfQf!%Cf Qf
JO 0 0 /I I I

Thus, by setting

C.Qw,
CsQw

Cf
c

Cf
I

and divtdtn<t bY <<<<92, equation i become
jl

dA   C QCfQf Rs �-k! + 1 - c�-P! + R 0-

CfQf CfQf

where

C sQw

CfQf 8'
I

= R, and

I

Qf - Qf
0 = Qf  l-p!.fo

If equation 2 is applied to the transport and storage of Zn in the65

<'s~ uary, it can be reduced with several simplifying assumptions. In the

r< ach between Pasco and Vancouver, the amount of Zn in the streambed is

< ss< nt ially constant throughout the year  Nelson and others, 1966; fig. 6!

mimi lar ly Ilimited data indicate that Zn in the bed of the estuary was65

'"' ""t isa ly the same in 1965 as it was in 1964  Hubbell and Glenn, 197I;

fig. 23!. Si 658ince the amount of Zn in solution and in association with

the suspended-d- ti ul t ~t ter in transport i.n the estua y

ment s, dA
650 ~ Also, the outflow of Zn in association with coarse

218

time is insi ngnificant compared to the amount of Zn in the streambed sedi-65



scdim< nt probably can be considered to be negligibLe', evidence in this

report  fig. 10! and data in iockett �967! suggests that little coarse

sediment leaves the estuary. With these assumptions, equation 2 reduces

to

+ kR - IR +R + 1 4A

 C fQf
P�

�!

in which P is the fraction of the Zn-bearing fine sediment inflow that65

must be retained in the estuary in order to maintain a constant amount of

Zn in the bed.

Equation 3 can be solved with measured data by further assuming

that �! the ratio of the discharges of Zn in solution coming in and65

going out of the estuary, k, is relatively constant; �! the ratio of the

concen.trations of Zn associated with the fine sediment coming in and65

going out of the estuary, c, is relatively constant; and �! the ratio of

the concentrations of Zn associated with the fine and coarse sediment65

respectively, coming in the estuary, Cf /Cc, averages about 5.0.  See
I I'

Hubbell and Glenn, 1971, app. VI for supporting data.! Pertinent basic

data and computed values of the fraction of fine sediment retained in the

estuary for calendar years 1.963-65 are listed in table 2. Because of the

grossness of several parameters in equation 3, average annual percentages

and average annual daily Zn discharges were used in the computations ~65

Included in table 2 are values for P in 1964 that were computed by using

hypothetical amounts of Zn in the bed that are 20 percent higher and65

20 percent lower than the measured amount of 2,060 curies. In all compu-

tations, values of c and k were taken. as 0.97 and 1.15, respectively.

65These values were selected because approximately 3 percent of the Zn
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associated with the fine particulate matter might be displaced in the

presence of sea water  Johnson, Cutshall, and 0sterberg, 1967! and, if

this displacement occurred, the outflow of Zn in solution would be ap-65

proximately 15 percent higher than the inflow since the amount of Zn65

in transport associated with the particulate matter is roughly 4 to 5

times greater than the amount in solution.  See table 2.!

With these assumptions, the average of values of P computed for

1963, 1964, and 1965 was 0.31. Apparently, P is a r'clat'ively insensitive

65variable. Although the mean daily inflow of Zn associated with fine

sediment decreased 26 percent between 1963 and 1964, the computed per-

centage of fine sediment retained increased only 6 percentage points.

Similarly, amounts of Zn in the bed 20 percent higher and 20 percent65

lower than the measured amount, changed the percent retained by only 8 or

9 percentage points, respectively. Although the computations are far from

conclusive, they suggest that on the average approximately 30 percent of

the fine sediment which enters the estuary is retained there. Quantita-

tively, the computations indicate that approximately 1.8, 4.0, and 4.7

million tons of fine sediment were retained in the estuary during 1963,

1964, and 1965, respectively.

Radionuclide data also afford the opportunity to make other kinds of

computations relative to sediment transport and deposition. For instance,

the longitudinal attenuation. in the concentrations of radionuclides associ-

ated with sediment particles in given size ranges in the bed has been used

 Hubbell and Glenn, 1971! to compute the net transport velocity of parti-

cles of those size ranges. Computations were made by two methods. In one

method, the time required for particles to move between two given locations
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65

was equa e
quated to the t ime required for the Zn c one entrat ion at one

decay to a concentration the same as that at the other loca-
locat on

In the second method, the time required for particles to move be-

loc at iona was equated to the t ice required f or the rat i o o f two

radionuclides   Zn and Co! at one location to change, through decay,65 60

to a rati.o the same as that at the other location.

Velocities computed by either of the above methods seem to be high.

For' example, the average velocity of particles in the 0.5 to 1.0 milli-

m< ter size range was computed to be about 2,400 feet per day. The high

computed velocities suggest that decay is not the only factor causing a

change in radionuc lide concentrations between locations; hence, other

underlying assumptions of the analysis  see Hubbe ll and Glenn, 1971! are

being violated.

Information on the vertical distribution of radionuc lides associated

with sediment within the bed can be used to compute rates of sediment

deposi t ion. As with the computations of particle velocity, the time re-

quired to deposit sedi,ment between elevations, Hl and H2, is assumed to

be 'the same as the time required for the ratio of two radionuc lides to

change, as a result of different rates of decay from the value at HI 1

 the highest elevation! to the value at H . One important assumption in2'

technique is that the sediment at H had the same ratio of radionuclide1

c one ant rat i ons at the t ime it was deposited as the sedisM nt at H2 had when

deposited. In an environment where the elevation of the bed sur-

a« ~aries periodically and where particles at depth are exposed, trans-

p ' ~ and redeposited, this assumption probably is not true and the tech-pot ted

nique is invalid. However, in an environment where deposition is
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continuous, the technique may be useful. The variation in the ratio of

65 Zn to Co with depth in a core collected from such an environment in

the estuary above Tongue Point is shown in figure 12. The net deposition

rate determined from the length of time necessary for the ratio at the

surface to become equal to the ratio at the LL.5-inch depth is 3.4 inches

per year  HubbeLL and Glenn, 1971!. Of course, this rate of deposition

applies for that particular core location only and not for the estuaty in

general.

SUM%AY

Sediment transport and deposition in the Columbia River estuary has

been studied by utilizing data obtained by several different techniques.

Probably the single most significant characteristic of sediment transport

is its variability, both in time and space. To adequately define trans-

port rates and to understand transport phenomena, observations must be

made throughout tidal cycles and for extended periods of time so as to

reflect the wide range of hydrodynamic conditions.

In the part of the estuary affected by salt-water intrusion, sus-

pended-sediment transport is affected significantly by a turbidity maxi-

mum that develops in response to the estuarine circulation pattern and

that intensifies, abates, and translates back and forth with the tides

and with the season. Sediment movement along the bottom in this part of

the estuary also is highly influenced by the estuarine circulation pattern

and tends to be landward in deep channels and seaward in shallow areas.

The landward transport of sediment along the bottom tends to cause

coarse sediment to be trapped in the estuary. Similarly, computations

based on radionuc lide data suggest that about 30 percent of the f ine

ment transported into the estuary by the river may be retained in the estuary
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Figure 12.--Variation of ~Zn/ Co ratio with depth in a core
from the estuary above Tongue Point.  From Hubbell and
Glean, 1971.!
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A Study of Sediments from Bellingham

Harbor as Related to Marine Disposal

James A . Servizi

Director

Cultus l.ake Laboratory

International pacific Salmon Fisheries Commission

British Columbia

ABSllV,CT

Sediments from Whatcom Waterway, Bellingham were studied in response

t.o a proposed dredging and disposal program. Laboratory study indicated

that two types of sediment were involved. Sediment from the inner harbor

consisted primarily of putrefying pulp fibers which exerted a significant

oxygen demand, created substantial turbidity, and were toxic to juvenile

sockeye salmon because of their hydrogen sulfide content. Various methods

of widespread dispersal to dilute the sediment appeared impractical. and

it was concluded that land disposal of inner harbor sediment would be nec-

essary to protect fish stocks. Sediment from the outer harbor was a natural

silt, not containing hydrogen sulfide, but exerted an oxygen demand and

~reated a highly turbid mixture which settled very slowly. Because dumping

of this sediment at the proposed site could also prove harmful to fisheries,

hydraulic dredging and local disposal adjacent to the outer harbor was

recommended.
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INTRODUCTION

In 1968, it was proposed that a part of Bellingham Harbor, !A'hatcom
Waterway, be dredged and the sediment dumped in an area southeast of
~ Island, Washington  FIGURE I!. Since the proposed. disposal area was

nerka! ard pink salnoa �. korbnsoha!, it eas the responsibility of the

International Pacific Salmon Fisheries Commis ion, under its terms of

reference, to investigate possible harm to these fisheries from the proJect

and to recommend alternatives if necessary.

Whatcom Waterway, the principal harbor facility of the Port of

Bellingham, consists of an inner and an outer harbor  FIGURE «!. The entire

waterway is subject to shoaling by river silt and sediments from the

adjacent area. Bottom deposits have accumulated in the inner harbor

p"imarily by deposition of pulp fiber from the Georgia-Pacific Corporation

his study was financed by the Governments of Canada snd the United States

W
with a part of United States contribution originating from the Federal
ater Pollution Control Mministration of the U.S. Department of the

Interior.
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sulfite pulp, board and paI:er mills; a smaller contribution of sediment

has originated from the Bellingham sewage treatment plant and Whatcom Creek

 Fed. Water Pollution Control ~dmin. and Wash. State Follution Control

Comm.> 1967!. Sediment in the outer harbor has accumulated largely from
the silt load of the Nooksack River.

To maintain adequate depth for seagoing vessels, Whatcom Waterway has

been dredged several times i,n the past. Sediment removed during the past

decade was transported on flat barges and washed overboard in the vicinity.

of Post Point, south of Belli.ogham, where a shoal was eventually created and

disposal discontinued in that area  FIGURE 2!. Land disposal was also used,
with the sediment utilized for land fill at the site of the present Georgia-

Pacific Corporation chlorine plant. Because of its high organic content

and low sand content  less than 104!, the material was not suitably

compacted for more than 5 years.

The project proposed by the Fort of Bellingham and the U.S. %engr Corps

of "ngineers called for removal of approximately 62,600 cu yd of sediment

from the inner harbor area and 69,000 cu yd from the outer harbor. The

dredged material was to be transported in bottom dump barges and released

in 47 fathoms of water at a site southeast of C.= rter Point, off ~ Island.

The proposed disposal site is important from the fisheries standpoint,

Many of the adult sockeye and pink salmon bound for the Fraser River pa s

through the ares. during their ummer and autumn migration and thus would be

sub/cot to any a.dverse conditions created by sediment disposal. ~ny

substance which would be harmful or cause fish to detour from their

historic migration route would result in an economic loss to the commercial

purse seine, gill net and reef net fisheries in the area. The reef net

fisheries, located along the west side of Lummi Island between 4.5 and 7

miles from the proposed disposal site, obtain fish from schools which turn

northwest as they enter the general area of Lummi Islend. Reef net fishermen

could be especially affected by increased turbidity caused by sediment

disposal, not only because of their stationary gear, but also because

visual observation to a depth of 15 ft is necessary in order to fish

effectively.

Juvenile sockeye salmon from the Fra er River migrate seaward in April,

»y and June, primarily along a route through Haro Strait and thu would not

be expected in significant numbers near the propo ed dumping ite.

juvenile pink salmon of Fraser Phver origin might be ".resent in the proposed
'7 Ag



FIGURE l - g- Waters south of' the Eraser ~ver sho~ ~tcaaa gatervay and
p~p ~d sediment disposal area.

230



FIGURE 2 � Whatcom Waterwsy showing inner and outer harbor areas.
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gority spend their first spring and summer fartherdisposal site, but the maJor
west in the Gulf and San Juan Islands

The proposed dispoaa area1 area is also of importance to chinook  p.

+~i~~!, coho . ~s" cj h � . k~~ch! chum   0 . keta ! and pink salmon f z om the
d Sami h Rivers both adult and Juvenile fish, which move throughNooksack and Samish vera,

the area on their historic migrations during spring, summer and autumn
C , h d hum salmon from the Fraser River also may migrate throughChinook, coho and chum sa on
thin area. pacific herring  Cllu,ea h~are ara pallasi! are taken commercially
during winter months in the proposed disposal area and a bottom trawl fishery
operates throughout most of the year. Finally, the area is a commercial
fishing ground during winter  E. Limbacher, pez'sonal communication!.

Previous surveys indicated that sediments in the inner harboz would
contain considerable hydrogen sulfide and would be devoid of normal benthic
organisms such as crabs and clams  F.W.F.C.A. and. W.I'.C. C., l967!. Hydrogen
sulfi.de, a respiratory depressant, has been reported lethal to salmon and
trout at concentrations above 0.3 ppm  NcKee and Wolf, 1963! and thus it was
advisable to investigate whether toxic conditions might arise during sediment
disposal. Other factors, such as oxygen demand of the inner harbor sediment
and turbidity which might be created during dumping, were of concern as well.

The afozementioned survey found sediment in the outer harbor to support

a benthic community typical of a muddy marine bottom. Crabs, clams, and

starfish were noted, and hydrogen sul.fide was not detected. These

characteristics suggested that sediment in the outer harbor was le. s hazardous

than that from the inner area. Howevez, its oxygen demand and potential foz'

creating turbidity vez e unknown and reouired investigation.

.«n experimental study was conducted to answer the various questions

raised above and a summary of the results and recommendations for sediment

diaz osyil are described herein, Readers interested in details of experimental

methods and results are referred to Servizi, Gordon and Martens, l969.

RESULTS

~hys«al Characteristic of Sediments
Inner Harbor Sediment

All sediment sam lest samples collected from the inner harbor vere slurries
consisting primaril ofng p ri y of pulp fib rs. A strong odor of hydrogen sulfide wa
present and sediment was blacke 8 bbles of gas were seen rising continua y
throughout the inner harborharbor area on all sampling trips and a group of
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released whenever a sample of sediment vas taken vtth the Ekman dredge.

Presumably the bubbles consisted of hydrogen sulfide, carbon dioxide and

methane  A.E. Werner, Fish. Res. Bd. Canada, personal communication!. No

bottom organisms such as crabs, ~orms, or algae were evident in the 35 dredge

samples collected during the course of the study.

The sediment was 114 solids, of vhich 27$ were volatile solids, and

the specific gravity vas 1.02  TABLE 1!. When air-dried outdoors the sediment
was similar to dewatered pulp fibers taken from a typical pulp mill settling

pond.

TABLE 1 - Physical characteristics of sediments.

Total
Solids

Volatile
Solids Specific

Gravity
Sediment

Origin

Inner
Harbor

27 1. 02

Outer
Harbor

l. 3547

Outer Harbor Sediment

Sediments throughout the outer harbor appeared to consist of natural

silt deposits. The odor of hydrogen sulfide vas not evident in the samples

upon collection. Small crabs and worms vere noted in the samples and these

remained alive during a 14&ay storage period. The sediment was 47$ solids

with a volatile solids content of 5$; the specific gravity was 1.35  TABL"- 1!

Turbidity Created by Sediments

Sediment may create turbid conditions when dumped, depending upon the

«gr« of mixing and break-up of particles. Measurements vere conducted to

determine the amount of turbidity formed and clarification time of different

concentrations of sediment in sea vater at 50 F.

Inner Harbor Sediment
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Initial turbidity of inner harbor sediment decreased considerably during

the first 1.5 hr and then more slowly thereafter  FIG%BE 3!. After 24 hr,

turbidity of sediment concentrations from 0.5 to 10$ ranged between > and

96 ppm and remained proportional to initial sediment concentration.
fraction of the sediment, probably natural silt originating from Whatcom Creek,

was finely divided end settled very slowly.
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FIGURE 3 - Turbidity of inner harbor sed.imeut.



Outer Harbor Sediment

Outer harbor sediment created much higher initial turbidities than did

the inner harbor sediment  FIGURE 4!. However, the outer harbor sediment
settled rapidly during the first 1.5 hr and turbidities vere in the same

general range a. those created by inner harbor sediment. Following the initial
3-hr period of rapid sedimentation, turbidity declined very slowly and. after
24 hr was betveen 5 and 20 ppm. It is of interest to note that the 0.1$
concentration of outer harbor sediment did not clarify as did the inner sediment,

but had a turbidity of 5 ppm et 24 hr.

Oxygen Demand and Hydrogen Sulfide Content of Sediments

Inner Harbor Sediment

The oxygen demand and hydrogen sulfide concentrations of 2X mixtures
 by volume! of inner harbor sediment were measured at 50 F in sea vater on
two identical 3-liter samples mixed continuously with a mechanical stirrer

at 70 rpm. Oxygen declined rapidly at first in each sample, decreasing to
5 ppm within 25 min in sample I and within 35 min in sample II  FIGUR 5!.
The oxygen demand apparently eaualed the . upply after about 90 min when oxygen

tabilized at 2.3 and 3.2 prm in the two samples.

Hydrogen sulfide concentrations in the two samples shoved a rapid
increase in the first 5 min, followed by a steady decline. The initial
increase was probably created by dissolutio~ of hydrogen sulfide as the
particles of sediment vere dispersed during initial mixing.

There was a close correlation between oxygen demand and dissipation of
hydrogen sulfide, indicating oxidation of hydrogen sulfide to the harmless
sulfur state. Hovever, the oxygen demand probably. consisted of biochemical
oxygen demand exerted by microorganisms as veil as the chemical demand of

hydrogen sulfide oxidation.

Outer Harbor Sediment

Although hydrogen sulfide was not detected, the outer harbor ediment
al.so exerted a significant oxygen demand. Dissolved oxygen concentrations of
5p 3p 2 and 14 sediment mixtures  by volume! were measured at 50 F in sea vater
for a 2-hr period in the absence of fish. Each 3-liter mixture vas continuously
mixed with a mechanical stirrer at 70 rpm. Oxygen dropped tc about 5 ppm

within 2 min in a 54 concentration and reached 0.1 ppm after 2 hr  FIGU-~' 6! ~
Oxygen demands were proportionately less at lo~er sediment concentrations.
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FIGURE g - Turbidity of outer harbor sediaent.

236



0 io 20 30 40 SO 60 'TO 80

T, v E � Hl I 9

FIGURE 5 -  hqrgen dcuaand and lgrdrogen sulfide content of 4
concentratian0 of inner harbor eedieent.  Gontinuous
mixing, fish not included.!
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Compari on of oxygen demands of 2% concentrations of inner and outer

harbor sediments in 60 min indicated the latter was 67% of the former.

Oxidation of hydrogen sulfide in the inner harbor sediment probably accounted
f or much of the dif f erence in oxygen demands . The rapid initial oxygen
demand of' outer harbor sediment was similar to that of the inner harbor sediment

and indica.ted oxy'gen demand consisted of chemical as vali as biochemical

oxidation. However, there was no evidence of hydrogen sulfide in outer

harbor sediment, which can be detected at very lov concentration by its odor,
nor were there any gas bubbles released to indicate the px esence of other

gases  e.g., methane! in the sediment. Oxidation of reduced sulfur, i.ron or
manganese in the sediment may have been the cause of rapid. chemical oxygen
demand, but the topic was not pursued and should be the subject of further
investigation.

Toxicity of Sediments

Inner Harbor Sediment

Sediments collected from the inner harbor were bioassayed using sockey'e
smolts in sea water to evaluate acute toxicity. Sediments vere bioassayed
initially within about 4 hr of procurement and again after sediment had been

stored for several days. Details of bioassays are reported elsevhere  Servisi,
Gordon and Martens, l969!.

In summary, bioassays showed that toxicity of the inner harbor sediment

was related primarily to its hydrogen sulfide content. Complete mortality
occurred in a few minutes at a lf or greater concentration of inner harbor

sediment when average initial hydrogen su1fide concentrations vere 2.3 ppm
or greater  TABLE 2!. Fish vere distressed at concentrations between O-I.

»d 1.� sediment where initial hydrogen sulfide concentrations vere greater
than O.3 but le s than 2.3 ppm. It appeared that a O.lg sediment concentration

the incipient level for visible evidence of distress of sockeye smolts.

~hen hydrogen sulfide vas removed by' aeration, distress and toxicity appeared
related to clogging of gills by' suspended fibers at concentrations over If
sediment. It is likely that fiber acted to compound the respiratory problems
~rested by hydrogen sulfide vhen both vere present together.
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of toxic effect and hydrogen sulfide content of various
concentrations of inner harbor sediment.

InitiAverage al
Hydrogen Sulfide

ppm

Sediment
Concentration
4 by Volume

Toxic Effects

Mortality in approximately 5 min

Mortality in approximately 15 min.

Mortality in approximately 20-25 min.

Possible mortality.

Distress - coughing - frenzied swimming.

Distress - coughing - frenzied svimming.

Possible distress.

10

4.1

2-3

0.75

0.50

0.25

0.30.10

0.1 No visible distress.0.05

Outer Harbor Sediment

Bioassays of outer harbor sediment indicated no evidence of distress

among fish introduced into 5, 3, 2 and 1$ sediment mixtures although there was

soma random swimming as though the fish hsd become disoriented in the turbid

vater. Hydrogen sulfide vas not detected, and thus it vas apparent that the

sediment exerted no direct toxic effect, Hovever, the 54 sediment mixture

exerted s significant rapi,d oxygen demand, as described earlier  FIGUW 6!,

causing dissolved oxygen to decline during bioassay to about 2 ppm in 10 min
st which time the fish appeared to lose equilibrium.

Ef'feet of Atmospheric Exposure on
Hydrogen Sulfide Content of Inner Harbor Sediment
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Exposure of inner harbor sediment to the atmosphere in 1-inch layers
"u>ted in a gradual. loss of hydrogen sulfide  TABLE 3!. However, the lov

rate st vhich hydro en sg sulfide vas lost suggests that it vas being produced
continuously by bacteriaria . Temperature of the sediment would influence the rate

of hydrogen sulfide Production, the greater production occurring as temperature
increased. Hence the 0e increase in temperature from 4,5 F to 62 F noted in
TABLE 3 vould have plp ayed a role in maintaining s significant hydrogen sulfide
content in the sediment.



Typal,E 3 - Hydrogen sulfide content of inner harbor sediment following
exposure to the atmosphere.

Temperature of
Sediment

OF

Time of
Exposure

hr
Hydrogen Sulfide"

ppm
Reduction

3.28
1.81
1.86
1.55
1.60
0.98
0.29
0.32

450 1
2

4 5
7

24
28

45
43
53
51
70

90
90

59
57
55
54
62

+ Heasured in a lg sediment concentration by volume in sea water.

The situation studied herein does not duplicate that expected if sediment
were piled on a barge for removal and dumping, but some application of the
experimental results appears reasonable. Since atmospheric contact for 5 hr
reduced the hydrogen sulfide content of a 1-inch layer of sediment by less
than 5 g, sediment piled several feet deep on a barge would probably lose
very little hydrogen sulfide before it was dumped. In fact on a warm day,
solar heating of sediment on a barge could conceivably increase the hydrogen
sulfide concentration owing to more vigorous bacterial metabolism.

Zffect of Washing and Resettling on
Hydrogen Sulfide Production of Inner Harbor Sediment

2/1

When sediment is dumped in sea ~ater it is with the intention that it
will settle to the bottom. Washing will occur as the sediment settles and it
was questioned whether this might eliminate subsequent hydrogen sulfide
production. If a 300 cu yd barge load of sediment were dumped at the proposed
location in 47 fathoms of water it would be washed at the rate of about 40 to I
if it descended vertically. This is a minimum value~ and mixing created by
tidal currents could increase the degree of washing. However, in order to
assess the possible effects of mixing, a 40 to 1 washing ratio was evaluated.

Sediment from the inner harbor was washed at a. ratio of 40 to 1 fn sea
water at 50 F~ allowed to settle and the sea water discarded. Washed sediment

then added to a depth of 1.5 inch in a 1-liter graduated cylinder and to
3-0 inch depth in another. Fresh, aerated seawater was added so as not to
mix the sediment and it was allowed to stand for 48 hr at 45 F- This
temperature was considered a realistic estimate of that occurring on the



of f Carter Foint. Samples of supernatant were drawn from mid-depthbottom o

- � d~gen sulfide and oxygen analyses and compared with a control cylinderfor hy rogen

containing only sea water.
ogen sulfide vere found in ths cylind

4!- urthermore, dissolved oxygen

r .4 ppm in the other, indicating a sig ificant o

M nt. Dissolved oxygen remained at 9.4 pp i th

og u fide vas not detected. Thus it vas evident th t
g ~ ng not preclude synthesis of hydrogen sulfid

on the bottom. The result was not unexp t d

& is ~dergoing decay and ~ould not b lt d by

TABLE 4 � Hydrogen sulfide and dissolved oxygen content
of sea ~ster overlying washed sediment for 48 hr.

Sediment Depth Hydrogen Sulfide Dissolved, Oxygen
inch ppm ppm

0-553.0 0.0

l.5

0.0

0.25

0.00 9-4

DISCUSSION
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Hesults indicated that four factors should be considered if disposal of
sediment in sea water is contemplated:  l! turbidity created during sediment

posal, �! oxygen demand of the sediment, �! toxicity due to hydrogen
sulfide released during disposal, and �! generation of hydrogen sulfide by
sediment after it resettles. The first three factors are of direct concern
« pin" and sockeye fisheries vhile the fourth concerns bottom fisheries
s«» « sole and crabs. All four factors are of importance insofar as disposal
« inner harbor sediment is concerned, but only' turbidity and oxygen demand
are of importance when outer harbor sediment is considered.

The roproposed disposal area for sediment is one which would affect adult
Fraser Hiver sHiver sockeye and pink salmon and possibly !uvenile Fraser P
as well as loclocal sto ck of salmon and other fish. Toxicity of d
measured usinusing sockeye smolts since adult fish vere not obtai
seems reasonab bl to Pl th «ults to adult sockeye and p
in mind that ah t f t f to hould be assigned to "aste di po-
allow for vari ai tio i tol ance becau
environmental factors.



Inner Harbor Sediment

Inner harbor sediments were found to cause considerable turbidity and
had s high oxygen demand. However, the major hazard to fish was toxicity
cz.eated by hydrogen sulfide which dissolved as the sediment was mixed with sea
watez. Hydrogen sulfide is formed in an anaerobic environment from the activity
of specialized bacteria  genus Desulfovibrio! which convert sulfate to hydrogen
sulfide as they metabolize organic matter  Stanier, Ouodoroff and Adelberg,
1957! ~ In this instance, sulfate was supplied by sea wat,er and the organic
matter by the fibez' deposits. Hydrogen sulfide is a respiratory depressant,
similar tn cyanide, and at lethal concentrations reacts quickly to arrest
respizatory functions  Jones, l964!. Thus the sediment was responsible for
imposing the additive stresses of reduced oxygen supply, owing to its oxygen
demand, and depressed respiratio~ caused by hydrogen sulfide.

The maximum concentration of hydrogen sulfide at which salmon or trout
would survive has been reported as varying between 0.3 and 1.0 ppm  NcKee and
Wolf, 1963 !. The results obtained hez ein fall within this range as smolts
were highly distressed at 1.0 ppm hydrogen sulfide, but not visibly so at 0.1
ppm. The threshold level for visible distres. of soc~eye salmon smolts appeared
to be around. 0.3 ppm, which coincided with a 0. 1$ concentration of sediment
{TABLE 2!. There were indications that respirat,ion of sockeye molts may have
been depressed at a 0.05$ concentrat,ion of ediment {Servizi, Gordon and martens,
1969! but this was not definite and therefoxe the higher concentration of O.lf
was used as the maximum tolerable level in considering disposal reouirements.

Experimental tudies indicated that toxicity of the innez' harbor sediment
would decline only slightly during exposure to the atmosphere and therefore the
sediment probably would be s.s toxic when dumped from a barge as when first
dredged. This z esult was to be expected since conditions for hydzogen sulfide
production would. remain favorable in the barge where the combination of rich
organic matez'ial  fiber!, sulfate  sea water! and bacteria would be maintained
ln fact,, solar heating could raise the t,emperature of sediment on a barge>
increasing the rate of bacterial metabolism and consequently increasing
hydrogen sulfide production and potential toxicity.

The amount of mixing and dispersion which would occur during discharge of
sediment from a barge is unknown, however zones of high hydrogen sulfide, low

n and exce sive turbidity may o~~~~. Th~~e

potential hazards to fish through adequate dilution during dumping would be
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concentr ation of inxlex' hal box'necessary. Bioassay results ind cate e
.1'4. This concentration corresponds to the visibl~sediment should not exceed 0.1 . s co
lmo exerts an insignificant oxygen demand andthreshold of distress for salmon, exer s an

i i hich would clarify within approximately 1 hr.oreates a turbid condition wh c wo c
limi ting stress and toxicity caused by hydrogenThus if requirements for el na ng s

ti fi d vg dispersal and dilution, turbidity and oxygensulfide could be satisfied vg spersa
desaand would not be significant factors.

In order to not excee ad 0 Lg concentration of sediment, methods must be

found to dilute the se en a a1 th dim nt at a ratio of l 000 to 1 during disposal. Tot

obtain this dilution, eac h 300 cu yd barge load of sediment would need to be
6dispersed in a volume of 300,000 cu yd of sea water �0.6 x 10 galj. There

is little knovledge to predict how the sediment would disperse and mix vhen
released from a typical bottom dump barge vith a bottom opening 16 ft vide
by 65 ft long. However, towing a barge vhile distributing the contents in
order to create a 1,000 to 1 dilution appeared impractical. Furthermore, in
practice the bottom of a barge opens suddenly and cannot be controlled fax
uniform dispersion of the contents. Consequently, the practical method of
operation is to dump the barge contents at a single site, Thus if the
sediment from a single 300 cu yd barge load vere mixed in the 47 fathom water
co>umn beneath the barge at the disposal site, the concentration of sediment
would be about 2.FL; 28 times greater than that, considered marginally safe

f' or fishes.

Thesis comparisons serve to illustrate the magnitude of the problem faced

in obtaining safe dispersal of the sediment in sea vater. Of course, the

theoretical sediment concentration of 2,8$ may not be reached since some

material may sink quickly vit? Little mixing. However, the theoretical

conc' ntration which could occur is so much greater than that which is

considered minimally safe that a substantial risk to fish and fisheries

operations could be associated with dumping.

Inner harbor sediment could also alter the character of the bottom «

the disposal site and, after resettling, form a continuing hasard «
bottom-dwelling species. ks noted earlier, normal marine bottom li« was
absent from the original collections of inner harbor sediment.
6 ,600 cu yd of inner harbor sediment were redistributed over an are«f62 6

1 million sq yd �,000 ft x 3,000 ft!, it would form a deposit about 2 25 inch
deep. Results shoved a l.5-inch depth of sediment exerted a signif«M t o yg
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demand and continued to produce hydrogen sulfide, a condition which could

destroy normal bottom life. Dispersal of sediment over an area of 10 million

sq yd  9,000 ft x 10,000 ft! would form a deposit about 0.25 inch deep which
would probably be harmless. But to achieve uniform distribution of sediment

over a wide area would require careful planning and further knowledge of mixing
and settling of the sediment during dumping. Previous sediment dumping in

Be3.lingham Bay created a shoal opposite Fest Foint.

Outer Harbor Sediment

Sediment from the outer harbor had two characteristics which are of

concern when marine disposal is considered, turbidity and oxygen demand.

Turbidity may divert salmon from their usual migration route. Furthermore,

turbid water seriously reduces the efficiency. of reef net fishermen who require

very clear water in order to see fish entering their nets at a depth of 15 ft.

The turbidity of various concentrations of sediment declined sharply to between

40 and 70 ppm during the first 3 hr of settling  FIGURE 4.!. From that time on,

the turbidity declined very slowly and there was little difference in turbidity

of mixtures which had initial concentrations of O.lg to 10$ sediment. For

example, after 8 hr of ettling turbidity ranged between 20 and 50 ppm, a level

which would interfere with reef net operations as tidal currents carried the

sediment northward, since normal turbidity in the general fishing area averages

2.6 ppm and does not exceed 4 ppm  Kincaid, Wennekens and Sylvester, 1954, 1955!.
4 deoxygenated zone may also serve to divert salmon from their normal

migration route with serious reductions in catch by commercial fishermen

pursuing the fish in their accustomed places. In this regard, oxygen levels

less than 6 ppm may be ~voided by some coho and chinook salmon  W'hitmore,
Warren and Doudoroff, 1960! and pre umably by sockeye and pink salmon as well.
Oxygen demand of the sediment wa great enough to lower dissolved oxygen to
less than 6 ppm in a matter of minutes, depending upon the concentration of
sedi.ment. Thus diversion of salmon during marine disposal of sediment is a

distinct possibility.

Furthermore, although most fish, including Pacific salmon, will avoid zones
of low oxygen, avoidance is not necessarily complete and some salmon may' enter
a deoxygenated zone snd perish  Whitmore, Warren and Doudoroff, 1960!.
oxygen demand of a 5$ ediment mixture was great enough to reduce dissolved
oxygen to values less than 2 ppm in about 16 min  FIGUF 6! and uch low oxygen

levels led to loss of equilibrium in bioassays. Since mixing character' sties
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f edfment are unknovn, the time required for a zone of
during dumping o

to be reaerated through mixing with oxygen-rich vater isoxygen-poor vater
unkxxne.

The fmprac caticality of dispersing inner harbor sediment to obt i

substantial dilutions as di cussed earlfex and applies to th o t
sediment as ve Thus it appeax's that adequate dilution to eliminate the
effects of turbidity' and oxygen demand could not be obtained by any practical
method of videspread dispersal.

An al.ternative proposal to dump sediment only on ebbing tides also has
certafn fmpractical aspects. The net movement of sea vater entering the area
f~ Juan de Fuca Strait is northward through Rosario Strait pa t Luszzi
Island~ the net outflov leaves via Haro Strait, vestvard of Rosario Strait
 FIGURE I!, Because of this circulation, sediment dumped on an ebb tide vould
be carried avay' from Lummi Island initially, but material remaining in

suspension would be carried past Lummi Island again on the flooding tide.

Furthexmore, there are only tvo ebb tides per day vhich restx icts the dumping

period considerably and makes the logistics of sediment disposal more complex

than could be reasonably regulated or controlled. This is especially true vben

one considers that there vould be about 230 barge loads of sediment from the

outer harbor alone.

RECCMKINDATIONS

Inner Harbor Sediment

' edim*nt from the inkier harbor vas shovn to be highly toxic and its
di "Po'al by dumping would be a hazard to both surface and bottom marine life.

There ap> eared to be no practical feasible method of either detoxifying the
. ~dim+n< before dumping, or dispersing it to assure adequate dilution. Hence>

s«nd>oint of total fisheries protection, it appeared ill-advised
sediment in any area inhabited by fish, crabs, or shellfish.

"oted earlier, this sediment consisted of pulp fibers in vaxious stages
of decay. When devatered it was very much like the waste pulp dredged from
settlin basins or otherwise discarded by pulp mills. Such material has been
used successfull.u»y for land fill. An odor problem would probab+ acco mpany
land fill in the ihe initial stages but once the sea vater either drained away or
was washed ava y by rain, the sulfate supply vould be removed and ydr g
sulfide would no l-onger b produced. In this regard, pulp fibers have
remained on the bottbottom of treatment plant settli.ng basins vithout production
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hydrogen sulfide since sulfate is in insufficient supply. Thus the odor
ociated with land disposal of sediment vould not be continuous but vould

exist only during the dredging -eriod.

Outer Harbor Sediment

ent from the outer harbor constituted a threat to adult sockeye and

pink saixson fisheries if disposal occurred in the proposed area during the
of June through October. Furthermore juvenile Fraser M.ver pink salmon

might be affected if dumping took place between Y~rch and August. Hence it was

recommended that sediment disposal not be outside of Bellingham Bay  south of

48 40'N or west of let 35'! between March and October.

Thi sediment appeared amenable to local disposal in the northern area of

Bellingham Bey as it was a naturally occurring bottom material similar to that

of th.. immediate area and vas found to surnort a normal bottom population in

this and in other studies  F.W.F. C.,'.. and W. F. C. C., 1967! . Some degree of
hazard to fishes from lov dissolved oxy.gen would sccom". any disposal, caused by

the oxygen demand of the sediment. However, a previous study indicated that

hydraulic  suction! dredging of a channel in Chesapeake Bay did not cause gross
damage ta marine life. Although some bottom animals vere smothered, other

species began repopulation soon after dredging   Flemer et al., l968!.

Unfortunately, di solved oxygen vas not measured during the foregoing study.
In the present situation, it appeared that a hydraulic dredge could

dispose of the ediment in the immediate area of the outer harbor, but outside
the shallow vater � fathoms! used by juvenile bottom fishes. This proposal,
as suggested by the Washington Pollution Control Commission and Washington

State Department of :ishexies, could pxobably be completed vith minimal harm.
The =roblem of turbidity would be minimized if the vork vere done during
summer  as suggested by the aforementioned agencies! vhen Bellingham Bay is
already tux bid due to discharge of the Nooksack River. Additional turbidity
originating from natural sediments could probably be tolerated for the fev
weeks required for dredging.

Subsequent to completion of the study reported here, the Washing o
State Water 5'oliution Contro] Commission, the Washington State epart~n
of Fisherie , and the U.S. Army Corps of Engineers agreed on a modified
dredging plan. The modified plan called for retention of the inner harbor
ediment until a land disposal plan could be developed and hydraulic dredgi g

of the outer harbor sedime~t with disposai in the local area during
The contents and recozanendations of this report formed part of the testi ony
used in formulating the modified dxedging plan.
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Hydro-Ecological Problems of

Marinas in Puget Sound

Eugene P . Richey

Professor of Civil Engineering

University of Washington

Seattle, Washington 98105

ABSTRACT

Some new criteria for reviewing plans for new marinas and other shore-

tied structures in the regions of Puget Sound and Adjacent Waters that are

to be added to the traditional list for planning design considerations, are

discussed as to origin and possible methods of compliance. These cri teria

involve limits on the extent and type of structure to maintain water quality

and to minimize barriers in the path of juvenile, migratory salmon. A model

is developed for describing gross kinematics in a marina of simple planform

for the purposes of comparing the effect of different. geometries on circu-

lation patterns. A few marinas now in operation are reviewed as illustrations

of how conventional designs conform to the new guidelines.
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%be projected figures for the growth of pleasure boating in the Pacific

North~ are impressive. A study for' ~ Sound �968! estimates that

pleasure craft in the area will increase to 291,000 in 1980, up 56% free the

1966 level of 186,000, and to S51,000 by the year 2000. The fcmmast for

additional marinas, laud sites and related facilities parallels the

boat-nicker forecast. New emriramental hereness and ccnvmns relating to

the use of our water-related resources will require that designers of these

facilities cxmsider features that are not yet a part of ammnticnal practice.

Seattle, ML~ytm
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A zecmnt �969! ~~~ on design practices treats the ~

structures and ecxmcmics of typical marinas, but ~~

agencies. The objective of this paper is to call attest~~ to ~ ~

these local factors, water quality, the aaocrmaodatian oS shell fis an

migratory fish, navigatim, shoreline equilibrimt and ~~~t

may influence the planning and hydraulic design of the

marinas that appear in the regional gneth forecast.

Pellet Sound, Hood Canal, the Straits of Juan da Puca and Geczqia,

approach a water area of searm 2,500 +yare miles. Ficpxre 1 shows their

xelaticeship to the Pacific Ocean. Al~h the regs.cn has many lccal

features that tend to &mam lost in breedly stated gencmalities, there

are a.few descriptions applicable to the regi~ as a whole. Tides are of

mixed type with unequal laws; ranges are in the ords~ oS 10 feet, although

in %%M places, like SeaM9c cd Hood Canal, the EoctvERN range is frtNI -4

feet to +15 feet. NortM~terly winds are typical d~mg the sammr seasm.

winter staerm. Spaa5s of 40 knots are quite ccamm; a karst to 70 knots is

an event likely in the li.fe of any project not 'cally sheltered in

scEKO manner. ÃKl~llll wind wave heights are cctlsidBxl~

mills may occur. Data on wave heights s~~ by ~i+ ~~s ~

 go stent tx%89IM' ~ The inf ]$7/ ~ ~ sony rivers alcmg

the variable tidal curvmts and regices of great ~~ gim Hm t m~~t

density strati f ications g and regional and

Littoral drift patterns have been assessed in a few
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rates of drift at any one site have to be inferred fzcm

lecel indices and esnpirical wave energy relaticnships. In spite of gaps in

basic data about ~t Sound and Adjacent Whter, if a site is under study, an

svchaustive liter@ta~ ~arch for relevant background material should be under-

as va'.ll as in theme of the xegicnal and state agencies; much data is on +~cd

and current xesaa~ projects axe ~ing in raze.

Tidal Fl of Ner,inas

~ has beam writ,ten, and acre is "in press", about diffusian pxoblans

in estuaries. Bc@eden  l967} diemsses the basic principles of circulation and

mb~p and amanarixes several approaches to large-scale ~licaticas. Ham~,

the size of the marines and m objective restricted to describing certain

kineaatic relative allow several simplifying assmptims. The diffusion

process as a fomaa1 pxeblsm is not to be dealt with. 'Ihe fresh water inflow

to the typical marimba is smail, ao only a single-layered system need bs oan-

sickeed.  Xf the marina were to be located at the mouth of a creek of any

ammaquance, likely it would be relocated to provide un9qpede5 access to

migratory fish.! The usual water depth in a marina i.s only about twice the

tidal range, so effects of stratificaticn an gross kinematics are elected.

These assumptions ~ttedly may oversimplify the Qm3xodyn;mice in a given

mar~<, but they cd allow ~ useful firstmxder ~mmimations to be obtained

readily.

A first model asks that the 8~nant netims in the mm.na may be

found fxcm a cxliservatictl of voila& basis, only, as stated in Eq. 1 with

no difference in surf~ elevatjcns between the basin and the estuary,

dy ~ dm, foz' the elesKtlt identified on Figure 2.
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FIGURE 2. Definition Sketch
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dz

 bV + ~  bv! dx! z6

zbV �  bq + �  bv + �  bV! dx!! z = -bdx ~6 6 dz
6x 6x

�  bV! dx = b�
6 dx dz
6x z Bt

~  bv! = b ~ ln zd d

d bV! = ~< b ds, since ~ � p fbc!d 1n z . d ln z

v x

V=V at x

V=O at x=L

bvdt = d ln z

L
-bdx = d Xn z bdx

X

b dx

-.J.''-
�!

2SS

For a horizcntal bottan,   z P f  x! ! the mod.am a~~raticn zaire



~ti~ 2 expresses the cooditicm that if a paroel were at x wheno

~ were to travel with the fluid velocity v, then it0, ~ z z and were to

at a positicn x when the depth ROQXRAf z ~
pince the right  HAS! of Ekymticm 2 is of the form ~u,

L X b dx�I
X 0

z

x

L L
z bdx ~ z bdx

x 0

�!

Far mlac~i initial accditims,  x, z ! the RHS of Byaticm 3 is a

axmbmt, i.e., the volme between x and x ~ L.
0

Rkpeticn 3 can he ada ~ ta solve for

a, x given x, z and z
0 0

b. z, given x, z and xo' o

c. x, given z, z, and x = 0
0 o

Ckmditices in  c! allcae for detezmining x such that a parcel wNlid reacb
0

x ~ 0 in the intra' that z + z. 5e equatice can be adapted readily to
0

iterative zethods of soluticn for a basin of ncn-reglWtx shape so i~ as
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the ~~al of a unifoxm velocity distributicn, i.e., V = f x! only, calL

In other words, the methane does not allow' for variaticns in veio-

ciW ~~~ the basin, ~ in the vertical di~ca as might develop in a

stratified fl~.



~ explore ~tion 3 quantitatively, ccnsider a marina having a rec-

t ~lar planf~, 75p' x 1500',  about a 300-boat size!, an entrant width
b = 100 feet, and a horizontal bottxm at elevation -15' maw. Ceo solute

e

of ~tion 3 for this asslggh5 g%KSletry is shown on Figure 3g where z is the

depth at slack flood tide, z is the depth at, slack ebb. 'i%en far a pazml

t x+ = 0.5, a valm of zgz 1.9 would be needed for the
parosl to reach the basin entrance at the ebb slack time. This is a value
that would be possible cm a high spring tide, but not during the neap cycle.

Bymtion 3 may be used also to deb~~inc the ebb slack positice x of a

parcel that was at x on flood slack. For the illustrative basin, with a
0

bottcm elevation of -l5 MLITT, the ratio of initial depth to final depth z j'z,

The velocity at the entrance to a basin resulting fzan tidal emMnges

is hngertaat fran viewpoints such as navigaticm, the paths of mnall fish

migrating al~ the shoreline. sedinmnt transport and its role in a material
4alance, which in turn may relate to biological and shoreline eguilib

problems. A first estimate of this average velocity V as a function « time

can be predicted fran the ocatinuity principle as

�!V = ~  dz/dt!
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=2.4 far a typical high spring tide and l.5 for a neap tide; resu3.ts for

these tides are slxan on Figure 4. The travel distances depend only ~ the

depth ratio, not ~ the shape of the tide curve. The limitations cm flush-

ing fran the upper reaches of the basin by tidal action alcove teocse obviam.

'Ihe method may be adsqpted to basins of i~gular shape by step met?ebs.

A definition of a flushing tilm t in tidal cycles is given by Bae3en

�967! as t =  V + P!/P, where V is the water vol+re in the basin at late water

and P the volmm at high water. Gznplete mixirrp is assmed so t represents

caly the lower limit of flushing tine; actual times may be much l~-



2 Initial Dietoncm Bht"L5, x jI

0.25 0.50 0.75

Initial Z~anm Ratie x~
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where A is the planform area of the basin, A is the cmss-eactional area of
e

the entrance, and dx/dt the time change of tidal height, assoned in this model

to be the swan as the chape within the basin. 'Ihe model does not distiagui,sh

between inoamiap and outgoing currents.

The mixed tides with the unectual lcws polar to the regin require a

crmbersame harm~c function to describe them thvmphout a aarplete cycle, so

it is expedient to use a sickle cosine curve ave just a seh~ limb of the

cycle to predict the entrant velocity. Nore exact functions can be used for

a particular tide and place. Let the entrant depth for an ebbing tide be

z - a + {W! cos ~ t/r + O'2 �!

wham B is the depth at law tide, H is the full height range, and T the time

fnm flood to ebb slack. 'I%e average entrance velocity fran Bpmtion 4 is

�!V = A/A  ~/T!  I /2! sin ~ t/T

1' predicted velocity is plotted as Figure 5 for the dimensicms of the sample

and a spring tide have H = 14 feet and T = 420 ~utes. 'Ihe velocity is

area, tida3. range and period can be a~nxted easily. It was asslxned in

this madel that the water surface height in the basin was the swan as in the

estuary  Figure 2!. A refixMsmnt on the "continuity" model can be made by

using the Energy Hyation, written heWmm the water surface inside the basin

and that in the tidal zerI outside the basin entmmoe, to obtain-

Vl /2g + Y = V2 /2g + z2 2

Vl /2g + Y V2 /2g + 'I �!

where the last term is the ammation of all losses. After neglect~
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acceleraticms, bottan slcpe, velocity heads in the basin and in the estuary.

and ashy the only irtpartant loss is the kinetic enevgy in the entrance, the



entr'mme velocity is found to be

 8!V

the entrance must equal t?~ ~~1m' drawn fry the basin, so

Q dt ~ -A dY = VA
e  9!

and A can be determined fran the entrM.ee gecrnetzy and Bmation 5. A solutione

of Equations 8 and 9 for Vm sam geanetry used to solve ti'e first velocity

model is plotted for cxmp.m.son on Figure 5, along with other gecmetries to

show the relative effects of areal and tidal parameter.

30

20

10

0.6 1.00.2 0.4 0.8

FI %RE 5. Entrance Velocity
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This tec!edge has been used quite successfu1ly by Halliwell �967! in plan~

closures for estuaries. The effects of sills can be included in tt~ analysis

by cxmsidering then as possible control structures. 'Ihe volmm flux Q thxo~h



One-dimensional flow was assured for both prediction models in order to

obtain readi ly the gross kinematics; effects due to alignment of entrances

with respect to the main body of tom basin, the particular entrance geometry,
the presence of boat slips, wind stress, nor bottcxn configurations were

included. Estimates of the effects of entrance and aligrment gecmetry in the
individual case might be obtained frern potential f1m theory as used by French
�960! or fran sane analogue technique like the fluid mapper  Moore, l961! .
However, experimental data fran prototyoe sites or physical models are nod

to check the prediction models and to assess the relative importance of the

secondary inf laces. 'Ihe elementary approach provides a first appmecimatian
which may be quite adeouate far sane applications, but the ammdaxy effects
could be of primary importance in other cases.

M~18tO~Fisll BIK1 MB1~S

The State of Wasl~nqton Department of Fisheries has released  Feb. 1971!

a rx~~ which establishes guidelines ".. to govern design and construction of

facilities that might affect th fish and shellfish resources under jurisdictim
of the Department of Fisheries. 'Ihe criteria ... will be imne&ately irrple-
rrented in review of applications to a~truct facilities alcng the sext~re,

particularly bulklmads, landfills, and marinas in all marine waters lying east

of Cape Flattery ..." 'l?u.s ~@~ follows an earlier cue by Heiser and Finn

 l970! on juvenile salmon in marina and bul!dreaded meas. Rxne of the inf

mation frcxn these two reports «erich relates meet closely to the marina hydraulics

is paraphrased here for the present discussion, but the reader should see the

original reports for additional remarks on biological and water quality matters
and for a full listing of the design criteria.

Pink and chen salmon fry, ~ species most vulnerable to predation by

more vigorous fishes and susceptible to other hazards, migrate in only the

upper 6-12 inches of water; they suffer increased predation vA~ forced to
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arne into hsepm water. This trait has a ~W bearing on design criteria

for struts in the xcoes of migratoxy salmcm, which means mst of pupet

Sound and Adjacent Waters, and surely will be a factor to be rec9mmd with

in any cooling water systems in these zegicns, although the xepcets do not

cover this point.

The general objective of the criteria is to maintain natural shorelines

and beach slopes so far as possible, to pzovide adequate circulation within

mazinas, and to xapd.ze structuzes that will nei.ther force juvenile salon

into deep water rxxr provide a habitat fav~4le for pzedators. Sane specific

criteria axe.

l. The amstructicm of a bulkhead and/or land fill with a vertical
iace is limited in scsxnezd exbsnt to certain tidal elevations specified
by xegims, and is set at +9 feet in the area of Seattle, for instance.
Oanstxucticm of riprap or stepped foxms may proceed further seaward to
another limiting elevation, again set on regional levels, but is I6.6
in the Seattle area.

2. Breakwaters and/or RaQ3cheeBiag built seaward in a plane pezpen-
dicular to the shoreline shall not be allowed as a contirnxes ~iece
structure. 'le tow of a shore tcsejcwater may not extend eaawae9
~end the zex~de level.

3. The beach inside a marina is subject to the sane elevation limits
as in �! above.

ex~A that any breaches shall not be less than 20 feet in width,
measuzv4 at the tow, and p~zoject ~~< must be maintaine9.

1b see hcw a cenvenWmal design might be altered to ao.ceszz3ate scend of

these criteria, zefer to the schematic layout of Figure 6a. The buDchead at

the shoze is assigned to be vertical, the bottcm meat,+ted to a am@tant depth.

Eeeak~ter materials and secticms are chceen on the ecmceics of strt~rai

zectuiraumts, cary. 'Ihe single entrance is oriented to minimize infl~t wave

enezgy, and a culvert has been called for in me bxm~atar for cimmlation

purposes. Under the new criteria, Figure 6B, the extent seemzd of the

vertical buD&aad has been limited as under �! above, as is the beach. The

~tzuctica material and sides of the two stvucbxres mcmal to the shoreline
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FIGURE 6a. Gonven&caal ~pout

«0" Tide

«0» Td
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have been conform to preferred mate rial and minima s lope, gaps
rovided on the shore ends since the fish refuse to enter a

have been p

rt, and the cmered end has been terminated at zero � tide line.
culvert i

outer break~ters have been detached with mirdrmrn gaps of 20 feet, and have
ps to increase water circulation. The breakwater ~nnents

multip e W

have been offset to divert wave energy fraA the marina. Floating bre Meters

would ~~ to be a good guardian of marinas so far as the salon fry migra-
tion oaths are concerned, and, iah%6 may be an eoon~cal alternative in st

locations where water depths preclude a fixed beater and long wave let's

are excluded for scxre physical reams, but are not a prcrnising solution on

expeae5 sites.

'Ibe new criteria provide the planner and designer of shore-based facili-

ties with long-needed guidelines. Increases in cost may be associated with the

cxnstruction of sane marina canpanents, Rearer, the market is a luxury one,

though not neoessarily a luxurious one, and should be able to absorb the

mcdast cost increases to help maintain a rescurae that adds pleasure to pleasure

boating.

'lbe lake Chelan Case

An action by the Supreme Court of Washingtcn on December 4, 1969 sets

forth anther mnsideration for the planning input to shoreline develapnents

in the. state. According to Corker �970! "'Pm ~s ordered defendants who

had filled their lands, which are seasonally inundated by the waters of lake

Cheian. to ~m~ the fill because it obstrucb& the rights of the olaintiffs

and the P~~lic to swim, boat, fish, bathe, recreate, and navigate in the

waters « the lake. 'Ibis principle applies to all navigable waters of the

Corker discusses the case at sane 1~th, and includes definitions

the terms "navigable" and "navigability". A reply to Corker's analysis y

 l970! states a ~trary view with respect to both tW law of tidelands
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and shorelands in lakes, which fluctuate only naturally, and the effect of

Q~ Lake Q1elan case upon that body of law. It may be sanetime before the

spectrum of cases falling under the lake Chelan ruling is fully defined.

One opinion is that breakwaters to protect a marina are "aids to navigation"

and therefore do not cane under the ruling. Hcx~r, plans for any shore-

line develaptants need to be projected against the Lake Chelan ruling for

possible conflicts.

Narina Examples

Five existinq rnarinas  located on Figure 1! will serve as examples of

possible field study sites and canparisons with sane of the planform require-

ments of t!m new criteria; Heiser �970! reports on observations of juvenile

salmon in the first four of these.

'Ihe Des tWines Narina  Figure 7! has a single entrance on its northern

end. 'Ibis location is desirable frcrn a wave-energy st.mdpoint, but not fran

the water ex'~ view. Northerly winds are ccats~ during the active surlier

boating seam~, which may inhibit the ouh~9 mceanent of surface water. 'Ihe

simple kinanatic mxlel should yield rea~le results here, for the geanetry

is relatively simple. 'l?m effect of boat slips is unluxam, of course. Very

likely, under the new criteria, a second op~a at the southron end would

have been included in the design to incre;me circulation t!waugh the marina-

~ Shilshole Narina, Figure 8, is discussed in sam detail in deference

l. Its detached brea!cwater with the two major entrarxoes p~~ good tidal

exchanges and n~mts of surface currents by winds fnan either of the two

frequent sectors.

'Ihe Ehmrxis Marina  Figure 8! has a single, central ce~p with a re-

entrant breakwater wing on the north side. 'Ifm marina might be anal.ymad in

two parts, with cnrrections for the agmeetric gecaetry. Any gaps that

might be mxjgested for either of the two breaJveters that are normal to the
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shorel ine ~sate for encl.dent wave energv on the south
aide and the fl fran sewer outfall just off the north szde.

~ Cultus Bay china  Figure 9! is relatively lang and narre~, with

Shallow Leaden. Xt OpenS b~rd the north, so the water in
stagnates and berrares auite warm beCause of the shallow depths and ~r

circulaticn.

The ~~ Point site  Figure 10! an the western side of whidbey

haa b88n developed by excavating behind the normal M Chline

farmed by dredging the agall Creek that drained the marShland is th Only
apstung. Its crossing of the beachline has been protected by two short grains
The general planform cxnfiguration does not lend itself well to a field study

Conclusions

The rmu Criteria tO be uaed by the State Of Washington Department of

Fisheries in the reView Of applicatioeS fOr the construotian of shOre facili-

ties Suoh as bulkheais and marixvas form One mOre instance where ecolOgioal

parcel~ need to be added to the ones used more traditionally in the planning

ard design of wate~riented struCtures. Twa major points so far as marinas

are ocnoerned relate to limits on the sey erd prOtruSiOn of shore~mnnectcx3

structures, ~ the rectuiregents for better wave circulation. ~ prediction

gedels for assessing circulatianS due ta tidal effects were developed;

second model showed that neglecting the exit loss would be a permissible

assmption in nest instances. It appears that. these new criteria can be woven

into the existing planning and design procedures in quite the same way as any

other new regulatian on navigation, safety, etc., would be handled.

Disaussions with personnel in the State of Washingtan Eepartment Of

Fisheries and their oo~ratice in supplying marts were essential in the

preparaticm of this paper.
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FIGURE 7. Des No~s Mari@a

FI K3PZ 8. Shilshole Marina
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FIGURE 9. Ehnm9s Marina

FIG01K 10. QQ,~ ~
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Marine Aids to Navigation-

Selection and Design

by

Commander, Charles L. Clark, USCG

Chief, Civil Engineering Branch

Thirteenth Coast Guard District

Seattle, Washington

A BSTRACT

modern marino aids to navigation system is designed to give the

«ssistance in transiting our navigable water safely. Types

w'thIn the estuary include ranges, passing lights, buoys, and day-

lnd>vidual aids are located, designed and maintained to serve

-'pe< i ~ i c needs of the mariner. Fquipment is designed to provide effi-
op o""»on w>thout sacri ficing reliability.
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The first known man-made aid to marine navigation in the

western world dates back 2,250 years. Even before then, sailors

were undoubtedly guided by the smoke and fires of volcanoes as well

as by the sun, moon and stars. In 280 B.C. a massive 400-foot tower

was built on the summit in the Pharos of Alexandria, Egyot, on

which a wood fire was kept burning. The tower was started by the

irst Ptolemy and completed by the second Pto~, at a total cost

of 800 talents �,400,000 shekels!. The pharos of Alexandria was

numbered among the Seven Nonders of the Nestern fforld, and it gave

use the word "pharol,ogy," meaning the science of lighthouse design

s.nd engineering.
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A mxlern aids to navigation system bears no resemblence to this

ancient wonder, or even the aids of 100 years ago. Vast increases

in the number of users, including recreational boatmen, an increase

n vessel size and speed, transportation of bulk cargoes with

potential adverse affects on marine ecology, have all contributed

to the growth and importance of our marine aias to navigation

system. The Coast Guard operates and mair tains over 4l,000 aids

within the navigable waters of the United States. Tn addition

to protecting the life and property oi users, our system plays

a key role in preserving the environment .'or everyone dependent

on our estuaries for economic and recreational support.

To the casual observer, most aids look the same except for

color and light characteristic. Selection of a specific aia is

governed by operational criteria plus physical characteristics

of the station. On an estuary such as the Columbia ..iver , all

types of aids are encountered by the mariner. They include lighted

and use.ighted buoys, lighted structures, daybeacons, and ranges.

Each of these wiU, provide the user with one or more of the

following audio/visual services:

l, Daymark with visual identification.

2. "adar target�

3. Light with visual identification,

Audible sill,

A. system of marine aids to navigation must be established

and maintained according to several basic principles. Aids are
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'nst".llc.d alon- a coast and nav' -,able ~wtemfa;s and aboa~ stationary

vessels: to enable navieators to determine their position

relat'on to land. other visible objects and concealed, iso~ted

« follow natural and imoroved channels; and to determine

their posit,ion on the high seas. Different tz~s of aids are used

solely to mee the requirements of varying locales and na~gators.

The system should be based on the following principles:

l. It must be sufficient. to serve the needs of t.he armed

forces and ,.ermanent and substantial commerce of the count,r.. involved.

The term "commerce" includes international and coastwise ~r ade,

commercial and recreational fishinp, and recreational boati a=.

2. ~web ~id in the system must be,!ustified in terms of

public benefit to be der= ved therefrom.

3. It nust provide a uni.fo~, sim-.,le method of i dentifi-

cation and distinction of one aid from a~other.

4, It must be reliable. =~liability is essentia3 to the

safe use of the svstem. 'whenever a deficiency exists, the Tnariner

rmst be ex'~ ditiously notified of it.

5. It, is nassive. An aid to navigatior. is oxQV a tool

of the mariner as the name "aid" apoU.es. The aids and -~cautionary

note- mrtaininp to them make available to the mariner ce~iz

valuable information. The intemretation and use of the ~crmation

are lef to the discretion of the mariner. He rmst fudge g<>r

h..self &ether the msition obtained is de~able and accu ate

and what steps are needed to assure his safe passage. Tha eunateur

navigator often forgets 'hat the aid is essive and that g~
locust act.



6. An aid to navigation by i.tself does not provi.de a

mariner with a11 the infomationheneeds. Proper use of a

system of aids to navigation requires that the mariner seek

additional information about the aid, its location and purpose by

consulting up-t~te charts, Light Lists, appropriate Sailing

Directions, and. Notices to Mariners, Accordingly, accurate and

timely' information on the type, characteristics, and location of

each aid must be provided the mariner through the specific publications.

The estuaries of the Pacific Northwest offer a great challenge

to the officers and men responsible for providin~ a safe marine

highway. Location of the entrances of estuaries along the Oregon

and ',fashington Coast has given us the dubious honor of having the

roughest buoy station in the entire United States  Clatsoo Soit

Lighted >'Mstle Buoy 4 on the Columbia M,ver Entrance Bar!.

As we proceed from sea, the forces and conditions change

drastically and require varied solutions discussed in the fo11owing

paragraphs.

Buoy design employs all of the principles of vessel design with

the added factor of a fixed mooring under all conditions. Lighted

buoys are designed with a period of roll approximately five seconds

and a >! degree ~cimmn angle of roll to afford the mariner an

opportunity to observe the light characteristic at its advertised

intensity during each oscilLation.

Buoys come in many shapes and si3es, each designed to support

a payload under particular conditions. A buoy is required when a

fixed structure is not feasible due to:
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1. /ater depth.

2. 4!cal. sea conditions.

3. Current.

Unstable channel or bottom contours.

5. Frequent contact with passing vessels, tows, or debris.

Table I shows the performance characteristics of standard

lighted buoys. The lighted whistle buoy in Figure 1 is typical of

the Co jumbia River Bar Channel buoys except 1 7/8" chain is used

to withstand the tremendous loads imposed on the mooring on our

bar stations. 4t. the other ena of tne spectrum is the sixth class

unlighted buoy similar to the tvpe used in the upper Columbia River

 Figure 2!.

Select>on ol a oartzcmar buoy io ao the .job depends on the

following requirements:

1. Geographic location  exposed, semiexposed, or

sheltered!. Zxoosed loca~ions demand buoys with a large reserve

buoyancv to su~oort the vertical component of the mooring load

during adverse sea one.~sons.

2. Operational range of the light. The height of the

focal plane must be sufficient to assure the geograpnic range of

the i>gn~ equ *s or exceeds the operational range.

3. Visual range of daymark. Daymark areas and height

to permit visuaj, detection unaer sa~ncmru vxsibility and sea

conditions.

4. Comparative radar range.

5. Depth of water, Minimum depth governed by buoy

underwater d~nsion and minimum allowable mooring. ~cizaurn depth
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6NR 6CR
DRAWINB NO. 20$$

4'- $$'

4 � 4$

WT. I

 colt water!
 fresh eater!

The freeboard shown on these buoys >s the result af the weight of the moo rln gs
if suspended as shoes. H owever mooring should be ordered to surl local conditions
with a length of cable from I I/2 to 3 times the depth of «oter.
The weight of the einkers Is not included la the weight af the buaye showa above

Figure 2
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PoLmde per inch of immersion = 9. 4
Pounds per inch of immersion = 9.2
INln. Mooring depth = 6 Ft.

+ ti. Max, Mooring depth w/ 3/8" cobl ~ = 60 Ft.
w + e Max. Maoring depth w/7/IB' choin = 45 Ft.

I ~ I II
~ Freeboard with 7/16 ' Chain: 6NR = 3'- IOy lk 6CR= 2'- 5g

Vt ti. 3/8 Cable ie used Only «ith the J ~ t ted Cone AnchOr
+ + + lichen a Sinker is used, 7/l6' H,T.6. Chain is used for the

entire mooring.

JET TEO
CONE
ANCHOR



Figure 4Figure 3

snd rotatio~ moxaea high density polyethylene  Figures 5, 6,

and 7!. Their use will affora a more cost/effective system witnout

reducing service to the mariner.
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depend on reserve buoyancy avaiLabxe to suppor|. ~um 1.engtn

of standard mooring.

6. Desired service period. Length of service perioa

must ce e «eeueu oy Rated Battery Discharge Time. RDBT is a

function of li,ght characteristic and lamp size for a part,icuiar

size of battery power unit.

Si,ze and weight of the selected buoy determine the require-

ments oi one servicing craft. Steel buoys will eventually give

way to buoys constructed of lightweight material.s sucn as fiLamsnt-

wound-glass reinforced polyester resin Figures 3 and 4!



Figure 6

Figure 7
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STP.UCTURES

Lighted fi ea structures and unlighted daybeacons afford the

mariner an accurate reference poin~ in aerenai~g his position

relative to hidden dangers or the limits of a channeL. In this

respect iney are a much better aid than a buoy if certain criteria

can be met'.

l. Location with respec~ ~o the channeL or danger. A

feasible site must be located close enough to the aanger or

cnannei Limit to incurs the mariner will remain in "gOOd" Water

when passing the aia.

2. Depth of waTer. Limiting depth of water for marine

structures i.s generally 30 feet .

Height. Elevation of the light must be sufficient

to place the beam at or near the hezgm, oz eye of normal users.

The platform, daymark, and equipment must be above aLL wave action

or maximum high water.

Rottom conditions. A structure is fixed untiL

aesT.royea or movers. Therefore, it is not economically feasible to

build marine structures aLong constantly changing portions of a

channel or on land sites subject to rapid bank recession. Certain

hard bottoms exclude fixed structures because oz x,na cost of

driving pile substructures.

5, Longevity. Sites that sub!ect a structure to

frequent destruction by vessels, taws, or debris prevent economicaL

maintenance oi this type of aid. Life expectancy of aids vary but

a 25 year Life is not uncommon in our estuaries.



6. Wind loads. The structure must withstand local wigd,

loads on the daipnark. Winds in excess of 1UU miles per hour are

not rare at the entrances of scgs Northwest estuaries.

Because the supporting structure plays no significant part

in a ~ers use of an aids, its construction can vary great~

to best satisfy the above criteria. Use of single concrete piles

 Figure 8! or steel pipe piles  Figure 9! give a»c3.ean»
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c:Lgnre 9

sx rllc'Lnre ~ Treated Wood pQ,e

cosmon. One design~ a 5 pile dolphin ~ originated for u.se on

the Col~is River. Its PJ.es are unbraced and re+ on a ~~~~
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top for structural integrity, The resultingbinding at the r,op

struck,ure 1s I OLDLlaw.e enough to survive repeated contact by debris

and an oc Gas z.onai Love 'tap tpJ' a pa.". 9 ing to'g,

RANi@5 A range is a Pair of lights and daymarks used to establish a
line of definite bearing commonly the centerline of a cha~el.

The lights ann oaymarks lze on the same axis as the range li e

aM the rear ones are of tu.gher elevation than the front. A

vigatOr makeS uee Of a range by keeping the two U r;hts and

daymarks vertically xn ~e as he progresses into a channel.

Ae he moves side~s xn r,ne channel., a navigator estimates the

dietanca he naS depart,sd from the range line by the apparent

Uteral dispLacesent of the two lights and daymarks relative to

pach other. Figure lO illustrates a typical range.

PLAN

ELEVAYJQN

A Typicol Rouge. Fi~re 10



From an economic viewpoint, a ranre is one oZ the more

exrensive a>as to navigation, and therefore should ~ designed to

pr«~cte the test possible service per dollar cost.

A range:a.s t hree unique properties: the tni~mua acceptable

vert>ca!. angle between the tm lights or marks, tme Wteral

sens>tivity of the range measured by the coefficient. K, and the

relative brightness  brightness oaiance! of the twa lights.

The vertical angle of separation of two rage lights is a measure

the opeIU.ng 0IIect; that is, their abide.ty to be resolved as

two separate lights. This i., the angle subtendecl

Dgnts at an observer at the far end of the range~ snow as

sngle Q in t'itture U..

OBSER

QPCC Vert i o' 4;.gl orrd 1otorol 5<ositiv t j ot P~~~~
~'r-r nn e s .

Fivure 11

7S7



Experience has shown that if 5 is equal. to or greater than

4.5 minutes of arc a person with average eyesight. wi.ll see two

U ghts.

Lateral Senaitzvity is the measure of the mariner<s abiMty

to detect a change in a ship's lateral position. It is measured

by the rapiditv with whj.ch the wghts open  deviate from a

verti,cal line! as the ship moves crosswise in the channel.

The coefficient of lateral sensitivity, K, zs computed by

the formula:

K = 'iR; where
D S-h!

K is the COeffiCient of the ~teraX. Senaztivity  in dimensicnieSS

uxor.tS!; <0 Zs the width of the navigable channej. m feet; R is the

distance betWeen the structures; H and h are the heights oz the

SoruCtureS; D iS the dietanoe from. tne sar ena OZ the Channel -O

the front structure.

The two Mghts of a range should appeax to be oi approximately

the sane brightness; however, an exact balance at all points along

the range is impossible. The two brLghtnesses should not be so

unequal that One light COmpletely obsCureS the other. Arbitrary

cx iteria have been established to govern the permissible "unbalance"

of range lights. In general, the brightness of one light should

not be more than five times the other at any point along the range.

The problem as presented to the designer is usually in the

following folm: it is desired to construct a range on the center-

line of a channel whose length is C feet and whose width is 'f

feet. The simplified solution is presented for the general case
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in the steps below. All linear units are in�!

"~te"., l - Detervrane the rwnimum distance from the front

structure to the near end of the channel. lf tha distance is

called Ir the D  the dist, ance from the front et~c<~ to the

far end of the channel! is equal t,o N' plus C. Such facts as t,he

«p h of water, nearness of land at. the inner end, the abilit,y to

obtain property, and the type of terrain must a~ he considered

in locating the front structure. But there are ~so minirm

iimits set by the geometry of the range and the Rightness of

the lights.

The minimum value for M due to the brightneas balance of t,he

lights is deter.oned by the followinp relations

N
min

where ~ equals the ratio oz the orightnsss of the rear light to

the fr'ont light at the far end of the channel. Qe initial

assum<ions are that >5, K<.5 and Q L.5'j3438 radians, so chosen

t,o meet the minimum engineering and operational st,awards.

T~oking at. the geometric limitations it ia o'bserved t.hat in

some cases, for smail values of M, the rear light<

high so that at the near end at, least 5�C oX' t,he rear daymark

is visib] e and the vertical anc ie is at least 4 . 5 ~ while a much

smaller structure would insure the required co~tions at the

Hy choosing a larger value for H, the hei.ght of the

 l! UggG civil Engineering Report CG-250-39
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rear light can be decreased and thus the cost. At this point it,

cannot be determined whether or not this factor will enter into

the problem so the smallest possible value for M is chosen. After

having chosen the value for M that is suitable for the local con-

ditions and that is larger than f~, R is selected.

~St,e 2 - The distance B between the range structures is

deterDLLned tgr:

This equation will give the mini~ value of R upon substitutions

of the values for K and + which meet the mizd~ standards;i.e,,

If R is =hosen, due to the practical considerations of the area,

to be larger than .~ either K or Q or both will increase

dependinp upon how the larger choice of R affects the other dimen-

sions. It is best. to keep R as small as possible as this will

help keep the height of the rear light to a mimed~.

Ste~.- The sizes of the dapmarks, which are to be placed

imnediately below the range lights, should be det,ermined now for

they too affect the height of the structures. The charts on size,

color and visual range of daymarks are given in Table IX.

The front datemark should be visible at, a distance 0 and the

rear at a distance D+R. Let,:

1 = length of the front datemark

L = length of the rear datemark
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i"� ' L~~ ~eR = K  VrNCC|

2~LETTCA = MAJOR COLOR
LETTER = COLOR OF STRIPE

R= FLOURESCENT RED-ORANGE

W- VjHITE

B= BLACK
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e i~ - The height of the front structure is determined by

the following considerations: the daymark must remain above the

high water level, above all objects that would obstruct it, from

view and yet must be as low as possible consistent with these7

requirements.' This as-l~s-possible consideration is a major

factor in an economic and still geometrica117 sufficient solution

The value of h, measured from NW, is thus determined by:

h ~ 1+ "extra"

where 1 is the daymark length and "extra" refers to the largest

"extra" positive value found of the following five terms:

1, "Extra" equals the height necessary t,o keep the

daymark high enough above azar obstructions present so that it is

visible along the entire length of the channel.

2. "Rxtra" equals the height necessary to keep the

daymark safe+ above the high water level and wave action. This

height i.s also measured with reference to MIN and therefore must

be at least as large as the mean range of tide, t.

3. "Plectra" equals the height necessary for proper

geographic range.

If the front structure is built on land:

"extra" equals elevation of t,he site above MI"l

5, The o~ consideration given to a height of eye

greater than 15~ in the "extras calculation is in the case where at

the near end of the channel the ship>s bow actuaLLy would hide

the observer's view of the front daymark  this caU.s for a smalL
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Y value! . In this case the bow is treated as an obstruction at

this near point only and the "extra" value calculated.

~Ster - Sov that the ohfsics1 Sinensions of the range have

been established, it is necessary to select the proper lighting

equiTmmnt. First, the ratio of the effective intensities of the

two lights must be determined to insure that. a brightness balance

of 5:I exists at all points in the channel whenever the trans-

missivity is greater that some minilmrm value. The intensity

ratio must faU. between the limits given by:

D ~e~ntT

where 0=5 and T~ is the mini~ transmissivity  per se~e!

above which a brightness balance must be maintained. If when

analysing a speci.fic range, the numerical value of the l.eft side

of the equation is less than the right side, the brightness balance

condition cannot be satisfied for al1 transmissivities greater

than T~. The operational requirements must be relaxed to allow

a greater value of Tmin, i.e., brightness baLmce will be achieved

fewer nights of the year.

S~te e � The a~assn reqniren effective intensities of both

Mghts, sufficient to be seen to their operat,ionaJ. range  gener~

beyond the far end of the channel! for some high percentage oi' the

nights of the year, must noW be determined. Either Allardgs laW

X
B ~ I T

e

or the Allard~s Law Nomogram may be used, where the value of B i.s

selected for the aopropriate background lighting conditions.
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I,t ~ ~ be necessary to increase the mud~ required

effective intensity of one oT the light  generally the rear! to

meet the intensity ratio established in Step !.

5~be ' � Select the lighting equtpsent from the candlepower

tables, Civil Engineering Report No. AD, which furnish the

required effective intensities and characteristics for the front

and rear lights. This equipment will often have effective inten-

sities sossswhat larger than the m~aum requirements found in

Step be

~Ste d - Calculate the brightness of the actual lighting equip-

ment at the near and far ends of the channel calculating the four

brightnesses, form the ratios:

and insure that

h.o

Conversion of a minute amount, of electrical energy into a

reliable, intense, and indentifiable light source is no small task

The energy used in our system is gene~ den.ved from primary

batteries in the buoy or on a structure. Same fixed aids use

coneeroial power when available. The energy xs metered to the

incandescent lamp by two regulators �! a photo-sensitive daylight

control to activate the light only during periods of darkness or

reduced visibility and �! a solid state timing device capabl«f
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giving the light an accurate charactsri stic, regulating input

voltage to the 1am", and sensing lamp filament failures and

advance a new lamp tO the burning positiOn. The inCandescent

lamps used in aids to navigation are prefocused during manufacture

to insure all lamps burn in the same position within the optic.

Selection of the most cost/effective lighting system is

dependent upon:

1. Type ot' aid. The type of aid determines the lantern

and lens to be used. Both buoys and fixed aids use a 350 fresnel

lenS to produoe a narrOW hOriZOntal fan beam. VertiCal diVergence

of the lens for a fixed aid is two degrees while the buoy lens

has a five degree divergence. The useful light, beam of a range is

very limited so this type of aid requires a parabolic reflector

combined with a. lens to gain rex''mum light in a horizontal beam

limited to 30 degrees.

2. Required luminous range. The distance between a

light source and a point at which the 1ight gust stimulat,es a

visual response is the luminous range. It is a function of

effective beam candlepower, transmissivity, background lighting

Conditions, and the adaption of the ObeerVer'S eye . Lamp SiZe

and battery requirements are determined by these factors.

SOtND SIGNALS

Sound signals can be placed on any aid, providing adequate

pOWer iS available to operate the Signal. Some buoys use WaVe

actuated whistles, gongs, and bells. This type of signal is of

limited va1ue due to their ext,remely short range and reliance on
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buoy motion for output. Battery powered electric air oscillator

signals are used both on buoys and f~ structures. Battery

requirements general/ limit this type oi signal to ratings of

less than one mile. Larger signals must be powered by commercial

power. Selection is determined by:

1. Required range. The size of the signal and its

power requirement are a function of the rated audible range.

2. Size of vessel using the signal. Background no>see

on large and small vessels differ appreciab+ and are a factor in

the selection of the frequency and sound pressure level to insure

detection in the presence of background noise.

3. Site Conditions. prevailing wind, loCal atmospheriC

conditions and topography have a great influence on the oropagation

of sound.

4. Effect on the surrounding environment . 'awhile a sound

signal may be a very good aid for the mariner, it makes a very poor

neighbor in a populated area. The impact on all aspects of the locale

must be considered prior to establishing any sound signal.
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Historical Changes of Estuarine Topography

with Questions of

Future Management Policies

by

John B. crockett

Research Associate

Department of Oceanography

Oregon State University

Corvallis, Oregon

ABSTRACT

The ephemeral nature of the estuarine environment makes it essential

that man's most sophisticated tool, intelligent management, be employed

to preserve and develop the special resources of that environment, Thi s

paper raises a number of questions relating to future coastal zone manage-

ment policies and attempts to answer these questions in a manner designed

to provoke constructive thinking and discussion as a requisite to the de-

velopment of an effective plan for coastal zone management.
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As Dr. Russell of the Louisiana State University

pointed out at the Conference on Estuaries held at Jekyll

Is land, Georgia, in 1964, this is an excellent time to

discuss estuaries as, in a few ten thousand years from

now, estuaries may be quite rare. In their place will be

numerous va1 leys wi th al 1uvi al f lood p lain s widening sea-

ward and, in some cases, blending into deltaic or other

coastal plains, He further states that few estuaries can

survive for more than a minute fraction of a geological

epoch, since it appears probable that another glacial

stage and lowering of the sea level will be accompanied

by the disappearance of practically all estuaries and

erosional entrenchment of rivers crossing their alluvial

deposits. Although neither the geologic past nor the
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future holds much promise for estuaries and, in many

cases, today's estuaries seem headed for rapid extinction,

their very existence at this stage in time provides an

excellent opportunity to study their peculiar regimens and

to make maximum use of their unusual resources for the

further enrichment of man's present way of life.

Perhaps the ephemeral nature o f es tuaries may no

better be illustrated than by a review of changes in topo-

graphy that have occurred in one major West Coast. estuary

during the past century. It was my fortunate experience

a few years ago to uncover the Annual Report of the Chief

of Engineers, U. S. Army, for the year 1903, which con-

tained sketches o f the configurations o f the Columbia River

entrance area as they existed in 1885 and continuing year

by year until l902. Using these sketches and the more

recent condition surveys of the Corps of Engineers it was

possible to develop a color film depicting the changes

occurring in the topography of the lower Columbia estuary

and entrance area, which will be shown at this time. Some

of these changes, it will be noted, have developed in obvious

response to works of improvement for navigation while other

changes seem to have more elusive origins. Depths below mean

lower low water are shown in shades of blue on the film, with

the darker shades of this color denoting greater depths ~

This .film was prepared with the cooperation of the Division

Engineer, North pacific Division and the District Engineer,
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Portland, Oregon. In view of its brevity and the magnitude

of the changes in topography involved, it will be shown

twice to provide you an opportunity to recognize the signi-

ficance of these changes. In this connection, your parti-

cular attention is invited to the development, by littoral

drift, of land masses between the mid-point of the South

jetty and Point Adams, as well as to the build � up of land

behind the North jetty as this structure was extended sea-

wardd.

SHOWING OF FILM

With this background and our real, but incomplete,

knowledge of the unique resources found only in our estuaries,

it is only natural that we should seek the means of preser-

ving our fragile esturaine areas and of enhancing the growth

and development of their special resources, now so vital to

our economy and, in another sense, so essential to man' s

continued enjoyment of their non-consumptive benefits. We

are all aware of the inroads already made by man in the estua-

rine environment resulting from his past preference for short�

term benefits over long-range values. This preference has

upset the ecological balance of this delicate environment by

the destruction of estuarine bottom areas through the filling

of marsh and tidelands; alteration of the tidal prism, as well

as currents by structures; introduction of unusually large

quantities of sediments into the estuarine regime by deforesta-
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tion, flashing run-of f and poor agricultural practices in

the upland areas; and the creation of sediment � trap charac-

teristics through dredging in the interest of navigation.

Further, organic enrichment, through disposal of raw domes-

tic and industrial wastes into estuarine waters, has con-

tributed significantly to oxygen-deficient conditions. In

some estuaries, particularly along the Eastern Seaboard,

practically all the rich resources these regions once har-

bored have been des troyed, while we, on the Wes t Coas t,

find our situation not so hopeless but, nevertheless, some

of our more important estuaries seriously threatened because

of man's preference for short � term benefits.

Dr. Cronin, Director of the Chesapeake Biological

Laboratory, states that man's past actions in estuaries

have been poorly and incompletely planned, unimaginative,

and frequently destructive. In view of the many important

uses served by these waters, he stresses that it is impera-

tive that a new major human force be utilized in the future

the force of intelligent management. Application of this

force will require the use of many kin.ds of tools and tech-

niques, ranging f rom original fundamental oceanographic

research to regulatory changes and public education. Some

of the approaches necessary for intelligent management are

becoming apparent and it is perhaps timely for us to explore

some o f their potentials at this time. With this in mind,

let us ponder a number of questions as a means of identi fying
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and analyzing the tools for coastal and estuarine management.

1. DOES BASIC RESEARCH HAVE A PLACE IN THE
MANAGEMENT PLAN?

In spite of the growing attention given to estuaries
in recent years, we must admit that most of the controlling
parameters are still incompletely and inadequately under-
stood. With respect. to the physical processes, only gross

estimates can be developed for the patterns of flushing,

circulation, vertica.l mixing and diffusion and for such

phenomena as light absorption, sedimentation rates, current

direction and velocity, and salinity intrusion. More know-

ledge is needed for a better understanding of chemical and
geological factors affecting estuarine behavior. It is

also clear that our present biological knowledge of estua-

ries is weak, notwithstanding the fact that these regions

have been heavily utilized by man for centuries for the

production of food. Other areas of research exist in the

fields of economics and social science. Here, intelligent

management needs a valid estimation of the economics of al-

ternate courses of action which may modify existing patterns

of human activity. Evaluation of the recreational use and

potential is difficult, particularly in the non � consumptive

fields of beauty, cleanliness, and personal enjoyment.

the social and political areas, the resistance man demon-

strates to changes in working habits is difficult to compre



hend. Thus, it appears abundantly clear that basic

research is a badly needed and essential tool for the de-

velopment of an intelligent plan of management of our

coastal resources.

2. WHAT ARE THE GOALS OR OBJECTIVES OF AN

EFFECTlVE MANAGEMENT PLAN?

There are many goals or objectives that may be selec-

ted to achieve the most desirable type of use or development,

including preservation where appropriate, of our coas tal

zone including estuaries. These goals or objectives may

stress such aspects as improvement of water quality, exploita-

tion of their biological resources, preservation of their

scenic attractions and the attainment of the maximum recrea-

tional potential, to mention a few. The question appears to

resolve itself upon the present physical characteristics of

each estuary being studied and the relationship of these

characteristics to the integrated desires of the local, State

and Federal governments. Not all estuaries, due to dif fering

physical characteristics, of fer the same opportunities for

development, just as there very likely exists no uniform

integrated State-wide desire for estuarine preservation and

development, Goals and objectives are, nevertheless, essen-

tial choices that must be made, initially at the local level

and later from the overall position of the State and Federal

levels. In general, it i.s believed that the guiding principles
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for the selection of goals for coastal and estuarine

management should employ the concept of fostering the

widest possible variety of beneficial uses so as to

maximize the net social return. Once goals or ob jectives

have been selected, they should be vigorously pursued

through the formulation of policies, projects and pro-

grams � with means of implementing all three elements.

3. HOW DO WE GO ABOUT ACHIEVING THE SELECTED

GOALS OR OBJECTIVES?

Achievement of the selected goals or objectives is

the primary purpose of an intelligent plan for coastal and

estuarine management. The development of this plan, which

is more properly a continuing process for rational manage-

ment, has its roots in the desires of local government.

Furthermore, this process should be an integral part of

existing governmental activities, including planning and

management at all levels, The State, with the advantage of

overview of local problems, constitutes the natural level

for coordination and supervision over the preparation of the

management plan which should, of course, give due consider-

ation to essential Federal requirements. Many states are

s ub j ect to intense pressures f rom the county and municipal

levels because management directly affects local responsibi-

lities and interests. On the other hand, local knowledge is

frequently necessary to reach rational management decisions

304



at the State level and is also essential to reflect tb. e

etj t1veinterests of local governments in accom odating co~pe
needs. In Oregon, the State and local governments have
entered into a partnership to develop and implemen<

coastal management process, with primary responsibility

resting with local government. While this is no sixnple

matter, we are fortunate in that we do not have the

mendous population pressures of central and souther'n

fornia or the eastern seaboard. Unlike many states

are preparing coastal zone management plans primarily at

state level, Oregon is fortunate to have a coastal planning

program, the initiative for which is coming primari1y from

the local level. This bodes well for future implementation

o f any resultant management plan.

4. WHAT TYPE OF AGENCY SHOULD BE ESTABI ISHED
TO MAb1AGE THE COASTAL AND ESTUARINE AREAS?

Consideration is being given in some coastal st,ate~

to the establishment of a State Coastal Zone Authority

coordinate plans and uses of coastal waters, inclucting ~p

tuaries, and adjacent lands and to regulate and develop tl Qge
areas. Such an authority would draw upon all availabl~

j edge of the physical, biological and economic char'aeter j ~ ti
of a state's coast. and estuaries. As the magnitude coastal

to s tate so wou power 8 as-
Coastal Zone Authority b d - Ln

n cex.tain
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relatively undeveloped areas, only planning would be required,

but in other areas the full range of State powers might be

needed to preserve resources of statewide and national signi-
f i cance, including:

a. The development of comprehensive plans for the

coas tal and es tuarine waters and ad j acent lands,
and the conduct of necessary studies and investi-
gations.

b. The zoning and granting of easements, licenses or
permits and the exercise of other necessary con-
trols for insuring that the use of waters and

adjacent lands is in conformance with the plan
for that area.

c. Acquisition of Lands when public ownership is
necessary to control their use.

d. The provision of such public facilities as

beaches, marinas, and other waterfront develop-
ments, and the leasing of lands in its juris-
di ction, including o f f shore lands .

While Oregon has not. yet felt the need for establishment

of a Coastal Zone Authority, the coastal counties, in coordina-

tion with the State, have embarked upon a Coastal Program.

The Program' s primary working elements are four area coordina-

ting committees � Clatsop/Tillamook Intergovernmental Council,

Lincoln County Subdistrict Number 4, a special committee repre-
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senting the coastal portions of Lane and Douglas Counties,

and the Coos/Curry Councils o f Governments . These groups

are charged with developing and implementing comprehensive

plans for their respective areas which, in total, will form

the nucleus of a coastwide plan. The program's Oregon

Coastal Conservation and Development Committee, composed of

six representatives from each of the four areas and two re-

presentatives of the Governor's office, will be responsible

for developing coastwide planning policies, procedures, and

standards in concert with the Program's area coordinating

committees and for integrating the area plans. The Committee 's

goal provides for the preparation, encouragement and mainten-

ance of a comprehensive, coordinated Coastal Program for the

orderly long-range conservation and development of marine

and coastal resources which will insure their wise multiple-

use in the total public interest. The establishment of this

Committee represents a pioneering ef fort among the coastal

states of the Nation, and there is no doubt that its future

actions will be closely watched by other states as guidance

in the resolution of their own coastal management problems ~

5 . WHAT IS THE FEDERAL ROLE IN COASTAL

MANAGZMENT?

Since several Federal agencies operate in coastal

waters and as their operations sometimes profoundly affect.

their use, it is only reasonable to expect that the Federal
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government will have a strong interest in the effective

management of a State 's coastal waters. Further, such vital

interests as navigation and military security should not be
endangered by State or local action. Hence, it is essential

that the Federal government insure that the general national
interest in effective coastal planning is protected. Federal

review is possible at a number of stages, such as when a State

first proposes a particular type of management authority,
when the comprehensive coastal plan is developed and when
Federal grants are proposed. However, in view of the multi-

plicity of Federal interests, Federal responsibilities for
dealing with State and local authorities should be centralized
to insure that the Federal government speaks with a single voice
on coastal zone matters. Zn connection with Oregon's Coastal
Program, the Federal interests are being coordinated through
the Pacific Northwest River Basin's Commission, and as of this
date, the Federal agencies have expressed their desire to re-
main in an advisory capacity, which will probably take the
form of a technical advisory task force on subcommittee.

6 . WHAT INFORMAT IOH I S HEEDED FOR DEVELOPMENT
OF AN EFFECTIVE MANAGEMENT P LAH?

A challenge to a State's capacity for effective planning
and management is presented by the coastal zone's many uses
which occur within a complex and delicately balanced bio-
physical system. To develop an adequate basis for decision-
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Kakj n this zone, there is need for broad Su~~ . veys to es-

tablish asic inventory information, for conti nuouus and de-

tai led d s tudies of specific local conditions and f' or trained

onnel. Acquisition of accurate in formation relative toper son

the physical, economic and biological characteristics and

<ntials of the coastal zone is a first step t.oward more

>«al management. A concentrated, comprehensi ve effort

o survey coastal zone resources wiLL gather mu~ needed

basic data. However, this survey will not meet. Me needs

detailed specific understanding of local opportunities

and Problems. The meeting of these needs will require systems

for continuous monitoring of coastal zone phenomena as well as

vigorous support for basic and applied research i.n local areas.

lt is not easy to understand the complex and of<en subtle bio-

logical and physical relationships and interactions in the

coas tal zone. Although the understanding of thes e phenomena

i mprove d markedly during the past 20 ye ars, Me acce 1-

Lerated pace o f man ' s activities has increased ho th the com-

plexity of the coastal zone system and the urge+~ for greater

unde rs tanding. Continuously updated data are needed b Sty a e

and pederaL fishery and pollution control agenciecies on water

quality, flow circulation, salinity and biologica1

and beach erosion and siltation must. be monitozed
Bo as to

changes before excessive damage is done.
Noni toring

social and economic indicators as reer@r<+ t.i on us age
f i sheries production will also be required

«z e f f e cti ve
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management of the coas tal zone. Regretably, however, too

little attention has been given to the development of in-

strumentation for monitoring estuarine parameters and a

special effort to meet this need is required. With regard

to trained personnel, the existence of a strong research-

oriented university group should strengthen a State 's ad-

ministrative ability to formulate plans, to execute a ra-

tional policy, and to assist in the training and orientation

of management personnel. Successful coastal zone manage-

ment will also require increased capabilities within State

governments and improved understanding by the general public-

Problems of alternative uses generally involve value judg-

ments which should be reached by democratic processes. While

the expert can provide information regarding the consequences

of alternative actions, he can seldom f urnish the complete an-

swer. Thus, the officials responsible for action must be

su f f i ciently trained to unders tand the s igni f i cance and the

limit.ations of the information available.

While many more questions may be raised on future manage-

ment policies, it is obvious that a management system for the

coastal zone provides only a framework within which proper de-

velopment may take place. The full potential of the coastal

zone will be realized only when science and technology are

coupled with imagination and sound management to make existing

uses more efficient and to develop new beneficial uses ~
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pgq~s of institutional Constraints and

Resources Planning on

Growth in and Near Estuaries

Malcolm H. Karr

Glen L. Wilfert

Battelle-Northwest

Richland, Washington

ABSTRACT

Institutional constraints, in the form of laws, statutes, regulation~
customs, and political jurisdictions, are a significant element of the
planning process that greatly inf].uence the nature of management p»~c~e
and practices relative to any resource, including estuaries. »ny ~
tutional constraints that are now evolving in regards to estuaries and
shorelands recognize the need and provide for the development of sho re
management policies that are compatible with the overall resources m»ag
ment philosophy. This is essential in order to provide for necessary
nomic growth and opportunities while maintaining desirable social
environmental values.
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In order to fully understand the significance of institutional

constraints on resources development and management, whether it be

estuaries or any other natural resource, such constraints must be

viewed in their proper perspective relative to the total resources

planning process.

Let me begin, then, by briefly outlining the key components of

the planning process and their interrelationship. The figure on the

next page is a simplified version of the planning steps that are

considered essential today if resources management is to be truly

responsive to the needs and desires of the public.

The planning process begins with a determination of the nature

and extent of the resources that are available in the region under

consideration, This includes: the resource base such as natural, human,
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and financial resources, industry, commerce, agriculture, and non-

commodity lines; the many factors that identify physical, social,

economic, and environmental characteristics; and the different

institutional constraints such as laws, statutes, ordinances,

regulations, local customs, and the arrangements of political struc-

tures and jurisdictions.

It is unfortunate that available data seldom permits treatment

of these components on a comparable basis. Data on physical charac-

teristics far outweigh, both in quantity and relIability, data for

analysis of socio-economic characteristics. Although environmental

quality is now receiving considerable attention, the difficult tasks

of developing acceptable methodology for quanrifying environmental

values and integrating environmental considerations into the resources

management process still remain. Institutional constraints have

received the least emphasis because the mission orientation of agencies

and the profit motivation of industry makes it difficult for them to

undertake analysis of this nature in a fully objective and comprehensive

manner.

Next in the planning process for resources management is an in-

depth analysis of the present use and control of the resources and

associated problems. The items listed for this step in the figure

on the preceding page are those of importance in the Pacific Northwest.

Each of these can be broken down into a number of components that require

consideration. For example, the heading "WATER" would encompass all

the beneficial uses recognized under Oregon law if the work was being
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done by a state agency, or all of the pro]ect functions authorized

by Federal statutes if by a federal agency.

Of ma!or importance in this step is the need to take cognizance

of the interrelationship between water, land, and air, particularly

where environmental quality is involved. Xn a like manner, surface

water, groundwater, and marine and estuarine waters should be treated

together as parts of a total resource even though antiquated laws

pose an institutional constraint to such an approach.

These steps -inventorying the resources and analyzing the present

use and control � provide the basis for the third step; the development

of trends and pro!ections of future needs and uses and determining

the adequacy of the resources to meet those needs. The number of

uncertainties begins to increase with this step because of the difficulty

of predicting the future and because methods are lacking with which

to adequately identify goals or quantify values. To respond to the

current demands of the public in a meaningful manner, we can no longer

go along with the practice of relegating items that are difficult to

evaluate to the "intangible" category, Xt has become necessary to

undertake the tough, down-to-earth effort that will provide the under-

standing to cope with the difficult as well as t' he obvious.

The remaining steps in the planning process leading to the adoption

and implementation of action programs--identification and evaluation

of the consequences of alternative courses of action � is where the

greatest improvement is required. Part of the problem stems from the

requirement to force-fit all components into the "benefit-cost" mold
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with the result that new, unique, and imaginative approaches to resources

management are seldom evaluated and offered to society as alternatives

from which to choose. Consequently, adequate consideration is seldom

given to those societal factors that are unquantifiable in monetary

terms, yet those are the factors that the public often feels are of

major importance.

En addition, implementation requirements such as financing, legis-

lation, delegation of authority, and other needed changes in institutional

arrangements are not clearly identified in many cases. As a result,

many good planning studies are destined to collect dust on a shelf

because they do not include the intelligence of how to transform the

recommendations into action plans.

Finally, an important' requirement for successful resources

management is involvement of the public on a continuous basis through-

out the planning process. While this too leaves much to be uesired,

there are a few notable exceptions that demonstrate that the planning

process can be responsive to the needs and desires of the public.

And further, that desirable actions will receive public support if the-

public has a part in identifying what is desirable.

From the foregoing discussion of the resources management planning

process, it is evident that consideration of institutional constraints

is an integral part that must be treated in an iterative fashion with

all other significant factors. lt comes into play at the ver~ start

in determining the nature and extent, and present and poter ~ial use

and control, of the resources oi a region, including the estuaries.
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And it carries through the process to become important output in

the form of changes in institutional arrangements necessary to success-

fully implement the desired action plan for resources development and

management. At this point, institutional constraints are reflected

in the adoption and enforcement of resources management policies and

practices.

This paper has so far shown how resources planning would have an

effect on the growth of ~an region. Specific reference was not made

to estuaries and the surrounding land because these areas should not

be treated as separable parts of a region's resources if their manage-

ment is to be compatible with the overall resources management philosophy

established for the region, Rather, they should be treated as an integral

part of a composite planning process that gives adequate consideration
to all components of a region's resources and their interactive

"haracteristics--physical, economic, social, and environmental. T.t is

only in this way that a sound, long-range program can be evolved that
will provide for necessary economic growth and opportunities while

maintaining desirable social and environmental values.

Nevertheless, increasing attention is being paid to estuaries

and coastal la~ds and, more recently, to all shorelands including

those inland ad!acent to freshwater. Part of this impetus comes from

the growing demand for "quality living in a quality environment" with
emphasis at one extreme on maintenance of environmental quality at
all cost. This, coupled with a growing concern over the small amount

of remaining shoreland accessible to the public and suitable for public
enjoyment, has prompted political action at all levels of government in
the form of legislation, both passed and proposed, to provide more

stringent management guidelines and quali.ty controls.
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Early identification of the situation now causing widesprea d

concern can be found in the reports of the Outdoor Recreation

Resources Review Commission  ORRRC! . In reference to institutional

constraints, ORRRC has this to say. �!

"The institutional arrangements by which public agencies

order their af fairs have a distinct bearing on the amount

and kind of services that are or can be of fered. This

is nowhere more true than in the provision of shoreline

recreation opportunities. These arrangements, applied

to the physical and current use situation..., delimit the

recreation potential of the shoreline."

In describing deficiencies in institutional arrangements and

identi.fying needed changes, ORRRC comments:

" Increased recreation demands by the year 2000 will

require substantial increase in the amount of public

unrestricted shoreline, or much more efficient use of

currently available shorelines, or both. ...under

present  l962! polici.es it is highly unlikely that

recreational demands will be satisfied....To meet this

growing need most of this shoreline should be in public

ownership and it will have to be managed much more

ef ficiently than it is today. For not only will recreational

demands be intense � other demands for the shoreline, pre-

eminently those f or transportational and industrial uses,

will also be large..."

Shoreli>e Recreation Resources of the U~it~d
Outdoor Recreation Resources Review Commission 1962
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And, finally, in its conclusions ORRRC once again calls attention

to the seriousness of the situation and the need for new institutional

arrangements, with these words:

"There is a crisis in shoreline outdoor recreation...

there is need for coordinated, planned action � based on

adequate information and upon clear statements of public

policy,"

Creation of the Bureau of Outdoor Recreation and several pieces

of Pederal legislation were the outgrowth of the work by ORRRC, but

this apparently did not overcome the problems relative to coastal

areas. Seven years later �969! we find the Commission on Marine

Science, Engineering and Resources reporting many of the same findings

regarding institutional constraints, Of the many such references in

its report, a few selected examples are quoted below:�!

"...some of the most urgent marine science problems

are those of the coastal zone... Present institutional

arrangements do not provide for the necessary facilities

and institutions to attack these problems."

"More imaginative attempts are required to integrate

recreational pro]ects with other uses of the coastal

zone such as conservation and industrial uses."

And finally, in its conclusions the Commission ties together the

planning process and institutional constraints in a manner that

substantiates the approach outlined at the start of this paper, with

these words:

�! Science and Environment, Panel Reports of the Commission on Marine
Science, Engineering and Resources, Volume 1, 1969 .
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"En making plans and decisions to manage the coastal zone,

both land and water uses must be taken into consideration...

balanced management of our coastal environment requires

effective planning, regulation, acquisition, and enforcement,

consistently applied, to preserve and enhance both the

ualitative values and the economic interests found in the

coastal zone."  emphasis added!

From this has evolved recent federal legislation relative to

seacoast management and estuaries. t will not say anymore about that

since that is the topic for Mr. Dillon's paper which follows next.

The states have also been active in searching for better management

practices. To illustrate the nature of thinking ln the Pacific North-

west, we could examine the various versions of legislation for shoreland

management that are under consideration in the State of Washington.

Initially, the emphasis was on seacoast management, but has now been

broadened to include all shorelands.

The thrust of such legislation is illustrated by the language

two sections � Declaration of Policy, and Preparation of Comprehensive

P»ns � in a version titled Shorelines protection Act. Selected portions

of those sections are reproduced below:

" Declaration of Folic . The people of the state of Washington

hereby find: that the shorelines of this state are a valuable

natural resource which is a public trust of all the citizens of

the state; that haphazard development on the shorelines is

reducing open space available for public recreation and aesthetic
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enjoyment, diminishing public access to public tidelands and
shorelands, obstructing the public and residents' view of our
shorelines, increasing air, water and visual pollution t,hat
threatens the public health, and destroying marine life and
aqua culture that produces food necessary to the public's
health and well being; that the damage from haphazard development
has not and will not be met by the uncoordinated and inadequate

planning that has characterized the efforts of state age~cies

and local governments.

The people therefore declare that it is the policy of this
state that Washington shorelines be protected and managed so

that to the greatest extent possible natural areas shall be

preserved and all development shall be constructed so as to

maximize the public's right to enjoy an unpolluted environment,

access to public tidelands and shorelands, views of the state' s
shorelines, adequate and heal.thy food resources, and open space.

To that end, the people hereby establish a comprehensive

management system for the shorelines of the stare of Washington

that will coordinate the efforts of state and local governments

and preserve for future 'generations our state's most precious

and fragile resource-

Com rehensive Plans...comprehensive plan shall

include the following elements.'

 a! A conservation use element for the preservation of

natural resources, including but not limited to scenic vistas,

water sheds, forests, soils, fisheries, wildl.ife and minerals.
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and lands and waters giving aesthetic enjoyment;

 b! A recreation use element for the preservation and

enlargement of recreational opportunities, including but not

limited to parks, beaches, and recreational easements;

 c! A water-oriented use element for the location and

design of industries, tourist facilities, commerce and other

development that must be located near water;

 d! Any other element which is necessary to accomplish

the policies and goals set out under Declaration of Policy.

Institutional constraints on growth in and near estuaries is

viewed somewhat differently at the local level. I.et's take Grays

Harbor as an example. Here the major constraint is in the form of

water quality standards. The County is desperately searching for a

means of improving economic conditions which have been in a state

of decline for more than 20 years. Quality standards set by the

Department of Ecology for the harbor will not allow for industrial

expansion since the existing pulp and paper mills are presently

discharging wastes into the harbor that are at or near the allowable

limits. A further complication is in the offing in that the City of

Aberdeen is committed to pay for M6 I water to be stored in Wynooche

Reservoir, now under construction, but cannot find a major water user

to sell to because the quality standards constraint would prohibit

any significant increase in effluents, treated or otherwise, that

would eventually discharge into the estuary.

There are several potential solutions to the economic problems

of Grays Harbor County. These require looking at the County's total
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resources, not fust the estuary region, with the ob]ective of

developing a resources implementation plan that encourages sound

economic growth through controlled and integrated development of

resources unique to the area while maintaining desired social and

environmental values.

It is encouraging to be able to conclude that many of the

institutional constraints that are now evolving in regards to estuaries

and shorelands recognire that there could be detrimental long-range

effects if shoreland management is not compatible with the overall

resources management philosophy. And that the only way to insure

compatibility is to develop shoreland management policies in concert

with the development of policies for the entire region.

324



Recent Federal Policies Affecting Marine
Science and Engineering Development

by

Enoch L. Dillon

Acting Executive Secretary
National Council on Marine Resources

and Engineering Development
Executive Office of the President

Washington, D.C .

ABSTRACT

The National Land Use Policy, with emphasis on the coastal zone; waste
disposal at sea; oil pollution of our beaches and estuaries; necessary power
requirements for our people; coastal zone construction; land requirements
met by filling of wetlands, marshes, and other marine areas; contamination
of our fishery products; recreation.

Also discussion of need for the knowledge and equipment required to
insure that this valuable environment is developed so that its use is
properly allocated. There are many, varied and often conflicting uses of
the marine environment. Careful analysis must be made of questions of
suitability of the site, whether land or ~ater, the priority of various
public needs, and the cost/benefit or return on investment. Thus, not
only are the uses of the coastal zone conflicting but even the standard~
by which we determine use are conflicting.
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The Value and Problems of the Coastal Zone

This conference on the estuaries of the Pacific Northwest is most

important, Thc problems of the coastal zone are well known to the par-

t icipants of this meeting and especially to my fellow Oreg�nians. However,

it may hc appropriate to summarize briefly the impact at this point,

'I'h  thi rty coastal and Great Lakes States contain more than 75 percent

nu r pop u I a t i or>; e igh t ecn o f our twenty-one mi l. l ion increase in popul ation

~In> ing th  payat tcn years arc coastal state residents; and more than 86

m> /lion Am ricai live in U.S. coastal counties, Ninety percent of the

harv st ot our domestic commerci al fisheries is associated with the con-

tinental shelf <.nvironmcnt during some or all of the resource life cycle.

The recovery of ocean minerals--including the billion-dollar per ye«
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industry--is concentrated there. The coasta]. zone has beenoffs >ore o

the s«ne of an intense and diversified industrial development, wh>ch in-

cludes $40 billion in annual maritime trade. Beyond its economic»gniA-

cance, the coastline has become a prime recreational refuge not only fo r

the area's ballooning population, but al.so for inland residents as well;

thirty million turn annually to the sea to swim, eleven million to fish,

and 44 million to boat,

The increased use pf this l.imited geographical area has accentuated

the adverse impact of our society upon it. Perhaps even more far-reaching

than the relatively well-know pollutants such as sewage, chemicals,

and mud, are the new potential threats which our technology is raising.

Off shore oil terminals and airports, nuclear power plants, undersea mining,

and other innovations which did not exist a gener ation ago must now be

reckoned with.

The coastal zone has several characteristics which make it particularly

susceptible to pollution. 1t is, in most cases, the end of the line. A

river will renew itself; stop pollution, and the natural flow will in a

relatively short time cleanse the stream. On a longer time-scale, and to

a more limited extent, lakes may revert to their normal evolution. The

inland waters, and in the case of materials which do not quickly degrade

in sea water, they may remain to cause damage for unknown lengths of time.

would l.ike to re-emphasize the point that our 1970 census discovered

that l8 of the 2l million increase in population since 1960 occurred in

coastal states.
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As a result of these problems it is important that not only governments

at all levels, but industry, the universities and other private citizens

must act on these problems and act now.

What This Paper Sets Out To Do

This paper briefly addresses, in line with your interests, those recent

Federal actions concerning the fallowing sub' ects:

The National Land Use Policy, with emphasis on the coastal zone;

Waste disposal at sea;

Oil pollution of our beaches and estuaries;

Necessary power requirements for our people;

Coastal zone construction;

Land requirements met by filling of wetlands, marshes and other

mari~e areas;

Contamination of our fishery products;

Recreation.

Following the discussion of these points, this paper discusses the

need for the knowledge and equipment required to insure that this valuable

environment is developed so that its use is properly allocated. There

are many, varied and often conflicting uses of the marine environment.

Careful analysis must be made of questions of suitability of the site,

whether land or water, the priority of various public needs, and the

cost/benefit ratio or return on investment, Thus, not only are the uses

of the coastal zone conflicting but even the standards by which we deter-

mine use are conflicting,
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National Land Use Policy

Noting the need for reform of the institutional framework in which

»nd»««i»ons are made, the President in his message on the Environ-

ment o February 0, l97I, stated: "I propose legislation to establish a

National Land Use Policy which will encourage the States, in cooperation

with local government, to plan for and regulate major developments affect-

ing growth and the use of critical land areas. This should be done by

establishing methods for protecting lands of critical environmental concern,

methods for controlling large-scale development, and improving use of

la~ds around key facilities and new communities." The proposed policy

will replace and expand on the proposal submitted to the last Congress on

coastal zone management--while still giving priority attention to the

coastal area with the broader framework of national land use.

It should be emphasized that this program places a high priority on

the role of the States and their Governors. For example, State land use

programs would include methods for inventorying, designating and exercising

control over the use of land within areas of critical environmental concern

or areas impacted by key facilities, as well as methods for controlling

large-scale development and methods for assuring that local laws and reg-

ulations do not restrict development or conservation of regional benefit,

and for controlling land use around new communities.

I would like to quote the Chairman of the Council on Environmental

Quality on this point:

329



uWe have identified the fact that most land use

decisions today are made by local governments,

towns and counties, and yet the impact of those

decisions in many cases environmentally goes

far beyond the confines of that particular

political entity.

"So what we are tx'ying to do here is to stx'engthen

the role of the States in controlling these critical

land use decisions."

Many have contended that Government at many levels has become unwork-

able. The proposed program is designed to assure that the State govern-

ments will have a significant role to play which will both benefit the

citizens of the State and help strengthen State governments. In addition,

the act will require Federal projects and programs to be consistent with

the State plan.

It is important to note that decisions regarding proper land use

policy will require science and environmental monitoring to insure the

proper decisions are made. Furthermore, new technology is needed to

economically restore and maintain our coastal environment, and also new

technology has created many problems for coastal areas.

Waste Disposal at Sea

Duz'ing the past year we have seen a heightened interest in the problems

of disposing of waste at sea. There have been studies by the Council on

Environmental Quality, the National Academy of Sciences, and by the
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Massachusetts Institute of Technology--the latter under contract with

the National Council on Marine Resources and Engineering Development.

lt is interesti.ng to note that. the study by the MIT indicated that for

some large metropolitan areas bordering the ocean, disposal of waste on

land sites was economically competitive with disposal at sea. If these

land sites are properly selected, the danger to the ecology could be less.

However, ob!ections to major metropolitan areas dumping their wastes at

inland sites has not gone too well with the local citizens . For example,

The State of Vermont has prohibi ted such disposal for the City of New

York--so have many upstate counties in New York, and New York City has

therefore a very grave problem. Recycling is costly and incineration is

both costly and would lead to greater air pollution .

Legislation has been proposed to the 92nd Session of Congress to im-

plement an ocean dumping policy. The legislation provides for a national

policy banning unregulated ocean dumping of all materials and placing strict

limits on ocean disposal of any materials harmful to the environment, and

requires that a permit be granted by the Administrator of EPA for any

materials to be dumped into the oceans, estuaries, or Great Lakes. Further,

it authorizes the Administrator to ban dumping of wates which are dangerous

to the marine ecosystem, and permits the Administrator to begin phasing

out ocean dumping of harmful materials.

In passing, I should mention that the entire world community may be

affected by waste disposal at sea. Over 100 nations now front the oceans

and seas of the world. On the other hand, many more densely populated

331



nations, such as England, do not have all the opportunities we have to

dispose of their wastes inland rather than at sea. The problem is bound
to become more complex.

Oil Pollution

Probably no dramatic pollution "event" has occupied public attention,

in recent years, more than the massive oil spills that we and other nations
have experienced as a result of tanker and offshore oil well accidents.

The United States Government has passed legislation and developed a national

contingency plan to prevent, control and mitigate such oil spills, For

example, the Water Qualtiy Act recognizes that the responsibility for

cleaning up spills of oil or other material which threatens the environment

rests with the polluter. In those instances where the responsibility

cannot be immediately assigned or the polluter cannot handle cleanup prop-

erly, the National Oil Spill Contingency Plan provides for action to be

taken by the responsible Federal agencies. National strike forces are

being set up in various locations by the Coast Guard, to assist upon request.

Local strike forces and emergency groups of trained personnel at maj or ports

are also being formed, The plan establishes guidelines for the use of

chemicals that may be used in cleanup operations.

Jn addition, the United States has worked with NATO nations in developing

plans for control of oil spills and for setting standards regarding the

practices utilized in transporting oil at sea. Simi larly, the Intergovern-

mental Maritime Consultative Organization is considering measures for the

world shipping community. These proposals look forward to new practices
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such as expansion and improvement of port reception iacilities for oily

waste, clean ballast systems, and navigational aids, and control. In

addition to these special liability provisions are currently under consid-

eration rega.rding spillage of oil at sea,

The United States now has available a $20.S million revolving fund

to assist in cleanup if the polluter does not respond fast enough and

which, or course, he will be required to reimburse.

Power Requirements

The need for electric power is very well known here in the Northwest

where the great hydroelectric power dams have been constructed, But now

all parts of the Nation are experiencing problems in providing enough

power as the American consumer buys more and more electric equipment.

The presence and possibility of more brownouts and blackouts could easily

move public opinion to ignore the need for necessary environmental studies

as these plants are constructed. We must have both. At this point, I

would like to paraphrase remarks made in the fact sheet accompanying the

President's environmental message regarding future power plant siting.

1, Electric utilities will be required to submit to

State or regional agencies, established to balance

power and environmental needs, plans providing

10-year projections of power and facilities require-

ments.
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2. The State or regional agency will provide pre-

liminary clearance of proposed power plant

sites and transmission line routes five years

prior to commencement of construction, and
I

certification of specific sites, facilities and

routes two years in advance, with public hearings

at both stages.

In many of these controversises, the difference of opinion as to

environmental effects are quite profound, Somebody must pay for the

research to make proper decisions. At this point, I would like to em-

phasize that the research required for many of the activities that have

been required is not solely the responsibility of the Federal Government.

In fact, in many cases it should be the responsibility of others. In-

dustry, States and local communitites must be concerned with providing

adequate environmental information where needed.

Coastal Zone Construction

The National Environmental Policy Act of 1969 requires that any pro-

posal for legislation or major action significantly affecting the quality

of the human environment be preceded by a statement on the environmental

cf tict», the relationship of the short-term uses of the environment to

long-term productivity, and possible alternatives.

Of considerable significance have been several recent administrative

and judicial actions during the past year, which integrate environmental

considerati.ons into existing regulatory processes. The original laws
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regulating activity in coastal waters through the Department of the Army

were concerned primarily with the interests of navigation. Nore recently,

under the Fish and Wildlife Coordination Act, the considerations were

broadened to include the effects of proposed work on fish and wildlife.

Action by the Corps of Engineers to deny a work permit solely on the

grounds of adverse effects on fi,sh and wildlife resulted in a suit against

the Corps; on appeal, it was ruled for the first time by a court that the

Corps was entitled to consider ecological factors in the issuance of permits

for construction ox other activities in the navigable waters of the United

States.

Presently, permit regulations include requirements for specific eval-

uation of the effects of works not only on navigation but ecology, conser-

vation, pollution, esthetics, and indeed all factors relevant to the general

public interest.

Filling of Wetlands and Marshes

Related to the problems of coastal construction but one which poses

in many communities a very' important and special problem is that valuable

property can easily be developed from a maxsh into a place where beach

homes and even high-rise buildings can be constructed. We have had many

experiences recently on the East Coast where the developers have been able

to demonstrate that they could contribute to the economic wealth of an area

by filling in a marshland while those who are concerned with conservation

were unable to come forth with the type of evidence required for the

zoning authorities to turn down the application. One major benefit of the
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new land use policy will enable States to control the zoning or strengthen

the hand of local officials. For it would enable States to insure that

proper land use planning and management had been developed prior to per-

mission for any such development.

When developers of such land have been able to demonstrate improved

profits and benefits to a community, there is much pressure to proceed,

particularly if the information on ecological damage is scant, However,

it is apparent that with filling in marshland and constructing houses,

highways, stores, power lines and all the other community facilities,

the development has become an irreversible act. In other words, delaying

the development might cause some discomfort but keeps open the options

for later development or preservation of the wetlands. If the lands are

developed now, the development is, for al! practical purposes, irrever-

sible. Here again I would like to point out the necessity for a proper

amount of research to assist in the decision-making process and in this

connection, a proper amount of good economic research.

Development of new lands for beach homes, or coastal construction,

or engineering of other kinds is supported by contentions that it enhances

local profits and payrolls. These arguments must be looked at skeptically� .

Under the condition of a full employment economy, such investments merely

transfer available capital from one income producing area to another.

The funds could have been invested elsewhere with the same result. ln

short, one community gains but either another loses or the public in general

loses. Of course, in this connection, a full employment economy is con-
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sidered. Where unemployment exists, the investment could be made, if all

factors are considered, for the alleviation of local unemployment.

One of the significant reasons for the involvement of the States and

State Governors in the new land use policy is to insure that regional

interests as a whole are considered and not just the profits and payrolls

of one community.

Contamination of Fishery and Other Marine Food Products

Food from the sea is one of the best sources of protei~ and much of

it is i~expensive. However, our Nation is not one that depends heavily

upon food from the sea for our protein. Nevertheless, it is still an

important part of our diet and certainly one that helps maintain low

cholesterol levels. Yet only recently we have discovered in some species

of fish excess quantities of mercury . Mercury, if consumed extensively,

could contribute to a destruction of the nervous system. Of course, not

many of us are excessive consumers of such fish, but peoples in many other

places are.

This is another example of environmental concern and one that requires

research and monitoring. From what little we now know, we are not always

certain as to the source of the mercury, nor are we fully certain as to

the long-term effects of varying levels of consumption of such fish.

Recreation

Increases in population, gross national product, median family income,
mobility, and leisure time over the last several yeai.s have combined to

make recreation one of the fastest-growing uses of the coastal zone,
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Existing data on recreational expenditures, combined with information on

population distribution, indicate that direct and indirect outlays for

marine recreation have a sizeable economic impact. Sport fishing, SCUBA

diving, and boating are particularly significant, because of the specialized

equipment that they require. The Census Bureau has estimated the total

nationwide recreational fishing expenditures in 1965 at $3 billion.

The Boating Industry Association estimates the number of U.S, boaters

in 1969 at about 44 million--8.5 million recreational boats,7 million out-

board motors, with over $3.2 billion spent during the year for equipment

and services.

In its 1962 evaluation of the U.S. oceanic and Great Lakes shoreline,

the Outdoor Recreation Resources Review Commission stated that only 1,209

miles of the 17,000 miles of contiguous shoreline suitable for recreation

were so used. Since 1961, 845 miles of recreational shoreline have been

added by the creation of new National Seashores and. Lakeshores. The National

Shoreline Study, being prepared by the Army Corps of Engineers for release

in late 1971, will provide detailed information about land ownership and

In 19?0, the Bureau of Outdoor Recreation  BOR}, Department of the

Interior, completed a survey of the recreational potential of the Nation's

is lands.

The Land and Water Conservation Fund, created in 1965, provides money

to expand national, State and local outdoor recreation facilities. The

strain on its resources prompted the Bureau of Outdoor Recreation, which



administers the Fund, to suggest changes, Two of those implemented are

an increase in the funding limit from $200 million to $300 million a year,

and advance expenditure authority to permit agencies to contract for the

purchase of recreation land immediately after authorization .

Science and Engineering Development

The discussion of each of these problems has indicated varying needs

for science and engineering development and marine services. I would like

to summarize by pointing out that a great deal remains to be done if we

are to properly use our estuaries and shorelines. Your own Sea Grant

program has produced a paper on the estuaries of Oregon and this report

indicates problems of industrial, thermal and municipal pollution; potential

reduction in fisheries and shellfish, dangers from land fill and road

building, and damage from upstream uses of waters that feed the estuary.

Unless those who are concerned can speak with an informed, accurate and

loud voice, these conditions will continue.

Another important subj ect for study involves geographical and legal

studies to establish true boundaries or baselines--baselines between

State and State, State and Federal offshore lands, and national continental

shelves' demarkation from lands not under national jurisdiction .

Federal Funds for Marine Science

For our part, the Federal Government this year is devoting close to

$SO million fro marine science, technology and service specifically re-

lated to development and conservation of the coastal zone. Related marine

sc ience and technology funds for basi c oceanographic research, environmental
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observation and prediction; mapping, charting and geodesy; ocean engineer-

ing data centers; and fisheries development will also contribute greatly.

cannot give a precise estimate of how much the $609 million in the

Federal budget for marine science and technology will contribute directly

and indirectly to these programs, but I think I can assure you that the

present emphasis on civilian marine programs is to focus more and more

on inshore problems.

In addition to these funds, there are some coastal programs of the

Department of Defense and other agencies which have not been included in

these figures although they are closely related to marine science and

technology . Many of these programs are research and development programs

with important spin-off values to the marine sciences; others are action

and regulatory programs of Federal and non-Federal agencies, and private

activities related to coastal problems. Fxamples of these activities

are: channel and harbor development, $148 million; beach erosion control,

hurricane protection, $22 million; pilot dredging and spoil disposal, and

regulatory programs concerned with pollution, dumping and flushing, $8

million; recreational beaches and small craft harbor improvement, $16 million;

environmental observations and predictions related to planning, design,

construction, operations, and maintenance, $4 million; and general purpose

coastal engineering, including development of improved dredging technology,

$18 mi 1 li on,
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Conclusion

This should give some idea to you of the total Federal effort oriented

towards the problems being discussed at this seminar. Both the legislat'ion

and funds provided in the budget are substantial and increasing. lt is

our hope that other levels of government and industry will also see the

importance and as this seminar demonstrates, probably see the importance

better than we have.



Remarks Following the

TechniGtl Conference

Arvi d Gran t

Arvid Grant g Associates

Olympia, Washington

I would like to congratulate Oregon State University and the faculty
of the School of Civil Engineering for having conceived, organized and
presented this seminar. It has given so many answers to me that I have
been searching for, for a long time, just in one day; and I think that
many oF us feel the same way. I want to express my gratitude to every-
body who did the work.

Now I want to make a suggestion, but before I do this, I want to
recite a newspaper story that was in our local Washington newspapers just
a few days ago. It had happened that a plywood manufacturer had decided
to build a new plywood mill in Centralia. In the course of building this
mill he had to remove a small dam from a creek or a small river that was
passing through the area. He went to the Department of Natural Resources,
which apparently had jurisdiction over the place, and obtained permit to
remove the little timber dam. Then he went, since fish do pass through
the creek, to the Department of Fisheries or Game, I do not recall which,
to obtain another permit to remove that dam; because in the course of
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moving that dam there will still be some fish in thestream. Then he pro-

ceeded with those two permits to remove the dam. While he was doing so,

a man from the Department of Ecology happened to come by, and said he was

silting up the stream and fined him $230. The mill-man got angry and said

he was not going to build his plywppd mill if this was the way life works

in our place. He stopped the $400,000 construction project, and he fired

all of the men. Then he came to the legislature, and he said, "Look, this

is what the Department of Ecology has been doing with a $15,000,000 budget,

now they are asking for thirty-three million and I am going to see that

they do not get it."

I am impartial in this case, I merely read the newspaper account and

I am not even sure the account was correct. But it does point to a problem.

Now days when I want to design something that is on the waterfront, I have

to go to the Department of Fisheries to obtain a permit; I have to go to

the Department of Game, where likely I will have to go to the community

planning and affairs agency to let them review how it will affect the total

environment of the state. ! probably will have to go to the Department

of Health; I will have to go to the Department of Ecology, and I most likely

will have to go to the Department of the Army Engineers. They all regulate

the same subject matter in the same general way, in the same context, except

their regulation while 90'o overlaps it spreads out a little bit to the sides.

I still do riot know what the regulative rules are and what is right and

what is wrong. Now before I start doing something my client expects me

to be a professional and a knowledgeable man, and will accordingly listen

to my advice. The first thing I tell him, I must tell him I do not know.

I truly do not know.

gpw what I wpuld like to suggest to Oregon State University is to

repeat this conference exactly as presented, exactly as thought and done,

but next time to invite, not the legal men, but the department heads and

the department directors from all of these departments, the key legislators

pl,us the engineers and scientists once again. This I most sincerely

wish you will follow.
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