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Delaware Bay and northern three quarters 
of Chesapeake Bay showing turbidity max· 
imum in the upper Chesapeake Bay and 
complex distribution in both bays. (NASA 

ERTS imagery) 

Delta of the Mieeiseippi River and plumes 
of suspended material carried seaward. 
(NASA ERTS imagery) 
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Mouths of the lrrawady River, Burma, 
showing complex pattern of suspended 
material offshore. (NASA ERTS imagery) 

Ocean area near the mouth of the Amazon 
River (lower left). The figure shows tidal 
streaking and plumes extending more 
than 75 nautical miles offshore. (NASA 
ERTS imagery) 
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Preface 

Early in 1974, the Geophysics Research Board completed a plan, subsequently 
approved by the Committee on Science and Public Policy of the National Academy 
of Sciences, for a series of studies to be carried out on various subjects related to 
geophysics. The Geophysics Study Committee was established to provide guidance 
in the conduct of the studies. 

One purpose of the studies is to provide assessments from the scientific community 
to aid policymakers in decisions on societal problems that involve geophysics. An 
important part of such an assessment is an evaluation of the adequacy of present 
geophysical knowledge and the appropriateness of present research programs to 
provide information required for those decisions. When appropriate, the implications 
of this evaluation for research strategy may be set forth. Some of the studies place 
more emphasis on assessing the present status of a field of geophysics and identifying 
the most promising directions for future research. Topics of studies for which reports 
are currently in preparation include geophysical predictions, upper-atmosphere 
geophysics, energy and climate, water and climate, and estuaries. 

Each study is developed through meetings of the panel of authors and pre&mtation 
of papers at a suitable public forum that provides an opportunity for discussion. 
In completing final drafts of their papers, the authors have the benefit of this dis
cussion as well as the comments of selected scientific referees. Responsibility for 
the individual essays rests with the correspondiD.g authors. 

vii 
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Preface 

The essays in this volume were presented in preliminary form at an American 
Association for the Advancement of Science meeting that took place in Boston, 
Massachusetts, in Febuary 1976. The symposium was divided into two sessions 
of six papers each: (1) Geophysical Investigations, chaired by Donald W. Pritchard, 
and (2) Engineering and Environmental Investigations, chaired by Bostwick H. 
Ket.chum. 

The introductory chapter provides an overview of the study, summarizing the 
highlights of the essays and formulating conclusions and recommendations. In 
preparing it, the Chairman of the Panel had the benefit of meetings and discussions 
that took place at the symposium and the comments of the Panel of authors and 
selected referees. Responsibility for its content rests with the Geophysics Study 
C.Ommittee and the Chairman of the Panel. 

viii 
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Overview 

and 

Recommendations 

INTRODUCTION 

Histmically, the term "estuary" has been applied to the lower tidal reaches of a river. 
According to a contemporary defmition, an estuary is a semiencloeed body of wat.er 
having a free connection with the open sea aDd within which the seawat.er is mea
surably dilut.ed with freshwat.er drained from the land. This broader def'mition 
may include bays, sounds, inlets, fjords, and lagoons. 1 Virtually any human activity 
~t affects the flow and cont.ents of rivers may affect an estuary. 

Estuaries have a historical and continuing importance to human activities. In 
view of the abundance of life in estuaries, the prot.ection for vessels, and the nat
ural flushing action for wast.es, it is not surprising that early settlements in America 
were concentrat.ed on estuaries or that one third of the present U.S. population 
lives and works close to them. Two thirds of the larger cities of the world lie on 
or near estuaries. 

In many regions, estuarine environments are now being subject.ed to stress by 
activities of man: river flows are alt.ered, estuaries are dredged and tidal flats re
claimed, and estuarine waters are used for effluent dispersal and industrial cooling. 
Such stresses are likely to become more int.ense in the future. Until recently, little 
thought was given to the ecological consequences. There is now a growing con
sciousness of the need to protect the estuarine environment. 

1 
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In the United States, billions of dollars are spent each year in the operation of 
effluent control facilities. 2 Billions more are being spent on construction of facilities 
designed to stem the flow of pollutants into our estuarine and coastal waters. Hun
dreds of millions are being spent each year for surveys assessing the environmental 
impact of present and projected facilities. Comparatively little is being spent on 
research devoted to an understanding of the ecosystems that these activities seek 
to sa~n understanding the chemistry, biology, and geophysics of the estuarine 
environment. 

The principal reason for this imbalance relates to responsibility. The construction 
and operation of effluent control facilities is the responsibility of various local, 
state, and federal authorities. Evironmental impact surveys are a necessary con
sequence of new state and federal environmental protection laws. No single federal 
agency has the primary responsibility for the related environmental research. 

The Federal Water Pollution Control Act has focused attention on the estuarine 
environment. The objective of that Act is "to restore and maintain the chemical, 
physical, and biological integrity of the Nation's waters" with goals for 1977, 1983, 
and 1985. 3 The Act established a National Study Commission whose responsibilities 
include making a complete investigation and study of all aspects of the economic, 
social, and environmental effects of achieving or not achieving the goals set for 
1983. 4 Although some effects are dramatically evident, most are not. A thorough 
understanding of effects~y long-term effects-requires a basic under
standing of estuarine processes. The concept of estuarine management is evolving. 5 

Effective estuarine management will be dependent on this basic understanding. 
Compared with the science of rivers and lakes on the one hand and that of deep 

oceans on the other, the science of estuaries is extraordinarily complex. A number 
of disciplines are involved in understanding estuaries. H we consider strictly the 
geophysics of water bOdies, there is a recognizable group of scientists-hydrologists
studying the inland waters and there is a similar group-deep-sea oceanographers
studying the oceans; there is not an analogous, identifiable group studying estu
aries and their associated coastal waters. 

Because circulation and mixing patterns dominate almost all other aspects of 
estuarine behavior, hydrodynamics is fundamental to all estuarine science. Cir
culation and mixing patterns are difficult both to measure and to analyr.e because 
they do not settle into a steady state but undergo ceaseless change in response to 
the ebb and flood of the tides, variations in freshwater flow, erratic effects of 
winds, irregularities in the estuarine geometry, and density differences between 
freshwater and salt water. 

There isa wide range of scientific and engineering interest in estuaries6as evidenced, 
for example, by the publication of nwnerous reports 7 and conferences. 8 The 12 
papers in this volume deal with many aspects of estuarine science, with emphasis 
on the role of geophysics. They do not treat such aspects as marine food harvests 
or navigational dredging but deal with phenomena basic to these and other applica
tions. Their scope includes not only geophysical processes, including hydrodynamical 
and geological processes, but also basic chemical and biological phenomena, especially 
those related to water quality. 

CONCLUSIONS AND RECOMMENDATION 

Almost all concerns about estuaries relate to matters that affect life, including 
man and man's sensibilities. Intelligent management decisions related to estuaries 
increasingly depend on a thorough scientific understanding of the estuarine eco
system-an understanding that is now lacking. The costs for research toward a 
basic understanding of estuaries are small compared with the costs of construction 
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and operation of facilities intended t;o protect the estuarine wat.ers. They are also 
small in comparison with the costs of the associated environmental surveys and 
the potential wast.e resulting from incorrect decisions. 

This study did not include efforts t;o propose specific research programs. It con
cluded that there are two general problems to be addreBSed and formulated one 
recommendation. 

CONCLUSIONS 

• There is a wide range of federal, state, and local agencies that seek answers 
t;o pressing practical questions relating to estuaries. Most of the questions posed 
by these agencies cannot be properly answered without an understanding of funda
mental aspects of estuarine behavior. Of these, mixing and circulation. are dominant 
for most problems in the majority of estuaries. 
• Even in those governmental and nongovernmental organizations with consider
able interest in estuarine problems, estuarine research tends not to be clearly 
identified in the main structure of the organization. This lack of a visible focal point 
for estuarine problems is a potential obstacle t;o the development of effective, long
range, interdisciplinary research programs. 

RECOMMENDATION An overall review of the national efforts in estuarine research should be conducted. 
Questions addreBSed by this review should include the following: 

• Is there adequate attention to solution of the basic problems in estuarine be
havior? 
• Do the research programs have the kind of continuity that can reasonably be 
expected to deliver solutions to problems that require long-range research strategy? 
• Can steps be taken in research organizations concerned with estuarine problems 
t;o provide an improved focus for clear identification of estuarine research activities, 
for coordinated planning, and for effective interaction among the various scientific 
fields required to deal with the complex problems fundamental to estuarine research? 

Because of the wide range of agencies concerned with estuaries, this review could 
appropriately be carried out under the auspices of the Federal Coordinating Council 
for Science, Engineering, and Technology. Estuarine problems potentially belong 
under the cognizance of at least two of its problem-oriented committees-the Com
mittee on the Atmosphere and Oceans and the Committee on Energy and Natural 
Resources. 

GEOPHYSICAL ASPECTS 

Salinity measurements provide a useful basis for the classification of estuaries. 
Well-mixed estuaries have little variation of salinity with depth and are usually 
shallow with slight river current and strong tides. Stratified estuaries are usually 
deep and without strong tidal currents, so that freshwater flows to the sea over an 
underlying salt-water layer. Fjords are a special case of stratified estuaries pri
marily because of their great depth relative to width and the common occurrence 
of a shallow sill at the mouth. In such estuaries, a zone of high salinity gradient, 
called a halocline, separates the upper and lower portions of the water column. 
When the river is narrow and the flow is great, freshwater may fill the entire 
mouth, causing the brackish river water to form a distinguishable "plume" that 
floats out to sea over the salt water. The Amazon plume covers about a million 
square miles of ocean; the Connecticut River plume about 50 square miles of Long 
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Island Sound. In a river with large flow and a deep mouth (e.g., cert.ain distribu
taries of the Mississippi delta), the denser seawater may intrude landward under 
the freshwater but be held back as a stable salt wedge underlying a strong fresh
water flow above. 

The objective of the estuarine hydrodynamicist is to devise theoretical and 
numerical models of the circulation and mixing processes that are consistent with 
observation and that permit prediction of hydrodynamic behavior under varying 
conditions. To do this, it is necessary to make judicious approximations to separate 
the variables of interest into manageable relationships. Among these are averaging 
processes-for example, an average over the tidal cycle or over the estuarine cross 
section. River flow in an estuary is superimposed on the tidal currents, which may 
be much larger. However, for many purposes tides may be regarded as simple oscil
lations. Similarly, the horiwntal density gradient in stratified and in well-mixed 
estuaries gives rise to flow that varies with depth-with a seaward freshwater 
component above and a landward salt-water component below, superimposed on 
both tides and river current. When lateral circulation is not significant, two
dimensional models can give excellent agreement with experiment for velocity and 
salinity profiles, averaged over tidal cycles. 

Where estuarine channels are curved or asymmetric, or wide enough to be 
significantly influenced by the earth's rotation (Coriolis effect), lateral flow may be 
superimposed on the longitudinal, giving rise to a spiral motion of the current. 
This can strongly affect some processes such as sedimentation, mixing, or dispersal 
of pollutants. Because the lateral flow component is usually one tenth or less of 
the longitudinal flow, accurate measurement is difficult. 

Turbulence-of special importance in the transport and deposition of BUBpended 
particles-is an even more difficult hydrodynamic process to study in estuaries 
because it is small in scale, both in space and in time. All estuarine flow is turbulent, 
and when the turbulence reaches high intensity, high shear stresses result. In cer
tain estuarine flows, it has been found that large shear stress exists during only a 
small portion of the tidal cycle. Because shear stresses determine rates of mixing 
and, near the bottom, rates of uptake of sediment, mean velocities and mean shear 
stresses might drastically understate the potential of a given flow for mixing and 
transport of suspended materials. The intensity and scale of turbulence are mea
sured by flow meters of small size and short time constant. Extensive arrays of 
instruments are required to yield meaningful results. Theoretical analysis involves 
converting such data to suitable coefficients that describe the effect of turbulence 
on the flow. 

ENGINEERING AND ENVIRONMENTAL ASPECTS 

The last six papers in this volume extend the discussion into the areas of the 
chemistry and biology of the estuarine circulation and of the physically suspended 
particulate matter. They deal with naturally occurring constituents of the waters, 
as well as those produced by human activities, and their interactions and changes. 
Research involves measuring the various incoming constituents; tracing their 
chemical, biological, or physical changes until they reach the sea; and finally 
establishing what are called "biogeochemical models" of the estuary to permit pre
diction of the effect of changes. 

Water quality and pollution have become subjects of increasing concern in recent 
years because of the effects of growing population and industrialization. Pollution 
has often closed beaches and fishing grounds, has directly killed estuarine aquatic 
life, and has damaged spawning grounds of estuarine and ocean fish. Detriments to 
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water quality are of three major types: those directly harmful to marine life, to 
humans, or to both, such as dangerous bacteria or chemicals (e.g., Kepone, poly
chlorinated biphenyls, and heavy metal ions); those which in excess reduce the dis
solved oxygen concentration (carbonaceous and nitrogenous compounds); and 
excess nutrients that stimulate algal growth (inorganic nitrogen and phosphorus 
compounds). 

The constituents that have received most public attention are organic materials 
that consume dissolved oxygen as they undergo bacterial degradation, metal ions 
from both natural drainage and industrial wastes, nutrients of aquatic plant life 
(inorganic nitrogen compounds and phosphates), suspended particulate matter, and 
undesirable bacteria from sewage. Organic compounds that are both harmful and 
not biodegradable, such as Kepone and polychlorinated biphenyls (PCB'S), have 
received increasing attention recently as their dangers in riverine and estuarine 
waters have been recognized. The discharge of Kepone into the James River and 
PCB's into the Hudson River resulted in the closing of both rivers to commercial 
fishing and caused great anxiety regarding long-term effects. These chemicals are 
biologically dangerous and extremely stable. They can be concentrated in the 
marine food chain, including species used as food for humans. 

The most common pollutants in all bodies of water are wastes that have bio
chemical oxygen demand (BOD)-mainly raw sewage or biodegradable industrial 
wastes. Oxygen-demanding materials and nutrients damage aquatic life directly as 
well as indirectly through a process known as eutrophication. Most organic com
pounds are biodegradable; such pollutants are of two main classes, the carbona
ceous and nitrogenous. Both are utili7.ed by bacteria, with the carbon content being 
converted to carbon dioxide and the nitrogen to ammonia or other inorganic nitro
gen compounds that are nutrients for algal growth. In these processes, the amount 
of dissolved oxygen of the river or estuary is depleted; if the BOD waste level is 
high enough, marine life cannot successfully compete for the oxygen (for example, 
in the upper portion of the Houston Ship Canal, the dissolved oxygen concentra
tion is zero). Excess BOD wastes may be kept out of estuaries by diverting sewage 
flows to other discharge sites or by treatment. Nitrogen and phosphorus com
pounds may also be substantially removed by suitable treatment at added expense. 
They are beneficial in proper concentration but in excess bring about so much 
plant growth that eutrophication results. 

Even a modest improvement in understanding the effects of such materials can 
lead to major engineering and economic payoffs. For example, it is probable that a 
better understanding of this aspect of estuarine science could lead to conclusions 
that, in some cases, particular treatment processes are unnecessary and, in others, 
ocean outfalls could be a more satisfactory solution than additional treatment 
facilities. These decisions involve large sums; they warrant an adequate scientific 
basis. 

Various types of materials can be used as chemical tracers in the study of estua
rine processes. A rich resource for this purpose is the variety of metal ions present 
in trace amounts, both from natural sources and industrial wastes, which undergo 
important and informative changes in the tidal mixing region. For example, the 
concentrations of cobalt, nickel, and silver brought down the Housatonic River 
(Connecticut) show a sharp rise in the mixing zone, followed by a decline to very 
low values in the salt water in Long Island Sound. It is presumed that these ions 
are absorbed by the salt-water effect and are later precipitated by other reactions. 
It is also possible that they may be involved in oxidation-reduction reactions of the 
tidal marshes. Understanding this chemistry better is important in connection 
with decisions related to such wastes-their effects, the amounts that can be safely 
accommodated without damage to estuarine ecology, and their disposition. 
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A role of estuarine scientists in water-quality engineering is to formulate models 
that take into account not only hydrodynamics but also biological and chemical 
processes. Such theoretical models involve a description of the incoming constit
uents, their chemical and biological transformations, the role of circulation in 
such changes, and the effects of the variation of the different constituents and 
conditions. These models become extremely complex; to make useful progress, at
tention must be focused on the critical variables. Even in nitrogen-limited eco
systems, such as the Potomac and Pamlico Estuaries, this is not simple because 
there are at least seven types of nitrogen compound involved, as well as many 
chemical and biological transformations. 

It is unrealistic to strive to achieve improved water quality in estuaries by halt
ing all discharges generated by human activity. Instead, well-informed manage
ment of the various uses of estuaries can prevent harm and even bring benefits. 
For example, nitrogen and phosphorus nutrients discharged in proper amounts at 
the right places might benefit aquatic life just as they benefit farm crops. Excess 
of one nutrient may not be harmful when algal growth rate is controlled by 
another factor such as water temperature, turbidity, and sunlight. H excess phos
phate could be accommodated, costly tertiary waste treatment required to remove 
it could be avoided. 

RESEARCH STRATEGY 

With the increasing problems of water supply, and increased concern about the 
well-being of the environment for aesthetic and practical reasons, there will be in
creasing attention to problems that must be solved by estuarine science. They may 
seem initially to be purely engineering, biological, chemical, or geological prob
lems, but, as the posers of the questions seek answers, they will discover that the 
solutions often depend on geophysical considerations. 

High-quality estuarine research programs do exist, but most have been oriented 
toward specific problems-mainly marine food harvests, maintenance of naviga
tional channels, and water quality. What is neglected is the basic interdisciplinary 
research, involving a wide range of scientific fields, that would be beneficial and 
fundamental to all programs concerned with protecting the estuarine environment. 

Many federal agencies are directly concerned with estuarine science. With the 
exception of the National Science Foundation, all the agencies are concerned as a 
result of practical considerations related to their missions. Federal organi7.ations 
concerned with estuaries include the Department of Commerce (National Oceanic 
and Atmospheric Administration, National Marine Fisheries Service), Department 
of the Interior (U.S. Geological Survey, Bureau of Land Management, Park Ser
vice, Fish and Wildlife Service, Bureau of Reclamation), National Aeronautics and 
Space Administration, Environmental Protection Agency, Energy Research and 
Development Administration, Nuclear Regulatory Commission, Department of 
Defense (Corps of Engineers, Navy), and Department of Transportation (Coast 
Guard). Numerous state and local agencies are concerned with estuaries. At one 
time or another, all these agencies have addressed the geophysical problems of 
estuaries and coastal waters. 

Government laboratories necessarily direct their research efforts toward practi
cal problems related to their missions. University and academic research labora
tories have a tradition of commitment to basic research-over long periods of time, 
if necessary-without the requirement of a foreseen applied result. Government 
laboratories in general are more actively concerned with transferring the results of 
basic research to applications. Scientific and technical talent capable of dealing 
with the difficult problems of estuarine science can be found in both government 

6 
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and academic institutions. A long-range research strategy should t.ake account of 
an appropriate balance among these considerations. 

Basic research on estuaries must involve the talents of a wide range of specialists. 
Many of the scientists and engineers who could make effective contributions are 
not at present directly involved with estuarine problems. 

Variability among estuaries makes generalizations from one estuary to another a 
risky undert.aking. A few estuaries have been studied intensively; most have not. 
The benefits of new understandings would be greatly multiplied if it were not 
necessary to study each estuary independently. Therefore, research strategy should 
include efforts to determine whether there are key parameters for given types of 
estuarine conditions that could be used to produce models of even limited trans
ferability of understanding from one estuary to another. 

While the concerns about the environment have given rise to num~rous ad hoc 
investigations and surveys, there has been no program of continuing research in
volving multidisciplinary approaches designed to provide solutions to fundamental 
questions of estuarine science that must be understood for proper assessment of 
specific problems. Many of the most important problems are not subject to short
term, project-type solutions; long-term continuity and breadth of viewpoint are 
essential. 

NOTES 
1. This definition of estuaries was formulat.ed by D. W. Pritchard and published with considerable dis

cussion in Estuaries, Publication 83 of the American Association for the Advancement of Science, 
Washington, D.C., 1967. Public Law 92-500 (October 18, 1972) entitled ''Federal Water Pollution 
Control Act Amendment.a of 1972" contains the following defmition in Section 104 (nX4): 

For the purpoee of this aui-:tion, the term "estuarine zones• meana an environmental syat.em conaisting of an 
estuary and tbllle tranaitional ereaa which are lllllllliat.ently influmced or affect.ad by water from an estuary 
llUCh u, but not limit.eel. to, BBlt lllllJ'llbes, ooutal and intertidal areas, bays, barbon, lagooua, inllbore wet.en. and 
channela, and the term •estuary• meana all or part of the mouth of a river or stream or other body of water 
having unimpaired natural connect.on with open - and within which the - water ia meuurably dilut.ed with 
fresh water derived from land drainage. 

2. Pollution control expenditures. The following data are reproduced from Environmental Quality, 
Seventh Annual Report of the Council on Environmental Quality, September 1976 (Tables 1-35 and 
1-37). These figures are indicative of the magnitude of expenditures to control water pollution. Di· 
rectly or indirectly, much of this expenditure is relat.ed to estuarine pollution. 

F.atimat.ed Wat.er Pollution Control Expenditures in 1975 ($ Billion) 

Operation and maint.enance 
Capital 

Incremental• 
3.0 
1.7 
4.7 

Total 
5.0 
9.7 

14.7 

• Incremental coat& are mipenditurea made pursuant to federal environ
mental legialation beyood tbllle that would have men made in the ab
lll!llCe of this legialation. 

3. Public Law 92-500 (October 18, 1972) "Federal Water Pollution Control Act Amendment.a of 1972": 

7 

Section 101. (a) The objective of this Act is to restore and maintain the chemical, physical, and 
biological integrity of the Nation's waters. In order to achieve this objective it is hereby declared 
that, consistent with the provisions of this Act-

(1) it is the national goal that the discharge of pollutant.a into the navigable waters be eliminat.ed 
by 1985; 

(2) it is the national goal that wherever attainable, an interim goal of water quality which pro
vides for the protection and propagation of fish, shellfish, and wildlife and provides for recreation in 
and on the water be achieved by July l, 1983; 

(3) it is the national policy that the discharge of toxic pollutant.a in toxic amount.a be prohibit.eel; 
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(4) it is the national policy that Federal fmancial assistance be provided t.o construct publicly 
owned waste treatment works; 

(5) it is the national policy that areawide treatment management planning proceaaes be devel
oped and implemented t.o assure adequate control of sources of pollutants in each State; and 

(6) it is the national policy that a major research and demonstration effort be made t.o develop 
technology necessary t.o eliminate the discharge of pollutants int.o the navigable waters, waters of 
the contiguous wne, and the oceans. 

Section 102. (a) The Administrat.or shall, after careful investigation, and in cooperation with other 
Federal agencies, State water pollution control agencies, interstate agencies, and the municipalities 
and industries involved, prepare or develop comprehensive programs for preventing, reducing, or 
eliminating the pollution of the navigable waters and ground waters and improving the sanitary con
ditions of aurface and underground waters. In the development of such comprehensive programs due 
regard shall be given t.o the improvements which are necessary t.o conserve such waters for the pro
tection and propagation of fish and aquatic life and wildlife, recreational purposes, and the with
drawal of such waters for public water supply, agricultural, industrial, and other purposes. 

Section 104. (a) The Administrator shall establish national programs for the prevention, reduction, 
and elimination of pollution and as part of such programs shall-

(1) in cooperation with other Federal, State, and local agencies, conduct and promote the coor
dination and acceleration of, research, investigations, experiments, training, demonstrations, sur
veys, and studies relating t.o the causes, effects, extent, prevention, reduction, and elimination of 
pollution. 

4. Public Law 92-500 (Oct.ober 18, 1972) "Federal Water Pollution Control Act Amendments of 1972": 

Section 315. (a) There is established a National Study Commisaion, which shall make a full and 
complete investigation and study of all of the technological aspects of achieving, and all aspects of 
the t.otal economic, social, and environmental effects of achieving or not achieving, the effluent 
limitations and goals set forth for 1983 in section 301 (bX2) of this Act. 

The Commisaion issued a "Staff Report t.o the National Commisaion on Water Quality," in April 
1976. 

5. See, for example, W. 0. Spofford, Jr., C. S. Russel, and R. A. Kelly, Enuironmental Quality MGMge· 
ment: An Application to the Lower Del.aware VaUey, Resources for the Future, Inc., Research Paper 
R-1, Sept.ember 1976. 

6. The range of interest in estuaries is evidenced by the attendance of some 450 participants in the 
Third International Estuarine Research Conference, Galvest.on, Tesaa, Oct.ober 1975. They came 
from departments of oceanography, marine science, biology, wology, botany, limnology, engineering, 
geology, and geosciences and from a diversity of academic, government (state and federal), and in
dustrial organizations concerned with estuaries, wetlands, fisheries, and environmental science. See 
Footnote 8 for further discussion of the Estuarine Research Federation. 

The Office of Water Research and Technology, Department of the Interior, has issued three volumes 
entitled Estuarine Pollution-A Bibliography t.otaling 1216 pages. They provide an indication of the 
eztensive interest in pollution in the estuarine environment. 

7. Studies and Reports. Estuaries have been given attention in many studies and reports, especially 
those concemed with coastal waters and pollution. The following is a small sampling of such reports: 

8 

Our Nation and The Sea: A Pl.an for National Action. Report of the Commission on Marine Sci
ence, Engineering and Resources, J. A. Stratt.on, chairman, January 1969. Establishment of the 
Commission was authorized by Public Law 89-454, June 1966. The transmittal of this report t.o the 
President and the Members of Congress stated: 

In rellpOll8ll t.o it.a mandate, the Commi.-ion bu undertaken an intensive investigation of a broad array of 
marine problema ranging from the ~tion of our coaatal aborea and estuaries t.o the more effective 1111! of 
the vaat l'llllCIUl'Ce8 that lie within and below the -· The l'8CClllllllelltiOll8 which have emerged from thia 
study C01111titute a program which we believe will uaure the advancement of a national capability in the ocmna 
and go far towarda meeting the inevitable needa of the future. 

The report was supplemented by three volumes containing reports of eight panels, among them the 
Panels on Basic Science and on Management and Development of the Coastal Zone. 

Regarding estuaries, the fmdings of these panels are in good agreement with the present report. 
The basic problems have not changed or been solved. The Panels' recommendations include the fol
lowing: 

The Nation ahould undertake a much enhanced program of baaic reaearch int.o the dynamics of estuarine 
wat.era, the identification of specific pollutant.a and the tracing of their effect.a, both on individual species and 
ecoeyatems, and on the mechaniama through which orpnisms in the estuarine t!COll)'lltem take up and accumu
late VariOU8 kinda of pollutant.a. 
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Man:. Impact on the Global Environment: ASBeSBment and Recommendations for Action. Report 
of the Study of Critical Environment.al Problems (SCEP) sponsored by the Massachusetts Institute of 
Technology, C. L. Wilson and W. H. Matthews, eds., MIT Preas, Cambridge, Mass., 1970. The need 
for this study was perceived in connection with government.al and nongovernment.al preparations for 
the 1972 United Nations Conference on the Human Environment. The intent was to provide an 
authoritative BBBe11Bment of the degree and nature of man's impact on the global environment with 
specific recommendations for new programs of focused research, monitoring, and action. The study 
included estuaries and several recommendations related to their pollution. It drew attention to the 
multiplicity of authorities concerned with river basins, estuaries, and coast.al zones. 

Marine Environmental Quality: Suggested Research Programs for Understanding Man:. Effect on 
the Oceans, the report of a special study held under the auspices of the Ocean Science Committee of 
the NRC's Ocean Affairs Board, August 1971. This report emphasizes that the behavior and ultimate 
fate of pollutants in estuaries is poorly understood because of the complexities of the transport pro
ces&eB and the chemical reactions. 

Recommendations for Basic Research on Transfer Processes in Continental and Coastal Waters, 
report of a workshop sponsored by the National Science Foundation held at Block Island, July 1974. 
This workshop was convened to review the current status of basic research in continent.al and coast.al 
waters and "to defme a focus for future research on procesaes involved in the movement of natural 
and anthropogenic materials through the aqueous environment of continents and their margins.n The 
workshop noted that "while existing programs in environment.al science may be establishing a 
valuable data base about the distribution of materials in selected areas, these programs provide little 
BBBistance in constructing a scientific framework to understand the procesaes which control these 
distributions. n 

The workshop emphasized the importance of circulation and mixing and stressed the fact that 
limited research programs aimed at specific problems "will do little to eliminate our ignorance of the 
underlying controlling mechanisms. n 

A Workshop to Identify Research Priorities in Estuarine Physical Transport Proces&eB was held at 
the Marine Sciences Research Center, State University of New York, Stony Brook, New York, 
November 1976. The goals of the workshop were (1) to identify important unresolved problems of 
physical transport procesaes in estuaries; (2) to BBBe11B personnel and physical reeources required for 
significant advancement; (3) to explore ways of encouraging interinstitutional cooperation; (4) to 
explore ways of increasing scientific and management effectiveness of estuarine monitoring studies. 
(The report of this workshop is in preparation.) 

Perspectives on Technical Information for Environmental Protection, a Report to the U.S. En
vironment.al Protection Agency from the Commission on Natural Resources and the Steering Com
mittee for Analytical Studies, NRC, was issued in March 1977. This report (Volume I of the series) 
and its ten BBBOciated reports deal with the question of the role of science in environment.al protec
tion. 

Part Il of Perspectives contains an executive summary of four of the reports: Decision Making, 
Research, Monitoring, and Manpower. While not directed primarily toward estuaries, many aspects 
of these reports are pertinent to the estuarine environment. A basic theme of the report Estuaries, 
Geophysics, and the Environment appears also in Perspectives in the chapter "The Role of Scien
tific and Technical Information in Environment.al Decision Making,n which underscores the need for 
research "dedicated with continuity to long-range, fundament.al investigation . . . neoemiary to under
stand ecosystems, to improve monitoring, and t.o develop a capability for anticipating environment.al 
impactB.n 

8. Conferences and Symposia. There have been several conferences on estuaries in recent years. 

9 

The Symposium on Estuaries, Geophysics and the Environment held at the meetings of the Ameri
can Association for the Advancement of Science, February 1976, was sponsored by the Geophysics 
Study Committee as an integral part of this study. The papers presented at that symposium are 
published as part of this volume. 

Estuaries (referenced in Note 1) contains the proceedings of the Conference on Estuaries held at 
Jekyll Island, Georgia, 1964. 

The Estuarine Research Federation, representing some 1200 members of four regional Estuarine 
Research Societies (Atlantic, New England, Gulf, and Southeast.em), has organized biennial Inter
national Estuarine Research Conferences, beginning with a conference on Long Island in 1971. The 
society has arranged publication of the proceedings of the second and third conferences (held at 
Myrtle Beach, South Carolina, October 1973, and Galveston, Teus, October 1975, respectively): 
Proceedings of Second Conference: Estuarine Research, L. E. Cronin, ed., Academic Press, New York, 
1975. Vol. 1, Chemistry, Biology and the Estuarine System; Vol. 2, Geology and Engineering. 
Proceedings of Third Conference: Estuarine Processes, M. Wiley, ed., Academic Press, New York, 
1976. Vol. l, Uses, Stresses and Adaptation to the Estuary; Vol. 2, Circulation, Sediments and 
Transfer of Materials in the Estuary. 
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A Symposium on Transport Processes in Estuarine Environments was held at the Belle W. Baruch 
Institute for Marine Biology and Coastal Research, University of South Carolina, in May 1976. 

The Environmental Protection Agency sponsored a Conference on F.stuary Pollution in Pensacola, 
Florida, February 1975. The proceedings of that conference were published: Estuarine Pollution Con
trol and ABBessment, Proceedings of a Conference, Vols. I and II, March 1977, Office of Water Plan
ning and Standarda, U .8. EPA. 
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Longitudinal Circulation 
and Mixing Relations 

I 

INTRODUCTION 

in Estuaries 

CHARLES B. OFFICER 

Dartmouth College 

Our present underst.anding of the hydrodynamics of estu
aries has evolved over the years through contributions from 
individuals with varying backgrounds in geophysics, physi
cal oceanography, and civil engineering. Some of these con
tributions have come from purely scientific investigations, 
whereas others have been related to rather specific · engi
neering problems. Recently there has been an increased em
phasis in understanding the circulation and mixing pro
cesses in estuaries, and this has been directly related to 
the existing and potential future pollution problems of estu
aries. Such an understanding is important in it.self. In addi
tion, considering the kinds of problems that currently con
front investigators looking at the chemical and biological 
aspects of waw quality and the geological aspects of sedi
ment transport and distribution, a knowledge and under
st.anding of estuarine circulation and mixing is essential. 

We shall use here the definition of an estuary given by 
Prit.chard (1952a) and Cameron and Prit.chard (1965). This 
is that an estuary is a semienclosed body of waw having a 

13 

free connection with the open sea and within which the 
seawaw is measurably diluted with freshwaw derived 
from land drainage. Traditionally, the tBm "estuary" has 
been applied to the lower reaches of a river into which sea
waw intrudes and mixes with freshwaw draining seaward 
from the land. The tBm has been extended to include bays, 
inlets, gulfs, and sounds into which several rivers empty 
and in which the mixing of freshwaw and saltwaw 
occurs. 

Various att.empts have been made to classify estuaries by 
type. Such a classification scheme for an estuary as a whole 
is difficult to do; for there are hardly any two estuaries that 
are exactly the same with regard to geometric and bathy
metric configuration, the physical oceanographic charac
Wistics of their circulation and mixing, or both. Further, 
any given estuary may show well-mixed or stratified condi
tions, for example, as a function of longitudinal distance 
along the estuary, season of the year, or even in some cases 
phase of the tidal cycle. 

Nevertheless, a useful and convenient distinction can be 
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made in terms of the vertical salinity distribution. We 
defme a well-mixed condition as one in which there is essen
t.ially no variation in the salinity in a vertical column. We 
can also distinguish a stratified condition with a halocline 
between the upper and lower portions of the water column 
of nearly constant salinity. We defme a weakly, or partially, 
stratified condition as one in which there is a change in 
salinity of only a few parts per thousand from surface to 
bottom and a strongly, or highly, stratified condition as one 
in which there is a change in salinity of several parts per 
thousand from surface to bottom. We can also distinguish a 
condition in which there is an interface between two dif
ferent water types. We defme an arrested salt wedge as one 
in which there is a stable salt wedge underlying a strong, 
freshwater flow above and a fjord entrainment type flow as 
one in which there is a relatively stagnant deep water mass 
overlain by a thin river runoff flow. 

LONGITUDINAL CIRCULATION AND MIXING 

One of the better understood aspects of estuarine hydrody
namics is that of the longitudinal circulation and mixing 
characteristics for well-mixed and stratified estuaries as 
averaged over a tidal cycle. The driving forces for the cir
culation are the longitudinal surface slope, acting in a down
estuary direction, and the longitudinal density gradient 
force, related to the longitudinal salinity gradient, acting in 
an upestuary direction. These two driving forces are bal
anced by the internal and bottom frictional forces, and 
there may in some cases be an important contribution from 
a third driving force related to the wind stress at the sur
face. The surface slope force is constant as a function of 
depth, and the density gradient force increases essentially 
linearly as a function of depth. For the condition in which 
there is a small river runoff flow, which is common for 
many estuaries, the net effect is, then, that the surface 
slope force will be dominant in the upper portion of the 
water column producing a net circulation flow downestuary 
and that the density gradient force will be dominant in the 
lower portion of the water column producing a net circula
tion flow upestuary. 

Some few years ago, Rattray and Hansen (1962) and 
Hansen and Rattray (1965) in two elegant papers developed 
solutions for this type of circulation and mixing, governed 
by the longitudinal density gradient, using similarity solu
tion techniques. In their central regime for the estuary, 
they assumed that the longitudinal salinity gradient was 
constant as a function of depth. This has the effect of de
coupling the motion and mixing equations so that each may 
be solved separately and directly rather than as a set of 
coupled partial differential equations. Such direct solutions 
have been given by Officer (1976) and have been extended 
to include bottom frictional effects and nonlinear tidal in
ertial and tidal bottom frictional effects. 

For a simplified bottom boundary condition of zero veloc
ity, the solution for the longitudinal circulation velocity, v .. , 
as averaged over a tidal cycle, is of the form 

CHARLES B. OFFICER 

1 g>Ja 3 3 
v .. = 48 pN, (1 + 9n2 + 8n3) + 2 v0 (1 - n2) 

1 hT 
+ - - (1 - 4n + 3n2), (1.1) 

4 pN, 

where g is the gravitational acceleration constant, >. the 
longitudinal density gradient, h the water depth, p the 
water density, N, the vertical eddy viscosity coefficient, as
sumed constant, and T the wind stress at the surface. The 
quantity n = zlh is the fractional depth, and the quantity 
v0 = RIA is the sectionally averaged river runoff velocity, 
where R is the river flow and A the crose-sectional area nor
mal to the flow. In this expression, the first term may be 
considered the density-gradient contribution, the second 
term the river-runoff contribution, and the third term the 
wind-stress contribution. 

For a more preferred bottom boundary condition of a 
quadratic velocity relation of the form klv .. lv .. = -pN,(avzl 
az), where k is the bottom friction coefficient, the solution 
is of the form 

with the omission of the wind-stress term. We also now 
have the subsidiary relation 

Vo= ..!!_h2 - ...£.....h3 - ~gh (..! ~ - i) (1.3) 
3N, 8pN, k 2 p 

for the surface slope, i, in terms of the longitudinal density 
gradient, >., and the river-runoff velocity, v0 • We can re
write these two expressions in terms of the velocity at the 
surface, v,, and the velocity at the bottom, v11 , as 

+ Vo(12n2 - 12n3 ), (1.4) 

where 

gh2 (· 1 Ah) V1 = - I - - - + Vo 6N, 4 p 
(1.5) 

and 

Vb = - gh2 (i - ! ~ ) + Vo· (1.6) 
3N, 8 p 

For the salt continuity, or mixing, equation the essential 
balance is that between the longitudinal circulation advec
tion flux and the vertical diffusion flUL The simplified form 
of the vertical salinity variation is, then, the double integral 
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with respect to depth of the net circulation velocity distri
bution. For the velocity function of the form of Eq. (1.4) 
this is 

+ vb - n5 - - n4 + -( 1 1 1 ) 
5 4 60 

+ Vo (- : n5 + n4 - j.n2 + 115 ) J (1.7) 

where s1 is the salinity deviation from its depth averaged 
mean, K, is the vertical eddy-diffusion coefficient, assumed 
constant, and as/ax is the longitudinal salinity gradient. 

We are interest.eel here in comparing these derived rela
tions with actual physical observations in estuaries. The re
lations provide us with a means not only of comparing field 
data with these simplified theoretical considerations but 
also of determining values for the parameters N,, i, k, and 
K, from the observations of v,. vb• Vo. as/ax, h, and Sb -
s,, the salinity difference from the surface t.o the bottom. 
For this latter purpose we have from Eqs. (1.5) and (1.6) 

N - ...!.._ g>.h3 (1.8) 
• - 24 (2v, + vb - 3vo)P 

and 

3v, + vb - 4v0 >.h 
i = 8v, + 4vb - 12v0 -P- ' (1.9) 

from Eq. (3) 

k = e (..!. - 3v, + vb - 4vo ) (1.10) 
vb:if.P 2 8v, + 4vb - 12vo ' 

and from Eq. (7) 

K _ ...!.._ (3v, - vb - 2vo>h2 ~ (1.ll) 
1 - 20 Sb - S1 ax . 

There are only a few sets of sufficiently detailed physical 
observations in estuaries that permit such a comparison t.o 
be made. We shall examine data from two areas that can be 
described as well mixed to weakly stratified, Long Island 
Sound and the Mersey F.stuary; two areas that can be de
scribed as stratified, the Southampton and James F.stuaries; 
and two areas that can be described as strongly stratified, 
the Columbia River and Vellar F.stuaries. In five of the six 
examples, river runoff is such that v0 is considerably 
smaller than v, or vb. For all cases, for lack of any specific 
information to the contrary, the wind stress is assumed to 
be 7.ero. It is important to restate two important assump
tions in the derivations, specifically that N, and K, are 
constants and that there are no lateral effects. These condi
tions are not always met or approached in actual estuaries. 

15 

The James F.stuary is tributary to Chesapeake Bay on the 
east coast of the Unit.eel States. The field data are from 
Pritchard (1952b, 1954). Typical circulation velocity versus 
depth and mean salinity versus depth curves from the field 
data, along with theoretical curves obtained from the rela
tions (1.4) and (1.7), are shown in Figure 1.1. The agreement 
is reasonable. The comput.ed values for N,, K,, k, and i are 
given below in Table 1.2. Rattray and Hansen (1962) made 
a similar comparison with the James F.stuary data, obtain
ing values of N, = 4 cm2 sec- 1 and K, = 2 cm2 sec-1, which 
are equivalent to the values obtained here. The first deriva
tive of the field data circulation velocity does not approach 
zero at the surface, which may be indicative of a downestu
ary wind stress at the surface at the time of the measure
ments; and a better theoretical fit to the data could be ob
tained by including a wind-stress term. In the vicinity of 
the middepth halocline, the theoretical salinity curve shows 
less curvature than do the field data, indicative of lowered 
K, values there, which is presumably relat.ed t.o a Richard
son number effect in this vicinity. Pritchard (1967), using 
the salt continuity equation directly in sequential, finite 
difference form, calculat.ed values of around K, = 6 cm2 

sec- 1 in the upper portion of the water column, K, = 1-2 
cm2 sec- 1 in the vicinity of the halocline, and K, = 4 cm2 

sec- 1 in the lower portion of the water column. 

. - -1 Velocity- vx- cm sec 
-10 -5 0 +5 +10 

0 ...... ----.&.,,-,.----L----....L.----....L..----..._....-:r----i 
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I ... 

4 
.c. -0. 
Cl) 

c 5 

6 
I 
I 
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7 

II 12 13 14 15 

Salinity- S -°loo 

FIGURE 1.1 Typical circulation velocity and mean salinity ver
sus depth curves for the James F.atuary. Obeervations,-; theory,-. 
From Pritchard (1954). 
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The Mersey Estuary is locat.ed on the west coast of Great 
Brit.ain. The field data are from Bowden (1960, 1962, 
1963). The circulation velocity versus depth and the mean 
salinity versus depth curves from the field data for four 
measurement periods are shown in the upper and lower 
portions of Figure 1.2, respectively, along with the theoreti
cal comparisons; the theoretical salinity comparison is for 
the data of June 30 to July 2, 1959, only. The agreement is 
reasonable. Again, the first derivative of the field data cir
culation velocities does not approach zero at the surface. 
Further, the field data mean salinities show lower values in 
the upper portion of the water column than would be antici
pat.ed from the simplified theory, corresponding perhaps to 
the higher downestuary circulation velocities in this region. 
Bowden (1960, 1962, 1963) also calculat.ed values of N, and 
K, as a function of depth directly from the motion and salt 
continuity equations in finite-difference form. The values 
showed a substantial variation as a function of depth and 
from one measurement period to the next. The averaged 
values areN, = 39 cm2 sec-1 andK, = 22 cm2 sec-1, which 
are in good agreement with the values obt.ained here. 

The Southampton Estuary is locat.ed on the south coast of 
Great Brit.ain. Its circulation characteristics are not so 
simple as those for the James or Mersey Estuaries; there 
are indeed substantial lateral effects there. The field data 
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FIGURE 1.2 Circulation velocity and mean iafuuty versus depth 
curves for the Mersey Estuary. Observations,-, theory,-. From 
Bowden (1963). 
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are from Dyer (1973). The mean salinity versus depth 
curves and the circulation velocity versus depth curves are 
shown in the upper and lower portions of Figure 1.3, re
spectively, for four measurement periods at one station. 
Only one of the stations, that of April 6, 1966, shows what 
one might consider a typical longitudinal velocity profile. 
There were similar variable results at other stations, and 
the observed salinity distribution showed a considerable 
gradient aCl"088 the estuary. Assuming that the data of 
April 6, 1966, were indicative of a condition for which the 
longitudinal circulation was dominant, the calculat.ed values 
given in Table 1.2 and the comparison given in Figure 1.3 
were obt.ained. The assumption is probably not justified, but 
at least it permits some parameter values to be calculat.ed 
for this case. 

The Vellar Estuary is locat.ed on the east coast of India. It 
is in an area of the monsoons, and the river-runoff rate can 
show large variations; for the measurement periods, the 
estuary condition was highly stratified. The field data are 
from Dyer and Ramamoothy (1969). The mean salinity and 
circulation velocity versus depth curves for four measure
ment periods at one station are shown in Figure 1.4. The 
river discharge rates for the four periods were 375, 90, 86, 
and 3 m3 sec-1, respectively. A comparison has been made 
for the data of January 27 and February 9, with the results 
as shown in Figure 1.4 and the comput.ed parameter values 
as given in Table 1.2. 

The Columbia River Estuary is locat.ed on the west coast 
of the Unit.ed States. It is cbaracterued by an unusual com
bination of large river discharge and strong tidal currents . 
The field data are from O'Brien (1952) and Hansen (1965) 
based on measurements taken by the Corps of Engineers in 
1932. O'Brien (1952) made a separation of the river advec
tion and the density gradient contributions to the circula
tion velocity, v0 , at a high river discharge period from 
which the values of N,, i, and k have been calculat.ed; and 
Hansen (1965) present.ed the mean salinity distribution as a 
function of depth from which, using the relation from Eq. 
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FIGURE 1.3 Circulation velocity and mean salinity versus depth 
curves for the Southampton F.stuary. Observations,- theory,-. 
From Dyer (1973). 
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FIGURE 1.4 Circulation velocity and mean salinity versus depth 
curves for the Vellar F.stuary. Obeervations,-; theory,-. From 
Dyer and Ramamoothy (1969). 

(1.11), a value for K, has been det.ermined. Hansen and Rat
tray (1965) estimated values of N, = 25 cm2 eec-1 and K, = 
15-30 cm2 eec- 1 for this same case, which are somewhat 
higher than the N, and K, values obtained here. 

Long Island Sound is a rather large, elongated, and estu
ary-like body of water between Long Island and the main
land on the east coast of the United States. The field data 
are from Riley (1952, 1955a, 1955b). Riley (1955b) includes 
a graph of the maximum ebb and flood tidal currents as a 
function of depth for two measurement periods at a single 
location. From these data a crude estimate of the circulation 
velocity as a function of depth can be made from which, 
along with the other data given, the values shown in Table 
1.2 have been calculated. 

TABLE 1.1 Observed Values 

Bb - 81 V1 - Vo 

Location (°loo) (cm sec- 1) 

Long Island Sound 0.8 22 
Mersey F.stuary 0.9 12 
Southampt.on F.stuary 1.46 8 
James F.stuary 3.0 12 
Columbia River Estuary 15.0 29 
Vellar Estuary 23.5 9 

TABLE 1.2 Computed Values 

NZ 
Location (cm2 sec-1) 

Long Island Sound 8.1 
Mersey Estuary 41 
Southampt.on Estuary 12 
James Estuary 4.4 
Columbia River Estuary 17 
Vellar F.stuary 0.9 
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Let us now look at the observed and computed values 
tabulated in Tables 1.1and1.2. From Table 1.1 we see from 
the Sb - s, values that a wide range of conditions has been 
covered from nearly well mixed for Long Island Sound and 
the Mersey Estuary, to stratified for the Southampton and 
James Estuaries, to strongly stratified for the Columbia 
River and Vellar Estuaries. We also see that the longitudi
nal salinity gradient, as/ax, increases in a manner similar 
to the vertical salinity deviation, sb - s,, from one estuary 
to the next. The values of the bottom velocity, vb, or in the 
case of the Columbia River Estuary, vb - v0, are negative 
in each case and are a substantial fraction of the corre
sponding surface velocity. 

When we come to consider the viscosity and diffusion 
coefficients of Table 1.2, there are a number of generalities 
that should be kept in mind. We know in a qualitative man
ner, unfortunately without being able to be too quantitative 
about the description, that Nz and Kz will be scale, or depth, 
dependent; that in estuaries they will in some manner be 
related to the magnitude of the tidal action, which is the 
ultimate driving force for the turbulence phenomena 
observed there; and that they will decrease with increasing 
Richardson number or, what is the same, with an increasing 
ratio of the potential energy increase due to vertical mixing 
to the available kinetic energy of the turbulence. We also 
know from observations that the ratio K,IN, will decrease 
with increasing Richardson number. We see that the lowest 
values of N, and K, are for the James and Vellar Estuaries. 
This fact is probably due to a combination of a decreased 
scale, or depth, effect and an increased stratification, or 

vb - Vo Vo as1ax h 
(cm sec- 1) (cm sec- 1) ("/..,/km) (m) 

-5 0.035 31 
-9 0.238 20.4 
-6 0.222 12 

-10 0.587 7 
-27 43 1.411 10.6 
-4 2.014 2.7 

K, k 
(cm2 sec- 1) xl0-3 (cm/km) K,!N, 

9.5 11 0.03 1.2 
25 4.5 0.16 0.6 

3.3 3.3 0.12 0.3 
2.2 0.8 0.14 0.5 
8 0.7 0.54 0.5 
0.1 6.0 0.17 0.1 
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Richardson number, effect, particularly for the Vellar Estu
ary. The values for the Columbia River Estuary are high; 
here, however, it must be remembered that there is a strong 
tidal action, which in it.self would indicate higher N, and K, 
values and would also have the effect of offsetting the 
stratification effect in the determination of the Richardson 
number. The Mersey Estuary shows the highest N, and K, 
values, and there is a strong tidal action here. The ratio 
K,IN, generally decreases with increasing stratification, 
which is indicative in part of an increasing Richardson 
number, with the exception of the Columbia River Estuary, 
for which anticipated effects have been described above. 

The values of the longitudinal surface slope, i, are much 
the same for four of the estuaries, the Mersey, Southamp
ton, James, and Vellar. The value of i is substantially 
higher for the Columbia River Estuary, related to the 
higher river runoff there; and it is substantially lower for 
Long Island Sound, related to the considerably broader and 
deeper area there and consequently to the lower value of Vo. 

Both of these effects are indeed what one might have antici
pated. The values of the bottom frictional coefficient fall 
within the range normally found in other investigations. A 
word of caution should be said with regard to the higher 
values of k as the computations for such values become 
somewhat indeterminate for small values of vb. 

LONGITUDINAL DISPERSION 

Considering next longitudinal dispersion in an estuary, 
which is important in the consideration of the ultimate dis
persal of a pollutant, there are at least two important 
physical oceanographic effects that have to be considered 
under steady-state conditions. One is the tidal diffusion con
tribution to the total longitudinal dispersion flux and the 
other is the net circulation, or velocity shear, contribution. 
In terms of salt fluxes, the tidal diffusion salt flux is the 
integral over a tidal cycle of the product of the depth
averaged tidal velocity and tidal salinity variations. If, for 
example, the tidal velocity and tidal salinity variations were 
r/2 out of phase, this contribution would be r.ero. Corre
spondingly, the net circulation salt flux is the integral with 
respect to depth of the product of the net circulation veloc
ity and the net salinity deviation from their depth-averaged 
means. For example, in a stratified estuary, the net circula
tion velocity, Vz1 = v., - v0 , will be positive and the salinity 
deviation, s1 = s - s0 , will be negative in the upper portion 
of the water column and Vz1 negative and s1 positive in the 
lower portion of the water column, producing a finite value 
for this flux. In general, then, we anticipate that for well
mixed conditions the tidal diffusion flux contribution will 
be dominant and that for stratified conditions there will be 
a contribution from both fluxes to the total longitudinal 
dispersion flux with the net circulation contribution be
coming dominant for estuaries in which there is little tidal 
action. 

The basic formulations for the description of these two 
effects in terms of the observed salinity variations in an 

CHARLES 8. OFFICER 

estuary has been given by Bowden (1962, 1963). Simplify
ing and assuming no lateral contributions, we then have for 
the mean tidal diffusion salt flux per unit breadth, S,, from 
Officer (1976), 

S, = - i h BC sin a, (1.12) 

and for the corresponding tidal diffusion coefficient, K.,1, 

(1.13) 

where B and C are the amplitudes of the tidal salinity and 
velocity variations, respectively, expressed in sinusoidal 
form, 6 is the phase angle between the two variations, and 
T is the period of the semidiurnal or diurnal tide. Taking 
a velocity function of the form of the first term of Eq. 
(1.1) with the correspondingly derived salinity variation, we 
have for the net circulation salt flux per unit breadth, s., 

Sc = -0.030 v~~3 
:: • (1.14) 

and for the corresponding net circulation diffusion coeffi
cient, K sc, 

(1.15) 

Other circulation velocity functions would give results of a 
similar form. The effective longitudinal dispersion coeffi
cient, K,, is simply the sum of Eqs. (1.13) and (1.15), or 

(1.16) 

This coefficient can also be expressed in terms of simple 
physical oceanographic observable quantities, through the 
cross-sectional averaged mass and salt continuity equations, 
as 

(1.17) 

where s0 is the cross-sectional and tidal-averaged value of 
the salinity. 

The relation (1.17) has received a great deal of applica
tion. It provides a simple and direct expression for the de
termination of the longitudinal dispersion coefficient, K,,. 
from readily observable quantities. For most of the cases to 
which it has been applied, the vertical salinity distribution 
could be described as well mixed, so that the determined 
values of K., also represent the tidal diffusion coefficient, 
K.,1 • In general, then, we might expect from Eq. (1.17) that 
K., should increase with river runoff for a given estuary, 
depending also on the longitudinal salinity gradient varia
tion, and from Eq. (1.13) that K,,. or Kxi. should decrease in 
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an upestuary direction as C decreases, depending also on 
the estuary geometry variations as well as on other it.ems. 
These two dependencies do seem in general to hold true. 

We should like to cover here a few examples of such de
terminations without at the same time trying to be ex
haustive. Stommel (1953) applied the relation (1.17), which 
was derived by him, to the Severn Estuary. Bowden (1963) 
recalculated the values for K" including the freshwater con
tributions to the Severn Estuary from its tributary rivers. 
The values ranged from 0.6 IC 106 to 1.2 IC 106 cm2 sec- 1, 

being, contrary to the above generalization, higher up the 
estuary than at its mouth. 

Burt and Marriage (1957) made similar calculations for 
the Yaquina Estuary. They found that for a high river dis
charge condition of 17 m3 sec-1, K" increased in a regular 
manner from 0.6 IC 106 to 8.5 IC 106 cm2 sec-1 over a longi
tudinal distance of 30 km from the estuary head to its 
mouth, and for a low river discharge condition K" increased 
again in a regular manner from 0.2 IC 106 to 1.0 IC 106 cm2 

sec- 1 over the same distance. 
Hughes (1958) made calculations for K" for the Mersey 

Estuary. He obtained an average K" value of 1.6 IC 106 cm2 

sec- 1 for a low river discharge condition of 26 m3 sec- 1 and 
an average K" value of 3.6 IC 106 cm2 sec-1 for a high river 
discharge condition of 103 m3 sec-1. 

Bowden (1963) calculated a few selected values of the 
longitudinal dispersion coefficient for the Thames Estuary, 
obtaining 0.5 1C 106 cm2 sec-1 at 16 km and 0.8 1C 106 cm2 

sec- 1 at 40 km below London Bridge during low river flow 
conditions and 3.4 IC 106 cm2 sec- 1 at 48 km below London 
Bridge during high river flow conditions. 

Glenne and Selleck (1969) made an extensive study of the 
variations of the longitudinal dispersion coefficient as deter
mined from Eq. (1.17) in San Francisco Bay. In the southern 
arm of the bay, which is well mixed and has a relatively 
small advective flow, the values of Kit are smaller, around 
0.5 IC 106 cm2 sec-1, than in the northern arm, around 
2.0 IC 106 cm2 sec- 1• Further, the values increase with the 
net advective flow in the northern arm and in general in
crease in a downestuary direction toward the Golden Gate 
in both arms. Determinations of Kit were also made using 
silica, rather than the freshwater fraction, as a tracer and 
assuming that all the silica was introduced by the river 
flows and that it was a conservative quantity during its 
passage through the system. The determined Kit values 
show much the same distribution as those given from the 
freshwater fraction calculations with a somewhat larger 
amount of scatter. 

West and Williams (1972) also made an extensive study of 
the Kit variations for the Tay Estuary. At the mouth of the 
estuary, the determined Kit values show a marked depen
dence on the river runoff condition varying from a value of 
around 1.3 IC 106 cm2 sec-1 at a river flow of 50 m3 sec- 1 

to a value of around 7.0 IC 106 cm2 sec-1 at a river flow of 
300 m3 sec- 1• At the upestuary stations, the determined 
values were relatively insensitive to river flow, passing 
through a slight maximum with average values of around 
1.0 1C 106 cm2 sec- 1• 
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Calculations of the longitudinal dispersion coefficient can 
also be made as an adjunct to finite difference, numerical 
model computations for dye, or dissolved oxygen distribu
tions, using steady-state continuity relations. From dye
diffusion measurements and computations Hetling and 
O'Connell (1966) obtained Kit values of around 0.1 IC 106 to 
0.2 IC 106 cm2 sec- 1 for the Potomac Estuary in the vicinity 
of Washington, D.C. From salinity calculations using the 
relation (1.17), they obtained Kit values increasing from this 
vicinity in a regular manner downestuary to around 0.6 IC 

106 cm2 sec- 1• 

From dissolved oxygen measurements and calculations, 
Thomann (1972) estimated K" values increasing from 1.2 IC 

106 cm2 sec- 1 to 2.1 1C 106 cm2 sec-1 over a 135-km stret.ch 
of the Delaware Estuary. 

There have been considerably fewer determinations of the 
tidal diffusion salt flux, S1, for well-mixed or stratified estu
aries and of the circulation salt flux, Sc, for stratified estu
aries or of their corresponding diffusion coefficients, Kit, 
andK1tc· 

Preddy (1954) examined the tidal mixing in the Thames 
Estuary. He assumed that the tidal excursion was constant 
along the length of the estuary, which appears to be true for 
the Thames but certainly is not true for estuaries in general. 
From his analysis, we can obtain values for sin 6, which 
average around sin 6 = 0.05, or 6 = 3°. 

Hetling and O'Connell (1965) compared Kit values deter
mined from Eq. (1.17) to various empirical formulas involv
ing the tidal variables. As the Potomac is a well-mixed estu
ary, Kit should be equivalent to K1tr· From their data and 
analysis we can relate this to a sin 6 value of around 0.20, 
or 6 = 12°. 

Bowden (1960) and Bowden and Sharaf El Din (1966) cal
culated directly the salt fluxes S, and Sc for the Mersey 
Estuary. The determined values of the S1 and Sc fluxes 
showed considerable variation from one measurement 
period to the next with the S1 values in general being larger 
than the Sc values. In some cases, the S1 values were of 
opposite sign to the Sc values, which is unusual and would 
indicate that on the average the water flowing out on the 
ebb tide had a higher salinity than the water flowing in on 
the flood tide. These differences are attributed to probable, 
but unmeasured, lateral variations. 

A convenient index of the relative importance of these 
two contributions is the fraction, v, which is defmed as the 
ratio of the tidal diffusion, and possible lateral circulation, 
fluxes to the total longitudinal dispersion flux. Hansen and 
Rattray (1965) determined values for this fraction for the 
James Estuary and for the Columbia River Estuary, obtain
ing, respectively, v = 0.1 aDd v = 0.8-0.9. In other words, 
they found that for the James Estuary the circulation flux 
contribution was dominant and that for the Columbia River 
Estuary the tidal diffusion and lateral circulation fluxes 
were dominant. Bowden and Gilligan (1971) determined 
values for this fraction for the Mersey Estuary, obtaining, 
respectively, for four stations starting at the estuary mouth 
and proceeding in an upestuary direction, v = 0.85, 0.51, 
0.30, and 0.62. We see, then, for the Mersey Estuary that 
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the tidal diffusion flux is dominant at the estuary mouth 
and that the tidal diffusion and circulation contributions 
are of comparable magnitude at the other three upestuary 
stations. 

FURTHER INVESTIGATIONS 

In many respect.a our understanding of circulation, mixing, 
and related effect.a in estuaries is in it.a infancy. We have 
some reasonable understanding of the gross effect.a, but 
beyond that we have only a few glimpses. We do not have 
the same degree of understanding of the hydrodynamics of 
estuaries as we do of the hydrodynamics of atmospheres 
and oceans. Indeed, the estuarine environment is more com
plex than either an atmosphere or an ocean, and there are 
more variables that have to be considered in either theoreti
cal derivations or field investigations. The phenomena that 
are observed in estuaries are not so susceptible to isolation 
and separate, controlled investigation. 

Nevertheless, estuaries have been important in our indus
trial development and now, unfortunately, are important in 
pollution problems related to such development. We need to 
have a much better understanding of the scientific and en
gineering aspects of estuarine hydrodynamics to be able to 
make intelligent environmental decisions. 

With regard to well-mixed and stratified estuaries, the 
following are some of the subject.a that appear to warrant 
attention. Each has been the subject of investigation, and 
the result.a that have been obtained indicate that they are sub
ject.a for continued investigation. There is, of course, a cer
tain amount of overlap and interdependency among them. 

1. Lateral Effects. In those few estuaries where there are 
sufficiently detsiled measurement.a, the lateral effect.a are 
often found to be as important as the longitudinal effect.a. 
This includes not only the lateral contributions to the longi
tudinal motions, such as the lateral velocity shear contribu
tion to the longitudinal flux, but also the transverse mo
tions themselves. 

2. Spatial and Temporal Variations. We have a reason
able understanding of the circulation and mixing effect.a as 
averaged over a tidal cycle but not nearly so clear an under
standing of the detsils of circulation and mixing within a 
tidal cycle. Geometric effect.a, such as lateral constrictions 
and shoaling, are of obvious importance but have not been 
studied to any great degree. 

3. Near-Source Effects. Here we are referring in part to 
near-source diffusion effect.a within the dimensions of the 
tidal excursion and period where the simple mixing equa
tions with constant coefficient.a do not apply. It is a scale
dependent phenomenon, both spatially and temporally; and 
even the crudest of dye-diffusion experiment.a indicate it.a 
importance and complexity. 

4. Turbulence. A better understanding of the turbulent 
diffusion processes for both momentum and material trans
port are needed, including that related to vertical stability. 
The tidal and other variations of the turbulence-generated 
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stresses within the water column and near the bottom need 
continued investigation. 

5. Salinity Gradient Zone. The salinity gradient r.one is 
the region in the upper reaches of a number of estuaries 
where the flow changes from that of an essentially riverine 
character to that of an essentially estuarine character. It 
is associated with the BUBpeDded sediment turbidity maxi
mum, the accumulation r.one of bottom-sediment deposition, 
and phytoplankton blooms, where such blooms are controlled 
by physical oceanographic conditions. The hydrodynamics 
of the salinity gradient r.one are not well understood; it 
would appear that such factors as water particle residence 
time, vertical circulations, and inertial effect.a are consider
ably different here from elsewhere in the estuary or it.a as
sociated river. 

In addition to these strictly physical oceanographic studies 
there is the category of interdisciplinary processes in which 
circulation and mixing are important, such as BUBpeDded 
sediment and material transport and distribution, nutrient 
cycles, and larval distributions. 
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Lateral Circulation 

Effects in Estuaries 

2-------
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Institute of Oceanographic Sciences, Taunton, &gland 

INTRODUCTION 

Mathematical models of estuarine circulation have been 
applied to a variety of problems mainly concerned with 
predicting the dispersal of pollutants, both during a tidal 
cycle and over longer periods. Most models necessarily 
make an assumption about the relative importances of the 
vertical and lateral circulation effects. 

In one-dimensional models, the estuary is considered to 
be sectionally homogeneous and only the longitudinal effects 
are included. The seaward advection of salt driven by the 
river discharge is balanced by a landward dispersion that 
can be characteri7.ed by a dispersion coefficient multiplied 
by the longitudinal salinity gradient. In the rather more 
realistic tWCHlimensional models, the estuary is either taken 
to have a lateral salinity variation and to be vertically hom~ 
geneous or to be laterally homogeneous with vertical salinity 
variations. The former model assumes that the lateral circula
tion is dominant; the. latter, the vertical. Only in three
dimensional models can both lateral and vertical effects be 
considered. 
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There is little information in the literature regarding the 
importance of lateral variations of salinity and of velocity 
in the dynamic and salt balances. Such information as there 
is suggests that in many instances the lateral and vertical 
circulations are of a similar order of importance (Dyer, 1974) 
and that three-dimensional models may generally be required. 

SECONDARY FLOWS 

The vertical gravitational circulation in estuaries is caused 
by the mixing between the dense salty seawater and the 
fresher less dense river water. This fact, coupled with the 
requirement that the fresher water is driven by the river 
discharge toward the sea, gives a vertical movement of 
water and an inflow of saltwater near the bed, which creates 
a vertical salinity gradient. The strength of the circulation 
will depend on the efficiency of the mixing process and on 
the estuary breadth and depth. These factors have been 
examined theoretically by Hansen and Rattray (1965) for 
laterally homogeneous conditions in a rectilinear estuary. 
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Lateral Circul.ation Effects in Estuaries 

In practice, however, the flows involved in these circula
tions will not be evenly distributed across the estuary cross 
section, as the water tends to flow in a spiral fashion. The 
transverse and vertical components of the spiral flow create 
what are known as secondary flows in the plane of the cross 
section. These flows arise from the combination of several 
interrelated effects. 1''irst, because the cross section of the 
estuary is not rectangular, the vertical exchange between 
the saltier water in the deeper part and the fresher water 
is unevenly distributed. Second, the cross-eectional form of 
the estuary is not consistent longitudinally. This not only 
creates a speeding up of the flow as the shallower water 
is encountered but also causes a deflection of the flow toward 
the deeper parts of the cross section. Third, flow around 
bends in the estuary causes the thread of the maximum 
current to swing toward the outside of the bend. Bends also 
have changes in cross-eectional form associated with them, 
deep scour holes being present on the outside of the bend. 

The actual components of the secondary circulation are 
difficult to measure. The lateral components can be measured 
with conventional current meters; but as they are components 
of large longitudinal flows, relatively large errors are pro
duced by small errors in measurement of the current direc
tion. Averaging over a tidal cycle does tend to randomize 
these errors, however. The vertical components can only be cal
culated at the moment from continuity principles using tidally 
averaged data. This involves measurements of the longitudinal 
and lateral components at a grid of stations whose spacing is 
sufficiently far apart for the velocity differences between 
stations to be significantly larger than the measurement 
errors, yet sufficiently close that the assumption of a linear 
gradient in the velocities is justified. The vertical velocities 
calculated by this means are thus an average not only over 
the tidal cycle but also over a considerable area. The magni
tude of the maximum mean longitudinal, lateral, and verti
cal velocities are often in the ratio of about 1000:100:5. 
Despite the errors, some general principles appear, and three 
basic secondary circulation patterns can be recognized. 

Firstly, in rivers it has long been known that the conver
gence of the longitudinal current with the outside bank on a 
bend causes a downward flow into the deep scour hole and a 
rise in the water surface-a super elevation-on the outside of 
the bend (Chow, 1959). On the shallower inside of the bend, 
there is a divergence of water from the bank and an upward 
flow. Thus on the left-hand bend there is a clockwise motion. 
As the meander bends alternate, the secondary flow has to 
change its sense before the right-hand bend downstream. 
This is effected in the straight channel section between 
bends where there is often a longitudinal central bar separat
ing the two cells. This circulation is illustrated in Figure 2.1. 
Similar flow patterns exist even in straight channels (Einstein 
and Shen, 1964) and appear to hold also in the surface 
layer of salt-wedge estuaries. In this case, in spite of a degree 
of tidal oscillation, the saltwater does not mix significantly 
with the freshwater above. Within the salt wedge there is 
a slight landward inflow, which has lateral components 
imposed on it by changes in the channel position, but it is 
not strongly coupled to the surface circulation. However, 
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FIGURE 2.1 Diagrammatic representation of mean current flow 
in a river or a salt-wedge estuary. Not to scale. 

the cross-channel slope of the halocline and the zone of zero 
net motion marking the upper surface of the salt wedge 
will respond to the dynamics of the flow above. It appears 
that the salt wedge is higher on the inside of the bend than 
on the outside. 

Secondly, in partially mixed estuaries there is a significant 
exchange between the surface and bottom layers. This in
volves an upward transfer of salt and an upward flow of 
water the magnitude of which is governed by the overall 
dynamics of the estuary. To compensate for the vertical 
exchanges, there is an appreciable mean landward flow 
within the salt intrusion whose magnitude diminishes toward 
the head of the estuary (Pritchard, 1952; Dyer, 1973). In 
the shallower parts of the cross section, the full salinity 
profiles are not developed, only the top parts being present. 
The surface is fresher than over the deep channel, and, 
because of the increased friction caused by the shallower 
depth, the profile is generally better mixed and the bottom 
salinity is less than that at an equivalent depth in the main 
channel (Figure 2.2). The water over the deep channel is 
maintained more salty by the vertical exchange of salt with 
the lower layer. Consequently, the secondary current is 
now upward over the deep water and downward over the 
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FIGURE 2.2 Mean salinity and velocity profiles for four stations 
across Southampton water. 
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shallow. Thus, on a left-hand bend the secondary circulation 
is anticlockwise (Figure 2.3), although it is less int.ense than 
in salt-wedge estuaries. The halocline and the depth of no 
motion now slope downward t.oward the inside of the bend. 
The effects are the average of those occurring during the 
tidal cycle. Field information is generally not good enough 
for the instantaneous secondary circulation t.o be calculated. 
The change in the sense of the secondary circulation with 
the change from salt wedge t.o partially mixed type of estu
ary has been documented for the Vellar Estuary during a 
decrease in river flow (Dyer and Ramamoorthy, 1969). It 
appears that the lat.eral circulation will contribute more t.o 
the salt balance in the partially mixed than in the salt-wedge 
estuaries, even though the mean velocities are smaller. 

Thirdly, in wide, shallow estuaries where the tidal amplitude 
is large the mixing will be sufficiently int.ense t.o create 
vertically homogeneous conditions. The tidal excursion is 
large, and the maximum flood current takes a different 
position in the cross section than the maximum ebb. In the 
deeper channel, the ebb currents are normally dominant 
and give a strong downstream residual current over the 
tidal cycle. In the shallower parts, the flood currents are 
dominant. Consequently, a horiwntal circulation is present 
(Figure 2.4). The Gironde Estuary is an example of this, 
on spring tides and at low river discharge (Allen, 1973). The 
mean flow is seaward in the deeper channel on the left-hand 
side (Figure 2.5) and causes a large seaward salt transport. 
The mean flow is also seaward over the rest of the channel, 
but because of the progressive nature of the tidal wave, 
slack water occurring almost an hour after high and low 
water, the mean salt transport in those parts is actually. 
landward. The maintenance of fresher water on the right
hand side results from strong ~el exchanges at 
certain stages in the tidal cycle. 

LATERAL DYNAMIC BALANCE 

The secondary flow patterns outlined above produced croes
channel accelerations that must be in balance with the 
driving forces. This balance has been investigated by Prit.chard 
(1956) and Dyer (1973), and it is of interest t.o examine 

FIGURE 2.3 Diagrammatic representation of mean current flow 
in a partially mixed estuary. Not to scale. 
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FIGURE 2.4 Diagrammatic representation of mean salt transport 
in a wide vertically homogeneous (well-mixed) estuary. 

the relative importances of the various items in the equation 
of conservation of momentum. 

Considering a right-handed coordinate system located at 
the water surface with the tidal mean velocities u, V, and 
iiJ in the longitudinal .r, lat.eral y, and vertical z directions, 
respectively, the lat.eral equation of motion is 

av _av _av _av TTp" af 
at+ uax + vay- + w-az =-{;Ty" - Ray 

1 2 3 4 

u2 + [J2 1 aF 
-{ii+ -- +- --R P az 

7 8 9 

5 

a (u'v~ a (v'v~ a (W'U~ 
---az--ay- az 

10 11 12 

6 

(2.1) 

The overbers denote averaging over a tidal cycle. Term 1 is 
the time change in the lat.eral velocity, normally taken t.o be 
zero. Terms 2 t.o 4 are the field acceleration terms associated 
with the secondary circulation. Term 5 is the horiwntal 
pressure force created by differences in the water density, 
p being the density andp the pressure. Term 6 is the horuontal 
pressure force resulting .from differences in the elevation 
! of the water surface across the estuary. This term usually 
cannot be measured directly. Term 7 is the Coriolis force 
acting t.oward the right of the mean longitudinal current in 
the northern hemisphere, f being the Coriolis parameter 
(0.729 >< 10-4 sin ti>, where ti> is the latitude). Term 8 is the 
centrifugal force arising from curvature of the streamlines 
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FIGURE 2.5 Mean salinity and velocity profiles for three stations on two cross sections across the Gironde Estuary. 
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of radius R. U is the tidal oecillation velocity. Term 9 is 
the lat.eral frictional force created by wind stress on the 
sea surface. This t.erm can sometimes be written 88 ()', - Fs) I 
ph, where F, and Fs are the surface and seabed shear stresses 
and h is the water depth. Terms 10 to 12 are the turbulent 
Reynolds stresses, u', v', and w'beingtheturbulentdeviations 
from the sum of the mean and tidal oscillation velocities. 

In rivers, the balance is normally assumed to be between the 
surface water slope and the centrifugal force, although more 
accurate results are obtained by including a circulation con
stant that represents the contribution of the secondary circula
tion (Chow, 1959). In estuaries, the oecillating flows and the 
presence of internal density gradients add complicating 
factors. 

The relative magnitudes of the various terms have been 
calculated for the Vellar Estuary. The results are shown in 
Table 2.1 for the surface and 0.5-m depth between two 
stations during a river flow period when the estuary was 
partially mixed. The time change in the lat.eral velocity and 
the wind stress are assumed to be zero, which are considered 
to be assumptions in this case. The surface-water slope and 
the radius of curvature Rare initially unknown. The Reynolds 
stress terms are assumed to be negligible. Terms 4 and 5 
are obviously zero at the surface. Let us assume that the 
radius of curvature is constant between the two depths. 
Then, by taking the differences between the values at the 
two depths, the surface-slope t.erm 6 disappears and the 
radius of curvature can be calculated 88 2.38 km. This is 
consistent with the estuary outline. Using this value of R 
the centrifugal force, term 8, and thence the surface-water 
slope, can be calculated at both levels. A consistent value 
of surface-water slope of 7.38 x 10-5 is obtained. 

This analysis shows that the dominant terms in the lat.eral 
dynamic balance are the water slope, the internal density 
structure, and the centrifugal force. Coriolis force appears 
to be of secondary importance. The cross-flow terms repre
sent only a small imbalance between the forces .. Similar 
analysis of results from Southampton water give the same 
conclusions. For the Vellar Estuary, when of a salt-wedge 
type, the lat.eral balance in the surface layer is, like a river, 
mostly between the water slope and centrifugal force. For 
larger estuaries, however, the Coriolis force is likely to be
come relatively more important 88 the centrifugal force 
decreases. 

KEITH R. DYER 

WIND EFFECTS 

Of all the terms in Eq. (2.1), however, wind stress is J» 
tentially the most significant. A surface wind stress of 0.1 
dyne cm-2, equivalent to a 2.5 m sec-1 wind (Force 2), gives 
a value of 250 x 10 - 5 m sec - 2 for t.erm 9 in a water depth 
of 4 m. Because the wind is likely to vaey with a time scale 
similar to the tidal period, its effect on the lat.eral balance 
will be large, especially in shallow estuaries. When the wind 
starts blowing, the whole mass of water will tend to be 
driven across the estuary. At this time, Fsmay be significant 
and would reduce the effective value of term 9 in Eq. (1). 
Also, the time change term in the lateral velocity would be 
large. The water movement would cause a setup in the water 
surface, eventually leading to a large value for t.erm 6 to 
oppose the wind stress. This process would occur fairly 
quickly. However, beneath the wind a water circulation 
would be created, giving downwelling on the downwind 
side and upwelling on the upwind side of the estuary. This 
secondary circulation would lead to negative values of F s 
and an increase in the frictional t.erm, which would be balanced 
by adjustment of the internal density distribution. The 
vertical mixing enhanced by the wind will decrease the 
stratification and alter the density structure. A decrease in 
the wind would cause a rapid readjustment of the water 
slope, with a more delayed response of the circulation and 
density distribution. 

The effect of the wind is likely to vaey considerably along 
the estuary, with sheltering and fetch. Much of the incon
sistency in the results of calculations of salt transport and 
mean circulation patterns in estuaries derived from short 
time series of data is probably the result of wind effects and 
also of barometric pressure, which can increase or decrease 
the total water vol11D1e of an estuary by a significant amount. 

DISPERSION 

Studies of pollutant dispersal are aimed at predicting in 
the near field the manner in which the pollutant plume 
spreads, and in the far field the concentration variation 88 

a function of distance from the source. The dispersion is 
carried out by tidal diffusion and by velocity shear. The 
latter contribution is caused by pollutant trapped in slower 

TABLE 2.1 Lat.eral Dynamic Balance between Two Stations in the Vellar Estuary 

au au au 1 ap 
{ii. rz2 + U2 

rz2 + fJ2 Ff 
iZ- u- w-

~ ay -2380 gay ax ay az 
Term 2 3 4 5 7 8 6 

Depth,m 10-6m eec-2 m2eec-2 10-6 m eec-2 

0 -0.25 0.02 0 0 1.10 0.0155 -6.51 7.38 
0.5 0.51 -1.44 0.56 5.92 0.87 0.0023 -0.97 7.39 
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Lateral Circulation E{f ects in Estuaries 

running wat.er near the bed or sides of the estuary gradually 
mixing back int.o the main body of the flow. This causes 
the pollutant to spread out across and along the estuary. 
Calculation of the velocity shear effect from first principles 
has been attempted by Fischer (1972) and Okubo (1973). 
The tidal diffusion occurs because of the tidally oecillating 
flow and the facts that ebb and flood velocities are usually 
unequal and there are phase shift.a between the velocity, 
concentration, and cross-sectional area variations (Holley 
et al., 1970). Dispersion is also increased by bends and is 
related to aspect ratio (width/depth). 

Dispersion coefficient.a that can be used for prediction 
can be calculated from the observed salinities and velocities 
measured on a cross section by a process outlined by Fischer 
(1972) and ext.ended t.o include the tidal diffusion terms by 
Dyer (1974). This separates the measured values int.o cross
sectional mean terms and a series of terms resulting from 
the deviations of the mean and oecillat.ory values at any 
depth and position from the Cl'OlllH!ectional mean values. 
The vertical and transverse effect.a are separated so that 
their individual contributions can be compared. Omitting 
a number of terms that are relatively unimportant, this 
gives a mean flux of salt of 

F = AuAsA + AUABA + ASAiiA +AU ASA+ A(ursr)A 

1 2 3 4 5 
(2.2) 

6 7 8 

where overbars denote averaging over a tidal cycle and a 
subscript A denotes averaging over the cross section. Sub
script.a t and v denote the transverse and vertical deviations 
from the Cl'OlllH!ectional means. U, S, and A are the tidally 
varying velocity, salinity, and cross-sectional area, u, i, and 
A are the tidal mean values. Term 1 is the result of the 
river flow. Term 2 is the compensation for the inward trans
port on the partially progressive tidal wave. Term 3 is the 
correlation between tidal variations in area and salinity. 
Term 4 is the correlation between the tidal oecillations in 
velocity and salinity. Terms 5 and 6 are the contributions 
of the net transverse and vertical gravitational circulations. 
Terms 7 and 8 are the transverse and vertical oecillatory 
shear. Terms 1 and 2 do not contribute t.o the dispersion. 
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Terms 3 and 4 are the tidal diffusion terms, and terms 5 t.o 
8 are the shear effect.a. A convenient measure of the relative 
importance of the two contributions is the ratio, v, which is 

Term 3 + Term 4 
(2.3) v=------

l: Term 3 t.o Term 8 

Evaluation of the magnitudes of these terms for five estuaries 
has shown that there are significant differences between 
salt-wedge, partially mixed, and well-mixed estuaries. Com
parative values, together with the calculated values of v, are 
shown in Table 2.2. Errors in term 1 are often considerable, 
but errors are usually small for the other terms (Dyer, 1974). 

For the salt-wedge estuary, the mean vertical gravitational 
circulation is dominant over the transverse. In the partially 
mixed estuary, the mean transverse and vert.lcal terms 
(5 and 6) are similar in magnitude, and lateral effect.a are 
important in maintaining the salt balance. The oscillat.ory 
terms are small, but in other partially mixed estuaries with 
higher tidal current.a terms 7 and 8 and the tidal diffusion 
terms are considerably increased. Also, the aspect ratio of 
the cross section appears t.o be important in determining 
the relative magnitude of the transverse terms. In the well
mixed estuary, the oscillatory terms are of a similar magni
tude to the mean terms, but by far the biggest contribution to 
maintaining the salt balance is the tidal diffusion arising 
from the phase differences between the tidal variations of 
salinity, velocity, and Cl'OlllH!ectional area. This must in
volve fairly widespread lateral movement of wat.er at or 
near slack wat.er, which does not mix extensively with the 
surrounding wat.er. This is enhanced by the t.opographic 
separation of the estuary into three longitudinal channels. 

LATERAL STRATIFICATION 

The degree of lateral stratification can be thought of in terms 
of the stratification-circulation diagram of Hansen and 
Rattray (1966). Five estuaries are considered, each with 
at least three stations on a cross section. On three of the 
estuaries there are two or more sections, and on one of the 
estuaries there are four discharge stages. The normal classifi
cation of these estuaries is shown in Figure 2.6, in which 
the mean surface velocity u, is the average value of thoee 
measured on the cross section. A lateral stratification param
et.er Msohas been calculated from the maximum differences in 

TABLE2.2 Salt and Balance in Three Estuaries of Different Type (in kg sec - 1) 

AuAsA ~SA ~AuA A~ A(u1s1 )A A\u.,i0 )A A(~rlA A(~vlA 

1 2 3 4 5 6 7 8 

Salt wedge (Vellar) 87.8 -52.3 2.1 -31.1 -6.1 -195.8 3.7 -20.0 0.10 
Partially mixed (Southamp-

ton water) -2961.0 -84.0 -1.7 2.1 -223.8 -198.0 -21.1 -12.4 0.01 
Well mixed (Gironde) -25301.3 -18718.6 1478.1 -5855.9 138.l -'545.5 -133.7 -252.9 0.83 
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FIGURE 2.6 Classification of five estuaries on a atratification
circulation diagram. Us is the mean surface velocity, Uf the croae
aectional mean flow asaociat.ed with the river discharge, &S the 
difference in mean salinity between the surface and bottom, and So 
the croae-aectional mean salinity. y5:.7 and vs:.10 are for two sec
tions of the Vellar at four river flow stages, G, the Gironde at 
the three sections shown in Figure 2.5. TL and TU are two sections 
on the Tees estuary, SW is Southampton water, and M the Meraey 
narrows. 

the mean surface salinities between stations on the cross 
section, normali7.ed by the crosHeetional mean salinity. 
This gives a parameter similar to the vertical stratification 
parameter. 'lb.e results for the V ellar F.stuary are of particular 
int.ereet (Figure 2. 7). At highest river flow the surface layer 
is freshwat.er, but as the river flow diminishes there is a 
maximum relative lateral stratification. 'lb.is point coincides 
with the reversal in the sense of the secondary circulation 
patt.ern and also with the period of minimum mixing calcu
lated by Dyer and Ramamoorthy (1969). The lateral strati
fication then decreases with further decreasing river dis
charge. 

From comparison of the results between the two sections 
on the Vellar and those on the Gironde it is also apparent 
that for any particular estuary the lateral stratification de
creases for increasing aspect ratio. For most estuaries this 
means that the lateral stratification decreases toward the 
mouth. The Tees is an exception to this, which may be be
cause of its trained banks and dredged channel. The lateral 
stratification is significant in all cases, however. 

CONCLUSIONS 

There are significant differences in lateral circulation 
effects between salt-wedge, partially mixed, and well-mixed 
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FIGURE 2. 7 Lateral stratification-circulation diagram for the 
five estuaries shown in Figure 2.6. 4S is the lateral difference in 
mean surface salinity. 

estuaries. These are apparent in the secondary circulation 
patt.erns and in the relative importances of lateral t.erms in 
the dynamic balance and in the salt transport. In the five 
estuarine examples so far examined, lateral variations are 
significant and lateral homogeneity does not appear to be a 
widely valid assumption. Mathematical modeling, particu
larly of partially mixed estuaries, ought to t.ake account 
of this. Also, in well-mixed estuaries the phase relationships 
between the tidal variations of salinity and velocity and in 
croes-eectional area during the tide are significant. Wind.
induced changes in the lateral circulation can be expected 
especially in shallow estuaries. 
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The University of Connecticut 

INTRODUCTION 

The manner in which freshwater flows down t.o the sea and 
mixes with it is one that varies greatly in nature. The ex
tremes of the possibilities are marked, on the one hand, by 
a wide estuary where seawater moves inland well upstream of 
the mouth t.o meet the freshwater and, on the other hand, 
by a river whose lower valley is narrow, which confmes it.s 
discharge so that the freshwater is forced out at it.s mouth 
t.o mix with salt water only offshore. This latter condition, 
in which a distinct plume of brackish water is produced be
yond the mouth, is the principal concern of this chapter. Of 
course, there are many examples of estuaries t.o be found 
that fall between these limit.a. 

What is it that determines where the mixing of freshwater 
and salt water will mainly occur? There are two chief param
eters-the mean velocity downriver of freshwater and the 
root-mean-square tidal current velocity. For fixed tidal 
amplitude, an increase in freshwater discharge velocity will 
push the mixing zone downstream and ultimately int.o the 
receiving body offshore. For fixed discharge, an increase in 
tidal current will invigorate the mixing process between 
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water types and diffuse salt further upstream. The ratio of 
these two velocities bas been introduced by Hansen and 
Rattray (1966) as a convenient index for classifying estuarine 
salinity distributions and is designated here by the symbol 
P. From observations of surface salinity we can eumine 
how the upstream distance of a particular isohaline changes 
with P. Figure 3.1, for example, shows for the Connecticut 
River F..stuary how the distance upstream of the mouth for 
a surface salinity 10 percent of that of the maximum varies 
with P for times of both high and low slack tidal current. 
As one might anticipate, as P increases from values small 
compared with 1, the distance decreases rapidly until, for 
low slack water, the river is nearly free of salt on the surface 
when P ~ 1.4. For values above P = 2, even at high slack 
water, the river is nearly salt-free, and the 10 percent loca
tion reaches an asympt.otic location offshore of the mouth. 
Based on these data and other observations, we may assert 
that a well-defined river plume will exist beyond a river 
mouth following ebb tide at least when P > 1.4 and for all 
tidal stages whenP> 2. From the def'mition of P, then, di&
tinct plumes are associated with estuaries in which the 
average downstream speed of freshwater discharge is as 
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FIGURE 3.1 Distance from the mouth (positive upstream) of the 
point where surface sslinity is 10 percent of the maximum found 
versus P for high and low slack tidal current in the Connecticut 
River Estuary. From Garvine (1975). 

large or larger than the tidal current amplitude; hence, only 
weak upstream flow, if any at all, can be expec~ during 
flood tide. Rivers with distinct plumes under mean condi
tions include the Amamn, the Columbia, the three major 
passes of the Mississippi River delta, and the Connecticut. 
Other well-known rivers that do not generally form plumes 
and have P values small compared with 1 are the Hudson, 
the Delaware, and the St. Lawrence. 

PHYSICAL PROPERTY DISTRIBUTIONS 
IN RIVER PLUMES 

In the estuarine zone, distribution of properties is controlled 
mainly by the mixing of two distinct water masses, viz., 
freshwater from upriver above the reach of salt intrusion 
and adjacent coastal seawater. We may regard each water 
mass as a reservoir within which properties vary slowly in 
time and space in comparison with the variations in the es
tuarine zone. Offshore there will exist a body of seawater 
with fairly uniform salinity and temperature, which vary 
somewhat over a year. We may view upstream river water 
as a reservoir of zero salinity and of a temperature determined 
by the time of yearrela~ to varying temperature in the upland. 
In the mixing region, we fmd only levels of temperature and 
salinity that are between the extremes of these two variables. 
The details of the property distributions will then be set 
mainly by the characteristics of the turbulence field that 
produces the mixing. The main source of energy for the tur
bulence is, of course, the tidal current. Since the turbulence 
field seems to mix all passive physical scalar properties in 
the same way, once the distribution of one such property, 
say salinity, is known, the distributions of other such prop-
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erties, such as temperature or density, may be predi~. 
given their values in the two reservoirs. The correlation of 
these properties, in other words, will be high. For the Con
necticut River, for example, the correlation coefficient for 
salinity and temperature was found (Garvine, 1975) to be 
typically 0.98. Nonconservative properties, such as dissolved 
oxygen and pH, will not, in general, have similar distribu
tions, but the passive physical properties do provide back
ground conditions for them. 

The horizontal extent of river plumes depends on their 
mean discharge level. The Am87.0n River has, not surpris
ingly, the largest identifiable plume, several millions of 
square kilometers in area within the Atlantic Ocean. The 
Columbia River plume measurably dilutes an area of about 
105 km2 in the Pacific Ocean. Rivers with smaller discharge 
levels (but with P large enough) form smaller plumes. That 
of the Connecticut River is typically 50 km2 in area. 

Patterns of river plume salinity distributions show three 
major attributes. Plumes are shallow pools of lighter water 
overlying more dense ambient water; there is a very high 
vertical gradient in density, which, in turn, inhibit.a vertical 
mixing; and, frequently, the lateral boundaries of plumes are 
formed by sharp front.a. 

Plumes are eXf'A'!edingly thin features by almost any geo
metric standard. For example, the typical depth of both the 
Connecticut River plume in Long Island Sound (Garvine, 
197 4a) and that of the Mississippi River at South Pass 
(Wright and Coleman, 1971) is 1 m, but the horizontal ex
tent is typically 10 km. Thus, the depth-to-width ratio is 
about 10-4, the same as for the oceans or for a sheet of 
paper. Figure 3.2 shows the isohalines (contours of uniform 
salinity) at a depth of 0.5 m for the plume of the Connecticut 
River at low slack and high slack water. The plume is more 
suggestive of a puddle than of a jet. 

Unlike the oceans, whose thin figure is diet.a~ by geo
morphology, the thinness of river plumes is a result of the 
high static stability thatderivesfrom the high vertical gra
dient of density. Although the density differences are only a 
percent or two between the two reservoirs, they are, never
theless, among the highest differences found in natural 
bodies of water. As a result of this high stability, vertical 
mixing between plume and ambient water is much inhibi~ 
and the interracial zone separating the two layers of water 
along the horizontal is sharply confined. Figure 3.3 is a plot 
of isolines of uniform density (isopycnals) in a vertical sec
tion along the plume centerline of the Connecticut River in 
Long Island Sound. The vertical scale is greatly expanded. 
The density is indica~ in sigma-t unit.a, i.e., 103 times the 
difference between the water density (in g cm - 3) and 1. The 
interracial region is typically only 0.5 m thick and ascends 
from about 2-m depth near the mouth to about 1 m several 
kilometers from the mouth. 

A vertical section along the line marked 'Transect A" in 
Figure 3.3 and normal to the plume axis is shown in Figure 
3.4. Here, in addition to the sharp interface beneath the 
plume, we see it.a counterpart at the offshore plume edge. 
Plume water terminates abruptly, not gradually, at a front 
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FIGURE 3.2 Lines of constant salinity in part.a per million at 0.5 
m depth for the Connecticut River Plume in Long Island Sound on 
April 21, 1972, at (a) low slack water and (b) high slack water. 
Daahed lines with arrow heads indicate ship track. From Garvine 
(1974a). 

where the isolines suddenly become very st.eep in slope (rel
ative t.o the rest of the plume) and many crop out at the sur
face. The tam "front" bas been borrowed from the atmospheric 
science literature; in these frontal areas, as at the edge of 
river plumes, are found some of the sharpest water property 
horizontal gradients in nature. Since the color of plume 
water nearly always differs substantially from that of the 
ambient seawater, the frontal boundary is clearly marked in 
photographs of the surface, such as the one shown in Figure 3.5. 
As is often the case, a line of foam is concentrated along 
with other floating debris at the surface front by convergent 
motion. This arrangement of properties, so near t.o an ideal 
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discontinuity, underscores the fact that river plumes need 
not occur merely as smooth blends offshore of upland water 
int.o seawater, as one might well have expected, but inst.ead 
employ both gradual and sharp changes in their adjustment 
t.o ambient levels. 

RIVER PLUME DYNAMICS 

The motion field of a river plume is complex. In most cases 
tidal motion is either dominant or at least highly signifi
cant but serves mainly t.o move salt and plume water t.o
gether without much altering their relative motion. For 
plume dynamics, the most important motion is that resulting 
from the buoyant outspreading of lighter water over heavier 
salt water in the shallow pool of the plume, somewhat as 
one would expect a pool of oil t.o spread ov~ a deep layer 
of water or cream over milk. The leading edge of this spreading 
action is the frontal zone. 

To gain a more detailed understanding of plume water 
motion we can examine the velocity field shown in Figure 
3.6. Velocity vectors are drawn at grid spacings of 2 km for 
both the surface and a depth of 4 m, i.e., substantially be
low plume water. These vect.ors were calculated by inter
polating the velocities of a large ensemble of drogues de
ployed in, below, and adjacent t.o the plume of the Connecticut 
River in Long Island Sound during an ebb stage during an 
aerial phot.ography experiment performed by the author on 
May 17, 1975. The subsurface velocity field shows the nature 
of the basic tidal motion on the ebb t.oward east. Because 
of differences in tidal phase and water depth, the ebb current 
diminishes near the Connecticut shore before it subsides 
offshore; this explains the appearance in Figure 3.6 of stronger 
ebb flow further offshore in deeper water. The location of 
the surface front at the offshore edge of the plume is shown. 
Subsurface motion of salt water does not appear t.o have 
been influenced by the plume; this motion, instead, varies 
smoothly from the shoreline out. However, for the surface 
motion, the front again served as a surface of near discon
tinuity. Surface plume water was drawn rapidly t.oward the 
front over nearly all of the plume. Typical velocities in that 
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FIGURE 3.3 lsopycnals on a vertical section along the plume 
axis of the Connecticut River in Long Island Sound on April 13, 
1973. From Garvine (1974a). 
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FIGURE 3.4 lsopycnals in a vertical section normal to the axis of 
the Connecticut River Plume marked by Transect A in Figure 3.3. 
From Garvine (1974a). 

direction were about 50 cmlsec, while the front itself was 
found to move at about 20 cmlsec normal to itself (southerly) 
as the plume water spread farther laterally into Long Island 
Sound. This discrepancy in speed shows that surface plume 
water was sinking rapidly near the front to make way for 
yet more plume water coming behind it. Hence, a surface 
convergent motion was well established there. In general, 
the difference, both in direction and magnitude, of plume 
surface and subsurface (4-m-depth) water was remarkable. 
Beyond the front, however, the ambient salt water was 
moving with nearly the same speed and direction as that at 
depth; it was simply part of the ebbing tidal current. 

The stucture of the velocity field shown in Figure 3.6 
is not simple. The plume is no mere jet, nor does its fluid 
simply seep out and mix gradually with ambient water. 
Instead, a vigorous flow is produced both laterally, normal 
to the plume axis, and along the axis, which differs sub-

FIGURE 3.5 Aerial photograph ahowing boundary of the Con
necticut River plume on April 26, 1972. Plume surface water is 
lighter toned and to the right. 
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FIGURE 3.6 Horizontal velocity vectors for surface (solid lines) 
and 4-m depth (daahed lines) at points on a 2-km grid as computed 
from drogue tracks in and near the plume of the Connecticut River 
on May 17, 1975. 

stantially from the tidal current field. Clearly, the presence 
of the front is fundamental to the plume dynamics, as well 
as to its property distribution. 

ESTUARY FRONTS 

F.stuary fronts justify study for the sake of understanding 
both their own local phenomena and their strong influence 
on the larger scale. Awareness of their existence is still 
growing, but from observations to date it appears that 
the most common locations are along the offshore borders 
of river plumes and within the broader estuaries, such as 
the Delaware Bay. Those thus far investigated all display 
very large hori7.ontal gradients in salinity, temperature, 
density, and color; strong convergence at their surface man
ifestations with a resulting accumulation there of floating 
material; and frequently a pronounced shear across the 
front of the current component parallel to the front. The 
river plume fronts are usually stronger in gradients and 
relative fluid motion, but those of the broad estuaries appear 
no less important to the overall motion field and property 
distributions on the scale of the estuary itself. This latter 
type has been investigated by Szekielda et al. (1972) in the 
Delaware Bay and by Ingram (1976) in the St. Lawrence 
River over the Ile Rouge bank. In both of these studies, 
tidal motion over topograpruc features within the estuary 
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FIGURE 3.7 Density aection normal to the front of the Connecti
cut River Plume. The origin of coordinat.es marks the location of 
the observed surface color boundary. From Garvine and Monk 
(1974). 

appeared t.o be of primary importance in generating a front 
during each tidal cycle. 

Some of the observed features of estuary fronts are reviewed 
here. Let us consider the distribution properties and fluid 
motion as seen relative t.o the moving coordinate system of 
the front it.self. Figure 3.7 shows the density structure for 
a vertical section normal t.o the front, typical of a river 
plume front. The isopycnals reach an asympt.otic depth at 
a distance of about 50 m from the surface location of the 
color boundary (which is at the origin) and have a character
istic slope of 10-2 in the frontal zone. Figure 3.8 shows a 
typical profile of the horizontal current component normal 
t.o the front at a station 30 m to the freshwater side of the 
color boundary. Near-surface water is moving toward the 
front at speeds up t.o 40 cm/sec, while below a depth of 2 m the 
motion of salt water is in the opposite direction at about 
50 cm/sec. This latter speed mainly appears as a result of 
the spreading motion of the frontal boundary it.self, whose 
motion we are following. Below 2 m, the vertical variation 
in speed is much lees than that above. A strong surface con
vergent motion is indicated within the frontal zone. The 
near.surface water motion does not continue on beyond the 
front. Instead, the surface water is turned downward and 
continues with a reversal of direction along the lower portion 
of the light-water pool. This concept of motion in the frontal 
zone is consistent with the larger-scale motion of plume 
water displayed in Figure 3.6. 

The motion in the frontal zone invites explanation. We 
can, in fact, explain the dynamics from fairly simple fluid-

FIGURE 3.8 Horimntal velocity com
ponent normal to the front versus 
depth for the Connecticut River plume 
30 m from the front. From Garvine 
and Monk (1974). 

RICHARD W. GARVINE 

dynamic fundamentals. The pool of lighter water in the 
frontal zone is in isostatic equilibrium vertically and thus 
floats upon the heavier ambient water. Thus, where vertical 
columns of lighter water within the pool penetrate deeper 
int.o the ambient water, they must rise correspondingly 
higher at their t.op above the surf ace level of adjacent ambient 
water. This effect creates a hill of pool water that is flat 
at its highest elevation above regions where the lower inter
face is itself level, but that slopes downward int.o the frontal 
zone t.o meet the ambient water surface as the frontal inter
face slopes upward there. This geometry is illustrated in 
Figure 3.9. Since the actual density fractional difference 
between pool water and ambient is only slight (around 
10 - 2), the elevation of the free surface above ambient is 
correspondingly slight compared with the interfacial depth 
(11/D - f¥/p. « 1). Nevertheless this downward free surface 
slope is sufficient t.o push near.surface water "downhill" 
t.oward the front. When it arrives there it cannot cross the 
frontal interface because the large stability of the vertical 
stratification resists mixing of the water masses. Instead, 
this water must rapidly sink there and then be dragged 
away by means of internal friction arising from the motion 
of ambient water below, which has been forced t.o flow 
downward beneath the pool. The overall balance of mass 
and momentum in these processes selects a value for u .. , 
the approach speed of ambient water (or, alternatively, the 
speed of frontal propagation as seen by an observer moving 
with ambient water). Quite analogous dynamics govern the 
motion of a tidal bo~ large-amplitude, breaking gravity 
wave in shallow water; in fact, an estuary front is simply 
a strong, breaking internal gravity wave. 

A model of the dynamics is presented in detail in Garvine 
(1974b). Figure 3.10 shows one streamline pattern computed 
from that model with flow parameters matched t.o those of 
the Connecticut River plume front. The surface convergence 
is clear in this flow pattern, as is the strong resultant sinking 
motion. Within the light-water pool a recirculation cell 
exists, which could be highly effective in promoting lateral 
circulation across the plume. 

Estuary fronts are not isolated physical phenomena. They 
have larger-scale counterparts, such as the Gulf Stream 

... 
FIGURE 3.9 Configuration of the frontal zone showing typical 
profiles of density p and horizontal velocity u. The interfacial 
depth is D, and free surface elevation is 11 • 
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FIGURE 3.10 Computed streamlines from the model of Garvine 
(1974b). The dashed line indicat.es the depth of the light-water 
pool. Arrows show direction of flow. 

front and the equat.orial front in the Pacific explored by 
Beebe (1926). Rotation of the earth often plays an important 
role in the dynamical motion of these larger oceanic fronts. 

SUGGESTED RESEARCH AREAS 

The body of scientific literature on river plumes and estuary 
fronts contains papers that largely document the distribution 
of properties. Observations of the mean motion field are 
sparse. Therefore, it is difficult t.o comprehend the dynamics 
behind observed distributions of properties and ha7.ardous 
t.o construct theoretical models of these phenomena. As a 
prelude t.o further progress in understanding and modeling 
these phenomena, we need trustworthy observations that 
adequately sample the mean motion both in time and space. 
This task is the more arduous, since time and space scales 
for estuarine dynamics are comparatively short. Not all 
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observations need be made in the field, however. For many 
of the phenomena, laboratory models, properly scaled dynam
ically, should be highly useful. 

Together with observations of the mean motion field, we 
are quite lacking in a necessary understanding of the turbu
lence characteristics of estuaries and fronts. In particular, 
our knowledge of turbulent flows in stratified fluids, such 
as predominate in estuaries, is weak. Appeal to uniform 
mixing coefficients in theoretical models will not suffice. 
Turbulent transport of mass, momentum, salt, and heat are 
characteristics of a flow, not of a fluid. We need t.o know 
more about such flows. 
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Three kinds of estuary can be identified by their geomor
phology (Cameron and Prit.chard, 1963). Coastal-plain estu
aries are essentially wide rivers, flowing across coast.al 
plains into the sea. They are usually shallow and may have 
a dredged channel for navigational purposes. Examples are 
Chesapeake Bay on the :East Coast, the Mississippi River on 
the Gulf Coast, and the Columbia River on the West Coast. 
Fjords are deep, glacially scoured inlet.a, which in many 
cases have sills at their mouths. Examples are Hood Canal, 
Silver Bay, and many inlet.a in British Columbia and south
east Alaska, as well as in Norway and Chile. And finally, 
there are bar-built estuaries in which bays or lagoons are 
separated from the open sea by bars through which there 
may be one or more channels. These occur commonly on the 
Gulf Coast. In many ways, they behave more like a small 
sea or a Jake than they do like either a coast.al plain or the 
fjord estuary; that is, they will have an important lateral 
circulation and relatively minor effect.a due to the varying 
density of the waters. In this chapter only the behaviors of 
fjord estuaries and salt wedges in the coast.al-plain estuary 
are considered. 
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The time-average estuarine circulation forms a compli
cated dynamic system in which the mutual interaction of 
the current and the density fields must be considered. A 
classification scheme baaed on the variations in distribution 
of properties in estuaries depends on two parameters: a 
measure of the circulation and a measure of the stratifica
tion. 

Different estuarine regimes occur for different values of 
these parameters, as shown in Figure 4.1. An important 
research objective, met only for simple coast.al-plain estu
aries, is to be able to locate a given estuary on this stratifi
cation-circulation diagram from a knowledge of ita bulk 
parameters: the river runoff, the depth of the estuary, the 
tidal current speeds, and the density difference between the 
source seawater and freshwater. Seven types of estuary are 
identified by use of the stratification-circulation diagram. 
Type 3, typical of fjords, is distinguished primarily by the 
dominance of advection accounting for over 99 percent of 
the upstream salt transfer. In Type 3b estuaries the lower 
layer is so deep that in effect the salinity gradient and the 
circulation do not extend to the bottom, an important 
qualitative difference from other types of estuary. Fjord 
estuaries are generally of Type 3b until mixed to the extent 
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FIGURE 4.1 Proposed classification with some examples. Station 
code: M, Mississippi River mouth; C, Columbia River F.stuary; 
J, Jam.es River Estuary; NM, Narrows of the Mersey Estuary; 
JF, Strait of Juan de Fuca; S, Silver Bay. Subscripts hand l refer 
t.o high and low river discharge; numbers indicate distance (in 
miles) from the mouth of the Jam.es River F.stuary. From Hansen 
and Rattray (1966). 

that they assume the Type 3a characteristics with small 
stratification. In Type 4, salt-wedge estuaries, the stratifica
tion is still greater, with an upper layer flowing out over a 
bottom layer that penetrates upstream in the form of a 
wedge. 

FJORDS 

GEOMORPHOLOGY 

Fjords are deep embayments formed by glacial scouring 
usually with moraines forming sills within or at their 
entrance. Fjords are long, of relatively constant width, and 
with steep sides. Rivers may discharge into the head of the 
fjord or at one or more locations along its sides. Figures 4.2 
and 4.3 illustrate these features. 

STRATIFICATION 

Fjords exhibit a great range in their stratification, varying 
from strong stratification in the surface layers near river 
outflow tD weak stratification in the deep waters and over 
sills with strong tidal mixing. Seasonal effects are apparent 
because of annual cycles in runoff and heating. A few 
examples will illustrate the nature of these variations. 

The classic highly stratified situation is shown in Figure 
4.2 by a series of vertical salinity profiles along the axis of 
Knight Inlet, British Columbia, in July 1956, a time of 
large runoff (Pickard, 1956). There is a marked stratifica· 
tion in the upper 10 to 20 m or so within the inner basin, 
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FIGURE 4.2 Knight Inlet, British Columbia: Station positions, 
longitudinal profile, and salinity-depth profiles. From Pickard 
and Rodgers, 1959. 
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FIGURE 4.3 Transverse section at Stations 31/1 and 5, Knight 
Inlet. From Pickard and Rodgers (1959). 
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which diminishes t.oward the mouth because of mixing and 
upward advection of denser, more saline wat.er from below. 
The deep waters of the basin are weakly stratified every
where. A typical seasonal cycle for salinity and t.emperature 
is shown in Figures 4.4 and 4.6 from Prince William Sound, 
Alaska (Muench and Schmidt, 1975). It is clear that the 
annual cycles of heating and runoff do not coincide and that 
the t.emperature profile may show inversions with a stable 
salinity-controlled density profile. At high latitudes, in the 
wint.er season, runoff may cease and vertical thermohaline 
convection extend essentially t.o the bott.om, as illustrat.ed in 
Figure4.6. 
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FIGURE 4.4 Time series of temperature at PWS 5 from May 
1971 to April 1972. From Muench and Schmidt (1975). 
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FIGURE 4.5 Time aeries of salinity at PWS 5 from May 1971 to 
April 1972. From Muench and Schmidt (1975). 
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CIRCULATION 

The mean circulation under conditions of large runoff and 
small tidal mixing is restrict.ed to the upper layer and con
sists of a strong outflow in a very shallow layer and an 
inflow immediat.ely underneath. With weak stratification or 
strong tidal mixing over sills, the circulation penetrat.es 
deeper and may reach the bott.om to become similar to that 
which occurs in coastal-plain estuaries. These features are 
shown in Figures 4.7 and 4.8 (Rattray, 1967). 

The effects of wind have been difficult to det.ermine be
cause of their transient nature. However, several observa
tions of reasonably steady winds lasting for more than one 
day have shown that up-inlet winds can retard the surface 
outflow and may exert sufficient stress to reverse it, forcing 
the outflow t.o occur in an int.ermediat.e layer just below the 
surface, as seen in Figure 4.9 (Pickard and Rodgers, 1969). 
When the runoff is slight and the stratification weak, a 
three-layer wind-driven circulation can extend to the bot
tom, as shown in Figure 4.10 (Rattray, 1967). 

DYNAMICS OF THE MEAN CIRCULATION 

The dynamic balance is between the horizontal pressure 
gradient and the vertical gradient of turbulent stress, escept 
for the upper layer circulation, where the nonlinear field 
accelerations are also important. The salt (density) balance 
is between advection and vertical diffusion. Under these 
conditions, the governing equations become, in dimension
less form (Wint.er, 1973), 

• ..!.. (u~ + w ~) = ~ fK~ )-Rf_!! 
u az ax az az- ~ az ax ' 

(4.1) 

al: al: a 
u-+w-=-ax az az (K _!:_) az • (4.2) 

(4.3) 

p s 
-=l+e-8 , 

Po O 
(4.4) 

where the following charact.eristic values have been chosen: 

u0 = &SIS0 , the relative salinity excursion; 
Uo = Rolb0Zou0 , the horizontal velocity scale; 
w0 = UoZ0/z0 , the vertical velocity scale; 
z0 = UoZ02/K0 , the horizontal length scale; 
z0 is a charact.eristic vertical length; , 
K0 is a charact.eristic vertical eddy diffusivity; 
b0 is a charact.eristic width; 
R0 is a charact.eristic value of runoff; 
a = K,IN,, a ratio of vertical eddy diffusivity t.o vertical 

eddy viscosity, assumed constant; 
To = PoUoKolZo&, the charact.eristic wind stress; 
Rr = &geu0z0 /UQ2, the overall flux Richardson number. 
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Bay, March 1957. From Rattray (1967). 
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FIGURE 4.8 Temperature, salinity, and velocity profiles, Silver 
Bay, July 1956. From Rattray (1967). 
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FIGURE 4.9 Net current profiles over f11'8t and last 25 hours at 
Station 31"2, Knight Inlet, July a:..s, 1956. From Pickard and 
Rodgers (1959). 
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FIGURE 4.10 Temperature and velocity profiles, East Sound, 
July 1956. From Rattray (1967). 

New variables, the streamfunction, "1, and the salinity de
fect, :t, are defmed by 

bu= -(8"118z), bw = 8"118x, (4.5) 

SISo = 1 - t1r)r. (4.6) 

and are presumed to approach 7.ero at great depth. 
The boundary conditions at z = 0 are 

au 
-K-=T az WI 

"1(:t,0) = 0, 

(4.7) 

(4.8) 

the latt.er applicable when the runoff is small compared to 
the total circulation. The effect of runoff is obtained from 
the constraint condition on the total salt flux: 

}
0 
... bu :t dz = R(x). (4.9) 

MAURICE RATTRAY, JR. 

Rattray (1967) and Winter (1973) have presented similar
ity solutions to these equations, which retain the non
linearity but require specific relationships for all longi
tudinal dependencies. The main features of the mean circu
lation, as shown in Figure 4.11 for Knight Inlet by Winter, 
are reproduced by this solution. However, the eddy coeffi
cients and their variation with position are chosen for fit 
and are not determined from the theory. Nevertheless, 
these solutions can give useful analytic descriptions of the 
principal features of river- and wind-driven mean flows and 
density structures for deep fjords. 

TIDES AND TIDAL CURRENTS 

Because of the great depths of fjords, there is little tidal 
dissipation, except over the sills, where the currents may be 
quite turbulent and relatively uniform with depth. This 
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FIGURE 4.11 Comparison of (a) measured and (b) calculated 
horizontal velocity profiles for Station 5 in Knight Inlet. Compari· 
son of (c) salinity measurements acquired at the four stations in· 
dicated in the map of Knight Inlet with (d) calculated depth pro
files of salinity. From Winter (1973). 
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means that the tidal phase will change more rapidly aCl'088 
the sills than along the deeper reaches of a fjord. Corre
spondingly, the tidal range will increase toward the heads of 
fjords with the more rapid increase occurring over the sills. 
Extreme examples of reversing falls or rapids can occur at 
shallow or constrict.ed entrance sills. 

Tidal current behavior in the deep basins can be ex
tzemely complicat.ed because of the generation of int.ernal 
waves at the sills. In some cases, these waves may take the 
form of an undulating bore propagating away from the sill 
during the flood current, as observed in some detail by 
Halpern (1971) in Massachusetts Bay and by Shand (1953) 
in the Strait of Georgia. Another possibility, not well docu
ment.eel but suggest.eel by the measurements of Pickard and 
Rodgers (1959), is that int.ernal tides are set up, as first 
proposed by Zeilon (1913, 1934), by the bathymetric cou
pling mechanism elaborat.ed by Prinsenberg et al. (1974) 
and by Baines (1973, 1974). 

EFFECTS OF VARIABLE WINDS ON 
FJORD CIRCULATION 

Although it has been known since early studies in Gullm.ar
fjord (Sandstrom, 1904; Petterson, 1920) that variable 
winds have a marked effect on the currents and density 
structure of fjords, it is only recently that a dynamical de
scription has been present.eel by Farmer (1972) that explains 
many features he observed in an intensive observational 
program in Alberni Inlet. Figure 4.12 clearly shows the 

... 3275 4010 5160 5160 
DOWN INLET RIVER FLOW (cu.ft/sec) 

FIGURE 4.12 Wind, current, and mean daily river discharge. 
Measured tidal elevation at Port Alberni is superimposed on 15-m 
current. The vertical gray line indicates time of drift pole measure
ments. From Farmer (1972). 
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reversal of the current in a shallow layer caused by the 
onset of a strong up-inlet wind. Figure 4.13 illustrat.es the 
corresponding effect on the density structure. The coher
ence between current and wind is high for periods greater 
than about 20 hours. The phase angle changes almost 
logarithmically throughout the range, but at periods longer 
than 60 hours, the current appears to lead the wind. For 
periods less than about 40 hours, the phase-lag dependence 
of the current is consist.ent with the propagation of a vis
cous shear wave with constant eddy viscosity from the sur
face to the 2-m depth. 

Typically, Farmer found that strong up-inlet winds 
caused a sudden thickening of the surface layer at the inlet 
head. This distortion took at least two or three days to 
relax. Away from the head, the disturbance was both at
tenuat.ed and delayed. He explained this behavior through 
the action of the int.ernal mode of a two-layer system ap
proximating the observed density distribution. The response 
to a changing wind then consists of damped waves traveling 
both up and down inlet about the equilibrium configuration. 
A comparison of the observed and theoretical results is 
shown in Figure 4.14. The results are remarkably good con
sidering the simplified representation of the system that 
was used. They do depend on a suitable choice of friction 
coefficients. 

REPLACEMENT OF DEEP WATER BEHIND SILLS 

Deep water behind sills generally does not participate in a 
steady circulation but is usually replaced rapidly during 
relatively short intervals between longer periods of quies
cence. Most commonly, this deep water replacement is 
relat.ed to an annual cycle of density in the source waters 
above sill depth. Whether replacement occurs every year de-

FIGURE 4.13 Freshwater thickness, 2-m current, and wind (5 
days). From Farmer (1972). 
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FIGURE 4.14 Comparison of model and data for freshwater 
thickness at Hohm Island and measured wind speed at Lone Tree 
Point. Since the model starts with zero initial conditions, it takes 
a few days to catch up with the data. From Farmer (1972). 

pends on the year-t.o-year variability in maximum source 
density and on the rate of density reduction in the basin 
due to diffusive processes. Gade (1973) has studied this 
replacement mechanism as a stochastic process. 

More-complicated situations arise when exchanges across 
the sill are neither complete nor restricted to short periods 
of time. Welander (1974) considers this question for a two
layer syst.em. Parameterizing the exchanges between the 
two layers and considering simple relationships for the ex
changes across the sill, he elucidates many features of pos
sible time-dependent salinity fields and the corresponding 
flushing rate for the deep water behind the sill. His main 
results show that (1) a single steady state exists that is ap
proached by an exponential decay from an initial state; (2) 
the total mixing through the interface must decrease with 
depth of the interface to allow a stable steady state; (3) the 
static stability increases with increasing freshwater supply, 
up to a critical value where the two-layer model breaks 
down; (4) an added oscillatory component in source salinity 
increases, while in the runoff it decreases, the estuary 
salinity and. static stability; and (5) the statistical steady 
state is sensitive to certain high-order statistical features of 
the forcing functions. 

When intrusion of deep water with differing properties 
occurs in small pulses separated by quiescent periods, it is 
possible to generate a complex structure of both conserva
tive and nonconservative properties in the basin. When this 
mechanism provides clearly marked parcels of water, their 
time history can provide information on the currents and 
turbulent diffusion taking place. Ebbesmeyer et al. (1975) 
carried out such a study evaluating both the effects of cur
rent shear and turbulent diffusion. They found, from 
adequately sampled large-scale features, the shear to be 
dominated by intrusion and estimated K, ~ 1 cm2 sec- 1 and 
K11 ~ 105 cm2 sec- 1• 

MAURICE RATTRAY, JR. 

SALT-WEDGE ESTUARIES 

STRATIFICATION AND CIRCULATION 

Salt wedge is the term commonly applied to describe the 
salinity distribution in a highly stratified coastal-plain estu
ary with nearly homogeneous upper and lower layers 
separated by a strong halocline. The halocline depth, follow
ing the general shape of a wedge, increases with increasing 
distance up the estuary. Typically, strong outward flow 
occurs in the upper layer, with a slower recirculation occur
ring in the bottom layer. These features are shown in the 
stratification-circulation diagram, along with the conditions 
favoring existence of a salt wedge: Fm> 10-2 and P > 10- 1, 

where Fm = Rl[g(~p/p )H 3 ] 112, P = RIU1H, with R the river 
discharge per unit width of the estuary, H the depth of the 
estuary, g the acceleration due to gravity, p the density of 
estuarine water, Ap the density difference between river 
water and seawater, and U1 the rms tidal current speed. 
Thus salt wedges occur with high discharge rates per unit 
width, shallow depths, and relatively weak tidal currents. 
An often cited example is the Mississippi River. 

With these conditions, the upward salt flux across the 
halocline is sufficiently small so that the horizontal salinity 
gradients in the two layers are dynamically unimportant 
and the pressure field results almost entirely from the 
slopes of the free surface and the halocline. The salt-wedge 
regime breaks down if the salt flux through the halocline is 
increased sufficiently by mixing due to tidal currents, inter
facial exchanges from current shear instabilities, and result
ing turbulence or, possibly, growth in the surface area of 
the halocline with large salt-wedge penetration upstream. 
There is no information directly applicable to the salt-wedge 
flow regime that gives dependency of the salt flux across 
the interface on the external parameters of the flow. Pos
sibly the most applicable results have been obtained experi
mentally by Kato and Phillips (1969) and by Lofquist 
(1960). These are summarized by Turner (1973), who fits 
the experiments of Kato and Phillips with the expression 

where u, is the entrainment velocity, ui* is the friction 
velocity at the interface, g is the acceleration of gravity, p 1 , 

p2 are the densities in the upper and lower layers, respec
tively, and h1 is the depth of the upper layer. The limiting 
case for small p1u;*2/g(p 2 - pi)h1 was investigated by 
Fortescue and Pearson (1967), who explained their results 
on the basis of molecular diffusion. It can be shown that the 
entrainment velocity given by Eq. (4.10) will not have a 
significant effect on the dynamics of a salt wedge. 

Field data adequate for a complete description of the 
stratification and circulation in a salt-wedge estuary are 
rare. Results from the lshikari River (Fukushima et al., 
1969) are useful in this regard as they not only show the 
shape and penetration of the wedge but provide vertical 
profiles of salinity and velocity and the distribution of sur-
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face salinity as a function of discharge. Data from a flume 
calibrat.ed for the Mississippi River (Rhodes, 1950) include 
the profile of the salt wedge for different river discharges. 
An example of the change in wedge with change in dis
charges for the Duwamish River is shown in Figure 4.15 
from Dawson and Tilley (1972). 

Laboratory experiments (Farmer, 1951; Keulegan, 1957; 
Shi-Igai and Sawamoto, 1969) have provided the main basis 
for experimental comparison with theoretical results. Keule
gan (1966) summarizes much of this work. Because of the 
restrict.eel range of Reynolds number that can be achieved in 
the laboratory, it is uncertain how well the results of these 
experiments extrapolate to natural systems. However, the 
data can be compared with theoretical results. 

DYNAMICS OF THE MEAN CIRCULATION 

Theoretical studies determining the length and profile of 
salt wedges have been obtained by Sanders et al. (1953) and 
Shi-Igai and Sawamoto (1969). These have been based on 
assumptions of two-layer flow with no salt exchange across 
the interface, a constant interfacial stress coefficient, 
negligible velocities in the lower layer, and negligible 
bottom stress. While agreement can be obtained between 
predict.eel and observed lengths of salt wedges by the choice 
of a particular value for the interfacial stress coefficients, 
there is no independent check on the correctness of the 
assumptions used. The values of the stress coefficient are 
found to vary with conditions in a particular estuary and 
from estuary to estuary. 

A 
HiQh fmh-woter inflow 

8870 m1/mm. January 23, 1968 
at hiQhlr hiQh wal• of + 3.7 m, 
I0:35 a.m. 

2 3 4 5 6 7 8 9 10 II 12 13 
RIVER KILOMETERS 

B 
Low frnh·waler Inflow 

620 m11mm. AUQu1t l9, l968 
at hiQher hiQh water alt 
3.!lm, !1:48p.m. 

FIGURE 4.15 Schematic longitudinal profile of estuary showing 
distribution of sslinity at high and low rates of freshwater inflow 
at high tide. Numbered line represents depth distribution of ealin
ity value given in parts per thousand. Dots indicate points of in
dividual measurements, which were made at half-meter depth in
tervals. From Dawson and Tilley (1972). 
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Rattray and Mitsuda (1974) have extended the previous 
work to include the effects of bottom slope and bottom fric
tion. In addition, they obtain the complete circulation, per· 
mitting the interfacial stress to be relat.ed directly to the 
flow conditions. They balance the pressure gradient and 
turbulent frictional stress in the lower layer and in the 
upper layer, adding the effect of the field acceleration for 
the latter. The frictional stress and velocity are taken to be 
continuous across the interface, with the assumption that 
the interface and the bottom behave as smooth boundaries 
for the turbulent flow in each layer. Results compare fa
vorably with laboratory experiments and with data from 
the Duwamish and Mississippi Rivers. The comparison of 
the density profiles is given in Figures 4.16 and 4.17. 
Likewise, the velocity profiles are compared in Figure 4.18. 

TIDES AND TIDAL CURRENTS 

As a first approximation, the wedge and its bounding halo
cline will simply be advect.ed by the barotropic tide motions. 
In addition, nonuniform cross sections will induce tidal 
deformatic.•ns in the wedge profile, but as the whole system 
is strongly frictional, one would not expect significant tidal 
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FIGURE 4.16 Denaity profiles for a ealt wedge observed near the 
mouth of Southwest Pass at a discharge of 6120 m~sec. Also 
shown is the plan of the jetty system at the same location. Water 
samples were taken at 1.5-m (5-ft) depth intervals; station posi
tions are shown 88 circles in the upper diagram and 88 vertical 
lines in the lower diagram. (Data from Sheet 3, Plate Il, Corpe of 
Engineers, 1959.) From Rattray and Mitsuda (1974). 
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FIGURE 4.17 Computed profiles corresponding to wedge shown 
in Figure 4.18. Station positions, indicated by vertical lines, have 
been included for reference. From Rattray and Mit.suda (1974). 
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FIGURE 4.18 Comparison of current-meter measurements for a 
wedge observed in Southwest Pass (from Sheet l, Plate II, Corps 
of Engineers, 1959) with the computed velocity profile. Measure
ments are denoted by circles. The dashed line indicates the depth 
at which the interface was assumed to be for the purpose of com
putation. From Rattray and Mitsuda (1974). 

internal oecillations to occur. Dawson and Tilley (1972) 
det.ermined the oscillation of the wedge in the Duwamish 
River for both large and small tidal ranges. Garvine (1975) 
has det.ermined the horiwnt.al tidal displacement of the salt 
wedge in the Connecticut River as a function of P, the ratio 
of freshwater outflow velocity to tidal velocity. 

CURRENT PROBLEMS AND 
RESEARCH NEEDS 

At present, our understanding and prediction capability of 
fjord and salt-wedge estuarine circulation are limited by 
two categories of deficiency: (1) inadequate knowledge of 
the relevant physical processes and (2) the difficulty of cal
culating and/or observing the actual circulation and trans
port in an estuary because of the complicated nonlinear be
havior, the irregular geometry, and the variable nature of 
the forcing. 

The first category includes the most important question 
of the momentum and salt-flux mechanisms acting in the 
highly stratified regions occurring in the upper layers of 
fjords and at the top of the salt wedge. Further progress on 
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understanding the related circulations is impossible until 
these processes can be more adequately described. The fjord 
and salt-wedge estuaries are ideal for investigation of this 
question, as they provide a large Reynolds number hydro
dynamic laboratory without the logistic and scale difficul
ties inherent for comparable investigations in the open sea. 

Several experiments have been undertsken that directly 
measure flmes by correlation methods. However, there has 
not been an intercomparison experiment to demonstrate the 
characteristics of each type of current meter compared with 
the others. It is timely to have such an intercomparison 
experiment as an important step in the further investiga
tion of the turbulent processes in estuaries. 

Also, the mixing mechanisms in the deep basins have not 
been det.ermined. What is the turbulence level? Is the 
energy source internal tides, boundary mixing, wind-driven 
transients, or surface circulation? These questions require 
answering in order to understand and predict the time 
history of the basin water properties. 

Similarly, the water properties in deep basins depend 
critically on the nature of the exchange processes across 
entrance sills. The circulation and mixing over these sills 
are understood only in a crude sense. 

The second category requires development of better 
methods for integrating the governing equations in conjunc
tion with field programs to test the calculated results and to 
assess what is important for the mathematical description 
of the system. Because these questions are complex, the 
field programs required to provide the necessary answers 
must become more elaborate and extensive than they have 
been in the past. It will be necessary to carry out experi
ments with a space and time coverage seldom achieved to 
date. We do not know such things as the suspended sedi
ment distribution and its effect on the density flow in salt
wedge estuaries, the coupling between variable wind-driven 
currents and the surface circulation in fjords, the effects of 
lateral variability or lateral boundaries on the fjord circula
tion, and the effect of sloping bottoms and channeling on 
the salt-wedge circulation. 
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INTRODUCTION 

KENNETH F. BOWDEN 

University of Liverpool 

The flow in estuaries is nearly always turbulent, and this 
charactA!ristic affects the mechanics of the flow and its dis
persive effects. In one sense, therefore, all physical pro
cesses in estuaries could be described as turbulent. In this 
chapter, a more restricted view will be taken and those 
aspects collSidered in which the turbulent nature of the pro
cess is apparent and should be explicitly taken into account. 
These include the turbulent velocity fluctuations them· 
selves, how they may be measured, their structure and 
spectral distribution, and the Reynolds stresses and eddy 
transports that they produce. It is of interest to compare 
these turbulent features with those observed in the labora· 
tory and in other geophysical flows, with a view to applying 
results from other fields to turbulence in estuaries. Another 
aspect is how the processes may be related to properties of 
the mean flow, which are more eaaily measurable. This in· 
volves a parameterization of the turbulent processes in 
U!rms of larger scale features, an essential stA!p in modeling 
estuary circulation and mixing. Progress in parameteriza
tion, usually involving eddy coefficients of viscosity and dif· 
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fusion or dispersion, has been largely empirical in the past, 
and empirical methods will no doubt continue to be needed. 
More rapid progress may be made, however, if the physical 
nature of the turbulent processes is better understood. 

Turbulent processes in estuaries may conveniently be 
divided into three types: (1) those originating at or near the 
estuary bed and propagating upward; (2) those in the in· 
terior of the fluid, i.e., at middepths, where density gradi· 
ent effects are likely to be more important; and (3) those 
originating at or near the free surface, e.g., the effect of 
wind stress in generating waves and a surface drift. 

Processes originating at the surface are by no means 
negligible in estuaries but are generally less important than 
they are in open coastal waters. For this reason and because 
surface processes, such as wave generation and breaking 
and air-sea interaction, are specialized subjects often 
studied in other contexts, this chapter will concentrate on the 
fll'Bt two types: processes originating in the bottom bound
ary layer and those occurring at middepths. The discussion 
will be concerned primarily with those coastal-plain estu
aries that are partially mixed and in which the tidal flow 
plays an important part. Salt-wedge estuaries and fjords 
will not be considered, except in passing. 
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Turbulent Processes in Estuaries 

DIRECT MEASUREMENT OF TURBULENT 
VELOCITY FLUCTUATIONS 

BASIC IDEAS 

It is a well-known feature of turbulent flow that the veloc
ity measured at a given point fluctuates in a largely random 
manner and that the fluctuations are three dimensional 
even if the averaged flow is unidirectional. If rectangular 
axes are taken with x along the estuary, y across it, and z 
vertically upward, and the corresponding components of 
velocity, measured at a given instant, are u, v, w, then u 
may be written 

u = u + u', (5.1) 

where u is the mean value of u over some chosen interval of 
time and u' is the instantaneous deviation from the mean. 
Similarly V, iii may be defined as the mean velocity com
ponents and v', w' as the turbulent velocity components in 
the y and z directions. By definition, 

u' = V' = w' = 0. (5.2) 

The mean-square quantities u'2, v'2 , w'2 may be termed the 
components of turbulent intensity. The total turbulent in
tensity is given by 

(5.3) 

and 1/2pQl is the additional kinetic energy of the flow due 
to the turbulence. 

It was shown by Reynolds in his fundamental work on 
turbulence that the presence of the velocity fluctuations 
gives rise to additional pressure and shear stresses in the 
fluid. Across a horizontal element of area, for example, per
pendicular to the z direction, the Reynolds shear stress in 
the x direction by which the water above the area acts on 
the water below may be denoted by T and is given by 

T = -pu'w', (5.4) 

where p is the density of the water. A finite value of u'w' 
implies a correlation between the u' and w' fluctuations. 

MEASUREMENTS 

One of the first attempts to measure turbulent fluctuations 
of velocity in an estuary was that of Francis et al. (1953) in 
the Kennebec Estuary, Maine. They used a propeller-type 
current meter for measuring velocity and a tilting vane for 
measuring the inclination of the flow and hence the vertical 
component of velocity. The mean product u'w' was com
puted, but the stresses found were surprisingly high and 
variable. The records were read at 3-sec intervals over a 
length of 2 min, so that the variability is not surprising in 
view of what we now know about sampling frequency and 
duration of records. They also recorded temperature fluctu-
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ations with a thermistor, estimated coefficients of eddy vis
cosity and diffusion, and attempted to relate them to a 
Richardson number, as the estuary was slightly stratified. 
This investigation was remarkable not for its results but 
for the foresight shown in its planning and the attempt to 
measure all the relevant parameters. 

At about the same time, measurements were made in the 
Mersey Estuary (Bowden and Fairbairn, 1952) of the longi
tudinal velocity fluctuations u' only, using the Dodson 
current meter, which has a propeller that does not rotate 
freely but is turned through a limited angle against a spring 
system, with the angle of deflection directly proportional to 
speed. Two current meters, with either horizontal or verti
cal spacing, were mounted in a stand laid on the bottom, so 
that some information on the scale of the fluctuations was 
obtained. The advantage of the spring-limited propeller was 
a reduction in the time constant so that fluctuations with 
periods down to about 1 sec were recorded. 

Other investigations have been made with propeller-type 
current meters, but it is difficult to reduce their time 
constant much below 1 sec so that fluctuations of frequen
cies above about 1 Hz are not recorded. In order to get a 
better time response, an electromagnetic flowmeter system 
with no moving parts and capable of measuring all three 
components of turbulent velocity was developed and used, 
first in coastal waters and later in the Mersey Estuary 
(Bowden and Fairbairn, 1956; Bowden and Howe, 1963). 
Electromagnetic current meters have been much improved 
in recent years and are capable of responding to frequen
cies up to 10 Hz and resolving distance scales down to about 
5 cm. Higher-frequency response is possible using the 
acoustic Doppler shift current meter, which has been devel
oped at the Chesapeake Bay Institute (Wiseman et al., 
1972). This instrument has a frequency response up to at 
least 20 Hz and examines a volume of water less than 2 cm3 

in volume. Hot-wire instruments, widely used in laboratory 
work on turbulence, have been adapted for use in the sea, 
particularly by Grant et al. (1962), who have used a hot-film 
instrument to measure turbulence in the Discovery passage. 
These instruments have a much higher-frequency response, 
up to several hundred hertz, and can be used in the inertial 
subrange region of the turbulence spectrum. 

The general character of the spectra of the turbulent 
velocity fluctuations in an estuary is shown in Figure 5.1, 
taken from a paper by Seitz (1973) and based on measure
ments in the Patuxent Estuary, flowing into Chesapeake 
Bay. The scale of the vertical fluctuations w' is limited by 
the presence of the bottom and surface boundaries so that 
the spectral intensity falls off at the lower frequencies. On 
the other hand, the longitudinal fluctuations u' are not 
limited in this way, and the spectral intensity remains large 
at the lower frequencies. The spectral behavior of the trans
verse fluctuations v' resembles that of u' but at a lower 
level of intensity. Therms value of the u' fluctuations near 
the bottom is of the order of 10 percent of the mean cur
rent, and that of the v' and w' fluctuations somewhat lower. 

The spectral distribution of u'w', which is also the spec
trum of the horizontal shearing stress, reaches a peak at in-
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FIGURE 5.1 Energy spectra of u, u, and w components in a tidal 
estuary. From Seitz (1973). 

termediate frequencies or wavenumbers, which may be 
regarded as typical of the acale of the turbulence generating 
process. At lower wavenumbers there is little energy in the 
vertical fluctuations, w', whereas at the higher wavenum
bers the correlation between u' and w' becomes small as the 
inertial subrange is approached and the turbulence becomes 
increasingly isotropic. The overall correlation coefficient 
between the u' and w' fluctuations is negative, and its 
magnitude is 0.3 to 0.4. To record the main energy-contain
ing eddies and measure the shearing stress by the eddy 
correlation technique, it is probably adequate to use flow
meters of the electromagnetic or acoustic type with fre
quency response up to 10 or 20 Hz. To record turbulence in 
the dissipative subrange, however, and use the spectral 
curve to derive the rate of energy dissipation, instruments 
of the hot-wire or hot-film type would be needed. 

The above properties of turbulent flow within a few 
meters of the bed in estuaries or coastal waters are com
parable with those of turbulence measured in experimental 
channels or in the atmospheric boundary layer. This applies 
to the intensities of the turbulent fluctuations relative to 
the mean current, the spectral distributions of the fluctua
tions, and the shear stress. 

INTERMITTENCY 

An important feature that is well known in other types of 
turbulent flow is its intermittent character. This feature, 
which has been much studied in wind-tunnel and water
cbannel experiments, has also been recorded in flow near 
the seabed. A review of intermittency in large-acale turbu
lent flows was given by Mollo-Christenson (1973). It is 
characteristic of the flow near a boundary that the genera
tion of turbulence and the Reynolds stresses associated with 
it occur in bursts or events that occupy a relatively small 
proportion of the total time but in which the stresses reach 
magnitudes many tinles greater than their mean values, 
averaged over a longer period. 

KENNETH F. BOWDEN 

Such events were reported by Gordon (1974) in measure
ments in the Choptank River, Chesapeake Bay, using a 
pivoted vane current meter. An example is shown in Figure 
5.2, which indicates the pronounced intermittency in the 
contributions of u'w' to the Reynolds stress. From 100 such 
records, each 8 min long and sampled at 2-sec intervals, 60 
percent of the Reynolds stress was produced by events 
occupying only 10 percent of the time. Similar results were 
obtained by Heathershaw (1974) not in an estuary but in 
the open waters of the Irish Sea. From his data, 57 percent 
of the stress occurred in 7 percent of the time during events 
in which the stress exceeded twice the rms value. Individual 
events had a duration of 5 to 10 sec, and the recurrence 
interval between events ranged from 20 to 100 sec. Hea
thershaw used electromagnetic current meters with a fre
quency response up to 10 Hz, but it is interesting to note 
that he estimated that nearly all of the Reynolds stress was 
contributed by frequencies lower than 0.6 Hz. 

The occurrence of intermittent events clearly has implica
tions for the measurement of shear stress in estuaries. 
There is the sampling problem of how long an averaging 
period should be taken in order to obtain a meaningful 
value for the stress at the bed, whether by the eddy-correla
tion technique or the mean-profile method. A further point 
is how one can defme a threshold of stress for bringing 
material into suspension if, during events lasting 5-10 sec, 
stresses up to 50 times the mean value may occur. 

OSCILLATORY CHARACTER OF THE FLOW 

Most laboratory investigations of turbulence have taken 
place in flows that are maintained in as steady a state as 
possible. Tidal flows in estuaries are essentially oscillatory 
in character, and this is a feature that should be taken into 
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FIGURE 5.2 Time aeries of the correlation between horizontal 
(u') and vertical (w') current velocity fluctuationa at 2.25 m above 
bottom showing intermittent, large contributiona to the Reynolds 
stress. From Gordon (1974). 
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Turbulent Processes in Estuaries 

account. Although the time scale for the generation and 
decay of turbulence is small compared with the tidal period, 
there are several reasons why the distribution of turbulence 
and shear stress during a tidal cycle should not be regarded 
as a series of st.eady stat.es, each referred to the mean flow 
at the time: The tidal wave in an estuary is distorted so that 
the flood currents are usually stronger than on the ebb, and 
the phase of the current varies with depth. The density 
current flow is superimposed, although not linearly, on the 
vertical profile due to the tidal current. Thirdly, the chang
ing pressure gradients and accelerations cause the stress 
distribution, and probably also the turbulence, to differ in 
the accelerating and decelerating phases of the flow. 

BOTTOM BOUNDARY LAYER 

DETERMINATION OF SHEAR STRESS AT THE BED 

Turbulence in the bottom boundary layer is directly respon
sible for the shearing stress at the bed, which is an impor
tant parameter in the dynamics of the flow throughout the 
depth. It also determines the ability of the flow to bring bed 
material into suspension and transport it along the estuary. 
Turbulence in this layer also plays a part in the exchange of 
chemical substances between the water and the sediment. 

As the shear stress at the bed is a fundamental parameter 
in the dynamics of the flow and in considering the effect of 
the flow on the bed material, there is much interest in 
methods of determining it. The most direct, in principle, is 
that already considered: the simultaneous measurement of 
the u' and w' fluctuations and the formation of their cross
product. In practice, this method would be difficult to use 
as a routine, since the vertical fluctuations are less easy to 
measure than the horiwntal and in forming the product the 
two components must be strictly simultaneous. There is 
some evidence, however, from both turbulence measure
ments in the sea and in other flows, that the Reynolds 
stress may be closel.,i related to the overall turbulent inten
sity q2 = u'2 + v'2 + w'2, which is a somewhat easier 
quantity to measure than the correlation. It is also possible 
that the relation between the three components may be suf
ficiently constant for a measurement of the horiwntal 
intensity u '2 alone, which can be done with a one-compo
nent instrument, to be adequate for estimating the stress. 

An alternative method of determining the bottom stress, 
which has been used widely, is from the profile of mean 
velocity in the first few meters above the bed. This makes 
use of one of the best known results in fluid mechanics, the 
logarithmic velocity law, 

u* 1 z + z0 u=-og,--, 
ko Zo 

(5.5) 

where u* is the friction velocity, defined by (T/p)112 ; k0 is 
von Kirmin's constant, numerically equal to 0.41; and z0 is 
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a roughness parameter, related to the height of the rough
ness elements on the bed. The validity of the law has been 
well established in cases where the flow is st.eady, the fluid 
is homogeneous, the roughness of the bed is uniform, and 
the velocity is averaged over a sufficient length of time for 
intermittent effects to be taken into account. Since none of 
these conditions is likely to be strictly true in estuary flow, 
it is not surprising that different workers have come to dif. 
ferent conclusions about the adequacy of the logarithmic 
law. The usual method is for the mean current to be mea
sured at three or four levels, a logarithmic law fitted, and, 
if the fit is reasonably good, the values of u *, and hence 
bottom stress, and also z0 may be determined. 

No systematic study appears to have been made compar
ing the stress deduced from the logarithmic profile with 
that measured by the eddy-correlation technique at the 
same time. It is highly desirable that such experiments be 
made under a variety of conditions so that the reliability of 
the profile method may be better assessed. 

A further method that is often used in practice is to relate 
the bottom stress to the mean velocity measured at a single 
height above the bottom. The equation usually used is the 
quadratic one: 

T: kpiiliil, (5.6) 

where ii is measured at a standard height, often 1 m above 
the bed. k is a friction coefficient that depends on the 
roughness of the bed and the standard height at which ii is 
measured. k has a value of the order of 2.5 >< 10-3, but its 
exact value depends on the roughness of the bottom and has 
to be estimated independently for this method to be used. 

EFFECT OF MATERIAL IN SUSPENSION 

The effect of turbulence in bringing material into suspen
sion and transporting it along the estuary has been men
tioned. Another aspect is the reaction of suspended material 
on the dynamics of the flow. There is evidence from flume 
experiments that the presence of particles such as sand in 
suspension causes a damping of the turbulent motion and a 
modification of the velocity profile corresponding to a given 
bottom stress. To a first approximation, it appears that the 
profile, in the st.eady state, is still logarithmic but with a 
reduced value of the von K&rman constant, k0 • From obser
vations in tidal currents bearing sand in suspension in some 
areas of the English Channel and the North Sea, McCave 
(1973) has proposed a method for modifying the von Kar
man constant in these conditions, but he has pointed out 
that existing theory does not account adequately for all fea
tures of the velocity distributions. 

If cohesive sediment such as a suspension of clay particles 
is present, laboratory experiments have indicated that a 
further modification of the turbulent flow and stress in the 
boundary layer occurs. This effect has been observed in tur
bulent tidal flow in a channel at the Island of Nordstrand, 
North Sea. 
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TURBULENT FLOW AT MIDDEPTHS 

CHARACTER OF THE FLOW 

In homogeneous wat.er, one would expect turbulence at all 
depths, like the mean velocity profile, to be dominat.ed by 
the bottom stress and the surface gradient. In st.eady flow 
in an open channel, it is well known that the int.ernal shear 
stress increases linearly from the surface to the bottom and 
the velocity profile has a universal form. In tidal flow, the 
stress and velocity profiles near maximum flood and ebb 
appro:ximat.e those of steady flow, but at other times the 
acceleration effects result in considerable deviation from 
these profiles. 

In an estuary, the river flow is superimposed on the tidal 
current, but to a first approximation its effect on the stress 
and velocity profiles may be regarded as a simple displace
ment, so that the tidally averaged velocity has a down· 
stream component at all depths, with a corresponding stress 
component. The horiwntal density gradient, which is an 
essential feature of an estuary, has a more fundamental ef· 
fect in causing a depth-varying flow, seaward in an upper 
layer and landward below, to be superimposed on the tidal 
current. If the vertical density gradient remains negligible, 
one might expect the vertical distribution of stress and tur· 
bulent energy to be only slightly affect.ed. In other words, 
the density current could be treat.ed as a small perturbation 
of the tidal flow, and this is a method that has been used 
for a well-mixed estuary. 

However, an estuary flow that varies with depth tends to 
produce density differences along a vertical by advection. 
The turbulent fluctuations themselves tend to reduce these 
differences, but it is doubtful whether, even in a "well
mixed" estuary, the vertical density differences can ever be 
neglect.ed complet.ely. This point is seen by considering the 
changes during a tidal period. When the current is strong in 
flood and ebb, the turbulent mixing may be adequat.e to 
maintain almost complet.e vertical homogeneity; but near 
slack wat.er the density current flow has a chance to assert 
itself and produce a layering of lower-salinity water above 
water of higher salinity. Averaged over a tidal period, the 
dispersive effect may be considerable, although the average 
density gradient is small. 

The initial effect of a stable density gradient is to reduce 
the amplitude of the vertical turbulent movements while 
having little effect on the horiwntal movements. This re
duces the overall int.ensity of turbulence and reacts on the 
shear stress and the vertical eddy diffusion. In time, a new 
state of dynamic equilibrium will be established, with a re
duced int.ensity of turbulence, especially in the vertical, and 
probably increased gradients of density and mean velocity. 
The increased gradients may tend to be concentrat.ed near 
middepth, leaving relatively well-mixed layers of lower 
salinity near the surface and higher salinity near the bot
tom. 

The flux of salt, or of another indicator substance, di· 
rectly associat.ed with the horiwntal component of turbu
lence, is one t.erm contributing to longitudinal dispersion in 
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FIGURE 5.3 Measured Reynolds stresses at various depths in the 
Choptank River Estuary. The letters designate individual data 
collection runs. The solid line indicates the fit to the points plotted 
as circles; the dashed line indicates the fit to all points. From 
Gordon and Dohne (1973). 

the estuary. Other t.erms arise from the vertical variation in 
current and salinity with both tidally varying and steady 
components and from similar variations in the transverse 
direction. In a partially mixed estuary, the longitudinal tur
bulent flux may account for only a few percent of the total 
dispersion, as discussed in detail by Fischer (1972). The 
distribution of salinity in the vertical, however, plays an im· 
portant part in all these processes, and this distribution is 
largely determined by the vertical turbulent flux of salt. 

Relatively few direct measurements have been made of 
turbulent fluctuations or Reynolds stresses at middepths. 
An example from Gordon and Dohne's work (1973) in the 
Choptank Estuary is shown in Figure 5.3, in which the 
stress, as determined directly from the u'w' correlation, is 
plott.ed against depth. All the measurements were made 
while the speed of the tidal current was near its maximum, 
and most of the points lie close to a curve that does not 
deviat.e greatly from the straight line that would be ex
pect.ed in a steady current. The wat.er was well mixed in this 
case. 

Using the Doppler three-component current meter from a 
tower in the Patuxent Estuary, Seitz (1973) obtained 
records of the three components of turbulent velocity, u', v', 
and w', in conditions for which there was an appreciable 
density gradient at middepth. The results showed a de
crease in the intensity of the vertical fluctuations within a 
certain spectral band. This band appears to correspond to 
the buoyancy subrange in which buoyancy forces are ex· 
tracting energy from the field of turbulence faster than it 
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can be transferred across the energy spectrum by inertial 
forces. 

COEFFICIENTS OF EDDY VISCOSITY AND DIFFUSION 

At this stage, it is convenient to introduce some further 
definitions that are needed in considering these effects 
quantitatively. Let s denote the salinity or the concentra
tion of some other substance in the water that can be used 
as a tracer. In the presence of turbulence and of spatial 
gradients of s, its value at a point will fluctuate and may be 
divided into a mean and a fluctuating plirt, as in the case of 
the velocity components, i.e., 

s = i + s'. (5.7) 

Then, just as the shear stress T, which is equivalent to the 
rate of vertical transport of momentum, is given by Eq. (5.4), 
so the vertical transport of salt due to the turbulence is 
given by 

F, = p w's' (5.8) 

per unit area per unit time. 
Similarly, the longitudinal transport across a vertical area 

perpendicular to the flow is given by 

F,, = p u's'. (5.9) 

In order to take the turbulent shear stress into account in 
the dynamics of the flow, it is necessary to express it in 
terms of the mean velocity or its derivatives. Prandtl intro
duced the mixing length l, such that the stress T is given by 

-,-, , 2 , au I au 
T : -p U W : -p - -, az az (5.10) 

and von K8rm8n considered that l, under certain conditions, 
is given by 

I au / a2u I l = k0 Tz 8Z" , (5.11) 

where k0 is von K8rm.8n's constant. 
Alternatively, one may defme a coefficient of eddy vis

cosity Nz, analogous to the kinematic molecular viscosity ~ , 
by 

-,-, Nau 
T: -pUW = -p •az· (5.12) 

Combining Eqs. (5.10) and (5.12), we get 

N, = 12 I:: I· (5.13) 

In this formulation the shear stress at a point is assumed 
t.o be determined by the velocity derivatives. This concept 
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has been questioned by some investigators, e.g., Phillips(l967) 
and Bradshaw et al. (1967), who have deduced that the 
Reynolds stress at a point is determined by the turbulent 
field of the whole flow. Although this point of view is 
probably more accurate, it seems likely that for practical 
purposes, such as the formulation of mathematical models, 
the eddy viscosity representation of stress will continue to 
be used in many cases. 

A coefficient of vertical eddy diffusion K, may be defmed 
in a similar way; thus for the transport of salt in the verti
cal direction, 

F -,-, K as • = p w s = -p • az· (5.14) 

In homogeneous flow, the coefficients N, and K, may be 
expected to be approximately equal and to reach their maxi
mum values at middepth. The presence of a stable density 
gradient tends to reduce them both, but it reduces K, to a 
greater extent than N, so that the ratio K/N, is also de
creased. The effect of the stratification on N, and K, may be 
expressed in terms of a suitable parameter, such as the "flux 
Richardson number," B1, which is defmed by 

- au 
B1 = g(p 'w')lp (u'w') az· (5.15) 

It is the ratio of the rate of doing work by turbulent mixing 
against the buoyancy forces to the rate of generation of tur
bulent energy by the shear stress. Unless there is a signifi
cant transfer of turbulence by diffusion into the small 
region concerned it is necessary that 

B1< 1. (5.16) 

Equation (5.15), however, contains the turbulent transport 
terms themselves, and in order to obtain a parameter based 
on the mean properties of the flow, Eqs. (5.8) and (5.12) are 
used in Eq. (5.15), giving 

(5.17) 

where Bi is the normal form of the Richardson number, 

B· = !. ap / ( au 'f. (5.18) 
• P az az J 

The above condition gives 

Bi <N,IK,, (5.19) 

Theoretical studies on the instability of small disturbances 
on laminar, stratified shearing flow have led to the conclu
sion that the flow becomes turbulent if Bi < 1A. It does not 
necessarily follow that in an initially turbulent flow the tur
bulence will be completely suppressed when Bi exceeds 1A, 
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and there are a number of observations in estuaries, in the 
open sea, and in other flows indicating that turbulent pro
cesses persist at quite high values of R; . 

There are several difficulties in the use of R; as given by 
Eq. (5.18), termed the "local Richardson number," as a ab· 
bility parameter in estuarine flows. Firstly, long-period tur
bulent components in the velocity u lead to mean values 
fluctuating considerably from one averaging interval to 
another. Secondly, the vertical spacing of current meters is 
often too wide to allow an accurate measurement of gradi
ent 8iil az to be made. A more basic difficulty is that the 
concept on which R; is based is that turbulent energy is 
being generated at the same time and in the same place as 
it is being used for vertical mixing. If 8ii/8z = 0, it is im· 
plied that no turbulent energy is being generated, and R; 
becomes infinite. Zero values of 8iil az are bound to occur 
at some depth at certain stages of the tidal cycle, but it 
seems unlikely that turbulence will completely disappear at 
the point concerned. It is more likely that some turbulent 
energy will be advected or diffused to the point from neigh
boring regions where 8iil az,,. 0. The local Richardson num
ber is, therefore, a parameter to be used with some caution. 
In view of the difficulties involved in specifying a local R; , 
it is sometimes preferable to work with an overall value of 
R; , based on larger-scale features of the flow. In a tidal cur
rent, for example, an overall R; may be defmed by 

(5.20) 

where U is the depth-mean velocity and ilp is the total 
density increase from surface to bottom. There is some 
theoretical justification for using an overall type of R; as a 
turbulent mixing parameter in that the intensity of turbu
lence and its ability to produce vertical mixing, like the 
shear stress, is likely to be a property of the flow as a 
whole, rather than of local gradients of mean velocity and 
density. 

DETERMINATIONS OF STRESSES AND 
MIXING COEFFICIENTS 

Although few direct measurements of turbulent stresses or 
turbulent transports of material have been made in estu
aries, a number of investigations have been made in which 
measurements of mean currents and salinity distributions 
have been used, in conjunction with the equations of 
motion and of conservation of salt, to derive values of the 
turbulent transports and the corresponding eddy coeffi
cients. The pioneer work in this field was done by Pritchard 
(1954, 1956) in the James River, and similar treatments 
have been given for several other estuaries. It has been con
firmed that in relatively well-mixed flow the coefficients Nz 
and Kz reach their maximum values near middepth and that 
their magnitudes are reduced by increased density stratifi
cation. As the stratification becomes greater at middepths, 
it causes a greater reduction there in N, and Kz, so that 
their vertical distributions become bimodal, with maxima 
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some distance below the surface and above the bottom but a 
minimum at middepth. 

Various empirical equations have been derived for the 
dependence of the coefficients N, and Kz on the Richardson 
number R;. A number of these have been discussed by 
Bowden and Hamilton (1975) and Blumberg (1975) in con
nection with selecting suitable forms to use in numerical 
modeling of estuary flow. 

The practical importance of vertical mixing is twofold. It 
determines the rate at which a pollutant introduced at a 
certain depth will spread throughout the depth of water, 
and, secondly, in conjunction with the current shear, it 
often plays a dominant role in horiwntal dispersion. The 
time scale of vertical mixing may be expressed in terms of 
the time t during which an instantaneous discharge at a 
certain depth would spread so that its distribution in the 
vertical had a standard deviation az, given by . 

(5.21) 

If a, is taken as 5 m, the time t would be about 35 hours for 
K, = 1 cm2 sec-1, 3.5 hours for Kz = 10 cm2 sec-1, and 21 
minutes for Kz = 100 cm2 sec- 1• 

These figures illustrate that in a strong tidal current, in 
homogeneous water, when K, might reach several hundred 
cm2 sec-1, complete mixing in a depth of 10 m would occur 
in about half an hour. With Kz of the order of 10-20 cm2 

sec-1, as in a typical weakly stratified estuary, such mixing 
would take an appreciable fraction of a tidal period, whereas 
in more strongly stratified cases it would take several days. 
In a layer with Kz = 1 cm2 sec-1, it would take over an 
hour for a discharge to attain a standard deviation of 1 m. 

Whether rapid vertical mixing is an advantage or not 
depends on the objective in mind. To obtain a rapid reduc
tion in the concentration of a discharged pollutant, good 
vertical mixing is an advantage. To achieve a speedy flush
ing of the pollutant from the estuary, on the other band, it 
is an advantage if a discharge near the surface remains in 
the surface layer and is carried downstream by the net cir
culation without appreciable mixing into the lower layer. 

The above approach to turbulent processes at middepths 
has been to start with the flow conditions in homogeneous 
water and to consider the modifications due to an increas
ing degree of vertical stratification. As the density gradient 
at middepth becomes greater, the density change becomes 
more and more concentrated in a thin layer, with relatively 
well-mixed layers above and below, extending to the surface 
and bottom, respectively. At this stage, the method of as
suming continuous gradients of velocity and density and 
using coefficients of eddy viscosity and diffusion becomes 
less useful and may well be replaced by a two-layer repre
sentation, in which the exebange of momentum and mate
rial across the interface is represented by interfacial friction 
and exchange coefficients. 
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PARAMETERIZATION OF TURBULENT 
PROCESSES IN ESTUARY MODELS 

In formulating a numerical model of circulation and mixing 
in an estuary, it is necessary to express the turbulent 
stresses and mass transports in terms of the mean velocity 
and the mean salinity or concentration of any other su~ 
stance of interest. In a model of a partially mixed estuary in 
which the velocity and salinity are assumed to be continu
ous functions of the vertical coordinate, although repre
sented in finite difference form, coefficients of eddy vis
cosity and diffusion have to be specified. One would expect 
the value of N,, for example, to be proportional to the 
product of the rms turbulent velocity and a vertical mixing 
length. In homogeneous water, therms turbulent velocity 
may be expected to be proportional to the mean current and 
the mixing length to the depth of water. In the stably strati
fied case, both the turbulent velocity and the mixing length 
may be expected to be reduced to an extent that is a func
tion of the Richardson number. 

A two-dimensional model of an estuary of simple geo
metrical shape was used by Bowden and Hamilton 
(1975) to investigate the effects on the circulation and 
mixing of changing various physical parameters. Changes in 
the velocity and salinity distribution during several tidal 
cycles were determined. Three forms of the coefficient of 
vertical eddy viscosity N, and diffusion K, were examined. 
In case (a) they were assumed constant throughout the tidal 
period; in (b) they were dependent on the depth-mean cur
rent and the depth of water, thus varying during the tidal 
period; and in (c) they were also functions of the overall 
Richardson number. In each case the coefficients were as
sumed to be constant over the depth. The actual values 
were as follows: 

(a) N, = 40 cm2 sec- 1, K, = 20 cm2 sec-1 ; 

(b) N, = 5 + 0.25HIUI, K, = 2.5 + 0.125HIUI; 

(c) N, = 5 + 0.25HIUI (1 + 7 R;)-114, 

K, = 2.5 + 0.25HIUI (1 + R; >-714 ; 

where His the depth of water in meters, IUI is the magni
tude of the depth-mean current in cm sec-1, and R; is given 
by Eq. (5.20). 

Figure 5.4 shows the velocity and salinity curves as func
tions of time during a tidal period for these three cases. The 
station considered is in a uniform part of the estuary with a 
width of 1 km and a mean depth of 16 m. In each case, the 
tidal amplitude at the mouth was 1 m and the river dis
charge and salinity at the mouth were held constant. The 
velocity curves have several features in common, such as 
the ebb lasting longer than the flood, typical of a tidal wave 
progressing into shallow water. The velocity decreases 
throughout the depth on the ebb, and on the flood it in
creases to a middepth maximum, features to be expected 
because of the density current effect. The salinity curves 
also have some features in common, but there are signifi-

53 

cant differences. When the eddy coefficients are variable 
instead of constant, the flood and ebb parts of both velocity 
and salinity curves become more unsymmetrical and verti
cal mixing is more intense on the flood than on the ebb. 
These features correspond to observations in several estu
aries, including the Mersey, Severn, and Rotterdam Water
way. 

Figure 5.5 shows the variation of the eddy coefficients 
during a tidal period. In case (b), when N, and K, vary with 
HIUI but are independent of R;, the coefficients fall to very 
low values at slack water, reach maximum values on the 
flood, and reach somewhat lower values on the ebb because 
of the distortion of the tidal wave. In case (c) the variation 
is enhanced, since the Richardson number becomes very 
large near slack water, and the values of N, and K, are re
duced even further. They would, in fact, become negligibly 
small if the small constant terms in the equations for N, 
and K, were not included. 

A rather similar investigation has been carried out by 
Blumberg (1975) in another two-dimensional, laterally 
averaged model, but he has allowed also for the variation of 
the coefficients N, and K, with depth. He took a different 
form for the function 1/1(.R;), expressing the dependence of 
the coefficients on the Richardson number, i.e., 

(5.22) 

where K0 is the value in homogeneous water and is itself a 
function of z. Figure 5.6, taken from Blumberg's paper, 
illustrates the form of l/l(R;) as proposed by different 
workers. The various forms agree in making K, and also the 
ratio K,IN, decrease with increasing R;, but the rates of 
decrease differ significantly. 

These examples have been given to illustrate that the 
values assigned to coefficients such as those of vertical eddy 
viscosity and diffusion have an important effect on the 
results given by numerical models. The same comment ap
plies to the specification of the shearing stress at the bed. 
At present, the forms of these parameters are usually 
chosen empirically to fit a particular set of data. 

CONCLUSIONS 

Further work is needed in several aspects of the investiga
tion of turbulent processes in estuaries. 

1. More field measurements are needed of the turbulent 
velocity fluctuations, their spectral distribution, and their 
relation to external parameters and the mean flow. These 
would provide a sounder physical basis for the study of 
estuarine processes and, by comparison with observations in 
the laboratory and in the atmospheric boundary layer, indi
cate to what extent knowledge of turbulent flows in these 
fields may be applied to estuaries. 

2. The measurements should include direct determina
tions of the Reynolds stress in the bottom boundary layer 
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by the eddy correlation technique_,!Jld the relations of the 
stress to the turbulent intensity, u'2 + v'2 + wl'l or to u'2 

alone. Simultaneous measurements should be made of the 
mean velocity profile near the bed so that the validity of the 
logarithmic law for determining the bottom stress could be 
better assessed. 

3. Direct determinations are needed of the shear stresses 
and turbulent transports at middepths in relation to the 
stability, as represented by the Richardson number or some 
other suitable parameter. These would provide an improved 
basis for specifying the eddy coefficients that are needed in 
numerical models of circulation and mixing. 

4. The time dependence of the above processes within the 
tidal cycle should be investigated, in view of the changes in 
the pattern of flow, the stability, and the turbulent intensi
ties that are known to occur. Even if one's interest is in the 
longer-term effects, these cannot be properly assessed on 
the basis of mean values over a tidal period alone. 
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Boundary Layer 
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INTRODUCTION 

Most direct human impact on the ocean occurs close to 
shore, within a zone where the effect of the coast on the 
hydrodynamics of the flow is pronounced. This zone is the 
•coast.al boundary layer" (CBL), occupying the fil'Bt 10 km of 
water in an offshore direction and having a depth of the 
order of 10 m. Several physical factors combine to make the 
CBL singular in its hydrodynamic behavior, a fact that has 
become apparent only recently, after sufficiently dense 
observations were carried out in nearshore wat.ers. The 
practical importance of this recognition is considerable for 
domestic and industrial waste disposal, nearahore beach 
erosion and many other problems, as the flow structure in 
the CBL controls mass transfer rates and has other impor
tant influences. 

The physical factors that combine to distinguish the CBL 
from other regions of the ocean are the following: 

1. The shallowness of the water, which makes wind stress 
an overwhelming influence compared with any realistic 
lonphore pressure gradient; 
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2. The offshore slope of the bottom, which has the 
dynamical effect of allowing long shore-trapped waves to be 
generated by intermittent storms; 

3. The usual stable stratification of the water column, 
which insulates bottom layers from the direct influence of 
the wind stress and causes a concentration of longshore 
momentum in the top layers. 

The effects of these physical factors are complicated by 
the Coriolis force due to the earth's rotation. They may be 
understood, however, in terms of a few simple conceptual 
models, such as the topographic wave, the coast.al jet, and 
the internal Kelvin wave. The effects of friction are also, of 
course, relatively important and contribute further to the 
contrast between nearshore and offshore regions. 

Especially important from a practical point of view is the 
resultant pattern of onshore-offshore flow, which governs 
mass transfer in an offshore direction. Current work is 
aimed at a quantitative determination of offshore transfer 
rates. 

In the strict sense of the word, an estuary is the tidal 
mouth of a large river where fresh and saline wat.ers meet 

Copyright © National Academy of Sciences. All rights reserved.

Estuaries, Geophysics, and the Environment
http://www.nap.edu/catalog.php?record_id=20325

http://www.nap.edu/catalog.php?record_id=20325


58 

and interact. In an extended sense, one may include in the 
concept that larger portion of the sea influenced materially 
by the freshwater-saltwater exchange. As Ketchum and 
Keen (1955) and Stommel and Leetmaa (1972) demon
strated, waters covering the continental shelf exhibit many 
estuarine traits of behavior, and their circulation is partly 
driven by the density difference between inflowing fresh
water and the saline waters of the ocean. 

In between estuaries in the strict sense, the continental 
shelf is bounded on the land side by more or less straight 
pieces of coastline. Seaward of the coastline lies a band of 
water within which oceanic water movements adjust to the 
presence of shores. This is the CBL, which bas recently been 
found to exhibit a very different climatology of currents, 
temperatures, and salinities than waters further offshore. 
The discovery has considerable practical importance be
cause, to use a currently fashionable phrase, most human 
"impact" on the ocean takes place via the CBL. Any effluents 
discharged nearshore are transported by the currents in the 
CBL and dispersed by their shear and turbulence. How this 
transport and dispersion works, and at what rate CBL 
waters exchange with offshore waters, largely determines to 
what extent such effluents become hazardous or objec
tionable. Pollution is, however, not the only important 
problem affected by CBL mechanics; beach movement and 
biological productivity of the continental shelves, to give 
two further examples, are also vitally influenced and are in 
the long run probably a great deal more important than 
effluent dispersal. 

Self-evident as the practical importance of the CBL may 
be, what is surprising is that this band of the sea bas not 
been subjected to serious physical investigations until re
cently. In the theoretical literature of physical oceanog
raphy, there have been indications from time to time that 
the coastal zone may well possess some singular properties, 
but there bas been no systematic analysis of this question, 
much less a corresponding observational study, until a few 
years ago. Work on CBL dynamics got under way first in the 
Great Lakes, presumably because their store of freshwater 
makes these lakes an even more important local resource 
than the ocean. The CBL studies carried out, especially in 
Lake Ontario, have yielded results sufficiently general to be 
relevant to nearshore dynamical problems in many other 
locations. In this chapter, I shall try to present the more 
striking observed physical properties of the CBL and to 
relate these to conceptual models that appear useful in their 
understanding. 

EMPIRICAL DEFINITION OF THE 
COASTAL BOUNDARY LAYER 

The first clear distinction between current regimes observed 
near and far from shore bas apparently been drawn by 
Verber (1966). In the course of a large-scale experiment con
ducted by the U.S. Public Health Service in Lake Michigan, 
a number of current. meters were deployed, covering the 
whole lake in a more or less even grid pattern. Some of the 
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meters were near shore in shallow water. In classifying the 
types of current regimes observed, Verber noted that 
"straightline flow" is always found near shore, while far 
from shore the currents generally oscillate in all directions. 
Figures 6.1 and 6.2, taken from Verber's paper, illustrate 

April 30···-
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Speed o----1ocm/sec 

Apri I 28, 64 --

FIGURE 6.1 Currents observed at a station about 5 km from the 
western shore of Lake Michigan, April 1964, showing 2-h pro
gressive vectors. Shoreline orientation is parallel to the mean cur
rent direction; the depth of water, 22 m. From Verber (1966). 
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FIGURE 6.2 Currents at 20 km from the eastern shore of Lake 
Michigan, in water 60 m deep. Shoreline orientation is NNW to 
SSE. From Verber (1966). 
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The Coastal Boundary Layer 

the typical current behavior, by means of a progressive vec· 
t.or diagram, near and far from shore. 

The same data were later analyzed in greater detail by 
Birchfield and Davidson (1967) and Malone (1968). Spectra 
at stations far from shore were dominated by a large peak 
at frequencies slightly above inertial, while close to shore 
most of the energy was in low-frequency motions. Accord
ing to Malone (1968), there is a "large current component 
nearly parallel to the coast" at near-shore stations. The per· 
centage of energy in the near-inertial peak is 3 times less 
near shore than offshore. 

In addition to such characteristic differences between 
currents, large thermocline movements near shore were 
reported under stratified conditions. The periodic occur· 
rence of upwelling of cold water near shore has been a well
known phenomenon around the Great Lakes for a long 
time. Investigations of the thermal structure of these lakes 
by Church (1942), Ayers et al. (1958), Mortimer (1963), and 
others also established that strong tilts of the thermocline 
upward or downward only occur in a nearshore band 
roughly 10 miles wide. Figure 6.3, from Mortimer (1963), 
shows a cross section of Lake Michigan with both shores 
subject to upwelling. This is somwhat unusual, because 
usually one shore exhibits a downwelled thermocline while 
the other is upwelled, but it illustrates the point that 
thermocline slopes are much steeper near shore than else
where. 

When strong horizontal temperature contrasts are pres
ent, the nearshore zone usually comes to be separated from 
the offshore region by a thermal front (Tikhomirov, 1963; 
Rodgers, 1965). The persistence of fronts of this kind im· 
plies the presence of strong nearshore currents (Ragotzk.ie, 
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FIGURE 6.3 Temperature distribution on a Lake Michigan cross 
section, Milwaukee to Grand Haven. Not.e sharp isotherm slopes 
near shore. From Mortimer (1963). 
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1966). Figure 6.4, from Ragotzk.ie (1966), illustrates the 
Keewenaw current in Lake Superior, a coastal current 
associated with a nearshore thermal front. 

All this early evidence on the distinct character of the 
coastal zone became consolidated and placed into perspec· 
tive by work during and in preparation for the International 
Field Year on the Great Lakes (IFYGL), carried out in 1972 
on Lake Ontario. By the time the planning of this coopera
tive experiment got under way, there was considerable evi
dence, observational and theoretical, to suggest the unique 
importance of the first 10 km or so from the coast. Accord
ingly, detailed coastal zone observations were incorporated 
into the Field Year objectives and were in fact carried out 
for several years prior to the Field Year in Lake Ontario, 
along both the north and south shores (Csanady, 1972; 
Scott and Landsberg, 1969). Figures 6.5 and 6.6, from 
Csanady (1972), illustrate distinct coastal currents associ· 
ated with a thermocline upwelling and downwelling, respec· 
tively. These were obtained on occasion of daily surveys 
using instruments lowered overboard from a small boat. 
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FIGURE 6.4 Temperature distribution (°C top) and inferred long
shore geostrophic velocities (cm sec - 1, bottom) in Keewenaw 
current in Lake Superior, about halfway along north shore in 
Keewensw Peninsula, July 1965. illustration shows cross section 
perpendicular to shore. From Ragotzkie (1966). 
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FIGURE 6.5 (a) Isotherms, oC and (b) con-
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• Cl'OllB section on the north shore of Lake 
Ontario, during upwelling episode on Sept.em-
ber 29, 1970. Direction of flow is essentially 
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Moored-current-meter observations in the same period 
provided further evidence. Weiler (1968) has shown that the 
kinetic energy of surface currents peaks some 8 km from 
shore. Blanton (1974) has corroborated this fmding and 
showed that the percentage of energy in long-period mo
tions falls dramatically between 8 and 10 km from shore. 
Blanton (1975) has also demonstrated that the typical on
shore-offshore component of the surface currents near 
shore is much smaller than the longshore current, typically 
by a factor of 5. 

Various other details of flow within the CBL have also 
been elucidated during and following the IFYGL, but the 
main point should now be clear; water motions within the 
first 10 km or so of the coast differ qualitatively from those 
offshore. In particular, they are characteri7.ed by relatively 
intense longshore currents. 

The prevalence of longshore flow and the weakness of 
onshore-offshore velocities has important consequences for 
the nearshore dispersal of effluents (Csanady, 1970). Ef· 
fluent plumes tend to hug the shores and to remain trapped 
in the shore zone for long distances. Figure 6.7 illustrates 

Rhodamine B plumes generated by dyeing the cooling water 
outflow of a power station on Lake Huron. Most of the mass 
exchange between CBL and offshore waters seems to take 
place on those occasions when the coastal current reverses 
direction. Reversals take place roughly with the frequency 
of weather cycles, typically every 4 days; but there are 
other phenomena involved, more complex than direct 
driving by wind, as carefully demonstrated, for example, by 
Blanton (1975). 

It remains to relate the evidence collected in the Great 
Lakes to open oceanic coasts. We have carried out some 
studies along the straight south coast of Long Island re
cently, and Figure 6.8 illustrates some of our results. These 
results have not been published before and are at present 
quite tentative. However, it seems that the following points 
may be made safely: 

1. A clear distinction may be made between a nearshore 
zone (i.e., a coastal boundary layer) of some 8-km width and 
waters further offshore. 

2. The tidal velocity amplitude is of order 20 cm sec-1 
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and has a moderately strong influence on observed currents 
everywhere. 

3. Within the CBL the nontidal currents are more respon· 
sive to winds and therefore more variable than further off. 
shore. 

4: The nontidal circulation further offshore (the midshelf 
circulation) is driven mostly by large-scale pressure gradi
ents and shows relatively little variability (Scott and 
Csanady, 1976; Beardsley et al., 1975). 

5. Upward and downward tilts of the thermocline are 
present in the CBL, but they are noticeably less steep than in 
the Great Lakes. Intense mixing associated with tidal cur
rents is believed responsible for the difference. 

The remark that the nontidal currents within the CBL off 
Long Island are more variable than outside of it should be 
qualified; they are similar to currents within the CBL of the 
Great Lakes in that they respond fairly directly to winds. 
The contrast arises with the midshelf circulation, which is 
much steadier than midlake motions. The latter are domi· 
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LAKE SURFACE 
II 12 

FIGURE 6.6 The same nomenclature as 
used in Figure 6.5 but for downwelling epi· 
sode on September 17, 1970. Direction of 
higher speed flow is westward. From Cssnady 
(1972). 

12 

nated by inertial oscillations and not by a steady pressure
gradient-driven flow, as the shelf circulation apparently is. 

RELEVANT CONCEPTUAL MODELS 

Water movements in large lakes or over continental shelves 
are exceedingly complex, containing (if resolved into some 
kind of spectrum) contributions from many widely different 
time and space scales. Full understanding of the details of 
these motions is impossible in principle because the human 
mined is able to comtemplate only a finite and in fact quite 
limited number of parameters at one time. Our only choice 
is a piecemeal understanding, obtained through "conceptual 
models," or ideali7.ed lakes or oceans of simple characteris
tics, subject to a limited number of external influences. If a 
distinct observable phenomenon in a real lake or ocean is 
reproduced by a simple conceptual model, we may be said to 
understand that phenomenon, in the sense that we know 
what factors cause it and what makes it stronger or weaker. 
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FIGURE 6.7 Contours of constant dye concentration in cooling
wat.er plume leaving Douglas Point power station on Lake Huron, 
summer 1966, with coastal current heading northward. Plume 
remained within 1 or 2 km of ahore for its entire det.ectable length, 
of the order of 10 km. From Caanady (1970). 

Several conceptual models are necessary t.o understand 
the phenomena observed in CBL's. Some of these are known 
t.oday, some remain t.o be discovered. A few conceptual 
models known t.o be relevant t.o CBL mechanics are briefly 
described below. They give among them a fairly well
rounded picture of why the CBL behaves as it does, even if 
they are presumably far from complete. 

1. Topographic gyres. Consider a closed basin of realistic 
topography, its depth being of order 100 m near the center 
and reducing gradually t.o zero near the shores.* Let a con
stant wind stress pointing in a specific direction (e.g., along 
the longest axis of the basin) be applied at the free surface 
at time t = 0. Assume that the water is homogeneous, 
Coriolis force due t.o the earth's rotation negligible, and fric
tion absent. The question is, "What motions are produced in 
the basin by the wind?" The linearized tidal equations with 
a wind-forcing term adequately describe the dynamical 
response for some initial period. 

* A continental shelf may be thought of as a similar basin with one 
shore missing. Nearshore phenomena are not seriously affected by 
the presence or absence of an opposite ahore, given only that the 
basin is wide enough for CBL's to exist. 

GABRIEL T. CSANADY 

Solutions of this problem may be found analytically for 
simple basin shapes and numerically for quite arbitrary 
t.opography. Figure 6.9 illustrates the response of Lake 
Ontario t.o an eastward stress, as calculated numerically by 
Rao and Murty (1969). The figure shows streamlines of 
transport (depth-integrated velocity) and is characterized by 
gryes related t.o the depth distribution, which are called 
t.opographic gyres. 

The detailed physical reasons for the occurrence of t.opo
graphic gyres are easily elucidated (Bennett, 1974; Csanady, 
1975). A pressure gradient is set up by the wind stress, 
exactly balancing the latter in water of average depth. In 
shallower water, the wind stress overwhelms the pressure 
gradient and the flow accelerates downwind. In deeper 
water, the pressure gradient dominates and a return flow 
develops. Also, near shore the transport has to be accommo
dated in a shallow column, resulting in high velocities. The 
net result is fast downwind flow in the CBL, where the 
waf.er is only of order 10 m deep, versus depths of the order 
of 100 m further offshore. Return flow is slow and tends t.o 
be lost in the background noise of other water motions. The 
fast, wind-driven coastal currents stand out and are the 
principal reason for the distinct character of the CBL. 

2. Topographic waves. Observed coastal currents do not 
always point downwind. Especially following a sharp wind
stress impulse, flow within the CBL may well be found to 
oppose the direction of the wind stress, which evidently set 
up the flow field in the first place. Such phenomena may be 
explained by invoking the conceptual model of a topo
graphic wave (Csanady, 1976a). 

Over a sloping beach, any offshore or onshore displace
ments of fluid columns lead t.o stretching or squashing of 
vortex lines on a rotating earth. The implied generation 
of relative vorticity acts as a restoring torque in the vor
ticity equation and allows the existence of a vorticity wave 
related to the t.opography of the sea floor-a "topographic 
wave." The vorticity initially generated near shore in setting 
up the t.opographic gyre propagates as a t.opographic wave 
along the basin perimeter in a cyclonic (counterclockwise, in 
the northern hemisphere) direction. This is very much a 
shore-trapped wave in the sense that its amplitude decays 
rapidly with distance from shore. Given the t.opography 
of Lake Ontario, the wave is imperceptible beyond about 
15 km from shore. Its speed of propagation is of the order 
of 50 cm sec- 1• 

The detailed mechanics of t.opographic wave development 
are as follows. The strong coastal currents established in a 
topographic gyre adjust t.o geostrophic balance within a 
fraction of an inertial period. On the right-hand shore (look
ing along the wind that set up the gyre), this implies a 
slight rise of water level, and on the left-hand shore a slight 
drop. Thus a longshore pressure gradient comes into exis
tence, mainly across the upwind and downwind ends of the 
basin. The water accelerates down the gradient, with the 
result that the stagnation points of the flow, and with them 
the entire pattern of coastal currents, rotate counterclock
wise. 

Figure 6.10 illustrates an observed instance of nearshore 
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FIGURE 6.8 Longshore velocity (cm sec - 1• broken lines eastward, full lines westward), density (a 1), temperature (0 C), and salinity 
(\.). Contours in cro1111 section of coastal boundary layer south of Long Island, near Shinnecock Inlet. The first eight stations 
are spaced 1 km apart. August 18, 1975, case of downwelled pycnocline and nearly uniform westward flow. 
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FIGURE 6.9 Calculated transport distribution in Lake Ontario 
with eastward wind stress driving. From Rao and Murty (1969). 
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FIGURE 6.10 Longshore velocity distribution along north shore 
of Lake Ontario several days after cessation of an eastward wind 
stress impulse. Negative velocities shown in this figure are west
ward, opposite t.o the direction of the last st.orm. From Canady 
(1976a). 

flow, which could be shown to be principally due to a topo
graphic wave passing this section, surveyed some 4 days 
after the generation of the wave by a storm. The extra 
surface elevation accompanying waves of this kind is a 
few centimeters, or barely detectable. The longshore veloci
ties, on the other hand, are strong, 30 cm sec - 1, and con
tribute importantly to local current climatology in the CBL. 

3. Coastal jets. Under stratified conditions, any external 
influence (such as a wind-stress impulse) usually generates 
motions also in an "internal" mode. An internal mode mo
tion implies the rearrangement of constant density sur
faces, e.g., an up or down movement of the thermocline, 
coupled to opposite offshore and onshore movements above 
and below, respectively. The equations describing internal 
mode motions are of a boundary-layer character (Csanady, 
1972, 1976b), meaning that the highest space derivatives 
are multiplied by a small factor. That factor is the squared 
ratio of the internal radius of deformation to basin width. 

GABRIEL T. CSANADY 

The typical magnitude of the internal radius of deformation 
is 5 km, as against basin width at least 10 times larger, 
in basins of the si7.e of Lake Ontario. Internal mode motions 
therefore are often very different in a baroclinic boundary 
layer of scale width 5-km than further offshore. 

Specifically, wind-stress impulses cause baroclinic coastal 
jets to develop in the CBL. Within these jets, in a band of 
the order of 5 km width, all the wind-imparted momentum 
remains confmed to the top layer above the thermocline. 
This means that the motions generated are considerably 
faster than in more homogeneous currents. The int.ernal 
geostrophic balance of these motions also requires large 
thermocline slopes, often creating a thermocline outcrop
ping on the free surface (a fully upwelled thermocline) or its 
opposite-a completely downwelled thermocline. Figure 
6.11 is a schematic illustration of coastal jets in an idealized 
canal. 

Figure 6.12 shows an observed coastal jet accompanied by 
a fully upwelled thermocline in a relatively pure form, 
more or less immediately after a wind-stress impulse leav
ing the coast to the left. An opposite wind stress, leaving 
the coast to the right, produces a thermocline downwelling. 
A change from one thermocline structure to another in
volves a massive exchange of water between the CBL and the 
offshore region. 

4. Kelvin waves. The thermocline elevations and depres
sions accompanying coastal jets are subject to effects rather 
similar to those discussed under topographic waves. Look
ing along the wind that sets up the coastal jets, the right
hand shore comes to develop a downwelling, the left-hand 
shore an upwelling. Int.ernal pressure gradients thus be
come established in a longshore direction across the up
wind and downwind ends of the basin. These are again con
fmed to a nearshore band, much as in a topographic wave, 
although the scale width (the internal radius of deforma
tion) is even less. The resulting shore-trapped wave is known 
as an internal Kelvin wave, and its speed of propagation is 
also typically close to 50 cm sec - 1, the sense counterclock
wise. 

I 

FIGURE 6.11 Schematic illustration of coastal jet conceptual 
model in two-layer flow. Cssnady (1976b). 
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FIGURE 6.12 Temperature (t.op, oC) and longshore velocity (bot
tom, cm sec - 1) distribution along north shore of Lake Ontario im
mediat.ely after eastward storm. Velocities are all eastward. From 
Cunady (1976a). 

As a Kelvin wave passes a given location on shore, the 
direction of the coastal jet reverses, the thermocline tilt 
switches from upwelling to downwelling or vice versa. 
Some spectacular examples of such current and thermocline 
reversals have been observed during the IFYGL, and one case 
is shown here in Figures 6.13 and 6.14. The location of the 
observations is shown on the map of Figure 6.15. 

5. Frictional effects. That a lateral boundary should 
cause a frictional boundary layer to form is evident from 
classical fluid mechanics. In a rotating, wind-driven basin, 
lateral boundary layers must in addition accept fluxes from 
interior Ekman layers, as discussed in detail by Greenspan 
(1968). Birchfield (1972, 1973) has pointed out some in
teresting complications arising from an interaction of such 
friction-rotation effects with bottom slope in a coastal zone, 
yielding in effect another mechanism for producing a CBL 
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scaled by frictional influences. Unfortunately, our knowledge 
of turbulent friction is at present too rudimentary to tie 
these theoretical results conclusively to observation. How
ever, if we parameteri7.e friction in the conventional way, 
using an eddy viscosity, the CBL comes to be proportional to 
the fourth root of the Ekman number times the basin 
width. In Lake Ontario, a realistic estimate of this kind of 
CBL width is perhaps 15 km. 

CONCLUSION 

The experimental evidence seems to be conclusive in sup
port of a distinct CBL current climatology and density struc
ture. Several physical factors are seen to cooperate in pr& 
ducing marked differences in behavior between nearshore 
and offshore currents. The most important application of 
the various conceptual models would be to estimate mass 
exchange rates between CBL and offshore waters. This de
pends on the pattern of onshore-offshore velocities, which 
are almost an order of magnitude smaller than the long
shore flow and therefore relatively hard to observe accurately. 

Two main problems face us in the task of parameterizing 
onshore-offshore mass exchange. One is the conceptual one 
of quantifying the contribution to this exchange of the 
various phenomena involved, e.g., current reversals conse
quent upon the passage of a topographic or Kelvin wave. 
The other problem is observational, to determine with suf
ficient accuracy and resolution the onshore velocity com
ponent within and just outside the CBL. The new generation 
of current meters with linear sensors (electromagnetic and 
acoustic), which is now coming into wide use, appears capa
ble of delivering the required information. Work is in prog
ress on these tasks, but support so far is not sufficient to 
accomplish the work that needs to be done. 
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FIGURE 6.13 Isotherms (left) and constant 
longshore velocity contours (right) along 
south shore of Lake Ontario at three coastal 
chains on July 23, 1972, after a day-long 
eastward storm. Velocities shown by full 
lines point eastward. Downwind coastal jets 
are clearly present at all three st.ations, all 
accompanied by thermocline downwelling. 
From Csanady and Scott (1974). 
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FIGURE 6.14 Isotherms and constant veloc
ities along south shore of Lake Ontario on 
July 31, 1972. The eastward st.orm began on 
July 22, lasted till July 27, and was followed 
by four days of quiescent weather. Broken 
lines indicate reversed (westward) velocities, 
which appeared first at Olcott (already during 
the eastward st.orm), then at Rochester. The 
Oswego section is on the point of reversal. 
Note that the thermocline tilt bas also re
versed at Olcott and Rochester, from a down· 
welling t.o upwelling. From Csanady and 
Scott (1974). 
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FIGURE 6.15 Locations of coastal observations ("coastal chains; 
in Lake Ontario during the IFYGL. From Csanady and Scott (1974). 
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Manhattan <Jollege 

INTRODUCTION 

The purpose of this chapter is to indicat.e the use of various 
analytic and mathematical methods in addressing water
quality analysis of estuarine systems and specifically to 
demonstrat.e how these analyses were used to project water
quality conditions for a variety of geophysical conditions 
and remedial measures. The ability to project future con
ditions in a reliable and realistic manner is one of the essential 
element.a on which environmental planning of any natural 
wat.er system is based. The ability to make such projections 
rests equally on the fundamental understanding of these 
syst.ems as well as on a realistic application of these principles 
to specific problems. The chapt.ers in Part I address the former 
point, the scientific component, while this and the remaining 
chapt.ers in Part n are direct.ed to the latter, it.a engineering 
and environmental counterpart. 

This chapter includes a brief description of the general 
principles that are used in structuring estuarine models and 
a brief description of the validation procedure and of the 
application of the analysis for projection and planning. This 
is followed by a series of examples of water-quality analyses 
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in various estuarine systems throughout the country. The 
concluding remarks relat.e to the general validity and utility 
of the present stat.e of the art of water-quality analysis and 
some general recommendations concerning the development 
and direction of these models. 

GENERAL DESCRIPTION OF ANALYSIS 

Mathematical analyses of water quality in estuarine systems, 
as in any natural water system, are based on quantitative 
relationships between input.a to and the water-quality re
sponse of these systems. The common basis of the majority 
of these analyses is the principle of continuity or mass 
balance. This principle is not only of fundamental importance 
in that it provides a means of structuring realistic models 
and evaluating their validity but is of practical value in 
that it also provides a means for projecting future water 
quality for a variety of geophysical conditions and remedial 
alternatives. Given a water-quality problem in a specific 
area, the particular constituent.a that relat.e to that problem 
are defined. A mass balance is developed for one or more 

Copyright © National Academy of Sciences. All rights reserved.

Estuaries, Geophysics, and the Environment
http://www.nap.edu/catalog.php?record_id=20325

http://www.nap.edu/catalog.php?record_id=20325


72 DONALD J. O'CONNOR, ROBERT V. THOMANN, AND DOMINIC M. DI TORO 

of these int.eracting constituents, which t.akes into account 
three factors: the transport through the syst.em, the reactions 
within it, and the inputs into it. The fl?St factor describes 
thehydrologic and hydrodynamic regime of the water system; 
the second, the biological, chemical, and physical reactions 
that affect the water-quality oonstituents; and the third, 
the inputs or withdrawals of the substances through man's 
activities and natural phenomena. 

F.ach estuarine syst.em has its own geomorphological 
structure and hydrometeorological regime that establishes 
the transport component. Municipal, industrial, agricultural, 
and natural inputs of mass affect the concentration of various 
constituents that may creat.e a water-quality problem. Iden
tification and definition of the particular problem and the 
related constituents lead t.o a specification of the reactions 
that are relevant t.o that problem. These relationships have 
been in a stat.e of continuous development over the past 
few decades; for many of the pertinent wat.er-quality pa
ramet.ers, they are reasonably well formulated at present. 
Depending on the geomorphological and hydrological char
acteristics of the water syst.em, the transport may be in
corporated in a similar fashion, i.e., in a relatively simple 
or complex manner. The degree of simplicity or complexity 
is predicated on the temporal and spatial variation of the 
particular substance that is under consideration. The simplest 
framework is steady-stat.e one-dimensional space. In the 
complex case, the use of hydrodynamic relationships may 
be required to quantify the transport terms. 

The inputs are next considered in the formulation of the 
equations. The inputs of mass to the water syst.em are due 
to the discharges from municipal, industrial, and agricultural 
activities and the runoff from these areas and from the 
natural drainage of undistributed regions. The inputs of 
various constituents from municipal sources are well known, 
with respect to both the average values and their variations. 
This is also true of many industries that are characterir.ed 
by the production of one or a few products-the pulp 
and paper, canning, and st.eel industries, for example. How
ever, industries that produce a variety of products, such as 
organics, synthetic chemicals, and pharmaceuticals, are 
more difficult to characterize. The temporal variability of 
these inputs with respect to that of the transport terms 
is an important factor in the structuring of the equation. 
F.ach ~ thus has a set of specific characteristics that 
qualitatively describe the problem and that may be expressed 
quantitatively as transport, input, and reaction coefficients. 
The transition from general qualitative principles to a specific 
quantitative formulation is effected by assigning a set of 
realistic coefficients. That such coefficients are realistic 
is determined by the degree to which the concentration, as 
computed by the model, agrees with observed data for various 
flow, temperature, and input conditions. 

The general principle of the conservation of mass, as 
described above, is used to formulat.e the equations of the 
various constituents of water quality. In their simplest 
kinetic fonn, the equations describe the distribution of 
conservative substances, such as disaolved aolids, or single 
reactants, such as bacteria or virus. They increase in com-

plexity as consecutive reactions (dissolved oxygen) are ad
dressed. In their most complex fonn, they inoorporat.e the 
interaction of a number of constituents (eutropbication and 
the transport of toxic substances in aquatic food chains). Also 
critical is the delineation between point sources, which are 
readily controllable, and the nonpoint sources, which are 
relatively difficult and, in some cases, impossible to control. 
Wat.er-quality responses due t.o each of these sources must 
be clearly distinguished and described. The difficulty of 
assigning realistic values to distributed nonpoint sources 
is evident, given the present stat.e of knowledge and dat.a. 
Their relative significance becomes increasingly important 
as higher levels of point-eource treatment are enforced. 

The general equations must now be structured to fit the 
conditions of a specific estuary. This st.ep invariably in
volves a segmentation of the particular water body, taking 
into account the transport, reactions, and inputs. It should 
allow for a realistic portrayal of the advective and dispersive 
components of the transport. It should permit a reasonable 
representation of the kinetics, particularly with respect 
to geophysical and hydraulic characteristics of the system. 
Finally, it should provide for a description of the waste 
inputs, and tributaries, both point and distributed. The 
guidelines for segmentation are also dictated by the method 
of solution, i.e., analytically int.egrated forms or fmit.e
difference t.echniques. Given the method of solution, the 
syst.em is segmented such that the basic assumptions or 
postulat.es are maintained without violating certain math
ematical or numerical requirements or introducing unneces
sary computational complexity. 

The process of validation involves comparision between 
computed values of a variable and thoee measured in the 
prototype. When this comparison is satiafact.ory, the model 
is said to be validated. What constitut.es "satisfactory" de
pends on the nature of the problem, the stucture of the 
model, and the extent of available data. 

The first st.ep is the calibration of the model. Given the 
geophysical and hydrological characteristics of the syst.em, 
and a water-quality constituent whose reactions are known 
in principle, an estimat.e is made of the appropriat.e coefficients 
and inputs. These may be known from amiliary models, 
as in the case of hydrodynamic transport terms; they may 
be asaigned from correlations developed in laboratory or 
field experiments, which is the usual case for the kinetic 
terms; or they may be directly measured, as in the case of 
inputs. Transport and kinetic coefficients may also be avail
able from direct prototype observations and measurements. 
In any case, assuming that a range of these values is known, 
a best estimat.e is made of each, the model is run, and the 
output compared with the data. Invariably succeesive ad
justments are required to obtain a "reasonable" agreement 
between the model and the data. After the model has been 
thus calibrated, it is then validated by repeating the proce
dure for a different set of flow, temperature, and input data. 
Therepetitionofthisprocedureforothercombinationseffects 
a greater degree of validation with each favorable comparison 
between computation and observation. 

The validated models are then used to project water-quality 
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conditions for various control procedures or policies. Water
quality models, on the whole, are planning and analytical tools 
rather then predictive and forecasting t.echniques. They are 
used primarily t.o examine the range of responses of the system 
that may occur under varying combinations of hydrological 
and met.eorological conditions for the immediate and long
term development of the area. The validated model permits a 
range of alt.emates t.o be evaluated in a realistic and quan
titative manner. These projections provide one of the many 
input.a that the administrat.or needs in order t.o make ap
propriate decisions for environmental planning. The signifi
cance of the water-quality problem and the consequences 
of the decision should be examined from both the environ
mental and economic points of view. The degree to which 
the analyses, provided by the models, affect the decisions 
should be commensurate with the level of validity of the 
models themselves. 

APPLICATIONS OF ANALYSIS 

The following examples describe water-quality problems in 
various estuarine systems throughout the country. They 
have been selected t.o demonstrate how the analysis of the 
type described bas been used in evaluation, projection, and 
planning. Two general classes of water-quality problem are 
reviewed: those that are dominated predominantly by bacteria 
and produced depressions of dissolved oxygen by virtue 
of the biological oxidation of organic carbon and ammonia 
and those that are influenced mainly by the algae, which 
utilized inorganic nutrients, phosphorus, and nitrogen as 
their food sources. These two classes of water-quality problem 
have significant environmental effects and economic con
sequences, since the majority of pollution-abatement pro
grams are concerned with the treatment and removal of 
these substances, i.e., organic carbon (biochemical oxygen 
demand, or BOD), ammonia, and nutrients. 

DELAWARE ESTUARY 

The management of the water quality of the Delaware F.stuary 
bas been concerned primarily with the alleviation of the 
depreaaed dissolved oxygen conditions that exist in the 30-
mile region below Philadelphia. As shown in Figure 7.1, 
this region of the estuary received nearly one million pounds/ 
day of carbonaceous BOD and one-half million pounds/day 
of nitrogenous BOD. This combined discharge produced dis
aolved oxygen concentrations of less than 1.0 mg/liter during 
summer low-flow conditions. 

The causes of this depletion are the bacterial oxidation 
of the reduced carbonaceous and nitrogenous material dis
charged t.o the estuary. Carbonaceous organic matter is 
oxicmed by many ubiquit.ous heterotrophic species of bacteria, 
whereas the oxidation of ammonia and nitrate nitrogen is 
accomplished by a specific group of aerobic autotropic bac
teria. These differing pathways require that the kinetics 
for each reaction be included in the analysis. Figure 7 .2 
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FIGURE 7.1 Delaware Estuary location map and BOD loadings. 
From O'Connor et al. (1968). 

presents the results of such a calculation. The individual 
profiles refer t.o the individual sources in Figure 7.1. The 
oxidation of the nitrogenous component is inhibited by the 
low dissolved oxygen caused by the carbonaceous oxidation. 
Verifications of the model calculations are shown in Figure 
7 .3 for differing flow and temperature. Nitrogenous oxidation 
is also inhibited by low winter temperature. 
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FIGURE 7.2 Calculated carbonaceous and nitrogenous deficits 
along the Delaware F.atuary. From O'Connor et al. (1968). 

The interplay of the two forms of oxygen demand com
plicat.e the project.ed response of the estuary to remedial 
control alternatives. As shown in Figure 7 .4, reduction of 
85 percent of the carbonaceous impact raises the minim.um 
dissolved oxygen appromnat.ely 2 mg/lit.er, whereas the 
maximum deficit caused by this discharge approaches 5 mg/ 
lit.er. The reason is that under project.ed conditions the dis
solved oxygen concentration in the critical reach improves 
t.o the point where nitrogenous oxidation occurs in this 
region of the estuary rather than further downstream where 
a larger, estuary volume is available t.o lesaen the impact 
of the discharge. 

The critical importance of the nitrogenous component 
of the oxygen demand prompt.ed a more detailed examina
tion. Instead of the simple reactant appro:zilnation, the in
dividual steps of the nitrification reaction are analyzed: the 
hydrolysis of organic nitrogen compounds to ammonia, its 
partial oxidation to nitrit.e, and the subsequent complet.e 
oxidation to nitrat.e. Figure 7 .5 illustrates a result of this 
analysis. The reaction coefficients required to achieve agree
ment are also indicat.ed. The oxidation reactions are inhibit.ed 
in the region of low dissolved oxygen as shown. The buildup 
of ammonia in this region is the result of the inhibit.ed 
nitrification. 
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FIGURE 7.3 Observed and calculated oxygen deficit distributions 
for the Delaware F.atuary. From O'Connor et al. (1968). 

HOUSTON SHIP CHANNEL 

The Houst.c>n ship channel is tributary t.o Galveston Bay, 
which in turn exits into the Gulf of Mexico. The tidal effects 
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in the Bay are dampened by the restricted inlet, and hydraulic 
transport is further affected by the relatively low freshwater 
flows. Because of these characteristics, subst.ancee are re
tained in this systmn, particularly in the Houston ship chan
nel, for extensive periods relative t.o those of the other es
tuaries studied here. Figure 7 .6 portrays the distribution 
of freshwater flow and the location and magnitude of the 
wastewater inputs, as measured by the BOD, in the Houston 
ship channel. Morgan Point is at the junction of the Houston 
ship channel with Galveston Bay. Figure 7.7 presents the 
dissolved oxygen data and the calculated profiles for two 
periods. The range of the calculated profiles is based on a 
probable range of the nitrification rates of oxidation. At 
higher temperatures, the disaolved oxygen concentrations 

75 

are less and the ext.ent of the depleted oxygen zone is greater. 
The increase in freshwater flow, Q, indicated in each figure, 
is due t.o the San Jacinto River. The range of the disaolved 
oxygen values reflects the difference between the surface 
and bottom concentrations. It is evident that this systmn 
is highly stratified. From a strictly scientific point of view, 
it might be argued that a two-dimensional analysis is neces
sary; however, from an engineering viewpoint, the vertically 
integrated model is sufficient for a preliminary analysis 
in order t.o assess the magnitude of the problem and as a 
screening mechanism to evaluate the various alternatives. 
As the range of alternatives is reduced, the two-dimensional 
analysis may be appropriate for greater refmement. The ex
tended region of zero dissolved oxygen is caused by the 
high rate of waste inputs int.o a tidal systmn of low fresh
water flow and minimal tidal exchange. Projections of water
quality conditions, based on secondary treatment of all 
the waste sources, are shown in Figure 7 .8. Even with low 
flow augmentation of 500 and 1000 cubic feetJsec, low 
dissolved oxygen concentrations persist. The hydraulic in
fluence of the augmented flow is relatively minor because 
of the large volume of water contained in the man-made 
channel and turning basin. This condition is characteristic 
of many estuaries throughout the country. 

NEW YORK HARBOR 

A further example of a tidal system is New York Harbor, 
a map of which is shown in Figure 7 .9. The total mass dis
charge of BOD from municipalities and industries is much 
greater than that of the Houston ship channel. Dissolved 
oxygen (DO) concentrations, although depressed, are not so 
low as those in the channel. This is due primarily t.o a larger 
rate of tidal mixing and exchange and, t.o some degree, to 
the effect of the Hudson River freshwater flow. At the time 
the analysis was performed, the C1'088-hatched areas of 
New York City, as shown in Figure 7.9, were not receiving 
sewage treatment The DO level has rarely dropped below 
about 1 mg/liter in the East River or below 2 mg/liter in the 
Hudson River, even when the waste discharge was greater 
than that shown in the figure. Since that time, treatment 
plants have been installed in these areas, except for the 
western part of Manhattan Island on the Hudson River, 
where a treatment plant is currently under construction. 
Figure 7.10 shows the comparison between t.he model and 
the data for disaolved oxygen in the Hudson River and the 
East River. The East River is well mixed vertically. Under 
low river-flow conditions, the Hudson is also; but as the 
freshwater flow increases, stratification becomes more pro
nounced and the low-DO harbor water intrudes upstream 
in the bottom layer of the Hudson. With projections of 
secondary treatment in the order of 65 t.o 85 percent re
moval of the significant waste sources, the DO may increase 
t.o about 4.5 mg/liter in the Hudson River and 3.5 mg/liter 
in the East River. 
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BOSTON HARBOR 

1idal bays and harbors are frequently cbaracteri7.ed by 
lateral as well as longitudinal variation of water quality. 
An example is the Bost.on Harbor area shown in Figure 7 .11. 
The problem was the bact.erial pollution that prevailed 
t.broughout the system, which necessitated closing the bathing 
beaches and the shellf'Ish areas. The major sources of pollution 
were the effluents from two treatment plants at Nut Island 
and Deer Island, the storm overflows from the Charles River, 

and the discharge of sludge from the treatment plants. 
Figure 7.12 presents the 1967 calculated and observed dis
tribution of coliform bacteria, which indicated fairly good 
agreement. In the interval between 1967 and 1969, the 
construction of the Deer Island plant was completed and 
chlorination was put int.o operation. In 1969, then, the 
system received the chlorinated treated effluent from Deer 
Island, the storm overflows from the Charles River, and 
the sludge discharge from the plants. Figure 7.13 ahows 
the 1969 coliform distribution. The calculated concentration 
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FIGURE 7.6 Spatial distribution of freshwater flow and waste
water inputs into the Houston ship channel. From Mulligan and 
O'Connor (1970). 

south of Deer Island can be int.erpolat.ed to be about 2000 
MPN (most probable number) per 100 ml by contrast to the 
120,000 MPN measured in 1967. The coliform contribution 
from the Nut Island and Deer Island effluents is now negli
gible, and it is apparent that the sludge disposal and the 
storm overflows are at present the significant sources 
of bact.erial pollution. The relative importance of various 
inputs has been quantified in this example and indicates 
that alternatives other than advanced levels of treatment 
of point sources may result in great.er improvement in wat.er 
quality. 

EUTROPHICATION AN AL YSES 

The final examples relate t.o the process of eutrophication 
of natural wat.er systems, which is brought about by the 
discharge of nutrients, producing excessive amounts of 
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FIGURE 7.7 Dissolved oxygen profiles for the Houston ship chan· 
nel. From Mulligan and O'Connor (1970). 

phytoplankton or aquatic weeds. The analysis of the problem 
is straightforward in principle. Inorganic nutrients, nitrogen 
and phosphorus, are converted t.o organic mat.erial through 
photosynthetic action. The plants usually grow during the 
summer and spring, when temperature and light conditions 
are conducive, and die in late fall, with little or no growth 
during the wint.er. They are also preyed upon by the next link 
in the food chain-the herbivorous zooplankton, and they, 
in turn, by the carnivores. These are then a food source for 
the next trophic level and, sequentially, through the food. 
chain to man. Each trophic level by death and excretion 
returns organic nutrients, which hydroly7.e to the inorganic 
form, and the cycle is maintained. Controlled discharges 
of nutrients to natural wat.er systems are incorporat.ed in 
this natural cycle and may be helpful and beneficial t.o 
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productivity. It is the excessive discharge of nutrients that 
causes the degradation of water quality. 

In addition t.o the availability of nutrients, other conditions 
affect the growth of phyt.oplankt.on, one of which is the 
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FIGURE 7.10 Dissolved oxygen distributions for the Hudson and 
East Rivers. From O'Connor (1962). 

flow through the syatem. Reducing the hydraulic transport 
retains nutrients in the syatem for greater periods and thus 
increases their availability to phytoplankt.on. 

SACRAMENTO-SAN JOAQUIN DELTA 

It has been propoeed t.o divert water from the Sacramento 
River in the north t.o the relatively arid areas in the eouth 
by means of a peripheral canal on the eastern border of the 
Sacrament.o-San Joaquin Delta, as shown in Figure 7.14. 
The question arose as to what effect the reduced flow through 
the delta and the downstream Suisun Bay would have on 
the potential eutrophication of this system. 

Two specific geographical areas were analyB in order 
t.odemonstrat.etheeffectof freshwater fiow~atMoasdale, 
on the freshwater portion of the San Joaquin, and the sec
ond at Antioch, in the estuarine portion of the syatem. The 
annual variation of t.emperature, flow, and radiation for the 
years 1966 and 1967 is present.ed in Figure 7.15 for the 
San Joaquin River. These, in conjunction with the nutrient 
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FIGURE 7.13 Total coliform verification, summer 1969, for 
Boston Harbor. From Di Toro et al. (1973). 
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FIGURE 7.15 Temperature, river flow, 
and mean solar radiation for San Joaquin 
River at Moasdale. From Di Toro et al. 
(1971). 

discharges, were input data for the model that calculated 
the temporal distribution of phyt.oplankton, 1.00plankton, 
and nutrients. These distributions are presented in Figures 
7.16 and 7.17 for the freshwater San Joaquin River at 
Moaadale and for the estuarine waters at Antioch, respec
tively. The effect of the freshwater flow is evident; not.e the 
pronounced bloom in the spring of the low-flow year in 1966 
by contrast to high flow in 1967, which essentially flushes 
the syst.em before it has an opportunity to grow. The lower 
flow at the end of the year permits growth to take place, as 
evidenced by the fall bloom in 1967. In the estuarine area, 
the tidal miDng predominates over the freshwater flow and 
growth of phyt.oplankton occurs to about the same degree each 
year. The effect of freshwater flow in this region is obviously 
leas pronounced. 

Although there are differences between the calculated p~ 
files and the observations, the general pattern is reproduced 
by the model, at least to the degree that permitted some pre
liminary evaluation of the effects of flow diversion and 
increased discharge of nutrients. The model was run for 
these projected conditions, and the results showed that 
increased nutrient inputs and increased light levels had a 
more pronounced effect than decreased flow. 

POTOMAC ESTUARY 

The basic iasue addressed by the water-quality model of 
eutrophication of the Potomac Estuary is the expected phyto
plankton response due to nutrient reductions of the Wash
ington, D.C., Blue Plains plant. A substantial capital and 
operating ooet for nutrient removal coupled with uncertainty 
over expected response in phytoplankton provide the setting 
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FIGURE 7.16 Phytoplankton, zooplankton, and nitrogen in the 
San Joaquin River at Moasdale. From Di Toro et al. (1971). 

for a pre'liminary eutrophication model. The Potomac Estuary 
is shown in Figure 7 .18 with the· physical segments used 
in the model. 

The calibration of the model utilized data collected during 
1968. A second data aet collected during 1969 under BOIDe

wbat different flow conditions was then used for verification. 
Typical results are shown in Figure 7 .19. The model generally 
captured the major interactions between the inorganic nu
trients and phytoplankton growth for about the upper 50-
mile reach of the estuary and for the spring-fall conditions. 
Transient lat.e winter and early fall blooms during 1969 
were not duplicated by the model. In general, however, the 
phytoplankton model provided a reasonable appromnation 
to 1969 conditions using a 1968 "tuning" of the model. 

In order to illustrat.e the application of the preHmiury 
model, a simulation was prepared using 1969 conditions 
but with a 90 percent reduction of nitrogen and phosphorus 
at the municipal wast.e inputs. Figure 7 .20 shows the results 
of the simulation. As indicated, the 90 percent reduction 
in nitrogen and phosphorus input reduces peak levels in 
July; but over about a 10-20 mile stretch of the estuary, 
phytoplankton levels will still be above the 25-50 µg/liter 
level sought by the Environmental Protection Agency as 
part of its proposal for nutrient reduction in Washington, 
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FIGURE 7.17 Phytoplankton, woplankton, and nitrogen verifies· 
tion in San Joaquin F.atuary at Antioch. From Di Toro et al. (1971). 

D.C. For a variety of reasons, including to some degree the 
results from this model, nitrogen removal at Blue Plains 
(representing a costly expenditure) has been delayed, and 
an intAmsive more detailed investigation has been initiated 
to determine the need for such removal. 

CHESAPEAKE BAY 

Increasing concern has been expresaed in recent years over 
the apparent increase in evidence of cultural eutrophication 
in certain areas of the Chesapeake Bay system (Figure 7.21). 
For emmple, the approximat.e average phytoplankton chloro
phyll in the upper bay in July 1950 was about 5 µg/liter, 
with maximum values of up to 25 µg/liter. In the period 
1969-1971, however, average chlorophyll values were about 
30 µg/liter, with maximum values emwling 60 µg/liter. 
The interaction between nutrient discharges, specifically 
from the Baltimore area and the Susquehanna River, and 
the chlorophyll levels therefore formed an important link 
in determining nutrient allocations. 

A simplified linear steady-etat.e nutrient phytoplankton 
model was constructed to provide a basis for determining 
the relative effect of various nutrient inputs. The simplified 
linear model provided for rapid, relatively inexpensive com-
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FIGURE 7.18 Map of Potomac F.atuary showing longitudinal and 
lateral segments used in the model. From Thomann et al. (1974). 
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Estuary. From Thomann et al. (1974). 

putations for the first estimates of allowable nutrient dis
charges. The model is two dimensional in the lat.era! and 
longitudinal directions. Figures 7 .22 and 7 .23 show the 
comparisons between data and model output. Several sets 
of data were used for calibration and verification. As 
noted, the results indicat.e muimwn average chlorophyll 
levels of some 40 µgllit.er in the region between the entrance 
to the Susquehanna River and the Baltimore area. Figure 
7 .22 also shows that total phosphorus is not oonaerved in 
the wat.er column, but losaes occur probably due to settling 
of particulat.e forms. From the model analyaes, it is estimated 
that during low river flows (5000 cfs), the Baltimore area 
and Susquehanna River phosphorus inputs account for 75 
and 14 percent of the total, respectively. At high summer 
flows of 22, 700 cfs, the Baltimore area and Susquehanna 
River phosphorus inputs are 50 and 43 percent, respectively. 
The model thus provided a first estimat.e of the relative 
importance of each source of nutrient and pointed toward 
the need for detailed examination of the int.eraction between 
the Susquehanna River and Baltimore Harbor effects. 

The int.eractions were then modeled. The model permitt.ed 
the decision-making function the opportunity to explore 
various trade-offs between phosphorus allocations, Susque
hanna River flow and inputs, and chlorophyll wat.er-quality 
objectives. The results of this modeling exercise provided 
input into a policy of phosphorus reduction and allocation 
by the Stat.e of Marylaild. 
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FIGURE 7.21 Geographical zones for projection analysis for 
Chesapeake Bay. From O'Connor et al. (1975). 
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CONCLUSIONS 

These examples have served to illustrat.e the input that 
estuarine quality models can provide to the decision-making 
process. In each case, the det.ermination of the possible 
wata--quality consequences of various environment.al control 
actions was of some importance in the overall problem 
cont.ext. The ultimat.e decisions, of course, involve a variety 
of political, social, and economic issues; nevertheless, the 
need for describing the changes in wata- quality under 
different levels of external control is a key aspect of the 
overall process. Mathematical models, therefore, of estuarine 
wata' quality of certain classes of problems (bact.eria, dis
solved oxygen, and some aspects of eutrophication) have 
been developed, calibrated, and verified to a degree sufficient 
to permit credible use in the decision-making process. 
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INTRODUCTION 

The improvement and control of wat.er quality in a natural 
wat.er body such as a river or estuary can be achieved by in
t.elligent regulation of municipal and industrial waste dis
charges. Waste-treatment t.echniques by chemical and bio
logical processes are highly developed; and while it is tech
nically poasible t.o approach "r.ero discharge" of wastes, in 
most cases it is neither necessary nor economically feasible 
t.o do so .. The important engineering decisions in water
quality control relate t.o the determination of the level of 
waste treatment that is consistent with the multiple uses 
of natural wat.er bodies. Thia implies the ability t.o forecast 
or predict the response of the river or estuary t.o future 
increases in investment in waste-treatment facilities. 

The prediction, by mathematical or physical models of 
effects and benefits, in advance of the construction of a 
facility, is the essence of engineering. Physical models are 
of limited use in water-quality studies because of the dif
ficulty of simulating biochemical reaction processes at re
duced temporal and spatial scales. Within the last decade, 
engineers and planners have made increasing use of mathe
matical models for planning purposes. The objectives of this 
chapt.er are t.o present some recent developments and future 
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research directions for mathematical models for wat.er
quality control and t.o illustrate the important dynamic 
coupling between hydrodynamic transport processes and 
biochemical water-quality transformation procesaes. 

STRUCTURE OF WATER-QUALITY MODELS 

All mathematical models are appromnationa, in varying de
grees, of the natural processes that they attempt t.o represent 
in a deterministic manner. In an aquatic ecoayatem as com
plex as a river or an estuary, there are a large number of 
poasible appromnationa within the conceptual framework 
of simulation models. Wat.er-quality models contain a large 
number of "rate constants" and almost any model can be 
made t.o agree with field data by the familiar process of 
curve-fitting. However, this is no guarantee that a particu
lar model will give valid results when used in a predictive 
mode. It is important that the user or developer of a wat.er
quality model have the ability t.o analyze the structure of 
the model and t.o judge the validity of basic assumptions. 

Various strategies can be identified for structuring mathe
matical models of aquatic ecoayatema. Table 8.1 identifies 
three basic types of model. 
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TABLE 8.1 Models of Aquatic Ecoeyst.ems 

Organizing 
Type of Model Principle Causal Pattern Measure 

Biodemographic models Conservation of Life cycles Numbers 
species or of of indi· 
genetic informa- viduals 
tion or of 

species 
Bioenergetic models Conservation of Energy-flow circuits Energy, 

energy power 
Biogeochemical models Conservation of Element cycles Mass of 

mass 

Fisheries management models usually belong to the class 
of biodemographic models, as they are concerned with par
ticular species and the processes that affect their numbers, 
such as birth, death, harvesting, and competition. Bioener
getic models are concerned with energy-flow, energy-storage, 
and energy-dissipation processes simultaneously coupling 
ecological and environmental components. 

Most water-quality engineering models fall into the cate
gory of biogeochemical models. They employ the principle 
of conservation of mass to determine the distributions of 
dissolved oxygen, nutrients, and biomass by the coupling of 
hydrodynamic transport and biochemical transformation 
processes. The remainder of the discUB8ion will be con
cerned with biogeochemical models as applied to water
quality control in rivers and estuaries. 

BIOGEOCHEMICAL WATER-QUALITY 
MODELS 

The hydrodynamic aspects of an estuary are the transport 
proceues, which include the advection, mixing, and disper
sion of specific constituents in waste effluents. In addition, 
these constituents are subjected to various transformation 
or reaction proceBBes, leading to their production, decay, or 
both and to the production (or decay) of new biochemical 
compounds through interaction with the receiving water. 
Transport processes are relatively independent, or at least 
insensitive, to the characteristics of the wastes introduced 
into a waterway. The transformation processes, on the other 
hand, depend on both the transport processes and the inter
action or coupling of constituents of the total waste load. 

The essential features of biogeochemical models may be 
illustrated by considering the one-dimensional formulation 
in which cross-sectional areas, velocities, and concentrations 
are functions of longitudinal distance, x, and time, t. 

ADVECTIVE TRANSPORT PROCESSES 

In general, the transport processes are unsteady; therefore, 
the advective terms that describe the flow field must be 

elemental 
matter 

determined by simultaneous solution of the continuity and 
momentum equations. The governing equations for one
dimensional unsteady flow in a variable area channel are 
the continuity equation, 

(8.1) 

and the longitudinal momentum equation, 

~ (All) + ~ (Qll) at ax 

= -gA ah -g~ - gAdc ap (8.2) 
ax At.;..;R1t p ax' 

where 

x is the distance along longitudinal axis, 
tis time, 
h is the elevation of water surface with respect to a 

horizontal datum, 
Q is the croBHeCtional discharge, 
q is the lateral inflow per unit length of channel, 
U is the average cross-sectional velocity in the channel, 

Q/A, 
g is the acceleration of gravity, 
A is the Cl'OllHeCtional area of channel, 
C is the Chezy roughness coefficient, 
R1a is the hydraulic radius of channel, 
p is the density of water, 
de is the distance from surface to centroid of the cross 

section. 

The last term in Eq. (8.2) represents the effect of a longitu
dinal density gradient. This term is significant only within 
the salinity intrusion region of estuaries. Boundary condi
tions must be specified (either water surface elevation h or 
discharge Q) at the upstream and downstream sections of 
the river or estuary being modeled. The solution of Eqs. 
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(8.1) and (8.2) can be obtained numerically by means of 
finite-difference schemes as described by Harleman and Lee 
(1969). The solution requires the specification of initial 
conditions for h and Q and advances in time in accordance 
with the values of the time-varying boundary conditions. 

CONSERVATION OF MASS 

The basic components of biogeochemical water-quality 
models are sta.t.ements of conservation of mass. Essentially 
the model consists of a sequence of conservation of mass 
equations, one for each water-quality constituent. 

The one-dimensional, conservation of mass equation may 
be written in the following form: 

!_ (AC) + !_ (QC) at ax 

= !. (AEi ac) +A(~+!!). (8.3) ax ax p p 

where C is the concentration of a water-quality constituent 
(averaged over the cross section); Ei is the longitudinal 
dispersion coefficient; r; is the time rate of internal addition 
of mass of substance C per unit volume by transformation 
of reaction processes; and re is the time rate of external addi
tion of mass of substance C per unit volume by addition of 
substance across the lateral, free surface, and bott.om bound
aries of the system. 

The hydrodynamic variables Q or U, and h or A, obtained 
by solution of Eqs. (8.1) and (8.2) are basic inputs to the 
transport terms on the left-hand side of Eq. (8.3). The longi
tudinal mixing process is represented by the first term on 
the right-hand side; and the internal and external "sources" 
or "sinks" of the particular water-quality constituent, rep
resented by C, are contained in the last term. 

Many transformation processes are dependent on the local 
temperature T and/or salinity S of the water, and it is 
convenient to determine T = f(x,t) and S = f(x, t) as state 
variables defining the water environment. The quantity pcT 
represents the concentration of best per unit volume of 
water. Therefore with C = pcT, Eq. (8.3) can be written as a 
conservation of best equation: 

- (AT)+ - (QT)= - AEi - + -, a a a ( aT) q,,,b 
at ax ax ax pc 

(8.4) 

where T is water temperature, "'1a is the time rate of net 
best input per unit area of water surface, and pc is density 
(specific best of water). 

In Eq. (8.4), the last term represents a source of the 
external type, i.e., the net rate at which best is transferred 
across the water surface by the combined processes of 
long-wave and shortwave radiation, evaporation, and con
vection. 

Examples of the simultaneous solution of Eqs. (8.1), (8.2), 
and (8.4) to fmd T = f (x, t) using numerical techniques are 

DONALD R. F. HARLEMAN 

given by Harleman et al. (1972). In rivers and in the uni
form density portion of estuaries, not including the salinity 
intrusion region, the longitudinal diaperaion term in Eqs. 
(8.3) and (8.4) is of secondary importance. Values of the 
longitudinal diaperaion coefficient in rivers and estuaries 
may be estimated on the basis of the work of Holley et al. 
(1970). 

In estuaries where salinity intrusion occurs, longitudinal 
diaperaion becomes an important factor in the overall mixing 
process. This is due to the gravitational circulation induced 
by the freshwater-aeswater density difference. The con
servation equation for salinity is given by 

- (AS)+ - (QS)= - AELS- ' a a a ( as) 
at ax ax ax (8.5) 

where S is the salinity averaged over the cross section and 
ELS is the longitudinal diaperaion coefficient in the salinity 
intrusion region. 

Equation (8.5) is an example of a "conservative" conserva
tion of mass equation; in general, there are no internal or 
external sources of salinity except at the ocean boundary. 
That.cher and Harleman (1972a, 1972b) uae numerical 
techniques to solve Eqs. (8.1), (8.2), and (8.5) to fmd S = f(%,t). 
They use a diaperaion relationship in which ELS is a func
tion of the local longitudinal salinity gradient and the 
degree of vertical mixing in the estuary. Applications to 
unsteady salinity distributions in the Hudson, Delaware, 
and Potomac Estuaries under time-varying freshwater 
inflows are given in the references cited. 

TRANSFORMATION PROCESSES: CBOD-DO MODELS 

Historically, water-quality models have empham.ed the 
importance of dissolved oxygen (DO) as the primary indicator 
of water quality. The earliest and most elementary example 
of a transformation process, within the framework of bio
geochemical models, is the concept of carbonaceous bio
chemical oxygen demand (CBOD). This class of models has its 
origin in the water-quality studies of Streeter and Phelps 
beginning about 1925. The coupling between the set of 
conservation of mass equations for CBOD and DO is illustrated 
by the following forms of Eq (8.3): conservation of CBOD, 

-(AL)+ -(QL)= - AEi- -K1AL, a a a ( aL) 
at ax ax ax (8.6) 

where L is the ultimate CBOD and K 1 is the CBOD decay 
coefficient; and conservation of DO, 

:t [A(DO)) + :x(Q(oo)) 

== :x [ AEi a~)] -K1AL + KaA[(DO), - (DO)], (8.7) 

where DO is the concentration of dissolved oxygen, DO, is the 
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saturation concentration of dissolved oxygen, and K2 is the 
surface reaeration coefficient. 

The elementary coupling arises from the fact that the 
solution of Eq. (8.6), L = f(x,t), appears in Eq. (8.7) as the 
internal decay term for dissolved oxygen. Dailey and Harleman 
(1972) have developed numerical methods for simultaneous 
solution of Eqs. (8.1), (8.2), and (8.4)-(8.7) in estuary net
works of one-dimensional channels. 

The fundamental limitations of the CBOD-00 class of 
models are well known and will not be discussed in detail. 
It is sufficient t.o say that it is essentially impossible t.o 
aggregate biogeochemical transformation processes within 
the concept of CBOD as a primary water-quality constituent. 
In addition, dissolved oxygen is not a sufficient water
quality indicat.or in that it provides no information on the 
state of eutrophication and the possibility of algal blooms. 
The application of modern waste treatment technology 
demands decisions on the removal of inorganic nutrients in 
addition t.o the conventional removal of oxygen-demanding 
organic materials. The questions of what t.o remove and 
how much t.o remove are fundamental t.o intelligent design 
and investment decisions on the treatment of wastes prior 
t.o discharge int.o an adjacent river or estuary. These ques
tions can only be answered by water-quality models that are 
capable of predicting the ecological response of the water
way t.o increased levels of treatment. It is clear that future 
research efforts in water-quality modeling and field data 
collection should be directed t.o the modeling of transforma
tion processes within the element cycles of an aquatic eco
system. 

TRANSFORMATION PROCESSES: NUTRIENT MODELS 

Current efforts in water-quality modeling are attempting t.o 
deal with problems of eutrophication by assuming that 
aquatic ecosystems are composed of coupled conservation of 
ID888 equations (Quinlan, 1975). A one-dimensional, real
time, biogeochemical model for an aerobic, nitrogen-limited 
estuarine ecosystem subject t.o domestic sewage loadings 
has been developed by Najarian and Harleman (1975). The 
proposed estuary water-quality model attempts t.o follow 
the path taken by nitrogenous nutrients (in their various 
forms) based on the present knowledge of element cycles in 
aquatic ecosystems. In contrast t.o the simple CBOD-00 

model, the nitrogen model represents various forms of 
organic and inorganic nitrogen that are the potential sources 
of eutrophic activity. 

Jaworski et al. (1971) show nitrogen t.o be the limiting 
nutrient in the Pot.omac Estuary. Harrison and Hobbie 
(1974) arrive at a similar conclusion in their studies on the 
Pamlico River Estuary. Since estuaries are usually nitrogen
limited environments, the study of nitrogen may be suffi
cient t.o generate the necessary information for phyt.o
plankt.on bloom predictions. Dugdale et al. (1967, 1971) 
give yet another reason for the choice of the nitrogen cycle 
for the study of phytoplankt.on dynamics, as follows: 

Measurements of population growth using nitrogen may, in fact, 

show less scatter than would those using carbon or phoephorus, 
because the latter two elements are not only structural components 
but are continuously turned over in the energetic processes of 
organisms. Theoretically, nitrogen should provide an inherently 
satisfactory and fundamental measure of productivity in eco
systems. 

The dynamic estuary nitrogen cycle model consists of a 
closed matter-flow loop having seven st.orage variables 
and twelve transformations of the element nitrogen from 
one st.orage form t.o another, as shown in Figure 8.1. The 
chosen st.orage and transformation processes represent 
physical, chemical, and biological forms of nitrogen. The 
hypothesized structure of the model is sophisticated enough 
t.o simulate nitrogen-limited ecosystem dynamics; yet it is 
simple enough t.o be amenable t.o computations. The seven 
st.orage variables include ammonia-N, nitrite-N, nitrate-N, 
phytoplankt.on-N, zooplankt.on-N, particulate organic-N, and 
dissolved organic-N. The biochemical and ecological trans
formations include nitrification, uptake of inorganic 
nutrients by aut.otrophs, grazing of heterotrophs, ammonia 
regeneration by living cells, lysis and leakage of organic 
matter through cell walls, natural death of microorganisms, 
and ammonification. The transformation rates are functions 
of nutrient concentrations and available energy in the form 
of heat and light. 

To explore the dynamics of the closed nitrogen element 
cycle, the proposed seven-variable model is applied t.o the 
chemostat system shown in Figure 8.2. The set of seven 
mass conservation equations for the chemostat, obtained 
from Eq. (8.3) (with aClax = 0) are listed below. The 
assumed expressions for each of the transformation rates 
are shown on the solid arrows in Figure 8.1. The dotted 
lines indicate the information transfer necessary t.o deter
mine the rates of matter flows. 

~1 = R.iN. + R1nN& + R11N7 - R12N1 - R14· 

NiN• Q o (88) K N + ( iV)(N1 - Ni), · 
1 + 1 

dN2 = R12N1 - R'l3N2 + (Q/V) <N2° - N2), (8.9) 
dt 

dNa = R'l3N2 - RM KNaN~ + (Q/V) <Na0 - Na), (8.10) 
dt a+ a 

- (R41 + R46 + R47)N4 + (Q/V)(N4° - N•>. (8.11) 

<IN,d & = R.a KN•N:v - (R&8 + R51)N5 + (QIV)· 
t 4 + 4 

(N 5° - N 5), (8.12) 

dNe f dt = R.Jf• + RrJV5 - R&7Ne + (Q V) 

(Ne0 - Ne), (8.13) 
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where 

N1 is the concentration of NHa-N, mgllit.er; 
N2 is the concentration of N02-N, mgllit.er; 
Na is the concentration of NOa-N, mgllit.er; 
N4 is the concentration of phyt.oplankton-N, mg/lit.er; 
N5 is the concentration of zooplankton-N, mg/lit.er; 
Ns is the concentration of particulat.e organic-N, mgllit.er; 
N1 is the concentration of dissolved organic-N, mgllit.er; 
N;0 is the concentration of ith nitrogen-cycle storage vari-

NITRIT~-N 
N2 

\ 
I 

T 
I 

I 

RzsN2 

NITRATE-N 
N3 

DONALD R. F. HARLEMAN 

FIGURE 8.1 Nitrogen cycle structure in 
aerobic aquatic ecosystems. 

,,•--.. Information Transfer 

able in the influent discharge, mgllit.er (i = l, 2, ... 7); 
K 1 is the half-saturation constant for NHa-N, mgllit.er; 
Ka is the half-saturation constant for NOa-N, mg/lit.er; 
K 4 is the half-saturation constant for phyt.oplankton-N, 

mg/lit.er; 
Rii is the transformation rat.e from ith storage variable to 

jth storage variable, lit.ere/day; 
Q is the rat.e of inflow and/or outflow, ft3/day; 
Vis the volume of the container, ft3 • 

Equations (8.8)-(8.14) are applicable to batch and chemo
stat syst.ems. However, the external source t.erms (QIV) 
(N;0 - N;) are zero in batch syst.ems. The analysis of the 
syst.em equations reveals that the formulated structure of 
the nitrogen-cycle model is a closed-matt.er flow loop with 
no leaks. Indeed, for every positive int.ernal source t.erm 
there exists an identical negative int.ernal sink t.erm in the 
set of syst.em equations. This reciprocity of the source/sink 
t.erms is in accord with the principle of mass conservation 
applied to a closed-loop element cycle. 

The expressions that describe the rat.e of transformation 
processes are of two types: first-order reaction kinetics in 
the form of dN/dt = RiiN;, or saturation kinetics in the 
form of a hyperbolic transformation dN;/dt = Rv [N;NJ 
(K; + N;)). Data in the lit.erature show that transformation 
rates that relat.e to nutrient uptake by primary producers or 
predators usually follow saturation kinetics. These process 
rates are all t.emperature-dependent. Uptake rates also 
vary with the int.enaity of solar radiation. The rat.e govern
ing paramet.ers used in Eqs. (8.8)-(8.14) are given in Table 
8.2. 
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TABLE 8.2 Transformation Rat.e Parameters 

R12 = 0.20/day 
R14 = 2.0/day (light houn); 0.10 (dark houn) 
R23 = 0.25/day 
R34 = 1.0/day (light houn); 0.05 (dark houn) 
R.n = 0.01/day 
R45 = 0.07/day (light houn); 1.50 (dark houn) 
R46 = 0.03/day 
R 47 = 0.03/day 
R s1 = 0.01/day 
Rsa = 0.10/day 
Rfrl = 0.30/day 
R 11 = 0.30/day 

CHEMOSTAT SYSTEM 

K 1 = 0.3 ppm-N 
Ka= 0.7 ppm-N 
K 4 = 0.5 ppm-N 

Figure 8.2 shows the chemost.at syst.em with mass transfer 
across the physical boundaries of the syst.em. The mass 
conservation principle requires that the following constraint 
equation be satisfied: 

7 7 J'' 7 ~ N;(t) - ~Nim + E [N;0 - N;(t)] g_Vdt. 
.-1 1-1 0 1-1 

(8.15) 

The response analysis of the nitrogen cycle in a chemost.at 
syst.em is shown in Figures 8.3 and 8.4. These analyses 
reveal some int.eresting syst.em charact.eristics. 

Figure 8.3 shows the dynamic response of the chemost.at 
for certain initial values of the seven nitrogen st.orage 
quantities. The residence time is 310 hours (13 days), and it 
is observed that steady st.at.e is reached in about four resi
dence times (approximately 1200 hours). Figure 8.4 shows 
the chemost.at response for the initial conditions and resi
dence time; however, the half-saturation concentrations K 1, 

K 3, and K4 are reduced t.o 50 percent of the values assumed 
in Figure 8.3. All other rates governing paramet.ers are the 
same in the two cases illustrated. The decrease of K" in the 

O.l 

- 0.4 _, 
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0.1 11'"'1';;.~--~. 
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FIGURE 8.3 Dynamic response of a chemostat system with open 
boundaries. Curves: l, NH3'N; 3, N03'N; 4 Phytoplankton-N; 5, 
1.ooplankton-N. 
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FIGURE 8.4 Dynamic response of a chemostat system with open 
boundaries. Curves: 1, NH3'N; 3, N03'N; 4, Phytoplankton-N; 5, 
1.ooplankton-N. 

simulation shown in Figure 8.4 has the effect of increasing 
the grazing rat.e of zooplankt.on on phyt.oplankt.on and 
results in higher zooplankt.on concentrations. The most 
significant effect of the reduction in half-saturation con
centrations is the appearance of large damped oscillations 
of the nitrogen st.orage quantities. It is evident that steady 
st.at.e is not reached in six residence times (2000 hours). 

IDEALIZED ESTUARY 

The objective of this section is t.o investigat.e the coupling of 
the transport processes in an advective syst.em (such as an 
estuary) with the biochemical nitrogen transformation 
processes. It is shown that the predicted concentrations of 
the nitrogen st.orage variables are highly sensitive t.o the 
representation of the real-time (i.e., intratidal cycle) tidal 
motion and dispersive mixing processes within the estuary. 
This is demonstrated by comparing model results for the 
real-time tidal motion with model results for the through
flow case. In the through-flow case, only the nontidal flow 
(due t.o freshwater inputs) is considered. This is equivalent 
t.o averaging the advective flows over a tidal period or, as 
some investigat.ors have assumed, t.o considering only high 
or low wat.er slack conditions in the estuary. 

An idealized estuary having a uniform depth of 15 ft 
(4.6 m), length of 30,000 ft (9146 m), width of 1000 ft 
(305 m), and Manning roughness of 0.018 is assumed. A 
constant freshwater inflow rat.e of 1000 ft3/sec (28 m3/sec) 
ent.ers the head of the estuary. The salinity at the ocean end 
of the estuary is 15,000 ppm, and the ocean tidal range is 
4 ft (1.2 m). Two wast.e treatment plants are located on the 
estuary as shown in Figure 8.5. The flow rat.e of Plant I is 
10 million gallons/day (mgd) (38,000 m3/day), and that of 
plant II is twice this value. The breakdown of the wast.e 
effluents in terms of the nitrogen st.orage variables is shown 
in Figure 8.5. 

Transient flows in the estuary due t.o tide and freshwat.er 
inflows are calculated by numerical solution of the con
tinuity equation (8.1) and the longitudinal momentum 
equation (8.2). In this application the t.emperature is as
sumed t.o be constant at 68°F (20°C). 
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FIGURE 8.5 Schematic of ideal estuary 
and tzeatment plant loading. 

The longitudinal salinity distributions and the x and t 
dependence of the longitudinal dispersion coefficient are 
calculat.ed by numerical solution of Eq. (8.5). In addition, 
seven conservation of mass equations are needed for the 
seven nitrogen storage variables of the nitrogen-cycle model. 
Each of these equations is in the form of Eq. (8.3), in which 
the internal "source-sink" term r;/p is replaced by the appro
priate term from the right-hand side of Eqs. (8.8)-(8.14). It 
should be not.eel that the term (Q/V) (N;0 - N;) is to be 
omitt.ed, since these are applicable only to the chemostat 
system. For the sake of brevity only the equation for am
monia (N 1) is given. 

a a a ( aN1) -(AN1)+-(QN1)=- AEzs- + AB.uN• at ax ax ax 

(8.16) 

The numerical results from the real-time calculations for 
the idealized estuary are shown in Figures 8.6-8.9. Figure 
8.6 shows the tidal discharge as a function of time through
out one tidal cycle at the ocean end and at section x = 10,000 ft 
(3049 m). The maximum tidal discharge at the ocean end is 
9500 ft3/~ (270 m3/sec) and corresponds to a maximum 
tidal velocity of 0.65 ft/sec (0.2 m/sec). This may be com
pared with a freshwater through-flow velocity of 0.07 ft/sec 
(0.02 m/sec). This ratio of maximum tidal velocity to through
flow velocity is typical of many estuaries. Instantaneous 
longitudinal distributions of salinity in Reach n at four 
times during a tidal cycle are shown in Figure 8.7. The 
time T/4 corresponds to high-water slack and 3T/4 to low
water slack. Since the longitudinal dispersion coefficient is 
assumed to be proportional to the local longitudinal salinity 
gradient, the dispersion coefficient increases significantly 
within the salinity intrusion region. In the nonsaline region, 
the dispersion coefficient is relat.ed to the local tidal veloc
ity by a modified Taylor dispersion relation, which ac
counts for both vertical and lateral velocity distributions. 

DONALD R. F. HARLEMAN 
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FIGURE 8.6 Tidal discharge versus time at z = 10,000 ft and z = 
30,000 ft. 
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FIGURE 8.9 Ammonia concentrations in ideal estuary for 
through-flow model. 

The complete dispersion relationship is given by 

as0 

ELS(%.f) = K axo + mET, (8.17) 

where K = 50 ft2/sec (4.6 m2/sec); S 0 = SISo; So is ocean 
salinity; x 0 = x/L and L is length of estuary. The Taylor 
dispersion coefficient, ET= 77 unR,.516 (ft2/sec), where u is 
the tidal velocity, n is the Manning roughness, R11 is the 
hydraulic radius, and m = 3 to account for the lateral 
velocity distribution. In the idealized estuary study, values 
of ELS have averaged values of about 15 ft2/sec (1.5 m2/sec) 
in the nonsaline portion and reach maximum values of 
about 400 ft2/sec (37 m2/sec) in the salinity intrusion region. 

Figure 8.8 shows instantaneous longitudinal profiles of 
ammonia (N1) at four times in a tidal period. The large 
peaks of concentration adjacent to the upstream waste 
treatment plant in Reach I are due to the combined effect 
of low tidal velocities near the head of tide and low disper
sion. The flushing effect near the ocean boundary is indi· 
cated by the large differences in ammonia concentration 
between low-water slack (3T/4) and high-water slack (T/4). 
Other constituents of the real-time nitrogen-cycle model 
ezhibit similar longitudinal and temporal variations. 

The idealized estuary computations were repeated using 
the nontidal, through-flow velocity due to freshwater in
flow. A constant dispersion coefficient equal to the average 
of the spatially variable real-time coefficient (65 ft2/sec) 
(6 m2/sec) was used for this simulation. Figure 8.9 shows 
the predicted ammonia concentrations for the freshwater 
through-flow case. A comparison with the corresponding 
real-time simulation of Figure 8.8 is made by determining 
the average concentration over a tidal period and by plotting 
these averages in Figure 8.9. It is apparent that ammonia 
concentrations predicted by the through-flow model differ 
by as much as 100 percent from the real-time tidal averages 
even though the biochemical models are identical. 

POTOMAC ESTUARY 

The most dramatic evidence of the interaction of physi
cal transport and biochemical transformation processes 
comes from the application of the nitrogen-cycle model to 
an actual estuary. As already demonstrated, the tidal 
motion and longitudinal mixing processes in an estuary are 
highly variable in both time and space; in addition, the 
diurnal light-dark cycle is out of plase with the lunar tidal 
cycle. Najarian and Harleman (1975) have demonstrated the 
application of the nitrogen-cycle model to the Potomac 
Estuary from the head of tide near Chain Bridge to the 
junction with Chesapeake Bay, a distance of 114 miles 
(184 km). A period of 19 tidal cycles (about 10 days) was 
chosen for the simulation run. Waste-treatment plant 
loadings in the upper 30 miles of the estuary were included, 
the major contribution being the Blue Plains waste-treat
ment facility. Time steps of the order of 30 min were used 
for the calculations, with spatial increments ranging from 
1000 (305 m) to 10,000 ft (3050 m) in length. 

Time histories of five of the nitrogen variables during the 
10-day run at a location 2 miles below the Blue Plainswaste
treatment facility are shown in Figures 8.10 and 8.11. Of 
interest is the large variability of many of the water-quality 
parameters within a tidal period. 

TWO-DIMENSIONAL MODELS 

The state of the art of two-dimensional, real-time models 
for salinity and water-quality analysis in estuaries is con· 
siderably less developed than that of the one-dimensional 
models. There are two basic types of two-dimensional model: 
vertically averaged and laterally averaged. 

In vertically averaged models, concentrations are assumed 
to be uniform over the water column with variations oc· 
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FIGURE 8.10 NHa-N, N02"N, and NOa-N variations two miles 
downstream of Blue Plains wast.&-treatment plant, July 15-24, 
1969. 
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two miles downstream of mue Plains ~treatment plant, July 
15-24, 1969. 

curring lat.erally in the plane of the water surface. Rela
tively few estuaries fall into this category; those that do 
tend to be wide and shallow and have circulation patterns 
influenced by Coriolis effects. Coastsl embayments are 
usually treated by two-dimensional laterally averaged 
models. In these models, the transport processes are de
scribed by two-dimensional hydrodynamic models that 
include surface wind stress, bottom friction, and Coriolis 
accelerations. Examples of water-quality models in this 
category are given by Chen and Orlob (1971), Leendertse 
and Liu (1974), Brandes and Masch (1975), and Leimkuhler 
et al. (1975). 

In lat.erally averaged models, concentrations are assumed 
to be uniform lat.erally, with variations occurring in the 
depth direction. Relatively narrow estuaries having a high 
degree of salinity stratification fall into this category, and 
most of the existing models are limited to descriptions of 
salinity and velocity variations with depth. Examples in
clude Hamilton (1975) and Blumberg (1975). 

The general state of development of two- and three
dimensional water-quality models is inherently limited by 
the a~bility of synoptic data for model verification. 

CURRENT PROBLEMS AND RESEARCH 
NEEDS 

It has been demonstrated that there is a high degree of 
coupling between intratidal cycle transport and mixing 
and biochemical transformation processes in estuaries. 
Gross simplification of the transport, as is the case with 
nontidal or through-fiow water-quality models, leads to 
large differences in predicted nutrient concentrations even 
though identical biochemical components and rate constants 
are employed in the re.I-time and through-flow models. 

Obviously much more is known about hydrodynamic 

DONALD R. F. HARLEMAN 

transport processes than is known about biochemical pro
cesses. Because of this, it is important that water-quality 
models incorporate correct transport processes so as to 
avoid obscuring further understanding of the complex bio
chemical transformations. 

Large temporal variations of nutrient concentrations 
have been shown to occur within a tidal . period at fixed 
locations. This suggests that a re-evaluation of traditional 
estuarine field data-collection techniques is necessary. More 
attention must be given to the determination of temporal as 
well as spatial variations of constituents in estuarine water· 
quality surveys. Relatively little useful information can be 
expected from the random collection of samples from a 
moving boat. 

Probably the greatest limitation to the continued develop
ment and improvement of predictive water-quality models 
is the general lack of coordination between data needs for 
model verification and the data actually obtained in field 
surveys. Chemical and bioassays of water-quality samples 
should be made in relation to the structure of the water
quality model. In addition, basic laboratory experiments 
should be designed, again in relation to the model structure, 
to investigate biochemical transformation under controlled 
conditions. 
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INTRODUCTION 

Estuaries have hist.orically been oommon sites for growth 
of large population densities. Located at the interface be
tween the sea and rivers draining interior continental regions, 
estuaries are ideal for development of commercial cent.er&. 
In addition to providing natural harbors for ships, estuaries 
have frequently served as both food sources and sewage 
dispoeal Systems for cities. Modern industrial civilization 
has placed additional demands on estuarine wat.ers, including 
cooling for power plant.a, dispoeal of toxic industrial wastes, 
and recreational activities such as swimming and fulhing. 

One major problem of int.ensified use of estuarine wat.ers 
is reduced dissolved o:xygen levels. Sewage and other organic 
wastes discharged into estuaries increase the activity of the 
bacterial community as oxygen consumers. If the organic 
loading rate is sufficiently high to overwhelm natural oxygen 
resupply processes, dissolved o:xygen can be completely 
coosumed. The engineering and estuarine geophysics com· 
munities have made important contributions toward man· 
aging oxygen resources of urban estuarine wat.ers. Mathe
matical models of estuarine oxygen distributions aid in the 
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design and location of sewage treatment facilities for ~ 
ducing oxygen demand to more acceptable levels and provide 
insight into natural capacities of various systems for coping 
with the oxygen demands they receive (O'Connor, 1970). 

NUTRIENTS IN URBAN ESTUARIES 

In recent years, substantial increases have occurred in algal 
populations in lakes, including large systems such as Lake 
Erie. These increases are believed to result primarily from 
the loading of additional plant nutrient elements-phosphorus 
and nitrogen. When excess algal growth can be directly 
related to man's activities, the changes are often ascribed 
to a loosely defmed process called "cultural eutrophication." 
In most cases the most practical management tool for de
creasing algal standing crops in lakes is to reduce the input 
of phosphate. As a result, the general policy direction for 
nutrient management in several European countries and 
North America is to decrease the phosphate levels in deter· 
gent.a, to construct tertiary treatment facilities for phosphate 
removal from sewage whenever possible, and/or to divert 
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sewage discharge from lakes if an acceptable alternative 
is available. 

E1rCe88 algal growth problems have also developed in some 
1arge estuarine systems, including the Potomac downstream 
of Wasbingt.on, D.C., and removal of both phosphorus and 
nitrogen from sewage effluent has been proposed in several 
cues. Because of the costs of t.ertiary sewage-treatment 
facilities and problems of sludge disposal from such facilities, 
it is import.ant to examine critically the benefits of nutrient 
removal for estuaries on a case-by-case basis. 

Mathematical representations of algal populations, nutri· 
ents, and even higher trophic levels such as zooplankton 
and fish can be constructed in a similar way to thoee generated 
to describe the balance of dissolved oxygen in estuaries. 
The predictive capability of such models is sometimes not 
clear, since the response of phytoplankton communities, as 
well as higher trophic levels, to environment.al parameters 
is more complex than for bacteria in their role as oxygen 
COD8UIDer&. In light of large uncertainties in critical biological 
parameters, management alternatives can sometimes be 
reasonably examined using extremely simplified conceptual 
models of water circulation and nutrient-algae interactions. 
The approach described here (see also Simpson et al., 1975) 
is to examine the distribution of phosphate in the Hudson 
Estuary and the rate of loading from sewage outfalls, in 
terms of a very simplified description of water circulation 
and phosphate behavior in the harbor region adjacent to 
New York City. Phosphate is the nutrient most frequently 
considered for nutrient removal from sewage effluent and 
is somewhat simpler to treat in estuarine budgets than 
nitrogen. Nutrient distributions in the Hudson are compared 
with thoee in San Francisco Bay to indicate the ~rder 
similarities of nutrient-algae relationships in these two 
systems. 

SEWAGE AND PHOSPHATE IN THE HUDSON 
ESTUARY 

The Hudson Estuary, portions of which are entirely sur· 
rounded by the New York City metropolitan area, is an 
eumple of an estuarine system heavily loaded with sewage 
and other discharges that substantially alter the ambient 
water quality. Dissolved oxygen levels of less than 40 percent 
of saturation with atmospheric oxygen concentrations are 
not uncommon during summer months. Sewage is discharged 
to the Hudson Estuary near New York City from about a 
dozen major treatment-plant outfalls and numerous smaller 
plants with a combined flow of approximately 80 m 3/sec 
( -1.8 billion gallons/day) plus a number of raw sewage out
falls, largely from Manhattan Island, which tot.al about 
20 m3/sec ("'0.5 billion gallons/day). Approximate locations 
of the largest outfalls are shown in Figure 9.1. Of the major 
treatment plant outfalls, about two thirds of the tot.al 
volume is discharged from secondary treatment plants 
operated by New York City, and the remainder comes from 
primary treatment plants mostly from New Jersey. 

The major secondary treatment plants in New York City, 
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ranging in age from a few years to about 40 years, are 
reasonably efficient at reducing biological oxygen demand 
of sewage. Except for storm runoff periods, when treatment 
plants are essentially bypassed, about two thirds of the 
oxygen demand of the sewage is removed. Construction of 
major facilities is now under way to treat most of the re
maining raw discharges, which currently contribute on the 
order of one third of the tot.al dry weather biological oxygen 
demand to the Lower Hudson Estuary. Primary treatment 
outfalls, mostly from New Jersey, discharge about one third 
of the tot.al treated sewage flow and about one half of the 
tot.al oxygen demand. Thus in terms of the current oxygen 
budget, the largest impact of sewage discharge is from 
partially treated New Jersey outfalls. The oxygen demand 
from these sources will dominate to an even greater extent 
when the current construction projects in New York City 
provide secondary treatment for the raw discharge from 
Manhattan. 

All the major discharges of sewage to the Lower Hudson 
Estuary supply large amounts of primary plant nutrients, 
especially ammonia and phosphate, as well as organic 
materials, which constitute the major load on the dissolved 
oxygen resources of the water. The supply rate of nutrients 
is more directly proportional to volume of sewage flow 
than is biological oxygen demand, since present treatment 
operations (raw, primary, or secondary) do not have nearly 
so great an effect on nutrients as they do on dissolved and 
suspended organic carbon. It is important to establish to 
what extent these sewage-derived nutrients are converted to 
organic matter by phytoplankton and how this affects oxy
gen concentrations and other water-quality factors. 

The concentrations of dissolved phosphate as well as 
other primary nutrients in the harbor region of the Hudson 
Estuary are approximately two orders of magnitude higher 
than those usually considered as limiting to phytoplankton 
growth. Phosphate concentrations do not vary greatly from 
one location to another in the harbor, despite the presence 
of a number of large discrete sources. The smoothness of 
observed phosphate concentrations indicates the effective
ness of mixing by tidal currents and density-induced non
tidal estuarine circulation. In general, the mean values of 
phosphate in the Inner Harbor range between 2 x 10-6 

grams-atoms/liter during spring high freshwater runoff and 
6 x 10-6 gram-atoms/liter during summer low freshwater 
discharge. To illustrate the general character of observed 
data, phosphate and salinity measurements from water 
samples collected along the axis of the Hudson Estuary are 
shown for several representative time periods (Figure 9.2). 

Tot.al phosphorous measurements, as well as measurements 
of particulate organic phosphorus and dissolved organic phoe· 
phorus concentrations, were made for most of the transects 
shown in Figure 9.2. In general, about one half to two thirds of 
the tot.al phosphorus in the water was present as molybdate
reactive phosphate, with most of the remainder as particulate 
organic phosphorus. During high freshwater flow (March 
and April) the fraction of particulate organic phosphorus 
was somewhat greater. The data shown are for samples 
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collected along the axis of the Hudson, through the middle 
of the Inner Harbor, the Narrows, the Lower Bay, and the 
apex of the New York Bight (Figure 9.1). Plots of data from 
samples collected in heavily loaded and more restricted 
zones of the Inner Harbor such 88 the East River are greater 
than the trends shown, sometimes by 88 much 88 a fact.or 
of 2 in phosphate concentration, but the data shown are 
typical of most of the harbor volume. 

Upstream of New York Harbor, phosphate and salinity 
decrease at approximately the same rate until freshwater 
is reached, where the phosphate levels remain nearly constant 
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FIGURE 9.1 Location map for major sewage 
outfalls to the Hudson River Estuary: the 
total discharges shown are about 2.3 billion 
gallons per day ( ""100 m3/aec). The areas 
of the circles are proportional to the volume 
of sewage outfall at that discharge site. The 
only outfalls included are thoee in m:eas of 
10 million gallons per day. The encloeed 
square in the New York Bight indicat.es the 
approximate location of sewage sludge and 
dredge spoil dumping for the New York area. 
Abbreviations R.R., P.R., and H.R. indicate 
amall tributary rivers (Raritan, Passaic, and 
Hackensack Rivers). 

at 0.5 to 1.0 µm/liter, depending on the freshwater flow rate. 
The covariance of salinity and phosphate suggests that 
removal processes for phosphate such 88 algal uptake do not 
dominate phosphate concentrations in the salt intruded 
reach of the Hudson and that physical transport of the water 
by estuarine circulation is most critical in establishing the 
phosphate distribution. 

The geometry of sewage loading is presented schematically 
in Figure 9.3. Most of the sewage is discharged directly to 
the Inner Harbor, with less than 5 percent of the total added 
upstream of the Inner Harbor (segments A, B, C, and D of 
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Figure 9.3). Saline wat.er and sewage phosphate added t.o 
the Inner Harbor are spread well upstream of the discharge 
sit.es by estuarine circulation and as far upstream as segment 
D during low flow periods. 

To illustrate the relative magnitudes of phosphate source 
terms t.o the Inner Harbor and provide some sense of the 
time scale of removal by estuarine circulation, a one-box 
model for phosphate in the Inner Harbor can be constructed 
(Figure 9.4). The mean concentration of phosphate in the 
Inner Harbor, multiplied by the volume of this portion of 
the estuary, gives the t.ot.al amount of phosphate in solution. 
Input.a of phosphate are (1) direct sewage discharge, (2) 
diffusion from the sediment.a, (3) downstream supply from 
t.he freshwat.er reach of the Hudson, and (4) particulate 
cmdation in the water column, with direct sewage discharge 
supplying about three fourths of the t.ot.al. Dividing the 
total quantity of dissolved phosphate in the Inner Harbor 
by the supply rate indicat.es a residence time for phosphate 
of 2 days during high flow and 7 days during low flow. 

A similar calculation can be done using a first-order esti
mate of the outflow rate of phosphate from the Inner Harbor. 
Removal of phosphate is predominantly through the Narrows, 
int.o the Lower Bay, and then t.o the adjacent coast.al waters 
of the New York Bight. Some phosphate discharge does 
occur through the Upper East River int.o west.em Long 

Island Sound. Based on estimat.es of the magnitude of this 
transport, we have decreased the loading rate of phosphate 
t.o the Inner Harbor used in Figure 9.4 by an equivalent 
amount-roughly20-25 percent of the dischargerate through 
the Narrows. Wat.er flowing out through the Narrows in 
the upper half of the wat.er column has a mean phosphate 
concentration similar t.o that in the Inner Harbor, while 
that flowing upstream in the lower layer has a lower phos
phate concentration and a higher salinity. Using a two-layer 
advective transport calculation, based on field salinity and 
phosphate concentrations during both high and low flow 
conditions, the removal rate of phosphate is comparable 
with that estimated in Figure 9.4 for the input rate. Thus 
t.o the first approximation, sewage phosphate is discharged 
t.o the lower Hudson int.o waters with salinities averaging 
about two thirds of aeawat.er salinity, mixed reasonably 
well through the Inner Harbor over a time period averaging 
between 4 and 14 tidal cycles, and discharged from the 
system by estuarine circulation. 

If this description is reasonable, then there are substantial 
implications for phosphate management policies in the 
New York City area. The primary purpose of decreasing 
phosphate discharge t.o receiving waters is t.o reduce adverse 
effect.a resulting from excess algal growth in the receiving 
wat.er. The Hudson Estuary upstream of the Narrows in 
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FIGURE 9.3 Schematic loading of sewage to segments of the 
Hudson: the mean annual flow of the Hudson is -550 m ~sec. with 
saline water intruding to region A during high flow and to region 
D during low flow. The total mean annual freshwater flow from 
other tributaries to the harbor complex, the Paaaaic, Hackensack, 
and Raritan Rivers (see Figure 9.1), is about 80 m~aec. 
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FIGURE 9.4 Approximate fluxes and concentrations of phos
phate in the Inner Harbor: sewage discharge is usumed constant 
seasonally, while the other fluxes vary somewhat from high-flow 
(-1200 m~aec), low-temperature (<5oC) conditions listed finit 
in parentheses to low-flow (<300 m~aec), high-temperature (<20oC) 
conditions. The major cause of changes in Inner Harbor phosphate 
residence times (1' is change in rate of freshwater discharge. 

the Inner Harbor has a large surplus of nutrients for algal 
growth. The algal population within this reach of the Hudson 
is surprisingly low. The moimum warm-eeason st.anding 
crops of algae are on the order of only 10 percent of thoae 
of Lake Erie, a system that is generally accepted as having 
substantial areas that are clearly eutrophic. During winter 
months, algal standing crops in the Hudson are lower than 
in summer months by more than an order of magnitude. 
Thus the Hudson :Estuary is not nowcharact.eriml by nuisance 
growth of algae. In addition, algal activity is not currently 
limited by available nutrients. Large excesses of ammonia 
and nitrate as well as phosphate are present. Thus reduction 
of the current discharge rate of phosphate by tertiary treat
ment of sewage for phosphate removal probably would have 
little effect on the activity of algae in this reach of the 
Hudson. 

A f~rder budget for sewage-derived nitrogen in the 
Hudson has been presented (Garside et al., 1976), which 
also indicates that dissolved nitrate and ammonia are re
moved from the Hudson :Estuary predominantly by estuarine 
circulation and not by phyt.oplankton uptake. There seems 
little indication of nutrient limitation being sipificant for 
the Inner Harbor area of the Hudson :Estuary. 

The fact.ors that currently limit phyt.oplankton standing 
crops in the Hudson are not well defmed, but growth rates 
have been clearly shown t.o be light-and t.emperature-regulated 
(Malone, 1977). The most reasonable fact.ors determining 
standing crops in the Hudson are light limitation due t.o the 
high suspended solids content of the water and rapid re
moval of algal cells from the estuary upstream of the Narrows 
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by estuarine circulation. Neither of these fact.ors could be 
readily affected by changes in sewage-treatment processes 
since most of the suspended particulates are not supplied 
directly from sewage outfalls. If a substantial reduction in 
suspended solid levels during low-flow summer months 
were to occur, then algal growth rates would increase, per
haps reaching nuisance levels. This possibility should be 
carefully examined but does not seem of primary concern 
for the next decade. 

Aft.er leaving the Inner Harbor through the Narrows, 
the high-nutrient estuarine waters support increasing phyto
plankt.on standing crops, especially after reaching the adjacent 
coast.al waters of the New York Bight. The magnitude of 
this increased phytoplankton activity can be clearly seen in 
higher chlorophyll content.a in the New York Bight and 
even in the Lower Bay. Growth rates of phytoplankt.on in 
the nearshore waters are primarily light- and temperature
regulated and not nutrient-limited (Malone, 1976) and thus 
not very sensitive to control by nutrient discharge control 
upstream within the estuarine region. 

The t.ot.al phytoplankton biomass of the coast.al waters 
adjacent t.o the Hudson is, however, related t.o the quantity 
of nutrient.a reaching the area. Coastal waters adjacent t.o 
large rivers always support enhanced phytoplankt.on activity 
produced by injection of primary nutrient.a and usually 
support greater fish populations as a result. Dissolved oxygen 
in bottom waters of small areas of the apex of the New York 
Bight approach values comparable with those of the Inner 
Harbor (< 40 percent of saturation). Bottom waters of the 
New York Bight well beyond the mne of influence of the 
Hudson Estuary also show substantial oxygen depletion 
during the summer. The critical parameters for control of 
dissolved oxygen of bottom waters immediat.ely offshore 
of the Hudson are still not well defmed at this time. It is 
thus not clear at present if any major detriment.al effect.a 
t.o the coastal waters are produced by enhanced nutrient 
di.schsrge from the Hudson Estuary. 

In light of the current circumstances of sewage-treatment, 
nutrient-cont.ent, and wat.er-quality parameters in the Hudson 
Estuary, the most reasonable policy for management of 
nutrient discharge during the next decade would not appear 
t.o be the initiation of tertiary treatment for phosphat.e 
removal (or for other primary nutrient.a). Considering the 
low summer dissolved oxygen levels within the Inner Harbor, 
the major efforts in sewage treatment should be t.o complet.e 
the secondary treatment facilities under construction in 
New York City and to upgrade the New Jersey discharges 
substantially to include secondary treatment. Such an effort 
would require a minimum of a decade, considering the 
current mix of political interests, but should significantly 
improve the dissolved oxygen content of the most heavily 
impact.ed region of the Hudson F.stuary. During that period, 
the question of nutrient removal and it.a potential effect on 
coast.al water quality could be more extensively examined 
from the viewpoint of possible construction of tertiary 
sewage treatment facilities. 

The conclusions presented here are based on extremely 
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simple conceptual models of estuarine circulation, which 
do not include any details of circulation or flow dynamics. 
They involve some first-order approximations of net transport 
rates and time scales of flushing, as well as field data on 
the distribution of phosphat.e and chlorophyll as a function 
of salinity and location within the Hudson. Numerical models, 
more int.ensive programs of field measurement.a, or both can 
certainly provide additional insight.a into the behavior of 
nutrient.a within the Hudson, but it is unlikely from a manage
ment viewpoint that major changes in the conclusions about 
phosphat.e behavior within the Inner Harbor of the Hudson 
Estuary would result from more elaborat.e model descriptions 
of the circulation or from a more detailed knowledge of the 
distribution of phosphat.e from field data. 

SILICATE IN URBAN ESTUARIES 

In open-ocean surface waters, dissolved silicat.e is oft.en re
duced t.o extremely low concentrations by diatoms, a signifi
cant group of primary producers in the phytoplankton com
munity. In rivers and estuaries, there is usually sufficient 
silicat.e from weathering of silicat.e rocks t.o maintain a sub
stantial excess over the requirement.a of diatoms. Many 
estuarine studies have concentrated on establishing whether 
dissolved silicat.e concentrations within the zone of mixing 
between freshwat.er and a saline end member deviat.e sig
nificantly from a conservative mixing line (Boyle et al., 
1974). In cases where significant negative deviations occur, 
the removal process has usually been attribut.ed to diatom 
uptake (Wollast and DeBroeu, 1971) or inorganic silicat.e 
reactions involving clay minerals in the suspended particu
lates (Bien et al., 1958). In the case of both the Hudson 
Estuary (Simpson et al., 1975) and the San Francisco Bay 
Estuary (Peterson et al., 1975), there seems clear evidence 
that biological removal is the dominant process extracting 
silicat.e from these estuarine waters. In the case of the Hud· 
son, there is evidence of a significant extra source of silicat.e 
within the estuary from the discharge of sewage, primarily 
because of the large quantity of sewage discharged and the 
relatively low ambient silicat.e concentrations in the most 
heavily loaded reach of the estuary. In San Francisco Bay, 
the quantity of sewage discharge is lower, and the river 
end-member silicat.e concentration is much higher (see Fig
ure 9.5). 

In estuaries where diat.oms are able to affect dissolved 
silicat.e concentrations significantly, as in the case of the 
Hudson River and San Francisco Bay, the distribution of 
silicate could potentially provide valuable insight.a int.o 
rates of activity and distribution of phytoplankton com
munities. Nutrient.a such as phosphat.e and nitrat.e appear 
t.o have reasonably fast recycling times in estuaries, whereas 
silicat.e appears t.o be regenerated at much slower rates. 
Thus, dissolved silicat.e concentrations could provide some 
indication of int.egrated phytoplankton activity as wat.er 
passes through an estuarine system. The relative impor
tance of diat.oms and phytoplankton that are not major 
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FIGURE 9.5 Silicate variations along the ues of two estuaries: 
transects are achematic, adapted from data in Peteraon et al. (1975) 
and Simpson et al. (1975). Conditions vary from high-flow, low 
phot.osynthetic activity profiles (A) to intermediate (B) and low
flow, high photosynthetic activity profiles (C). The Hudson bas an 
extremely long tidal freshwater reach in which diatoms remove 
appreciable silicate from solution during low-flow, warm months. 

consumers of silicate must be established by field measure
ments before dissolved silicate trends could become useful 
as a quantitative indicator of tot.al phytoplankton activity. 
In San Francisco Bay, diatoms are the dominant phyto
plankton group (Peterson et al., 1975), whereas in the Hud
son there is a smaller proportion of diatoms in the Inner 
Harbor during summer months of highest productivity 
(Malone, 1977). Slow regeneration of silicate within the 
water oolumn and release of silicate from sediment pore 
waters would reduce silicate depletion rates; but these ef
fects can possibly be estimated more accurately than can 
more poorly defmed, but crucial, regeneration rates of phos
phate, nitrate, and ammonia. Thus, silicate appears to be 
promising as a chemical tracer in estuarine systems, which 
could be used to provide better definition of critical rates 
in nutrient and phytoplankton estuarine models. 

SEDIMENTATION IN ESTUARINE HARBORS 

Another problem of management of estuaries in urban 
regions is that of suspended particulates. High suspended 

loads can degrade both recreational values and food re
sources of estuarine waters and affect navigation uses in 
rapid shoaling areas. F.stuaries are often sites of high sedi
ment deposition, which conventional wisdom usually as
cribes to flocculation of suspended particulates in the pres
ence of saline water, combined with variations in current 
velocity associated with alternating tidal currents and a 
two-layer estuarine circulation pattern. The net upstream 
current direction in the bottom layer tends to prevent the 
removal of suspended particulates that settle down from 
the surface layer. In estuarine harbors, the natural tendency 
for sedimentation can be enhanced or otherwise altered 
by deepening of the channel, construction of piers and bar
riers to wave action, and diversion of freshwater into or 
from the system. Substantial changes in accumulation pat
terns and rates of sedimentation have occurred over periods 
of a few decades because of man's activities in a number of 
estuaries, including the Mississippi River mouth, the lower 
Savannah River, and Charleston Harbor (Simmons and 
Herrmann, 1972). Dredging of large amounts of rapidly 
accumulating sediments is often necessary to maintain 
navigation depths. 

The Hudson Estuary is no exception in terms of shoaling 
problems. Approximately 4 million metric tons (dry weight) 
of dredged sediment are removed annually from New York 
Harbor and discharged at a site offshore in the New York 
Bight (Groes, 1972). A number of proposals for alteration 
of harbor geometry by dams, extensive dredging operations, 
or both have been suggested by the Corps of Engineers on 
the basis of physical model studies (Panuzio, 1965). The 
purpose of the alterations would be to reduce the current 
shoaling rate and thus eliminate some dredging. 

Over the past several years, we have been mapping the 
distribution of recent sediment accumulation within the 
Hudson Estuary (see Figure 9.6). The technique we have 
exploited is to measure in sediments the radionuclides 
derived from global fallout as well as from low-level re
leases of a nuclear power reactor located near the upstream 
end of the saline intrusion in the Hudson. Cesium-137, 
cesium-134, and cobalt-60 are present in Hudson sediments 
at activity levels comparable with natural radioactivity and 
provide a sensitive indicator of sediments accumulated 
within the last 10-15 years. 

On the basis of our mapping, sediment accumulation 
rates of much less than a few centimeters per year are typi
cal of much of the tot.al area Hudson Estuary. There are 
restricted regions of rapid accumulation that appear to ac
count for most of the tot.al deposition. Shallow marginal 
coves, mostly located well upstream. of the Inner Harbor, 
have sedimentation rates of several centimeters per year. 
The dominant zone of deposition, however, is within the 
harbor, where large areas have accumulation rates on the 
order of 5-10 cmlyr, and at least one area has shoaling 
rates of 10-30 cmlyr. Sediments accumulating in the har
bor have radionuclide& present that could have only come 
in significant amounts from the reactor located approxi
mately 60 km upstream.. Thus fine-grained sediments now 
accumulating in the harbor must have a major component 
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FIGURE 9.6 Sedimentation rat.es in the Hudson: central channel 
areas in the Narrows, along Manhattan, and upstream are fre
quently scoured by tidal currents and have little sediment accumul
ation while upstream protected coves and large areas of the main 
harbor have high accumulation rat.es. The reactor site from which 
radioactive releases have tagged sediments now found in the 
harbor is located about 15 km downstream of the cove site near the 
top of the map. 

of particulates that came from well upstream of the harbor 
area. 

During high freshwater runoff periods, when the sus
pended load of the Hudson is substantially higher than 
during low flow, saline water in the Hudson Estuary is 
displaced downstream to within 15 km or less of the Inner 
Harbor. Thus the first contact of suspended particulates 
with saline water occurs reasonably close to the region 
where high accumulation rates are observed. In addition, 
the cross-sectional area of the Hudson Estuary increases 
abruptly by a factor of about 2 at the southern tip of 
Manhattan, which decreases the net downstream advection 
rate about midway through the Inner Harbor. Another 
physical anomaly occurs near the upstream end of Man
hattan, where large quantities of construction rubble were 
dumped in a deep narrow channel between 1940-1945, 
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reducing the total cross-sectional area by about a factor of 2 
over a short reach of the estuary. This is believed to en
hance vertical exchange greatly and to destroy partially 
the two-layer circulation in that area. This change in channel 
area has been invoked to explain why dredge spoil removal 
from the navigation channels of the Inner Harbor between 
1945 and 1960 was about twice the rate for the 15 years 
preceding 1940 (Panuzio, 1965). Another factor is the pres
ence of a large number of piers in the Inner Harbor, which 
provide local sites of very high accumulation as tidal cur
rents are reduced to a small fraction of the main-clumnel 
velocities. 

There appear to be several factors associsted with the 
location of New York Harbor that are favorable for rapid 
accumulation of sediment. There do not seem to be any 
simple or reasonable physical changes within the Inner Har
bor that could be made to reduce the shoaling problem 
greatly. One possible direction that could aid the control of 
shoaling would be to reduce the supply of suspended partic
ulates to the Hudson River. Currently, the sources of partic
ulates are poorly defined but appear to be located well up
stream of the Inner Harbor. It is highly probable that a 
major reduction of the suspended load within the Hudson 
Estuary would enhance phytoplankton activity and thus 
possibly degrade some aspects of water quality within the 
Hudson Estuary below the present levels. 

Sediment accumulation in the San Francisco Bay Estuary 
based on budget calculations (Conomos and Peterson, 1974, 
1976) is about the same as the rate of dredge spoil removal 
from the Hudson (4 >< 106 tons/yr). The concentration of 
suspended material in the rivers discharging to San Fran
cisco Bay is higher than for the Hudson, with a mean an
nual combined freshwater discharge of about 1.5 times that 
for the Hudson. The primary source of shoaling materials 
in San Francisco Bay is from the Sacramento and San 
Joaquin Rivers, which supply most of their particulates 
during high-flow winter months. During low-flow summer 
months, particulates that were brought in during higher 
flow periods are redistributed, especially upstream of the 
original deposition wne, as the intrusion of saline water 
progresses inland. The broad shallow morphology of San 
Francisco Bay favors remobili7.ation of sediments both by 
strong tidal currents and by wind-induced turbulence 
(Conomos and Peterson, 1976). 

FINAL COMMENTS 

San Francisco Bay has a large and relatively isolated wne 
south of the main axis of estuarine circulation. Because of 
the relatively slow renewal rate of water in this large area, 
phosphate concentrations build up to values more than five 
times those in the Hudson during some seasons, despite 
much lower absolute loading rates. The general pattern of 
seasonal phosphate concentrations in South San Francisco 
Bay is inversely correlated to water renewal time based on 
salinity calculations, as would be expected if water cir-
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culation rat.es were a major removal process for dissolved 
phosphate. Flushing rate calculations using phosphate con
centrations as a conservative tracer during one December
January period indicated about half of the water of South 
San Francisco Bay was renewed in one month, which was 
the same renewal rate computed from salinities (McCulloch 
et al., 1970). 

Profiles of nutrients and salinity in San Francisco Bay 
indicate both positive and negative deviations of phosphate 
from a conservative mixing line (Conomos and Peterson, 
1975), but the effects were smaller than for other nutrients. 
Significant depletion of nutrients is observed in zones of 
highest productivity near the turbidity maximum. San 
Francisco Bay currently does not have excessive phyt.oplank
t.on concentrations nor does nutrient limitation of growth 
appear to be a significant factor in the general features of 
the phytoplankton ecology of the bay (Peterson et al., 1975; 
Peterson and Conomos, 1975). 

There are strong similarities in some aspects of the be
havior of phosphate and silicate in the Hudson Estuary and 
the San Francisco Bay F.stuary and in the magnitudes of 
suspended sediment accumulation. The details of geometry 
of sediment accumulation and sewage loading are obviously 
greatly different, but there are enough parallels to suggest 
some insights into modeling and management problems in 
other heavily affected urban estuaries. 

In the case of the Hudson, based on the simple conceptual 
models discussed here, management of both nutrients and 
sediments in the New York City area are very strongly af. 
fected by the physical circumstances of the region of mixing 
of freshwater and saline water. F.stuarine circulation ap
pears to have somewhat simplified the t.ask of managing sewage 
treatment because of the rapid transport and removal of 
nutrients from the Inner Harbor. In the case of sediment 
accumulation, however, the pattern of estuarine circulation 
in the Hudson has helped to produce a zone of rapid shoal
ing that coincides with the area that is most intensively 
used by man. In this situation, there do not seem to be any 
reasonable near-term management policies that could sig
nificantly reduce the magnitude of dredging required. 

RECOMMENDATIONS FOR FUTURE WORK 

Many management decisions for urban estuaries must be 
made on the basis of inadequate information. Ideally one 
would like to increase the state of knowledge of estuarine 
systems to the point where detailed predictive numerical 
models were available to describe the behavior of nutrients, 
sediments, and many other water-quality parameters in 
time steps much shorter than a tidal cycle. That is a dis
tant goal, and our predictive ability may ultimately be 
limited by the complexity and transient-dominated nature 
of estuarine biological, chemical, and physical processes. 
Currently, there is much less information about biology, 
chemistry, and partkulate phases in estuaries than about 
physical transport of water. Thus, one of the crucial direc-

tions for future work is greater integration of estuarine 
physical transport modeling and field programs with other 
areas of estuarine research. In many cases, it should be 
possible to make better management decisions if insights 
from several fields are pooled in relatively simple models 
of estuarine processes. 
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Suspended Sediment Transport 
and the Turbidity Maximum 

IO-------

INTRODUCTION 

RONALD J. GIBBS 

University of Delaware 

The phenomena of rivers discharging into estuaries are of 
interest to a wide variety of scientist.a and engineers for 
many reasons. The suspended materials that are discharged 
by rivers into estuaries and oceans transport many pol
lutants and are the natural material that fills our channels 
and harbors. From the biological and health viewpoint, the 
suspended mat.erials are seen as the natural food of the 
filter feeding organisms; therefore, pollutants transported 
by the suspended material that is discharged can adversely 
affect many varieties of seafood. This is one reason why a 
knowledge of the phenomena of a river discharging into 
the ocean or an estuary is critical. If we understand the 
mechanimns of transport of the suspended material, we can 
intelligently estimate the fate of many pollutants. Possibly 
we can learn how to divert or decrease the detrimentsl 
turbidity in regions of seafood harvesting. Another ad
vant.age to be gained from knowledge in this area is the 
ability to maintsin our navigable waterways at lower cost 
by utilizing dredging techniques compatible with natural 
processes. 
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PREVIOUS RESEARCH 

In reviewing the progress made in studies of the transporta
tion of suspended material in estuaries, we find that numer
ous researchers have worked on one aspect or another of 
suspended material. Several volumes provide a current view 
of the present st.stus in this area and contsin a wealth of 
references to work done on various aspects of the subject: 
Nelson (1973), Gibbs (1974), and Cronin (1975). In these 
volumes, the vast majority of studies on suspended mate
rial have dealt with some particular aspect of the problem, 
for example, trace-metsl behavior, organic material, the fate 
of clay minerals. Most of these studies give little additional 
information usable in an underst.snding of other aspects of 
suspended material in estuaries. The number of suspended 
material investigations that have obtsined information on 
the movement of the material in water is limited. Meade 
(1972) reviewed a number of suspended-material studies 
and discussed flocculation, the turbidity maximum, and the 
transport processes. Detsiled studies on the turbidity mui
mum and on suspended material transport of the Chesa
peake Bay and some of it.a tributaries are reported in a 

Copyright © National Academy of Sciences. All rights reserved.

Estuaries, Geophysics, and the Environment
http://www.nap.edu/catalog.php?record_id=20325

http://www.nap.edu/catalog.php?record_id=20325


Suspended Sediment Transport and the Turbidity Muimum 

series of papers by Nichols and co-workers (1972, 1973) 
and by Schubel (1968, 1972, and 1974), making this 
probably the most extAmsively studied area along the eastern 
United States coestline. San Francisco Bay is the estuary 
on the west coast in which wspended material transport 
is best understood through the work of the U.S. Geological 
Survey, mainly by Conomos and Peterson (1974) and Peter
son et al. (1975) along with the earlier work of Krone 
(1962, 1966). In Great Britain and in Europe, a number of 
estuaries have been intaunvely studied, providing an under
standing of their wspended material transport. 

SUSPENDED-MATERIAL INPUT 

The input of suspended material to estuaries around the 
world is variable in concentration and composition from 
river to river, as well as changing with time in any particu
lar river. The natural variability in the average concentra
tion of suspended material delivered to estuaries can change 
from river to river by many orders of magnitude (Table 
10.1). This variation in average concentration is related to 
sessonal changes in precipitation and runoff within the 
drainage basins of the rivers. The regions of extreme sea
sonal variations in precipitation and runoff also have the 
widest variation in wspended-material concentration, and 
the regions having reasonably steady climate have the least 
variation in suspended-material concentration. This rela
tionship is illustrated in the Yukon River, with its extreme 
climatic range. The Yukon flow has a concentration of BUB

pended material of over 1000 mg/liter at the time of spring 
ice break-up and a concentration of less than 1 mgfilter 
in the flow under the ice during the winter. On the other 
hand, the range is correspondingly reduced in the less vari
able climates even though they have high precipitation, 
as illustrated by some of the tributaries of the Amazon 
River, e.g., the Javari River, having a concentration of 81 

TABLE 10.1 Qmcentration and Discharge of Sediment by River 

Average Concentration 
Suspended Material, 

River ppm a 

Miaaiaaippi 250 
Susquehanna c 10-140 
Nile 595 
Rio Grande 42,600 
Danube 350 
Rhone 560 
Amazon 90 
Congo 23 
la Plata 430 

0 From Garrels and Mackenzie (1971). 
bFrom Holeman (1968). 
·From Schubel (1974). 

Sediment 
Discharge, 
1012 g/yrb 

312 
0.75 

110 
8.5 

19.4 

499 
64.7 
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ppm at the time of high discharge and a concentration of 
40 ppm at the time of low discharge, and the Jutai River, 
having concentrations of 45 ppm and 33 ppm at times of 
high and low discharge, respectively (Gibbs, 1967). In the 
regions of the world having temperate climate, the sea
sonal concentrational variation is intermediate between 
these extremes, as illustrated by the Susquehanna River, 
the major source river for the Chesapeake Bay, having a 
normal seasonal variation of 10 to 140 ppm (Schubel, 1974). 
In most temperate regions of the world, episodic climatic 
events may have a tremendous effect on wspended material 
concentration. For example, following tropical storm Agnes, 
the concentration of suspended sediment in the Susquehanna 
River exceeded 10,000 mgfilter in its discharge entering the 
Chesapeake Bay (Schubel, 1974). 

Considering solely the concentration of suspended mate
rial is not sufficient; the quantity of wspended material 
delivered to estuaries must also be considered. In Table 10.1 
the wspended material discharge is given for each of those 
rivers for which suspended-material concentrations are 
given. The wide variation of these values is related to the 
volume of water discharged. As concentration of wspended 
material varies with seasonal climatic variation, so does 
the suspended-material discharge, with even greater varia
tions. In the James River, a temperate climate river enter
ing the Chesapeake Bay, this seasonal variation results in 
90 percent of the yearly wspended material being dis
charged during 11 percent of the year (Nichols and Thomp
son, 1973). A more striking example of the nonuniformity 
of the discharge of wspended material is the case given 
by Schubel (1974), in which the Susquehanna River dis
charged more wspended sediments into the Upper Chesa
peake Bay in a one-week period following storm Agnes 
than had been discharged during the past three decades 
and probably during the past half-century. Such seasonal 
and episodic variations illustrate the difficulties that can 
be encountered in attempting to 81U11ple suspended mate
rial. An indication of such episodic events can be deter
mined by looking at the records of flooding, which have been 
recorded more extensively than have the suspended-material 
transportdats.Itappearsthatinmosttemperateregionsthese 
episodic events transport the bulk of the material over a long 
time span. 

The effect of man on the increase of wspended-material 
concentration and discharge of rivers has been striking. 
The cutting of forests, plowing for farmland, and the 
multiplicity of construction projects associated with man's 
industrial and residential expansion have markedly in
creased the concentration and discharge of wspended ma
terial. In other regions, the effect is the opposite, as man 
has erected dams that trap sediments, thereby cutting off 
the supply. However, since transportJerosion processes con
tinue unabated in these cases, a new equilibrium will be 
established usually after a great deal of erosion of the 
shoreline and bottom. 

The composition of the suspended material discharged 
by rivers into the oceans varies from river to river, depend
ing on the composition of the rocks and soils in the river's 
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drainage basin, the weathering climate t.o which these 
rocks and soils have been expoeed, and the energy of rivers 
t.o transport various sizes of material. The various minerals 
that make up the suspended material all have different size 
distributions, 88 illustrated in the eumple of the Am87.on 
River (Figure 10.1). It should therefore be kept in mind 
that different size materials have different compositions. 
Superimposed upon the inorganic fraction of the suspended 
material transported by rivers is the natural biologically 
produced material in the river-generally amounting t.o 
only a few milligrams per liter of organic material. For the 
most part, the portion of the suspended material in rivers 
and estuaries that is traceable t.o man's activities bas a 
composition similar t.o the natural material already noted; 
man bas simply accelerated its "erosion. n In addition t.o 
contributing natural materials t.o rivers and estuaries, man 
is responsible for permitting such suspended matter 88 

solid sewage and industrial wastes in the form of, for ex
ample, metals, plastics, and woods t.o enter the waters. In 
many places this material bas been concentrated through 
natural processes t.o become a pollution huard. 

TRANSPORT PROCESSES 

The fi.rst parameter t.o consider in a discussion of mecha
nisms of transport of BUBpended material is the distance the 
river is capable of thrusting suspended material int.o the 
ocean. To obtain data for this parameter, the discharge of 
the river should be measured through the critical interface 
region of its estuary or channel. The cross-eectional area of 
the critical interface region for this calculation may be 
taken at the cont.our line of the 1 ppt salinity at the sur
face; or if the 1 ppt cont.our extends int.o the ocean, the 
cross section should be measured at the mouth of the 
estuary. By dividing the river discharge by the area of the 
cross section, a "flushing" velocity may be obtained. This 
flushing velocity is a measure of the river's ability t.o keep 
seawater from intruding int.o the estuary or, conversely, 
its ability t.o thrust its water and materials through the 
estuary int.o the ocean. The extent that this flushing veloc-
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FIGURES 10.2 The position of the turbidity muimum relative t.o 
the mouth of various estuaries. Flushing velocity is the mean 
annual discharge divided by the cross-sectional area at the tur
bidity muimum. 

ity can predict the position of the region of interaction be
tween the river water and its materials and the seawat.er is 
illustrated in Figure 10.2. Data from representative rivers 
of the world show good correlation between the flushing 
velocity and the position of the river material-seawat.er 
interaction. The flushing velocity, therefore, dictates the 
position from which the mixing and transport mechanimns 
(waves, tides, and currents) can begin t.o disperse the sus
pended material. A general trend indicates that the larger 
rivers of the world can thrust water and material outward 
int.o the ocean, while the smaller rivers do not have the 
capability of moving material any further oceanward than 
the upper part of their estuaries. However, it should be 
noted that, because of the wide range of the areas of the 
cross sections, many minor exceptions t.o this overall trend 
can occur. 

The seasonal change in the discharge volume of a river 
and its corresponding shift in the position of the river
ocean interaction area is represented in Figure 10.2 by the 
length of the line associated with each of the various rivers. 
The flushing velocity appears t.o be the major mechanimn 
controlling the position of the river-ocean interface. 

Many estuaries that exist at the mouths of rivers t.oday 
are not in equilibrium with the present environment; they 
are the products of the flooding of river valleys by the last 
major rise in sea level. The estuaries of the rivers that di&
charged significant quantities of sediment were fi.lled in by 
this sediment, leaving only their present channels t.o the 
sea, e.g., the Mississippi, Amamn, Indus, and Ganges Rivers . 
At the other extreme, the estuaries of rivers having low 
sediment discharges, such 88 the Delaware River and the 
rivers draining int.o the Chesapeake Bay, are fi.lling slowly. 
In time, 88 these estuaries fill, decreasing the cross sectional 
area, the flushing velocity will increase. The increase in 
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Suspended Sediment Transport and the Turbidity Maximum 

the flushing velocity will cause an obvious seaward shift 
in the position of the river-ocean interaction with time. 

Above the estuary, the flow of a river is restricted to a 
channel, resulting in reasonably high velocities and turbu
lence. The ability of the river channel to transport sediment 
is generally more efficient than are the transporting mecha
nisms in the estuary or the ocean. The river channels of 
most large rivers have sufficient turbulence to counteract 
the downward settling of many particle sizes. The 2""m 
particles carried are uniformly distributed throughout the 
water column; the 20""m particles (silt) show a minor in
crease in concentration in the bottom fourth of the water 
column; the 2~m particles (fme sand) are transported 
mainly in the bottom fourth of the column, and the 2000""m 
particles (coarse sand) are transported by rolling and bounc
ing along the bottom. As all this material is carried out into 
the estuary, the river flow is superimposed on a complex 
and time-variable flow field. 

The point to be emphasized is that while the suspended 
material is transported by the water, it does not remain 
with the same water mass; rather, the particles are con
tinually settling downward, with the fmer particles tending 
to flocculate, enhancing their settling velocity. For studies 
of suspended-material transport, information on the physi
cal motion of the water is therefore exceedingly useful for 
consideration with suspended-material data. Data on either 
aspect alone are of limited value in understanding the trans
port of the suspended material. 

To illustrate the transportation and fate of suspended 
material delivered to an estuary, Figure 10.3 shows the 
average flow conditions encountered by the particles of the 
Amazon River as they are discharged. As the flow leaves 
the river channel and enters the larger cross-sectional area 
of the estuary, the flow velocity generally decreases. The 
particles of larger sizes can settle to the bottom, in many 
cases before any appreciable seawater is encountered. The 
material so deposited is generally all the material larger 
than about 60 "m in diameter, only a small percentage 
(2-10 percent, generally) of the total load delivered to the 
estuary (Figure 10.1). As the freshwater, with its suspended 
material, progresses seaward, it begins to encounter the 
denser seawater at the critical interface region of river-
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ocean interaction. Figure 10.3 shows the less dense fresh
water riding up over the seawater as it flows seaward. To 
replace the seawater entrained and carried seaward in the 
upper layer, a compensating landward flow is developed in 
the lower layer (Figure 10.3). 

As the particles settle out of the upper layer into the 
lower layer, they will be carried landward and concentrated 
to form the turbidity maximum. The particles not only 
settle as individual particles; but as the seawater is entrained 
in the upper layer it becomes brackish, causing the fmer 
particles to flocculate, enhancing their settling into the 
lower layer. 

In general, an equilibrium is established between river 
input and the dispersion of sediment from the turbidity 
maximum through the transport agents of waves, tidal 
currents, and nontidal currents. In a simple model of this 
system, we can see that, once equilibrium has been estab
lished, the river input, or the total sediment discharged, 
must be balanced by transport out of the turbidity maxi
mum and subsequent deposition in one of the environments. 
The flushing velocity, defmed earlier, controls both the 
position of the river-ocean interaction and the position of 
the turbidity maximum, thereby actually controlling which 
of the transportation agents the material will be exposed to. 
In the case of an estuary having a low flushing velocity, 
the turbidity maximum will develop in the upper part of the 
estuary and never be exposed to the oceanic transporting 
agents. 

To elucidate some of the principles that have been pre
sented, let us examine the Amazon River-Atlantic Ocean 
system. As noted in Figure 10.2, the flushing velocity of the 
Amazon River is capable of thrusting its water and mate
rials out into the ocean, where a turbidity maximum forms, 
as shown in Figures 10.4 and 10.5. The water circulation at 
the 20 percent isohaline shown in Figure 10.3 is substan
tially the same as that depicted in the model for the turbid
ity maximum. This two-layer flow extends for over 1000 km 
northwest of the mouth of the Amazon River (Figure 10.6). 
Near the river mouth, the driving force causing the land
ward bottom flow is the density gradient flow, but farther 
to the northwest it is an Ekman-type upwelling that pro
vides the landward flowing bottom water. These bottom 

FIGURE 10.3 Model of the circulation off 
the Amazon River calculat.ed at the 20 ppt 
isohaline. From Gibbs (1970). 
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FIGURE 10.4 The near-bottom distribution of the suspended 
solids in mg/liter for June-July 1971. Dots show positions of an
chored stations. 
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FIGURE 10.5 The near-surface distribution of the suspended 
solids in mg/liter for June-July 1971. 

FIGURE 10.6 Three-dimensional model of the water circulation 
and salinity for the Amazon River-Atlantic Ocean system. 
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flowing currents have been inferred from salinity and 
t.emperature data and also from direct measurements at 14 
sites (Gibbs, 1976). The volume of seawat.er flowing land
ward along the bottom is approximat.ely three times the 
river discharge. To verify further this model of BUBpeDded 
mat.erial transport, Figures 10.7 and 10.8 present data 
from two anchored stations in which current direction and 
velocity and suspended-mat.erial concentration were obtained 
at numerous depths through a complet.e tidal cycle. Figure 
10.7 represents a station near the mouth of the Amazon 
River and is on the landward side of the turbidity maximum. 
While the direction of sediment transport varies within the 
tidal cycle, it should be noted that the net transport during 
a tidal cycle is offshore, with the bulk of the mat.erial 
moving in the bottom half of the wat.er column. For com
parison and to elucidat.e the mechanisms that maintain the 
turbidity maximum, Figure 10.8 presents data for a station 
farther out on the shelf. In this case, the landward transport 
of suspended mat.erial along the bottom is evident. It is this 
bottom transport that maintains the turbidity maximum on 
the seaward side. The seaward transport in the middle 
third of the wat.er column approximat.ely balances the shore
ward transport along the bottom. Much of the mat.erial that 
is carried seaward in this middle third probably lat.er settles 
into the lower layer and moves shoreward again. It should 
be emphasized that insignificant transport takes place in 
the upper third of the wat.er column. 
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FIGURE 10.7 Sediment transport per meter width at various 
depths and directions in the ocean oceanward of the Amazon River. 
The dotted line is the summation computed over a tidal cycle for 
the onshore-offshore component. The position of the station ia 
shown in Figure 10.4. 
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FIGURE 10.8 Sediment transport per met.er width at various 
depths and directions on the out.er shelf seaward of and shown 
in Figure 10.7. The dott.ed line is the summation comput.ed over 
a tidal cycle for the onshore-offshore component. The position of 
the station is shown in Figure 10.4. 

FUTURE RESEARCH 

Since the particulat.e mat.erials are a major pollutant trans
fer agent in our environment and are the mat.erials with 
which nature fills man-made harbors and channels, an 
understanding of their mechanisms of transportation is 
important. We do not understand adequat.ely the procesaee 
themselves nor the environmental conditions that are con
ducive to suspended-mat.erial transportation. 

Detailed studies of the int.eraction of the suspended partic
ulat.e mat.erial carried by rivers as it ent.ers seawat.er are 
necessary. These studies are needed to ascertain the micro
mechanisme involved in the overall transportation process. 
Such topics include the stat.e of flocculation in the natural 
environment under various current and turbulence condi
tions and the int.eraction of the biota considering both the 
effects of algae and mt.er-feeding organisms. 

An int.egrat.ed study encompassing the physical movement 
of the wat.er, the details of the suspended-mat.erial transport, 
the chemistry of the int.eracting wat.ers, and the biota that 
may have an effect on the suspended mat.erial could eluci
dat.e more knowledge than an uncoordinat.ed study of the 
four separat.e parts. These int.egrat.ed studies must entail 
physical, chemical, geological, and biological disciplines that 
are truly int.egrat.ed from the planning stages through int.er
pretation phases. 

To comprehend complet.ely transportation processes relat.ed 
to suspended mat.erial, a wide range of river-ocean environ
ment syst.ems must be studied. All too often a particular 
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estuary is studied because it is conveniently locat.ed rather 
than because it possesses a natural experiment that will 
help to solve a fundamental problem. Each new study 
should address this problem by asking what the unsolved 
fundamental problem is and whether the proposed study in 
the particular estuary can be expect.ed to provide a solution. 
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INTRODUCTION 

The large proportion of the major estuaries in the United 
Kingdom and Europe are either muddy throughout their 
length or have dominantly muddy inner reaches. They have 
a muddy subtidal bed, are bordered by muddy tidal flat.a, 
and carry a variable and often high suspended fme-aediment 
load. The estuarine residual water circulation tends to" 
ensure that. fme sediment is retained to form the estuarine 
turbidity maximum wne. Fine sediment.a in estuaries are 
transported in suspension; and although it is not certain, it 
is widely assumed that the residual circulation of the fme 
sediment is similar to the residual circulation of the estua
rine water. 

Fine sediment.a in estuaries are multimineralic, chemically 
complex, and may have a significant microbiological popula· 
tion. They consist chiefly of clay minerals of less than 5-µm 
diameter, which possess significant surface electrochemical 
charges, resulting in forces that cause them to flocculate. 
These forces are additional to the normal gravitational and 
hydrodynamic forces that operate on noncohesive sediment.a, 
such as sand; and they cause mud to behave in a funda
mentally different manner. As a consequence of these and 
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other problems, knowledge of the behavior of fme sediment 
lags behind that of noncohesive sediment.a. Such work as 
lias been undertaken consist.a largely of laboratory simula
tions and model test.a. However, scaling and other difficulties 
cause major problems in physical models and other types of 
laboratory experiment.a uaing fme sediment.a. Furthermore, 
as is to be discussed later, the physicochemical, physical, 
and biological processes that operate within estuarine fme
sediment suspensions result in the parameters controlling 
their behavior being strongly time-dependent. 

Present behavioral models of suspensions are based on 
concept.a developed from theoretical, laboratory, and field 
work. Most models consist of four distinct phases of be
havior: erosion, transport, deposition, and consolidation. 
During the transport phase the models generally assume 
the movement of undifferentiated suspensions in a turbulent 
flow, with the floes remaining in suspension until a slack 
water period; at such time the floes are assumed to settle at 
their still-water settling velocity (usually< 0.1 cm/sec). The 
amount of settling sediment that reaches the bed depends, 
of course, on the length of time of the assumed slack water 
period. 

Various authors have attempted to predict instantaneous 
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The Physical Characteristics and Environmental Significance of Fine-Sediment Suspensions in Estuaries 111 

suspended sediment concentration profiles. It is not possible 
to describe theoretically the vertical distribution of sediment 
in anything other than idealized conditions. The equations 
due t.o Rouse, Hunt, Einstein, and Chien are well known 
(Task Committ.ee on the Preparation of a Sedimentation 
Manual, 1963). The simplest and most widely used relation
ship is that of Vanoni (1941) as modified by Einstein (1950). 
All these formulae predict a concentration profile that 
increases exponentially with depth, and all relate to non
cohesive sediment. The concentration profiles predicted 
from these theoretical considerations do differ from those 
measured in laboratory experiments under equilibrium 
conditions of steady flow. The differences are generally 
attributed either to the finite volume occupied by the parti
cles or to their effects on turbulence. 

Nordin (1963) as well as others have applied the equa
tions of Vanoni and Einstein to sediment concentration in 
rivers. Halliwell and O'Connor (1966) attempted to apply 
these formulae to fme-sediment suspensions in an estuary 
and also derived modified equations. The profiles calculated 
using both equations are plotted in Figure 11.1. They at
tempted to test these equations with field observations but 
did not have the facility to measure instantaneous vertical 
turbidity profiles. The time-average profiles they compiled 
show some results that resemble the predicted distribution 
but others that depart from it in a fundamental manner. 
Odd and Owen (1972) divided the exponential profile into 
two layers as a basis for a model to predict the circulation 
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FIGURE 11.1 Theoretical vertical suspended sediment profiles. 
From Halliwell and O'Connor (1966). 

of fme sediment in the Thames. A subsequent three-layer 
model was developed to account for situations where a 
static suspension formed intermittently on the bed during 
neap tides (Hydraulics Research, 1974). Linear variations in 
both velocity and concentration with depth were 888umed 
for the intermediate layer, while the concentration and 
velocity in the top layer were varied in time but 888umed 
constant with depth. 

By comparison with these examples of physical and 
mathematical modeling, only limited attention has been 
given to investigations of the behavior of fme sediment in 
the field or to the development of instrumentation and 
techniques adequate for performing experiments of equal 
precision to those undertaken in the laboratory. Thus, the 
discrepancies between available field data and theory are 
partially accounted for by the complexity of the field proto
type and partially by the inadequacy of the field techniques. 
The research project at the Institute of Oceanographic 
Sciences (IOS), Taunton, England, commenced in 1970, has 
concentrated on a field study of fme-sediment behavior in 
estuaries. The study has compared the behavior of fme 
sediment in suspension in two contrasting types of estuary; 
one is a high-energy, high-turbidity, well-mixed estuary
the Severn-and the other a low-energy, generally very low
turbidity, highly stratified estuary-the Maas. 

FIELD TECHNIQUES 

At an early stage in the study it became apparent that the 
groee turbidity structure of the Severn Estuary exhibited 
important and at that time unpredictable variability. It was 
therefore our practice to record the horizontal turbidity 
traverses on a continuous basis. Observations of near
eurface turbidity highs 8880ciated with bathymetric rises 
rapidly led us to believe that there were significant vertical 
turbidity variations. This was confirmed by continuously 
recorded vertical profiles of turbidity. Use of the simple 
combined horizontal towing and vertical profiling rig con
firmed our suspicion that discrete-point measurements 
might produce inadequate descriptions of the suspension 
structures that exist. 

The turbidity array designed to investigate these mobile, 
relatively dilute euepeneions consists of a tow-fish upon 
which were mounted two optical turbidity meters operating 
in the ranges 250-2000 mg/liter and 500-25,000 mg/liter, a 
continuous recording conductivity meter, and a pressure 
sensor. Continuous horizontal traverses were made at 
towing speeds up to 7 knots. The turbidity meters have a 
rapid response time (100 Hz), which permitted vertical 
profiles in depths up to 30 m to be taken in approximately 
20 sec. A network of standard stations has been revisited 
at various stages of the semidiurnal tidal period and at 
various times in the spring-neap cycle. 

To measure denser suspensions, a gamma-ray deneimeter 
was used (Figure 11.2). This trenemiBBion gauge was built in 
1972 to IOS specification by the United Kingdom Atomic 
Energy Research Establishment, Harwell. It uses a 3 mCi 
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FlGURE 11.2 Harwell twin-probe transmissions gauge. The single 
probe unit is a backscatter gauge used for bulk density measurements. 

133 Ba source and has a vertical resolution of± 1 cm with an ac
curacy of ±2 percent in the range 1.00-2.00 g/cm3 (Parker 
et al., 1975). The densimeter can be connected to the same 
recorders and depth sensor as the turbidity array to provide 
continuous vertical traverses of density. 

Using the turbidity array for relatively dilute suspensions 
and the densimeter for denser suspensions, we have observed 
that fine sediment occurs in a continuum of concentrations 
from dilute, mobile suspensions of only a few milligrams/ 
liter, through "soupy" mobile suspensions with a concentra
tion of 25,000-30,000 mgiliter, to dense static "custardlike" 
suspensions of 50,000-400,000 mgiliter. 

FINE-SEDIMENT PHENOMENA IN 
THE SEVERN 

The Severn Estuary extends from Upton-on-Severn to Flat 
Holm and Steep Holme Islands, a distance of 90 miles (150 
km), (Figure 11.3). There is a large tidal range with large 
differences in energy levels between spring and neap tides 
(Table 11.1). The Severn is regarded as a classic, well-mixed 
estuary, although recent work has shown that marked 
lateral partitioning occurs. It is a high-turbidity estuary, the 
turbidity maximum occupying the whole estuary from the 
Holmes Islands to well beyond the Severn Bridge (Figure 

TABLE 11.1 Tidal Data for the Severn Estuary 

Tidal Range at 
A vonmouth (m) 

Extreme spring range 14.5 
Mean spring range 12.3 Springs 
Mean neap range 6.5 Neaps 

Tidal Stream 
Velocity at 
Avonmouth (m/sec) 

Flood Ebb 

2.3 1.6 
1.2 0.85 

ROBERT R. KIRBY AND W. R. PARKER 

Severn Estuary, 
Bristol Channel 
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FIGURE 11.3 The Severn Estuary and Upper Bristol Channel, U.K.. 
showing position of Station 15. 

11.3). In the area between The Shoots and Bridgewater Bay, 
of the order of 1010 kg of sediment are in mobile suspension 
during spring tides (Kirby and Parker, 1975). 

Fine sediment occurs in two forms: as suspensions, which 
may be either mobile or static, and as settled mud, which is 
quasi-permanently deposited on the seabed. Over both the 
semidiurnal and the spring to neap tidal time scales, pre
dictable sequences of gross concentration profiles have now 
been established over concentrations ranging from 250 t.o 
400,000 mgiliter. Dense suspensions have been recorded 
along the whole length of the channels from The Shoots t.o 
Bridgewater Bay, but they rarely occur over the banks. 

The experiments in the Severn were undertaken using a 
single ship, which was brought onto station and then al
lowed to drift with the tide to prevent disturbance of the 
near-surface suspension structures by either the anchor 
cable or the propeller. Consequently, the only tidal stream 
data that could be obtained simultaneously were measure
ments taken with the ship's EM log. 
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MOBILE SUSPENSIONS, SEMIDIURNAL CYCLE 

Over a single tidal cycle on spring tides a regular sequence 
of suspension structures develops in the wat.er column 
throughout the estuary. The sequence commences with a 
vertically homogeneous profile at maximum ebb or flood 
and is followed by the development of layering within the 
suspension during the decreasing tidal energy stage toward 
and during slack wat.er. On the increasing tidal energy stage 
following slack wat.er, a further sequence of layered struc· 
tures is developed. 

This general sequence is illustrat.ed in Figure 11.4, which 
shows the succession of structures measured during a 3112· 
hour experiment encompaeeing the low wat.er of a spring 
tide at Standard Station 15. At· the maximum ebb, the 
turbidity was constant from top to bottom with a concentra· 
tion of 10,000 mgllit.er. At 1356, an inflection in the con· 
centration profile was observed near the surface. From 
1356 to 1441, as the tidal velocity continued to decrease, 
the inflection within the turbidity profile became lees pro
nounced and occurred deeper in the wat.er column, while 
the turbidity of the lower layers increased progressively. 
Profiles at 1443 and 1446 are almost logarithmic and show 
an increased concentration in the lower part of the profile. 
While this sequence was developing, the top 4 m of the 
wat.er column was moving down the estuary at approxi." 
mat.ely 1.0 m/eec. By 1504, the time of predict.ed low wat.er, 
a dense, presumed mobile layer 0.25 m in thiclmees and 
with a concentration approaching 40,000 mgllit.er was 
observed at the seabed. The large-amplitude turbidity 
change across the surface of this layer represents a density 
change from approximat.ely 1.025 to 1.055 g/cm 3• From 
1528 on, the tide at the surface was flooding and the wat.er 
depth start.ed to increase. However, despit.e this 180° 
change in tidal current direction at the surface, between 
1504 and 1550 the continuing decrease in the altitude of 
the boundary between a relatively clean (1000 mgllit.er), 
constant-turbidity upper layer and a higher-turbidity (ap· 

STATION 15 2-8-74 BC 1974/3 F.S.D 0-5 

:~ 
15 

TURBIDITY/DEPTH PROFILES 

promnat.ely 10,000 mgllit.er) layer below it can clearly be 
seen. During this period, the thiclmees of the lowest layer 
increased, until by 1550 it had reached 2 m. By 1558, the 
high-level st.ep in the turbidity profile had disappeared and 
the sediment concentration in the upper part of the profile 
had decreased to 1000 mgllit.er. The lowest layer had reached 
3 m in thiclmeee, and the surface flood tidal current was 
1.25 m/eec. The succeeding profiles appear to show the sedi
ment rising progressively into the wat.er column, the lowest 
layer in the profile becoming thinner and apparently lees 
concentrat.ed. At 1630, the surface flood velocity had reached 
1.75 m/eec, and by the end of the experiment at 1730 a 
homogeneous profile almost identical with the first one 
recorded at 1356 was observed. Comparison of data from 
other standard stations shows that the sequence of events 
detailed from Station 15 may be anticipat.ed in any of the 
deep channels under similar conditions at high or low slack 
wat.er. St.epped profiles are almost universally present 
during this sequence. 

Results of this type of time series observation are believed 
to show two major effects. The inflections in the turbidity 
profiles marking abrupt vertical changes in sediment con· 
centration are believed to be the product of settling of 
individual floes. The movements of these inflections up and 
down the profile are int.erpret.ed as being partially due to 
advection past the measuring point of int.erfacee generat.ed 
upflow, since their vertical movements are apparently too 
rapid to equat.e with the maximum expectable settling 
velocities of the floes. The fact that the inflections appear 
to move up and down in phase with the tidal currents sug
gests that they are inclined. Int.erpretetion of the date for 
Station 15 suggests that the highest int.erface on the records 
taken from 1504 to 1556 elopes at approximat.ely 1:100. 

MOBILE SUSPENSIONS, SPRING-NEAP CYCLE 

On the second timescale, the spring-to-neap cycle, the semi· 
diurnal sequence of homogeneous, followed by st.epped, 

F1GURE 11.4 Time series of vertical tur· 
bidityprofiles from Station 15, Severn Estuary. 
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suspensions continues. However, as the tidal range and 
consequent tidal stream velocities decrease, dense, mobile 
suspensions differentiated onto the bed become static at 
slack water. These static suspensions survive progressively 
longer into the succeeding tide, until they eventually resist 
the subsequent elevation in tidal energy and remain through
out the complete tidal cycle. At this stage of the neap cycle, 
the concentrations in the overlying water body are greatly 
reduced and a recognizable sequence of structures may not 
exist. In general terms, the mobile suspension structures on 
neap tides resemble those at slack water on a spring tide in 
that the concentrations in the overlying water column are 
much reduced, and most of the sediment is on the bed as a 
dense static suspension. 

STATIC SUSPENSIONS 

Dense static suspensions, commonly 2-4 m and sometimes 
reaching 10 m in thickness, occur in the channels of the 
Severn and in Bridgewater Bay during neap tidal times. 
Soon after becoming static, the upper surface of the suspen· 
sion becomes sufficiently well defined to be detected with 
an echo sounder (Figure 11.5). Static suspensions with 
concentrations in the upper layers as low as 14,000 mg/liter 
as measured with turbidity meters have been detected with 
a 30-kHz echo sounder. Densities ranging between 1.05 and 
1.3 g/cm3 as measured with the density gauge are regularly 
encountered on neaps. Such dense static suspensions are a 
common feature in estuaries, being called in the United 
Kingdom "fluid mud" and in the United States "fluff' by 
hydrographic surveyors. 

Examination of dense suspensions using echo sounders 
reveals that detection of the suspension is dependent on 
both the frequency of the acoustic source and the surface 
character of the suspension. Figure 11.6 shows records 
obtained simultaneously using a 200· and a 30-kHz echo 
sounder over a static suspension. The characteristics of the 
interface are such that it was detected by the 200 but not 
by the 30-kHz source. The relative importance of back
scattering compared to reflection from the interface is 

ROBERT R. KIRBY AND W. R. PARKER 
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FIGURE 11.6 Comparison of 200-kHz and 30-kHz records ob
tained simultaneously, Severn Estuary. The upper record is at 200 
kHz and the lower at 30 kHz. 

unknown. Knowledge of the distribution of static suepen· 
sions in the Severn was gained using the lower-resolution 
30-kHz source, and thus our estimate of the abundance of 
such dense static suspensions is conservative. 

In some localities, multilayered static suspensions occur, 
the layering being generally parallel to the upper surface of 
the suspension rather than the underlying seabed. Continu
ous vertical profiles of density measured with the trans
mission gauge show that even apparently uniform suspen
sions identified with the 30-kHz echo sounder may be 
stratified. Figure 11.7 shows two density profiles into static 

FIGURE 11.5 30-kHz echo-sounder record 
showing dense static suspension, Newport 
Deep, Severn Estuary. 
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suspensions near Avonmouth. The lower profile shows 
layering visible on the echo-sounder record, which is recog
nU.able as distinct steps in the density curve. The upper 
profile shows a stepped density profile in an acoustically 
undifferentiated suspension. 

In some circumstances, acoustic records of static suspen
sions show reflectors near the base of the suspension, which 
are parallel to the underlying topography rather than 
parallel to the planar surface of the suspension (Figure 
11.8). By analogy with structures in settled muds, this is 
believed to indicate a stage in the transition from static 
suspensions to settled mud. Extensive deposits of settled 
mud (Figure 11.9) having a surface density >1.3 g/cm3 

occur within the estuary. 
During the neap cycle the suspensions continue to de

water, but later, when tidal energy levels start to rise on 
the succeeding neap-to-spring cycle, a large proportion of all 
static suspensions is eroded and remixed up into the water 
column. 

30 kHz Record 

' Tranem!Mlon Denllty 
PrOflle --I 

I 
~ Fluid Mud Surlec:e 
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r 20 

I 40 
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FIGURE 11 .7 Comparison of transmission gauge pro
files into dense static suspensions. Accompanying 30-
kHz echo sounder records obtained at time of profiles, 
Severn Estuary. The density discontinuities on the 
lower record are also observed acoustically; those on 
the upper record are not. 

fO 1S 
Metres 

FIGURE 11.8 Dense static suspension in 
which lower layer is at a transitional stage of 
dewatering to form settled mud. Severn Estu
ary. 

FINE- SEDIMENT PHENOMENA IN THE MAAS 

Measurements using turbidity meter and densimeter arrays 
were made in the Maas for comparison with data from the 
Severn. The Maas, a distributary of the Rhine and site of 
the port of Rotterdam-Europort, is a highly stratified, 
very low-tidal-range (1.4 m) and generally low-turbidity 
estuary. It might thus be expected that contrasts in fine
sediment phenomena might be seen. A 131/1-hour tidal 
stream and turbidity survey was undertaken using three 
vessels along a section crossing both the Rotterdam Water
way and the Caland Canal, which is the entrance to Europort 
(Figure 11.10). Vessels were anchored for the tidal stream 
observations at positions 2 and 4, while a third sailed re
peatedly across the section recording vertical profiles of 
turbidity and conductivity at five positions. Only significant 
parts of the 131/1-hour experiment are plotted in Figures 
11.11and11.12. 

Copyright © National Academy of Sciences. All rights reserved.

Estuaries, Geophysics, and the Environment
http://www.nap.edu/catalog.php?record_id=20325

http://www.nap.edu/catalog.php?record_id=20325


116 

' • 

5 
Metres 

.... 

FIGURE 11.9 Settled mud, Bridge
water Bay, Upper Bristol Channel. 

FIGURE 11.10 The Maas Estuary, Nether· 
lands, showing position of experimental cross 
section. 

ROBERT R. KIRBY AND W. R. PARKER 

MOBILE SUSPENSIONS 

The results show the generally low turbidity of the estuary. 
For much of the time, the turbidity was probably in the 
region of 20-40 mgffiter, below the resolution of the tur
bidity meters used at that time; but dense mobile suspen
sions were detected at both center-line stations. Results 
from Station 2 (Figure 11.11) show a salt wedge, a reversing 
tidal flow, and low turbidity. The flow at the surface was 
downstream throughout the experiment, while flow at the 
bed was upstream except for a period of less than 2 hours 
toward the end of the ebb. Surface velocities varied between 
100 and 200 cm/sec. The turbidity values recorded close to 
the anchored station by the suspended solids-profiling 
vessel show low concentrations throughout the experiment 
except for one profile 1 hour before high water, which 
shows a near-bed dense suspension 0.5 m in thickness with a 
concentration of 40,000 mgffiter. Comparison with the 
current data shows that this suspension was almost certainly 
moving upstream at 25-30 cm/sec. 

At Station 4 in the Caland Canal, the salt wedge was only 
poorly developed because of the limited freshwater flow. 
The tidal stream velocities were lower than those in the 
Rotterdam Waterway, and the near-bed flow was upstream 
at all stages of the tide (Figure 11.12). At the surface, the 
flow was upstream for the 3 hours leading up to the high 
water. Just before high water, the surface current reversed 
and continued to flow downstream for the remaining 9 
hours of the experiment. The near-bed upstream velocity 
reached 30 cm/sec on the flood and fell to 10 cm/sec during 
the maximum ebb. At the surface, the flood velocity reached 
30 cm/sec, while the ebb velocity reached 75 cm/sec. The 
turbidity records from Station 4 reveal that, with the excep
tion of the occasional profile showing sediment mixed high 
into the water column by the passage of working dredgers, 
the turbidity was much less than 200 mgffiter. However, at 
1205 hours, in the late part of the ebb, a mobile suspension 

Maas Estuary 

~ 

. Ratl9rdlm 
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FIGURE 11.12 Plots of tide height, velocity, and direction and turbidity for Station 4, Mass Estuary. 
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was observed as a layer 0.25 m in thickness with a con· 
centration reaching 40,000 mg/lit.er. The profiling rate was 
increased, and during the next 21/s hours the layer was 
observed to increase progressively in thickness until by 
1420 hours it was 1.75 m thick. During this time the near· 
bed current was moving upstream at 15-25 cm/sec. The 
concentration was at the upper end of the resolution of the 
turbidity met.er so that no int.ernal structure could be de
t.ect.ed, but the conductivity profiles obtained simultaneously 
with the turbidity records revealed that the dense suspen· 
sion was layered. 

There is no evidence of the source of this dense suspen· 
sion. It is apparent, however, that all the significant sus
pended sediment transport took place in dense near-bed layers. 
More significantly, the suspensions were moving upstream, 
and since there was no return flow at the bed they would be 
unlikely to escape from the estuary if similar conditions 
persisted until the suspension had dewat.ered and con· 
solidated. The largest quantity of sediment penetrated 
upstream at what is probably the least expected time, to
ward the end of the ebb tide. Examination of the tidal 
stream profiles and Rijkswat.erstaat monitoring indicates 
that the dense suspensions are unlikely to have originated 
upstream of the measuring section in either the Rotterdam 
Wat.erway or the Caland Canal. 

STATIC SUSPENSIONS 

The Caland Canal and the basins of Europort and Rott.erdam 
are the sites of extensive dense static suspensions. Research 
undertaken by the Rijkswat.erstaat using echo sounders and 
the Harwell densimeters indicates that static suspensions 
represent large quantities of sediment, which appear to 
accumulate rapidly during storm periods. Their work indi· 
cat.es that once the sediment ent.ers the Maas and is de
posited it is permanently trapped and progressively de
wat.ers to form settled mud. Such observations agree with 
the current-meter measurements made during our investi· 
gations. 

ENVIRONMENTAL SIGNIFICANCE 

Estuaries are of extreme importance in the interrelation of 
man with his environment. They are the sites of almost all 
the major cities and seaports of the world. In the large pro
portion of these estuaries, as a consequence of the retentive 
estuarine sediment circulation, the dominant sediment 
type is mud. Both dense mobile and static suspensions have 
a wide environmental significance. The dense mobile sus
pensions in the Severn and Maas are probably the most 
important source for cohesive sediment arriving at or re
turning to sites of accretion in navigational channels, locks, 
and basins. 

Two particular engineering problems related to the pres
ence of fme sediment may be identified. The first is that 
layered static suspensions are generally surveyed with echo 

sounders that are incapable of identifying which horiwns 
should be regarded as the navigationally significant seabed. 
Fortunately, densimet.ers are capable of resolving certain of 
the problems related to determining the altitude of the 
seabed (Kirby and Parker, 1974), and they are now being 
used extensively in this role by the Rijkswat.erstaat. The 
second problem is that of dredging and disposing of cohesive 
sediment. It is difficult for the dredger to detect or to 
dredge dense static suspensions, and the underlying dredge
able material is greatly diluted by the dredging plant in 
order to move it from the seabed. Dense mobile suspensions 
are generated by the passage of the draghead while high 
level suspensions are created by overflow through the weirs 
of the dredger hopper. At the dumping site, dense suspen· 
sions can be formed, which may assist dispersal of the sedi· 
ment and its return to the dredging site or to other areas of 
importance such as shellfish beds, fishing grounds, or 
recreational beaches. 

Cohesive sediments are environmentally important in the 
pollution field. It has been shown (Preston, 1973; Kirby and 
Parker, 1973) that in turbid estuaries a high proportion of 
the heavy-metal pollutants are carried as an absorbed load 
on the surface of the clay particles. Analyses of mean con· 
centrations of heavy metals in the wat.ers of the Bristol 
Channel showed 1.18 µg/lit.er of Pb, 9.98 µg/liter of Zn, 
2.07 µg/lit.er of Cu, and 1.13 µg/lit.er of Cd (Abdullah et al., 
1972). In contrast, suspended sediment samples from the 
Avonmouth area, which show the highest heavy-metal 
contents in the estuary, range from 140 to 160 ppm (dry 
weight) Pb, 400 to 570 ppm Zn, 43 to 50 ppm Cu, and 2 to 
5.6 ppm Cd. Similar concentrations occur at the upstream 
end of Newport Deep with a general progressive decrease 
seaward to lower values in Bridgewat.er Bay. The mobile 
fme sediment, whether dispersed or in the form of dense 
static suspensions, provides a reservoir for heavy-metal 
pollutants in the estuary because of the retention of fme 
sediment by the estuarine circulation system. Even if the 
suspended sediment is merely a carrier for the pollutants 
rather than the ultimate dump site, the reservoir of pol· 
lutants present is large. 

In the Severn, the presence of high concentrations of 
suspended sediment as discrete layers is sufficient to affect 
the dynamic balance of the estuary. The work on the Maas 
shows that as a consequence of the formation of density 
stratification due to fme-sediment concentration differences 
the circulation of fine sediment may be quite different 
from the circulation of the wat.er. Thus, the existence of 
fme sediment and the nature of the fme-sediment circula· 
tion are likely to be of particular importance in modeling 
the dispersal of pollutants. 

Dense mobile and static suspensions can have a funda
mental effect on the ecology of an estuary. In addition to 
the pollution load carried by the sediment, the constant 
development of extremely high-turbidity suspensions may 
be intolerable for some benthic fauna and flora. In the 
Severn, the main channel, the site of regular formation of 
mobile dense suspensions, has a poor benthic fauna largely 
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confined to the sedentary tube-building polychaete worm 
Sabel/aria sp., which colonizes the channel sides. The mobile 
dense suspensions may be largely responsible for this re
stricted fauna. Similarly, every neap tide dense static sus
pension completely blankets the settled mud areas with 1-2 
m of material at concentrations of 50,000-400,000 mg/liter. 

Recent work undertaken in conjunction with Bristol 
University on the microbiological condition of these static 
suspensions in the Severn has revealed that they are ap
parently largely anaerobic. The presence of such an anaero
bic blanket, either at regular intervals as in the Severn or 
more irregularly but longer lived as in the Maas, is likely to 
be of prime importance as an ecological control mechanism. 

CONCLUSIONS 

Detailed field investigations using new techniques in two 
contrasted European estuaries have revealed that the be
havior of fme sediment is poorly understood and that 
laboratory simulations are unlikely to duplicate certain of 
the significant real-scale and time-dependent effects. The 
channels of the Severn are the site of mobile dense suspen· 
sions and ephemeral static suspensions on springs and more 
stable dense static suspensions on neaps. A sequence of 
structures develops in response to changes in energy levels 
on the semidiumal and spring-neap time scale. In contrast, 
in the Maas dense mobile suspensions and static suspensions 
have been identified whose development has little apparent 
relation to any tidal time scale. It may be that only a one
way movement of dense near-bed suspensions occurs in the 
Maas. 

Despite the great contrasts in physical character, both 
estuaries studied show temporally and spatially complex 
and stratified suspensions, and it may be that similar struc
tures are common in other estuaries. In both estuaries, 
dense mobile suspensions are thought to play an important 
role in the sediment circulation. 

Instantaneous profiles approximating the usually pre
dicted exponential concentration profiles have only occasionally 
been observed, although an approximation to an exponential 
profile would result if continuously measured vertical pro
files of concentration were integrated over a sufficiently 
long period. The complex sequences of structures that ac
tually occur need to be taken into account in any models of 
suspension behavior. 

Dense mobile suspensions might be expected in many 
high-turbidity estuaries and also in low-turbidity estuaries 
with mud substrates that are subject to dredging. 

Environmental problems due to suspended sediment 
might be encountered even in estuaries with a high but 
dispersed suspended load. It is suggested that any dense 
near-bed mobile or static suspensions are likely to give rise 
to a wider variety of serious environmental problems. 

Future work is being directed toward a quantitative 
description of fme-sediment phenomena and to field in
vestigations of the processes governing their behavior. 

ROBERT R. KIRBY AND W. R. PARKER 

When the phenomena themselves are adequately under· 
stood and the processes responsible for them are adequately 
identified and scaled, the resulting realistic models will 
form the basis from which predictive models of estuarine 
sediment circulation and fme-sediment behavior may be 
developed. 
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The Fate of Metals 

in Estuaries 

12-------

INTRODUCTION 

KARL K. TUREKIAN 

Yale University 

From the geochemical point of view, an estuary is a reaction 
vessel where the mixing of stream water and seawater has 
consequences far beyond simple dilution, for streams bring 
more than freshwater to the basin. They are bearers of dis
solved organic compounds and inorganic species and of de
trital material including organic matter and iron and man
ganese oxide grains and coatings as well as the minerals from 
soil profiles. And the sea provides the well-known dissolved 
chemical species that make it salty. Of these, sulfate plays a 
special role in determining chemical pathways in the estuary, 
especially in relation to biological activity in the sediment 
column. In addition, the dynamics of estuarine circulation and 
the activity of benthic populations force intimate contact 
between the water column and thesediment pile. 

All techniques capable of helping us to understand this com
plex system are welcome, even when they yield results leading 
to diametrically opposite conclusions; for it is at the point of 
contradiction that we can see how much our analysis of the 
system has been oversimplified or how we have structured 
too artificial a framework to represent this complex reaction 
vessel. 

121 

One of the most pressing problems in estuarine geochemis
try is the behavior of the trace metals. Here the modifications 
of stream supplies occur, and the quality and quantity of 
what is actually delivered to the open ocean are determined. 
One of the best ways to understand the behavior of trace 
metals in estuaries is to study the behavior of manganese, 
iron, and the daughters of the uranium (and thorium) decay 
series nuclides in the stream-estuary-ocean system. These 
provide the opportunity to determine rate constants in 
natural systems. The objective is to use these constants, 
at least in modeling, to describe the behavior of other 
elements for which data are difficult to obtain directly. 

The special properties of manganese and iron are that 
they readily undergo oxidation and reduction under the 
conditions available in different parts of an estuarine sys
tem and they are generally high in abundance in the sedi
ments. The anoxic sediments in which seawater sulfate in 
pore waters is reduced by bacteria to form hydrogen sul
fides also reduces iron and manganese in the sediment to 
Fe+2 and Mn +2• As the concentrations of these ions are 
determined by the solubilities of their sulfides, their concen
trations are quite high in pore waters-a property of man
ganese and iron and not of other common metal sulfides. 
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(Manganese solubilities may also be controlled by the stabil
ity of MnCOs.) The release of Mn +2 and Fe +2 into aerat.ed 
waters by biological and physical mechanisms results in 
their oxidation to Fe+3 and Mn +4, respectively, and precipi
tation as oxides. The freshly precipitat.ed iron and man
ganese oxides provide highly reactive surfaces, which se
quester many trace metals. 

One of the members of the uranium decay series (Figure 
12.1) of interest in modeling the behavior of metals is 2•0 Pb, 
which has a half-life of 22 years. This nuclide is supplied to 
aqueous systems in part by the decay of 222Rn mainly derived 
from 226Ra. The atmosphere is the other source from which 
the decay of 222 Rn, which continuously emanates from soils 
to the atmosphere, results in a supply of 210 Pb, which is 
transported to ground level by precipitation. 

Another nuclide in the uranium decay series that is of 
value in predicting the behavior of trace metals in estuarine 
waters is 234Th. It is supplied to estuarine waters exclusively 
by the decay of dissolved 238U. This, and the fact that its 
half-life is 24 days, provides direct information on the 
systematics of the metal scavenging process in an estuary. 

The following are some of the insights that have been 
gained on these syst.ems by our group at Yale University. In 
addition, some of our work on the stable trace metals is 
int.erpret.ed in light of experiments recently performed by 
others. 
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THE SUPPLY OF METALS BY RIVERS 

The composition of nonimpact.ed streams is the result of 
the weathering process. Except at times of extremely high 
rainfall, the water in the stream channels is derived from 
groundwat.er. The reactions at depth in the country rock fix 
the composition of the groundwat.er supplied to the stream 
channel. Aerat.ed rain water pereolating through the soil 
loses its oxygen progressively as a result of metaboliam 
by soil bacteria. The major reservoir of groundwater is thus 
anoxic and provides a reducing environment which in
fluences chemical speciation. The most important effect for 
trace metal transport is that under reducing conditions 
manganese and iron can be mobilized. Streams are fed by 
these manganese- and iron-rich groundwaters and are 
oxidized and subject to precipitation. Manganese and iron 
oxide precipitates can sometimes be seen in massive de
posits around springs, but most commonly they precipitate 
on the surfaces of the ubiquitous particles found in a run
ning river. 

The deficiency of 210 Pb in groundwater generally (Table 
12.1), relative to the expect.eel supply either by rain or by 
production from dissolved 222 Rn (mainly support.eel by 226 Ra), 
implies that absorption of 210 Pb has occurred at depth. 
The trace metal nuclides can be expected generally to be 
subject to the same sequestering action. After stesdy state 

FIGURE 12.l The 238[] decay aeries. 
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TABLE 12.1 Summary of Behavior of 21oPb in Ground
water Regimes Based on Data from Holt.zman (1964) 

Rain 210pb = 10 dpm/liter 
Evaporation-Transpiration= 501/s 

Infiltration 21~ = 20 dpm/liter 

Land Surface 

Water Table 

21opb = 0.4 dpm/liter 226Ra = 1 dpm/liter Shallow Groundwater 
21opb = 0.04dpmlliter226Ra = lOdpm/liter Deep Groundwater 

T = 1 month 

between dissolution and absorption is established, however, 
a measurable flux of metals to the stream may occur, al· 
though it may not be seen in the 210 Pb concentration. On 
the basis of 210 Pb estimates in groundwater, the mean 
residence time relative to absorption is less than a month. 
Some of this removal may be by roots of plants and trees 
that then transfer 210 Pb (as well as stable trace metals) to 
the surface where they become part of the plant litt.er. 
Thus, as rock is disintegrated by the action of soil orga· 
nisms producing organic acids and carbonic acid, some of 
the metals are absorbed by the vegetation. Subsequent de
cay of this vegetal material provides an organic-rich material 
commonly called top soil. This top soil is the repository of 
seasons of accumulation of vegetal debris processed and re
duced in volume by soil organisms. The residual organic 
material itself is a strong sequesterer of trace metals, how
ever supplied. Using 210 Pb derived from atmospheric precipi
tation as a tracer, we have shown (Benninger et al., 1975; 
Benninger, 1976) that virtually every bit of the 210Pb sup
plied by precipitation is retained by the top soil (Table 12.2). 

By the erosion of its banks, a tributary system transports 
sections of the soil profile including the top soil with its 
sequestered metals. A material balance calculation of 210 Pb 
in the drainage basin of the West Branch of the Susquehanna 
River indicates that this nuclide has a mean residence time 
of about 2000 years in the soil relative to transport by 
streams (Lewis, 1976). 

TABLE 12.2 Atmospheric Flux of 21oPb in the Eastern 
United States by Direct Measurement and Accumulation in 
Ground-Level Long-Term Repositories (compiled by Bennin
ger et al., 1975) 

Flux 
Location (dpm/cm 2/yr) Type of Measurement 

New Haven, Conn. 1 
F.ast Haven, Conn. 1 
F.ast Haven, Conn. 0.8 
Cook Forest St. Park, 

Pa. 1 
Maryland 1.2 

Precipitation and dry fallout 
Salt marsh profile 
Soil profile 

Soil profile 
Soil profile 
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As a stream moves its burden of minerals and organic· 
rich detritus to the sea, it is continuously being fed by 
groundwaters that supply dissolved materials. However, 
additional chemical changes can occur in the channel it
self. The river bed is an environment in which biological 
activity can deplete oxygen in pore waters and thus supply 
soluble manganese and iron to the stream. This is most 
effective in deeper and wider parts of the stream channel 
and causes precipitation of oxidized manganese and iron on 
the suspended mat.erial in the stream in a continuous man· 
ner down its course. 

The act of cycling manganese and iron in the river as well 
as the supply of additional quantities of these elements in 
soluble form from groundwat.er results in an efficient 
scavenging of trace metals from the stream onto particles. 
In the case of the natural tracer 210Pb it can be shown that 
its mean residence time in solution in streams is about one 
day and seems to be coupled directly to manganese precipi· 
tation (Lewis, 1976). Thus, the rat.e constant for manganese 
precipitation (and possibly iron) may determine the rat.e 
constant for the removal of many trace metals from solution. 
As manganese is resupplied to the stream from reducing 
sediments along its course, a fraction of the precipitated 
metals may also be released, thus providing a steady-state 
soluble concentration of each of the metals. The low rela· 
tively constant concentrations of many trace metals in 
streams may be explained by this steady-state process. 

The trace-element concentrations in particles in streams 
are related to both the manganese concentration and the 
organic matter concentration. They are unrelated to the 
formal ion exchange capacities of the clay minerals typically 
supplied from weathering profiles. Our early experiments in 
absorption and desorption of trace metals on clay minerals 
in freshwater and seawater systems thus are incapable 
of explaining the major controls on trace-element trans
port as seen in real streams. It is doutful whether more 
sophisticated in vitro experiments of this kind will 
provide any new insights into trace metal behavior in 
natural aqueous systems. 

Particles in streams also act to modify the stream com
position where artificial injections of soluble trace metals 
occur (Turekian, 1971). In the Naugatuck River of Con
necticut, a tributary of the Housatonic, the Ni, Co, and Ag 
concentrations drop at least an order of magnitude from 
the point of injection of industrial metal-rich acid wastes 
to a point 1 km downstream (Figure 12.2). The metals 
sequestered on particles are transported to the estuary. A 
striking example of this is seen in the high-trace-metal 
concentrations found on suspended particles in the Rhine 
River as it transects The Netherlands (Martin, 1971). 

In summary, we see that the burden of trace metals 
supplied to an estuary by streams comes primarily on 
particles. This in tum is related to the organic and man
ganese concentrations of the particles. By analogy with the 
behavior of 210 Pb in such systems, it is obvious that organic 
and manganese oxide phases are strong sequesterers of 
trace metals. What then occurs as this assemblage reaches 
the sea? 
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NAUGATUCK 

FIGURE 12.2 The distribution of "dissolved" cobalt ~g of Co/liter) 
in the Naugatuck-HoU88tonic River system. The Naugatuck River 
is heavily impaced by industry and high in dissolved metals. The 
concentration decreases away from the source of impact as the 
result of absorption on particles. 

THE FRESHWATER-SEAWATER ENCOUNTER 

The physical boundary where a stream encounters seawater 
is hardly a simple one. In most places, the action of the 
tides continuously changes the encounter configuration and 
any strong change in stream runoff on the one hand or the 
response of the sea to storms on the other has profound ef
fects on this interface. 

There are two diametrically opposite processes involving 
trace metals that may happen at the freshwater-seawater 
boundary: 

1. The precipitation of iron and manganese and some 
other elements such as phosphorus, aluminum, and titanium 
has been sho\vn to occur in both field and laboratory ex
periments. This is ascribed to the formation and floccula· 
tion of colloids as the increased ionic content of the salt 
water alters charge distributions (Sholkovitz, 1976; Boyle, 
1976). 

2. The release of metals from particles at the seawater
freshwater interface has also been invoked to explain cer
tain field observations (Kharkar et al., 1968). This process 
is compatible with laboratory experiments in which trace 
metals absorbed from freshwater on clay minerals have 
been shown to release them as the total cationic concen
tration of the solution increases. This process exists most 
strikingly as the hydrogen ion concentration increases, but 
the encounter with seawater does not normally decrease 

KARL K. TUREKIAN 

the pH of solutions. We have seen, moreover, that the 
trace element burden must be carried by the organic and 
manganese-rich phases and not by clay minerals. 

The field evidence for release of trace metals in the estuarine 
system is the observation that suspended particles in some 
European estuaries decrease in trace metal concentrations as 
the salinity increases (Martin, 1971). The exact method of 
release is not specified but appears to be the destruction of 
the metal-bearing phases rather than simple desorption. 
Such field experiments depend, of course, on the assurance 
that only the streambome particles are involved in chemical 
changes occurring progressively seaward. If nonindigenous 
sediments are transported into the estuary from the open 
sea, the change in composition of particulate matter may be 
due to dilution and not to chemical gain or loss on the 
stream-originating particles alone. This is a difficult thing 
to be certain of, since the mineralogy in a strict sense will 
not be different over a broad region of a shelf area, thus con
founding the identification of sources. More importantly, 
the metal-bearing phases cannot be diagnostically identi· 
fied; therefore, a mixing curve of open-ocean particles poor 
in such phases with streambome particles rich in them will 
not be visible mineralogically. Indeed the definition of the 
mixing may well be the distribution of trace metals on the 
particles. It is clear that analysis of particles for metals 
alone will not provide a singular answer to this problem. 

Our study of the encounter of the Housatonic River with 
Long Island Sound at one time seemed to provide direct 
evidence for release of metals from particles at the bound
ary between freshwater and seawater. Both the Housatonic 
and the open waters of Long Island Sound showed much 
lower concentrations of cobalt, nickel, and silver than did 
the mouth of the Housatonic (Figure 12.3). Although these 
results might still be interpreted as showing release of 
metals, another explanation seems to be better. 

The mouth of the Housatonic River is marked by a very 
large salt marsh area. The tidal range in this region is al
most 2 m-the largest amplitude in Long Island Sound. 
In salt marshes as in marine deposits the storage of metals 
is related to indigenous reducing conditions. Sulfate in pore 
waters is reduced to sulfide, which is then sequestered 
by the ubiquitously available iron found on mineral surfaces. 
At low tide, the top layers of the marsh are aerated. At 
times of rainfall at low tide, especially, the sulfide phases 
in the marsh are oxidized and sulfate and associated metals 
are solubilized. As the tide comes in, the process is termi
nated and trapping of trace metals can occur again. Metal· 
rich particles from the streams are continuously trapped 
in the salt marsh, and atmospheric precipitation adds an 
additional burden. Thus, a concentration halo of certain 
trace metals in seawater is maintained around the salt 
marsh environs. 

A similar process has been shown to occur on a horiwntal 
scale in the Scheldt Estuary by Wollast (1975). There, re
duced iron derived from the sediment is transported seaward 
with sulfide particles in anoxic waters. As the aerated open 
ocean water is encountered, the trace-metal-bearing sul-
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FIGURE 12.3 The nickel concentration increases sharply at the mouth of the Housatonic River. This is probably 
due to the release of metals from particles at the freshwater-seawater interface. The mechanism may be enhanced, 
if not actually controlled, by the presence of salt marshes. 

fide phases are oxidized and a marked increase in dissolved 
copper concentration occurs simultaneously with a sharp 
decrease in dissolved iron as oxidation and precipitation of 
the oxide occur. The pattern of trace-metal release or pre
cipitation occurring at a river mouth thus can be a compli· 
cated one. 

We must discuss one additional factor influencing the 
fate of metals at the stream-estuary boundary. That is the 
hold-up time at the encounter. The stream encountering the 
sea is essentially ponded to some degree before it overflows 
or mixes with its saline barrier. During its holdup, reactions 
typical of reservoir situations can occur. Metals as well as 
silicon are removed from the water column, as is seen in the 
Connecticut River (Figure 12.4). After the water leaves the 
system by breaching or mixing with the salty estuarine 
barrier, it essentially mixes conservatively with the ambient 
estuarine waters. The influence of the tides appears to be 
paramount in providing the mechanism for holding up the 
stream water. It is not unreasonable to expect that in stream 

systems experiencing small tidal effects the trace metal 
concentration patterns during mixing are essentially con
servative. 

WHAT HAPPENS IN THE LARGER 
ESTUARINE MIXING BASIN 

The large estuarine system is an important arena for fur
ther modification of the water before it becomes a part of 
the open ocean system. Such systems as Long Island Sound, 
Chesapeake Bay, and the Baltic Sea, although different in 
many ways, share the common property of being very large 
mixing basins. A mixing basin is subject to many of the 
same effects controlling the fate of trace metals as streams 
and the stream-seawater encounter discussed above. The 
extent of the modification depends on the length of time 
distinctively estuarine processes have to act on the water 
column. A fast flushing rate (i.e., completed in days), essen· 
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FIGURE 12.4 Both metals and silicon decrease in concentration 
in the freshwater, tidally affected parts of the Connecticut River. 
This can be ascribed to a reservoir effect based on width of the 
river mouth and tidal cycling. 

tially makes the estuary a conduit; a slow flushing rate 
(completed in weeks) makes it a standing body of water 
with special properties due to the presence of seawater 
and tides. 

It is the combination of biological activity in the sedi· 
ment column and physical movement of the waters by 
storms and tidal action that makes the estuarine basin a 
particularly active region chemically. 

By using 210Pb from atmospheric precipitation primarily 
and 234Th from in situ production from dissolved 238U as 
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tracers, it is possible to identify possible mechanisms ca-
pable of modifying estuarine water composition. The work on 
234Th in Long Island Sound by Aller and Cochran (1976) 
clearly shows that its residence time in the water column is 
about one day. This is the same order of magnitude of time 
as that for 210Pb in streams. The fact that no dissolved 
210Pb can be identified in Long Island Sound (Figure 12.5) 
implies that it too is rapidly removed in estuarine systems, 
resembling 234Th in behavior. We will assume that this is 
indeed true and search for an appropriate mechanism . 

It can be shown on the basis of material balance calcula-
tions that plankton cannot be important in transferring 
210Pb (and presumably 234Th) to the estuarine floor. It does 
not seem likely that clay minerals are important scavengers 
since in the more propitious freshwater system they do not 
seem to be very effective agents. 

The most likely agents appear to be the manganese and 
iron released from the reducing sediments as they are 
oxi.di7.ed in the water column and form fresh precipitates . 
The precipitates deposit on suspended particles and there 
act as scavengers for a large number of trace metals. On 
return to the ocean floor by settling, the particles are re-
worked into the sediment by burrowing organisms. When 
the manganese and iron are recycled by the reduction-
release-oxidation-precipitation steps, the trace · metals 
carried down by the process mainly remain trapped in the 
sediment column, as seen by the material balance calculation 
for 210Pb. Only where trace-metal-bearing sulfide particles 
are oxidi7.ed in the water column is there a refluxing of the 
associated metals to the waters again. 

By this process, an extended residence of water in an 
estuarine basin results in a scavenging of the metals from 
the water column into the sediments. 

Some of the fmest grained manganese and iron oxide 
particles, with their associated trace metals, will be swept 
out to sea. This seems to be verified by the material balance 
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FIGURE 12.5 A plot of the total 210Pb activity in Long Island 
Sound water versus the amount of suspended sediment indicating 
virtually no dissolved 210Pb in the Sound. 
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studies on man-made 56Fe reported by Labeyrie et al. (1975). 
The deficiency in some coastal sediments may be due to loss 
to the open ocean from the estuarine system. This man
ganese and iron could be a prime source of supply for the 
ubiquit.ous ferromanganese nodules in deep-ocean deposits. 
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