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pollution distribution.
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time, even under low river flow conditions. The variation in strength
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duce pollution distributions not normally expected in an estuary.
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A CALCULATION OF FLUSHING TIMES AND
POLLUTION DISTRIBUTION FOR THE

COLUMBIA RIVER ESTUARY

I. INTRODUCTION

The Problem and Definitions of Terms Used

Statement of Problem

The purposes of this study are to estimate the probable distri-

bution of any pollutants that might be introduced into the Columbia

River Estuary, and to estimate the flushing times for the estuary

during different stages of river flow. More than one method has been

used and the results are compared. Different conditions were chosen

to give a broad range of possible results. Where a choice was suit-

able, the worst conditions to be expected were used.

Justification of the Study

Estuaries are used by many groups of people. Some of the more

important groups are the fishing industry, the military, the merchant

fleet, recreation groups, manufacturers, and the municipalities lo-

cated on the estuary. Any contamination of an estuary could have ad-

verse effects on the activities of any one or several of the above

groups.

With n increasing population in our country, more and more
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demands will undoubtedly be made upon our estuaries both by industry,

which needs water sources as well as waste disposal areas, and by

the ensuing influx of people who also need water, recreational areas,

food (supplied partly by the estuary in the form of sea food), and

waste disposal. Pollution that conceivably could result from these

demands would very likely have an adverse effect upon the sea food

and other marine populations normally found in the estuaries, and

might make them unfit for human use, as well.

In our modern age we need to consider the effects of possible

contamination such as would develop if a nuclear catastrophe were

to occur either in the estuary itself or upstream in the tributary nv-

er. The military as well as civilian populations would be concerned

and vitally affected.

A thorough search of the literature revealed no studies con-

cerning the flushing times and probable pollution distribution in the

Columbia Estuary, although considerable concern has been expressed

regarding the increase of certain types of pollutants (Osterberg,

Pattullo, and Pearcy, 1964; U. S. Public Health Service, Oregon

State Sanitary Authority, and Washington Pollution Control Commis-

sion, 1958). The pollution of this estuary has not yet been considered

a serious problem. However, with the expected natural growth of the

geographic region in terms of population and industrial development,

there may and probably will be a pollution problem in the foreseeable



future. It is even likely that the pollution introduced may some day

exceed the flushing capacity of the estuary (Lockett, 1963, p. 753).

Work planned by the Corps of Engineers to improve navigation in the

Columbia River and its estuary could possibly influence the distribu-

tion of pollution. Regulation of future storage may prevent rapid

flushing during the flood stages of the river and may also increase

minimum, and decrease maximum, salinity intrusions.

The problems associated with a study of the Columbia Estuary

are best described by Lockett (1963, p. 750):

. . The vastness of the lower Columbia Estuary and
Entrance area is only one characteristic that belies the
complexity of the problem of achieving and maintaining
a reasonable degree of permanence insofar as navigation
is concerned. The problem is further complicated by the
dynamic forces of ocean salinity, littoral drift, river flow,
and storm waves which are primarily responsible for the
geographical formation of the area and the interactions
taking place therein. These characteristics, together with
the extremely large and variable range of diurnal tidal ac-
tion prevailing along the Oregon and Washington coasts,
give to the Columbia Estuary and Entrance a uniqueness
beyond compare. The tremendous amounts of energy ex-
pended by these out-sized forces in the entrance and estu-
ary area exceed those expended in any similarly improved
area anywhere in the world today.

Definitions of Terms Used

Estuary. Estuaries have been defined in many ways by many

different writers. Pritchard (1952a, p. 245) says:

An estuary is a semi-enclosed coastal body of water
having a free connection with the open sea and containing
a measurable quantity of sea salt.
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This definition is not entirely clear in meaning, and since this

could also include lagoons, is not universally accepted. For pur-

poses of studying the Columbia Estuary, the term estuary will refer

to that portion of the river that may be expected to have a measurable

amount of sea water within it.

Conservative Pollutant. A conservative pollutant is any for-

eign material introduced into the estuary or river whose intrinsic

strength does not decrease with time. For purposes of flushing stud-

ies it is assumed that this pollutant would be either dissolved in the

water or entirely mixed with it.

Eddy Diffusivity. The coefficient of the change in concentra-

tion with distance is called the eddy diffusivity. It is assumed to be

a constant for a given longitudinal position.

Flushing Time. The definition of flushing time is satisfactorily

given in the following statement by Ketchum (1950, p. 304) as:

The average time required for the river water, with
its contained pollution, to move through the surveyed area
is defined as the flushing time.

Fresh Water. Water entering the estuary from the river is

called fresh water.

Halocline. A halocline is a layer in the estuary that shows

marked increase of salinity with depth.

Isohaline. The name isohaline is given to a line connecting

positions having equal s alinitie s.
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Mouth of the Estuary. For reference purposes, the term

"mouth of the estuary" will refer to the section defined by an imag-

mary line connecting the outer ends of the two main jetties.

Non-conservative Pollutant. A pollutant that decays or de-

creases in inherent strength with time is considered a non-conserv-

ative pollutant.

Salinity Gradient. A salinity gradient refers to a change in

salinity with directed distance, such as a vertical salinity gradient.

Salt Water. Salt water is water that enters the estuary from

the ocean; in other words, sea water.

Tidal Prism. According to Ketchum (1951, p. 198):

The tidal prism is equal to the difference between
the volumes of water in the estuary at high and low tides.

This implies that part of this volume is contributed by the nv-

er flow and part is contributed by the sea during the flood tide.

Local Tidal Prism. The difference between the volumes of

water in a given segment of the estuary at high and low tides is known

as the local tidal prism.

Organization of the Thesis

The thesis is organized into four parts, the first of which

consists of a review of pertinent literature. The second part de-

scribes the methods of obtaining data and of applying the data to



the solution of the problem. The third consists of derivations and

discussions of the equations that are used. The last part is the ap-

plication of the equations and methods and the discussion of the re-

sults.
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II. REVIEW OF LITERATURE

General

A considerable volume of literature is available regarding

estuaries. Much of this literature is concerned with the classifica-

tion or description of estuaries. In many cases the problem of es-

tuarine pollution and flushing of pollutants is mentioned, and several

investigators have treated this problem as applied to particular estu-

aries. Various attempts have been made to set up mathematical mod-

els but in each case it is found that these are applicable only to cer-

tam estuaries.

Fisher (1960) has presented an annotated bibliography which

includes references that were received prior to January 1, 1960

He lists 126 references concerning flushing and dispersion of con-

taminants in marine environments.

Tully (1949) has described the stratification and mixing factors

of fjord-type estuaries. He found that the mixing occurs in the ha-

loclj.ne zone which lies between the salt water below and the fresh

water which enters at the surface. He devoted some effort to deter-

mining the volume transport in the various zones. He also treated

the use of fresh water in determining the distribution of a pollutant

(1958).

Much useful information on the nature of tidal actions in



estuaries has been presented by Diachishin, Hess, and Ingram (1954).

They have given a rather thorough discussion of the classical tidal

prism method of determining flushing times. They also discussed

a modified tidal prism method. The conclusion was that the classical

tidal prism method is inadequate, for reasons to be explained later.

Many papers have been published by Pritchard regarding the

hydrography of estuaries. He (1955) has presented arguments and

equations indicating a sequence of estuarine types, each with a dis-

tinct stratification and circulation pattern. The parameters control-

ling the sequence are river flow, tidal velocity, and width and depth

of the estuary. He also has given a thorough discussion concerning

the definition and classification of estuaries (1952 a). Two methods

of classification are given, one is in terms of fresh-water and evap-

oration while the other is in terms of geomorphological structure.

He included the problem of flushing of tidal estuaries by considering

the tidal prism methods as well as the mixing length theory present-

ed by Arons and Stommel (1951). Another factor of interest in this

paper was the quantitative treatment of the salt balance and the use

of salinity distribution to predict tidal flushing.

A theoretical explanation of the constraining action of the mouth

of a vertically stratified estuary on the amount of salt water avail-

able for mixing in the estuary was given by Stommel and Farmer

(1953).



A review of the flushing studies of Arons and Stommel, as well

as those of Ketchum and of Pritchard, has been published by Redfield

(1951). He discussed the use of scaled hydraulic models and their

limitations for studying the circulation of estuaries.

Ketchum (1951 b) has attempted to explain the discrepancy be-.

tween actual flushing rates and those calculated by the classical tidal
prism method. He has presented a modification of the tidal prism

concept which produces results that agree closely with observed con-

ditions in a variety of estuaries. A complete discussion of his method
will be given later. Ketchum, Ayers and Vaccaro (195Z) applied this

method in a study of causes of decrease in coliform bacteria in the
Raritan River estuary. Ketchum (1950) has described methods based

upon salinity distribution for predicting the distribution of both con-

servative and nonconservative pollutants in an estuary. The descrip-
tion of the dominant mixing processes in various types of estuaries
was also given by Ketchum(1952a). This work included descriptions

of the different circulation patterns of various estuaries and offered
causes for the wide variety of differences. He included a discussion
of the relationship between river flow and flushing time for Boston
Harbor. Ketchum and Keen (1953) used the modified tidal prism
method to calculate the exchange ratios for the Bay of Fundy.

Stommel (1953) presented a method for determining the ex-

pected distribution of a pollutant based upon the finite difference
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form of the steady-state equations. In this method the eddy diffusiv-

ity is determined at uniform distances upstream until completely

fresh water has been reached. He used relaxation methods to solve

the resulting equations. His method will be described in another

section of this work.

Stommel and Farmer (1952) have given summaries of several

published papers on the mixing in estuaries. Their attempts at

mathematical treatment of various estuarine types are largely in-

complete because the equations cannot be solved without a priori

knowledge which rarely exists.

A theory from which quantitative predictions of mean pollutant-

concentration distributions may be obtained has been presented by

Kent (1960). This is applicable to an estuary characterized by

steady-state salinity and velocity fields which are considered to

vary only in the axial direction.

An interesting discussion of various methods of computing

flushing times and pollution distribution in estuaries was given by

Cline and Fisher (1959). They reached the conclusion that no single

method of computing flushing applies equally well to all types of es-

tuaries, embayments, and harbors. They applied the methods which

seemed most applicable to the James River Estuary.

An attempt to predict the shape and length of the salt wedge

found in some estuaries was made by Farmer and Morgan (1952).
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This attempt was based on such measurable factors as river flow,

river depth, and the densities of the fresh and salt water.

Oregon Estuaries

Particular attention to estuaries found in Oregon has been giv-

en by Burt and McAlister (1959) who made classifications according

to the methods introduced by Pritchard (l952a). Burt and Marriage

(1957) applied Stommel's formulas to the expected distribution of

pollution in the Yaquina River Estuary using both winter and summer

conditions.

A description of the tidal overmixing phenomenon found in Coos

Bay has been given by Queen and Burt (1955). Blanton (1964) has

made a study of the tidal energy dissipation in Coos Bay.

Classification of Estuaries

The methods of classification of estuaries developed by Pritch-

ard (l9SZa) appear to be the most widely used. He first classified

estuaries by the ratios of river runoff and precipitation to evapora-

tion. If the evaporation exceeds the precipitation and runoff the es-

tuary is "negative" but if the two processes are balanced the estuary

is "neutral". When precipitation and runoff exceed evaporation the

estuary is "positive". The last type of estuary is the one most com-

mon in the United States.
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Pritchard (1952a) has further classified estuaries according to
their geomorphology. The term coastal plain estuary is reserved
for drowned river valleys. The idealized coastal plain estuary is

an elongated indenture in the coastline with a single river as the
source of fresh water at the upper end while the lower end has a

free connection with the sea. This type is the most common in the

United States. While a coastal plain estuary is usually positive, it

may change to a negative estuary if stream flow is decreased or

diverted sufficiently, or if evaporation increases.

Fjords are also elongated indentures of the coast line but they

contain a relatively deep basin and usually a shallow sill at the mouth.
They are associated with regions of glaciation, and the sill common-

iy represents a terminal moraine. Fjords are typically found along
the Norwegian coast, the Canadian and Alaskan Pacific coast, and
parts of New Zealand. They are almost exclusively positive estu-

aries due to their location in areas of recent glaciation which also

are climatic zones of high precipitation, although the connection is
indirect.

A third type of estuary is formed by an offshore bar and is
known as a bar-built estuary. These bars are normally deposited

on shorelines having very small slopes; consequently, the enclosed

bay is shallow. Between the shallow bay and the open sea, there is

a narrow channel that depends upon tidal currents to keep it scoured
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(Bruun and Gerritsen, 1960, P. 3). Estuaries of this classification

are found along the Texas Gulf coast and the coasts of Florida. Many

bar-built estuaries are negative, containing water that is more saline

than the adjacent sea, although positive bar-built estuaries also are

found.

Pritchard (1955, p. 1-11) has subdivided coastal plain estuar-

ies into types A, B, C and D, depending upon the state of mixing.

Type A estuaries are often referred to as salt wedge estuaries.

They are idealized as having two layers. Fresh water forms the up-

per layer and the lower layer consists of a salty wedge of oceanic

water. A flux of saline water is assumed to occur from the salty

wedge to the fresh upper layer. Although there may be some mixing

of fresh water downward, there is no significant dilution of the salty

wedge. The upper layer becomes somewhat brackish as it moves

seaward.

The type B estuary also is a vertically stratified estuary. It

is also horizontally stratified since the salinity decreases with dis-

tance from the ocean at all depths. Two layers may still be consid-

ered, defined by the net motion upstream and downstream. Some

of the more saline water from the lower layer is advected into the

upper layer as in the type A estuary but the fresh water is also ex-

changed downward. In place of the sharp boundary between the up-

per and lower layers, there is a halocline with a continuous salinity
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gradient from the lower to upper layer. Type B estuaries are often
referred to as partially mixed estuaries.

The type C estuary has no vertical salinity gradients; it is
vertically homogeneous. There are longitudinal and lateral gradients.

The salinity increases toward the ocean at all depths, and the estuary
is wide enough for Coriolis effects to produce the lateral salinity
gradients. The water on the side of lower salinity has a net move-

ment downstream, while the high salinity water on the opposite side

has a net upstream movement. Horizontal advection and diffusion

occur across the halocline separating the water of higher salinity

from that of lower salinity.

The type D estuary is similar to type C but it has nO lateral
salinity gradient. The only gradients are along the axis of the es

tuary. Estuaries of this type are sufficiently narrow that Coriolis
effects are negligible.

A method of identifying estuaries as A, B, or D has been giv-
en by Burt and McAlister (1959, p. 21). If the estuary shows an in-
crease of salinity of 2O%o or more, going vertically from surface to
bottom, it is type A. If the salinity increase from surface to bot-

torn is from 4°loo to 19% it may be classified as type B. Class D es-

tuaries have a vertical increase of salinity of 3%o or less from sur-
face to bottom.

Several factors are considered important in determining the
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type of an estuary (Pritchard, 1955, P. 6-7). These are river flow,

tidal velocities, width and depth. A given estuary may change from

type A through type D if the river flow decreases, and/or the tidal

range increases, while the other parameters remain constant. A

large river flow in relation to the tidal flow would produce a type A

estuary. A decreasing river flow will cause a shift toward a type C

or D estuary.

Also, if the tidal velocities are varied while the other param-

etrs remain unchanged an estuary can be expected to change types.

With no tides or very weak tidal action the estuary would be type A.

Increasing tidal action causes the estuary to change toward type C

or D.

As the width increases an estuary can be expected to go from

type A to type C if other factors are unchanged, since this, in effect,

changes the ratio of tidal flow to river flow. A widening estuary in-

creases the ratio by lowering the velocity related to river flow. How-

ever, it may in a real case also change tidal velocities.

An increase in depth tends to decrease the vertical mixing ef-

fects of tidal flow. Increasing depth tends to produce greater strat-

ification, thus shifting an estuary from type C or D to type A.

Other physical parameters that may influence the character-

istcs of an estuary are wind, air temperature, solar radiation and

bottom roughness (Pritchard, 1955, p. 8).
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Geography of the Columbia River

The Columbia River is the largest river on the Pacific Coast

of the Tjnited States. After rising in Columbia Lake, British Colum-

bia, Canada, it flows in a circuitous route for a distance of some

462 miles before crossing into the state of Washington. It flows in

a southerly direction into Washington until it receives the Spokane

River in the vicinity of Spokane, Washington. At this point it turns

sharply northwest and describes a semicircle, with a diameter of

about 100 miles, around the Big Bend Country (Fenneman, 1931, p.

233). It turns west again on the Washington-Oregon border. In its

flow from the mouth of the Spokane to the mouth of the Snake River

near the Washington-Oregon border it drops from an altitude of 1000

feet to an altitude of about 300 feet. On the flanks of the Cascade

Range it passes through the highest part of the Columbia Plateau in

Washington, altitudes on both sides of the river being more than 3000

feet (Fenneman, 1931, p. 233).

After reaching the border between Oregon and Washington, the

river becomes the boundary between the two states until it empties

into the Pacific Ocean near Astoria, Oregon. It has cut a spectacu-

lar gorge through the Cascade Range. After emerging from the

gorge through the Cascade Mountains it follows a westerly and north-

erly course until it turns west through the Coast Range and finally
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empties into the Pacific Ocean. The total length of the Columbia

River is approximately 1, 210 miles (Hickson and Podoif, 1951, p.

283).

The river and its tributaries drain an area of 259, 000 square

miles of which 39, 500 are in Canada (Lockett, 1963, p. 696). Much

of the drainage area is known as the Columbia Plateau, which is

mainly built of nearly horizontal sheets of lava. The surface of the

Plateau is bounded on the west by the Cascade Mountains and on the

east and north by the Rocky Mountains. The south boundary is

formed by the Great Basin (Fenneman, 1931, p. 225). The entire

watershed is generally rugged and precipitous with the elevation of

the area ranging up to approximately 14, 000 feet above sea level in

the Rocky Mountains. The river originates some 2, 652 feet above

sea level (Lockett, 1963, p. 696). The main tributaries ar e

the Okanogan, Kootenai, Clark Fork, Snake, and Willamette Rivers.

Of these the Snake River is the largest.

The Columbia River has been of basic significance in the his-

tory and development of the Pacific Northwest. Lewis and Clark

followed the river for much of their famous journey to the coast.

It later served as a portion of the famed Oregon Trail which was

followed by many settlers into the Willamette Valley. The river is

the most important inland waterway in its region, being navigable

from its mouth to Vancouver, Washington, and via its tributary



the Willamette River, to Portland, Oregon. Barge traffic is now

carried up as far as Pasco, Washington, by means of lock systems

in the Bonneville Dam, The Dalles Dam, John Day Dam, and McNary

Dam (Lockett, 1963, p. 696). The total ocean..borne commerce on

the river in 1960 was lZ, 493, 000 tons (Lockett, 1963, p. 698).

The basic resources of this region are agriculture and forest

products, although the production of finished products is increasing

(Lockett, 1963, p. 696). Agricultural products range from wheat

in the plateau to fruit along the Columbia River and in certain tribu-

tary valleys. Cattle and sheep are raised in the eastern regions

which are near summer mountain pastures. Dairying is important

in the western regions. The Coast Range and Cascades are heavily

forested.

Population is confined to regions quite near the river itself

with the largest center of population in the drainage area being near

the mouth of the Willamette River, where the cities of Vancouver,

Washington, and Portland, Oregon, are situated.

The climate of the drainage basin can best be described by

considering two regions, the eastern being separated from the west-

em by the Cascade Mountains. This division is useful due to the in-

fluence of the mountains which act as a partial barrier to airflow

in either direction.

Air reaching the area from the west has acquired much water
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vapor in passing over the ocean and has a cooling effect in summer

and a warming influence in winter. This marine influence is most

pronounced on the coast and decreases inland. The winters along

the lower elevations near the coast are mild compared with those of

similar latitude in the interior of the continent. The colder air

masses found over the interior of the continent are generally blocked

from the coastal region by the mountains. At times, however, the

colder continental air masses do flow down the Columbia River gorge.

During the summer the continental air masses are warmer than the

marine air but the mountains again act as a barrier, allowing mostly

marine air to hold down the average temperatures west of the Cas-

cade Range. The average temperature for July ranges from nearly

60°F along the coast to about 75°F along the Snake River canyon,

while the average temperature for January ranges from about 400 F

in the coastal area of the western section to 20°F in certain portions

of the eastern section (U. S. Dept. of Agriculture, 1941, p. 704-709).

Precipitation over most of the Columbia River drainage area

is largely cyclonic in origin, due to the eastward movement of low-

pressure areas over British Columbia, but the geographic distribu-

tion is greatly affected by topography (U.S. Dept. of Agriculture, 1941,

p. 1086). In general the precipitation increases with altitude to the

peak of the Coast Range, as one travels inland, then it decreases

until the air again rises due to the Cascade Mountains. A rapid
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decrease in precipitation is found on the eastern slopes of the Cas-
cades. From there eastward the rainfall increases with local in-

creases of altitude. The annual average precipitation ranges from
approximately six inches at Hanford, Washington, producing nearly

desert land, to over 100 inches in parts of the Coast Range and the

Cascade Range (U. S. Dept. of Agriculture, 1941, p. 711-7 15).
The precipitation is seasonal over the whole region with the

greatest amounts being received in the winter and the least in the

summer. The seasonal variation becomes less pronounced in the

eastern section. The snowfall ranges from an annual average of one

inch or less along the coast to over 200 inches in the mountains of

the Cascade Range and the Rocky Mountains (U. S. Dept. of Agriculture,

1941, p. 1086). The heavy snowfall in the mountains is sufficient to

maintain glaciers on Mt. Hood and several other peaks in the Cascades.

The wind and sea conditions have two seasons a year. The sea-

son from October to April is usually the season of severe storms

with the prevailing direction of the storm winds being southwest.

Frequently the storms last for several days and are accompanied by

very heavy seas mostly from the southwest (Lockett, 1963, p. 739).
Occasionally the winds reach hurricane proportions along the coast.

A study of the wave conditions over a 20-year period revealed that

the most severe conditions produced a wave with a significant height

of 33. 5 feet and a significant period of 13 seconds approaching the

estuary from 234° (Lockett, 1963, p. 740).
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The coastal section is relatively free from thunderstorm activ-

ity and the few that do occur are poorly developed. However, sum-

mer thunderstorm activity becomes more pronounced in the eastern

section, where forest fires may result from dry thunderstorms over

the mountains. Tornadoes are rare and poorly developed (U. S.

Dept. of Agriculture, 1941, p. 1086).

The flow of water in the Columbia River is subject to rather

large variations which are also seasonal. The extreme low water

flow, exclusive of tide water, has been estimated at 65, 000 cfs while

the maximum discharge of record, during the flood of June, 1894,

was about 1, 200, 000 cfs (Hickson and Rodolf, 1951, p. 283). The

maximum discharges occur usually during the months of May through

July due to melting snows in the high headwaters. The average fresh-

et flow is about 660, 000 cfs. Low flows are usually found during the

months of September through March with the average low flow being

about 70, 000 cfs (Hickson and Rodolf, 1951, p. 383). Dams are ex-
pected to control future flows, lowering maximum discharges to

600, 000 cfs and increasing the minimum discharges to 150, 000 cfs

(Lockett, 1963, p. 75).
Tides at the entrance to the Columbia River Estuary are the

mixed semi-diurnal tides typical of the west coast of North America.

Tidal fluctuations extend some 140 miles up the river to Bonneville

Dam during periods of low river flow (Lockett, 1963, p. 698). The

mean range of tides at the mouth is 6. 5 feet and the range from
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mean lower low water to mean higher high water is 8, 5 feet. The

lowest low water has been estimated at 3. 0 feet below mean lower

low water and the highest high water, which was a result of combined

tidal action and storm activity, was 11. 6 feet above mean lower low

water (Lockett, 1963, P. 698).
The mouth of the river has undergone quite significant changes

since it was charted by Captain Vancouver in 1792. At that time

there was a single channel at the entrance with a depth of four and

one-half fathoms. In 1839, Sir Edward Beicher discovered the ex-
istence of two channels at the entrance which were separated by a

large shoal area, called Middle Sands. This shoal area grew in

size until in 1874, when it included a large area seaward and south

of Cape Disappointment and covered most of the area now occupied

by the entrance. Part of the Middle Sands later formed an island

which separated from the main shoal area and migrated to the north

to form Sand Island. This resulted in a single channel again by

1885 (Lockett, 1963, p. 702-704).

A series of improvement projects at the river entrance started

with sporadic dredging. South jetty was completed in 1895. Clatsop

Spit then began to form along the north side of the jetty. By 1901,

the entrance channel was divided into three entrance channels of

about 22 feet in depth. The spit eventually grew to form an island

and later a solid connection with Point Adams. Even after a north
jetty was completed in 1917 and the south jetty was extended, Clat-

sop Spit continued to grow (Lockett, 1963, p. 702-704).
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At present the river has returned to a single entrance channel

even though there are two distinct channels inside the mouth. The

efforts to control the entrance to the estuary are still continuing.

As recently as 1961 over 3, 000, 000 dollars was spent on the jetties

(Lockett, 1963, p. 710).

The Columbia Estua

Des cription

A good description of the lower Columbia River, including the

estuary, is given by the Corps of Engineers (1960, Vol. I, p. 1):

the river broadens from less than a mile wide
at river mile 52 to approximately 9 miles wide at river
mile 20. Thence the river narrows and widens intermit-
tently until it passes the jaws of the entrance jetties with
a width of nearly 2 miles. This lower portion of the estu-
ary consists of many winding channels separated by islands,
bars, and shoals. Several large bays, as well as promin-
ent points and headlands, occur along both the north and
south sides of the river.

Ship channel depths within the estuary vary from
shoal areas, requiring annual dredging to maintain the
authorized 35-foot depth, to areas having natural depths
in excess of 100 feet below mean lower low water. At
the mouth a single channel passes the tidal flows. Two
main channels exist from Sand Island upstream to Tongue
Point. The ship channel is on the Oregon side in this reach.
Because of its longer route, however, this channel carries
less flow than the northern channel. Between the two chan-
nels are numerous small, connecting channels. Above
Harrington Point the ship channel follows the main river
channel.

An outline map of the Columbia Estuary is shown in Figure 1.
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In 1956, development of a 48-foot entrance channel was begun.

Such deepening of the channel can be expected to increase the intru-

sion of sea water into the estuary (Lockett, 1963, p. 708).

Salinity Intrusion

During stages of low river flow the maximum salinity intrusion

at higher high water is generally agreed to be less than 20 nautical

miles (O'Brien, 1952; Burt and McAlister, 1959). The intrusion of

salinity at low water and lower low water is less than 15 nautical

miles. River flow normally limits the maximum salinity intrusion

to a distance of less than 13 nautical miles. At stages of low tide

high river flows often limit maximum salinity intrusion to the first

five nautical miles of the estuary.

Clas sification

The Columbia River Estuary may be considered a positive

coastal plain estuary. Further classification according to the types

A, B, C, and D previously discussed is not so simple.

The data summarized in Table 1 indicate the estuary is type

B near the mouth with one notable exception. During periods of low

river flow and maximum salinity this part of the estuary is type D.

Upstream the estuary is also type B except for stages of high river

flow when it becomes type A. Although a slight latitudinal salinity



gradient does appear near the entrance (Figure 2) it is not sufficient

to produce a type C estuary.

Table 1. Classification of the Columbia River Estuary by vertical
changes in average salinity.

Low River High River
Minimum M:aximum Minimum Maximum

NEAR THE MOUTH

26

Surface Salinity 5. 8% 30. 5%o 1. 3% 18. 7%o

Bottom Salinity 20. 0%o 32. 5%o 5. 9%o 30. 3%o

Salinity Change 14.2%o 2.0%o 4.6% ii. 6%o

Classification B D B B

NEAR TONGUE POINT
(15 n. mi. upstream)

Surface Salinity 6. 3%o 0. 0%o 0. 0%o

Bottom Salinity 15. 9% 0. 0%o 20. O%

Salinity Change 9. 6%o 20. O%o

Classification * B A

* Data variable but probably type B

A situation not normally expected in estuaries occurs inside

the mouth of the Columbia River. The northern channel carries the

greater flood flow and the southern channel carries the greater ebb

flow. This effect, which is opposite to the Coriolis effect, is prob-

ably due to the more or less direct path that the northern channel

takes from the mouth while the longer and less direct southern chan-

nel has been dredged out to connect with the main river further up-

stream. This produces higher salinities in the northern channel.
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Due to the fact that the classification of the Columbia River

Estuary is rather complex, a summary of its classification is in

order. During maximal river flow, and high tide, the estuary is

type B at the mouth, but changes gradually to type A upstream. High

maximal river flow, combined with low tide, causes a shift towards

type A even near the mouth. During minimal river flow, and high

tide, the region near th mouth is type D, but shifts gradually to

type B upstream. Minimal river flow, combined with low tide, pro-

duces a type B estuary as far down as the mouth. Typical salinity

profiles are shown in Figures 3 and 4.
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III. DATA SOURCES AND ANALYSIS

Sources

The data used in this study came primarily from the Corps of

Engineers' 1959 measurement program (1960). These data were

compared with those published by Burt (1956) and Burt and McAlister

(1958). The measurement program of 1959 was carried out in three

different periods consisting of nine days each. These periods coy-

ered conditions of low, intermediate, and high river discharge. Each

cycle of measurements included observations of currents, tides, and

salinity. Measurements were taken at various depths, starting with

three feet below the surface and ending two feet above the bottom.

Measurements were also taken at one-fourth, one-half, and three-

fourths depth.

The first period of measurement was May 5 through May 13,

when the river flow ranged from 365, 000 to 404, 000 cfs. The sec-

ond period of measurement was June 16 through June 25, when the

river flow ranged between 532, 000 and 577, 000 cfs. The last period

of measurement was September 15 through September 23, during a

period of low river flow, varying from 153, 000 to 214, 000 cfs. De-

tails of the measurement program are available in the Corps of En-

gineers Report (Volume I, 1960).
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Analysis

Cross sectional areas, low tide volumes, high tide volumes,

and wetted perimeters were measured or computed from the U. S.

Coast and Geodetic Survey Charts No. 6151 and N. 6152 (scale 1:

40, 000). The cross sectional areas were obtained by plotting depths

versus cross channel distance and then planimetering the area. The

estuary was sectioned at intervals of one nautical mile, values used

for intervals of less than one nautical mile were interpolated. From

similar plots the wetted perimeters were computed. Low tide vol-

umes of each segment were determined by planimetering the areas

encompassed by the various depth contours (on the charts) then mul-

tiplying the area by the mean depth within the area. The sum of

these volumes constitutes the low tide volume of that segment. The

volume of the tidal prism for each segment was determined from the

product of the mean tide range and the surface area. Arbitrary

depths were used over the tidal flats. The volumes obtained by this

method are shown in Table 2.

River flow values used were taken from the range given by the

Corps of Engineers (Vol. 4, 1960) except the lowest river flow, which

was arbitrarily chosen within the ranges of low river flow given by

Hickson and Rodolph (1951, p. 283).

The salinity data were assembled and averaged for the high



Table 2. Local and cumulative low tide volumes and tidal prisms expressed in 107ft3, for
each nautical mile segment, beginning at the mouth.

Segment Low tide Cumulative low Local Cumulative Local Cumulative
volume tide volume tidal prism tidal prism tidal prism tidal Drism(6.5 ft. tide) (6.Sft. tide) (8 ft. tide) (8 ft. tide)

1 283 283 53 53 65 65
2 280 563 69 122 85 150
3 319 882 160 282 196 346
4 212 1094 69 351 85 431
5 276 1370 85 436 104 535
6 246 1616 79 515 97 632
7 225 1841 63 578 77 709
8 258 2099 68 646 84 793
9 150 2249 56 702 69 862

10 106 2355 65 767 80 942
11 281 2636 130 897 160 1102
12 186 2822 62 959 76 1178
13 176 2998 67 1026 82 1260
14 232 3230 101 1127 124 1384
15 261 3491 116 1243 142 1526
16 328 3819 137 1380 168 1694
17 199 4018 128 1508 156 1850
18 211 4229 135 1643 166 2016
19 137 4366 112 1755 138 2154
20 137 4503 91 1846 120 2274
21 139 4642 79 1925 97 2371
22 161 4803 81 2006 99 2470
23 113 4916 57 2063 69 2539
24 156 5072 74 2137 91 2630
25 119 5191 35 2172 43 2673
26 41 5232 26 2198 32 2705
27 87 5319 35 2233 42 2747
28 80 5399 25 2258 30 2777
29 71 5470 25 2283 31 2808
30 80 5550 24 2307 30 2838
31 73 5623 17 2324 21 2859
32 80 5703 22 2346 27 2886
33 119 5822 53 2399 65 2951
34 61 5883 14 2413 18 2969
35 52 5935 11 2424 13 2982
36 80 6015 22 2446 27 3009
37 44 6069 13 2459 16 3025
38 82 6141 31 2490 38 3063
39 72 6213 23 2513 28 3091
40 60 6273 24 2537 29 3120
41 66 6339 24 2561 29 3149
42 60 6399 18 2579 22 3171
43 115 6514 36 2615 44 3215
44 30 6544 19 2634 24 3239
45 56 6600 15 2649 18 3257
46 63 6663 9 2658 11 3268
47 58 6721 11 2669 14 3282
48 71 6792 16 2685 20 3302
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and low river stages as well as the high and low tide stages so that

classification of the estuary was possible. The maximum salinity

intrusion to be expected was determined in this manner and agrees

with the values given by Burt and McAlister (1959), OBrien (1952)

and Lockett (1963).

Values of river flow used were those that would yield the max-

imum flushing times to be anticipated. The lowest river flow used

in this study is 123, 000 cfs and the highest is 383, 000 cfs. These

values were chosen in view of the range of river flows in the past

and those to be expected in the future, keeping in mind that the max-

imum flushing times and the maximum pollution distribution are up-

per limits to be expected.

The tide records were compared with the salinity records.

They revealed that maximum salinity follows maximum high tide by

about one hour on the average near Tongue Point and between the

jetties at the coast. This is to be expected since the surface will

start ebbing while the bottom will still be flooding and bringing in

salt water (Pritchard, 1952 b). The investigations carried out by

O'Brien (1952, p. 521) agree with this observation. The model stud-

ies carried out at the U. S. Tidal Laboratory (1936, p. 14) also

showed that the salinity reaches a maximum about one hour after

high tide and a minimum about one hour after low tide.

The current records were compared with the tide records and
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found to be nearly in phase; that is, the maximum flood current co-

incided rather closely with the peak of the high tide.

The tide records were examined to determine the type of tidal

wave existing in the estuary. Two types of tide waves may exist, a

standing wave or a progressive wave. An ideal standing wave shows

high tide simultaneously everywhere throughout the estuary with an

increasing height going upstream. The ideal progressive wave shows

the high tide occurring at later times upstream with decreasing

height. The tide wave in most estuaries is likely to be a mixture
of the two types. The tide wave in the Columbia River Estuary is

predominantly a progressive wave.

An examination of the tide records shows that when the tide

stands at 8. 0 feet at Fort Stevens it is 8. 7 feet at Tongue Point, 8. 2

feet at Altoona, and 6. 0 feet at Beaver, which is some 50 miles from

the entrance. Taking the same tide one hour later the height is 6. 5

feet at Fort Stevens, 8. 5 feet at Tongue Point, slightly less than 8. 5

feet at Altoona, and nearly 8. 0 feet at Beaver. This means that the

tide wave may be treated as a standing wave, for flushing studies,

throughout the lower reaches without serious error, if a suitable

tidal range is assumed.

Wetted perimeter values were used to estimate the river flow

in each channel. The volume rate of flow, R, is assumed to be equal

to the velocity of flow, v, multiplied by the cross-sectional area, A.
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Expressed in equation form, R = vA, The velocity is given from

Manning's formula (Daugherty and Ingersall, 1954, p 237) as,
2/3 1/2

vcC T G

where T is the ratio of he cross - sectional area, A, to the

wetted perimeter, W. G is the surface slope, or A h/AL, where

h is vertical distance and L is longitudinal distance. For divided

flow,

R1 A1T3(AL2)2

A2T3(AL1)2

because the two sections are assumed to have the same change in

vertical height if the channels reunite.

If RN represents the volume rate of flow in the north channel

and Rs represents the corresponding flow in the south channel the

sum RN + R5 RR must hold true when RR represents the flow

of the river as one unit. Substituting A/W for T, the following equa-

tion may be written:

2/3RN (AL)A(AW)
1 2/3

S (AL)2A(AW)
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IV. SOLUTION OF THE PROBLEM

Classical Tidal Prism Method

The classical tidal prism method for estimating flushing times

of harbors and estuaries has long been in use by engineers. This

method is based upon the assumptions that the entire tidal prism is

available for dilution of contaminants in each tidal cycle (that the en-

tire tidal prism is renewed with a supply of sea water that has not

just come from the estuary) and that this water mixes completely

with the low-water volume. River flow is disregarded.

A numerical example of this method will serve as an explana-

tion. Assume that a tidal prism of 2, 000 cubic feet enters an estu-

ary from the sea and that the high-water volume is 12, 000 cubic feet.

In this case, 2,000/12,000 or 16. 7% of the water in the estuary

would be renewed every tidal cycle. Since complete mixing is as-

sumed, 83. 3% of the sewage introduced during a tidal cycle would

be expected to remain. Of the pollution introduced during the pre-

vious cycle, there would be (0. 833)2 or 69.4% of it remaining. Fol-

lowing this reasoning, and assuming a uniform rate of pollution, the

total volume of pollution remaining after m cycles would be

(Diachishin, 1954, p. 443):

2 3 m mM = (y+ y + y + ... + y ) y(l y )/(l - y)



where y is the proportion of water not renewed in a cycle and M is

the total pollution in the estuary, expressed as a multiple of the pol-

lution discharged into the estuary in one tidal cycle. For large val-

ues of n this would be approximated by M y1(1-y) because y is a

number less than one. For y = 0. 833 there will be present 0. 833/

0. 167 or 4. 98 times the pollutional load introduced in one tidal cy-

cle, or approximately Z. 5 times the daily pollutional load if one is

dealing with a semi-diurnal tide. In the above example the time for

the load introduced per tidal cycle to be reduced by one-half is about

four tidal cycles or two days.

This method was not used in this study because a complete re-

newal of sea water equal to the tidal prism would require currents

capable of transporting the prism throughout the entire tidal area.

This is unrealistic since the tides are felt over 100 miles upstream.

Furthermore, Ketchum (1951b, p. 198) and Diachishin (1954, p.

444) have stated that this method would always predict a greater

flushing capacity than actually occurs. Thus the method is not only

biased but biased in the direction that makes it dangerously mislead-

ing to use in real pollution studies.

Modified Tidal Prism Method

The tidal prism method has been modified by Ketchum (l9Sla).

A discussion of this method follows.
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Pollution is frequently brought into an estuary by the river

flow, therefore the total volume of river water within an area is

taken as a direct indication of the accumulation of river-borne poi-

lutants. From this volume and the rate of river flow the flushing

time is computed. In the steady state there must be no net exchange

of salt during a tidal cycle from one section to another and there

must be a volume of fresh water which moves seaward equal to the

volume introduced by the river during the same period of time. This

condition must be satisfied on the average for relatively long periods

of time since estuaries are not becoming more saline or fresher,

however, there are short term variations due to fluctuations in river

flow and tidal range.

Since the tidal currents are oscillatory, the water leaving on

the ebb may return to nearly its original position on the succeeding

flood tide. Therefore the difference, or net transport is required to

remove the river water. This net transport is generally much small-

er than the transport on the flood and ebb tides, and therefore is dif-

ficult to obtain precisely from direct current measurements.

In this method the estuary is divided into segments not arbi-

trarily but on a physical basis. The average excursion of water

during the flooding tide is presumed to set the upper limit of the

length of the estuary over which complete mixing can be logically

assumed. Ketchum (l9Sla, p. 19) defines the inner end of the



estuary as the section above which the volume required to raise the

level of the water from low to high water is equal to the volume con-

tributed by the river during a tidal cycle. There will be no net ex-

change of water through this section during the flood tide, therefore,

the water above this section will be completely fresh. During the

ebb tide there will be a loss through this section of one river flow

per tidal cycle. This section is labeled the zero segment.

Consecutive segments are so defined that the distance between

their inner and outer boundaries is equal to the average excursion

of a particle of water on the flood tide. If the volume entering on

the flood tide were to act like a piston, displacing and pushing up-

stream its own volume of water from the next landward segment, the

distance moved would be the average excursion of a particle of Wa-

ter on the flood in that part of the estuary. The segment thus de-

fined would contain at high tide, a volume equal to that contained

in the adjacent seaward segment at low tide. Thus each segment

down the estuary is defined so that the high tide volume in the land-

ward one is equal to the low tide volume in the adjacent seaward

one (Figure 5).

high water

low water

Figure 5. Segmentation by the modified tidal prism method,
Source: Redfield (1951, p 135)
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When the volume of river flow per tidal cycle is represented

by Q, and the local intertidal volume or local tidal prism by P, and

the low-tide volume of a segment by V, the inner end of the estuary

is defined as the section above which P Q. The limits of each
0

successive volume segment are placed so that V = V + P , V =
1 o o 2

n-1V + P = V + P + P and so on. Thus V = V + P or, since
1 1 o o 1 o

n-iP =Q, V =V +Q+EP.
0 fl 0 1

If it is assumed that the water within a segment is completely

mixed at high tide, the proportion of water removed on the ebb tide

will be given by the ratio between the local intertidal volume and the

high tide volume of the segment. This proportion of river water and

its dissolved or suspended contents will be removed by the ebb tide.

Thus an exchange ratio, r , is defined for each segment: r P /n n n

(P +V).n n

The river water found in each segment is a mixture of river

water accumulated during several tidal cycles. If Q1 represents

the volume of river water arriving during a given tidal cycle, then

rQ1willbe removed on the ebb tide and (i-r)Q1 will be left behind.

This same proportion of river water (Q) arriving on the previous

tidal cycle was left behind by the previous ebb tide and the amount

of this river water (of age two tidal cycles) removed will be r(l-r)Q2.

The amount of this water left behind after being depleted by two suc-
cessive ebbtides, will be(l-r)2Q2. By this reasoning the water removed
in the rnthtidalcyclewillber(l_r)mQj11 and the river water remaining

4
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will be (l_r)mQ. If the river flow is constant all values of Q will

be equal. The total volume of river water (E ) accumulated withinn

any segment, n, of the estuary at high tide is then the sum of the re-
2 mmaining volumes: Q{ (l-r) + (l_r) + . . . +(l_rn) n where

m represents the number of tidal cycles. If the equation is for the

high tide condition, one volume of river flow which has not been de-
2pleted is also present so that En = Q[ (1 + (i_rn) + (l_r) + . . . +

(i_rn)m] , which approaches the limit (as m becomes large): En =

Q[ l_(l_r )m] /r (Smail, 1953, p. 460). Because 1-ris always less

than one, the term (l_r)m approaches zero after many tidal cycles and the

sum can then be stated as: E = Q/rn n
The conditions of continuity are satisfied because rE = Q. That

is, the volume of river water moving seaward is rE, the product of

the exchange ratio and the accumulated volume of river water. The

product is equal to Q, the volume of river water introduced during

the same period of time.

The average time required for the river water to move through

a given segment, the flushing time for that segment, is equal to 1/rn

since l/r = E /Q. The sum of the flushing times for the variousn n

segments then gives the flushing time for the entire estuary.

The modified tidal prism concept has been further modified by

Ketchum (1951b) to include the case of incomplete vertical mixing

(i. e. a class A coastal plain estuary) by including as the average
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depth of the segment and H as the depth of the mixed layer. In this

case r = (P /(P +V )z/H. This would give a greater exchangen n n n

ratio and a smaller accumulation of river water. In this case the

segmentation of the estuary is made using volumes computed to the

mixed depth. This method assumes the water below the mixed zone

could be replaced by a false bottom and would result in an increase

of the flushing rate of pollutants brought in by the river.

This method has certain disadvantages. It has been assumed

that the tide wave is a standing wave, a condition that is not always

found. The estuary should be type D (unless the variation for type

A is used), since complete mixing is assumed in each segment. Al-

so it is assumed that all of the pollution comes from the river.

This method was used in this study because in the Columbia

Estuary the tide can be treated as a standing wave without much er-
ror. Also when the estuary approaches the type D classification the

longest flushing times would occur so the flushing times calculated

by this method would be upper limits and therefore not optimistic.

Further, this method allows a minimum of cost and survey time

since much necessary information may be obtained from hydrograph-

ic charts.

Fraction of Fresh Water Method

If a conservative pollutant is introduced at a constant rate
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it will eventually reach a steady state distribution up and down the

estuary. This distribution depends upon the rate of pollutant supply

and the circulation. Since the distribution of fresh and salt water is

also dependent upon the circulation, the salt water distribution or

fresh water distribution can be used to predict the pollution distribu-

tion. The maximum pollution would be greatest at the outfall (point

of introduction), and would decrease with distance from the outfall.

If all the salt in the estuary has come from the sea water in

the estuary the following conservation of salt equation must hold:

SU (U
S S

+U)Sf se
The sea water salinity, S , multiplied by the volume of sea water in

S

the estuary, U , must equal the total salt in the estuary or the aver-
5

age estuarine salinity, S, times the total volume of water in the es-

tuary. The total volume of water in the estuary is the volume of

fresh water, added to the volume of sea water, U. This equa-

tion may be written as U = S U /(S -S ). The fraction of freshs e £ S e

water, f, is equal to the volume of sea water divided by the total

volume of water in the estuary or in equation form, £ = tJf/(IJ+Uf).

Substituting for U, the fraction of fresh water is given by f =

(S-S)/S. The same reasoning leads to the general equation:

f = (S -S )/S . The subscript n indicates the conditions prevailingn S n s

at any position, n, within the estuary.
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The concentration of pollution at the outfall, CO3 under steady-

state conditions is given by the equation: C = (i/Q)f (Cline and

Fisher, 1959, p. 8). 4i is the rate of supply of pollutant, Q is the

rate of river flow and f is the average fraction of fresh water in the
0

complete cross-section of the estuary which passes through the out-

fall location.

Under steady-state conditions a conservative pollutant must

pass seaward through every complete cross section at the same rate

it is being introduced at the outfall. Therefore, the distribution of

the pollutant downstream from the outfall is directly proportional to

the distribution of fresh water. To find the concentration downstream

the equation is C = C (f If ) or C (qi /Q)f , where C is the aver-n on a n n n

age pollution at the point in question and the other symbols remain

as explained above (Ketchum, 1955, p. 1289).

The upstream concentration under steady-state conditions is

directly proportional to the salinity and at any point, n, is found by

C = (S Is )(C ) where the symbols are as explained above (Ketchum,n n 5 0

1955, p. 1289).

A method of calculating the flushing time by using the fraction

of fresh water relationship is given by Cline and Fisher (1959, p. 14).

In this method the fraction of fresh water, f, is found from the equa-

tion,

f = (S -S )ISs e S



The symbols are the same as explained above. Once the fraction of
fresh water is known, the volume of fresh water can be easily ob-
tamed. The flushing time is given by the time required for the river
flow to supply the fresh water contained in the estuary.

This method can also be used for each nautical mile segment
of the estuary and the times thus obtained can be summed to obtain

the total flushing time of the entire estuary.

Both of the methods mentioned above were used to calculate the
flushing time for the Columbia River Estuary.

Diffusion Equation

The equations used by Stommel (1953) for prediction of the dis-
tribution of pollutants are suitable for vertically mixed estuaries.
The distribution of river water is used as a means of determining
the turbulent diffusion coefficients at various places in the estuary.
These coefficients are then used to determine the concentration of
pollution at a given point in the estuary.

An estuary may be assumed to have a cross-sectional area,
A, that may change with position along its longitudinal or x-axis.

The average concentration of pollution, c, is assumed to vary
with x, under steady state conditions. This average concentration

may be used if the rate of pollution and river flow remain unchanged
during the time involved. If the river discharge is R, then the flux



of pollution by advection toward the ocean is Rc.

The turbulent flux may be written as ADdc/dx where D(x)

is a turbulent eddy diffusivity. The net seaward flux, F(x), of

pollutant across any given section is then the sum of the advective

flux and the turbulent flux, or

F(x) = Rc ADdc/dx. (1)
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If the pollutant is conservative, the net flux downstream from

the source of pollutant must be constant under steady state conditions

and the net flux upstream from the source must be zero. If the pol-

lutant is non-conservative the net flux can not be the same for all

values of x, and the flux must change according to the equation:

d(F(x))
= - Ac/T.dx (2)

T is the time required for the concentration to decay from c (the

concentration at the outfall) to c /e, where e is the base of natural
0

logarithms.

The steady state equation is now written as

(Rc-ADdc/dx) + Ac/T = 0. (3)dx

The eddy diffusivity, D, may be determined from the fresh

water distribution in the estuary, assuming that the fresh water

comes only from the river entering the estuary. If the fraction

of fresh water, f, is substituted for c in equation !, the equation



becomes

D R(f-i) because f(x) R. (4)A dfI dx

The river flow, R, is usually given in cubic feet per second, the

fresh water fraction, f, is dimensionless, the cross-sectional area,

A, is in square feet, and the distance in the x-direction is in feet.

Therefore the dimensions of the eddy diffusivity, D, are in square

feet per second.

Stommel (1953, p. 1067) divided the estuary into sections along

the longitudinal axis, a feetapart. The average value of f may be

found at each section by using the average observed salinity at that

point. Equation 4 may then be solved by writing it in finite difference

form (since df f - f and dx 2a):n+i n-i
R(Za)(l-f)

-f )
(5)

n n-1 n+1

Writing equation 4 in finite difference form, the following steps

are necessary.
(Rc-ADdc/dx) + Ac/T = 0 (3)dx

d(Rc) 2 2 d(AD) dc- ADd c/dx - + AcIT = 0dx dx dx

(R c -R cn+i n+l n-i n-i (c - c ) (c -c1)
1AD[ n+l n n

2a nn a a 'a
(A D -A D )(c -c ) Acn-i-i n--1 n-i n-i n+l n-i n n

+ =0Za 2a T
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By factoring, equation 3 now becomes

a c +wc +pc =0nn-i nn nn+i
where

and

and

(-P A D -A D ADn-i n+l n+1 n-i n-i n na c =c +nn n-i Za 2 24a a

2AD Anfl n
()C =c( +nn n 2a

B (A D -A D ) ADn+1 n-j-1 n+1 n-i n-i n npc =c (nn+1 n.i-i 2a 2 24a a

(6)

Equation 6 must be correct for each segment except at the out-

fall. Also the value of c must be zero at the ocean and far upstream.

At the outfall equation 6 becomes

a c +w c + p c =i/2a (6a)nn-i nn nn+1

where Lu is the ratio of pollutant supply in lb/sec.

Once arriving at equations 6 and 6a, Strommel used the salinity

data, cross-sectional area, river flow, and known half-life of a pol-

lutant to write a set of equations which he solved by relaxation me-

thods.

The diffusion equation has been used here to predict the distri-

bution of a conservative pollutant as well as a non conservative pol-

lutant in the Columbia River Estuary.
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V. COMPUTATIONS

Modified Tidal Prism Method

The modified tidal prism method, applied to the Columbia Riv-

er Estuary, gave the results that follow. Table 3 illustrates the way

in which the estuary was segmented for a given set of conditions. In

all cases the seaward end of the zero segment was chosen to coincide

with or exceed the limit of maximum salinity intrusion (the seaward

end of this segment must vary for various stages of river flow and

tide). This limit is essential since the method is based on the as-

sumption that no exchange occurs across this boundary on the flood

tide. The upstream end of this segment is then determined by the

distance necessary to produce a local tidal prism just equal to the

river flow per tidal cycle. The salinity for each segment of the es-

tuary was determined from the ratio of the volume of accumulated

fresh water to the high tide volume. This calculation was made for

the purpose of checking the validity of the method since this calcula-

tion should give a salinity value comparable to that actually observed

in the segments.

Table 4 summarizes the results obtained by using various corn-

binations of river flow, salinity intrusion, ocean salinity, and tidal

range. The maximum salinity intrusion of 22 nautical miles is not

expected to occur but was used to determine the effect a varying
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Table 3. Segmentation of the estuary by the modified tidal prism me-

thod (ocean salinity taken as 32. 0%o, a maximum salinity
intrusion of 22. 0 nautical miles, and a tidal range of 8. 0
feet).

Segment number 0 1 2

Distance from the mouth
(nautical miles) 22. 0 13. 07 0. 08

Length of segment
(nautical miles) 14. 63 8. 93 12. 99

Segment volumes (107ft3)
low tide 1240 1789 2990
tidal prism 549 1201 1264
high tide 1789 2990 4254
freshwater 1788 1365 1848

Exchange ratio 0. 307 0. 402 0. 297

Flushing time (tidal cycles) 3. 26 2. 49 3. 37

Calculated average salinity 0. 0%o 17. 4%o 18. 1%o

Total flushing time = 9. 12 tidal cycles

Table 4. Summary of results obtained by the modified tidal prism
method for various combinations of river flow, salinity
intrusion, tidal range, and ocean salinity.

River Flow Tidal Range Maximum Ocean Total
(ft3/tidal cycle) (feet) Salinity Salinity Flushing

Intrusion Time
(nautical miles) /00 (tidal cycles)

549 x 6. 5 19. 0 32. 0 9. 00
549 x l0 6. 5 22. 0 32. 0 9. 91

549 x 1O7 8. 0 19. 0 32. 0 9. 00

549 x l0 8. 0 22. 0 32. 0 9. 12

684 x l0 6. 5 22. 0 32, 0 8. 59

684 x l0 8. 0 22.0 32. 0 8. 66

755 x 6. 5 19. 0 32. 0 8. 23

755 x l0 8. 0 19. 0 32. 0 7.78

1710 x 6. 5 12. 0 28. 0 4.40
1710 x 10 8. 0 14. 0 28. 0 4. 28
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salinity intrusion would have on the flushing time. The other values

used are well within the ranges to be expected, however, the tidal

range of 8. 0 feet should be considered too high for an average value.

This higher tidal range allows a comparison of flushing times for

varying tidal ranges.

A high river flow of 2, 490x107 ft3/tidal cycle (which also is

within the range that can be expected) was found to be impracticable

for this method. River flows of this magnitude force the maximum

salinity intrusion so far toward the mouth that the estuary cannot be

properly segmented.

Fraction of Fresh Water Method

The concentration of a conservative pollutant calculated by the

fraction of fresh water method is shown in Figure 6. The concentra-

tion is expressed in percent of the pollution at the outfall. The out-

fall locations used were chosen arbitrarily. The outfall locations

used for high river flow do not include Tongue Point because it is

then beyond the point of maximum salinity intrusion.

The flushing times calculated by the fraction of fresh water

method are tabulated in Table 5. The flushing times shown are the

sums of the flushing times for nautical mile segments and therefore

represent the total flushing times for the estuary.

Further use of the fraction of fresh water method of determining
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the distribution of pollutants in this estuary was made in conjunction

with the diffusion equation method. The results of this work are

shown in Table 7 and Figures 8 and 9. The concentrations in this

case are expressed in arbitrary units based on a given rate of supply

of pollutant.

Table 5. Flushing times calculated by the fraction of fresh water
method.

River Flow
(107ft3/tidal cycle)

Maximum Salinity
Intrusion

(nautical miles)

Total
Flushing Time
(tidal cycles)

549 19 4. 87

684 19 3. 91

755 19 3. 54

1710 14 0.90

Diffusion Ecuation Method

The distribution of pollutants in the estuary was calculated by

the diffusion equation, using various outfall locations. The maxi mum

salinity intrusion was assumed to be 19 nautical miles while the tidal

range was taken as 6. 5 feet. The rate of pollutant supply, , was

arbitrarily chosen as 10 lb/sec. For non-conservative pollutants

the value of T was arbitrarily chosen as 5xl05 sec.

The diffusion equation method was programmed for a computer
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(Appendix A) using the Gaussian scheme (Saivadori, 1961, P. 22),

instead of the relaxation method (used by Stommel), to solve the re-
suiting equations. In the same computer program the fresh water

fraction was used to estimate the distribution of a conservative pol-

lutant.

A slight variation of this method was tried. The cross sec-
tions at one nautical mile intervals were used as were the cross sec-

tions at one-haJf nautical mile. No significant differences were found,

therefore, no smaller intervals were tried. Table 6 shows the re-

suits using intervals of one-half nautical mile.

The results using a non-conservative pollutant and a cons erva-

tive pollutant are illustrated graphically in Figure 7.

Table 7 shows the results of dividing the river into two chan-

nels. Each channel was treated separately and conservative pollu-

tants were assumed to have been introduced at different outf ails.

Actually the river does show two distinct flow patterns in the lower

19 nautical miles, but they are not completely separated, only delin-

eated by a group of islands between. Figures 8 and 9 show the re-

sultä of this work using both the diffusion equation and the fraction

of fresh water method.



Table 6. Conservative pollutant distribution as determined by the diffusion equation (concentration c, in io6 lb/ft3 and n expressed in one-half
nautical mile intervals from the mouth).

Outfall LocationsA Salinity D ci

Ft. Stevens Astoria Tongue Point(ft2) (ft2/sec)
1 612000 32.0 0 0 0 0 0 0 0
2 553000 31.9 215700 -14540.0 25810 -11280.0 0.169 0.165 0.1693 493000 31.8 120600 - 4289.0 12870 - 8578.0 0.300 0.293 0.2994 449000 31.5 87440 - 3712.0 8497 - 4784.0 0.563 0.549 0.561
5 404000 31.2 96260 - 4208.0 8416 - 4208.0 0.901 0.879 0.898
6 409000 30.9 94170 - 3612.0 8335 - 4723.0 1.24 1.21 1.23
7 415000 30.6 42420 - 1183.0 3810 - 2627.0 1.68 1.64 1.68
8 418000 29.6 26480 - 1031.0 2395 - 1364,0 2.66 2.60 2.65
9 423000 28.6 25280 - 1144.0 2314 - 1170.0 3.96 3.87 3.95

10 422000 27.6 23290 - 1050.0 2127 - 1077.0 5.29 5.16 5.28
11 421000 26.5 22420 - 1033.0 2042 - 1009.0 6.66 6.49 6.64
12 417000 25.5 22870 - 1033.0 2063 - 1031.0 7.99 7.79 7.97
13 412000 24.5 21180 - 931.8 1888 - 956.4 9.32 9.09 9.2914 415000 23.4 20080 - 912.5 1803 - 890.9 8.92 10.4 10.715 418000 22.4 20040 - 917.6 1813 - 895.0 8.53 11.7 12.0
16 403000 21.4 19860 - 856.0 1732 - 875.7 8.15 13.0 13.3
17 389000 20.4 18680 - 775.8 1572 - 796.4 7.76 14.3 14.6
18 397000 19.3 17310 - 752.5 1487 - 734.9 7,36 15.6 16.0
19 406000 18.3 16850 - 749.7 1481 - 731.1 6.97 16.9 17.320 426000 17.3 15190 - 692.1 1400 - 707.8 6.59 16.0 18.6
21 445000 16.3 13040 - 619.8 1256 - 636.4 6.20 15.0 19.9
22 423000 15.2 12800 - 592.6 1171 - 578.9 5.80 14.1 21.3
23 400000 14.2 13270 - 581.9 1149 - 567.2 5.40 13.1 22.624 407000 13.2 12130 - 528.2 1068 - 540.0 5.02 12.2 23.925 414000 12.2 10490 - 463.8 940.2 - 476.5 4.63 11.3 25.2
26 407000 11.1 9712 - 432.6 855.5 - 422.9 4.23 10.3 26.627 401000 10.1 9418 - 414.0 817.3 - 403.3 3.84 9.33 27.9
28 403000 9.1 8443 - 364.4 736.4 - 372.1 3.46 8.40 29,2
29 406000 8. 1 7105 - 307. 7 624. 2 - 316.5 3. 07 7.46 30. 5
30 407000 7.0 6125 - 272.6 539.5 - 266.8 2.67 6.49 26.6
31 408000 6.0 5499 - 246.1 485.5 - 239.4 2.28 5.53 22.7
32 374000 5.0 4999 - 200.4 404.6 - 204.2 1.90 4.61 18.9
33 339000 4.0 4202 - 151.7 308.3 - 156.5 1.51 3.66 15.0
34 333000 2.9 3101 - 113.7 223.5 - 109.8 1.11 2.69 11.0
35 327000 1.9 2287 - 83.86 161.8 - 77.98 0.72 1.75 7.16
36 302000 1.0 1303 - 42.59 85.18 - 42.59 0.36 0.875 3.58
37 277000 0 0 0 0 0 0 0 0 u-i



Table 7. Calclated conservative pollution distribution in the Columbia Estuary by channels. River flow, R, is in ft3/sec, concentration is in io_61b/ft' (c is the concentration calculated by the diffusion equation, C is the concentration calculated by the fraction of fresh water method),and the distance from the mouth, n, is in nautical miles.
NORTH CI-IANNEL Outfall Locations

n 1k A S D a. p n=9 n 13
(ft2' (% (ft2/sec) C c C c

1 123000 612000 32.0 0 0 0 0 0 0 0 0
2 123000 493000 31.8 120600 -1881 3217 -1335 0.615 1.08 0.603 1.26
3 123000 404000 31.2 96260 - 779.1 2104 -1325 2.46 1.85 2.41 2.164 123000 415000 30.6 42420 - 313.7 952.4 - 638.7 4.31 3.16 4.22 3.685 123000 423000 28.6 31600 - 301.7 723.2 - 421.5 10.5 5.82 10.3 6.78
6 52200 362000 27.4 20020 - 185.3 392.1 - 206.7 14.2 9.54 13.9 11.1
7 87500 354000 26.2 31500 - 335.3 603.3 - 268.0 17.8 13.7 17.5 15.9
8 95800 360000 24.9 30990 - 310.1 603.6 - 293.5 21.8 17.0 21.4 19.8
9 101600 395000 23.6 28390 - 288.3 606.7 - 318.4 258 20.2 25.3 23.510 73800 285000 22.3 27010 - 154.2 416.4 - 262.3 24.4 20.8 29.3 27.5

11 46400 218000 21.0 10660 - 22.50 125.7 - 103.2 23.0 21.8 33.2 34.4
12 42400 289000 17. 2 4038 - 34.36 63. 13 - 28.77 18.8 26. 6 44.6 65. 8
13 103600 172000 13.4 12910 - 62. 52 120.2 - 57.65 14.7 30. 6 56. 1 92, 214 17400 141000 9.6 1895 + 4.315 14.46 - 18.77 10.5 34.3 40.2 103
15 32600 216000 5.8 1401 - 9.939 16.37 - 6.429 6.35 18.2 24.3 54.816 31100 165000 2.0 790.3 - 4.039 7.055 - 3.016 2.19 7,79 8.37 23.4
17 123000 277000 0 0 0 0 0 0 0 0 0

SUUINLI-IPdNNr.L 11= 11 fl i
1 123000 612000 32.0 0 0 0 0 0 0 0 0
2 123000 493000 31.8 120600 -1881 3217 -1335 2.92 0.689 3.06 1.263 123000 404000 31.2 96260 - 779,1 2104 -1325 11.7 1.18 12,3 2.15
4 123000 415000 30.6 42420 - 293.9 952.4 - 658.5 20.4 2.01 21.5 3.675 123000 423000 28.6 24660 - 200.9 564.5 - 363.6 49.7 3.87 52,1 7.08
6 53200 170000 26. 5 24010 - 68.60 220.8 - 152.2 80. 3 7. 25 84. 3 13.2
7 51000 153000 24.4 23550 - 89.60 194,9 - 105.3 111 14.7 116 26.98 35600 174000 22.3 13210 - 51.50 124.4 - 72.86 142 23.5 149 43.0
9 27200 173000 20.2 9195 - 38.34 86.07 - 47.73 172 36.0 181 65.7

10 24300 227000 18.1 5610 - 32.39 68.90 - 36.50 203 51.5 213 94.011 21400 17000 16.0 5831 - 33.36 53.63 - 20.28 234 69.0 245 126
12 49200 257000 13.9 7704 - 66.97 107.1 - 40.16 203 54,9 277 145
13 62900 247000 11.8 9616 - 73.68 128.5 - 54.82 172 46.5 309 15714 78600 241000 10.1 10830 - 64.38 141.2 - 76.78 148 40.2 336 166
15 20400 261000 8.1 1925 - 10.87 27.18 - 16.31 118 32.8 366 176
16 105600 437000 6.1 4481 - 65.69 105.9 - 40.25 89,1 21.6 276 116
17 90400 379000 4.1 2900 - 27.98 59.47 - 31.50 59,9 14.7 185 78.8
18 100900 371000 2.0 1613 - 17.05 32.38 - 15.33 29.2 6.95 90.4 37.3
19 123000 277000 0 0 0 0 0 0 0 0 0

-J
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VI. DISCUSSION OF RESULTS

The flushing times as calculated by the modified tidal prism

method for the Columbia Estuary vary from a maximum of nearly

ten tidal cycles to less than five tidal cycles. Use of an 8. 0 ft. tidal

range instead of a 6. 5 ft. tidal range has little effect. At most it

causes a decrease of slightly less than one tidal cycle during low

river flow and less than 1/8 of a tidal cycle for high river flow. It

is necessary to note that the flushing time for very high river flow

could not be calculated by this method.

In an attempt to check the validity of the modified tidal prism

method, the amount of fresh water that this method predicts should

accumulate in each segment was used to calculate the salinity of

each segment. When maximum salinity intrusion was over -esti-

mated (22 nautical miles) the salinities calculated were too high. When

the more realistic maximum salinity intrusion (19 nautical miles)

was used the calculated values of salinity compared favorably with

those actually observed.

A comparison of the flushing times calculated by the modified

tidal prism method and the fraction of fresh water method is shown

in Figure 10. Scrutiny of this graph brings to light some interesting

information. Of the two methods, the modified tidal prism method

consistently gives a slightly more pessimistic estimation of the
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flushing capacity of the estuary. (The two methods only differ by

about 1 1/2 days on the average.) The author considers this pessi-

mism as a safety factor and therefore recommends the modified tid-

al prism method as the preferred method for this estuary.

The slopes of the curves comparing the two methods (Figure

10) are roughly the same, indicating that variations in river flow

have similar effects on the two methods. Increasing river flow def-

initely increases the flushing capability (decreases the flushing

time) of the estuary. If one were to extrapolate this for truly large

river flows it appears that the flushing time would drop to one day

or less.

In the use of the fresh water fraction method it is possible to

treat the estuary as one unit instead of small segments. This re-

quires using an average salinity for the entire estuary. This is ad-

mittedly a difficult figure to attain with any degree of accuracy due

to the irregular morphology of the estuary. Nevertheless it may

be used for a first approximation even though, in the case of the

Columbia River, it gives slightly shorter flushing times.

The distribution of a conservative pollutant introduced at var-

ious outfalls and low river flow is compared with the distribution

predicted for high river flow in Figure 6. In general these show

the same form as that carried out for the James River Estuary by

Cline and Fisher (1959, Figure 7). In this figure the ordinate



represents a ratio (expressed in percent) of the pollution concentra-

tion at a given point to that at the outfall. The downstream pollution

is the same for a given river flow regardless of the outfall location

while the upstream pollution increases as the outfall is moved further

upstream.

Similar results are given by the diffusion equation (Figure 7).

The fraction of fresh water method was run in the same computer

program as the diffusion equation for comparison purposes. (In all

the calculations involving the diffusion equation an arbitrary rate of

pollution, ten pounds per second, was used.) The two methods show

the same general distribution but they differ in actual values obtained

(Figures 8 and 9). This indicates that the fraction of fresh water me-

thod can serve as a method for determining the pollution distribution.

It is far easier to calculate once the pollution at the outfall has been

determined.

The distribution of a non-conservative pollutant as determined

by the diffusion equation shows a lower concentration than is given

by a conservative pollutant but the patterns are similar (Figure 7).

Efforts to improve the results obtained by the diffusion equa-

tion method by changing the longitudinal sections from one nautical

to shorter intervals were unrewarding. No significant changes in

values were obtained, therefore plans to use one-fourth nautical

mile intervals were abandoned.
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One of the more interesting results of this study resulted from

the effort to treat the river as two channels in the estuary. (Nowhere

in the literature is there any indication that this has ever been at-

tempted in any estuary. ) The results, which are shown in Figures

8 and 9, also point out some very interesting differences between

the results given by the diffusion equation and the fresh water frac-

tion. The latter shows its usual form since it does not take into

consideration the changing river flow and cross sectional area but

only the resulting salinity.

The distribution calculated for the south channel (Figure 8)

shows that the values obtained by the fresh water fraction are higher

than the values given by the diffusion equation. The values obtained

by the diffusion equation method show an irregular distribution curve.

The differences between the two methods are shown best by Figure 9

(north channel).

In the north channel the concentrations given by the diffusion

equation method are higher than those given by the fresh water frac-

tion method. More important, however, is the fact that the diffusion

equation indicates that the peak concentrations do not appear at the

outfall but upstream from the outfall. This difference points out a

factor that could be easily overlooked--the differences in flood and

ebb flows in the estuary. As was mentioned before, the flood cur-

rents are stronger on the north side of the estuary in this region



while the ebb currents are stronger on the south side. This results

in a greater upstream concentration than would be caused by equal

flows in the north and south channels.

While these results do not predict the spill-over of pollution

from one channel to another they do indicate that the pollution distri-

bution will be more concentrated in the channel that contains the out-

fall.
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VII. SUMMARY AND CONCLUSIONS

The Columbia River Estuary has indeed proved to be a unique
estuary in many ways. It cannot be simply classified as any one
type of coastal plain estuary since it may be type D at the mouth
while at the same time it is type B upstream, during periods of low
river flow. During high river flow it is type B at the mouth and type
A upstream. The strength of the river flow is, at times, enough to
displace the maximum salinity intrusion several miles downstream.

The combination of tides and river flow may cause the flushing
times to vary from nearly ten tidal cycles to as low as two. These
are rather low flushing times as compared to those calculated for
other estuaries by other workers.

A stronger flood on the north side of the estuary coupled with
a stronger ebb flow on the south side produces pollution distributions
not normally encountered or expected. This certainly implies that
any proposed north-channel outfall in this section of the estuary
must be planned with caution!

This study indicates that other avenues of approach should be
pursued in an effort to understand and better predict pollution distri-
bution in estuaries. The factor known as the eddy diffusivity is nei-
ther readily determined nor understood. Further work on this fac-
tor alone should be profitable for future work.



A thorough study of flushing and pollutant distribution in a phys-

ical model is the next logical step in a study of this estuary. Such a

study should be of value in determining the value of the methods used

in this study.

Another and more valid test would be a dye distribution study

in the actual estuary. This would, unfortunately, be rather difficult

to carry out due to weather conditions that prevail in this area and

variable river flows. It would also be a costly method.

In the usual studies of contamination of estuarine waters the

concentration is assumed to be essentially zero when the adjacent

ocean salinity is encountered. This may be reasonable when the

river water does not noticeably reduce the adjacent ocean salinity.

However, the Columbia River does produce a noticeable dilution of

the adjacent ocean. This implies that some attention should be paid

to the pollution that could occur along the nearby coast as well as

offshore. Even though man may keep the pollution in the estuary at

low levels, organisms may concentrate such things as radioactive

elements some distance from the estuary (Osterberg, Pattullo and

Pearcy, 1964). The effects of this concentration on the life cycles

of these organisms could have undesirable long term effects.

An estuary of this magnitude and importance requires much
planning and study in order to exact the maximum value from it for

all concerned. Any future works of man on this river and its estuary



should be vitally concerned with preserving its natural beauty and

its usefulness for future generations.
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APPENDIX

The following computer program for the CDC 1604 computer

was used to determine the distribution of pollution by the diffusion

equation method and by the fraction of fresh water method.

In the computer program the following symbols were used:
H = distance between cross-sections

S = cross-sectional area

SA = salinity

C = concentration of pollution calculated by the fraction

of fresh water

A = diffusivity

P = a as explained in the section on the diffusion equation

Q as explained in the section on the diffusion equation

R p as explained in the section on the diffusion equation

RS = concentration of pollution calculated by the diffusion

equation

RD = river flow

N = distance from the mouth

M = distance to the outfall from the mouth

CBAR = ti, the rate of pollutant supply

Tol = tolerance

TAIJ time required for the concentration to go from c
to c/e
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Calculations involving a divided river were made by the second

computer program listed. The symbols have the same meanings as

given above.
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APPENDIX

POLLUTION DISTRIBUTION IN ESTUARIES
DIMENSION S(99), SA(99), C(99), F(99), A(99), P(99), Q(99), R(99),
RS(99)

100 DO 110 1=1, 26
A(I)0.
R(fl=0.
P(I)=0.
Q(I)0.

110 RS(I)=0.
READ 200, H, N, M, C BAR, TOL, TAU, RD, K
PRINT 200, H, N, M, C BAR, TOL, TAU, RD, K

200 FORMAT(E12. 5, 214,4 E12. 5,14)
IF(K)21, 20, 21

20 READ 201, (S(I), SA(I), 1=1, N)
201 FORMAT (E9. 4, ElO. 4)

GO TO 23
21 READ 205, (S(I), SA(I), C(I), 1=1, N)

205 FORMAT (3E10.4)
23 DO 17 I1,N
17 F(I)=1. -SA(I)/SA(1)

IF(K) 25, 24, 25
24 K=M-1

C(M)=CBAR*F(M)/RD
XC(M)/F(M)
DO 15 1=1, K

15 C(I)=F(I)*X -
K=M+1
X=C(M)/SA(M)
DO 16 I=K,N

16 C(I)=X*SA(I) . -'
25 IF(TAU) 2, 1, 2

1 TAU=0.
GO TO 3

2 TAU=1.0/,693/TAIJ
3 LN-1

HH=H*H
H2. H
DO 4 I=2,L

4 A(I)RDH*( 1. -F(I)) /(S(I)*(F(I+1) -F(I- 1)))
X=1. /H
XX=1. /HH
DO 5 1=2, L
Y=RD_X*(A(I_ 1)*S(I_ 1) _A(I+1)*S(I+ 1))



Z =XX*A(I)S(I)
Q(I)S(I) *( 2. *XX*A(j)± TAU)
R(I)=X*Y - Z

5 P(I)=_X*Y_Z
DO 29 I=i,N

29 PRINT 300, 5(I), SA(I), A(I), P(I), Q(I), R(I), C(I)
300 FORMAT(7E154)

DIMENSION D(50, 110), F(50, 60), G(50, 60)
N1=N-3
DO 30 1=2, Ni
D(I, I)=Q(I+1)
D(I, I+1)=P(I+1)

30 D(I,1-1)=R(I+i)
D(1, 1)=Q(2)
D(N-2, N-2)-Q(N-1)
D(i, 2)=P(2)
D(N-2, N-3)=R(N-1)
E(M-1, i)=CBAR*X
CALL GAUSS2(N-2, 1, 0004, D, E, G, KER)
IF(KER-1)41, 34,41

34 Ni=N-1
PRINT 35, (I, G(I-1, 1), 1=1, Ni)

35 FORMAT(16,E15.6)
41 END

SUBROUTINE GAUSS2(N, M, EP, A, B, X, KER) 00010
DIMENSION A(50, 110), B(50, 60), X(50, 60) 00020
NPM=N+M 00030

DO 2 K= 1,M 00040
I = N+K 00050
DO 2 J 1, N 00060

2 A(J,I) = B(J,K) 00070
10 DO 34 L=1, N 00080

KP=0 00090
Z=0 0 00100
DO 12 K=L,N 00110
IF(Z-ABSF(A(K,L)))11, 12,12 00120

11 Z=ABSF(A(K,L) 00130
KP=K 00140

12 CONTINUE 00150
IF(L-KP)13, 20, 20 00160

13 DO 14 J=L,NPM 00170
Z=A(L, J) 00180
A(L, J)-A(KP, J) 00190

14 A(KP,J)=Z 00200
20 IF(ABSF(A(L, L))-EP)50, 50, 30 00210
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30 IF(L-N)31, 40, 40 0022031 LP1=L+1 00230DO 34 K=LP1,N 00240IF(A(K, L))32, 34, 32 0025032 RATIOA(K,L)/A(L,L) 00260DO 33 J=LP1,NPM 0027033 A(K, J)=A(K, J)_RATIO*A(L, J) 0028034 CONTINUE 0029040 DO 43 I1,N 00300II=N+1-I 00310DO 43 J=1,M 00320JPN=J+N 00330S=0. 0 00340IF(II-N)41,43,43 0035041 IIP1=II+1 00360DO 42 K-IIP1,N 0037042 S=S+A(II, K)*X(K, J) 0038043 X(II, J)=(A(ll, JPN)-S)/A(II, II) 00390KER1 00400RETURN 0041050 KER = 2 00420END 00430



POLLUTION DISTRIBUTION IN ESTUARIES
DIMENSION S(99), SA(99), C(99),F(99),A(99),P(99),Q(99),R(99)
RS(99)

1, RD(99)
100 DO 110 1=1,26

A(I)=0.
R(I)=0.
P(I)=0.
Q(I)=0.

110 RS(I)=0.
READ 200, H, N, M, C BAR, TOL, TAtJ, K
PRINT ZOO, H, N, M, C BAR, TOL, TATJ, K

200 FORMAT(E12. 5, 214, 3E12. 5,14)
IF(K)21, 20, 21

20 READ 201, (S(I), SA(I), RD(I), 1=1, N)
201 FORMAT(E9. & ElO. 4, ElO. 4)

GO TO 23
21 READ 205, (5(I), SA(I), RD(I), C(I), 1=1, N)

205 FORMAT(4E10. 4)
23 DO 17 I=1,N
17 F(I)=1. -SA(I)/SA(1)

IF(K) 25, 24. 25
24 K=M-1

C(M)=CBARF(M)/RD(M)
X=C(M)/F(M)
DO 15 I=1,K

15 C(I)=F(I)*X
K=M+1
X=C(M)/SA(M)
DO 16 I=K,N

16 C(I)=X*SA(I)
25 IF(TAU) 2, 1, 2

1 TAU=O.
GO TO 3

2 TAU=1.O/.693/TAU
3 L=N-1

HH=H*H
H=2. *H
DO 4 I=2,L

4 A(I)=RD(I)*H*( 1. _F(I))/(S(I)*(F(I+1)_F(I_ 1)))
X=1. /H
XX=1. /HH
DO 5 1=2, L
Y= RD(I) - X*( A(I - 1) *S(I - 1) - A( 1+1) *S( 1+ 1))
Z=XX*A(I) *5(I)



Q(I)=S(I)*(2. *XX*A(I)iTA1J)
R(I)=X*Y-Z

5 P(I)=_X*Y-Z
DO 29 [=1, N

29 PRINT 300, S(I), SA(I), RD(I), A(I), P(I), Q(I), R(I), C(I)
300 FORMAT (8E15.4)

DIMENSION D(50, 110), E(50, 60), G(50, 60)
N1=N-3
DO 30 1=2, Ni
D(I, I)Q(I+1)
D(I, I+1)=P(I+i)

30 D(I,I-1)=R(I+i)
D(1, 1)=Q(2)
D(N-2, N-2)=Q(N-1)
D(1, 2)=P(2)
D(N-2, N-3)=R(N-1)
E(M-1, 1)=CBAR*X
CALL GAtJSS2(N-2, 1, 0004, D, E, G, KER)
IF(KER-1)41, 34,41

34 N1=N-1
PRINT 35, (I, G(I-1, 1), 1=1, Ni)

35 FORMAT(16, E15. 6)
41 END

SUBROUTINE GAUSS2(N, M, EP, A, B, X, KER) 00010
DIMENSION A(50, 110), B(50, 60), X(50, 60) 00020

NPM=N+M 00030
DO 2 K = 1, M 00040
I = N+K 00050
DO 2 3 = 1, N 00060

2 A(J,I) = B(J,K) 00070
10 DO 34 L=1, N 00080

KP=0 00090
z=0.0 00100
DO 12 K=L,N 00110
IF(Z-ABSF(A(K,L)))i1, 12,12 00120

11 Z=ABSF(A(K,L)) 00130
KP=K 00140

12 CONTINUE 00150
IF(L-KP)13, 20, 20 00160

13 DO 14 J=L,NPM 00170
Z=A(L,J) 00180
A(L, J)=A(KP, 3) 00190

14 A(KP, J)=Z 00200
20 IF(ABSF(A(L,L))-EP)50, 50,30 00210
30 IF(L-N)31, 40, 40 00220



31 LP1L+1 00230
DO 34 K=LP1,N 00240
IF(A(K, L))32, 34, 32 00250

32 RATIO=A(K,L)/A(L,L) 00260
DO 33 JLP1, NPM 00270

33 A(K, J)=A(K, J)_RATIO*A(L, J) 00280
34 CONTINUE 00290
40 DO 43 I=1,N 00300

II=N+1-1 00310
DO 43 J=1,M 00320
JPN=J+N 00330
S=0. 0 00340
IF(II-N)41, 43, 43 00350

41 IIP1=II+1 00360
DO 42 K=IIP1, N 00370

42 S=S+A(II, K)*X(K, J) 00380
43 X(II, J)(A(II, JPN)-S)/A(II, II) 00390

KER=1 00400
RETURN 00410

5OKER = 2 00420
END 00430
END




