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USER GUIDE

The guidelines in this report are to be used with
discretion and apply only to interim planning needs. Complex
river and estuarine systems or complex water quality problems,
such as eutrophication, are not covered by the simplified an-
alysis given in these guidelines. The user should carefully
familiarize himself with all of the assumptions that are made
for each analysis. The results of the simplified water qual-
ity analysis, especially with respect to the projected effects
in water guality of different treatment levels, should be con-
sidered as trend indications only, and not as a precise, cer-
tain prediction. In any event, the results of the simplified
analysis should be used only as a supplement and aid to engi-
neering judgment and never as a substitute.

The analyses are structured in such a manner that
estimates can be made of water guality responses with a min-
imum amount of information. This does not mean that the an-
alyst should use only that minimum level of input data. Ev-
ery attempt should be made to collect, interpret, and utilize
all relevant data on water quality, waste loads, river flows,

population, industrial growth, etc. Therefore, whatever data



are available or can be obtained within the constraints of
the total planning effort should be incorporated into the
analysis.

In order to aid the analyst in utilizing the ana-
lyses presented in this report, the following breakdown may
be of assistance (see Table of Contents for a more detailed

structure of the report).

Topilc Section Page Number
Streams and Rivers
Chlorides, TDS Iv-A(1) - 67 -
Coliform Bacteria
Nutrients, BOD v-A(2),B - 74 -

Streams and Rivers

Dissolved Oxygen Iv-A(3) - 71 -
Single Source Iv-C - 82 -
Multiple Source Iv-D - 87 -

Estuaries and Tidal Rivers

Chlorides, TDS V-A(1l) - 107 -
Coliform Bacteria - 108 -
Nutrients, BOD V-A(2),B(1) _ 118 -

Estuaries and Tidal Rivers

Dissolved Oxygen V-A(3) - 112 -
Single Source V-B(2) - 118 -
Multiple Source v-C - 124 -~

The results obtained from the applicaton of the sim-
plified techniques presented have compared favorably with a

very limited number of specific water quality situations where

-1



a more detailed analysis was available, It is anticipated
that comments and questions may develop from further appli-

cation of the simplified techniques presented. These can be
directed to either:

Hydroscience, Inc.
363 01ld Hook Road,
Westwood, New Jersey 07675
(201)666-2600

Attention: Mr. John L. Mancini
or:

Division of Planning and Interagency Programs
Water Quality Office
Environmental Protection Agency
Washington, D.C. 20242
(703)557-7717

Attention: Mr. James W. Meek

~iii-



I. INTRODUCTION

This report presents a general framework for the

methods of application of mathematical models to the analysis
of water quality. These models relate wastewater discharge
to water quality in the receiving body. The modeling effort

is considered to be a part of the overall water quality plan-

ning operation. The types of models necessary to address

various water quality problems in streams and estuaries are

discussed.

The report contains a detailed presentation of the

necessary Tables, nomographs, and technical data needed to

evaluate receiving water quality for interim planning purposes.

In particular, the interim procedures address prob-

lems concerning total dissolved solids, coliform organisms,

nutrients, oxidation of carbonaceous, and nitrogenous com-

pounds, and the dissolved oxygen analysis in streams or
estuaries. Both single and multiple sources of waste dis-
charge are considered. These constituents may be analyzed
employing the interim planning tools presented in this manual
provided the water body is approximately described as one-

dimensional and the basic geometry of the system is relatively

simple.



The simplified analysis presented for the interim
planning function, requires knowledge of the present popu-
lation, drainage area, and water depth to develop a first
approximation of the degree of treatment required to meet
water quality standards. For estuaries, data are also needed
on the cross~sectional area of the estuary.

Problems associated with eutrophication and contam-
ination of parts of the food chain, cannot be adequately ana-
lyzed by the simplified procedures presented in this report.
Furthermore, the procedures given in this report are not ap-
plicable to complex stream and estuarine systems or to lakes,
impoundments and bays.

It should be pointed out that the intent of the
interim water quality analysis is to protect the investment
by insuring that appropriate levels of treatment may be in-
stalled and that land area is available for the reguired
treatment at present and future population levels. It is
anticipated that the application of the interim planning
techniques presented in this report will result in the clas-
sification of a particular application for construction mon-
ies, in one of three categories.

1. The proposed treatment schemes will
be capable of meeting water qguality



standards under present and future
conditions. ©No action appears re-
quired to protect the investment in
facilities.

2, The proposed treatment plants will
not meet water quality standards
under present or future conditions.
Advanced treatment systems will be
required to meet water quality cri-
teria. Additional planning appears
to be needed with the time frame for
this planning, dictated in part, by
the population level at which water
quality criteria will not be met.

3. Proposed and advanced waste treat-
ment systems will not meet water
quality criteria under present or
future conditions. This should be
a warning that the effectiveness
of the proposed investment in fac-
ilities may be diminished because
of the inability to meet water qual-
ity standards. Additiordal planning
is necessary and changes in the size
of plant, discharge location, low
flow and population served should be
examined.

There are a number of situations around the country
which are characterized by complex water quality problems and
substantial investments in water pollution control facilities.
It is felt that the interim analysis contains too many sim-
plifying assumptions to justify its application to areas where

complex water quality problems must be solved and where the

investment to solve these problems is substantial. Examples



are areas such as the New York Harbor complex, San Francisco
Bay, Los Angeles, and Galveston Bay. Situations of this type
which require more detailed planning should not be addressed

within the context of the interim planning procedures presented

in this report.



IT. MATHEMATICAL MODELING FOR DETAILED PLANNING

A. Introduction

One element of the detailed planning process is the
development and application of models which will relate waste
inputs to water quality in the receiving body. The following
sections discuss the elements which influence model selection,
construction, verification, and application. Water quality
modeling can cover a wide spectrum of effort ranging from crude
"first-cut" anmalysis, to highly detailed time-varying analysis
of complex water quality problems.

The models can be employved to evaluate alternate
engineering plans for control and management of water qual-
ity. BAlternatives such as varing degress of treatment, re-
location of the waste discharge points, low flow augmentation,
regional treatment systems versus multiple plants, are some
of the specific alternatives whose influence on receiving water
quality can be assessed by application of the water quality
models. The models can also assist in evaluating the relative
benefit to water quality from removal of different constituents.

The factors which influence the degree of complex-

ity of the modeling effort include the water quality problem



of concern, the time and funds available, the observed data
available or obtainable on present and past water quality and
waste discharges, and finally, the uncertainty and risk asso-
ciated with employing a simplified model in lieu of a more
complex analysis. This section of the report deals specifi-
cally with the content and elements of detailed water quality
models. For detailed planning, it is most desirable to develop
fully, all required information for each individual body of
water and problem context. It is recognized, however, that
practical constraints may necessitate use of approximations

and broad rules of thumb for certain inputs and parameters.
Simplification in the modeling effort and the use of general-
ized information, can provide a valid platform for water qual-
ity management decisions. When possible, indications are pre-
sented, in this section, of methods for simplifying the analysis
and developing approximations for gaps in available information.
Thus, a framework is presented which will allow development

and application of simplified models as well as detailed models
for water quality analysis.

The framework for detailed mathematical modeling is made up

of the following principal components:

1. water quality problem identification

2. mathematical model classification



3. identification of wastewater inputs

4. specification of kinetic interaction
5. verification analysis
6. analysis of control alternatives

B. Water Quality Problem Identification

From the point of view of water quality control and
management, it is desirable to examine water quality problems
in terms of specific constituents or groups of constituents
which are discharged as a result of man's activities and nat~
ural phenomena. Table II-1 presents a list which relates
constituents to water quality problems and indicates those
consitituents and variables which have been or can be modeled
with current technology. The list of variables and specific
water quality problems in Table II-1 is not exhaustive but
can provide a guide for the content of fully-developed plans.

One of the initial steps in the planning effort with
respect to water quality modeling, is the identification of
the water quality problems presently observed and those pro-
jected under future conditions of population growth and de-
velopment. Having identified the significant present and fu-
ture water quality problems, it is then necessary to select

the constituents which are discharged to the environment, from



TABLE II-1

SOME WASTE DISCHARGE CONSTITUENTS
AND
RELATED WATER QUALITY PROBLEMS

Water Quality and

Waste Discharge Constituent Water Use Problem

(*) TbS & CL Agricultural, Industrial and
domestic water supply

(*) Temperature Dissolved oxygen, aquatic
balance

(*#*) Carbonaceous BOD & Dissolved oxygen = Nutrient

COD, Total Carbon

(*) Organic Nitrogen Dissolved oxygen - Nutrient
(*) Ammonia Dissolved oxygen - Nutrient
(*) N02 and NO3 Nutrient - Dissolved oxygen -
water supply
(*) Phosphate Nutrient
(*) CCE Water supply - food chain
Toxic metals and Water supply -~ food chain
inorganics
Toxic organics Water supply - food chain
(*) Bacteria Water supply - recreational
usage
Virus Water supply = recreational
usage
Floating substances Recreational usage
Suspended Solids Recreational usage - dissolved
oxygen - nutrient - light
limitations
Color and Turbidity Recreational usage - light
limitations
Note: (*) Variables which have been modeled or can be modeled

with current technology.



natural and manmade activities, that are responsible for water
quality problems. It is then appropriate to consider a mean-
ingful engineering framework, such as a mathematical model,
for analysis of the methods available for improving and man-
aging the system. The factors which should be included in
the mathematical analysis, include the hydrology and the cli-
matology of the area, from which water balances, hydraulic
circulation, and temperature structures can be defined. 1In
the mathematical model, these factors are combined with know-
ledge of the assimilation mechanisms and reactions that are
involved in the specific water quality problem.

Within this framework, each specific water quality
problem may be viewed from a characteristic scale which would
set the degree of simplicity or complexity of the required

mathematical model.

Certain problems can be attacked relatively quickly,
employing the simplier conceptual hydraulic and quality models
associated with analysis of long~term phenomena. The type of
problem which is properly addressed in this context is related
to the long-term patterns of substances which are conservative,
sﬁch as chlorides, or those substances which change at such

slow rates that they may be regarded as conservative.



A second scale of time which is appropriate in the
investigation of water quality problems is the annual cycle
in which the time unit is a week, month, or season. At this
intermediate time scale, it may be necessary to account for
lateral and vertical spatial variation in water quality. The
eutrophication problem is amenable to analysis, utilizing this
intermediate time scale.

A third time scale is one in which the time unit is
hours extending over an interval of one day to possibly one
week's period. This time scale establishes a comparable spa-
tial dimension. The spatial scale may therefore involve two
and possibly three dimensional analyses. Typical problems
addressed in this respect would be transient algae blooms,
unexpected spills or discharges of pollutional mass, such as
from combined sewer overflows.

A wide variety of planning problems can be analyzed
by use of steady-state mathematical models which can provide
the necessary spatial detail for important water quality var-
iables. Certain phenomena can achieve steady-state conditions
within a short time interval and as such, can be modeled with
relative ease. Examples of the phenomena which can be modeled
on a steady-state basis are bacterial dieoff, dissolved oxygen

concentrations, and nutrient distribution and recycle. These



steady-state representations are particularly useful because
of the ease of model operation and ability to respond rapidly

and relatively inexpensively to specific planning questions.

1. Hydrology and Climatology

The hydrology of the basin or metropolitan region, in
particular the freshwater flow, is of considerable importance
in mathematical modeling. This parameter determines not only
the dilution which the wastewater receives, but alsoc the velo-
city at which the waste moves downstream. The flow also af-
fects some of the reaction coefficients. In the determination
of the total flow in the river, any net flow introduced by
waste sources must also be included. For up-basin regions and
small streams, this flow can be significant.

The determination of the water temperature character-
istics of the river sets the level of the reaction coefficients
in any model related to bacterial or higher order biological
activity. Water temperature together with drought flows gen-
erally establish the most critical design conditions for deter-
mining the adequacy of waste treatment schemes.

Section III-C2 presents some technical data on river

flows and temperature that may be used for simplified mathema-

tical models.



2. Hydrodynamics

The hydrodynamic properties of a body of water, for
example, velocity, tidal characteristics, and turbulent diffu-
sion, form the basic transport mechanisms which classify the
body of water into one of several generic categories to be
discussed below. The degree of detailed hydrodynamic informa-
tion that is required is strongly dependent on the time and
space scale of the problem under consideration.

River velocities can often be related to river flows
by a log-log relationship (see Section III-C2). If information
is available which correlates velocity with flow (or depth with
flow), this information can form a basis for predicting the
velocity regime in a river under different drought-flow condi~-
tions.

Tidal velocities can often be obtained from the U.S.
Coast and Geodetic Survey Tide and Current Tables, or from
direct measurement. The net river flow in estuarine analysis
also forms an important input into the mathematical model of
estuarine systems. Flow records are often available for estu-
arine tributaries that would allow one to construct the net
river flow regime at the head end of an estuary and downstream

along its length. Flows due to incremental drainage area

- 12 -



accretions can be readily estimated with data from upstream

reaches.

For large lakes and coastal waters, the hydrodynamic
situation becomes increasingly more complex. Density strat-
ification further adds to the difficulty of specifying the
hydrodynamic circulation. For lakes, therefore, the hydrody-
namic equations must be considered in determining water move-

ments and subsequent pollutant distributions.

C. Model Classification of Natural Systems

The classification of natural water systems for wa-
ter quality analysis is based primarily on the number of spa-
tial dimensions which must be considered and on the mixing

characteristics of the body of water.

l. BStreams and Rivers

The simplest situation is a one-dimensional flowing
stream or river where the mixing characteristics are such that
the dispersion of the mass of material can be neglected in
comparison to the flow. In this case, the river flow is the
major mass transport mechanism. This simplification is signi-

ficant in terms of computational complexity and the amount of



information required for water quality analysis. The funda-
mental equation that governs the transport of material in a

non-dispersive system is given by:

pc _ _ 1 3 .
3t - T Ex (99 7 Ke

(I1-1)
c = co(t) @ x =0

where:
c = water quality wvariable
t = time
X = distance downstream
A = cross—sectional area
Q = river flow
K = first order decay coefficient

For a complete specification of the waste material
one requires the intial concentration, the reaction rate, and
the river flow and cross-sectional areas. For some variables,
there may be a coupling effect where the solution of one equa-
tion feeds forward into a second equation and acts as an input.
For example, the interaction between the biochemical oxygen
demand and the dissolved oxygen is represented by a coupled

set of eguations. If one is interested in tracking nitrogen



components through a nitrification regime in a river system,
three or four or more equations may be required, all of which

interact through reaction kinetics.

2. Estuaries

An estuary is defined here as that portion of a
coastal river where the tidal action from the ocean is a sig-
nificant hydrodynamic parameter. There are two broad sections
of estuaries, the tidal river portion where the water body
ebbs and floods but is entirely freshwater; and the lower
estuarine portion where, in addition to ebbing and flooding
of the tide, a significant incursion of sea salts occurs.

One or two spatial dimensions, (e.g. the longitudinal and ver-
tical dimensions) may be of importance in estuaries. The pri-
mary difference, however, between estuaries and the one-dimen-—
sional river flow situation is the dispersive mass transport
due to the tidal mixing occasioned by tidal flow reversals.
This forms an important transport phenomena in addition to

the net freshwater flow through the estuary and, as such,

must be included specifically in the analysis.

Several methods are available to directly evaluate
the dispersion coefficient (see Section III-C2). The selec-

tion of the method for the evaluation of the dispersion



coefficient is in part, determined by the time and funds avail-
ble and by the specific time and space scale associated with
the water quality problem of concern. Care must be excercised
in calculation of the dispersional characteristics of the es-
tuary to insure that the dispersion coefficient calculated is
consistent with the mddelihg effort in which it is to be em-
ployed for projection of water qguality. This is particularly
significant in that the dispersion coefficient is.related to

the time and space scale over which it is measured.

3. Lakes and Reservoirs

Lakes and reservoirs can involve either two or three
spatial dimensions. The flow regime in these bodies of water
can be quite complex since there is usually no dominant mech-
anism which determines the advective flow and mixing in con-
trast to the case of estuaries and rivers. The stratification
which can occur due to the absence of intense advective or
mixing forces, complicates the distribution of water quality
constituents in a vertical direction. Thus, lakes and reser-
voirs can encompass a broad spectrum of complexity starting
with essentially completely mixed bodies to highly stratified

complex situations.



A number of attempts have been made to define the
hydrodynamic regime associated with lakes, reservoirs and
impoundments. In general, the mixing, turbulence and advec-
tion are due to winds, seiches, and density differences.

From a practical planning standpoint, two options are open to
modeling lakes and impoundments. On the one hand, it may be
possible to apply some of the refined mathematical techniques
which have been developed to evaluate the hydraulic regime.
Alternatively, it may be possible and practical, depending on
the water quality problem being addressed, to employ observed
data and field measurements as an adequate assessment for the
hydrodynamic circulations. As an example, it is possible to
obtain data on the thermal stratification within the lake or
impoundment and accept this as the basis for segmentation of
a model of the lake. In addition, it is possible to inject
dye into various areas of the lake and determine dispersion,
mixing, and circulation patterns from an observation of the

transport of dye or other constituents within the lake.

4, Coastal Waters

Coastal waters encompassing tidal embayments and near
shore coastal waters can require two or three dimensional ana-

lyses. The techniques available for evaluation of the hydraulic

- 17 -



regime in terms of circulation pattern, dispersional coeffi-
cients et.al., are essentially similar to those available for
evaluation of these phenomena in lakes and in estuaries. Once
again, the particular water quality problem being addressed
will dictate the most effective method of developing an ade-
quate understanding of the hydraulic circulation and mixing
patterns.

D. Identification and Quantification of Present
and Projected Inputs

After the phenomena which are responsible for the
mass transport of significant water quality variables are
identified, the next step is to identify the location of and
quantify the magnitude of present and projected waste inputs.
The inputs or sources of pollutional substances which should
be considered in the modeling effort for a fully developed
water quality plan include:

1. Treatment installations: (point sources)

‘ a) Municipal plants
b) Industrial plants

c) Storm overflow treatment plants
d) Agricultural

2) Storm overflow related sources and runoff:
a) Municipal and Industrial
1) Combined sewers

2) Separate sewers
3) Surface drainage



b) Surburban, partially developed, and
Agricultural
1) Combined and Separate systems
2) Land and surface drainage
3) Ground water

3) Background and other socurces:

a) Bottom Deposits (e.g., utilization of
material such as oxygen; release of
material such as ammonia; sink of
material such as solids)

b) Faulty collection facilities (e.g.,
regulators, tide gates)

c) Drainage from land sources. (e.g.,
swamps, small streams, creeks, septic
tank overflows)

d) Residual influences from upstream
sources. (e.g., treatment plants,
algae growths, impoundments, et.al.)

4) Other major sources of polluting substances

which may be unique to a specific problem
or area.

Each of the waste sources indicated above must be
characterized in terms of the specific water quality problems
to be investigated in the planning effort. Characterization
of waste sources must be considered (see Table II-1), and the
spatial and temporal distribution of these constituents from
each of the waste inputs should be determined. As an example,
average values for the quantity of waste introduced into a body
of water may be employed if the water quality problem is being
addressed on a steady-state basis. If however, the water qual-
ity problem is being addressed on a non-steady-state basis with

a seasonal time scale, the waste sources should be character-

ized in terms of their variability on the seasonal time scale.



e e e

E. Specification of Kinetic Interactions

The interrelationshipsyof the variables implicated

in the water quality problem must be specified in order to

continue the model construction. Variables can be grouped

into the following classifications:

a)

b)

c)

d)

e)

Conservative - non-interacting (examples
are salinity, total dissolved solids,
total phosphorus, total nitrogen)

Non~conservative - first order kinetic
approximations (BOD, coliform bacteria)

Sequential reacting variables - first
order kinetics appear applicable for
some studies (BOD-DO; Ammonia~Nitrite-
Nitrate=-DOQ)

Sequential acting variables with feed-

back interaction - (Nitrification as a

sequential reaction with algae utiliza-
tion providing the feedback interaction
through death of algae)

Complex interreacting systems - non-linear
kinetics (Phytoplankton growth, nutrient
utilization, sedimentation and sediment
exchange)

.Figure II-1 is a reaction diagram indicating the kin-

etic interrelationships for a number of sequential reactions,

which have significance in water gquality management. In par-

ticular, the BOD-DO reactions are indicated together with the

Ammonia-Nitrite-Nitrate sequential reaction system. For the
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Nitrogen cycle, the growth of algae utilizes nitrogen and sub-
sequent cell death returns the nitrogen in the organic form

for subsequent feedback into the nitrogen system. Figure II-2
indicates a kinetic pathway diagram for the interacting system
which caﬁ represent phytoplankton growth, multiple nutrient
utilization, predation, and control of algae growth by physical
factors such as light penetration. These kinetic diagrams are
applicable to each physical section of a water guality system.

While the kinetic specifications indicated above are
not all inclusive, they deal with a substantial number of con-
stituents and water quality problems. ‘It should by pointed out
that a lack of knowledge of the significant mechanisms is one
of the most important impediments to understanding and subse-~
quent modeling of many water quality problems.

The range of values or the reaction coefficients em-
ployed in the kinetics gpecifications, should be compared to
the range of literature values available on the same reaction
sequence. If the modeling effort requires values of the reac-
tion coefficients, which are substantially different from those
found under controlled laboratory conditions, the model output

should be carefully reviewed to determine the reasons for any

descrepancies.
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F. Verification Analysis

The model coefficients as, for example, reaction and
dispersion coefficients, which represent the particular char-
acteristics of the body of water being considered are evaluated
based on a set of observed concentrations. ‘The interplay of
the calculated model output and the available data produces a
set of the unknown coefficients which describe the various
physical, chemical, and biological processes involved. In
addition to the water quality variables of interest, it is
often prudent to investigate the distribution of other vari-
ables for which adequate data is available, as an additional
verification of the model. For example, in estuaries, the
salinity distribution is usually considered even if no water
quality significance is attached to salinity. By comparing
the mathematical model output against the observed salinity
distribution, the hydrodynamic and dispersive parameters which
are employed in the model can be evaluated. A major portion
of the effort in constructing a mathematical model of water
guality for a body of water is devoted to verification and
establishment of the veracity of the model. Although this is
a difficult and time-consuming task, it is the only way to es-
tablish the necessary validity which renders the model useful

for planning purposes. The procedure usually followed is:



a) Examine model output, using the coef-
ficients established and compare to a
different set of data. (Higher flow,
lower temperature, different loading
conditions).

b) Check goodness of fit of the observed
data to computed values.

c) Re-evaluate any changes in coefficients
and repeat the procedure.

d) The result is a model that should re-
sonably reproduce observed data with
an internally consistent set of coef-
ficients.

The above verification procedure is usually quite
adequate for steady-state water quality models. When con-
sidering non-steady-state, time dependent water quality models,
several additional steps in the verification are usually re-
quired. With respect to hydrodynamic modeling it is desirable
to compare hydrodynamic model output with observed data for
both stage and velocity patterns. Some water quality systems
are most sensitive to these velocity fluctuations and patterns.
With regard to non-steady-state water guality models, it is
prudent to carry out verification procedures for these models
by comparisons of calculated and observed data sequentially
obtained at t=0, t=1, t=2, ... t=n.

Particular effort shouid be devoted to insure that

model verification includes examination of observed data which



were collected in accordance with the critical time and space
scale of the water quality problem being examined. As an ex-
ample, if seasonal treatment is being examined, employing a
non-steady-state water quality model, model verification
should proceed through the season which is critical to the

water quality problem.

1. Sensitivity to System Parameter Verification

During the verification procedure, it is. usually
the case that certain parameters of the model have a more
drastic effect on the model predictions than other parameters.
From the point of view of data collection and data analysis,
it is critical to know which mechanisms are the most important
in the sense that the system is the most sensitive to the mag-
nitude of the coefficients which describe these mechanisms.
For the verified model as determined above, the coefficients
should be varied in a systematic way to determine system res-—
ponse. For example, BOD-DO system response is linear to loads
but non-linear to reaction coefficients. System response sen-

sitivity must be obtained by trial and error.

G. Analysis of Control Alternatives

The primary utility of mathematical models that have

been verified is in analysis and evaluation of environmental



control procedures to achieve specific water quality objectives.
Thus, the results of applying the verified mathematical model
can indicate the degree of treatment required at a specified
treatment plant and can indicate the constituents which should
be removed to meet water quality objectives. As an example,
from a dissolved oxygen standpoint, it is possible to trade
off very high removals of carbonaceous oxygen demanding ma-
terial (95% to 98% removal of BOD - which might require car-
bon adsorption) with nitrification of the effluents on either
a continuing or seasonal basis.

The mathematical models for water quality can be
employed in an attempt to assess changes, which would occur
in the future, in the type of water quality problem tc be en-
countered in a given area. As an example, it is conceivable
that an existing dissolved oxygen problem may be replaced,
after installation of adequate treatment, by a significant
problem in dissolved oxygen from diurnal swings created by
oxygen production and respiration of plankton algae. An ana-
lysis of the nutrients, light penetration, hydrodynamics, and
other characteristics of the system might indicate the poten-
tial for algae problems.

The modeling effort should be considered as a contin-

uvally evolving process which interfaces with data collection
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and observation of environmental conditions and with the con-
struction and operation of facilities. For example, prelimi-
nary modeling can provide information for initial decisions on
plant location and construction. Following the installation
and operation of treatment facilities, additional observed

data can be collected on the receiving water and a comparison
made -of the observed conditions and those projected by the
modeling effort. The model can then be refined and if necessary,
directed towards other water quality problems and the procedure
repeated, with the modeling effort indicating the need for con-
struction of facilities. The modeling effort is therefore
consistent with the viable ongoing aspect of the planning

process.

H. Summary Discussion

There are classes of water quality problems which
are amenable to a straightforward analysis. Varying degrees
of prototype complexity can then be built into the planning
effort in a sequential fashion. Examples are found in streams
and estuaries which are characterized by relatively simple
geometry and which have water quality problems associated with
conservative constituents or water quality variables, such as

dissolved oxygen. On the other hand, when the stream or



estuary geometry is highly complex or requires a two-dimen-
sional analysis, modeling efforts become significnatly more
difficult and are usually not amenable to simplified models.
In addition, as the water quality problems shift from pheno-
mena which are well understood, such as nitrogenous oxidation,
dissolved oxygen, TDS, and simple bacteriological systems to
more complex problems associated with eutrophication, algal
growth, and accumulation in the food chain, it is usually nec-
essary to start with a relatively complex water quality model-
ing effort. The implication of this complex water quality
modeling effort is a substantial increase in the cost required
for a rational problem analysis and the cost associated with
the collection of observed information necessary for verifica-
tion of the water quality model.

With respect to lakes and impoundments, it is us-
ually the case that detailed and complex water quality models
are required to address problems characteristic of these bodies
of water. There are instances in lakes and impoundments where
the water gquality problems of concern are of a very localized
nature around waste discharges or in the vicinity of the en-
trances of streams. In these instances, it may be practical to
consider a simplified steady-state analysis. However, where

the problem in lakes and impoundments is that of present or



future eutrophication, it will be necessary to develop a sig-
nificantly complex modeling effort to address water quality

problems in a rational manner.



ITI. PRELIMINARY MATHEMATICAL MODELING FOR INTERIM PLANNING

A. Conditions and Assumptions

The preceding section has outlined the components
of mathematical modeling conducted as part of detailed plan-
ning activities. For certain situations, however, it may be
necessary to forego a detailed construction of a mathematical
model of the water body. Rather, a preliminary "first-trial"
approximation of system responses and subsequent required
treatment level suffices. A preliminary analysis is justified
on the grounds that either the problem context is such as to
preclude a detailed time consuming and expensive modeling ef-
fort or it is desired to conduct "screening" analyses which
will indicate areas where more detailed work may be required.

One reason‘for constructing a mathematical model is
to provide information on the adequacy of proposed treatment
measures for achieving water quality standards as discussed in
Section II-G above. However, the output from a preliminary
mathematical model analysis should never be interpreted as a
certainty but as a guide to be used in conjunction with the

analysts' engineering judgement.



The stream and estuary models discussed below, gen-
erally proceed from analyses based on the minimum available
information to those analyses based on detéiled data on waste
discharges, river geometry or reaction coefficients. Thus,
the analyses for dissolved oxygen responses in streams can
be carried out by knowing only the design population, drain-
age area, maximum water temperature and depth of the stream.
In the absence of data on the depth, a qualitative description
of the river can be used. It should, of course, be recognized
that the degree of assurance in the validity of the outcome
of the analysis increases as the amount of information and
data increases. The objective in all of the analyses dis-
cussed below is to present preliminary models that can draw
on all of the data the analyst has at hand. In the absence
of certain key input information, alternate input data are
supplied to the analyst. (Refer to Section III-C -- Techni-
cal Data Required for Analysis.)

As with all preliminary or simplified analyses, it
is important to recognize and understand the conditions and
assumptions which underlie the approach. In the analyses
which follow, several such key assumptions have been made,

including:
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1. Temporal steady-state, i.e., all system
parameters and inputs are assumed con-
stant in time;

2. Constant spatial system parameters, i.e.,
characteristics such as river flow, de-
oxygenation and reaeration coefficients,
and tidal dispersion, are assumed con-
stant with distance along the flow axis.

3. Only point waste load inputs are included.

4, Uncertainties in the analyses of various
constituents are incorporated to some de-
gree in a "background" or natural quality.

5. The point waste load inputs represent resi-
dual waste from a range of discrete, as
opposed to continuous, treatment levels.

The user of the simplified models should recognize
the consequences of each of these assumptions in interpreting
the results of the analysis. The temporal and spatial steady-
state assumptions (#1 and #2) mean that no information will
be obtained on the time-variable behavior of the water body.
Thus, for example, if there is a significant diurnal variation
in waste load, the preliminary analysis will not be able to
describe the resulting diurnal variation in water quality.
However, for many problem situations, primary interest centers
on the worst or critical conditions. In the diurnal waste

load example just mentioned, the analyst may choose to input

the maximum daily load in the steady-state model recognizing
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that the water quality responses will be improved at the lower
daily levels of the waste load. The spatial steady-state means
that changes in cross-sectional area or depth, for example,

are not incorporated directly. The analyst must use some
judgement in choosing representative depths, geometry, or

river flows for use in the preliminary mathematical model.

The estimate of the average water depth under the low flow
condition (such as the seven day-ten year low flow) should be
estimated for the analysis.

The third assumption is usually well justified, since
the majority of water quality problems result from point source
waste discharges from municipal and industrial inputs. Distri-
buted waste sources such as associated with land or urban run-
off are not included directly, although their effects are al-
lowed for in the background concentration. If the analyst has
additional information on the order of magnitude of a distri-
buted waste load, it can be incorporated as a series of point
sources distributed at constant intervals along the length of
the river. The multiple source analysis is then used.

For dissolved oxygen, other sources and sinks of DO
are incorporated in a "background" DO deficit. Uncertainties
in input information and analysis structure are therefore re-~

flected in the water quality response as a "factor of safety"”
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rather than at the waste source itself. Algal photosynthesis
and respiration, benthal oxygen demand and distributed BOD
sources are some of the oxygen sources and sinks that are con-
sidered to be embodied in the background deficit. Experience
has indicated that for most problem contexts, a background
dissolved oxygen deficit of about 1.0 mg/l is the usual case.
In the absence of any data on dissolved oxygen in the river

or estuary, this background deficit is suggested.

B. Mathematical Models

1. Background

This section describes the basic theory of mathemat-
ical modeling of one-dimensional water bodies. The equations
are presented for the spectrum of situations extending from
the stream to the large river, the tidal river and the saline
estuary. The section therefore establishes the theoretical
basis for the simplified models to be discussed in Parts IV
and V.

Any natural body of water may be viewed as a mathe-
matical system, composed of a number of complex interacting
subsystems. The system receives, on the one hand, a series of

external inputs such as rainfall, solar radiation, runoff, and
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winds which interact with the water body and its drainage basin
to determine the natural background quality‘of the water. On
the other hand, the system is subjected to a variety of man-
made effects such as wastewater discharges, water diversions,
and runoff from urban and land developments which also influ=-
ence water quality. The response of the system to each of
these inputs is the spatial and temporal distribution of the
concentration of various substances which affect water use.
Such substances include dissolved and suspended solids, var-
ious chemicals, dissolved oxygen, nutrients (nitrogen and
phosphorus), bacteria and algae concentrations.

The system is composed of a number of elements, with
physical characteristics and corresponding mathematical des-
criptions., Physically, the concentration of these substances
is determined by the dispersion and advection characteristics
of the water body and by the various physical, chemical, biolo-
gical, or radiological reactions which affect the substance.
Mathematically, the system is described by a set of partial
differential equations, with variable coefficients, each term
of which corresponds to one of the basic characteristics.

Fundamental to the analysis of fhe problem is the
continuity equation. The point form of this equation in one~

dimensional form is:
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ac

_ 9
in which:
C = concentration of water
quality variable
t = time
_ i]e:
filux = E— - Uc
P34
S = sources and sinks of the
substance, c
U = velocity
E = dispersion coefficient

The continuity equation expresses a relationship be-
tween the flux of mass and the sources and sinks of mass. The
flux is determined by the hydrodynamics of the system, which
is related to the hydrology, meterology, and geomorphology of
the areas. The term Uc is the flux due to advection by the
fluid containing the mass. The term E%% is the flux commonly
ascribed to dispersion in the "x" direction. The flux due
to dispersion is assumed to be proportional to the gradient
concentration in the direction of decreasing concentration.

Any mass of pollutional substance is transferred by this mech-

anism from a zone of high concentration to one of low concen=

tration. Many factors contribute to the total spread of mass:
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turbulent diffusion, velocity gradients, tidal effects, and
density differences.

While the flux term defines the material moving in
and out of an elemental volume, the term 8 represents the
sum of the various sources and sinks of material within the
volume. Characteristic sources and sinks are reactions of a
physical, chemical, or biological nature which occur in nat-
ural waters. Many of these reactions may be represenﬁed by
first-order kinetics, i.e., the rate of the reaction is pro-
‘portional to the concentration of the substance. The rate
coefficient is usually identified as K. Although not neces-
sarily fundamentally correct, this kinetic order is a practi-

cal approximation to many reactions in natural waters.

2. Steady-State Analysis

A form of Equation (III-1l) which is appropriate for
the one-dimensional analysis of a non-conservative substance

in streams, rivers, and estuaries, is:

0=E——"Ua;(-

a%e dc
dx2

The equation is expressed in the steady-state form, which is

characteristic of many regions of the country during late summer
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or early fall. At this time, when the freshwater flow is low
and the temperature high, the most severe water quality con
ditions usually occur. The reaction coefficient, K, is des-
criptive of the particular substance under consideration. The
velocity, U, 1is due to the freshwater discharge. The tidal
velocity is not included in Equation (III-2), implying that
water quality conditions are at either high or low water slack,
or some suitable tidal average which defines the limits of
quality variation at a point in space.

The coefficient, E, refers to the longitudinal dis-
persion. It is most significant in the saline portion of the
estuary where a number of factors contribute to the intrusion
of the salt up the estuary. The concentration of other sub-
stances, which are of concern in water quality in esfuaries,
is affected in ‘a manner similar to that of the salt. In the
tidal, but non-saline sections of the river, the dispersioﬁ —
although not as pronounced as in the saline section — is still
a significant factor in the analysis of water quality. Up-
stream of the tidal influence, the effect of longitudinal mix-
‘ing is much less and in many cases may be disregarded, particu-
larly in the upstream freshwater tributaries and feeder streams.

The solution of Equation (III-2) for a continuous
rate of waste discharge of W into a river system with a flow

rate of Q is:
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o)
c = coer x 0
in which:
V.2 o
. LU U2 + 4KE
] = 7R
. v, 2 .
_ U +'U° + 4KE
g = 7E
and
co = W
V.2

A U™ + 4KE

These equations may be re-expressed in two alternate
forms. In one case, the advective or freshwater component of
the flux is emphasized and the initial concentration and the

exponents are:

= W = W
fo T > Om
AUY1 + 4KE/U
m= 1 + 4 ?E

U
Q = AU
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In the second case, the dispersive component usually associated

with tidal mixing is predominant:

c, = L = Tg—p (ITI-5a)
AYarE Y1 + U2/4KE
p = "1 + U2/4%E
R = A/ARKE
U VYK
9= TP _
vE
j = U—Z—E - pﬁ (III-5b)
E

Equétions (III-4a) and (III-4b) highlight the advec-
tive flux; the product UA is the freshwater flux, Q. As one
moves upstream from the tidal river into the freshwater stream,
the dispersion coefficient decreases, the velocity becomes
more pronounced, and the parameter m approaches one, and the
initial concentration equals W/Q. On the other hand, as one

moves downstream into the saline tidal stretches of the river,
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the dispersion is more significant, the freshwater velocity
less, the parameter "m" approaches infinity, the parameter p
approaches one, representing the equations of the dispersive
system, as shown by Equations (III-5a) and (III-5b). The term,
R = AYZKE, which has the same units as the freshwater flow,
may be regarded as the dispersive flux of a non—conserVative
substance.

It is therefore both convenient and practical to
classify one-dimensional river systems into three categories:
on one end of the spectrum the freshwater stream, in which the
advective component is the significant flux, and on the other,
the estuary, in which the dispersion is usually predominant.
The intermediate range is identified as the river, which may
be either tidal or non-tidal. The appropriate differential
equations for a non-conservative substance in each of these

systems are as follows:

Stream: 0 = U%E - Kc (III-6)
X
River 2
(ridal + 0 = E2S - u2S - ke (ITI-7)
non~-tidal) dx
2
d“c
Estuary: 0 = E——§ - Kc (IT1-8)
dx



It is possible to delineate quantitatively between
these systems by means of a dimensionless analysis of Equation

(IT1-2), which may readily be converted to the following form:

2
_ .&@°r _ar _
ds
" In which:
r = c_
c
o
_ Kx
§ = T
n = KE
U2
The solution of Equation (III-9) is similar to that
of Equation (III-2):
(l - v1l + 4n)§
T =ce 2n (III-10)

The significant dimensionless number is n = KE/UZ.
One limit, n - «, is characteristic of dispersive systems or
tidal systems: high dispersion with zero advection. More spe-
cifically n + « represents a system in which the tidal disper-

sion is so great by contrast to the freshwater advection that
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the latter may be neglected. The other limit, n=0, character-
izes advection systems or freshwater streams, in which the ad-
vection component is the significant f£flux term. Intermediate
between these limits lie many rivers in which both factors are
important. As an approximation, the following criterion may
be used to delineate the limits of the freshwater advective-
dispersive system. Identifying "a" as the fractional error
between a freshwater advective model and a tidal dispersion

model, the limits of the system, as established by n are:

a>n > = (ITT-11)

Values of n less than "a" are characteristic of advective sys-
tem and values of n greater than 1/a are indicative of disper-
sive systems. For example, if the maximum permissible error
is to be no greater than 10% (a = 0.1), the limits of "n" for
the tidal river are 0.1 to 10, with the stream classified by

0

/A

n ¢ 0.1 and an estuary for 10 3> n 3 .

3. Coupled Reactions - Dissolved Oxygen

The above discussion refers to substances which sin-
gularly decay in accordance with a first-order reaction or at
least may be approximated by this kinetic expression, e.g.,

coliform bacterial die-away, or oxidation of organic matter.
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In considering substances such as dissolved oxygen, however,
the sequence of two reactions must be taken into account.
In the following analysis, the photosynthetic contribution
is assumed to be balanced by the respiration by the agquatic
plants. If allowance is to be made for this factor, it con-
servatively should be incorporated on the negative side, i.e.,
as a deficit, based on those periods during the year when
death and respiration are greater than the photosynthetic con-
tribution.

The appropriate differential equation for the dis-

solved oxygen deficit analysis is:

2 J.x
_ -dD dbD d
0 = Ea—-—i - Ua—}z + KdLOe KaD (III"12)
b4
whose solution is:
K,L J X m J_x
_ d"o d d a
D T & [e - e 1 (IT1I-13)
d a
in which:
D = dissolved oxygen deficit
LO = biochemical oxygen demand
at x=0
Ky = deoxygenation coefficient



K = reaeration coefficient

a
/ IX &
mq = 1+ %
g
/T 4RK_E
ma = 1+ 3
U
- Y +
g = 3 [ -4l
- g +
JTa = gl -]
L = L
© VA R
A'U° + 4K,E

The deficit, as defined by Equation (III-13) produces
a typical sag in the dissolved oxygen concentration. The mini-
mum concentration or maximum deficit is classically identified

as the critical point, whose location is defined by:
a g '

Substitution of Equation (III-14) in Equation (III-13) and sim-

plification yields:

(TI1-15)
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in which:

K
_a
K3

Y1 + 4®nd

m vI ¥ dng

V1 .
1 - 1 + 4®nd

J 1 - /T ¥ 4ng -

Thus, the ratio of the critical deficit to the bio-

chemical demand at x=0, is defined by two dimensionless para-

meters:
Ka
(D:K_
d
. = v
d U2 -
Equation (III-15) is shown graphically in Figure
K.E
(ITT-1) which plots the ratio Dc/Lo against the parameter —
U

for various values of ¢. It represents the spectrum of one-
dimensional systems: freshwater streams to saline estuaries,
with the intermediate range of rivers, which may be either
tidal or non-tidal. Delineation between these systems is

shown by the approximation suggested previously, i.e., n< 0.1
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defines a freshwater advective system, in which the dispersion
may be neglected and n > 10, a saline dispersive system, in
which the advection may be neglected. The former applies to
the upstream branches and tributaries of large river systems
and the latter to the tidal saline mouths at the ocean.

It is emphasized that the lines of demarcation are
approximate and depend on the degree of accuracy desired and
on the relative magnitude of the four coefficients: the two
flux coefficients, U and E and the two reactive coefficients,
K4 and K, - Thus, a stretch of river may, during the high flow
season, be classified as a stream (high U) but in the low flow
period, as a river (low U). This is shown in Figure III-1.
Further, the same stretch for a given hydrodynamic condition
may be classified differently in accordance with the reaction
coefficients: highly reactive substances (high K) tend to the
estuarine model, while slowly reacting (low K) substances lend
themselves more appropriately to the stream model. In any
case, when applied to the dissolved oxygen analysis during the
steady-state low flow period, the functional plot with the de-
lineations may be accepted as reasonable approximations, at
least to establish an order of magnitude for the vast majority

of river systems in this country.



C. Technical Data Required for Aaalysis

This section consists of a technical description of
the various factors which are of importance in a water quality
analysis of streams, rivers, and estuaries. Those factors
which determine the quantity of waste flow discharged from the
treatment plant to the river are reviewed. Iﬁ addition, the
geophysical characteristics of the drainage area, and the re-
ceiving water body, are discussed, which, in conjunction with -
the waste flow discharged, establishes the concentration of
the particular substance under consideration. The quantity
of waste depends on the size of the population, the per capita
water usage and waste quantities and the removal efficiency of
the particular waste treatment process. Ranges of efficiency
are readily established for the secondary and advanced levels
of waste treatment.

The geophysical characteristics include the temper-
ature, the natural background water quality, the structure and
shape of the drainage system and the flow and dispersion of the
river and the estuary. The freshwater flow is a function of the
rainfall, and the characteristics of the drainage basin which
may be generalized for different sections of the country. The
dispersional features, which are determined by the tidal para-

meters and geomorphology of the particular estuary are somewhat
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more difficult to generalize. Some guidelines can be given

which are useful for preliminary analysis.

l. Waste Discharges

a. Population

The design population for a particular community is
established by the assumed or given growth rate of the area and
a pre-determined design period. Projected growth rates vary
for the different regions of the country and reflect primarily
the economic projections of the areas. The nature of the com-
munity (urban, suburban, rural) the extent and type and diver-
sity of industrialization are also conditions which affect the
rate of population growth. This factor is particularly impor-
tant because relatively small differences in growth rate may
result in population and waste flow differentials sufficient
to require a change in the level of waste treatment for a par-
ticular community. Table III-1 presents a range and a suggested
value for different rates of growth which may be anticipated

throughout the country.*

* Appendix B contains some growth projections for various re-
gions of the country considering metropolitan and rural

areas.
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TABLE III-1

POPULATION GROWTH FACTORS

Area Description Growth Factor % Increase Range
(£,)

Established Static 1.10 0 - 25

Low to Moderate 1.50 25 - 75

Moderate to High 2.00 75 = 125

Rapidly Developing 2,50 ‘ 125 -~ 375

Thus, the design population is simply the present population
multipled by the growth factor applicable to the community or

region:
Pd = flP (ITI-16)

b. Per Capita Waste Flows and Quality

The per capita waste flows and waste quality from
municipalities varies in accordance with many of the same fac-
tors which affect population growth: the nature of the commun-
ity, the extent of industrialization, and the characteristics

of the region. In addition, the economic status of the area



and hydrological features of the region are contributing fac-
tors in different ways to the guantity and strength of per
capita contributions. Table III-2 presents some guidelines

for per capita waste flows and the more common waste consti-

tuents.
TABLE III-2
PER CAPITA WASTE FLOWS AND QUALITY
Ultimate . .
BOD Suspended Nutr;ents Coliform
gallons . pounds MPN
22——— = pounds Solids (F=—==.) (=)
cap-day (p——a—,) , cap-day cap-day
cap—day ( pounds) N P %109
N cap-day ‘ ' -
Low 100 0.12 0.07 0.15 0.015 0.003 50
Average 175 0.25 0.15 0.30 0.035 0.006 100
High 300 0.40 0.28 0.50 0.055 0.010 150

A "typical" municipal waste falls between the first
two categories with a daily per capita flow of about 125 gal-
lons and an ultimate carbonaceous and nitrogenous BOD of about
0.20 and 0.12 pounds per capita day, respectively. The higher
per capita waste flows represent large amounts of infiltration
or industrial flow. The waste flow and mass rate of discharge

are therefore:



q = £,Py = £,£,P (ITI-17)

in which:

q = wastewater flow (usually
million gallons/day, MGD)

£, = per capita flow contribu-
tion (gallons/capita-day)

Also;
I = f3Pd = f3flPo (I11-18)
in which:

I = mass rate of wastée consti-
tuent = influent to treat-
ment plant (pounds/day)

f3 = per capita contribution

(pounds/capita-day)

c¢. Treatment Efficiencies and Residuals

For purposes of this report, treatment levels have
been categorized into groups which may be qualitatively des-

cribed as follows:

1. Marginal Secondary
Conventional secondary treatment systems which
are overloaded K - upset periodically or poorly op-
erated (range - 25% carbonaceous BOD residual).




2. High Rate Biological
Conventional secondiry treatment systems with
proper operation (range - 15% carbonaceous BOD
residual).

3. Secondary with Nitcification
Biological treatment for removal of carbon and
for nitrification (range + 10% carbonaceous BOD
residual). -

4. Advanced
Biological or physical chemical treatment for
carbon, nitrogen, and phosphorus removal. Filtration
and activated carbon treatment of the effluent (range
+ 5% carbonaceous BOD residual).
5. Ultimate
Technology not yet applied to meet this re-
quirement on a sustained basis.

With these discrete levels and the following assump-
tions, guidelines can be developed for the overall efficiency
of treatment. These efficiency guidelines are summarized in
Table ITII-3 for ultimate oxygen demand, and Table IIT-4 for
phosphorus and total nitrogen. The assumptions used for Tables
III-3 and III-4 are: a) 125 gallons/capita/day, b) 0.25 pounds
ultimate carbonaceous BOD/capita-day, c) 0.20 pounds ultimate

nitrogenous BOD/capita-day, d) 0.025 pounds PO4/capita—day,

e) .042 pounds nitrogen/capita-day.



TABLE III-3

ESTIMATED EFFICIENCY OF TREATMENT LEVELS
ULTIMATE OXYGEN DEMAND

f

; : 4 .
remova  Wommiiager o ergiien
Treatment Level C* N+ C* N+ total remaining
1. Marginal secon-
dary treatment 70 10 .075 .18 .255 .56
2. High Rate Biolo-
gical Treatment 8> 20 .037 .16 .197 .44
3. Secondary treat-
ment with nitri- 90 85 .025 .,030 .055 .12
fication
4, Advanced treat- 95 95 013 .01 023 -
ment
5. Ultimate treat- 99 99 0025 .002 .0045 1
ment

C* -~ Carbonaceous BOD
N+ - oxidizable nitrogen

f4 - residual fraction after treatmeht
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TABLE IITI-4

ESTIMATED EFFICIENCY OF TREATMENT LEVELS
PHOSPHORUS AND TOTAL NITROGEN

Treatment Phosphorus Total Nitrogen
Level fraction ¥ PO fraction # N
removed residual capita%day removed residual capita/day
f4 remaining f4 remaining
1. Marginal
secondary .20 .80 .02 .10 .90 .038
treatment '
2. High Rate — ,, .80 .02 .20 .80 .034
Biological
3. Secondary
Treatment
With Nit- .20 .80 .02 .20 .80 .034
rification
4, Advanced
Treatment .85 .15 .0037 .95 .05 .002
5. Ultimate 4 .10 .0025 .99 .01 .0004
Treatment
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The efficiency guidelines in Tables III-3 and III-4
méy be used to estimate the discharge waste load. More gene-

raliy:

W = f4I = f4f3flPo (IT1-19)
in which:

W = mass rate of waste material
discharged to the receiving
water (pounds/day)

f4 = residual fraction after
treatment (Tables III-3 and
ITI-4) =1 - e

where

e = net efficiency of waste

removal

2. Characteristics of Drainage Basin

a. Temperature

The most critical water quality conditions usually
occur during the middle to late summer or early fall when the
temperature is high. The temperature affects the solubility
of many substances as well as the rate coefficients of many
reactions. Temperature ranges of both waste and receiving wa-

ter should therefore be determined from measurements in any



particular case. In the absenée of such data, Figure III-2
may be used to assign a design temperature condition. Tem=-
perature is also an important variable in dissolved oxygen
analyses since, together with the salinity, it determines the
saturation value of DO. Figure IIT-3 shows the variation of

the saturation value with temperature.

b. Natural Background Quality

The natural environment and runoff determine to a
great extent the background water quality, i.e., the quality
of the water before it has been significantly affected by
man's activities. Natural waters may vary appreciably in qual-
ity, depending on the characteristics of land and its usage,
and the rainfall and runoff patterns of the area. Such infor-
mation may be available from historical data or river surveys;
if not, Table III-5 presents reasonable guidelines for some of

the major constituents.

TABLE III-5
BACKGROUND WATER QUALITY

D.O. Deficit

(mg/1) MPN/100 ml
Low 0.5 10
Moderate 1.0 100
High 2.0 1,000
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The high values of dissolved oxygen deficit and
coliform are indicative of highly organic and swampy areas
while the lower values are associated with the less productive
mineral regions. The suspended solids concentration may vary
considerably, both spatially and temporally being virtually
absent in some rivers, to values of thousands of mg/l in others.
In the preliminary models discussed in the next section, one
must incorporate any natural background water quality plus the
uncertainties in water quality responses due to the use of

simplified models.

‘c. Freshwater Flow

The freshwater flow provides not only dilution of
the waste flow but also determines the vélocity of the streanm,
which, in turn, establishes the spatial influence of the waste
discharge. Furthermore, this parameter affects many of the
reaction coefficients. The flow varies considerably over the
year and from year to year. The low flow period usually oc-
curs in late summer - early fall and in conjunction with the
still high temperature that is characteristic of that time of
the year, produce the most severe water quality conditions.
For purposes of the simplified analyses described in this re-

port, the design frequency is assumed to be in the order of a
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10 or possibly 20 year drought of the minimum daily, weekly

or monthly flow. In many areas of the country, statistical
analyses of low flows have been performed by either federal or
state agencies (usually the latter in conjunction with the U.S.
Geological Survey). The drought flow may therefore be read-
ily available for the particular stream in guestion.

If such an analysis is not available, the low flow
may be estimated as follows: in the majority of cases, the
annual average flow is tabulated in the USGS flow records.

The ratio of both the mean drought to the average annual flow
and the design drought to the mean drought generally falls
within the range of 0.1 to 0.5, thus the ratio of the design
drought to average annual has an approximate range of 0.01 to
0.25. Design drought is interpreted as above, i.e., 10-20
year return period for weekly to monthly minimum flows. Com-
mon values of 0.05 to 0.10 apply to unregulated and uncon-
trolled rivers along most of the eastern coast, in the north-
west and certain sections of the midwest. The ephemeral
streams of the southwest have zero natural flow during drought
periods. The wastewater discharge therefore constitutes the
only flow in the channel. In these areas, under severe drought
conditions, this water may evaporate or infiltrate into the

ground water, whose elevation is below the river channel bed.



Furthermore, if the average annual flow is not avail-
able, it may be estimated from records of adjacent or nearby
drainage basins of similar characteristics, and adjusted by the
drainage areas of the respective streams. Typical values for
average annual flows and the seven day~ten year low flows in
cfs/sq.mi. are presented in Table III-6 for several states,
together with average estimates of the percent ratio of the
seven day-ten year low flow to the annual average flow. The
local office of the U.S.G.S. may also be consulted for estima-

tion of low flows.

TABLE III-6

TYPICAL LOW FLOW DATA

State Annual 7 Day-10 Year Average Ratio (%)

Flow Low Flow 7 Day-10 Year

cfs/Mi2 Annual Flow
Iowa .407 .0155 2.5
Missouri .81 .0615 4.6
Tennessee 1.58 .1400 3.5
Virginia 1.0 .0468 2.5
Montana 1.170 .118 6.7
Wyoming .935 .118 7.7
Michigan .765 .186 6.7

Note: In most cases, the local office of the United States
Geological Survey is able to provide flow records for
rivers within their Jjurisdiction. These records us-
ually provide information sufficient to establish
flow conditions within the context of the model.



Figure III-4, abstracted from USGS publications, is
included to indicate orders of magnitude of annual average
flows in various parts of the country. The flow expressed in
cubic feet per second per square mile of drainage area is mul-
tiplied by the drainage area at the location of the wastewater
discharge to obtain the flow in the river. As indicated above,
for ephemeral streams or those in the arid or semi-arid regions
of the country, the stream flow is the wastewater flow. The
total flow of the stream in cfs at the point of discharge is

therefore:

Q= £.DA + 1.54 £.£f

5 271

where f5 is cubic feet per second per square mile of drainage
area, DA in sqguare miles. The factor 1.54 converts MGD to cfs.

Chart A is a nomograph which can be used to estimate
the total river flow for a given drainage area, population and
runoff coefficient.

The drought flow used in the water quality analysis,
may be specified by low flow regulation. Furthermore, in the
analysis, account must be taken of the source of water supply,
whether ground or surface; if the latter whether from the same

or different river and appropriate allowance made for this flow.
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d. »Characteristics of River Channel and Bed

A qualitative description of the river is helpful
in evaluating many of the factors which affect water quality.
This description should classify and describe the river with
respect to its location in the basin and the nature of its flow
and in particular, the nature of the channel bed and water sur-
face, if possible. With respect to the first category, the
stream should be identified as follows: a) the small, finger-
tip creeks which are the upstream limits, b) the feeders and
c) tributaries to major drainage outlets. This classifica-
tion could roughly be identified with drainage areas of a)
50 square miles or less for the upstream limits, b) 50 - 500
square miles for the feeder streams and c¢) 500 - 5000 square
miles for tributaries. The fourth category of 5000 - 50,000
miles covers most of the major drainage systems in the country.
(There are approximately 10 rivers in this country with drain-
age areas larger than 50,000 square miles.) An approximate es-—
timate of the slope of the river (common range of 0.1 - 1.0 -
10 feet/1000 feet with limits of 0.1 and 100) is desirable,
and may be readily obtained from contour maps of the area. A
physical description of the river and the basin with some

geological information will also be of value.



A visual inspection of the river is most helpful in
defining the surface and bed conditions. The latter should
be described at least with respect to conditions ranging from
a fixed stable, rocky bed to unstable alluvial sandy, silty
beds. The stable rock bed is conducive to relatively high
oxidation coefficients. If the water depth is of the same
order as the average diameter of rocks or the roughness ele-
ments, high aeration rates also exist. The movable silty
bed has less opportunity to develop a stable benthic popula-
tion, and with lower roughness, both the oxidation and the
aeration coefficient are of lower values. The surface con-
ditions may be estimated as smooth glassy, unruffled reflec-
tive appearance (low oxygen transfer) to the turbulent, wavy,

broken, white water appearance (high oxygen transfer).

e. Channel Geometry

The most important dimension of the river geometry
required for the water quality analysis is the average depth
at design drought flows. It represents the ratio of the sur-
face area to the volume, over the length of river which is
affected by the waste discharge. This dimension is most sig-

nificant with respect to estimating many of the coefficients
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in the physical, chemical and biological reactions. If infor-
mation cannot be obtained or is not available, approximate es-
timates should at least be made in line with the following wa-
ter classications: creeks, 1 foot or less, and 1 to 2 feet;
streams, 2 to 5 feet and 5 to 10 feet; rivers, 10 to 30 feet
or greater. Assuming the depth is estimated or measured at a
particular flow condition, the depth at the design frequency

flow may be approximated by the following relation:

H Qo (III-21)

where Q is the river flow and m is a coefficient characteris-
tic of the area. The value of the exponent m, varies from
0.4 to 0.6 and applies on the average to free flowing streams
of approximate rectangular cross-section, unaffected by back-
water conditions.

Equation III-21 indicates that the flow and depth
are related by a straight line on log-log paper. Plotting the
measured depth and flow on log-log paper and drawing a straight
line through this point at a slope given by m, permits the es-
timation of the depth at the drought flow.

If the stretch of the river under investigation falls
within the backwater curve from a reservoir or constriction, the

exponent in the above is reduced in proportion to the proximity
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to the control point. As a limit, in the immediate zone of a
reservoir, the depth variation may be regarded as insignificant
over a large range of flows (m = 0).

Although velocity data are not usually available, a
reasonable effort should be made to estimate this parameter,
particularly for the water quality analysis of multiple sources.
If the velocity is known at one flow, it may be estimated for
other flow conditions by a relation identical to that of the
depth for free flowing streams. Thus, for channels which are

approximately rectangular in cross-section:
Uu™ Q (IT1I-22)

where:

U = stream velocity

Similar arguments concerning flow through pool areas lead to
the limit of linear correlation of velocity inflow (i.e., an
exponent of 1.0 for the velocity-flow relation).

Estimates of depth, tidal velocity, and net velocity
can usually be made more readily in the case of estuaries from
U.S. Coast and Geodetic Survey maps or U.S. Corps of Engineers
Navigation maps. Mean tidal depth may be approximated from the

data on soundings and widths may be directly scaled, the product
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of which establishes the cross-sectional area. The net down-
stream velocity is then given by the freshwater flow (as dis-
cussed in c. above) divided by the mean tidal cross-sectional
area. Estimates should also be made of the maximum or average
tidal currents which are usually available from similar sources.
These estimates aid in determining the degree of tidal mixing.
Again, exact values of the tidal velocity are not always nec-
essary, but rather ranges of the following orders may suffice:
a) relatively slow, constricted estuaries, 0.5 to 1.0 fps; b)
moderate free flowing, 1 to 2 fps, and c) rapid, highly tidal,
2 to 3 fps and greater. The approximate ranges of salinity
should be specified. In mg/l chlorides, the following ranges
are useful: a) greater than 10,000 mg/l, b) moderate 1,000

to 10,000 mg/l; c¢) low salinity, less than 1,000 mg/l. 1In
coastal plain estuaries of the east coast, salinities extend
into the river channel between 50 and 100 miles under low flow

conditions,

f. Dispersion Coefficients

Although dispersion is evident in some freshwater
streams, it may usually be neglected in a water quality analy-
sis of the type covered in this report. However, in tidal

bodies, this effect must be incérporated in the analysis. The



inclusion of dispersion is in essence accounting for the mix-
ing and translation of the tides. Equation (III-2) shows the
basic equation that incorporates the dispersion effect through
the coefficient, E, usually in square miles/day. The effect

is sufficiently significant in many estuaries as to render the
effect of freshwater flow insignificant. The range of condi-
tions to be expected in natural water bodies is discussed in
detail in Section III-B above. The classifications given in
Equations III-6, III-7, and III-8 are particularly appropriate.
Further, the mixing effect is a function of the density char-
acteristics associated with the heavier saline water from the
ocean by contrast to the lighter freshwater from the rivers.
Thus, the magnitude of the dispersion coefficient is relatively
large in the vicinity of the mouth of the estuary where both
salinity and tidal effects are great. It decreases in the up-
stream direction with decreasing salinity and tides. It is
further reduced in the non~saline but tidal section of the es-
tuary but is still of sufficient magnitude to be taken into
account in conjunction with the freshwater flow. Typical values
are shown in Figure III-5. Table C-2 in Appendix C shows a var-
iety of dispersion coefficients as estimated for different

tidal rivers and estuaries.
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IV. PRELIMINARY MATHEMATICAL MODELS - STREAMS AND RIVERS

A. Outline of Models

Water quality analysis of streams may be classified
in accordance with the reactive nature of the constituents 'in
wastewaters: conservative and non-conservative. In addition,
in accordance with the previous discussion on mathematical
models (Section III-B), dispersion effects are assumed to be

insignificant for the case of streams and rivers.

1. Conservative Substances

For the purpose of this project, conservative sub-
stances may include total dissolved solids, chlorides, and
nutrients (total nitrogen and total phosphorus). This clas-
sification may also apply to any constituent which may be as-
sumed to decay, in accordance with a single reaction: bacteria
concentrations, radioactive matter; suspended solids, certain
chemical parameters, and oxygen demanding material. Although
these constituents are obviously non~-conservative, the most
indicative concentration is at the outfall and hence is inde-
pendent of the reaction effect. 1In this sense, these latter
variables can be regarded as conservative. This is explored

more fully below in Section B.



The maximum value for this type of constituent is
simply the mass rate of waste discharge divided by the total

freshwater flow:
C G — ——
0 (Iv=-1)

This is the model used in single waste source analysis, dis-
cussed below in Section IV-B.

In the analysis of water quality for multiple sources
the conservative variable approach offers a simplified method
of computation requiring minimal information. For slowly re-
acting substances (K < 0.2/day), it may be sufficiently accurate
to add responses such as given by Equation IV-1l to indicate the
order of magnitude. The total concentration in the river is
simply the arithmetic addition of the individual effects plus
the background value, as shown in Figure IV-1.

The total concentration can be compared to the water
quality standard and, if satisfactory, no further refinement in
the analysis is required. If the comparison is marginal, it may
usually be accepted since the analysis is on the conservative
side.

If the analysis however, indicates that the total
concentration in the river exceeds the standard it may be nec-

essary to account for both the tributary inflow from ground



___g‘Q
W, Ws
Total
Concentration
C3= W3 /Q
CONCENTRATION
C C2= Wz/Q

C|=W|/Q

Background Value, Cp

FIGURE M-I

SUPERPOSITION OF MULTIPLE WASTE SOURCES
OF CONSERVATIVE SUBSTANCES

X=0
| I e R i N e N
FQ\/—\/\/\/W\,\/\/\
w
DO Saturation
DO
DEFICIT
D l
Dc
| | ,
' {
i -
s | | a
Xe |
| 2 3 4
FIGURE TW™L -2

TYPICAL DO DEEICIT PROFILE







water if it exists and the decay of any non-conservative sub-
stance. Both of these factors would reduce the concentration
and provide a more realistic analysis. However, this approach
requires more information on tributary inflow, reaction coef-
ficient, and velocity. The latter is sometimes difficult to
assign, since velocity data are usually not available, par-

ticularly at low flow conditions.

2. Non-conservative Substances

In some cases it may be desirable or necessary to
account for the decay of certain substances, particularly in
those areas where multiple sources are present. The governing
differential equation is given in Equation III-6. The con-
centration of a substance which is characterized by a singular

reaction is therefore given by the solution to Equation III-6:

= C eKX/U (IV—Zf

c
o)
in which:
W . .
co = 0 concentration in the
stream at x = 0
K = reaction coefficient (per day)
U = stream velocity
X = downstream distance



Table IV-~1l contains ranges of values for reaction

coeficients in freshwater streams.

TABLE IV~-1

RANGE OF VALUES OF REACTION COEFFICIENTS IN STREAMS

Substance K(per day)
Coliform Bacteria 1 -3

BOD 0.2 - 2.0
Nutrients 0.1 - 1.0

The coefficients in Table IV-1 are for water temper-
atures in the 20°~25°C range. Conversion to other temperatures

can be made by:

_ T - 20
Kp = Ky, (1.047)

where Ko is the reaction coefficient at temperature, T (°C),

and K is the reaction coefficient at 20°C.

20
As indicated in the preceding section, for those sub-
stances which decay at a relatively slow reaction (K = 0.2/davy),
the conservative analysis should be sufficient. This approach
by-passes the necessity of determining the stream velocity. If

the more refined analysis is required, the values above provide

a practical range to be used.



3. Dissolved Oxygen Analysis

The concentration profile of dissolved oxygen down-
stream from a waste discharge is the result of a consecutive
reaction: the first which is primarily the oxidative reaction
of the residual organic matter, and the second which is the
reaeration replacing the deficit caused by the first reaction.
Consider a single source of wastewater discharging at a rate
of W into a stream with a freshwater flow of Q. The outfall
-is located at x = 0 downstream from which a typical dissolved
oxygen deficit profile results, as shown in Figure IV-2. The
DO deficit is given by the saturation value of oxygen, CS,

minus the dissolved oxygen, i.e.:
D=cC_-C (Iv=-3)

where:

C = dissolved oxygen.

The preliminary model for dissolved oxygen deficit
is given by differential Equation III-12, which for negligible

dispersion is:

0 = UzZ + KyL e - KD (IV=-4)
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The equation of the deficit profile is given by the solution

of this equation as:

This is a special case of Equation III-13.
The magnitude and location of maximum deficit are
the essential features of the profile. For initial deficit

of zero, the magnitude and location of the maximum deficit

are given in the usual fashion as:

" _ dec
_'d U
Dc = K_Loe
a
X = U an_a
o] Ka - Kd Kd
where:
DC = maximum DO deficit
L = BOD concentration = W at
O Q
x =0
Kd = deoxygenation or deaeration
coefficient
Ka = reaeration coefficient (also

expressed as K2)
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X = distance to location of
maximum deficit

Substituting Equation (IV=7) into (IV-6) and rearranging terms,

there results:

0]
D
<= o1t "¢ (IV-8)
O
in which:
Ka
) = 2
Ky

It is readily apparent that the essential features
of the profile are uniquely determined by the dimensionless
parameter, &, the ratio of the reaeration to deoxygenation
coefficient, which is called an assimilation ratio. A prac-
tical range of ¢ is from 0.1 to 20, for which the ratio, Dc/Lo
takes on the values shown in Figure IV-3. The solid line is
the actual relation, as iﬁdicated by Equation (IV=8) and the
dashed line is a graphical approximation that is used below
with other empirical relationships.

Equation (IV=-8) forms the basis for the dissolved
oxygen response in streams due to a single waste source. This
analysis is discussed in Section IV-~C. A detailed discription
of the reaction coefficients in dissolved oxygen, especially

the assimilation ratio, ¢ is given in Technical Appendix A.
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For multiple source analyses, the stream may be
envisioned as a series of n segments each X in length, over
which the profile extends. Equation (IV=5) may then be reex-

pressed in terms of n- X distances as:

n
“n_2t T fa - o™ (1v-9)
L » = 1
o

This subdivision of the DO deficit profile is shown in Figure

IV-2. Eguations (IV-5) and (IV-9) form the basis for the mul-

tiple source DO analyses in streams (Section IV=-D).

B. Single Waste Sources = Importance of Initial Concentration

The concentration in the stream or estuary at the
location of the waste discharge is referred to as the initial
concentration. In the case of many constituents, such as nut-
rients, bacteria, and refractory organics, this concentration
provides a basis for a direct comparison with water quality
standards, since the maximum value occurs at the outfall —
the initial concentration. Figure IV-4a shows this effect.

In other cases, such as the oxygen demanding material (BOD)
the initial concentration is responsible for the magnitude

of drop in the dissolved oxygen downstream from the waste
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input as shown in Figure IV-4b. In any case, the initial

concentration is of basic importance in assessing the effec-
tiveness of a waste treatment program for maintaining water
quality standards.

The initial concentration is readily determined as
simply the mass rate of discharge divided by the appropriate
dilution flow. The rate of discharge is a function of the

design population and the treatment efficiency (see Section

IIT-Cl). The dilution flow depends on the nature of the re-
ceiving water body, either stream or estuary. Thus, the

initial concentration has the general form:

- W -
S = § (IV-10)
Equation (III-19) can be substituted for W. For the stream,
Q is evaluated by Equation (III~20), and therefore:
£f,£,£.P
4°371 o
c_ = (Iv-11)
o fSDA + f2flPo
where it should be recalled:
fl = population growth factor
(Table III-1)
£ = per capita waste flow

contribution (Table III-2)
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f3 = per capita waste load
contribution (Table III-2)

f4 = residual fraction after
treatment (Tables III-3
and IITI-4)

f5 = flow/square mile drainage
area (Figure III-4)

DA = drainage area

P = present population

Note that in this form, the initial concentration depends on
the primary variables of present population and drainage area
which presumably are the two basic items that are known with
"certainty". Guidelines for the "f" factors in Equation (IV-
11) are given in previous sections. Of course, if any of the
factors have been estimated from other data, those estimates
should be used. 1In any analysis of water quality response,
the analyst should be aware of the sensitivity of the results
to each of the factors given in Equation (IV-11). Different
conclusions may be drawn depending on the assumptions made
relative to each of the factors. This is illustrated below

by an example.

Assume an application for a construction grant for

a waste plant has been submitted which contains the following



information:
12,000 = present population
24,000 = design population

Biclogical treatment plant of the high rate trickling filter

type is proposed for financial support. An analysis is to be

made of the effects of the proposed plant on the water quality

of the stream,

The additional information which must be gathered,

if not submitted with the application, is:

Waste Discharge

1.

6.

" Per capita waste load contribution

= 0.40 pounds/day total oxygen de-
mand (carbonaceous plus nitrogenous),

Table III-2

Influent to plant = 9,600 pounds/day
at design population

Residual fraction remaining = 0.30,
Table III-3 and considering that
trickling filters may provide nit-
rification slightly greater than 20%

Effluent mass rate = 0.3 x 9,600 =
2,880 pounds/day total oxygen demand

Per capita waste flow contribution
= 100 gallons/day, Table III-2

Effluent discharge rate = 2.4 MGD
at design population

River Dilution Flow

1.

Drainage area = 120 square miles,
estimates from U.S.G.S. gaging stations
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2. Drought flow in cfs/square mile =
0.1, Table III-6

3. Stream drought flow = 12 cfs

Total Flow
1. 0 = 2.4 + 12 x 0.65 (

MGD

a) Initial BOD Concentration

L = 2,880 _
o 10.2 x B8.34
[ pounds/day ]
1bs

= 35 mg/l total oxygen demand (BOD)

This example proceeded in a step~wise fashion to indicate the
significance of each factor. The concentration could be ar-

rived at directly by using Equation (IV~-11):

24,000 _
£y = I3500 = 2-0

Fh
il

5 100 gallons/capita/day

f3 = 0.40 pounds/capita day
f4 = 0.30
f. = 0.1 cfs/sm.

5

(0.30 x 0.40 x 2.0 x 12,000) (pounds/day)

MGD -6 ,MGD
8.34(0.1 x 120 x O'GS(EfE) + lOQ X 2.0 x 12,000 x 10 (EET))
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2,880 pounds/day _
8.34 (7.8 ¢ 2.4) =~ °3°>mg/l

Depending on the characteristics of the receiving stream, the
dissolved oxygen computation will indicate whether or not this
is satisfactory (i.e., maintaining water quality standards).
Assume that the calculation of the dissolved oxygen
concentration indicates that the DO standard is violated and

in order to correct the violation the initial BOD concentration

should be 23 mg/l instead of 35 mg/l. The determination of

the violation of the DO standard may be done by the analysis

given in the next section. See, for example, Chart. B.

b) Sensitivity Analysis

After completing an analysis such as just given, the
analyst should always review the computations to determine the
sensitivity of the conclusion to the various assumptions that

were made. The reviewing engineer, therefore, has a number

of analysis options open. In the context of the previous

example, these options are:

1. Increase overall treatment requirements
from 70% to approximately 80%. (i.e.,
0.80 = 1.00 - 0.30 x 23/35.)

2. Review population study original growth
factor assumed = 2.0. If a growth factor
= 1.3 is stipulated, the proposed plant

is satisfactory (i.e., 1.3 = 2.0 x 23/35.)
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3. Check per capita contribution of 0.40

pounds of oxygen demand per capita day

which was assumed; a value of 0.26 pro-

vides a satisfactory condition (i.e., 0.26

= 0.40 x 23/35).

4, The drought flow assumption of 0.1 cfs/sq.

mi. may be too conservative; a value of

0.15 cfs/sqg.mi. would provide sufficient

dilution (i.e., 0.15 = 0.10 x 35/23), to

meet requirements. Chart A can be used

here to test the sensitivity of the total

river flow to change in the runoff coef-

ficient.
As seen from the example, there are generally four significant
factors, which, in the absence of detailed data and study may
be assigned rather arbitrarily, based on the judgment of the
engineer. In addition, for dissolved oxygen, an additional
factor which assesses the reaeration capacity of the stream
must be assigned (Section III B-3). A review of a more de-
tailed analysis of one of these factors may permit the accep-
tance of present plans, as indicated above. For example, an
average municipal per capita contribution of 0.32 pounds/capita

day, a drought flow of 0.12 cfs/sm and the original growth fac-

tor maintain satisfactory conditions:

0.32
35 mg/1l x 040 ¥

23 mg/1

Other combinations of revised factors may also prove feasible.
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The point then is to recognize the sensitivity of the final re-

sult to each of the input data items and carefully analyze the

effects of each of the assumptions that are made.

c. Initial Coliform Concentration

The coliform count in the river is determined as fol-~

lows: assume the average value of 80 x 109 MPN per capita

day (Table III-2) and a removal of 99.9% assuming chlorination

(residual of 0.001),

wpy = £0.001 x 80 x 10% x 2 x 12,000) (MPN/day)
(10.2 x 10° x 3,785 %%T) (ML/day)

= 50 MPN/ml

This concentration should generally be quite acceptable but

one must recognize the possible addition of natural background
coliform counts (see Table III-5) and other sources of bacter-
ial contamination in metropolitan areas, such as combined

sewer overflows and urban drainage.

d. Initial Nutrient Concentration

The nutrient discharge may be of significance and

should be checked. For the total nitrogen assuming an average
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of 0.034 pounds/nitrogen/capita day and a removal of 20% with
a residual factor of 0.80, (Table III-4) the initial stream

concentration is:

_ (0.80 x 0.035 x 2.0 x 12,000) pounds/day _
o~ 8.34 x 10.2 (MGD)

= 8 mg/l total nitrogen

During the low flow period on relatively small drainage areas,
this condition may be typical, i.e., high concentration of ni-
trogen indicative of potential algal problems. Since stand-
ards have not been rigorously established for this constituent,
the above computation should be employed to indicate a potential
problem rather than a strict criterion for additional treat-
ment. It may be appropriate to indicate, that additional treat-
ment may be required if the eutrophication potential is real-

ized in the future.

C. Single Waste Sources - Dissolved Oxygen Analysis

The estimation of treatment adequacy to meet dis-
solved oxygen standards for a single waste source in a stream
or river can be summarized in a nomograph as given by Chart B.
This chart affords the analyst the opportunity to test the
efficiency of several treatment levels in meeting dissolved oxy-

gen standards. Several points should be noted. As indicated



previously, (Section IIIC-1(c)), several discrete levels of

treatment are considered, (as shown in Table III-3), rather

than a continuous spectrum of treatment efficiency. This
level of accuracy is sufficient since the major purpose of

the analysis is to estimate required treatment levels and not
to estimate the detailed water quality response of the stream.
Figure B-1 therefore permits estimation of the total oxygen
demand in pounds/day (including the oxygen demanding equiva-
lent of any oxidizable nitrogen) that would be estimated to

be discharged from the given design population and treatment

level. The discharged load shown in Figure B-1 makes use of

Table III-3.

Figure B-2 requires the total river flow (see Chart
A and Figure III-4) which includes the stream flow above the
discharge plus the flow for the waste source itself, (Equation
IiI—ZO). Given the total oxygen demand from Figure B-1 and the

river flow, Figure B-2 is used to estimate the initial concen-

tration of the total oxygen demand in mg/l resulting after
dilution in the river, (Equation IV-l). A zero upstream BOD

concentration is assumed.

Figure B-3 incorporates the fundamental reaeration
capacity of the stream using several different data levels.

Information on the stream can be at one or all of the following

levels:



a) Qualitative description, e.g., shallow,
main drainage rivers, impounded rivers,
etc.

b) A measurement of the depth of the river,
a key variable (see Section IIIC-2e)

c) Estimate of ©®, the ratio of the re-

aeration coefficient, K_ and the deoxy-
genation coefficient, K-

The analyst, given the previous description of the
stream, then estimates the maximum DO deficit (mg/l) using
Figure B-3. Note that a zero initial DO deficit has been
assumed. Any such "background" DO deficit is incorporated
at the conclusion of the analysis. The construction of the
Figure basically draws on Equation IV~-5. A detailed discus-
sion of the background of Figure B-3 is giveﬁ in Technical
Appendix A.

Figure B~4 incorporates the variation of the DO
saturation level with maximum water temperature (see Figure
ITI-3). With the maximum DO deficit, the analyst proceeds
through Figure B-4 with maximum water temperature to estimate
the minimum dissolved oxygen (mg/l). It is at this point that
a "background" DO deficit can be included. In the absence of
any data, a background DO deficit of 1.0 mg/l is suggested.
Indeed, it is recommended that the DO background deficit of

1.0 mg/l be considered as a minimum level and only if firm
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data and other anlayses are available, should a background

level less than 1 mg/1l be used.
The rationale for incorporating a constant back=

ground DO deficit rests on two grounds a) computational sim-

plicity and b) existence of other sources and sinks of dis-

solved oxygen. The theory indicates that an initial DO defi-

cit decays exponentially at a rate given by the reaeration

rate and the stream velocity. As such, it appears in the ex-

pression for the maximum DO deficit, an undesirable trait.
Countering the decrease in initial DO deficit is the existence
of other phenomena which affect DO, including benthal oxygen
demanding material, algal photosynthesis and respiration, in-
cremental additions of oxygen demanding loads from incremented

drainage, among others. It was judged that a desirable proce-

dure would be to incorporate all of these effects in a single
constant background DO deficit.
The output from the "first pass" through Chart B

therefore provides a first estimate of the minimum dissolved

oxygen which is then compared to the standard. If the dis-

solved oxygen for the given level of treatment is less than
the standard, the analyst can reverse the procedure by start-
ing at the required DO standard and continuing through Figures

B-4, B-3, and B-2 using the same water temperature, river re-

aeration capacity and total river flow. One now enters Figure



B-1 with the required total oxygen demand mass discharge. For
the fixed design population, the next highest level of treatment
is chosen which will equate or exceed the required pounds/day
discharge. As with the single wvariables discussed in the pre-
vioug section (BOD, nutrients), a sensitivity analysis (see
IV-B-1b) should be conducted to determine the effect each step

and assumption has on the conclusion.

1. Example - Use of Chart B

Design Population - 51,000 - Proposed Treatment
High Rate Biological Treatment

DO Standard - 4 mg/1

River - Intermediate Channel, depth 5-10 feet.

Drainage Area at Discharge Location - 1,700 mi2

Estimated Drought Flow Rate: .05 cfs/mi2

Maximum Water Temperature - 30°C

Chart A: Figure A-1 @ 1,700 mi2 and .05 cfs/mi2
gives 85 cfs.

Figure A~2 @ 51,000 population gives
total drought flow of 95 cfs.

Chart B: Figure B-1, Design Population - 51,000
@ High Rate treatment gives effluent
load of 10,000/1b/day ultimate BOD
Figure B-2, Drought flow of 95 cfs and
10,000/1b/day gives in-stream oxygen
demand concentration (L_) of about

o
20 mg/l.
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Pigure B-3, using intermediate chan-
nel drainage river depth 5-10 feet
and concentration from Figure B-2,
gives maximum DO deficit of about

5.9 mg/1.

Figure B-4, at water temperature of
30°C, 6.9 mg/l maximum deficit and
using 1 mg/l background DO deficit,
gives minimum dissolved oxygen of
0.5 mg/1.

Proposed high rate biological treat-
ment scheme may not, therefore,
achieve the objective.

The analysis procedure can now be reversed and a
minimum DO of 4 mg/l @ 1 mg/l background deficit is chosen.
Figure B-4 shows for 30°C, that a maximum deficit of about
2.4 mg/l is allowable.

Figure B-3 with 2.4 mg/1l deficit and 5-10 feet depth
river gives allowable in-stream concentration of about 8 mg/1.

Figure B-2 at the drought flow of 95 cfs gives an
allowable 4,000 1lb/day discharge.

Figure B-1 @ 4,000 1lb/day discharge load, shows that

for 51,000 design population, one should consider the necessity

for standard rate biological treatment including nitrification

of oxidizable nitrogen.

D. Multiple Waste Sources - Dissolved Oxygen Analysis

If more than one waste source influences the dis-

solved oxygen of a specific region, one must recognize the
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overlapping effects of such discharges in a multiple waste
source analysis. The additional data needed for the analysis
is information on the étream velocity. Data on the indivi=
dual waste sources and characteristics of the river as des=
éribed in the preceeding sections are also required. How-
ever, a simplified dissolved oxygen analysis is possible
that does not require information on stream velocities.

Two approaches to the multiple waste source DO problem in
streams are therefore presented. The first approach makes
use of the stream velocity and the "influence lines” for wa-
ter gquality. This analytical approach couples a nomograph
with a tabular listing and summary of the individual and
total resgponse. The second approach draws on several empir-
ical relationships and approximations and is applied specif-
ically to the dissolved oxygen distributions in streams. In
this latter approach, the single source stream nomograph
(Chart B) is used together with a mathematical approximation
to the DO equation. Graphical display of the individual ef-
fects of the plants followed by graphical superposition is

employed to estimate the total response.

1. Analytical Approach Using Stream Velocity

Chart C shows the technigue for computing the indi=-

vidual dissolved oxygen response from each of a series of



waste sources. The information from the single source analy-

sis supplemented by the estimate of the stream velocity, is
required. The analyst should examine the length of the river
under consideration and spot all waste sources of concern.

The assumptions underlying Chart C are:

A) All stream parameters, e.g., flow, velocity,
reaction coefficients are constant over the
length of the river under study.

B) No major tributaries enter throughout the
reach.
C) Upstream (above the first waste source) con-

centrations of BOD and DO deficit are zero.

Table IV-2 is intended to accompany Chart C. Fach
waste source is numbered beginning at one for the first source.
The total cumulative downstream distance in miles is entered
in column one of Table IV-2, With the design‘population and
treatment level, Figure B=1 of Chart B provides an estimate of
the discharge load in pounds/day. This estimate is entered
in column four for each waste source. As shown in Table IV-2
columns five include the individual DO deficit response (mg/l)
for each waste input at the beginning of each reach. These
responses require knowledge of the parameters, Ka/U and 9o,

the assimilation ratio.

Figure C-=1 is entered with the mile point begin-

ning at x = 0 at the first waste discharge location. With
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River or Stream

TABLE IV-2

DISSOLVED OXYGEN - MULTIPLE WASTE SOURCES

Total Drought River Flow

Date (Chart (B) : cfs
§ Design Year Drought Velocity fps
Deoxygenation coefficient /day K/U
= Analyst
(1) (2) (3) (4) (5) y (6)
| Total . DO Deficit Response (mg/l) Subtotal
Down- ggiiie gzzgi Input for input in beginning of DO
5 Stream (1b/day) Reach No. (Chart C) Def. Response
j Distance No. No. (Chart B) 1 2 3 4 5 (mg/1)
(miles)
0 1 1 Wy 0 Dy /s
Dyryq Dyry
Dl'2 Dl'j
e S LT3 o L I
2 2 W, Dysy O Dyrg *+ Dyry
Pirs Dprg Pyry * Dory
Dy Dyro Dyry + Dz,j
S S S e K 12 N P17yt Pery
3 3 Wy Dirg Dysy O Dl,j+D3,j+D4,j
Dyrg Dars DP3rg DyrytPyrytD3r g
X +X Ky 3 Dir1g Dorg D3y 17427 5*P30 5

*First subscript each waste source number, second subscript indicates mile-

point, e.g., D

is DO deficit due to waste source #1 at 6th milepoint

14
location downs%rgam from entrance of Source #1.



TABLE IV-2
(continued)

DISSOLVED OXYGEN -~ MULTIPLE WASTE SOURCE

(1) (7) (8) (9) (10) (11) (12)
Total Total DO
Down- Backgrgund DO Deficit Do . DO Do Standard

Deficit Saturation Standard .
Stream (mg/1) Response (mg/1) (mg/1) (mg/1) Comparison
Distance g (mg/1) 9 g (mg/1)
(miles) (6) + (7) (9)-(8) (10) - (11)
0 B Dl'j + B CS
B Dl,J + B Cg
B Dl'j + B Cs
e S Pirg * P O
B DyrytDyr 4B Cg
B Dy, 44Dy, 5+B g
B Dy, 4*Dyy +B cg
R S S T 10 M S
B Dyss+Dys +D3,]+B Cq
B Dy 4*+Dys +D5, . +B Cg
Xy +X, 4Ky B Dl,j+D2,j+D3,j+B g
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knowledge of K/U, this distance is converted to a dimension-

less length scale, x* = KdX/U. Note that as with the single
E gource analysis, approximations are possible even if the BOD
decay coefficient, Kd, is not known. However, some estimate of
the velocity should be at hand. This estimate should cor-
respond to the velocity occurring at the drought flow con-
ditions. Section IIIC-2 provides some guidelines.

Figure C=2 presents a series of DO deficit "influence
graphs" for different values of & and X*. The Figure also
indicates the estimated DO deficit profile if only a qualitative
description of the stream is available. The output from Fig-
ure C=2 has units mg/1l DO deficit per mg/1 ultimate BOD at

the waste outfall.

After exiting from Figure C=2, the analyst proceeds
to convert the DO response to mg/l DO deficit per 1,000 pounds
% per day waste input by Figure C=3. This requires an estimate
of the drought flow which can be obtained from Chart A or other
sources, The final step in determining the deficit response
is given by Figure C~4 which converts the unit response to the
deficit response due to the actual discharge given by column
(4) of Table IV-2.

The use of Chart C is repeated for the first waste

source at a series of conveniently chosen distances downstream.
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Each DO deficit at the downstream locations is entered in the
first sub-=column of column (5) and represents the DO deficit
profile due to the waste source of the beginning of reach #1.

The entire procedure is now repeated for the second
waste source taking care to again begin use of Figure C-1 at
x = 0 miles. However, when the deficit responses are entered in
column (5), 2nd reach, they are entered beginning at %y miles,
the distance of the first reach. This is shown in Table IV-2
by the notation D2j in columns (5).

Each waste source is treated in a similar fashion
until all DO deficit responses have been obtained for all of
the sources. Column (6) is now computed by adding across the
system responses given in the individual responses of column
(5). The DO deficit at each mile point due to all waste
sources 1is thus given in Column (6). As indicated, the indi-
vidual responses due to each waste source, when added at each
mile point provide an estimate of the total deficit at that
mile point.

The background DO deficit is entered in column (7)
and added to the sub~total deficit profile in column (6) to
give the total response in column (8). If data on the back-
ground deficit are not available, 1 mg/l is suggested as a

reasonable estimate. The saturation value of dissolved oxygen



under the prevailing temperature conditions is entered in
column (9). Figure III-3 shows the DO saturation values under
a range of temperature conditions.

Column (10) is the estimated dissolved oxygen at
each location and is given by subtracting the total deficit
in column (8) from the saturation value of DO given in Column
(9), which therefore represents the dissolved oxygen profile
estimated to occur in the design year for the treatment levels

»
specified for each waste source.

The DO standard is entered in column (11) at each
location along the length of the river. Reference should be
made to appropriate objectives specified by state and Federal
agencies.

Finally, column (12) indicaﬁes those areas of the
river length where the standards are estimated to be violated
under the conditions of the analysis. Column (12) is obtained
by subtracting the DO standard given in column (11) from the
DO profile given in column (10). All positive values indicate
DO concentrations greater than required and show conformance
with the required DO level. Negative values, i.e., values of
DO less than the standard indicate standard violation and re-
quire a re—analysis procedure.

For the latter case of a standard violation, a sug-

gested first iteration is to increase the level of treatment



of waste sources upstream from the region of violation. The
increaéed treatment should be to the next discrete level of
treatment as shown in Tables III-3 and III-4 and in Figure

ﬁnl or as given by other data. A new multiple source analysis
with the increased levels of treatment is then carried out

for the river stretch under violation and a standard compari-
son is again computed. The waste treatment increase procedure
is then repeated until compliance (i.e., all positive values

in column (12) are achieved.

a. Illustrative Example

Table IV-3 and Figure IV-5 provide the basic input
data used in the following example which illustrates the use of
the multiple stream source analysis. As shown, four waste
sources are considered over about a 50 mile stretch of the
river. Four reaches of the river are therefore defined as
shown in Figure IV-=5, Table IV-4 indicates the numerical
analysis of the estimated DO profile due to the four waste
sources. Column (4) was obtained from Figure B-1l. Column
(5) was obtained from/Chart C using a Kd/U of 0.8/mi. Note
how each individual DO deficit response begins at the location
of the outfall. It can also be seen that actually each DO

deficit response profile is in direct proportion to the first






SWV3YLS NI S3¥NOS 3LSvm J1dILTINN
IANdWVXT JAILVELSNTI

G-7T 3d4NOId

G'l- @ ol4pY uolDiaDeY pejpuwlisl
e84 01— G ~ yideg
Sd4 §2'0 ~ A4sojep  4ybnoaq

S40 04.-mold iybnoig  :SOILSIHILOVHEVHO dIAIY

¥ ON £ ON

SO|IN 8

2

® |

@
®

0]

sejliN 8l

-t

2ON

SoIlN 02

_J[_-____b__—__ o




TABLE IV-3

ILLUSTRATIVE EXAMPLE
MULTIPLE WASTE SOURCE IN RIVERS

Revised
First Treatment
‘ Waste River Mile Design Estimate Levels to
: Source Location Population of Meet

Treatment Level D.O. Standard

[1] [2]

#1 0 65,000 HR—BIO STD-RT—BIO
#2 20 240,000 HR—BIO STD—RT—BIO
#3 38 50,000 HR-BIO STD—RT—BIO
#4 46 37,000 HR—BIO STD—RT—BIO

[lJHR—BIO: High Rate Activated Sludge (see Figure B-1 and

Table ITI-3).

[2]STD—RT—BIO: Standard Rate Biological Treatment, with

nitrification.



TABLE IvV-4

ILLUSTRATIVE EXAMPLE
DISSOLVED OXYGEN - MULTIPLE WASTE SOURCE

(1) (2) (3) (4) (5) (6)
Total , DO Deficit Response (mg/l) Subtotal
Down- gzizie gégii Input for input in beginning of DO
Stream (1b/day) Reach No. (Chart C) Def. Response

Distance No. No. 1 2 3 4 (mg/1)
(miles)

13,000 0 0

et e Aa o S . e o 23 s e WO e Ao e am GRMN R S AN e e W S i G i S o AR W M e G e ey e e M Wiy S e N VG I M WA o TR Y R L e Wt ot R L S S e e B AT M e O Ry e
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TABLE IV-4
{continued)

ILLUSTRATIVE EXAMPLE
DISSOLVED OXYGEN - MULTIPLE WASTE SOURCE

(1) (7) (8) (9) (10) (11) (12)
Total Total DO
Down- Background 5 peficit bo . DO bo Standard

Deficit Saturation Standard .
Stream (mg/1) Response (mg /1) (mg/1) (mg/1) Comparison
Distance g {mg/1) g g (mg/1)
{(miles)
0 1.0 1.0 7.4 6.4 5.0 + 1.4
5 1.0 1.8 7.4 5.6 5.0 + 0.6

10 1.0 1.9 7.4 5.5 5.0 + 0.5

15 1.0 1.9 7.4 5.5 5.0 + 0.5

20 1.0 1.7 7.4 5.7 5.0 + 0.7

25 1.0 4.2 7.4 3.2 5.0 - 1.8

30 1.0 4.8 7.4 2.6 5.0 - 2.4

35 1.0 4.5 7.4 2.9 5.0 - 2.1

38 1.0 4.0 7.4 3.4 5.0 - 1.6

40 1.0 4.1 7.4 3.3 5.0 - 1.7

46 1.0 3.7 7.4 3.7 5.0 - 1.3

50 1.0 3.7 7.4 3.7 5.0 - 1.3

55 1.0 3.3 7.4 4.1 5.0 - 0.9

60 1.0 2.8 7.4 4.6 5.0 - 0.4

70 1.0 2.0 7.4 5.4 5.0 + 0.4

80 1.0 1.5 7.4 5.9 5.0 + 0.9

90 1.0 1.3 7.4 6.1 5.0 + 1.1
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profile. The proportionality is given by the ratios of the

input waste loads. Column (10) shows the estimated DO pro-
file and indicates a spatial minimum of about 3.6 mg/l.

Column (12) shows the comparison of this profile to an assumed
DO standard of 5.0 mg/l. As indicated, the standards are vio-

lated from about mile 25 to mile 60. Inspection of the table

indicates that a major source of the violatiqn is waste source
42, although each of the sources contributes significant quan-
tities to the total profile. In order té meet the required
standard, some increase in treatment may be required.

If all four sources are considered to provide stan-
dard rate biological treatment with nitrification, the new set
of input waste levels is shown in Table IV=5. As shown in
that Table, the increased treatment level of all four sources
results in meeting the DO standard of 5 mg/1 at all locations
downstream. It should be noted that a uniform increase of
treatment at significant sources is not the only combination

that will achieve the required standard. For purposes of the

preliminary analysis, however, further refinement in trading

off treatment levels between discharges is not warranted.

2. Approximate Graphical Procedure

Simplification of the above approach is possible.

This procedure requires the analyst to sketch in graphical



TABLE IV-5

ILLUSTRATIVE EXAMPLE
DISSOLVED OXYGEN - MULTIPLE WASTE SOURCE

First Iteration on Treatment Levels
To Achieve DO Standard

(1) (2) (3) (4) (5) ' (6)

Total . DO Deficit Response (mg/l) Subtotal
Down-— gziiie ?;Ziﬁ Input for input in beginning of DO
Stream (1b/day) Reach No. (Chart C) Def. Response
Distance No. No. 1 2 3 4 (mg/1)
(miles)
0 1 1 3,500 0 0
5 .2 0.2
10 0.3 0.3
15 0.2 0.2
20 2 2 13,000 0.2 0 0.2
25 0.1 0.8 0.9
30 0.1 0.9 1.0
35 0.1 0.9 1.0
38 3 3 3,000 0.1 0.8 0 0.9
40 0.1 0.7 0.1 0.9
46 4 4 2,000 - 0.5 0.2 0 0.7
50 - 0.4 0.2 0.1 0.7
55 - 0.3 0.2 0.1 0.6
60 - 0.2 0.1 0.1 0.4
70 - 0.1 0.1 0.1 0.3
80 - - - - -
90 - - - - -
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TABLE IV-5
(continued)

ILLUSTRATIVE EXAMPLE
DISSOLVED OXYGEN - MULTIPLE WASTE SOURCE

First Iteration on Treatment Levels
To Achieve DO Standard

{1) (7) (8) (9) (10) (11) (12)
Total Total DO
Down-— Backgrgund DO Deficit Do . DO DO Standard

Deficit Saturation Standard .

Stream (mg/1) Response (mg /1) (mg/1) (mg/1) Comparison
Distance d (mg/1) g ’ g (mg/1)
(miles) '

0 1.0 1.0 7.4 6.4 5.0 + 1.4

5 1.0 1.2 7.4 6.2 5.0 + 1.2

10 1.0 1.3 7.4 6.1 5.0 + 1.1
15 1.0 1.2 7.4 6.2 5.0 + 1.2
20 1.0 1.2 7.4 ‘ 6.2 5.0 + 1.2
25 1.0 1.9 7.4 5.5 5.0 + 0.5
30 1.0 2.0 7.4 5.4 5.0 + 0.4
35 1.0 2.0 7.4 5.4 5.0 + 0.4
38 1.0 1.9 7.4 5.5 5.0 + 0.5
40 1.0 1.9 7.4 5.5 5.0 + 0.5
46 1.0 1.7 7.4 5.7 5.0 + 0.7
50 1.0 1.7 7.4 5.7 5.0 + 0.7
55 1.0 1.6 7.4 5.8 5.0 + 0.8
60 1.0 1.4 7.4 6.0 5.0 + 1.0
70 1.0 1.3 7.4 6.1 5.0 + 1.1
80 1.0 1.0 7.4 6.4 5.0 + 1.4
90 1.0 1.0 7.4 6.4 5.0 + 1.4
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form the major features of the DO deficit profile due to each
waste source. FEach profile is then graphically superimposed
to provide the total deficit profile. This profile is then
subtracted from the saturation value of DO. The resulting dis=
solved oxygen profile is then compared to standards and stream
reaches where violations occur are graphically noted. An iter=-
ation on the treatment level of each source is then performed,
as above, until the required standard is met. A major advan-
tage of the procedure is that it does not require a specifica=-
tion of the stream velocity provided low flow velocity is not
greater than about 2 fps.l

In order to sketch the individual DO deficit pro=-
files, it is necessary to determine the location of the maximum
deficit and other pertinent points, sufficient to approximate
the overall profile.

A formula for the location of the maximum deficit
may be developed by expressing Equation IV-7 in terms of Kd
and Ka and relating these parameters to the average depth

and velocity. The final functional form is:

X :31115/4 : Ul/3 (Iv=-12)
in which:
Xc = distance to maximum deficit
from the waste discharge -
miles
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H = average depth in feet

stream velocity at drought
flow - feet per second

a
It

Since a significant number of streams and rivers have low

.flow velocities in the order of 1 fps, the velocity term may

be dropped for the accuracy required for this project. There-

X o= 3H5/4. The distance to the maximum deficit is then

fore:
only a function of the depth. This holds for velocities within
the range of 0.5 to 1.7 fps. The coordinates of the critical
location are thus specified by Equations IV-8 and IV~12, in

which both D, and x, are only functions of the average depth,

H.

a. Definition of Total Profile

In addition, to the coordinate of the maximum dis-
solved oxygen deficit, three additional points are desirable
in order to describe the total profile. The ratio of the def-

icit at any point to that at the critical location is defined

by division of Equation IV-9 by IV-8:

n-2=9o
Pn ol = %11 - 77y
b T =1
C

The coordinates at two additional points are readily identi-
fied by Eguation IV-13. At X/xC = 1/2 and 2, the magnitude of
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the ratio of bn/Dc is approximately 0.85 for a wide range of 9,
as shown in Figure IV-6(A). Beyond ZXC the difference between
the exact and approximate profiles becomes increasingly di-
vergent, the rate at which each approaches zero being a func-
tion of @,

In order to estimate the location at which the def-
icit may be assumed to be zero, the area under the deficit pro-
file was defined by series of triangles and quadrilaterals shown
in Figure IV-6(B). The sum of the individual areas was equated
to the area determined by integrating Equation IV-5 from zero
to infinity. In this equality the only unknown is the dis-
tance from x/XC = 2 to the location at which the profile inter-
sects the x axis. The total number of X segments to define

the deficit profile is two plus this number and equals:

n~4+ 0.60 for & > 1 (IV-14a)
n= 4+ Qéﬁ for ¢ < 1 (IV-14b)

Since ¢ is related to the average depth H, (see Technical Ap-

pendix A):

o

i

=

-+
o

for H < 10 (TVv-15a)

n =5 for H > 10 (IV~15b)

In summary, the total DO deficit profile may be

readily approximated by the following steps:
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1.

L (the dinitial concentration for BOD) is es-
timated by the procedure for a single source,
i.e., from W and Q. (Eguation IV=1) Figures
B-1 and B~2 of Chart B permit this estimation.

For the given computed L, or that estimated

from Figure B=2, D, is read from Figure B-3.

Knowing the depth from which D is determined,

X ig computed from Equation (IV-12).
b4
At X = — amd 2x , D= 0.8>D_.
2 c c

At x = nx in which n is determined from

0.

il

Equation (IV=14) or (IV-15), D
0 at its

H

Each profile is plotted with x
individual discharge location by steps
1 - 5,

The total profile is simply the arith-
metic addition of the individual pro-
files as shown in Figure IV-=7.

A constant background deficit should be

assumed and added to the total profile

above.
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V. PRELIMINARY MATHEMATICAL MODELS - TIDAL RIVERS AND ESTUARIES

A. Outline of Models

For purposes of this report, a tidal river is defined
as that portion of a water body that is subject to reversals
of current direction but does not include estuaries where the
effects of freshwater runoff may be small. Thus, tidal rivers
that may oscillate in velocity direction due to causes other
than astronomical tides are included in the analysis. An ex-
ample of the latter case is the flow oscillations in the trib-
utaries of the Great Lakes caused by wind produced seiches.
Estuaries are those water bodies that are dominated by tidal
dispersion and have negligible net freshwater flow.

In general, as indicated in Section III-B the break-
down between the tidal river and the estuary is given in terms

of the estuarine number, n = KdE/UZ, thus for:

n = 1-10 are considered as tidal rivers

n > 10 are considered as estuaries

Guidelines are presented throughout Part V to aid the analyst
in estimating water gquality responses for both situations.
The appropriate general equation for the tidal river and estary

situation must include the effects of tidal mixing occasioned
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by the effect of current reversals. This mixing effect is
introduced in the model through a tidal dispersion coeffi-
cient. Section IIIB-2 discusses the importance of the dis-
persion effect and sets the stage for the simplified model.
The differential equation for a non-conservative variable such
as BOD is given by Equation III-2.

Water quality analyses of tidal rivers may be élas=
sified in a manner similar to that of streams; in accordance
with the reactive nature of constituents in the waste waters,

which may be either conservative or non-conservative.

1. Conservative Substances

The analysis for conservative substances is identical
to that for streams. The concentration is simply the mass rate

of waste discharge divided by the freshwater flow:

c, = g (Vv-1)
It can be seen that this equation results from Equation III-4a
for conservative substances, K = 0.

Equation V=1 may be applied to substances such as
total dissolved solids, nutrients and other material which

decay at such slow rates that they may be regarded as conser-

vative.



Furthermore, as an approximation,

decay at more rapid rates such as bacteria, may also be assumed
to fall in this classification. The concentrations calculated
by Equation V-1 for such substances, are obviously on the con-
servative side, since they are the probable maximum values in
the estuary which may be anticipated from a particular source.
If more accurate estimates are desirable,

centration should be calculated in accordance with the pro-

cedure for non-conservative substances.

2. Non-conservative Substances

Many substances decay in accordance with a single

reaction or at least for practical engineering purposes may

assumed to decay in this fashion.

reaction is assumed to be first order with a coefficient, K.

The concentration of these substances is given by

Eguation III-3 repeated here as:

As discussed previously,

substances which

the con-

¢y, = coegX x g O
c2 = coer Xx x 0
in which:
Cq = gﬁ; m = /l + 4KE/U2
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ﬁ[l"‘m], j—ﬁ(l—m)

Q
|

As with the stream analysis it should be noted that

the following assumptions have been made:

a) steady-state

b) constant coefficients exist, i.e., flow,
cross~sectional area, reaction kinetics
and dispersion characteristics are all
constant along the length of the estuary
under study.

c) point waste sources only are considered

The concentration, Co’ is at the location of the
waste discharge (x = 0) at mean tide and represents the ini-
tial concentration. In Equation V-2 the subscript, 1,
identifies the upstream segment and the subscript, 2, the down-
stream segment. The profile oscillates from high to low tide.

In the tidal river case, it should be noted that the
dilution consist of both the freshwater flow and the effects

of tidal dispersion. This is shown in Equation V-2 where:

L LW W _ £,5351P,
=W W -
o Om Q (f5DA + f2flPo)m

where Q' is the effective tidal dilution flow which for posi-

tive dispersion is greater than Q. As discussed in Section
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III B-3, values of n = KE/U® for tidal rivers range from 1 - 10
(Figure III-1). Thus m ranges from about 1.4 - 3.3.

In accordance with the discussion in Section III B-3,
if the estuarine number n = KE/U? is sufficiently large (>10),
the freshwater flow may be neglected. This has been designated
as the estuary case. The solution for this situation is given

by Equation III-5a for P = 1 repeated here as:

gx

c = coe x £ 0
c = C e:lX x 3 0
e}
where:
. - W
(o) 2AVKE R
g - B4 __K
vE vVE

Note that the initial concentration now depends on a "dilution"
flow R, which incorporates the cross~sectional area, reaction
and dispersion coefficients.

The relationships indicated in Equation V-2 and V-4
are based on a constant cross-sectional area, A. Since most
estuaries vary in cross-section along the axis of flow this
area must be’estimated as the average over which the profile at

mean tide extends. For highly reactive substances (K > 2/day)
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this distance may be in the order of 10 or 20 miles while for
moderately reacting material K < 0.5/day it may be as much as
50 miles. The difficulty in assigning a realistic average
area over such distances is evident from a casual inspection
of a geographic map of the coastal area of the United States.
A common physical feature of the topography not taken into ac-
count by the above model is the number of tributaries which
feed many estuaries and the delta network which characterizes
many estuarine mouths. Obviously, a more complete mathematical
description of the estuarine structure is required for such
situations. In spite of these difficulties, at least, some
engineering approximation may be made and the error introduced
is invariably on the conservative side.

Table V-1 presents ranges of values for reaction
coefficient in tidal rivers (and estuaries) for the pertinent

substances.

TABLE V-1

FIRST ORDER RANGE OF VALUES FOR REACTION COEFFICIENTS
TIDAL RIVERS AND ESTUARIES

Substance K-per day
Coliform 2 - 4
BOD 0.2 = 0.5
0.1 = 0.25
Nutrients or conservative
(K = 0)



3. Dissolved Oxygen Analysis

The analysis for dissolved oxygen proceeds in accord-
ance with the discussion in Section III-B entitled "Mathematical
Models". The waste discharge causes a drop in the dissolved
oxygen concentration with a subsequent rise further downstream.
The tidal river profile is therefore similar to that of the
stream. Due to the tidal action, however, the deficit in
dissolved oxygen is translated upstream and the associated
dispersion flattens the profile. The tidal river profile is
therefore projected further upstream and downstream by contrast
to the stream profile. The equation of the dissolved oxygen
deficit is given by Equation III-13. The location of the max-
imum deficit and the value of the maximum deficit are given
by Equations III-14 and III-15 respectively.

As may be seen from these equations the profile is
K
determined by the ratio, ¢ = Ei and also the parameter n =
K E d
—%— . The following sections relate to a discussion of these

U
factors.

Equation III-13 forms the basis for the multiple
waste source analysis discussed below and a variation of that

equation is used to construct the single waste source nomo-

graph discussed in Section V-B.
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4, Reaction Coefficients

As in the case of the freshwater stream, the sur-

face transfer coefficient, K is a more fundamental expres-

LI

sion of reaeration phenomenon. It is related to the volumet-

ric transfer coefficient by the depth.

K

K =
a

|

where KL is the surface transfer coefficient [ft/day]l, H is
the averagé depth at mean tide [ft.] and Ka is the reaeration
coefficient [1l/day].

The transfer coefficient is a function of the ve-

locity and depth of flow. 1In the tidal river and estuarine

case, the pertinent velocity is the average tidal current. The

ranges of transfer and reaeration coefficients which may be

TABLE V-2

RANGE OF TRANSFER AND REAERATION COEFFICIENTS
ESTIMATED FOR TIDAL RIVERS AND ESTUARIES
(KL in ft/day, Ka in 1/day)

Mean Tidal Average Tidal Velocity (fps)
Depth (ft) 1 i-2 2
KL Ka KL Ka KL
<10 4 0.5 5.5 0.6 7 0
10 - 20 3 0.2 4.5 0.3 6 0
20 - 30 2.5 0.1 3.5 0.14 5 0
> 30 2 0.06 2.5 0.08 4 0.

(v-3)



The probable range of K

with limits from 2 to a possible 10 feet per day for a shallow

is between 3 - 6 feet/day

estuary with high tidal velocity. The reaeration coefficient
varies more because of the depth effect.

Anticipating the effect of treatment on the oxida-
tion in the natural estuarine environment, the range of the
deoxygenation or deaeration coefficient, Kd’ may be from 0.2 -
0.5 with a probable average in the order of 0.3, (See Table
Vv-1). This order further assumes that the estuary is no shal-
lower than about 5 feet.

The assimilation ratio, ¢, may readily be tabulated
from the above data and is summarized in Table V-3 for dif-

ferent conditions.

TABLE V-3

TABULATION OF ASSIMILATION RATIO - 0
TIDAL RIVERS AND ESTUARIES

Reaeration Coefficient Kd

K, (1/day) 0.2 0.3 0.4 0.5
0.08 0.4 0.27 0.20 0.16
0.15 0.75 0.50 0.38 0.30
0.30 1.5 1.0 0.75 0.60
0.60 3.0 2.0 1.5 1.2

Tables V-2 and V-3 indicate that the deeper main

channel estuaries have ® values from 0.2 to 0.8, while the
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shallower tidal tributaries are in the range 0.8 to 3.0. The
lower limit of each of these ranges indicates the more re-
strictted tidal bodies of lower velocity, higher temperatures,
and effluents from less advanced degrees of treatment, while
the upper limit describes the free flowing, higher velocity
estuary, and more advanced treatment in more moderate temper-

ature regions of the country.

5. ZEstuarine Number

In addition to the assimilation ratio, &, the estuar-
ine number, n, is the additional specification which character-
izes water quality in tidal rivers and estuaries. As indicated
in the Section IIIC-2f, the practical range of the dispersion
coefficient is from 1 to 20 (mi?/day). The upper limit des=-
cribes the highly saliné, high tidal velocity estuarine stretches
in the vicinity of the mouth, while the lower limit applies to
the upstream, non-saline, low tidal sections of the estuary.
The dispersion coefficient, E, with the advection velocity, U,
gives a sufficient hydrodynamic definition for each estuary.
The advection is that associated with the freshwater flow and
is determined by dividing the flow, Q, by the average cross-
sectional area, A. This coefficient may therefore vary over a

wide range due to the number of geophysical and hydrological
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factors which affect it, not only within the estuary itself,

but also by the characteristics of the drainage basin. The
velocity ranges from 0.1 -~ 10 miles per day. The lower value

is frequently insignificant and may be dropped from the analysis
without significant error. Neglecting the velocity implies use
of the estuary model with zero freshwater flow. A practical
lower limit for the velocity is probably in the order of 0.5
mi/day and an upper limit may be 4 mi/day. Within this range
the tidal river case applies. The estuarine number, n, is
tabulated from this range of advection velocity and a prac-

tical range of dispersion coefficient in Table V-4.

TABLE V-4

RANGE OF ESTUARINE NUMBER, KdE/U2
FOR TIDAL RIVERS

Kd = 0.3/day
Advective velocity - mi/day
Tidal Dispersion 0.5 1.0 2.0 4.0
(sq.mi/day) —_—
2 2.4 0.6 0.15 0.04
5 6.0 1.5 0.38 0.10
10 12.0 3.0 0.75 0.19
20 24.0 6.0 1.5 0.75

In view of the fact that the oxidation coefficient,

Kqr may vary from 0.2 to 0.5 per day, the values indicated in
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the above table may vary by 50% or more. On the basis of the
analysis given in Section III-B and the preceeding data, a
generalized range of n = 1 - 10 was assigned to tidal rivers.

A summary of the above tabulations with approximate
physical descriptions of the types of tidal rivers and estuaries

is presented in Table V-5.

TABLE V-5

CLASSIFICATION OF TIDAL RIVERS AND ESTUARIES

Assimilation 5 KE , Estuary Number
Ratio (90) [mi®/day”] "n"
. . Average Range Aver. Range Average Range
Description Value Value Value

Large, deep, main
channel in vicin- 0.3 0.1-0.5 10 5 =20 15 5 =30
ity of mouth

Moderate naviga-

tion channel, up-

stream from mouth 0.5 0.2-1.0 3 2 -5 5 2 ~-10
saline, large ti-

dal tributaries

Minimum naviga-

tion upstream,

smaller saline 1.0 0.5-2.0 1.5 1 -2 2 0.5- 5
or nonsaline ti-

dal tributaries

tidal tributaries,
shallow and non- 2.0 1.0-3.0 .5 .2=-1 1 0.2- 2
saline
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A tabulation of a number of estuaries on which water quality
analysis were performed are presented in Table C-2 in Appené

dix C.

B. SINGLE WASTE SOURCE

1. BOD, Coliform Bacteria, Nutrients

For single waste sources, the analysis for water
quality responses depends on determination of the intial con-
centration. The situation is similar to that of streams as
-shown in Figure IV-4 and discussed in Section IV-B. Thus,
the initial concentratién represents the maximum expected
concenfration and forms a conservative basis for compariébn
to standards. Equations V-1 and V-3 and V-4c pfovide fhé
means for computating the initial concentration at the ouf—
fall. The primary difference between the tidal river analyéis
and the stream analysis lies in estimating the effective dilu-

tion flow, "Q" = Om or the estuary dilution flow R = 2A/KE.

2. Dissolved OxXygen

A nomograph has been constructed for the analysis
of the dissolved oxygen response due to a single waste source
in a tidal river. The nomograph is in two parts -~ Charts D

and E. This diversion is necessary because of the appearance
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of flow, cross—sectional area and tidal dispersion character—
istics in the DO relationship for tidal rivers.

The analyst begins on Chart D with estimates of the
cross—-sectional area, net non-tidal flow (freshwater flow),
the assimilation ratio, and the parameter KE (miles/day)? Es-
timates of the area are generally available from U.S. Coast &
Geodetic Survey Charts. Freshwater flow data can be obtained
from USGS surface water records or drainage area information
(see Chart A and Figure III-4). The waste flow, if significant,
should be added to the freshwater flow. Chart A may again be
utilized knowing the population served. The parameter KE is
the product of the deoxygenation coefficient and the digper-—
sion coefficient. The deoxygenation coefficient for BOD is
about 0.2 ~0.5/day (See Table V-1) and a good estimate in the
absence of any other data is 0.3/day. The dispersion coeffi~-
cient is somewhat more difficulat to evaluate. Section III-
C-2f and the preceeding section, V-A-5, discuss this parameter.
Particular attention is directed to Table V-5. Figure D-1 of
Chart D gives a qualitatiVe description of the range of KE in
different sections of a tidal river. Table C-—2 in Appendix C
lists dispersion coefficients and the product KE for a variety
of actual estuarine situations. This Table can also be used

as a guide in the absence of observed data.
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Entering Chart D with the cross-sectional area, the
analyst proceeds in Figure D-1 to the value of KE. Proceeding
to Figure D-2 to the left, the net non-tidal flow is introduced
and the "effective dilution flow" is estimated at the botton
of Figure D-2. This value is required in Figure E-2 of Chart
E. This effective dilution flow can be seen in Equation V-2
where the maximum BOD concentration is given at the outfall
as the initial concentration, For zero net non-tidal flow,
the estuary case, the effective dilution flow>is given only
in terms of the dispersion (see Equation V-4c).

For tidal rivers, where net non-tidal flow is signif-
icant, the analyst must also proceed to Figure D-3 from Figure
D-1, where the net non-tidal flow is again required. The output
from Figure D-3 is the estuary number n = KE/U?. This number
is then used in Figure D-4 together with the assimilation ratio,
®, to determine the "correction factor", which is needed in
Chart E-~4. This factor is the ratio of the maximum DO deficit
for a tidal river, with significant net non-tidal flow, to the
maximum deficit for an estuary when the net non~tidal flow is
zero.

The assimilation ratio can be estimated from the
qualitative information given in Table V=5 or if the informa-

tion is available from Tables V-2 and v-3.
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Two points should be noted in Chart D. First, if the
net non-tidal flow is essentially zero, the estuary case, the
analyst need only deal with Figure D-1 and D-2. It will be
seen that Figure D=3 and D-4 will result in a correction factor
of one. Secondly, if a non-interacting variable such as
coliform bacteria or total nitrogen is being considered then
the analyst again need only use Figure D-1 and D-2. The out-
put from Figure D-2 is then used in computing the initial
concentration. The latter Figures D~3 and D-4 are thus used
only when dissolved oxygen is being analyzed.

Considering now Chart E, the procedure is similar
to that used for single waste sources in streams and rivers.
Figure E~1 is identical to that used for streams (Figure B-1)
The analyst can begin with the design population and treat-
ment level to estimate the effluent ultimate oxygen demanding
load. Figure E~2 together with the "effective dilution flow"
from Chart D then permits estimation of the value of the BOD
at the outfall. From Figure E-2, the analyst proceeds to
E-3 which, with the estimate of the assimilation ratio, &
results in an estimate of the maximum DO deficit, if no net
non-tidal flow were present. Figure E-4 corrects this assump-
tion by utilization of the "correction factor" previously de-

termined from Chart D. Figure E~5 converts the maximum DO
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deficit to a minimum dissolved oxygen depending on the temper-

ature and

salinity concentrations. The output from Figure E-5

is therefore the minimum DO to be expected in the estuary due

to the population and treatment level specified by Figure E-1l.

In the absence of observed data, a background DO deficit of 1

mg/1l is suggested. If the minimum DO does not meet the re-

quired standards, then a reverse procedure can be followed.

The required minimum DO is used in Figure E-5 and keeping all

values as

before, the procedure is reversed and a new level

of treatment in Figure E-~1 is estimated.

.a‘

Illustrative Example

Consider the following basic data for a single waste

source located along a tidal river:

indicates

Design Population -~ 51,000

Proposed Treatment - High Rate Biological
DO Standard - 5.0 mg/l

Fresh Water Drought Flow - 750 cfs
Average Tidal Velocity, 1 - 2 feet/second
Mean Tide Depth - 15 feet 2 '
Cross-sectional Area - 7500 ft

Chloeoride 18,000 mg/1

Temperature = 25°C

An examination of the geographic location of the river

that it is upstream from the mouth, still navigable by

small craft vessels and in the saline zone.
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Using Tables V-2, V=3, and V-5, it is estimated that
the assimilation ratio is about 1.0 and the value of KE 1is
about 1.5 mi?/day?.

From Figure D-1, at the cross-sectional area of 7500
ft? and KE = 1.5, to Figure D-2 at a net non-tidal flow of 750
cfs yield an effective dilution flow of about 1400 cfs. Note
that the waste flow Waslnoﬁ added to the net non-tidal flow in
this case bacause of its relatively insignificant magnitude
when compared to the freshwateﬁ flow. Also, Figure D=3 gives
an estuary number bf about 0.6 and froﬁ Figure D-4 at & = 1.0,
a correction factor of 0.9.

Proceeding to Chart E, FigureiE—l gives an effluent
load at the design population of about 10,000 lbs/day. Using
the.éffective dilution flow of 1400 cfs (froﬁ Figure D-2). Fig-
ure E-2 shows a maximum BOD concentration of about 1.3 mg/1.
Figure E-3, for an assimilation ratio of 1.0, gives a deficit
of about 0.6 mg/l. Figure E~4 at a correction factor of 0.9,
together with Figure E-5, at 18,000 mg/1l chlorides and 2500
and a background DO deficit of 1.0 mg/l, yields an estimated
minimum DO of about 5.0 mg/l. The proposed treatment is there-

fore adequate within the limits of the analysis.
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C. Multiple Waste Sources - Dissolved Oxygen

The procedure that is suggested for the analysis of
dissolved oxygen in estuaries with multiple waste sources is
similar to that suggested for streams (Section IV). For es-
tuaries however, the introduction of tidal dispersion does
not permit construction of a readily usable nomograph as for
streams (See Chart C). The fundamental task in muitiple source
analysis for estuaries is to determine the individual DO def-
icit profile resulting from each waste source. These profiles
can then be superimposed to determine the total deficit. For
streams, it is possible to describe the "influence lines" of
DO deficit in a nomograph (Chart C) or to graéhically approxi-
mate the stream DO profile as discussed in Section IV. For
estuaries, the display of the "influence lines” is more com-
plicated due to tidal dispersion.. Tables have therefore been
prepared which provides the analyst with the unit responses of
DO deficit for a wide class of tidal rivers and estuaries.

The multiple waste source procedures for estuaries
uses Equation III-13 as its basis. As indicated in the dis-
cuséion of that eqﬁation, the response ratio, D/LO is given

by two dimensionless numbers:

o = Ka/Kd

- 124 -



And:

n = KdE/U2
for the dimensionless distance, x* = de/u. Therefore, for
various values of x* beginning at x* = 0 at the outfall, the

ratio of the DO deficit to a unit initial concentration of
ultimate BOD can be tabulated (by Equation III-13) for dif-
ferent values of ¢ and n. It should be recalled (Equation

IIT-4a) that:

W
Ly = om

Kﬁi

where m = v1 + 4n and Q' is the effective dilution flow.
Chart D can be used to obtain the effective dilution flow
(Figure D-1 to Figure D-2) and also can be used to estimate

the parameter n. With the effective dilution flow, Figures

E-1 and E-2 of Chart E permit estimation of the intial BOD con-

centrations at the outfall, Lo‘ Appendix D, Tables of DO Re-
sponse for Tidal Rivers and Estuaries, lists the mg/1 DO defi-
cit per mg/l BOD at the outfall over a range of ¢, n and x¥*,

The columns of each of the tables therefore represents the DO
deficit profile per unit of BOD for a fixed & and n. The ac-
tual DO profile is then given by multipling the unit responses

by the total LO as determined from Figure E-2.
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A Table similar to Table IV-2 is useful in arraying-
the total response. Altermnately, the individual deficit re-
sponses can be graphically plotted and then superimposed, as
in the graphical stream analysis (see, fof example, Figure IV-7).

The procedure therefore can be summarized as follows:

1) All pertinent waste sources along the es~
tuary are listed and their estimated ef-
fluent loads (lbs/day) and flows (cfs) are
obtained (e.g., Figure E-1).

2) With the system parameters, (cross-sec-
tional area, KE and Q) Figure D-1 and
D-2 provide the effective dilution flow.

3) Figure E~2 provides the ultimate BOD at
the outfall. : -

4) The Tables of Appendix D provide the unit
DO deficit response for & and n over the
distance x*,

5) "Multiplication of the responses by L _as.
determined from (3), gives the DO deficit
profile due to the first sources.

6) Procedure (1) to (5) is repeated for each
waste source.

7) The individual DO defiéit profiles are ad-
ded to provide the total DO deficit due
to all sources.

8) A constant background deficit may be as-
sumed (1 mg/l) and added to the total def-
icit profile above.

9) The total deficit profile is subtracted
from the saturation value of DO to de-
termine the actual dissolved oxygen
profile under the design conditions.
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10)

11)

A comparison of this estimated DO profile
and DO standard can then be made to det-
ermine any regions of violatiomns.

If standards are violated, increase treat-
ment levels of all or some combination of

sources to next discrete level and repeat
procedure,
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TECHNICAL APPENDIX A

DISCUSSION OF REACTION COEFFICIENTS
FOR DISSOLVED OXYGEN ANALYSIS IN STREAMS

1. AERATION

The transfer of oxygen or any sparingly soluble gas
from the atmosphere to water is essentially a surface con-
trolled phenomenon, the resistance to transfer being localized
at the air-liguid interface. It is more appropriate there-
fore to express the transfer in terms of the surface coef-
ficient K_ rather than the volumetric coefficient Ka. The

L

relation between the two is:

A K
Ka = KL vV = _ﬁ (A"l)
in which:
K = reaeration coefficient (per day)
KL = surface transfer coefficient
(feet/day)

A = surface area of river reach
v = volume of river reach

H = average depth



It has been shown both theoretically and experimen=-
tally that these coefficients are directly proportional to the
velocity of the stream, raised to some power "a" and inversely
reated to the average depth of the stream to a power "b". The
experimental values have been derived from both field and lab-
oratory tests. Only the field data, abstracted from the work
of the TVA group and of the Stevenage Laboratory in England,
are used in the subsequent sections of this Appendix.

A plot of the transfer coefficient versus the average
depth of the stream is shown in Figure A-1 for various ranges
of velocity. For each range of line of cofrelation has been
sketched in graphically. The English Data for KL greater than
40 were not weighed in the fit. The general pattern of lines
substantiate the general functional relationship between the
transfer and velocity and depth. Values in the upper range
may be limited by laminar flow conditions (H < 1.0 ft) and are
therefore affected primarily by the velocity and independent
of the depth. 1In the lower range, a minimum value in the
order of 2 feet per day is an approximate limit,

The indicated correlations have been converted to the
reaeration coefficient, Ka’ by means of Equation A~1, and are
presented in the Figure A-2 for the three ranges of velocities

which may be expected during low flow conditions. The three



curves are also indicative of the range of water surface con-
ditions, and river bed characteristics. Broken turbulent
water surfaces, usually associated with rough steep channels
are described in the upper curve, while the lower one is rep-
presented of unbroken water surfaces, flat slopes and smooth

channels.

2. DEAERATION COEFFICIENT

A similar correlation has been crudely developed for
the deaeration or deoxygenation coefficient Kd and average depth,
H. The rationale behind this correlation lies in fact that
the greater the wetted perimeter to cross-section, which is
equivalent to small depth, the greater the contact with the
biological file in stream bed, which is the one most important
factor in natural oxidative processes. The tehdency for this
relation to hold is greater for the rocky stream bed rather
than a silty bed. However the general trend appears reason-
able up to é depth of about 5 to 10 feet. Data surveys, re-
ported in the literature and conducted by Hydroscience, are
plotted in Figure A-3. Although bed conditions were not al-
ways described with great precision, sufficient information
was usually available to justify the descriptive terms as-

sociated with correlations. The upper line refers to a stable
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rocky channel bed, with benthal communities similar to those
found in trickling filters. The lower line is descriptive of
unstable channels with biological sparse benthal communities.
Furthermore the nature of the residual organic mat-
ter in the effluent from the treatment plant is a determining
factor. A large portion of the material is probably resi-
dual bacterial cells, since most of the complex organic matter
in the raw waste has been converted in the biological treat-
ment processes. Thus the lower limit represents highly treated,
well oxidized effluents with efficient secondary sedimentation
of the active bacterial populations. The residues are there-
fore highly stable organically with low rates of oxidation with
respect to both carbon and nitfogen. The upper limit is rep-
resentative of wastes with more residual organic material, some
of which is capable éf relatively rapid oxidation. The upper
limit is also indicative of higher values of ammonia, typical
- of high rate biological systems, in which nitrification is min-
imal. The middle curve is therefore characteristic of effluents
with some but not total nitrification. Assuming the lower
and middle curves will be most representative of effluents from
treatment plants to be constructed, they have been trans-
fered to Figure A-3 to indicate the limits which may be antic-

ipated in the near future.



3. ASSIMILATION RATIOS

The fundamental ratio which is most indicative of
the river capacity is the ratio of the reaeration coefficient
(Ka) and the deoxygenation coefficient (Kd)‘ Ingpection of
Figures A-—2 and A-3 show that the upper limits of each of
these parameters usually co-exist in a given stream, since
the hydraulic And geophysical characteristics are similar.
The ratio & (Ka/Kd) is plotted in Figure A-4 versus the aver-
age depth, the correlations being developed directly from
those in Figure A-2 and A-3. The heavy solid line of the
figure represents the average case. The practical range and
probable limits are also indicated. If actual data is avail-
able from stream surveys to determine ¢, this information
should obviously be employed in the DO analysis and Figure
A-4 may be by-passed. If however, the engineer has no data
with which to estimate the individual coefficients, the ratio
may be estimated simply from the depth. Further information
on the nature of the stream and the anticipated treatment en-
ables the analyst to make a further refinement within the
range indicated. If no information is available, the probable
average correlation is the practical choice. |

A final note of caution is introduced by reminding

the analyst that the numerical values of assimulation ratio

A-5
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%, suggested in this report are characteristic of moderate to
well-treated effluents in a stream with low to moderate ve=-
- locities. The correlation shown in this figure may therefore
not be representative of existing conditions in many streams
receilving wastes from overloaded or poorly operated treat-
ment plants. For wastewaters receiving only primary or less
treatment, the likelihood or correlation is even less.

The final step is the conversion of the ratio 9,
to (DC/LO), indicated in Figure IV-3 of the main report.
The relation between Dc/Lo and the average depth, H, with the
limits as indicated, is shown in Figure A-5. The relation
presented in Figure A-4, is the basis of the nomographs

presented in the stream analysis section IV-C and IV-D.
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POPULATION ESTIMATES FOR STANDARD METROPOLITAN

STATISTICAL AREAS

Metropolitan Area

Abilene, Texas

Akron, Ohio
Albany-Schenectady-Troy, New York
Albuguerque, New Mexico
Allentown-Bethlehem—-Easton, Pennsylvania
Altoona, Pennsylvania

Amarillo, Texas

Ann Arbor, Michigan

Asheville, North Carolina
Atlanta, Georgia

Atlantic City, New Jersey
Augusta, Georgia-South Carolina
Austin, Texas

Bakersfield, California
Baltimore, Maryland

Baton Rouge, Louisiana

Bay City, Michigan
Beaumont-Port Arthur, Texas
Binghamton, New York
Birmingham, Alabama

Boston-Lawrence-Haverhill-Lowell, Mass.l

Bridgeport—-Stamford-Norwalk, Connecticut?

Brockton, Massachusetts3
Buffalo, New York

Average Annual

Percent Change

1
NNEFEFOOOOOHMFHFKFNMNORFRNREFEEENMNOONOOH

. o . . «

.
CONMNBKEFEFOOAROCOONOUMINEFONO®RUIO ]

1 Data shown for Massachusetts State Economic Area C. For

SMSA's 1960 population was:. Boston 2,595,481;

Haverhill, 199,136; Lowell, 164,243,

2 Data shown for Connecticut State Economic Area A.
SMSA's, 1960 population was Bridgeport,

ford, 178,409; Norwalk, 96,756.

337,983;

Lawrence-

For
Stam-

3 Data shown for Massachusetts State Economic Area D. For
Brockton SMSA, 1960 population was 149,458.




POPULATION ESTIMATES FOR STANDARD METROPOLITAN

STATISTICAL AREAS

Metropolitan Area

Canton, Ohio

Cedar Rapids, Iowa

Charleston, South Carolina
Charleston, West Virginia
Charlotte, North Carclina
Chattanooga, Tennessee-Georgia
Chicago, Illinois

Cincinnati, Ohio-Kentucky
Cleveland, Ohio

Colorado Springs, Colorado
Columbia, South Carolina

Columbus, Georgia-Alabama
Columbus, Ohio

Corpus Christi, Texas

Dallas, Texas

Davenport—Rock Island-Moline, Iowa-~Illinois
Dayton, Ohio

Decatur, Illinois

Denver, Colorado

Des Moines, Iowa

Detroit, Michigan

Duluth-Superior, Minnesota-Wisconsin
Durham, North Carolina

El Paso, Texas

Erie, Pennsylvania

Eugene, Oregon

Evansville, Indiana-Kentucky
Flint, Michigan

Fort Lauderdale-Hollywood, Florida

(Z) Less than 500 or 0.05 per cent.

Average Annual
Percent Change

.

BEOOMAAMPHOOONORRONOMHOHOOOOOHOHRMHO
[ . L[]
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. e @
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POPULATION ESTIMATES FOR STANDARD METROPOLITAN

STATISTICAL AREAS

Metropolitan Area

Fort Wayne, Indiana

Fort Worth, Texas

Fresno, California

Galveston-Texas City, Texas
Gary-Hammond-East Chicago, Indiana
Grand Rapids, Michigan
Greensboro-High Point, North Carolina
Greenville, South Carolina
Hamilton-Middletown, Ohio
Harrisburg, Pennsylvania
Hartford-New Britain, Connecticutl
Honolulu, Hawaii

Houston, Texas

Huntington-Ashland, West Virginia-Ky.-Ohio
Huntsville, Alabama

Indianapolis, Indiana

Jackson, Michigan

Jacksonville, Florida

Jersey City, New Jersey

Johnstown, Pennsylvania

Kalamazoo, Michigan

Kansas City, Missouri-Kansas
Kenosha, Wisconsin

Knoxville, Tennessee

Lake Charles, Louisiana

Lancaster, Pennsylvania

Lansing, Michigan

Average Annual

Percent Change

I..-I

HOOOROHOOHHFOORMNMNMHEOMFOKFOORMHM
VIOV WEANDONDONIWHENDBOANOORWLONWOYWWW

. . .

1l Data shown for Connecticut State Economic Area C.

SMSA's 1960 population was: Hartford,
Britain, 129,397.

549,249;

New

For



POPULATION ESTIMATES FOR STANDARD METROPOLITAN
STATISTICAL AREAS

Metropolitan Area Average Annual
Percent Change

Las Vegas, Nevada

Lexington, Kentucky

Lima, Ohio

Lincoln, Nebraska

Little Rock-North Little Rock, Arkansas
Lorain~Elyria, Ohio

Los Angeles-Long Beach, California
Louisville, Kentucky-Indiana

Lubbock, Texas

Lynchburg, Virginia

Macon, Georgia

Madison, Wisconsin

Manchester, New Hampshirel

Memphis, Tennessee-Arkansas

Miami, Florida

Milwaukee, Wisconsin

Minneapolis-St. Paul, Minnesota
Mobile, Alabama

Monroe, Louisiana

Montgomery, Alabama

Muncie, Indiana

Nashville, Tennessee

New Bedford-Fall River, Massachusetts?
New Haven-Waterbury-Meriden, Connecticut

L] . . . . . .

HOFHOOHMFHONFIMENMFENONMHEFEOON W
ONWOWRFHFNAOAOHOAONUIH AW OWNWY

1 Data shown for New Hampshire State Economic Area A. For
Manchester SMSA, population was 102,861.

2 Data shown for Massachusetts State Economic Area E. For
SMSA;s 1960 population was: New Bedford, 143,176; Fall
River, 138,156.



POPULATION ESTIMATES FOR STANDARD METROPOLITAN
STATISTICAL AREAS

Metropolitan Area Average Annual
Percent Change

New Orleans, Louisiana

New York, New York

Newark, New Jersey

Newport News-Hampton, Virginia
Norfolk-Portsmouth, Virginia

Odgen, Utah

Oklahoma City, Oklahoma

Omaha, Nebraska—Iowa

Orlando, Florida
Paterson-Clifton-Passaic, New Jersey
Pensacola, Florida

Peoria, Illinois

Philadelphia, Pennsylvania-New Jersey
Phoenix, Arizona

Pittsburgh, Pennsylwvania

Pittsfield, Massachusetts

Portland, Maine

Portland, Oregon-Washington
Providence~Pawtucket-Warwick, Rhode Island3
Pueblo, Colorado

Racine, Wisconsin

Raleigh, North Carolina

Reading Pennsylvania

OMFMFEOOMHFOOOWOORHFNNMHMFMHFOMFHFHFHORM
NOCUMTWNOHAOANWOLYYR WNWhReNNNIMNDOOW

*» s .

1 Data shown for Massachusetts State Economic Area F. For
Pittsfield SMSA, 1960 population was 76,772.

2 Data shown for Maine State Economic Area A. For Portland
SMSA, 1960 population was 139,122,

3 Data shown for Rhode Island State Economic Area A. For
Providence-Pawtucket-Warwick SMSA, 1960 population was
821,101.



Richmond, Virginia
Roanoke, Virginia
Rochester, New York
Rockford, Illinois

Sac
Sag
St.
Sal
San
San
San
San
San

Santa Barbara, California

Sav
Scr
Sea
Shr
Sio

South Bend, Indiana
Spokane, Washington

Spr
Spr
Spr
Spr
Sto
Syr

Tacoma, Washington

POPULATION ESTIMATES FOR STANDARD METROPOLITAN
STATISTICAL AREAS

Metropolitan Area Average Annual

Percent Change

ramento, California

inaw, Michigan

Louis, Missouri-Illinois

t Lake City, Utah

Antonio, Texas
Bernardino-Riverside-Ontario, Calif.
Diego, California
Francisco-0Oakland, California

Jose, California

annah, Georgia
anton, Pennsylvania
ttle, Washington
eveport, Louisiana
ux City, Iowa

ORHOHHOOOOOHMHOBOHIEWRH O N B -
VWOOANOBRNHFUOURNMNWNG OO0 N WU~

ingfield, Illinois

ingfield, Missouri

ingfield, Ohio

ingfield-Chicopee-Holyoke, Massachusettsl
ckton, California

acuse, New York

1

Data shown for Massachusetts State Economic Area A.

For

Springfield-Chicopee-Holyoke, SMSA 1960 population was

493,999.



POPULATION ESTIMATES FOR STANDARD METROPOLITAN

STATISTICAL AREAS

Percent Change

Metropolitan Area Average Annual
Tampa—-St. Petersburg, Florida 2.5
Terre Haute, Indiana (2)

Toledo, Ohio

Topeka, Kansas

Trenton, New Jersey

Tucson, Arizona

Tulsa, Oklahoma

Tuscaloosa, Alabama

Utica-Rome, New York

Waco, Texas

Washington, D.C., Maryland-Virginia
Waterloo, Iowa

West Palm Beach, Florida

Wheeling, West Virginia-Ohio
Wichita, Kansas

Wichita Falls, Texas
Wilkes-Barre-Hazelton, Pennsylvania
Wilmington, Delaware-New Jersey
Winston-Salem, North Carolina
Worcester-Fitchburg-Leominster, Massachusetts
York, Pennsylvania

Youngstown-Warren, Ohio

1

OCOMMHOMHOOWONOOHFONMHEFOO
- .
O DN ROWWUIOWRERNDWOW

1 1

2

(Z) Less than 500 or 0.05 per cent.

1 Adjusted to exclude 12,520 erroneously reported in

Fairfax County.

2 Date shown for Massachusetts State Economic Area B.

For SMSA's, 1960 population was: Worchester,
Fitchburg-lLeominster, 90,158.

328,898;



POPULATION INFORMATION FOR NON-METROPOLITAN COUNTIES

F.W.Q.A. Regional Office Median Percentage Change in Population for 1960-—1970
or Largest Towns
State <10,000 population 10,000 to 25,000 25,000 to 50,000
Chicago Region 1.0 5.0 11.0
Atlanta Region 0 6.5 12.0
Philadelphia Region -1.0 \ 0.5 9.0
New York Region 5.5 8.0 14.0
North East Boston Region 3.0 1i.0 17.0
Kansas City Region -8.0 2.0 10.0
Dallas Region - .5 3.5 ] 10.0
Denver Region -10.0 0.5 18.5
San Francisco Region 11.5 2.5 -
Seattle Region : -2.8 4.3 17.0
Oregon 1.7 » 2.1 30.8
Washington 1.6 9.3 15.7

Idaho -6.9 9.1 _ , 9.1



APPENDIX C

REPRESENTATIVE LISTING OF STREAM AND
BRSTUARINE PARAMETERS
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APPENDIX D

TABLES OF DO DEFICIT RESPONSE FOR
TIDAL RIVERS AND ESTUARIES
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MULTIPLE SOURCE = TIDAL RIVERS_AND ESTUARIES
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RN TR RN BN R RN RN
1040 % 04185 1 00217 1 00245 1 0:270 1 0.263 1 0+332
T30 % 04230 | 0264 1 05295 1 04315 1 0+342 I 0+382 ¥
5100t 0.zse | 0,315 | 035 | 0,575 | 9.5 | oviss s
_ 120 302348 1 02383 1 02513 § 02438 1 0,460 ] 0,496 %
6e0 #* 0421 I 06455 [ 0a4483 I 04506 1 0526 1 04559 *
RO AT ACRCE TS IPCECN SCPTE I CPCCON NP
440 % 04592 I 0e617 I 0636 I 06652 I Q666 I 0e686 #*
TT370 % 0870 1 0s59s 170.710 F0:721 1577357170775
T30 % 02751 1 0.762 1 05770 1 0:776 1 0:781 1 07785 »
TTITo T o Ter b oA 1o 7557 5Te0a 100805 1 0Te10
T K0 Tas ot e b ot AT eI 0m7e T 0T Tes
[=1.0 % 0.613 1 0.850 | 01876 [ 73va5e 1 01711 1 02733 %
=20 % D456 1 06511 I 0552 I 0583 I 06608 I Qo645
ERCI R PP RO Sy S R T ST PR S
TZezo ETouats | 0:277 | 01327 | 0.38s | ovkds | 0440t
=50 % 0al4ss I Qel97 I 06243 ] 04283 I 06319 I 06378 #
EYCR TS R ACPTACN NI IO CR OO ICPEE
_Z720 5 02060 1 0.094 1 00129 1 O.161 1 0.192 [ 0.246 ¥
_Z8s0_% 04038 I 04064 I 04092 I 04120 I 04146 I 04196 ¥
(=9.0_x 0,024 | 0,04k 170.065 [ ov08s 154111 1701155
~10e0 #* Q04015 I 04029 I 0046 I 04065 I 0,084 I 04122
1170 N 57005 175702071 07055710 0.7 07065 o T05
21220 % 0,006 | 0s013 1 0s023 1 07034 17570277 17575757%
1340 % 02004 1 0,009 1 0.016 1 0-025 1 02035 1 57058 *
1420 % 0002 1 02006 1 0.011 1 0:018 1 07026 17 070a5 &
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5740 % 0,001 1 04004 | O~099 ? 0.915 1] 04030 I 04057 %
5420 % 0,002 1 0,006 1 0,012 1 04020 | 0,038 1 0,060
5120 % 0,003 1 0,008 1 0.018 1 0,026 1 02047 1 02082
T78.0 = 02004 1 0u011 1707021 1757035 1 0m05971 0095k
45,0 % 02006 1 04018 1 0.026 1 0.043 1 07073 1 02118
T42.0 % 07005 104022 104038 1 0,055 | 0:090 1 02141
39,0 % 04014 1 04031 1 04050 1 0,071 1 0:112 1 07167 *
T36.0 % 02020 1 0:0a2 1 0+087 1 0,091 } 0138 1 0:195
3320 % 02030 1 0,053 1 0.088 1 0.117 1 0.165 1 07335 %
T30.0 % 0.044 1 0.080 1 0-115 1 0.148 1 0.208 17072767k
72770 % 04064 1 04100 1 04151 1 0.185 1 0.251 1 02324
T24.0 % 02093 1 0+148 1 0s196 1 0.237 1703304 1707377°%
2120 % 04135 1 02199 1 04252 1 0.296 | 02365 1 01437
180 ¥ 0.102 I 0.266 1707322 1 07367 1 T0va5a 100502
[15:0 % 02271 1 0345 1701406 1 0vass 1704511 1 0L571
120 % 00374 1 06451 I 06503 I 0541 I 0594 I Qe643 %
T9u0 3 0us0a | Tousen | ovs0s | 0uesy | ve77 | ouria
660 ¥ 00648 I 04690 1 0715 1 0e732 I 0754 I Qe772
T30 % 0.777 1 08791 1 0.799 1 0.504 } 0:810 107515
700 ¥ 0.811 1 0.317 1 0.820 1 0.821 1 0.823 1 0.825 &
71370 % 04669 1 0s716 1 0+741 1 0:757 1 02776 1 02751 %
T16.0 % 0.480 1 04565 1 0.615 1 0-645 1 0rs92 107737 %
T29.07% 704321 1 01421 | 01487 1704533 | 0,556 1 04550 4
Z12.0 % 04205 | 0.302 1 0.373 1 0.425 1 0:500 1 04570 ¥
=-1540 i 0.128 % 0e212 % 0279 % 0e333 %_0.413 % Det92 :
=15:0 k0075 | Tovise | Touz05 | Touz5e 1 T5r35e i Touais
Z21e0 % 0047 1 04095 I 04149 1 04195 I 0.270 I 0,354 *
2440 % 0e028 I 06087 I 0107 I 08l47 I 06215 I 06297 *
SO ICTCI ICPCI S T A CECN N CE AP
2220 %.0:010 7 02029 1 0:055 1 0:081 1 0:13% ; 0.205 %
=25:0 3 61006 170,039 1702039 1 s.ae0 7505 1oL 165 s
T20:2 521003 7 02013 g 02027 3 0:0%4 7 0:082 1 0.138 x
Z29:0 02002 [ 0,008 [ 0.019 I 0.033 I 0,064 I 0.113 x
=420 % 04001 T 04005 [ Q013 T 04024 T 0,050 I 0,092 *
4540 % 04001 1 04004 1 0.009 1 0,017 1757035 17575757
Thg.0 % 0.000 1707505 1 0700510701371 5T050 0 ToeT s
T51.0 % 0.000 I 0s002 I 0s00a F 0005 1 57023 17075557 %
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MG/L D
= 0.70

CeO1l
HH A KRN

1040 % 04003
575715 004"
TT9.0 % 0.008
“T8.5 % 0.008
"T8.0 % 0,012
TTIU5T%T0.018
TTI0 % 0.023
NYCE e
TT6.0 % 0.043
BCCE
TT500 % 04080
TT4l5 % 0.108
TT40 ¥ 0144
TT3e5 % 0.190
R
35T 8305
TTZ.0 % 0.375
TIN5 0a27
TTI00 % 0.a35
T35 3704357
0.0 % 0-019"
T20.1 % 0.000
T20.2 % 04000
ETER
"I074 x 04000
"Iovs i o000
"Z0.6 % 0.000
"I5.7 i 0000
TI0v8 % 0.000
0.5 i 5000
TZ1.0 % 0.000
"I 5000
T1027% 0L000
SRR
R
SR CETN
33306 3 43
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O DEFICIT PER MG/L ULTe BOD INPUT

KdE/U2
I 0e05 0¢10 I 0620 I 0430 I 0440
36636 3 33636 336 R A0 0 303 30303030 309 303030 I A%
I Qe004 I 04005 I 0e006 I 06009 I 04011 =
1737505715005 1707005 1 02011 1 0014 ¥
1757007 107009 175701371 00015 07018 %
{0.0107{ 0.01a { 0,016 | 70,020 1 .02
1_0.014 I 04016 I 0,021 I 0,026 I 0,031 ¥
I 0e019 I 0022 I 04028 I Cu034 ] Ce041 *
175752571707030 1752057 1 02045 1 0053 x
1757035 1 0.040 1 0.050 1 07059 1 07065 &
1=570a5 1 02054 1 5.066 1 07077 1 07087 &
731065 1 01072 1 0:086_| 3:095 1 0:111 &
1 0:088 1 0.096 I 04113 I 0.127 1 0.141 *
I 02117 1 0.127 1 0.146 I 0.163 I 0.178 *
I 0155 I Qul67 I Cal87 I 064206 1 04222 #
1757202 1762215 1762235 1 0725771072757k
17022558 1 0+272 1 0s296 1 0.316 1 0.332 x
SCTCEER ACREC ST AP CPECT
] 0389 I 0a404 I Qas427 1 Ces45 1 Qe460 *
1 57aa2 1 07458 1 onaas 107005 1 07515 7%
[ 0vasa 1 0.474 1 0.502 1 025221 04537 &
1 02365 | 0.402 | 0s4aa | 05430 1 02503
1752087 1 04153 1 0-247 1 0:312 1 02355 &
1702022 1 02082 170.184 1 02257 1707311 %
1702005 170038 1 0.125 1 0:205 17072537 %
SCPCETOR SCPCT MR MCECN IR,
I 04000 I Q007 I 06057 I 0,121 I 04178
1752000 1 07003 1762037 175255171 57120 %
{5:000_{ 5,001 | 0,025 | 0.067 | 0,115 %
I Oa000 I 0e000 I CW4015 I 0,049 I 0,091 *
1702000 1 0.000 1 0.006 102036 1707072 x
1757000 107000 1757008 1707035 1 07057 7%
1757000 1 04000 1767003 1 0761571707550 x
{5,000} 0300 172,003} 5.313 | 0r03% %
I 04000 I 04000 I CoeCC1l I 0,009 I 04027
1757000 1 07000 1 5001 10007 1 0T00 7k
1730001701000 173,503 | 75,505 1 01015 %
] O4Q00 7 04000 1 04000 1 04003 .1 04012 =
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______ P s e o e e T
1045 % 04010 1
—————— Y- ———]
1040 # 04013 1
______ *__._..._._...I
Geb5 * 04017 1
______ oo e T
9«0 * 04022 1
______ TS N——
8¢5 #* 0,028 1
—————— *—--———_.—._I
840 * 0,037 I
______ fmm e |
Te5 * De047 1
______ L |
7«0 % 04060 1
______ 3 o e e |
6¢5 % 04076 1
______ *-———-.——.——I
60 % 08097 I
—————— *——-—-————I
5¢5 % 0el22 1
______ ¥ m o o |
560 ¥ 0al53 I
______ ¥ e |
4e5 % 04191 1
______ *———-———I
440 * 04236 1
______ Fmm—m——— 1
3¢5 * 04288 1
______ $mm e~ ]
360 % 0347 1
______ B |
2¢5 # 04410 ]
______ 7\%..._.—--—-——I
240 % 0et72 1
______ Fmm—mm
le5 % 04523 ]
—————— e ]
leO % Qa549 ]
______ fomm e T
Oe5 * 04520 1
______ $omm e T
0e0 #* 04393 ]
______ fm—m e ———1
=05 # 0a4191 1
______ Ko o n e T
~1e0 * 04074 ]
—————— *—_—.——_—.I
=15 * 04026 1
______ .;(._._._....__-I
=20 % 02009 1
______ fmmm————T
—24¢5 % 04003 ]
______ o e ]
-340 # 04,001 1
______ S
=365 % 04000 1
______ Hmm e —— 7
=40 ®* 04000 1
______ L e |
~445 # 0,000 I
______ L |
=540 ¥ 04000 1
______ Fmmmmmmm |
=5¢5 # 04000 1
______ o ]
=660 # 04000 1

OBBE cTrTRRR M IV ELE T NBoB S IRATEE®
KdE/U2
%%2égg%i%%g;gg%i%%i%gg%i%%i;gg*i%%gggg*%
_0:006 1 04008 I 0,011 1 04027 I 04045 %
Ce007 1 0010 I Cu0l1l4 I 06032 I Q6052 *
57505 1702513 075177 07035 1 oToeT
57012 15701771 0702171750058 1000717
57016 17070211 07028 1 510551 07083 X
57020 1 07026 1 07033 1 55065 1707055 %
07025 1707033 1 0v0a1 107077 1 0 110 X
702035 104041 10,050 1 0,051 1 04127 &
T0n0a2 104052 YT0n062 1T0.108 0 160 X
07053 1 0.065 1 0.078 1 0:127 1 0:168 &
07087 1 07081 1 07064 1 07145 1 07155
0085 1 0.100 1 0.115 1753175 1704220
51106 1 0+124 1 0+140 | 02204 1 02250 &
Tou133 {Tovis2 {01170 {51257 | 0.2ms b
Delts I 06186 I 06205 [ 0274 I 06321 3
Tov206 1 T0:226 i 3125 1 04315 | 31360
0e249 1 06272 1 06291 I 06359 1 0402 *
702301 1 0324 1 0.343 | 0-407 1 0vase X
752359 1 02351 1 05399 1 0+456 | 0489 %
Josk21 i T0.aal | 61256 | 04505 | 91537t
Qess82 I 04498 I 0511 I 04550 I 04570 %
To:532 | 0vske | 0:57 | 0u3a7 | 9u601 b
0e558 I 0572 1 0e582 I 04608 I 06619 *
Tov534 1709554 1 0e565 15505 1707817
09421 1 00462 1 0.450 1 02550 1 02587 &
T0e232 1 00297 1 0.345 } 0sa70 1 07523
54105 1 04164 1 0.214 1 02360 1 0444
0046 1 0.084 1 0e124 102277 17075657
07017 1 0.061 1 0.065 1 9202 1 023557
R RO I U A UER IR
06002 I 04009 I 04020 I 04102 I 0.180
T5.001 1 0.004 1 0-010 1767071 1707155 %
0000 1 0.002 1 02005 } os0as 1702106 *
75.980” 176,501 175,505 71 753935 1 97080
_0:000 1 ©0:000 1 0.001 I 0.022 I 0.061 x
_9:999_§_9:999_§_9;993_§_9:932_§_9:9ﬁ2_:
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39 3 3338

5440 % 0,001
T5140 % 04001
48,0 % 04001
T45.0 % 04002
4240 % 04003
3540 % 0005
"36.0 % 0008
T33.0 x 0.013
T3040 ¥ 04021
T27.0 % 04033
T24.0 % 0.051
2140 % 04078
T18.0 % 0.117
T15.0 % 0.175
T12.0 ¥ 0.255
TT9.0 % 0.359
TT6e0 % 0.484
TT370 % 0.602
TT0.0 % 04640
"23.0 % 0518
T16.0 ¥ 0.358
T2570 % 0.229
21240 % 0s140
Z1540 x 0.083
1840 % 0s048
210 % 0e027
=410 3 01015

=270 * 04008
=30.0 % 04005
233.0 % 0,003
Z36+0 x 0.001
39.0 % 0.001
4220 % 04000
45.0 * 0000
4840 % 04000
Z51.0 % 04000
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Tovaz7 170560 1 0ma07
PR ACPET T NPT
_9:213 } 0:288 ¢ 0:310
06143 I Q193 I 06235
02094 170.137 1 0.175
5 061 1 0.056 1 0a125
Toi039 1 ov0e7 For05a”
5035 1 oToas  om0es”
50T 1 ToTo31 T otone”
57010 1 07021 150555
[0:006_1 04014 1 0:025_
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ER RS N
oo ToTeasTiToeee”
"53001 170705371 70T05a

D-19

I 70400 11004C0
R R L S R R e R e R R TR R

0.018

—— e

—— s —

——— o —

3

G

s

0011
33 36 % %3

t —t—

e e e R e e R T e T e L e L e e e e e e e L e e L e T e e L e e e L e e T e e L e e L el Lo ol on Lol onl anlen o londonlond ot on R o)

0.037

-y -
ot 12
- —
—— o 20 i g

- - —

04027
HRHEHRN

3#
¥*

"
¥



ML LD o BOBRE T T hRR MBIV EDE 1o "BoB S TRABAES
= 0.70 KdE/U2
4300 1 5400 1 6400 1 7400 1 8.00 I 10,00

H R AN NN RN R IR F A RN R R RN H KRR N
20,0 % 0,008 I 0,010 I 0.0lé I 064019 I 04024 1 04034 #
1570 % 07005 } 0013 1 0s018 1 0.024 1 01030 1 07042 %
1620 % 0011 105017 1 0,023 1 0.030 i 01037 1 6:051 %
1760 # 04015 I 04022 I 04030 I 04038 1 04046 I 0062 *
1620 % 0.020 } 0,029 10,038 1 0,047 1 0:056 107074 ¥
1510 ¥ 0.027 1 04038 1 0+045 | 0+059 1 0069 1 02050 X
1410 ¥ 04036 | 0+049 1 04061 1 0.073 1 0+085 1 02106 &
[13.07% 01045 10063 1 0077 1 0:091 1 0.105 | 0.130 %
1260 # 064063 I 04080 I 0097 I 04113 I 04128 I 06155 #*
1170 % 02082 | 04103 1 0+121 1 0.139 1 0-155 1 0-185
71055+ 9,107 | 0v130 | w151 | 0.170 | 0.105 | 5219 %
940 % 06139 I 0ael65 I 0187 I 0208 I 0e226 1 Qo258 =
TT5e0 % 0.179 1 04206 1 0.250 1 0.252 1 0.270 1 02302
JT7eoETaraz7 {Tovzss | Toze1 | ois0z | 0320 1 01351k
_ 820 % 0:286 1 0.315 1 0-339 1 0.359 1 04376 1 0,404 %
540 # 06355 1 06282 I 04404 1 Q4421 1 D436 1 Qel461l
(400 %0532 1 0s455 1 01472 1 0.487 1 0+495 | 01518 %
360 # 0a512 1 04528 1 0540 I 0ea550 I 0e558 I 04571 *
(2.0 x 04583 1 01532 1 0:399 1 0.604 1 05603 | 0:ala %
1¢0 % 0625 I 04630 I 06632 I 04635 1 04636 I 04639
7070 % 02601 1 0s611 1 04617 1 0-522 1 0:625 1 0.630
1100 % 07457 1 0.515 1 0.535 1 0.550 1 0.582 1 02578 X
T2 0 K 0v354 ) 00397 1 0.425 } 0vasa orata 107305 %
T3 0 % 0242 10290 10328 P orass 1700584 0Ta
[T51073 04155 104204 1 0242 1 01275 1 51305 1 01347 %
7520 % 04102 I 04141 1 0.175 1 0,206 1 04234 [ 0.275 *
_T620 % 04064 I 04095 [ 0.125 I 0.152 I 0.178 [ 0.222 %
~7¢0 % 04040 I 04083 I 0087 I 00111 I 0al134 I Q6174 =
T840 % 0.024 1 0042 1 0.061 1 0,080 1 02095 1 07125 x
250 % 0.015 1 04027 1 0.0az 1 0.057 1702673 16 105 %
21020 % 02009 1 0.018 1 0.029 1 0.041 | 0054 1 02080 &
“11.0 % 04005 10,031 1 0,019 1 0029 1 6:035 | 67061 %
-12.0 * 00005 1 0,007 [ 0,013 I 0,020 I 0.028 I 0.047 *
=~1340 ¥ 0002 I Ca008 I 0e009 I 04014 I 04021 I 04035 =+
162073 5.001 | 9,003 | 0:005 | 0010 | 0:015 1 01027 %
~1540 # 04001 I 04002 I 0004 I 04007 I 04011 I Q¢Q20 *
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LA oSORES T BBAN I A oS THABH S
= 0.90 R4E/U*
0.01 I 0«05 1 0410 1 0e20 1 0e30 1 Qe40

F R K F RN MR I NN I NN R H NI RGN W R H R R AR
60 # 04021 I 04024 1 04028 I 06036 I 04044 [ 04051 *
T8 X 07025 1704028 1 0.033 1 0.041 1 0.050 1 0:055 ¥
T3 e 5707025 1 04033 | 0.038 1 0.047 1 07056 1707054
5.4 30,033 | 0,033 | 0,043 | 0,053 1701385 1701575 ¥
e2_* 04039 I 04044 I 04049 I 0.061 I 0,071 I 0,081 *
5.0 % 0,045 1 0,050 | 0,057 | 0,065 | 0,080 | 0,050 ¥
__4s8 % 0,052 1 0,058 I 0,065 1 0.078 I 0.090 I 0.101 *
_ 426 % 0.060 1 0.067 I 0.074 I ©0.088 I 0.101 1 O0.112 %
_ st % 0.070 I 0.076 1 0.08% 1 0.099 1 0.113 1 0.125 %
__4s2 % 0.080 1 0.088 1 0.096 1 0.112 1 0.126 1 0.138 %
__4¢0 % 02052 1 0.100 1 02109 I Oe126 1 0.1%0 1 0.15% %
368 # 06106 I Callg I 04124 I Celsl I 04156 1 0el7C *#
TT3re T0l13171 70130 1 0.14a0 1 0a158 102174 1 07187 &
T T3.47370.133 10,147 170,158 | 0,176 1 0,152 1 04207 4
__3:2 % 0,156 1 0.166 [ 0.177 1 0.196 [ 0,213 1 0.227 *
_ 220 % 0.177 1 0,187 1 0.198 [ 0.218 I.0.234 1 0,248 %
__2:8 ¥ 0,199 I 0,210 1 0.221 I ©.2%1 I 0.257 I 0,271 %
__2:6 % 0.223 1 0.234 1 0.246 [ 0,265 1 0.281 I 04295 *
_ 224 3. 02245 1 0.260 1 0.271 I 0.291 1 0.307 1 0.320 ¥
_.222 % 0.276 1 0.286 1 0,298 1 0,317 1 0.332 I 04345 %
2¢0 % 04303 1 0313 I 0325 I 06343 I 04358 1 04370
IR TN TR I TR R e e
1e6 * 04353 1 0364 1 0276 I 0393 I 06406 I 0uf4416 *
TV A 00374 1 04385 1 0-397 1 0ea14 1 0.427 10743873
TT1e27% 0.388 1 0.400 1 0+412 1 0.430 1 0.453 1 04452 %
(170 % 04391 170505 170.419 | 0.439 | 0.452 1 0as? *
_0:8 3 0e379 1 043597 1 Onlt 1 0.437 1 0.433 1 0.464
Oeb6 ¥* 0346 ] 0369 I 0391 I Oe&21 I Oes4l I Oe455 #
Gk ETouae | eonns | Touus | Tousee | rais | ravi s
Qe2 * 06179 I 04224 I 0267 I 06325 I 06363 1 06389 #*
0.0 % 04019 | 0.084 1 00146 1 09230 1 0.284 1 02323
072 % 0.000 1 04004 1 0.036 1 05116 1 0+186 1 02236
TI0us % 0,000 10,000 1737005 1 05055 1757105 17071557k
TI076 % 0,000 1 0,000 1 0s001 1 07021 1707060 17571557%
TI0.8 % 0,000 1 0,000 1 0,000 1751008 1707031 1 07085 %
1.0 % 0,000 1 0,000 1 05000 1 0.003 1 0.016 1 0.038 x
LR R LR LR TR IR UE T TR TR R R IR GRS R R R
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IPLE gOURCE - TIDAL RIVERS AND ESTUARIES
G/L DO DEFICIT PER MG/L ULTs BOD INPUT

Z

0e50 I 0a60 I 0480 I 1400 I 2400 I 3,00

e .

33 I 3RS0 6 3330 A0 AN R K R W H R

1260 % 04002 I 04002 I 04003 I 040085 I 04014 I 040286 %
TI1757 07002 1707505 6 o0a T 6 e0e ot oo .
1170 A T07005 107004 1 02006 } 0,008 1 02021 1702037 X
(1045 % 0,004 1 05005 1 02008 I 0010 1 05025 1 0:343 %
_10:0 % 0.006 I 04007 1 0.010 I 00013 I 0,032 [ 0,051 *
__8:5_ % 02008 I 04009 1 0,013 I 0.017 I 0.039 I 0.061 x
960 # 04010 1 06013 1 04017 I 04022 1 064047 I 0,071
CTBi3 3 T0.014 10017 170,072 | 5.025 1 0057 1 0.0a4 %
__B20 ¥ 0.019 I 0,022 1 0.029 I 0,036 I 0,069 1 0,098 *
_Z:E * 0:925_1 9:929 1 01937 I O-Oﬁs I 0.083 E 04115 i
(7.07k701053 1701033 1 01045 1 04058 | 0,100 1 0.134 3
6e5 #* 08044 [ 04050 I 0062 I 04073 I 0ell9 I 0el56 *
TTSa kouass { suoes | .07 | 0,051 | Gitaz | Guiol s
305 5 0.077 1 0s085 1 0.100 1 Cs114 [ 04169 [ 0,208 %
__220_% 9.100 1 0.105 1 0.126 1 0»141 I 0,199 I 0.239 *
__4e5 ¥ Oel29 I 0.139 1 0.158 [ 0el74 1 00233 I 0.273 %
_ k20 % 041651 04176 I 04196 [ 04212 [ 04272 [ 04310 *
3¢5 ¥ 04209 1 06221 I 04240 1 06257 1 Oe31l4 1 Qe3490 *
T30 % 04251 1 0+272 1 04291 | 0.306 1 05358 I 0389
TT7u5 o015 | ousas | ousse | oue0 | ovici | 0.ezi
__220 % 04380 1 00388 I 0402 1 04413 I 04447 1 04466 *
le5 : Oe&t35 % Oeb44? % Oe453 % Oed61l %_0.455 %_B:Z;;—i
(10073701470 1 01476 | 01485 1 0:492 1 31505 1 0s517 %
_0e5 % 04457 1 04467 [ 0+480 T 04489 1 0+511 1 04520
(0.0 % 04351 1 04373 1 0,404 1 0.426 | 01475 | 0,435 3
_Z9:5 5 0:168 1 0.203 1 0:257 1 0257 1 04398 1 0.440 %
_71:0 % 04064 I 04090 I 04139 I 04181 [ 04309 I 04371 %
T1e5 % 0.022 1 0.035 1 0063 1 01103 | 01225 1 04301 3
_T2:0 % 02007 1 04014 I 0.033 I 0.056 1 0.165 [ 0.239 *
_Z223 % 0:002 1 0.005 1 0.015 I 0.030 I 0.116 I 0.186 *
7320 % 94001 1 0.002 1 0.007 1 0.015 1 0.080 1 0,143 %
—3¢5 % 04000 1 04001 ; C«C03 I 04008 1 04055 1 04109 x
[Ze2073 70,000 | o000 | 9,001 | “o:a0a | 0,037 | 51057
_T4s5_¥ 04000 1 0,000 I 0,001 [ 0,002 I 0,025 I 0,061 x

D~-22



4¢00 1 5400 1 6400 I 7.00 I 8a00 I 10400

S I A I I R S M A eI W I I S I I I AN

2140 # 04002 1 064004 1 04006 I Co008 I 06010 I 04016 #
T30To T ET57505 157005 1752007 717050T0 1 05013 1 0020 %
T1520 3 02004 1 0.007 | 6.010 1 9.013 1 02317 1 94025 %
_1840 * 04006 1 0005 I 0.013 I 0,017 I 0.022 I 0,031 *
_17.0 % 04008 [ 0.012 [ 0.017 [ 0,022 I 04028 I 0.039 *
16¢0 % 04011 I 04016 I 04022 I 04028 I 0035 I 04048 *
150 %0015 170702271 0.029 1 0.036 1 0.044 1 0-059 X
14,0 % 05021 1 04025 1 04038 | 0,047 I 02055 1 0+072 #
1310 % 0.025 1 0+039 1 05040 1 0:085 1 0.069 1 0085 #
1220 %0038 1707051 1 0.083 1 0.075 1 0.087 1 0.108 ¥
TI17075707052 1 0.067 1 0.081 1 0,095 1 0.108 1 0.131
1107073753070 | 61085 | 0,308 | 0115 | 0,133 | 04138 %
9¢0 ¥ 06094 1 06114 I Q013232 I 04148 I Q06163 I 04190 %
TTEnoiToaia | Touree | oilse | o1k | 0,193 | Dwaze t
TeO # 04162 I 0e187 I 04208 I 04226 I Qe241 I 0e268 *

T 610 % 0421171702236 1 0.255 | 0,274 i 0283 | 04314 &
520§ 02269 1 00293 1 0:312 1 0:328 1 0.332 1 0.38% %
460 3 0337 1 O.EEZ 1_9:222_1_912§7_I O.39§*I_9:i15 3*
7300 5700400 1 0e424 1 0e435 1 Ossds I 09453 1 0e4b5 X
T30 X 07a77 1 0vase 1 ovasz 1 orae7 T 55017 T0T50e
TR 07522 5752571 00527 1 07529 1 02530 1 09532 4
TTe TR0 507 1 0v 515 10 518 100521 1 00525 1 0n527
TIIT0 e 0T h0e 1 T0vas0 1 0sahe 1 orans 1 o.nes i T0vinl k
TS2.0 451230 | 01375 | 0352 | 01573 | 0:390 | 0141 b
» =2e0 ¥ 04193 1 0233 I 0264 1 06290 1 Qe311 I Qe344 *
TLio % 0v 12 10 Te0 10192 1 00a1s 1 orza1 100578
50 504077 1 0-108 1 0.136 1 0+161 1 0.183 1 0.271 %
Tlea0 X 0w0a7 1 ov07 ovosa 1on e b ot I3 oI
T17.0 % 07028 1 0.0466 1 0.065 1 0.085 } 0:101 1 02133 #
TI5T0 % 0.017 1707050 1705054 1 00055 1070737160102
71570 % 02010 | 0.019 1 0.020 1 0.041 1 0,053 1 0.077
2107075 0T00e 1 0m012 10762071 757025 7 50058 T 005 Tk
C1170 % 07003 1 0,007 1 0.013 1 0.020 1 0,027 1 0044 X
115207857503 1 07005 1 0 g0 15 e1a oot 0Taa
Z1370 % 0:001 1 0.003 107006 1 0005 1ToTo1a 107030 x
T1a.0 ¥ 07001 o505 1 6700a 1707005 1005107 001

63 JEE 0 I I K I M I R I 0 R K H B I I M IS I I I I N RN

D—23



D—-24

ML e 08 RRE FeTr T ARR MGV B TANR

= 0.90 K4E/U*
_37+0 % 04000 I 04001 I 0.002 I 0,003 I
5440 # 0,000 I 04001 I 06002 I 0,005 1
517075 07000 1 0n001 1 02003 1 0v008 |
480 ¥ 04001 1 0.002 1 0,005 1 0,009 1
5.0 % 0.001 1T5u003 1 0.007 o013
4220 % 0002 | 04005 1 02010 1 05017 |
3970 % 0,003 1 0,008 1 0.015 1 0,023 }
T3670 % 02004 1 0.012 1 0.021 1 0.032 1
73350 % 02007 1 04018 1 00030 1 02044 |
T3040 % 0.012 1 04027 1 05043 I 0.059 1
2740 % 02020 | 04025 | 0060 1 0.080 1
T34.0 X 04032 1 0s058 1 0s084 1 0e107 1
(211073 0,051 1 0,085 1 0.1l | 01143 I
1840 # 04080 I 04123 I 04158 I 04187 1
[13.0rT0v12e | 0vira | ouziz | o.2er |
_12:0 % 0.189 1 0.241 1 0.279 1 0,307 I
820 % 0.276 1 0+326 I 0.358 1 0.381 I
640 _* 04385 1 04420 1 0442 I 04456 I
TT300 X 0.404 1 00507 1 0e514 1 0.518 1
0.0 % 04534 1 0536 1 04537 | 0.536 }
370 % 04425 1 0458 1 0.476 1 0.485 |
TZex0 38285 | 0.3ks | 0.380 | G205 !
-3¢0 ¥ 04176 1 04241 I 04286 I 0,318 1
21270 % 04105 | 0.162 1 0.207 1 0s242 |
21570 % 00055 1 00105 1 0e1466 1 0e175 1
Z15.0 x 0.033 1 0.087 1 0v101 175715071
12140 % 04018 1 0.042 1 0.063 1 0.094 1
~24.0 ¥ 0,010 1 0,026 | 01045 1 0.06s |
~27e0 % 0,005 I 04016 I 080371 1 06047 1
30103 0.003 | 93010 1 223301 1333 |
=33,0 % 0,001 I 0,006 I Q013 I 04023 1
Z36.0 % 0,001 1 0,004 | 0,009 1 0.0%6 ]
39,0 % 0,000 1 0,002 1 0.006 1 0r011 1
22220 % 07000 1 0s001 1 Tov00a 1 0m007 7]
Z45.0 » 0000 1 0001 1 0+002 1 52005 |
S48,0 ¥ 02000 10,000 1 0,002 1 03003 |

70400
.a..‘

A 33
K
R
s o e
P ——
——
——
o
ot
—— o 2t
—— e e -
e o o e
-t s e s o e
o o e o
- —
[
[
v
s o

09

i

TS
7

%3 33 A K

Lo L e e L I o e e R e T e e e e e e e e L T o e e e e L B e e e e e Ll e e L L e o e L B e Y e T e I e e s L e o e e e e e e N o B e N B4

e

- o o

———
——— s —
—— iy ot g

o0

________
_______
_______ *

B e

-

o e ot

04022

F# %



o S Yo
———— - —
. o s e o
———
- ——
—— ——
——— o —
e -
——— . ——
——— v
—— o
i~ —
— o
————

~1.0

3 3 3k ok 3Kk sk ok 3%k 3k 3K Kk 3 Kk ok 3K s 3k sk 3k 5k % ok oK ok ok sk 3k ok ok 5k ok 3k ok 3 3k %k kXK X

% %k % 3k ok 3 3k 3k Kk K ok 3k sk %k kO 3K % ok ok sk o K ok ok ok R R

Q.01
0.013

—— o
-
—— g
L ]
———— v —
———— gt oy
—— " —
———— i —
. —— o -
—— o
- 2

I

OBRET T TRRREWRIVERD AN
KdE/U2
**%H.***%%*2;23*;%%giig*i**ggi%%
06015 I 04018 I Cu024
57018 1070217 oTe2E”
0022 1702025 1 0.032
T0v038 1570507 0T05s
07031 1 07035 1 oT0aa
0703771 07042 1 05051
0044 } 0.049 1 5r060”
0705271 0.058 1 02065
07062 1 07068 107080
570737 175708571 57053
57085 107053 0T 108"
57100 1 07108 1700123
IEEON R TER NN ETY
0e136 1 Oeld4 1 0el58
79115771 0:155 1 6175
0«180 I QCel188 I Q201
702205 1 0.212 1 0.224
(012301 0,237 | 0,248
0256 I 0262 1 04272
0275 1 0 284 00205
029771707303 1 0.311
07305 1 0.313 1 0.322
ToT755 1 ToT305  oTaas”
51268 1 04285 1 04305
02201 1 04230 1 0,265
02078 1 04125 1 0,151
5020 1 0 068 1 ToTTa1
Tor00a 1707051 L ToT058”
Tov001 107013 1 ToToes
57000 1 07005 1 07081
“5v000 1 50027 07538
R RN TR T
57000 1 0v000 1 0T0T0”
57000 1 5,000 1 0 008"
T57000 170000 175 004
5000 1 T0T000 100005

0,000

b 8 8 b ) et b bbb b b e o b b b B bk b et b ) 5] T d 3 bt 1t ol bt 5 bt b Dk Bk Bk bcd md by b end bbbt Bacd Bt bt Sl ek Bt S bef el S d b b Sl et Bt Bt bd e B Bt Bl bd ek

]

7

bt b bt ot bk et bl b B bnd Bt Tt bt i f Fet bt b e d et b et i e Bt et I Bl ek et e e b bbb Bk 3 it b g e b bt bt et Pt Bt} o) bt bt bt b Bl et it Bl ] bedbed bt

*

0B IRPOTE®
Ce30 1 Ce&0Q
663 A W I S I LK
04029 I 04,035
0035 1 0%0a0
07039 1 0.0as
0045 1707053"
RN NI
Q0.060 I 04,068
w085 | o0
0079 I 04088
52090 1 0.100"
T5.103 1707113"
Toa117 1oz
57133 1 0.143
T6i151 1 0161
0:169 1 0179
0190 1 04199
_O:212 1 0.220
0e234 I Qo242
RS
0e279 1 0285
02300 1 0.305
ICEETNAR ICPEEE
02328 1 0.332
06329 I 06335
5318 { 0ua%s.
0286 1 04300
_0e227 1 04251
0e187 I 04217
T8i1s7 § 0.1z
0e112 I Qel49
T ISELy
04061 1 04095
07545 1757075”
T5T032 1 0t058"
51523 1 0.0as
T3T516 1707035
To.011 1 07028

B e R LR R L L L e

D-25



MULTIPLE SOURCE = TIDAL RIVERS_AND
MG/L DO DEFICIT PER MG/L ULT. B

= 1.50 KdE/U2
%’r-)(»a“v-)ot-%22-"/\-}&%%9’«-).\‘96(-9,%%éi%é%ggéig%}%%%%-;gg%i
8,40 % 0,005 ] 0,008 I 04009 I Ca.012 I
T TR 07067 Y en005 16012 1 oto1e
IR ETCICR ITOR U ORI
6e5 # 04015 I 06017 I 06023 I 04028 I
TTea ¥ 02020} 5.024 | 0,050 | 0.037 |
Seb # 06029 1 06033 I 0041 I 0a049 1
TTT0 k07040 10045 1 0054 1 07063 1
TTaes % 0.055 } 0061 1 0.072 1 0.082 1
TTazo £T0u675 | Tou0sz 1 0,035 | .10 |
__3s5 ¥ 02102 1 04110 1 0,123 1 04135 1
_ 320 % 0.136 1 0.144 I 04158 I 0.170 I
__2:5 % 00179 I 0.186 I 0.200 I 0.211 I
220 % 0.228 1 04235 1 04246 I 0,255 1
15 # Q0281 1 0285 I 02932 I 00299 1
IEPCRCICECR ICPETTIR MCTEECR ACYECTN
OQe5 # De3386 I 0340 T 0345 I 0e348 1
TT0e0 % 0.265 ) 0s281 1 0-295 1 0.310 |
TI0T2 R 07207 1 0022771 00255 102275
TZoiaTiT0uias | 0uiTe | 01207 | 0133 ]
_T0:6 % 02102 1 0.126 I 0.163 I 0.191 I
_70:8_x 0.068 1 0,089 I 0.126 [ 0.155 |
_T1:0 % 02044 1 0.062 I 0.095 [ 0.123 I
_T1e2 ¥ 0.028 [ 0,042 I 0.071 I 0.097 I
_Tla4 ¥ 0.018 I 0,029 I 0.053 [ 0.07¢ I
~1a6 ¥ 04011 ] 0018 I 04038 1 04059 1
TI1.e ¥ 07007 1 o013 100025 1 oTeas
TI3T0  0T00a 107505 1 0005071 57055
T2.2 % 05003 | 0.005 | 0015 1 0026 ]
TI3Ta % 07005 1 0700a 16501071 500557
TI3Te % 07001 0700271767007 oveTs
Tl3v8 % 0.001 } 0.002 1 0005 17570117}
7231047020001 54001 1 0+304 { 0.505 |
_Z3:2 % 04000 1 04001 I 0.003 I 04006 I
—2e¢4 ¥ 04000 I 04,000 1 0,002 1 04005 1
TI3.e R 0T600 1755007150061 or50a )
TI378 ¥ 07000 15000 1 0750171757005
T470 % 0.000 1 0.000 1 02001 175705571

— s —
——— - —
———— an -
——— o
—— iy ——
- o o e e
—— S ——
i ——

8,020

e

el R e T e e e e e e e e e el o e L L e e L T e L B L e L L L e T e L Y e B e e e E e L L e L e e e W e e e e L el et e R el on B e

3400
04043

———————
———————
_______
———————
_______
_______
_______
———————
_______
———————
———————
———————
———————
_______
_______
———————
———————
_______

040456

I AR

5

Fe 3366 3 3 I 3 30 3 K 3 K 3630 3030 63 36 3 I A H 4 I B I I I A N ¢

D—2

6



L=l
I
bt
U1
(e}
= A
(=l
~
[ow]
N

4400 1 5400 I 6400 I 7400 I 8600 I 10400
AT KN RN B BN INHHFF R R RN R R R RS R ERRRHH

_15:0 % 0.005 1 0.008 1 0.011 I 0.014 I 0,017 1 0.023 %
_14e0 * 04007 [ 04011 [ 04014 [ 04019 I 0,023 I 0.032 ¥
13e0 # 06010 I 04015 I 04020 I 04025 I 04030 I 0,040 ?
T12003 51014 {0,020 1 0,036 | 0,033 | 0,039 | 0,051 ¢
_11:0 % 0.021 I 0.028 1 0,036 [ 0.043 I 0.050 1 0.064 %
100 % 04029 I 04039 1 04048 I Cu056 I 04064 I 0,080 *
T30 07051 175755371 07065 1 0,073 1 0.083 1 0.099 %
75,0 30,038 | 0.071 | 0,085 | 01035 | 0,105 [ 04123 %
__1s0_* 0.080 I 0,096 1 0.109 1 0.121 I 0.132 1 0.151 ¥
__620 % 04110 1 04127 1 0.141 I 0.154 I 0.165 [ 0.183 *
__5:0 % 04149 1 0.166 [ 0.180 1 04192 [ 0,202 [ 0.219 %
420 3 0x196 1 0.212 ] 0:223 | 0:236 | 0:245 1 92237 %
3e0 # 0252 I 06265 I 0274 I 0282 I 04289 [ 0299 i
T N 67305 1 0v317 1 00322 1 0326 1 02330 1 04335 #
TTITo R 07353 150355 1707357 1700355 1 0.359 1 04360 &
7510 0,351 | 01356 | .35 | Guass | 0.359 | 0,360 :
_Z0e5 x 0.319 1 0.328 1 0.334 1 0.338 1 04342 1 0.347 %
=10 # 04275 I.0e291 I 0302 1 04310 I 04317 1 0e326 *
T1.575 704250 | 0.251 1 0265 | 0.278 1 0.287 | 0301
T2270 % 0i13a | 0.212 1 0.231 | 0.245 1 04257 1 0s275 s
JZ2:5_ 5 0e150 1 0e177 [ 0:197 3 Qs21% 0227 3 0:248 %
—3e0Q % 0119 I 06145 I 00166 I Q0e¢l84 I 0el198 ] 0Qe221 #*
T30 T 0u05 { 0rite | ouiz | 0ui57 | ovitz | oiiod
=440 * 04072 I 0095 I 04116 I 06133 I 00148 [ Qel73 *
0.5 504056 1 0.077 1707095 1 04112 1 0.127 1 0e152 x
TI5T0 R 07043 1 0.061 1 0.078 1 0-094 1 0105 1 0133 X
1575807032 1 07045 1 0.085 1 0.078 1 0s092 1 0.116
Tl570 % 0.025 1 0-038 ) 02052 } 5065 1 0:078 1 07100 X
Tl s k07015 15030 10042 1 5 054 15 066 1 57087 X
TI7.0 % 02014 1 0.024 1 0.034 1 0.045 1 0,055 1 0.075 ¥
TI705 7% 02010 1 T0.018 1 0.027 1707037 170 046 1705084 %
TI5T0 T 07008 1070151 0702271707030 1755055 157055k
TI875 X 02006 1 0.011 1 0.018 1 0.025 1 0:032 1 02047 %
1570 5 04004 1 02009 1 0.014 1 0.020 1 0027 1 0040 #
[Z5v5 % 04003 1 0,007 1 0011 { 0,017 | 0.522 1701654
=1040 #* 04002 I 04005 I 04009 I 04013 I 04018 I 04029 *
S FE 36 e I 3L I 2 M 3 L L L L BE 3 6 S I I AL I I I I 26 3 3 2 I I I LI I 3L L3¢

D-—27



20400 I 30400 I 40400 I 50400
% 364630 903030 3 3536303030 303 000 3090 3096 336 S0 0 030 3 36 30 30 0 0 30 36 33 96 I R 6 %

3640 % 04001
T3440 % 0s002
73240 % 04003
30,0 % 0,004
T38.0 % 0,008
[2610_x 02005

2440 % 04012
T22.0 % Ca.018
T3040 % 04026
SR ALY

1640 % 0s052
T14.0 % 0,072
T12.0 % 05100
T10.0 % Os136
MRy

620 % 0,237
TTh0 % 0.297
TT200 % 0.348
TT0.0 % 0.364
TI2.0 % 0.315
_:Eja—i_afgzg:
Tl6.0 % 04176
TI8.0 % 0s122
Z10+0 % 0.083
Z12.0 % 0.055
214.0 % 0038
Z16.0 % 0,023
~18.0 % 0,015
250.0 % 0,009
222.0 % 0,006
22470 % 0.004
12640 % 0.002.
228.0 % 0.001
Z3040 X 04001
23240 % 0,001
234.0 % 0,000

0.004 I 04008
T0.006 1 0.011
0,008 1 0.014
T0.010 1 0.018"
0,014 1 0.023
T57015 1 0s030
T0.025 1 0,039
37034 1 0a050
T0.046 1 0.064
04061 1 0.087
T0.080 I 0.104
T0v104 10v130”
T0v135 1 0.161
T0.175 1 0.198
T0i216 1 0.239"
T0v265 1 0.282
T0.314 1 0.324
T0.353 1 0355
07365 1 04365
02331 1 0.339
701275 10235

0e217 } Oe243
0166 1 0.196
T0e124 1 0.154
T0.091 1 04120
07066 1 0.092
07047 1 0,089
T5.053 71701557
‘6?655’%'6;555'
T0.016 1 0.029
T0v011 1 0.021
T0.008 1 0.016
57005 1 52012
“0.00a 1To0l008
70,003 1 0.006
“o.002 o005

D o e e o T T S R Y S Y S T e e T L e L T e e T o T e e s T e B B e T e L R S L L L I S S I T e e Y

04013

—— - 1t
s
i o
—— -
—— -
T e i
- . it e
- ———

——— —

0.008

FE 6T F W 36 36303036 0 K0 I M A M N I R R

D—-28

I

70400 110000

Ce024

0.041

e o g -
————
—— e o
————
o
e ]
——— . — o —
i
————
——

0.018

o e L L B e D T O S T L L el o L e e e e T o L e T e el e e e e e R e R e e e o e e N e Ll e e e R e Lo Ll G Bam o B S R S

R S

uuuuuuu
_______
———————
_______
_______
_______

- ——— ——

oy
———— — o ——

0 ——

0,035

HHH IR H H N WA K



-

o

o 2z,

- m— -

V)

~

"

"

< e X

w

34 3k 3k ok ko ¥k vk ok sk kK sk 3k oop k¥ X K

+ 01
# % 3E3t
7

D

ML L E 8O T Tr T ABR MBI BB A NE OB TRADEE®
KdE/U2
I 0+05 1 0410 1 0620 1 0420 I 0e40
33 AF 3363 363 209 3635 36 TE 6 I 30 3030496 98 00630 36 SIS I M1
I 0.008 I 04010 I Ca01 I Qe017 1 04021
NI R NI R NIV N R NI
ST R ST SR BPSVSTE S et B e
1702015 170:017 1701022 1701027 1754032,
I 0.018 I 06021 1 04026 I 04032 I 04037
1757031 1 07025 5703171 070377107053
| 737026 170.025 1 5:635 1 5.343 1 04045
I 0,031 I 04035 I 040432 E 06050 I Q4087
797037 1 02042 1 01050 1704055 1 01065
1 0,045 [ 04050 I 04055 I 0.067 [ 04074
I 040583 ; 04059 I Q06069 1 04077 ; 0.085
151054 1 52070 1 01080 | 0089 | 0.097
I 06076 I CuC82 I 04093 I 04,102 I 06111
1757050 1 07006 1 0108 102117 1707125
| 5106 10:113 1 0.124 1 01135 1 0s142
I 0125 I 0131 I 0el&42 1 06151 I Qelb59
I T P e T U B T E Tl
1704163 1 02174 1 0a183 1 0.191 1 02157
I 0el92 I 0197 I 0205 1 0e212 I 0217
1701215 170,220 1 0.226 1 0,232 ] 01236
I 06237 I Qe24C I Qe246 I 04250 I 04253
%Zéléééii:@ié%%ﬁ%IéZEEEZiIéEééEI%Z@ZEEEI
I 06256 1 0261 I 06267 1 04271 I 04274
1750335 1 omaas orzeo ot zes ot
[70Tea 1700206 175023071 07244 1 07253
1 75:074 170,116 1 01163 1 0.196 1 0213
1 02015 1 0.062 I 0.124 1 0160 1 0.184
[ 0,003 I 0.028 I 0,085 I 0.125 [ 0.153_
5 Ce001 I CeC12 I 04055 I 04095 I 06125
1757500 17000571 52035 1 52570 1 57100
15000170002 | 0.022 1 04051 1 04078
I 04000 I 040C1 I 0a013 I 04037 I 0061
1757000 1 0,000 1 0.008 1 0.026 1 0.0a7
R RN R R NIRRT
1751000 1 04000 1 02003 1 04013 1 01027
I 04000 I 04000 I 0LC02 I 0,009 I 0,021

-1.0

*

04000

36 3 KA KK R K

le

D—-29

330 3063020 366 06 330 A I S I I IR K K ISR I AN



— s . 2

- e Py it | it e e o

T IS S S H F KN H K KKK HES

—— o —— -
——— o ———
———
— -
— o —————
——
e i oy B e

OeOl4

3400
0.028

——

—
o o

o ———
——— — o
——— ———
—— . ———
————

—— e

0.0323

MUL T Lo E S ROURE T TRRAL R LVERE 12N
® = 2.00 KdE/U2
*)é,ﬁg%—ag%-}g%%g:’tgg*}"%%9%?%9:%-&-‘6*%%%9‘(—%
BeD # 04003 I 04,004 I 04005 I (4007
TTLEE a0 | 0,005 161007 | 5005
740 % 0,006 I 0,007 1 04010 I 04013
EEPITIArIr Pil RSy RPN
"T6.0 % 0.012 1 0.014 1 0.018 I 0,025
(51572 0.017 1 01070 1701025 1 5,530
5:0 % 04024 1 04028 1 04034 I 04040
_4x5_» 0,034 | 04038 | 0,046 | 0,054
__4s0 ¥ 04048 1 04053 1 0.062 I 0,071
225 5 01087 1 0:073 1 0:083 1 0:972
__2:0 ¥ 04092 I 04099 I 04110 [ 04119
_2:5 % 0+125 1 04132 1 0.163 1 0,152 | 0.183 I 0201
__2:0 % 0s166 1 00172 I 0.182 [ 0,190
1e5 % 0212 [ 06217 I 0224 I 04229
7100 % 04255 1 04258 1 02262 1 0,265
0wz iTouers | ouere {0120 | o.er
Oe0 % 0a225 1 04234 1 0247 1 0255
JEE AT Ol N PO AL
_T0:4 ¥ 04123 I 0.142 I 0.169 I 0.189
-Ceb f 0eC83 I Cel02 I Cel32 I 04154
"20%8 % 0.054 1 04071 1 04100 1 0.124
TI10075707035 1 04045 1 0.075 1 02087
TI1.27%70.022 104033 1 04055 1 0.076
R SCIER T R AT
~1e6 % 04008 I 06014 I 04029 I 0,045
ST NCPCCER NP SOMCER ey
7240 ¥ 04003 I 04006 [ 0.015 I C.026
7222 % 0,002 [ 04004 [ 0,011 1 0,019
=244 % 04001 ] 04003 I 04007 I 06014
TI2.5 % 0,001 1 04002 104005 1757511
TI5Ts %0000 5To0T T o000 6 Te0s”
TI3.07 6000 1ToToar 1 om005 o I50e
T13.27% 0,000 1 0.000 1 0002 1 02004
TI3.4 % 0,000 1757005 170T05171 700553
T3 e X 07006 1570507 50501 e 00a
TI378 % 0,000 1 02000 1 0.001 1702003
D—-30

3*
*



ML P E R ORRE T T hBR MBIV EBE 1A NRoE S TRAEEES

= 2.00 K4E/U?
***:;2._)0(,%.)E.**_}Sg_.;(.SS*i*%g;g2*,{**;;2g*i**g;gg%i*%g;gg**
_10.0 x 0.018 I 0,025 I 0.031 I 0,037 1 04043 1 04054 *
Ge¢5 ¥ 04022 1 04029 1 04036 I 0,043 I 0,049 I 04,061 *
TS0 % 0025 1707034 100 0a2 1 07055 1 07055 1 05068
T 845 % 0:032 1 04040 1 0.069 1 0.056 1 0,064 1 05077 X
(75103701035 1 0,047 1 0.056 | 0.065 1 01072 1 0:085 §
Ta5_% 04045 1 04056 I 04065 1 04074 I 04082 I 0.096 *
—-7.5 : De054 § De065 % 06075 % 0«085 % 0«093 % 0:108 :
TTees % 04064 1 0:076 1 0.087 1 0.096 1707105 1707120
" T6.0 % 04075 1 0,085 1 04100 1 0,110 1 04115 | 0:133 %
5¢5 % 04089 I 04103 I 00ll4 I 0el24 I 06133 1 Qelé7 *
T T0 % 02105 1 0.115 1 0130 1 0.140 1 07145 1703183
TTavs % 0.123 1 04137 1 0+148 1 0-157 1 0+166 1 04179
TTaio % 0143 1707155 10187 1 00176 10 183 o198
7305 % 04165 1 04177 1 04187 1 04195 1 02202 1 04213 %
T T3.0 % 0.155 1 0:200 1 0,205 1 5.715 | 0.221 | 0:230 %
265 # 04214 1 0223 1 06230 I 0236 I 06240 1 Qe247 #
(72,0 % 01235 1 0.24s | 0,251 1 0.255 1 0,255 | 0,263 %
«5 % 0262 I 0266 I 0269 I 0272 1 0273 I Qe276 *
JTi0lTouzeo {o.zer Tovzes | Guzs | Guaes | ovase s
_.0:5 3 0.285 1 0.290 1 0.2%0 1 0.291 I 0.291 1 0.291 *
__0:0 x 0.282 I 0.284 I 0.286 I 0.287 I 0.287 I 0,289 x
(202 5 0255 1 0.262 1 0.267 ] 0:270 1 0.273 1 0.277 %
=160 % 04218 I 06231 I 04240 I Qe246 I 0u252 I 04259 *
TITT5 TR0 180 1 0.157 1 0.210 1 0921571707337 757535 8
"I240 % 0.145 1 0+165 1 0180 1 0-151 1 04301 104215 &
T-205 R 04114 1 0.135 1 04152 1 0.165 | 01176 1 04193 %
_T3:0 % 0:089 1 0110 I 0.126 [ 0.140 I 04152 [ 0.171 *
7322 % 0e063 1 0.088 1 0,105 1 0.119 1 0,131 1 0,150 ¥
=440 #* 04083 I 04070 1 04086 I 04099 1 04111 I 04131 =
45 % 0.040 1 0,056 1 0,070 170,083 1 0.004 170114
5.0 k00030 1 0m04s 170-057 1 07065 1 0,080 1 52095
TI5.5 % 0.023 1 0.034 1 0.046 1 07057 175705771 07555 7
"800 % 02017 1 04027 1 0-037 1 05047 1 05056 1 04075 &
6.5 % 0+013 } 0.021 1 04029 1 0,038 I 02047 1 07083 X
2770 % 02009 1 0,016 1 04023 10,031 1 0,035 1 05053

eI H I I RN WA R R AN KRR KNS RN

D-31

_

S 3 I I O 6 K3



M8 e g OB E 17 TR BREME IV ER 1ANB B TRAEES

= 2.00 KdE/U?-
PRI TR A SISt A AL AT A IR 1L Lo
360 % 04001 I 04002 T 04005 [ 06008 I 064015 I 04027 *
73440 % 04001 1 04003 1 0s006 1 0010 17570157 17075557%
73270 % 0.002 10,005 1 0.009 } 0013 } 0:023 157059
T3040 % 0,002 1 04008 10,011 1 02017 1 07020 1 07048 x
2820 % 0.003 1 0,005 1 05015 1 04022 1 0,035 1 0,054
26,0 £ 02005 | 0.aiz | saa1d | 9,027 | ovok3 | ou0es s
2440 % 04008 I 04016 I 0026 I 04035 I 06053 1 04075 *
2270 % 04011 1 04022 1 0+033 | 0.044 1 0.084 1 07088 x
2070 % 0s015 1 04030 1 0.044 1 0.056 I 0,078 I 0s103 x
T18.0 % 0.024 1 0.041 1 0.056 } 02070 } 07053 1707120 %
T1640 % 0+034 1 04055 1 00073 | 0.088 | 0s112 1 0+139
J1470+ 0v045 10073 | 0105 | 0uiey | 0yi34 | 0413 %
1240 % 04069 I 0097 I 0ell7 I 0el34 I 0158 I 04182
730207+ 0v097 | 016 {T01eT | 016 | 0vias | 0u306 %
BsO % 04133 I 04161 1 06180 I 06194 I 04213 I 04230 *
TTev0 % 0.178 170.2027170.217 175722771 6324171 672537k
TT4v0 % 0.220 1 09244 1 0.253 1 05260 1 0+267 1 0+274
TT2.0 % 0.275 1 0.280 1 0s285 | 0284 I 0.287 1 07755
N0 ¥ 02291 1 04201 1 0s202 1 00292 1 52292 1 57352 %
TI200 % 0.249 1 0.262 1 0.265 10275 17073757 1707255 %
TS4107x 04187 104214 1 0,225 1 0.zs0 | 01252 1 91783 &
2820 % 0:132 1 0.165 1 0.187 1 0.202 I 0.221 I 0.238 %
~8e0 #* 04089 I 0124 I 06148 I 0el165 I 04190 I Qw212 *
10.0 % 0.055 1 0.090 1 0114 1 0.133 1 57160 1 57186 %
21290 % 0.038 1 0+085 1 0.087 1 0-105 1702133170716 %
21470 % 0.024 1 0.046 1 0.065 1 0e082 1707105 175713575
Z16+0 % 02015 1 0.032 1 0.049 1 0.064 1 07089 1 07118
Z718.0 % 0,010 1 0.022 1 0.036 1707045 1757072 17571007%
220.0 % 0,008 1 0.015 1 07026 1707057 1 57055 17070537%
3270 % 0.004 1 04011 1 0.019 1 0.025 1 07047 1 07071 %
224.0 % 0,002 1 04007 1 0s014 | 0s022 } 0037 17070557%
=2640 ¥ 05001 | 05005 | 0+010 1 05016 1 05030 1 0+049 %
2840 % 0,001 1 0.003 1 05007 1 0012 1 0.054 1 o70a1 %
230.0 % 0.001 1 0.002 1 02005 1757005 500197 0054
32.0 % 0,000 I 0.002 1 0-004 1707007 17520157 1757025 7%
~34,0 » 0,000 10,001 175,003 170,005 170,012 1 03073 +

F A H NN R R IR AW M AW R IR R RN RN

H

D-32



REFERENCES






REFERENCES

[l]"Summary Aeration Studies In Streams", Owens, M., Edwards,
R., Gibbs, J., Journal International Air and Water Pollu-
tion, Vol.8, 1964, p.469-48¢6

[2]"Mechanism of Reaeration in Natural Streams", O'Connor,
D.J., and Dobbins, W.E., Transactions, A.S.C.E., Journal
Sanitary Engineering Division, Vol.123, 1958, p.641l

[3]"Photosynthesis and Oxygen Balance in Streams", O'Connor,
D.J., and Di Toro, D.M., Journal A.S.C.E., Sanitary En-
gineering Division, April, 1970

[4]"A Study of the Pollution and Natural Purification of the
Ohio River", Streeter, H.W., and Phelps, E.B., Public
Health Bulletin #146, U.S.P.H.S., Washington, D.C., 1925

[5]"The Prediction of Stream Reaeration Rates", Churchill,
M., Elmore, H., Buckingham, R., Proceedings, A.S.C.E.,
Journal Sanitary Engineering Division, July, 1962

[6]"The Stream Flow Data Program in Iowa", Burmeister, I.L.,
U.5.G.S5. Report, 1970

[7]"A Proposed Stream Flow Data Program For Michigan", Bent,
P.C., U.S.G.S. Report, 1970

[8]"A Proposed Stream-Flow-Data Program for Montana", Boner,
F.C., and Buswell, G.W., U.S.G.S. Report, 1970

[9]"A Proposed Stream-Flow-Data Program for Tennessee", May,
V.J., Wood, G.H., and Rima, D.R., U.S.G.S. Report, 1970

[10]“A Modified Stream-Flow~Data Program for New Jersey",
McCall, J.E., and Lendo, A.C., U.S.G.S. Report, 1970



REFERENCES
(continued)

[ll]"Virginia Stream Flow Data Program Analysis", Nuckels,
E.H., U.S.G.S. Report, 1970

I12]"A Proposed Stream Flow Data Program for Missouri”,
Dkelton, J., and Homyk, A., U.S.G.S. Report, 1970.

[13]"Statistical Analysis of Drought Flows of Rivers of
New York State ", O'Connor, D.J., New York State
Department of Health Report, 1959

[14]“Water Quality Analysis of the Savannah River Estuary",

Inc., June, 1970

[15]"Water Quality Studies - New River", Celanese Corp.
of America, Celco Plant, Narrows, Virginia, Hydroscience,
Inc., December, 1966

[16]"Water Quality Studies II, New River", Celanese Corp.
of America, Celco Plant, Narrows, Virginia, Hydroscience,
Inc., December, 1967

[17]"Preliminary Report on Pollution Analysis of the South
and Lower Raritan Rivers, E.I. duPont de Nemours and
Company, and Hercules Powder Company, Hydroscience, Inc.
December, 1964

[18]"Pollution Analysis of the South and Lower Raritan Rivers",
E.I. duPont de Nemours and Company, Hydroscience, Inc.,
January, 1965

[19]"Water Quality Aanlysis of the Cape Fear River Estuary",
E.I. duPont de Nemours and Company, Hydroscience, Inc.,
July, 1966




REFERENCES
(continued)

IZOJ"Water Quality Analysis of the Delaware Estuary", Indus-
trial Participants, Consultant Project Technical Advis-
ory Committee, Delaware Estuary Comprehensive Study,
Philadephia, Pennsylvania, Hydroscience, Inc., April,
1966

[Zl]"Water Quality Analysis of the River Foyle {(Ireland)
Estuary", E.I. duPont de Nemours and Company, Maydown
Report, May, 1967

I22]"Nitrificatiom in the Delaware Estuary", Delaware River
Basin Commission, Trenton, New Jersey, Hydroscience, Inc.
June, 1969

[23]"Mathematical Models for Water Quality for the Hudson-
Champlain and Metropolitan Coastal Water Pollution Con-
trol Project", The Federal Water Pollution Control
Administration, Department of the Interior, Hydroscience,
Inc., April, 1968

[24]"Preliminary Report - Pollution Analysis of the South
and Lower Raritan Rivers", Hercules Powder Company,
with E.I. duPont de Nemours and Company, Hydrosicence,
Inc., December, 1964

[25]"Preliminary Estimate of the Effects of the Porposed
Sewage Discharge to Compton Creek", Middletown Township
Board of Health, Middletown, New Jersey, Hydroscience,
Inc., August, 1964

[26]"Analysis of River Water Quality and Wastewater Treatment
Alternatives ~ City of Montreal, Canada", City of
Montreal, Provence of Quebec, Canada, Eckenfelder, W.W.,
and Hydroscience, Inc., June, 1968

[27]“Analysis of Model Dye Dispersion Tests for LaGuardia
Airport Runway Extensions", Port of New York Authority,
Hydroscience, Inc., March, 1964




REFERENCES
(continued)

[28]"Preliminary Report = Water Quality Analysis of the Mohawk
River-Barge Canal", New York State Department of Health,
O'Connor, D.J., and Hydroscience, Inc., March, 1967

[29]“Water Quality Analysis of the Mohawk River-Barge Canal",
New York State Department of Health, O'Connor, D.J., and
Hydroscience, Inc., July, 1968

[30]"Pollution Analysis of the Upper Hudson River Estuary",
Malcolm Pirnie Engineers, Hydroscience, Inc., October,
1965

[3l]"Water Quality Analysis of the North Branch, Susgquehanna
River, Near Mehoopany, Pennsylvania", The Procter and
Gamble Company, Cincinnati, Ohio, Hydroscience, Inc.,
November, 19269

[32]"Analysis of the Effects on Water Quality of a Proposed

Fill Program in a Portion of Bowery Bay Within LaGuardia
Airport Boundaries", Port of New York Authority, Hydro-
science, Inc., October, 1970

[33]"Pollution Assimilation Capacity of the Lower Sacramento

River", County of Sacramento, California, Hydroscience,
Inc., April, 1964

[34]“Mathematical Model and Water Quality Analyses—Houston
Ship Channel", Galveston Bay Study, Texas Water Quality
Board, Tracor, Inc., Hydroscience, Inc., August, 1970

[35}"Report on Analysis of the Dye Diffusion Data in the
Delaware River Estuary, Evaluation of Diffusion Coeffi-
cients by Analog Computation", United States Public
Health Service Regional Office, Philadephia, Pennsylvania,
O'Connor, D.J., June, 1963




REFERENCES
{(continued)

[36]“Preliminary Report — Feasibility of the Potomac Estuary
as a Supplemental Water Supply Source", U.S. Army Corps
of Engineers, Hydroscience, Inc., March, 1970

{37]“BOD Assimilation Capacity of the Lower James River,
Virginia", State Water Control Board, Commonwealth of
Virginia, O'Connor, D.J., July, 1960

[38]“Analysis of the Upper James River by Analog Computation
Techniques", State Water Control Board, Commonwealth of
Virginia, O'Connor, D.J., August, 1963

'{39]“Assimilation Capacity of the Upper James River", State
Water Control Board Commonwealth of Virginia, Hydroscience,
Inc., August, 1964

[40]"Preliminary Report - Assimilation Capacity of the Jackson

River", West Virginia Pulp and Paper Company, (Westvaco),
O'Connor, D.J., with Hydroscience, Inc., June, 1962

[4l]"Preliminary Report - Mechanical Aeration of the Jackson
River", West Virginia Pulp and Paper Company (Westvaco)
O'Connor, D.J., with Hydrsocience, Inc., December, 1962

[42]Interim Report on Mechanical Aeration of the Jackson River",
West Virginia Pulp and Paper Company (Westvaco) Hydroscience,
Inc., May, 1964

[43]"Preliminary Evaluation of the ASsimilation Capacity of
the Cooper Estuary", West Virginia Pulp and Paper Company
(Westvaco) Charleston, South Carolina, Hydroscience, Inc.
August, 1965

[44]"Water Quality Analysis of the Jackson River", West Virginia

Hydroscience, Inc., September, 1967



REFERENCES
(continued)

[45]"Water Quality Analysis of the North Branch, Potomac River,
Near Luke, Maryland, West Virginia Pulp and Paper Company
(Westvaco) Fine Papers Division, Hydroscience, Inc.,
October, 1969

[46]“Waste Assimilation Capacity of the Ohio River, Requirements
for Control of Water Pollution and Expansion of Mill Creek
Wastewater Treatment Plant - Volume II", Malcolm Pirnie
Engineers, January, 1969

[47]"Water Quality Analysis for the Markland Pool of the Ohio
River, Malcolm Pirnie Engineers, Hydroscience, Inc.,
October, 1968

[48]“Preliminary Report = Feasibility of Waste Discharge to
Wappinger and Fishkill Creeks", Clinton Bogert Engineers,
Hydroscience, Inc., July, 1967

[49]"Census Bureau Advanced Population Report — 1970", U.S.
Department of Commerce, Bureau of Census, Advanced Series,
‘PC CVI)




