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CHAPTER I

PROBLEM DESCRIPTION

A major point of discussion and debate has evolved 
over the last several years regarding acceptable mechanisms 
for enforcing water quality legislation, in particular, 
water quality standards. Due to rising national interest 
and concern over the deterioration of many lakes and streams, 
the recent influx of proposed controls has been excessive, 
if not confusing as to practical feasibility. Widespread 
demands upon a limited water supply, e.g., municipal and 
industrial requirements, recreational and agricultural de­
mands , etc., have in turn created a complex web of pollution 
control demands now facing governmental enforcement agencies. 
The end result is that these agencies must devote a great 
deal of their time and efforts toward reviewing and develop­
ing programs designed to monitor the quality of lakes and 
streams--programs which are not only effective in detecting 
violations of existing pollution "thresholds", but which are 
also feasible within the resource constraints of the agency 
itself.

Recent legislation such as the Water Pollution Control 
Act Amendments of 1972 further illustrates the need for 
developing effective monitoring programs. This legislation 
is one attempt to attain national water quality objectives. 
For instance, it requires that water quality standards shall 
be established on all navigable waters of the United States. 
Clearly, the legislation itself is principally a statement 
of pollution control goals, rather than a specific mechanism 
for reaching those goals. The bridge between legislation 
and its objectives is the enforcement system, and effective 
programs for monitoring the quality of a water resource are 
necessarily an integral part of this system.

-1 -
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In order to make clear the exact goal of this research, 
it is first necessary to distinguish between monitoring the 
resource for detection of long-range vs. short-range shifts 
in water quality. In the former case the major concern is 
trends in water quality which may occur over several months 
or even years--trends which may be reflected in gradual 
changes in the physical , chemical and biological condition 
of a water resource. More specifically, it may be of in­
terest to detect long-term changes in such water quality 
parameters as temperature, dissolved oxygen, turbidity, or 
varieties of plant and fish populations occurring in a 
particular water body. In the latter case the primary con­
cern is with short-range effects of pollutional stresses 
on the physical, chemical, and biological composition of a 
water resource--those which may be seen as weekly, daily, 
or perhaps hourly shifts in water quality. Short-term 
exposure to hazardous conditions such as low dissolved 
oxygen concentrations or high concentrations of toxic 
materials can result in rapid fish kills or contamination 
to municipal water intakes. Here it is necessary to design 
the monitoring program for the purpose of detecting these 
rapid shifts in water quality.

The emphasis in this research is on monitoring for the 
detection of short-term water quality changes. The object­
ive of the investigation is to design and evaluate a sampling 
policy which will detect a required percentage of stream 
standard violations over a specified planning horizon. This 
approach attempts to utilize knowledge of the probabilistic 
nature of a pollutant concentration in obtaining the policy, 
thereby eliminating or at least reducing some of the wasteful 
sampling inherent in current monitoring practices. Today's 
state regulatory agencies may monitor a given water quality 
parameter by taking weekly or even monthly observations at 
random times on a particular stream. Although this approach 
may be useful in detecting a few isolated standard violations 
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over a comparatively long time period, it may also miss 
detecting a high percentage of unacceptable pollution levels 
which occur on a daily or hourly basis. Because, as pre­
viously discussed, such short-term fluctuations can result 
in irreparable damage to the biota of the stream, this 
type of sampling scheme may actually be ineffective for en­
forcing a specified standard.

Therefore it may prove advantageous to incorporate 
into the design of a monitoring program information concern­
ing the probabilistic nature of both natural and man-made 
waste loadings to a receiving water. These stochastic 
inputs may be used in conjunction with a model of the stream 
system to arrive at a probabilistic description of the water 
quality parameter of interest. In this sense the discharge­
receiving water system may be simulated. The generated 
pollutant concentration profiles may then be used as experi­
mental cases for evaluating the effectiveness of a proposed 
sampling policy. This is the approach taken in the following 
investigation. Initially a class of sampling policies re­
ferred to as probability threshold policies are proposed for 
monitoring the stream. Each represents a specific sampling 
condition--a threshold probability which, if exceeded, re­
quires an observation on the water quality parameter of 
interest. If, at any point in time (t = 0, 1, 2, ....,) the 
probability of a stream standard violation exceeds this 
threshold, a sample is taken. The required or "optimum" 
sampling policy is that which will detect at least a pre­
specified percentage of all violations at minimum cost. A 
subset of the single threshold polici es--the selected polic- 
ies--is then identified and each member of this subset is 
evaluated against the simulated pollutant profiles on the 
basis of detection capability and total cost over a given 
time period. The one which satisfies the definition of 
optimum is then selected.

It is intended that the methodology should be applicable 
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to a broad spectrum of pollutants. Although the following 
analysis is directed toward detection of stream standard 
violations for conservative^ materials, the basic principles 

involved are retained in application to monitoring of more 
complex non-conservative substances.

^Materials which do not decay 
leave the stream by means of settling

over time and do not 
or absorption.



CHAPTER II

LITERATURE REVIEW

Previous approaches to the design of water quality 
monitoring programs have focused primarily on the objective 
of detecting long-range changes in various water quality 
parameters. Additionally, these programs only deal with 
sampling policies that call for field observations to be 
taken at uniform intervals of time. Although there is 
evidence of a shift in emphasis toward incorporating inform­
ation concerning the probabilistic nature of pollution in 
program design, the need for employing this information in 
intensive monitoring policies has been generally ignored. -

Loucks and Lynn (1966) investigated the use of mathe­
matical models for predicting the probability distribution 
of dissolved oxygen downstream of a wastewater treatment 
plant. The authors treat daily streamflows as a first-order 
Markov chain while using the oxygen-sag equation (Streeter 
and Phelps, 1925; Camp, 1963; Dobbins, 1964) to estimate 
dissolved oxygen concentrations for 1, 2, and 3 consecutive- 
day periods. However, rather than applying the results in a 
violation detection scheme, the information is used to derive 
a schedule of sewage treatment efficiency which would reduce 
the probability of low water quality levels occurring over a 
given length of time. The question of how to schedule sampl­
ing of the stream for detection of quality standard violations 
is not answered.

A more direct application of stochastic inputs to 
mathematical stream models in the area of water quality 
control was made by Ward (1973). The analysis focuses on a 
set of seven specific objectives of pollution prevention and 
abatement, the data requirements for attaining each objective, 
and an economic comparison of the types of sampling available

- 5 -



- 6 -

for obtaining this data, i .e. , automatic monitoring, remote 
sensing and grab sampling. In particular, two specific 
designs for surveillance of water quality are investigated. 
The design for obtaining "base-level" or long-range trend . 
data employs a surveillance network simulation model 
(Vanderholm,1 972) for generation of water quality data 
according to known characteristics, e.g., monthly mean and 
standard deviation. A large set of arbitrary sampling 
frequencies are then evaluated on the basis of their ability 
to estimate the original characteristics of the given 
quality parameter and the associated cost of sampling. In 
the second case the primary concern is sampling for detec­
tion of short-term water quality fluctuations. Again, the 
simulation model is used to generate a series of "pollution 
events" or stream standard violations at random times and 
locations along a given reach of stream. A detection inter- 
val--a time period during which a sample must be taken for 
violation detection--is calculated by means of an equation 
developed by Glover (1964). With the detection interval 
specified for each pollution event, a set of arbitrary 
sampling frequencies are then tested as to detection capa­
bility and cost over a specified planning period.

One disadvantage of this approach is its failure to 
address the question of what specific policies should be 
considered for sampling, i.e., what are the sampling inter­
vals for each policy? are these intervals uniform or 
variable? how are they determined? etc. The problem of 
developing an organized approach to the design of an effec­
tive and efficient sampling schedule remains unresolved. 
Also, no consideration is given to individual stochastic 
pollutional loadings and how they effect the probabilistic 
nature of the violation process.

Blackman and Proschan (1959) have researched the 
problem of scheduling looks for objects having unknown 
arrival times, and have applied principles of search theory 
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to arrive at an optimum solution. The arrival of objects 
(violations) is assumed to be a poisson process. The 
authors show that when looks are confined to a single posi- 
tion in space, the ideal sampling frequency is at uniformly 
spaced times. For the case in which the objective of the 
search is to mi mi mi ze the expected delay between the 
arrival of an object and its detection, the optimum frequency 
of scans is proportional to ((p^/t^)(1/P. - 1/2) )1, where 

p.. represents the probability of an object arriving at 
position i given it is present, t. represents the time re­
quired for making an observation at position i, and P 
represents the probability of detecting the object with a 
single look at position i. Although a unique and optimum 
sampling frequency for target detection is derived, the 
underlying assumption that the arrival process is poisson 
can lead to difficulties in application to detection of 
environmental phenomena. The approach is most useful when 
continuous up-dating of information regarding the violation 
process is not possible. However, in cases where inputs 
effecting the process are known or can be closely approxi­
mated, e. g ., streamflow and its effect on pollutant con­
centrations in a stream, the information should be used in 
scheduling observations.

Spectral analysis has been suggested as a mechanism 
for determining optimum sampling intervals for monitoring 
the quality of a water resource (Gu nnerson, 1 966; Wastler, 
1969). A record of water quality data is analyzed by 
various statistical techniques until "the maximum under­
standing or insight is developed". Subsequently the 
quantity of data originally present is iteratively reduced 
until further reduction results in a data record which is 
inadequate for understanding the behavior of the phenomena. 
At this point the sampling interval is at its optimum.

Although analysis of power spectra may be useful in 
the design of various data acquisition systems, its applica­
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tion as a tool for detection of specific pollution events 
has been challenged. Beckers et al. (1972) cite the follow­
ing arguments :

"The spectral approach can provide information 
about the 1 goodness1 of a particular sampling 
rate at portraying the original process. It 
cannot provide information about the ability 
of a sampling scheme to detect particular 
conditions of that process, such as a viola­
tion condition. This limitation is due to the 
elimination of phase information in the 
computation of the power spectrum.

Thus, while the spectral approach is an 
excellent means of designing sampling systems 
to portray the full variation of the original 
process, it is not useful in designing 
sampling systems to detect only discrete 
states of the original process.

A sampling scheme designed on the basis of 
spectral methods may detect violations, of 
course . There i s, however, no way of 
measuring the likelihood of such detection 
using the spectral method. Even if sufficient 
water quality data were available to allow 
system design based on spectral methods, 
application of those methods to design of 
systems solely to detect water quality vio­
lations is not a preferred approach."

The value of spectral analysis is in its ability to charact­
erize the probabilistic nature of a pollutant or pollutional 
loading. In this sense it may provide an effective means of 
designing data acquisition systems to understand the para­
meters of various environmental phenomena.

Another technqiue of modeling water quality data makes 
use of the Box-Jenkins method of time-series analysis (Huck 
and Farquhar, 1974). This approach is time-based rather 
than frequency-based. A model of an enviornmental process, 
e.g., chloride concentration, is developed by expressing a 
time-series of data as output from a linear filter receiving 
a random input and consisting of one or more transfer func­
tions in series. The model design contains three distinct 
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stages. The first is model identification. Knowledge of 
the autocorrelation function and partial autocorrelation 
function is required to decide which model (autoregressive, 
moving average, autoregressive-moving average, autoregress­
ive integrated moving average) is most applicable in any 
given case. In the second stage, maximum likelihood estim­
ates of the model parameters are derived, e.g., the order 
of the model. The final stage of model building consists 
of diagnostic checks to validate the proposed model and to 
suggest possible modifications.

In spite of the fact that the Box-Jenkins method has 
had limited use in the field of water quality control, it 
represents a powerful tool which must be given more con­
sideration in the future. The method is capable of producing 
good forecasts over selected lead times--a necessary 
ingredient for an effective water quality monitoring program. 
The present application by Huck and Farquhar does not 
address the problem of rapid detection of stream standard 
violations based upon a known damage function for delay to 
detection. However, the technique may be applicable to 
this particular objective of water quality monitoring. The 
Box-Jenkins method employs knowledge of the sequential 
dependence of a time series in deriving the forecast, there­
by taking advantage of the statistical relationship between 
data points. Although the analysis presented in the follow­
ing research uses the water quality forecast from a deter­
ministic mathematical model to arrive at sampling times 
directly, it is noted that the degree of autocorrelation 
between pollutant observations is neglected. It is suggest­
ed, therefore, future research should be directed at the 
application of this technique to the problem currently under 
i nvesti gati on .

Recently the design of sampling programs based upon 
estimation theory and the analysis of uncertainty has been 
investigated (Moore et al., 1974). In this approach the 
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empbasis is on sampling policies used to obtain input data 
to a mathematical model of a given water resource. A policy 
is evaluated on the basis of the resulting uncertainty in 
predicting the state of the resource, e.g., its trophic 
condition. Three types of uncertainty are explored: 1) un­
certainty from errors in data due to sampling techniques;
2) uncertainty due to incomplete measurement of temporal 
and spatial water quality variables; and 3) uncertainty due 
to the natural probabilistic nature of the water quality 
phenomena. Moore et al. use this approach in analyzing the 
capability of various sampling frequencies to assess the 
trophic condition of an impoundment, in particular, the 
authors stress the advantages of estimation theory as a 
means of evaluating the adequacy of a sampling program. By 
lookinq at the trade-offs involved in increased sampling 
frequency versus reductions in uncertainty of prediction, 
policies may be systematically modified and improved as data 
is collected. This technique is shown to be advantageous 
for detecting long-range trends in a water quality parameter. 
Consideration is only given to policies which call for 
relatively infrequent sampling--between four and twelve 
observations per year. Therefore the value of this method 
in designing programs requiring intensive sampling for de­
tection of short-term variations is not clear.

Moore (1973) has also investigated the problem of 
optimizing sampling intervals for water quality monitoring 
of streams through the application of filter theory. In 
short, observations from a dynamic water quality model and 
actual field measurements are assumed to represent independ­
ent estimates of the state of the receiving water. This 
information is then combined and weighted accordinq to rela­
tive levels of prediction uncertainty. The filter output 
then produces an improved state estimate and predicted 
uncertainty associated with this new estimate. The objective 
of this application is to arrive at a least-cost sampling 



strategy (in time and space) which will satisfy the 
specified constraints of the maximum allowable uncertain­
ty in the state estimate.

The linear filter approach to determining sampling 
times for detection of water quality standard violations 
seems to possess many advantages over traditional sampl­
ing procedures. The technique incorporates information 
concerning random fluctuations in the variables effecting 
the state of the system, as well as the uncertainty 
associated with both system and measurement estimates. 
Although the methodology requires an assumption that 
the problem can be treated as linear, the overall 
formulation of the objective function and constraints 
seems to provide a unique and effective mechanism for 
sampling policy design. However, a few possible 
difficulties of the linear filter approach should be 
di scussed.

The particular application discussed above does 
not include penalty costs for delays to detection of water 
quality standard violations. The efficiency of the filter 
as a tool in forecasting water quality is based upon 1) 
fixed costs of sampling 2) a variable cost dependent on 
the number and type of variables measured. Unfortunate­
ly , any penalty cost for delay to violation detection is 
neglected. For this reason the allocation of sampling 
resources is not directed toward the detection of the 
violation condition as much as it is toward accurate 
measurement of all conditions. The objective of the 
sampling strategy would shift if a penalty cost for detect 
ion delay were included.

The other disadvantages of the filter approach are 
1) the necessity of an extensive data base for input to 
the filter and 2) the high computer costs associated with 
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the dimension of the state vector. These problems are 
discussed in greater detail in Moore's investigation of a 
simulated receiving water system.

Arnold (1970) has studied the problem of scheduling 
observations by treating the sampling procedure as a 
Markov process. In this approach water quality is classi­
fied by various levels of acceptance and a specified 
sampling interval or delay is associated with each level. 
A mathematical model of a stream is used to estimate the 
probability distribution for the parameter of interest. 
The parameters of the distribution define the individual 
probabilities of an observation falling into any given 
quality level. A graphic representation of this type of 
sampling plan is shown below:

ir IT

FIGURE 2-1

?r

where r. = probability of observing the water 
1 quality parameter at level i.

x. = boundary for iacceptance level.

d. = sampling delay associated with i
1 acceptance level.

The author derives a set of sampling plans for monitoring 
the concentration of dissolved oxygen in a stream. The 
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deviations of DO about the expected value (from the mathe­
matical model ) are assumed to be normally distributed with 
known mean and variance. By varying the values of the 
d.1 s, the expected sample size over a one year period can 
be immediately calculated for each feasible plan. Plans 
may then be selected prior to sampling on the basis of 
2 criteria: 1) expected sample size over a given time range 
and, 2) probability of sampling within a specified number 
of time units.

A major advantage of this approach is that it address­
es the problem of effective allocation of sampling resources. 
The use of a variable sampling delay reduces excessive 
sampling during periods when water quality levels are with­
in acceptable limits, thus providing a more efficient 
overall monitoring program. On the other hand, the major 
drawbacks of this method should also be discussed.

The first of these regards the selection of the 
sampling delays (d/s). The method of selecting an opti­
mal policy requires enumeration of all possible combina­
tions. This may become a most difficult task in treating 
complex systems. Secondly, the analysis fails to consider 
the penalties associated with an undetected violation 
level or the delay to detection. The author only suggests 
that the probability of sampling within a given number of 
time units should be a criterion for policy selection. 
The question of what constitutes a best or "optimum" policy 
is not discussed.

The need for establishing a definitive basis for 
sampling policy evaluation and selection has been recogniz­
ed. Beckers et al . (1 972) and Beckers and Chamberlain 
(1974) use an effectiveness rating (M) as a means of 
analyzing sampling programs. This effectiveness rating is 
defined as the ratio of the expected number of violations 
detected to the expected total number of violations for a 
given time period. The methodology is given extensive 
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dlscussion in Appendix C. Sampling frequencies derived 
from this technique are analyzed in Chapter 5.

A very recent study has been made of sampling proced­
ures applied to monitoring the quality of effluent sources 
(Cohen et al., 1975). The method uses compliance and 
self-monitoring data from each source to establish a 
statistical description of the effluent standard violation 
process. This information is then used to set priorities 
regarding the order and frequency of sampling the various 
sources. Those having a high probability of violation and 
a large expected environmental damage are sampled first. 
The environmental damage or cost of undetected violations 
at a given source is a function of 1) the expected fre­
quency of a standard violation, 2) the expected magnitude 
of the violation, 3) the toxicity of the pollutants, and, 
4) the assimilative capacity of the receiving water at 
the discharge points. A maximum marginal return algorithm 
is used to obtain the optimum allocation of monitoring 
resources, i.e., that which minimizes the expected cost of 
undetected violations.

Cohen et al. recognized the need to consider the 
probabilistic nature of the violation process when design­
ing a monitoring network. Their work reflects the benefits 
to be derived from statistical analysis of limited field 
data as a tool in deriving and evaluating monitoring pro­
grams. However, a few drawbacks of this particular 
treatment deserve discussion.

As previously mentioned, a criterion for acceptability 
of any given sampling policy is expected damage to the 
stream, where damage is shown to be a direct function of 
streamflow. In estimating the damage function, the authors 
suggest using the minimum average monthly flow over the 
months in the monitoring period. Therefore the random 
nature of streamflow is essentially neglected in obtaining 
an optimum allocation of sampling resources--a condition
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which may result in reduced monitoring efficiency. 
Certainly the allocation which optimizes sampling effect­
iveness under low-flow conditions may differ significantly 
from the best allocation for high-flow conditions. The 
variability of streamflow should not be excluded from the 
allocation design without risking inaccurate damage estim­
ates .

A second problem concerns the exclusion of time as a 
parameter in the analysis. For example, the optimum 
number of samples to be allocated to a particular effluent 
source is derived, but no means of selecting specific 
sampling times is given. This fact is a result of the 
condition that damage is assumed independent of time to 
detection. Thus, if an effluent source is found to be in 
violation of a standard at any time during a given monitor­
ing period, the cost or damage for that source is considered 
zero. This assumption removes the need to consider the 
temporal variablility of the violation process as a critical 
parameter in determining the optimal resource allocation. 
Again, this exclusion can lead to an over-simplification of 
the monitoring problem.

The use of linear programming has been examined as a 
tool for obtaining water quality control. Anderson and 
Day (1968) studied five different regional treatment polic­
ies as a means of reducing treatment costs while adhering 
to existing river standards for dissolved oxygen. A linear 
programming formulation was used to derive optimum treat­
ment levels for various waste sources on the Miami River. 
Revelle et al. (1967) followed a similar approach, employ­
ing a linear programming model based on the oxygen-sag 
equation to obtain the degree of treatment required of 
each effluent source. Treatment costs are minimized within 
the constraints of required water quality levels.

Although the above approaches may be effective in 
coordinating stream standards and required waste treatment 
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levels, they do not address the problem of how to monitor 
the resource for detecting violations of these standards. 
Water pollution legislation such as the Water Pollution 
Control Act Amendments of 1972 require that both effluent 
standards and stream standards be used as a means of 
obtaining overall water quality objectives. However, they 
should not be viewed as enforcement mechanisms. Stream 
and effluent standards are examples of national efforts to 
quantify pollution. In essence, they serve as a "speed 
limit" in controlling water pollution traffic, i.e., 
they can only function as a notice to those who use the 
resource that quality thresholds or limits are in effect. 
Enforcing the limits through violation detection then 
becomes a new problem, and it is toward this area that 

the following research is directed.



CHAPTER III

SAMPLING POLICY DESIGN AND EVALUATION

Predicting the response of a complex environmental 
system to a given set of pollutional stresses can present a 
difficult problem. If the particular policy for monitoring 
a stream is to depend upon the probabilistic nature of a 
specified water quality parameter, a means of response 
estimation must be an integral part of the policy design.

z
f (UC)_____  I
Q(t) 'Cj(t) Cj(t) ------- - CN(t)|SS

FIGURE 3-1

Figure 3-1 illustrates a stream receiving the waste discharges 
from a series ofNpoint-sources. Each source j discharges 
according to a known probability distribution f( x), where 
x represents the mass loading of pollutant (mass/time). In 
addition, the background concentration of the given pollutant 
has a density function f(UC) and the streamflow entering the 
system at the upstream boundary varies over time. A concen­
tration threshold or stream standard SS is in effect at 
position 1 on the stream. As previously stated, the objec­
tive of this research is to derive a sampling policy which 
will detect, at position I, at least a specified percentage 
of all stream standard violations at minimum cost. It will 
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be shown that in order to accomplish this objective, know­
ledge of the probabilistic nature of C^(t)--the concentra­
tion of material in the stream at position Z - -1 s required.

The Probability Threshold Policies
As a means of attaining efficient allocation of avail­

able resources, a sampling policy is desired which will call 
for observations at times when the likelihood of a stream 
standard violation is high. At the same time the policy 
will have an associated risk of not sampling when a viola­
tion is actually occurring. The advantage of this approach 
is that it attempts to concentrate field observations in 
periods of high violation probability to avoid wasteful 
sampling. In other words, the increase in overall detec­
tion efficiency offsets the risk of a missed violation. 
For this reason the form of the sampling policies consider­
ed in the present investigation is based upon the violation 
probability at the specific points in time. In the follow­
ing analysis time is divided into discrete time units such 
that samples may only be taken at times t = 0, 1, 2, .... 
A probability threshold policy is defined as follows: 

If, at any point in time, the probability 
of a stream standard violation (p) exceeds 
a threshold probability P, a sample is 
taken.

In other words, samples are taken at those times for which

p = PtCN(t) > SS] > P

It can readily be seen, therefore, that the decision on 
whether or not to make a water quality observation depends 
upon the probability description of the stochastic process 
cN(t). .

A probability threshold policy is defined by its 
associated violation probability threshold P. Obviously the 
total number of policies investigated must be limited to 
some manageable quantity while covering a wide range of 



-19-

possi bl e violation probabilities. In the analysis which 
follows the policies considered cover values of P from .01 
to .50. Therefore the most intensive sampling policy in­
cluded is one which calls for sampling at those times for 
which P = .01. Similarly, it is assumed that the maximum 
value of P would never exceed .50 in actual practice. The 
specific range of P covered in the subset of the probability 
threshold policies is left to the discretion of the user. 
For clarity, this subset will always be referred to as the 
selected policies.

It is also necessary to emphasize that the family of 
sampling policies investigated here is only one of an i n- 
finite set of possible strategies for monitoring a stream. 
It is therefore possible that more effective policies do 
exist than those that follow. However, the present set of 
policies attempts to utilize information concerning the 
nature of all definable pollution sources in the determina­
tion of specific sampling times. In this manner a more 
effective allocation of sampling resources may be obtained 
than if this information is neglected in the design of the 
monitoring program. On the following page, a schematic 
representation is shown of the terminology applied to the 
various policies.

The Optimum Sampling Policy
Given the selected sampling policies, the optimum 

policy is selected on the basis of two criteria:
1) Probability of stream standard violation 

detection
2) Total cost over a given planning period. 

More specifically, the optimum policy will be defined as 
the selected sampling policy which will detect at least 
X percent of the stream standard violations at minimum cost 
over the planning period. Evaluating each selected policy 
on the basis of these two performance criteria requires 
either 1) historical data for the water quality index of
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SAMPLING POLICIES

Optimum Policy

Selected policies 
for evaluation

Probability Threshold 
Policies

All possible policies 
for stream sampling

interest, or 2) simulated profiles for that index. Because 
extensive historical data is often not available, selected 
policies are evaluated using simulated water quality pro­
files.

Chloride as the Index of Pollution
The concentration of chlorides in the stream is used 

throughout this research as the water quality index of 
interest. Reasons for the selection of chlorides are given 
below.
1 . Chlorides are conservative in nature, i. e., they do 

not decay over time and do not leave the stream by 
means of settling or absorption.

2. The mathematical representation of the time rate-of 
change of chlorides in a stream is less complex than 
for non-conservative materials.

3. The concentration of chlorides is easily and accurately 
measureable.

4. Chlorides are commonly measured in existing monitoring 
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programs, i.e., some historical chloride data is 
usually available.

As previously discussed, the primary goal of the research 
is the development of a sampling methodology which can be 
applied for detection of violations with respect to both 
conservative and non-conservative pollutants. The present 
investigation illustrates the sampling policy design 
approach in the conservative case, but the technique is 
intended for application to a wide variety of contaminants. 
It is felt that further research into specific considera­
tions and problems arising in the application to more 
complex materials is justified.

Violation Definition
Two different definitions of violation employed in the 

analysis of the selected policies. These definitions are 
11sted below. 
Definition 1 : A violation occurs whenever the chloride 

concentration crosses the stream standard 
SS into the violation region. In this 
sense it may be considered a point event. 
The length of the violation is given by 
the time period until the chloride con­
centration again crosses the water quality 
threshold. This definition of a stream 
standard violation will always be referred 
to as either a vj^J_atj2ILJ9JLjULi2111L2IL 
event.

Definition 2 : A single violation of a stream standard 
SS occurs any time the chloride con­
centration is equal to or greater than 
the given threshold. This definition 
will always be referred to as either 
a violation period or violation time.

Inspection of Figure 3-2 illustrates the difference between 
the two definitions. The chloride profile contained in 
Figure 3-2 contains a total of 2 violation events and 5 
violation periods. The standard SS is first crossed at 
3 P.M. At 6 P.M. the standard is again crossed, constitut­
ing a single 3-hour violation event. A second violation 
occurs over the time period from 8 P.M. to 10 P.M.--a 2 
hour violation event. On the other hand, the same chloride
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profile contains a total 
5 hours during which the 
exceeded.

of 5 violation periods, i.e., 
stream standard is equalled or

SS

I_____

L-

2PM 3PM 4PM 5PM 6PM 7PM 8PM 9PM 10PM
time (hrs.)
FIGURE 3-2



CHAPTER IV

A HYPOTHETICAL SYSTEM

The complex and dynamic nature of many environmental 
systems prohibits exact determination of their response to 
known inputs. For this reason it is necessary to approxi­
mate the response by formulating a model of the system, 
using the model as a means of transforming given inputs into 
an expected output. A mathematical statement is used to 
represent the manner in which the system reacts to natural 
or man-made pollutional stresses. In this way the physical 
characteristics of a receiving water can be broken down 
into a set of equations which describe the spatial and 
temporal effect of these stresses.

Once the mathematical model of the stream is derived 
and validated, the next step in evaluating the stochastic

W(t)

waste 
inputs

STREAM MODEL

Eouations

time
water quality 

profile 

FIGURE 4-1
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nature of the stream response is experimentation with the 
model over time. In this sense the discharge-receiving 
water system is simulated (Naylor et al., 1967). A comput­
er program is used to evaluate the model output over time 
for a given set of system parameters and realizations of 
the stochastic input variables. The resulting data is then 
analyzed to determine specific sampling times for the 
probability threshold sampling strategies.

The first case investigated is an idealized system 
for which the characteristics of the stream and the waste 
loadings are known exactly. The mathematical model is 
assumed to be an exact representation of material dynamics 
in the stream. Similarly, the probability function and 
associated parameters which describe the waste-loading from 
each point-source are known explicitly. A schematic re­
presentation of the discharge-receiving water system is 
shown below.

Plant 1

Q
UC

FIGURE 4-2

Plant 3

SS mg/l85

C z

Time is treated as discrete 1 hour time units. Historical 
chloride loading data for the three plants is available 
at 2 hour intervals (M, 2 AM, 4 AM........... , 10 PM).
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The data reveals that the chloride loads from each point­
source i follow a normal distribution with mean p. and 

2 1
variance . These distribution parameters change over 
time according to the following pattern :

TABLE 4-1

MID - 6 AM 8 AM - 2 PM 4 PM - 10 PM

Plant 1 N( 5,5) N(20,20) N(10,10)
Plant 2 N(10,8) N(25,20) N(12,10)
Plant 3 N(15,15) N(15,15) N(15,15)

The notation N(Pp c. ) implies that the chloride load 
from Plant 1 is normally distributed with mean p. and variance 

2 1
. The mean load from two of the sources shifts with 

time in a manner which might be expected from the typical 
operating schedule of many industrial plants. Industries 
often operate over three distinct shifts, with the morning 
shift having the greatest production load. Of the 3 plants 
discharging to the receiving water, Plant 2 has the highest 
average daily chloride load associated with its effluent. 
Plant 1 has the lowest. As can be seen from the discharge 
patterns given in Table 4-1, the highest average chloride 
loading to the stream occurs during the interval from 8 AM 
to 2 PM. The chloride load from each plant at odd time 
points (1 AM, 3 AM, 5 AM..., 11 PM) is assumed to be an 
average of the loads at adjacent points in time. Therefore 
the chloride load at 3 PM is the average of the load at 
2 PM and 4 PM. Figure 4-3 below shows a typical loading 
pattern from Plant 1 between the hours of midnight and 
10 AM.

At loacation Z on the stream (downstream of all 3 
point-sources) a stream standard for chlorides is in effect. 
The standard states that the concentration of chlorides in 
the receiving water at Z may never equal or exceed 85 mg/&.
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f = N(5,5) f = N(20/ 20)

M 1AM 2AM 3 AM 4AM 5AM 6 AM 7 AM 8AM 9AM 10AM
time

FIGURE 4-3

The objective is to find the optimum allowable selected 
policy for monitoring the stream at position 1.

The Selected Sampling Policies
Before proceeding with the derivation of the stream 

model, the sampling policies to be considered in the in­
vestigation are defined. On the following page is a list 
of the 9 selected policies for sampling the receiving water. 
All input variables to the stream model except the three 
point-source chloride loadings are assumed to be constant 
over time. The sampling policies may be viewed as fixed­
time policies, i.e., each day samples are taken at the 
same time as derived from the simulation analysis. A 
formal statement of a sampling policy is then given as 
fol lows :

If, at time t, the estimated probability of violation 
Prob. (C(t) > 85 mg/A) exceeds P, a chloride sample is 
taken. Otherwise a sample is not taken.

The Stream Model

The stretch of receiving water under investigation 
is broken up into a series of 25 sub-reaches as shown in
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TABLE 4-2

Policy No. Stream Standard (mg/£) P

1 85 .01
2 85 .05
3 85 .10
4 85 .15
5 85 .20
6 85 .25
7 85 .30
8 85 .40
9 85 .50

Figure 4-4. The time rate-of-change of chloride in each 
sub-reach is then approximated by means of a differential 
equation derived below. Mass transport in each stream 
segment assumes complete-mixing in the water volume, i.e., 
homogeneous properties throughout the sub-reach.

The differential equation which describes the time 
rate-of-change of the chloride concentration in the i

P3

uc

2

15 16 17 18 19 25

Pl P2

25<1 J 15

FIGURE 4-4
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TABLE 4-3

LIST OF SYSTEM PARAMETERS 

o
E = .10 mi. /day q = 1OOO ft.
A = 100 ft? = 500 ft.

UC = . 2.0 mg/& = 500 ft.
Q = 200,000 ft?/day £]3 - £25 = 400 ft.

segment is given below:

3^' = viCi-l ~ h) + vÿ + VTL^I-l ■ Ci> *

(4-1) 
where
C. - chloride concentration in the i stream segment at 

1 time t (mg/&)
Q = streamflow (volume/time)
W. = point-source chloride load to the i^ segment at time 

t (mass/time) 2
E = dispersion coefficient for the system (distance /time) 
A = cross-sectional area of stream 
a. = length of the 1th segment 

1 XL
L. = characteristic length of the 1 segment 

(*i-1 + %i)/2
Vj = volume of the i1 segment (a^ • A)

It should be noted at this point that the mathematical 
model given by Equation (4-1 ) is a simplified representation 
of material transport in the receiving water. A derivation 
of a more sophisticated model is given by Thomann (1972). 
The present model does not weight the concentration at the 
segment interfaces by a linear interpolation between con­
centrations in adjacent segments. Although under appropri­



-29-

ate conditions the interface interpolation is recommended, 
the model used here is valid and assumed to provide an 
accurate description of material transport in the stream 
under investigation. In particular, the model employed 
in the present case is a special case of the generalized 
Thomann equation (6-27). The weighting factor at the 
interface is assumed to be unity for the upstream concen­
tration and zero for the downstream concentration. This 
is referred to as a backward difference approximation of 
the derivative given in the Thomann equation. Equation 
(4-1) states that the time rate-of-change of chlorides 
in the isegment is a function of three phenomena : o 

1) the amount of chloride advected into and out 
of the segment due to the flow in the stream.

2) the amount of chloride entering the segment 
from point-source loads.

3) the amount of chloride entering or leaving 
the segment due to dispersion.

Because the most upstream and most downstream segments 
are boundary segments (each having a single adjacent sub­
reach) , these two segments have unique differential 
equations associated with chloride transport.

Upstream boundary segment:

= v/uc-C]) + $1 + ^^^i) + <4-2)

Downstream boundary segment:

at25 = V, (C24- C25> + 7” + , (c24 - C25) (4-3)
Zb Zb Zb Zb

In Equation (4-2) the chloride concentration upstream of

2
Material advected into the cell refers to 

material carried into the cell by means of river flow. 
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segment 1 is assumed to be a boundary constant (UC=2 mg/&). 
Additionally, the level of dispersion of material at the 
upstream boundary is a function of the actual segment 1 
length rather than an average characteristic length. Equa­
tion (4-3), which describes the time rate-of-change of 
chloride in the downstream boundary segment, contains only 
a single dispersive term. Thus it is assumed that there 
is no transport of material into or out of the stream 
system due to dispersion at the downstream boundary. This 
approach was used to simplify the overall analysis by 
eliminating the need to consider a specific downstream 
boundary condition. The assumption is not recommended in 
cases where field observations are available for accurate­
ly estimating a downstream boundary condition.

This system of 25 ordinary differential equations 
is the resulting model for describing the transport of 
chlorides in the hypothetical receiving water. The 
technique of solving these equations for the chloride con­
centration at any given time employs an Adams-Falkner 
predictor-corrector method. The algorithm, referred to 
as DVDQ, was written in 1969 by Fred T. Krough at the jet 
propulsion laboratory in Pasadena, California. The numeri­
cal technique employs a discrete set of vectors to approx­
imate the solution at some time t. A multi-step approach 
is used which computes successive realizations of the 
vector set. Each member is evaluated as a weighted sum of 
previously computed vectors and their derivatives. A local 
error is specified to control the stepsize used in the 
integration procedure while the solution to the system of 
differential equations is given at user-specified points 
(times).

The model was checked by performing a steady-state 
mass balance on the entire system, i.e., at steady state 
the total amount of chloride entering the stream must 
equal the amount leaving. Each equation of the form
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5T1 * + + vTu/^-r^1 +
is rewritten as (at steady state Vj j—i = 0)

-Q-P 
Li

Ci-1 + Q + p 
Li

EA 
U Ci +

EA
‘ L4. "iC

(4-4)

A tri-diagonal matrix of coefficients for Cand 
Ci+1 is obtained and the inverse of this matrix is referred 
to as a steady state response matrix. A Gaussian elimin­
ation algorithm was used to perform the matrix inversion. 
The receiving water system shown in Figure 4-2 was 
analyzed ; the system parameters and resulting steady-state 
solution are given in Table 4-4. The total amount of 
chloride (in 1bs/day) entering the system can be written 
as :

“entering = "C - Q + WC1 + ^2
= 1032.79 1bs/day (4-5)

Similarly, the total amount of chloride leaving the system 
at steady state is given as :

• C (25 )*Q + & (C (1) - UC)
M 55 *1
leaving 

= 1032.79 1bs/day (4-6)

Because the values of Wentering and ^leaving are in 
agreement within .02%, the system of differential equations 
is accepted as valid. As a further check, however, the 
steady-state solution obtained from the computer algorithm 
(Appendix G) was also compared to the matrix inversion 
result. It can be shown that the time required for a 
system to reach 99% of steady state conditions is approxi­
mately 4.6 times the average retention time (^p* ) for 

the system. In the present case the average retention
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TABLE 4-4

Steady-State Chloride Cone.1s (mg/1) 
Stream Model

for 25 Segment

System Description:
2 A = 100.0 ft. LOAD1 = 15 WC1 = 14.0 lbs/hr
2E = 0.1 mi. /day LOAD2 =16 WC2 = 14.0 lbs/hr

Q = 200000 ft./day LOADS = 18 WC3 = 14.0 lbs/hr

REACH LENGTH (ft.) UC = 0.0 UC = 2.0

1 1000. 0.0424 2.0424
2 1000. 0.1153 2.1153
3 1000. 0.2404 2.2404
4 1000. 0.4553 2.4553
5 1000. 0.8243 2.8243
6 1000. 1.4580 3.4580
7 1000. 2.5465 4.5465
8 1000. 4.4157 6.4157
9 1000. 7.6260 9.6260

10 1000. 13.1392 15.1392
11 500. 20.2406 22.2406
12 500. 27.5222 29.5222
13 400. 36.4263 38.4263
14 400. 46.8961 48.8961
15 400. 60.3704 62.3704
16 400. 69.9911 71.9911
17 400. 74.6523 76.6523
18 400. 80.6511 82.6511
19 400. 80.6511 82.6511
20 400. 80.6511 82.6511
21 400. 80.6511 82.6511
22 400. 80.6511 82.6511
23 400. 80.6511 82.6511
24 400. 80.6511 82.6511
25 400. 80.6511 82.6511
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time can be calculated as

25

^et - V ■
& H ?
i-1 _ 1620000 ftJ Q . .

Q 2000000 ftJ/day = 8.1 days

Therefore the time to steady state (t*) is

t* = 4.6(8.1 ) = 37.26 days ; = 894 hours 
Rather than waste the computer time required to run the 
program over an 894-hour period, an alternative approach 
was used to check the computer algorithm. The steady­
state output obtained by the matrix-inversion method was 
fed into the computer program as the initial condition for 
the stream model. The program was then run over a reduced 
100-hour period to observe if the system response at the 
end of the interval had changed. Table 4-5 gives the 
results of the analysis. The computer output after 100 
hours did not significantly change from the given initial 
conditions. It is therefore concluded that the computer 
algorithm provides an accurate solution to the system of 
ordinary differential equations.

An alternative check on the validity of the mathe­
matical model involves a comparison of steady-state model 
output with a zero dispersion coefficient to a known 
analytical solution. Assuming steady-state chloride loads 
of W -J » Wg and W$ for plants 1, 2, and 3, respectively, and 
an upstream background chloride concentration of UC mg/£, 
the chloride concentration in the stream between plants 1 
and 2 may be written 

c1 = |1 + UC

Similarly, the concentration between plants 2 and 3 at 
steady-state is 

W +W
C2 ' -V * UC
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Finally, the steady-state concentration downstream of all
3 plants may be expressed as

C3
W] + W? + w3

+ UCQ

A steady-state chloride load of 14.0 lbs/hr. for each of
the 3 plants is selected. The computer algorithm response
and analytical solution for each of the 25 stream segments
is given below:

Segment Computer Output Analytical Solution

1-14 2.0 2.0
15 28.9 28.9

16-17 55.8 55.7
18-25 82.7 82.6

Generation of Point-Source Chloride Loads
Once the stream model is derived and checked by means 

of a mass-balance, chloride loadings for each point-source 
are required for input to the model. As previously dis­
cussed , the probability functions describing the manner 
in which each plant discharges to the receiving water are 
known and given in Table 4-1. A random number generator 
is used to generate chloride loads from each plant accord­
ing to these appropriate probability distributions.

Simulation Output
A computer program called Deckfile (Appendix G) is 

used to solve for the chloride concentration at segment 
19 (Figure 4-4) of the stream model. The program employs 
DVDQ to integrate the system of 25 ordinary differential 
equations, and the solution to the equations is given at 
1 hour time intervals. Four replications or simulation 
runs supply the chloride data, each run consisting of 720 
output points. The first 120 hours of output data are 
ignored in the analysis, as these concentrations repre­
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sent a transient-state. During the first 120 hours of 
each replication, the simulation output is effected by 
the initial conditions of the system. These observations 
are therefore not representative of the true chloride 
response in the receiving water. The sesnitivity of the 
output to variations in the initial conditions was tested 
and the results are plotted in Figure 4-5. It can be 
seen that after approximately 120 hours the effect of the 
initial conditions on the chloride concentration at 
segment 19 is significantly reduced. Therefore the re­
maining 600 hours of output comprise the chloride data 
analyzed from each replication.

A single simulation run provides 25 chloride 
observations for each hour of the day. Thus the four 
replications provide a total of 100 observations for each 
hour. Constraints on computer time and available data 
storage space made this a convenient data base for 
analysis. Figures 4-6, 4-7, 4-8 and 4-9 show the result­
ing chloride response from the 4 simulation runs.

The output data is now used to determine the 
probability of a stream standard violation (C(t)^85 mg/s.) 
at each hour of the day. The probability of violation 
at time t (p%) can be estimated by Equation (4-7) below.

Pt = (4-7)

where

n^. = total number of times C 21 85 mg/£ at time t

N.*. = total number of observations at time t

Table 4-6 gives the resulting probabilities of violation 
for each of the four replications, as well as the overall 
average. A graphic representation of the data is shown 
in Figure 4-10.

The above probabilities provide the necessary in­
formation for exact definition of the selected sampling
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TABLE 4-6

PROBABILITY OF STREAM STANDARD VIOLATION 
(CHLORIDE STANDARD = 85 MG/L)

TIME RUN 1 RUN 2 RUN 3 RUN 4 MEAN

12M .200 .440 .120 .120 .220
1AM .160 .360 .080 .080 .170
2AM .120 .280 .000 .120 .130
3AM .040 .240 .000 .080 .090
4AM .040 .160 .000 .000 .050
5AM .040 .000 .000 .000 .010
6AM .000 .000 .000 .000 .000
7AM .000 .000 .000 .000 .000
8AM .000 .000 .000 .000 .000
9AM .000 .000 .000 .000 .000

10 AM .000 .040 .000 .000 .010
11AM .000 .040 .000 .000 .010
12N .000 .080 .000 .000 .020
1PM .000 .160 .000 .040 .050
2 PM .040 .440 .040 .040 .140
3 PM .080 .600 .120 .120 .230
4 PM .280 .640 .160 .240 .330
5 PM .400 .720 .320 .400 .460
6 PM .480 .720 .440 .440 .520
7 PM .400 .680 .400 .400 .470
8 PM .360 .680 .320 .360 .430
9 PM .320 .640 .280 .240 .370

10PM .280 .520 .320 .280 .350
11PM .200 .480 .200 .240 .280
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pol icies given in Table 4-2. The specific sampling times 
for each policy are indicated in Table 4-7. As an example 
of the difference among the plans, Policy 1 calls for a 
sample to be taken at each hour of the day except 6 AM . 
through 9 AM--a total of 20 observations per day. On the 
other hand, Policy 9 requires only a single chloride sample 
each day--that coming at 6 PM.

The Required Number of Simulated Observations 
Although the probability of violation p is presently 

based upon the analysis of 100 simulated observations, the 
policy designer will most often by concerned with two 
questions in deriving these probabilities:

1) What is the reliability of the violation 
probabilities given by the simulation?

2) What sample size or total number of simulated 
observations is required to obtain a specified 
reliability for these probabilities?

In attempting to answer the first question, Kleijnen (1974) 
suggests that confidence intervals on these probabilities 
may be constructed from the table of the binominal distri­
bution or from the normal approximation to the binomial 
distribution. Using the latter approach, a 95% confidence 
interval on the probability of violation at midnight is 
deri ved :

p{-14 < pM < .30} = .95

Therefore pM = .22 has a 95% confidence interval ranging 
from .14 to .30. This same technique can be used to ob­
tain a measure of reliability for each of the p given in 
Table 4-6.

The second question listed above presents a more 
complex probl em--a different problem for the policy design­
er. Suppose it is necessary to simulate enough chloride 
observations so that the value of p will be within c of p at 
the (1- ) confidence level: 

Prob. {|p - p| < c} = l-=.
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n

no to arrive at an estimât 
This estimate is then used 
of samples or observations

This procedure is 
of the high costs

The required sample size may be written as

P(l-P)

where Z 1 is the value of the standard normal variate at 
«/2. Unfortunately the value of n will vary with the value 
of p. Because the policy designer does not know the value 
ofp before initiating the simulation, he therefore does 
not know how large a sample size is required. Kleijnen has 
suggested two alternatives for dealing with this difficulty. 
The first uses a sequential computation of p as the simulation 
proceeds. The simulation run is periodically stopped to 
check if the relationship p(|p-p| < c) = I-« is satisfied. 
If not, the stopping conditions become the new initial 
conditions and the simulation is continued over another 
specified period. This iterative procedure is followed 
until the desired reliability for p is achieved.

The second technique employs an initial run of length 
of the true variance of p.

to solve for the required number 
in the total simulation:

(W)Jn.

to as double-sampling. Because 
d with many simulations, careful

consideration must be given to the value of n0 used to 
determine p.

As an example of how this method may be applied to 
the present analysis, suppose it is necessary to estimate 
the number of observations at midnight such that

Prob [1pM - pM| < .05] = .90

2«/21 
Z 
C

n P

referred
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Taking the data from replication l as the basis for 
computation (no = 25), the following result is obtained:

n =
1 .6451 2 

.05
".2(1-. 2)

= 173

From the above computation, another 1973-25 = 148 observa­
tions at midnight are required to satisfy the given re­
liability constraint on pM- This same approach can then 
be applied to each discrete time under investigation in 
order to find the limiting number of required observations.

Sampling Policy Costs

Each of the selected sampling policies is evaluated 
on the basis of 1) total cost and 2) probability of viola­
tion detection over a 25-day planning period. The particu­
lar cost functions are hypothetical, representing typical 
sampling and damage costs which might be encountered in 
real systems. Looking at a given replication output, if 
a stream standard violation occurs at 5 PM and the policy 
calls for an observation each day at 5 PM, the violation 
is assumed to be detected. If a sample is not taken at 
5 PM, suppose a cost is incurred proportional to the result 
ing delay to detection. Figure 4-11 shows two possible 
costs associated with the delay to detection. These two 
specific cost functions are used as a means of comparison 
in the analysis, one a linear function of delay and the 
other a non-linear function of delay. The total cost of a 
selected policy over the 25-day planning period has two 
components : 
1. Fixed cost of sampling: .

FC 1 0 • n (4-8)
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TABLE 4-8

COST ANALYSIS FOR SAMPLING POLICIES 1-9 
(PLANNING PERIOD = 25 DAYS) 
CHLORIDE STANDARD = 81 MG/L

VAR. VAR.
POLICY FIXED COST TOTAL COST TOTAL

NO. COST (EXP. ) COST (LIN. ) COST
1 6000. 0. 6000. 0. 6000.
2 6000. 0. 6000. 0. 6000.
3 6000. 0. 6000. 0. 6000.
4 6000. 0. 6000. 0. 6000.
5 6000. 0. 6000. 0. 6000.
6 5500. 74. 5574. 113. 5613.
7 5500. 74. 5574. 113. 5613.
8 5000. 220. 5220. 300. 5300.
9 4500. 525. 5025. 613. 5113.

CHLORIDE STANDARD = 83 MG/L
1 6000. 0. 6000. 0. 6000.
2 5500. 0. 5500. 0. 5500.
3 4750 90. 4840. 138. 4888.
4 4500. 90. 4590. 138. 4638.
5 4000. 260. 4260. 350. 4350.
6 3750. 260. 4010. 350. 4100.
7 3500. 617. 4117. 700. 4200.
8 3250. 633. 3883. 725. 3975.
9 3000. 1420. 4420. 1250. 4250.

CHLORIDE STANDARD = 85 MG/L
1 5000. 0. 5000. 0. 5000.
2 4000. 40. 4040. 50. 4050.
3 3250. 109. 3359. 113. 3363.
4 2750. 320. 3070. 313. 3063.
5 2500. 320. 2820. 313. 2813.
6 2000. 890. 2890. 675. 2675.
7 1750. 890. 2640. 675. 2425.
8 1000. 2064. 3064. 1238. 2238.
9 250. 4381. 4631. 1888. 2138.

CHLORIDE STANDARD = 87 MG/L
1 3250. 0. 3250. 0. 3250.
2 1750. 65. 1815. 88. 1838.
3 250. 284. 534. 250. 500.
4 0. 7116. 7116. 713. 713.
5 0. 7116. 7116. 713. 713.
6 0. 7116. 7116. 713. 713.
7 0. 7116. 7116. 713. 713.
8 0. 7116. 7116. 713. 713.
9 0. 7116. 7116. 713. 713.
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2. Variable detection delay cost:

a) C = 50. Ev t. t. = 1, 2,... (4-9)
v 1=1 1 1

b) C = Sv 20(eti-l) t. = 1, 2,. ..,11 (4-10)
v 1=1 ti 1

where n = total number of samples required over the 
planning period.

n = number of violations occurring during the 
planning period, and

t.= time delay (hrs.) to detection of iviolation. 
Thus the expressions for total cost are given as

1) CT = 10• n + 50- Sv t. t. = 1, 2.......... (4-11)
1 1=1 1 1

n
2) C, = 10 • n + Sv 20(eti-l ) t. = 1 , 2,....11 (4-12)

1 i=1 r. 1

The variable cost in Equation 4-12 is always zero for 
t. = 0 and is assumed to reach a maximum after 11 time 
units, remaining constant for t. > 11.

The probability of violation detection (PQ) is 
calculated as follows:

PD ■ ^v,r^/v,r

where n = number of violations detected in replication r, 
and

Ny r = number of violations occurring in replication r. 

Similarly, the total variable cost over the 25-day plann­
ing period (Cy) is taken as the average over all 4 replica­
tions :

cv - hïtrM (4-14)

where Cy r = total variable cost incurred during the r^ 

replication.
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Therefore the total cost (C?) of a selected policy over 
the planning period is given as

4
CT = 1 On + E C /4 (4-15)

1 r=lV»r

Table 4-7 contains the detection probabilities and Table 
4-8 the total costs for each of the 9 selected probability 
threshold policies. The data is presented graphically in 
Figures 4-12 and 4-13. It should be noted that the damage 
functions are independent of the magnitude of the viola­
tion in terms of concentration above the standard.

Selecting the Optimum Policy 
The optimum policy is that which yields the required 

detection probability at minimum cost over the 25-day
planning period. For clarity, the detection probability 
under definition 1 of a violation (a violation event) will 
be referred to as PQ1; PQ2 will represent the detection 
probability under definition 2 (a violation period).

As an example of how the optimum policy is selected, 
suppose a policy is sought which will detect at least 95% 
of all stream standard violations, i.e., the detection 
requirement is P^ >, 95%. Assuming (4-11) represents the 
damage function in effect, the upper half of Figure 4-12 
is entered and those policies which lay below the .95 
horizontal line are immediately eliminated from consider­
ation. In this instance Policies 8 and 9 both lay outside 
the feasibility region. Of the remaining policies, the 
optimum is taken as that which lays to the extreme left­
hand side of the feasibility region. Figure 4-13 shows 
Policy 7 to be the optimum in the present case. Table 
4-9 gives the optimum policy for various values of P^ . 
Under both the non-linear and linear cost functions, 
sampling Policy 3 yields the minimum cost for a required 
detection probability of at least .99. In this case 13
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PROBABILITY OF VIOLATION DETECTION VS. TOTAL 
COST FOR SAMPLING POLICIES 1-9 

CHLORIDE THRESHOLD = 85 MG/L
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PROBABILITY OF ALL VIOLATION TIMES DETECTED 
VS. TOTAL COST FOR SAMPLING POLICIES 1-9

CHLORIDE THRESHOLD = 85 MG/L
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TABLE 4-9

STREAM STANDARD = 85 mg/A

REQUIRED DETECTION
PROBABILITY (Pp] 1 (C = l Q-,1 + 2( 20(6^1-D/t^} (C = 1 0 • n+50Zt. 1

1.00 3 3
.99 3 3
.95 5 7
.90 7 8
.85 7 9
.80 7 9
.70 7 9
.60 7 9
.50 7 9
.25 7 9
.10 7 9

chloride observations are made each day, with no samples 
taken between the hours of 2 AM and 2 PM. As the specific­
ation for Ppl drops to .95, Policy 5 becomes the optimum 
under the non-linear cost structure, while Policy 7 is 
optimum for the linear cost structure. For values of 
Ppi below .90, Policy 7 is always selected as the optimum 
in the non-linear case and Policy 9 is always selected in 
the linear case.

Table 4-10 contains the optimum policy for various 
levels of detection under the second definition of a vio­
lation. From Table 4-10 it can be seen that the optimum 
policy is identical under both cost structures for values 
of PD2 above .25. Policy 1 is the only plan which yields 
a detection probability exceeding .99 and it is therefore 
selected as the optimum for P^ " 1.00 and P^ = • 99. For 
all values of PD2 below .80, Policy 7 is again the optimum 
under the non-linear cost structure. This implies that 
at these levels of detection, the added cost associated 
with detection delays becomes more significant than the
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TABLE 4-10

STREAM STANDARD = 85 mg/A

REQUIRED DETECTION
PROBABILITY (Pp2) (C=10-n+E(20(eti-l)/t.) (C=10-n+50Zt.)

1 .00 1 1

.99 1 - 1

.95 2 2

.90 3 3

.85 4 4

.80 5 5

.70 7 7

.60 7 7

.50 7 7

.25 7 8

.10 7 9

savings realized from less frequent sampling. For PD2* *25 
and PD2=.1O, Policy 8 and Policy 9 are the respective 
optimum plans under the linear cost structure.

An alternative way of evaluating the selected 
policies is to consider only those which lie on the mini­
mum-cost boundary. The curved line passing through 
Policies 3, 5, 7, 8 and 9 in the upper half of Figure 4-12 
represents such a boundary. Because Policies 1, 2, 4 and 
6 fall to the right of this curve, they may be immediately 
eliminated from further consideration. Given that all 
policies falling on the minimum-cost boundary below 
p = .95 must also be rejected, the set of alternatives 
is again reduced to Policies 3, 5 and 7. Of the remaining 
selected policies, Policy 7 falls on the lower left-hand 
edge of the minimum-cost boundary above PD1 = -95. Policy 
7 is therefore chosen as optimum. The same approach to 
the policies contained in the bottom half of Figure 4-12 
reduces the set of alternatives to only Policies 3, 5 and 
7. The minimum-cost boundary stops at Policy 7, as
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Policies 8 and 9 both have higher total costs than Policy 7. 
If the PQ1 requirement is set at .95, Policy 7 is again 

selected as optimum.
The same procedure for determining a confidence 

interval on the p's can be applied to the Pg s. If the 
normal approximation to the binominial distribution is 
used, the variance of PQ can be approximated by PD(l-PD)/n, 
where n is the number of violations included in the analy­
sis. As an example, suppose a 90% confidence interval is 
sought for the P^ associated with Policy 4. Table 4-7 
shows Policy 4 to have a P^ of .88. Because this value 
is derived from an analysis of 434 violation periods, n 
is set equal to 434. The 95% confidence interval is then 

given by:

P[<.85 <PD2 <.91 ] = .95

The same techniques discussed earlier may also be used to 
estimate the number of simulated observations required to 
determine the value of PQ within some specified limit.

Sensitivity of Optimum Policy to Chloride Stream Standard 
in order to study the sensitivity of the optimum 

policy to changes in the specified chloride stream stand­
ard, each of the selected sampling policies is also 
evaluated for thresholds of 81 mg/&, 83 mg/& and 87 mg/%. 
The data is plotted in Figures 4-14 through 4-19. Table 
4-11 contains the optimum policies for the different chlor­
ide thresholds and under the two definitions of a violation. 
The probability of detection under Definition 1 of a vio­
lation is again denoted as P^^ in Table 4-11, while PD2 
refers to detection probability under Definition 2. The 
specific sampling times for each policy and the resulting 
detection probabilities are given in Table 4-14, 4-15 and 
4-16 for stream standards of 81, 83 and 87 mg/ , respec­
tively.
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Analysis of Table 4-11 reveals that the optimum 
policy does not change with the cost structure under 
the chloride stream standards of 81 mg/A, 83 mg/A and 
85 mg/A, respectively. At a chloride threshold of 81 mg/A 
Policy 9 is optimum for all values of P^ (probability of 
detection of violation events). For a P^ (prob­
ability of detection of each violation time) greater than 
or equal to .99, Policies 1 through 5 yield identical 
costs of 6000 and are therefore equivalent. For P^ = -95 
at a standard of 81 mg/A, Policies 6 and 7 both yield a 
minimum cost. At levels of P^ below .90, Policy 9.is 
again optimum under both cost structures.

As the chloride stream standard shifts to 83 mg/A, 
Policy 6 becomes optimum for P^ >. .99, while Policy 8 is 
optimum for all values of P^ less than .99. Policy 8 
is also optimum at all levels of PQ2 less than .85. At a 
standard of 87 mg/A, the optimum policy shifts among 
Policies 1 , 2 and 3. Policy 1 is optimum for P^ > .95, 
Policy 2 for .85 < P^ < .95, and Policy 3 for P^ < .85. 
Similarly, Policy 1 is the optimum for P^ 1 -85, Policy 2 
for .25 £ Pq2 < -85, and Policy 3 for P^ = .10. In all 
cases which specify a detection probability of P^ = 1 » 
Policy 1 is optimum.

Sensitivity of Optimum Policy to Response Time 
Up to this point it has been assumed that a violation 

commencing at time t. and detected at time t^+n produces a 
damage or cost which is a function of the delay (t1-+n- tp. 
In other words once a violation is detected, it ceases 
to produce any further damage. Therefore a given sampling 
policy, although required to detect a given percentage of 
all violation times, will only incur damages over the 
delay to detection of a continuous violation period. This 
assumption seems reasonable in view of the fact that once 
a violation is detected, a response or corrective measure 
is immediately initiated. Although it may still be desir­
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able to maintain detection of the continuous violation at 
all times, no specific additional penalty is assigned for 
failure to do so.

The specific time required to begin corrective act­
ion against a violation then becomes a critical factor in 
selecting the optimum policy. In order to test the sensi­
tivity of the optimum policy to variation in the response 
time (Ty.), the costs for each policy are calculated over 
a response range of 0-3 hours (at a chloride stream stand­
ard of 85 mg/A)- The results are plotted in Figure 4-20 
for the non-linear cost function and under violation 
definition 1 . Tables 4-12 and 4-13 on the following page 
give the optimum policies for the different values of 
Ppi and Pq2* respectively, for the various response times 
under consideration.

Inspection of Table 4-12 shows that the optimum 
policy does not change with the response time under the 
linear-cost structure. However, under the non-linear 
damage function the optimum policy does shift with differ­
ences in the given response time. At levels of less 
than .95 Policy 7 is optimum for Tr = 0, Policy 5 for 
Tr = 1 , and Policy 3 for T^ = 2 and Tr = 3. At P^ = 1-00 
and PQ2 = .99, Policy 3 is again optimum over all response 
times analyzed. For P^ = .95, Policy 5 is optimum for 
Tp = 0-1 and Policy 3 for Tf = 2-3.

Table 4-13 again shows that under the linear-cost 
structure the optimum policy does not change with response 
time. The same pattern found under the non-linear damage 
function in Table 4-12 also holds in Table 4-13. Here 
Policies 7, 5 and 3 are optimum at Tr levels of 0, 1 , and 
2-3 hours, respectively, for P^ < -80. For P^ > -80, 
the optimum policy does not change with the response time 
under the non-linear cost structure.

Summary of Results
One very important conclusion reached from this 
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investigation is that the best policy under one set of 
conditions may not be the best under a different set of 
conditions. It has been shown that the process of select­
ing an optimum sampling policy for detection of stream 
standard violations in a given system must include.

a) explicit definition of a violation and the 
required detection criteria,

b) definition of the cost or damage functions 
and the overall cost constraints in effect, 

and
c) knowledge of the time required for responsive 

action against a detected violation.
As these conditions change, the optimum sampling policy 
for a given system may also change. Therefore the design 
of an effective water quality enforcement mechanism must 
include information concerning the probabilistic nature of 
system input and output. Neglect of the above considera­
tions may result in poor detection capabilities and in­
efficient allocation of sampling resources

It is also important to recognize that the type of 
sampling policies considered are fixed-time policies, i.e., 
the optimum sampling plan calls for samples to be taken at 
specific times each day. The sampling times do not change 
from day to day. However, in actual practice the policy 
must provide additional flexibility. In situations where 
information not previously incorporated in the policy 
design suddenly becomes available, the sampling schedule 
must accommodate this additional input. For example, if a 
known accidentia! or intentional spill of material to the 
receiving water shows that a stream standard violation 
shall occur at a time for which no sample is scheduled, the 
policy should provide the capability for modifying the 
original observation times and initiating required respons­
ive action. Similarly, if all discharge sources were 
known to be shut-off on a given day, e.g., a holiday, the 
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policy may be modified to call for no samples to be 
taken on that day. Therefore the implication of a fixed­
time sampling policy does not rule out contingency 
planning for unexpected cases.

The previous analysis represents a very idealized 
case in which variation of stream chloride levels is only 
effected by point-source loads. Derivation of a fixed­
time sampling policy is best suited to receiving waters 
which exhibit little day to day streamflow variation 
relative to monthly or seasonal variation. To be more 
specific, the effect on pollution levels due to daily 
streamflow variations must be minor in comparison to that 
caused by point-source loading variability. In such 
cases the policies may be derived on the basis of an 
average monthly or seasonal flow value over the past 10 
years. Therefore a new policy may be derived and applied 
over each sampling period as required.

This technique also assumes that the characteristics 
of the waste-sources, the time rate-of-change of material 
in the receiving water and other system parameters, e.g., 
streamflow, are known exactly. Obviously this situation 
would not be expected in actual practice. In attempting 
to apply the above methodology to a real system, consid­
eration may have to be given to such factors as streamflow 
and background chloride variation, as well as the result­
ing error in prediction for the stream model. The follow­
ing chapter illustrates how this technique may be applied 
to the more complex system. However, before proceeding 
with the next application, some mention must be made of 
the possibilities for including other sources of statist­
ical information into the sampling policy design. Although 
ignored in the present analysis, a high level of auto­
correlation exists between the hourly chloride concentra- 

$Autocorrelation refers to the degree of correla­
tion between neighboring observations. It may be used to 
provide insights as to the persistence of a given pheno­
mena (Rich, 1973).
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tions in the receiving water. This information may be 
extremely useful in deriving a sequential sampling pro­
cedure for detecting stream standard violations. As 
previously discussed in the literature review, the Box- 
Jenkins method incorporates information on the sequential 
dependence of data in the forecasting of a time-series. 
Although not considered here, the application of such 
techniques in the area of water quality monitoring may be 
extremely useful and should be further investigated.
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Optimum Policy for Response Times (T ) of 0-3 Hours 
(Stream Standard = 85 mg/&)

TABLE 4-1 2

C = 1 0 • n +Z (20(eti -1 )/1 - ) C = 10 • r + 50 S t;

PD1 Tf= 0 V 1 V2 V-3 v° V1 V2 V3

1 .00 3 3 3 3 3 3 3 3
.99 3 3 3 3 3 3 3 3
.95 5 5 3 3 7 7 7 7
.90 7 5 3 3 8 8 8 8
.85 7 5 3 3 9 9 9 9
.80 7 5 3 3 9 9 9 9
.70 7 5 3 3 9 9 9 9
.60 7 5 3 3 9 9 9 9
.50 7 5 3 3 9 9 9 9
.25 7 5 3 3 9 9 9 9
.10 7 5 3 3 9 9 9 9

Optimum Policy for Response Times (T ) of 0-3 Hours 
__________ (Stream Standard = 85 mg/.i)r_______________

TABLE 4-13

C=10•n + I(20(eti-l)/t4 C = 10 • n + 50 E t.

PD2 V ° V 1 V 2 V 3 V 0 V1 V2 V3

1 .00 1 1 1 1 1 1 1 1

.99 1 1 1 1 1 1 1 1

.95 2 2 2 2 2 2 2 2

.90 3 3 3 3 3 3 3 3

.85 4 4 3 3 4 4 4 4

.80 5 5 3 3 5 5 5 5

.70 7 5 3 3 7 7 7 7

.60 7 5 3 3 7 7 7 7

.50 7 5 3 3 7 7 7 7

.25 7 5 3 3 8 8 8 8

.10 7 5 3 3 9 9 9 9
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PROBABILITY OF VIOLATION DETECTION VS. TOTAL 
COST FOR SAMPLING POLICIES 1-9 

CHLORIDE THRESHOLD = 81 MG/L
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CHAPTER V

THE GREAT MIAMI RIVER SYSTEM

The receiving water system under investigation in 
this section consists of a 25 mile stretch of the Great 
Miami River from river mile 28.0 down to river mile 3.0. 
Here the river receives waste loads from two point sources- 
National Lead Company at river mile 24.1 and a Gulf Oil 
refinery at river mile 8.4. Both companies discharge chlo­
rides to the Great Miami River. A map of the area is shown 
below.

UpstreamOHIO

New Baltimore

Great Miami River

R.M. 9.8
Hooven

M. 8.4
Gulf Oil 
Outfall

U.S.G.S 
gaging 
station

△
R.M./547s

Outfall
M. 20.9

Cleves
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The first step in the analysis of the above system 
is to obtain available field data concerning the follow­
ing :

1) Chloride loadings from Gulf Oil and National 
Lead

2) Background chloride levels
3) Streamflow
4) Chloride concentrations in the river at the point 

of interest

The State of Ohio Environmental Protection Agency was able 
to provide the chloride information for the 1973 water 
year - October 1, 1973 to September 30, 1974. The Stream­
flow data for the Great Miami River was obtained from the 
U.S.G.S. in Columbus, Ohio. The gaging station is located 
in Hamilton, Ohio at river mile 34.5. The flow information 
consisted of daily mean values, while the chloride informa­
tion was in the form of both grab and continuous samples 
as given below:

Location Representation Type of Sample

Station 1 R.M. 25.6 Background Grab
Station 2 R.M. 24.1 National Lead Outfall Continuous

Station 3 R.M. 20.9 Downstream of Nat. Lead Continuous

Station 4 R.M. 9.8 Upstream of Gulf Oil Grab

Station 5 R.M. 8.4 Gulf Oil Outfall Grab

Station 6 R.M. 7.9 Point of Detection Grab

The chloride data from stations 1, 2, and 5 covered 
the entire 1973 water year. However, the data at stations 
3, 4, and 6 was only available for the 9-month period from 
October 1, 1973 through July 31, 1974. Additionally, 
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observations at all stations except one were taken on a 
weekly rather than daily basis. Only station 2 at the Na­
tional Lead Outfall was sampled each day. The field 
observations at station 1 are given in Table B-1 of Appen­
dix B. Tables 5-1 and 5-2 contain the original chloride 
loads from National Lead and Gulf Oil, respectively. Table 
5-8 contains the field measurements taken at station 6--the 
most downstream location.

It is assumed in the following study that the objec­
tive is detection of chloride stream standard violations 
at station 6. Because at the outset of this investigation 
no specific chloride standard was in effect on the Great 
Miami River, a standard was selected which would reflect 
several violations over the course of the year. Later the 
threshold limit was changed to reveal sensitivities of the 
optimal sampling policy to variation in the specified stan­
dard .

Due to the rather dispersed data base available for 
the design and verification of the river model, the follow­
ingassumptions were made at the outset :

1 ) Time is divided into discrete1-day time units.
2) A point-scource load on any day is representative 

of that load over the entire 24-hour period.
3) A chloride stream measurement on any day is re­

presentative of the concentration over the entire 
day t

4) The U.S.G.S. flow measurements are representative 
of the stream discharge for the entire day, i . e. , 
the stream flow remains constant within any 24- 
hour period and changes instantaneously from day 
to day.

Although the above assumptions may lend themselves to some 
criticism, they provide the necessary clarity and justifi­
cation for treatment of the available data in the sampling 
policy design.

Sampling Policy Description

The initial step in the development is definition of
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the selected probability threshold sampling policies. 
Table 5-3 contains the 16 policies under consideration. 
For example, Policy 6 states that a chloride observation 
shall be made if the probability of a stream standard vio^ 
lati on exceeds . 25. Otherwise no sample is taken.

Selected Sampling Policies
Table 5-3

Policy No. P
1 .01
2 .05
3 .10
4 .15
5 .20
6 .25
7 .30
8 .40
9 .50

10 .60
11 .70
12 .80
13 .85
14 .90
15 .95
16 .99

The difficulty in obtaining the probability threshold samp­
ling policies in this case as opposed to the hypothetical 
case previously analyzed is immediately apparent. In the 
hypothetical system, it was assumed that the random nature 
of the chloride concentration in the stream was due entire­
ly to the probabilistic nature of the point-source loadings. 
Additionally, the stream model was assumed to provide an ex­
act representation of the mass transport and time rate-of- 
change of material in the receiving water. Therefore, the 
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probability description of the concentration of chlorides 
at the point of interest and at any given time could be 
estimated by means of simulation. Repeated chloride ob­
servations could be generated, the resulting data analyzed, 
and the selected sampling policies explicitly defined in 
terms of time-of-observation. In the present case the ran­
dom nature of the chloride concentration at the point of 
interest is not only a function of the probalisti c nature 
of the point-source loadings (Gulf Oil and National Lead) , 
but also the variability of the background chloride concen­
tration and the streamflow. Also, the stream model is no 
longer a perfect representation of material transport in 
the stream. Therefore, the error in model prediction must 
be included in estimating violation probabilities.

The overall implication of these difficulties is that 
the sampling times are no longer fixed over a given plan­
ning period. Rather, specific sampling times must be de­
termined on a continuous basis over the period. This en­
ables the probability of violation to reflect current 
levels of the variables which effect it. For example, it 
would be inefficient to make a decision today that a chlo­
ride observation must be made each Tuesday of every week if 
the possibility exists of heavy rainfall producing a very 
small violation probability on some future date.

The derivation of the probability threshold sampling 
policies in this present case begins again with a descrip­
tion of the probability distributions for each of the 
point-sources of chloride. Given a satisfactory represent­
ation of these inputs, the background chloride concentra­
tions and daily streamflows are also modeled as input vari- 
ables to the overall mathematical model of the receiving 
water. The mathematical model is then solved for the chlo­
ride concentrations at the sampling position, and this 
output data is compared to actual field measurement to 
obtain the prediction error. Historical data is therefore 
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used to quantify the error between actual chloride levels 
and the concentrations given by the river model. Once the 
prediction error (or its probability distribution) is 
known, the information is used to determine the specific 
sampling times for each of the selected policies. The pro­
cedure is described in detail in the following sections of 
this chapter.

Mathematical Model of the Great Miami River System

Before commencing with the derivation of the Great 
Miami River model, it is important to emphasize that the 
mathematical model employed in the analysis is only a tool 
for illustrating the overall approach to policy design. 
For this reason, the model is a simplified version of more 
detailed models which can provide a better approximation 
of actual stream conditions. In practice it is expected 
that sophisticated mathematical models would be used which 
account for such factors as flow variation over the length I 
of the receiving water, variable river geometry, variable 
dispersion levels at different locations, variable infil­
tration capacities in the watershed over time, etc. The 
use of such complex models in the present case would have 
exceeded the time and resource constraints in effect, but 
their importance to the actual success of the methodology 
must be clearly understood. The effectiveness of the de­
rived monitoring policy will depend to a large degree on 
how accurately the pollutant-receiving water characteristics 
are modeled. At the same time, the simplified model employ­
ed in the following study is a useful tool for analyzing 
the available data and providing a clear example of the 
suggested approach to sampling policy design. Application 
of a very complex and detailed mathematical model here 
would have created problems in providing the required clar­
ity, thereby justifying a less-detailed model.
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Reactor 1 Reactor 2 Reactor 3 Reactor 4 Reactor 5

Lead
FIGURE 5-1

A series of 5 completely-mixed, flow reactors com­
prise the river model between river mile 28 and river mile 
3, as shown in Figure 5-1. The overall effect of employing 
only 5 reactor cells in the river model is to dampen the 
system response to variation in pollutant loadings.. On the 
other hand, the cost of a simulation run increases with 
the number of cells present, creating a trade-off between 
predictive accuracy and total cost. Because the extreme I y 
large streamflows in the Great Miami River may tend to re­
duce the chloride variation over short distances, the 
dampening effect of fewer cells is chosen over the higher 
costs of a more refined grid. The time rate-of-change of 
the chloride concentration in the i reactor is represented 
by an ordinary differential equation of the form:

de. Q(c. . - c.) W. EA (c. , - c.) EA (c. , - c.) (5-1) 1 _ 1 -1 I 4. 1 4. 1 -1 1 _l ।T t i

where : Q = stream flow at time t (volume/time) 
V. = volume of ith reactor at time t 
i . th

W. = chloride load from point-sources into i 
1 reactor at time t (mass/time) 

2
E = dispersion coefficient (length /time)
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c. = chloride cone. in ith reactor at time t
i th= characteristic length of i reactor 

A = cross-sectional area between adjacent 
reactors at time t

As opposed to the previous case in which streamflow was 
treated as a constant, the present system deals with a 
time-variable flow. This implies that the cross-sectional 
area between adjacent segments must also change with time 
to reflect the variation in reactor volumes. Equation 
(5-2) below was derived from a time-of-travel study on a 
71.3 mile stretch of the Great Miami River between Dayton 
and Cleves, Ohio (Bauer, 1968).

tR = 400. x 102 Q”‘85 (5-2)
K

where tR = time of travel in hours 
Q = discharge in cfs.

The assumption is made that the time-of-travel for the 25- 
mile stretch presently under investigation is approximately 
one-third (25/71.3) of that given by Equation (5-2) for any 
given flow. Therefore, the equation of time-of-travel for 
the present system may be written:

tD= 1 .4025 x 104 ' Q'-85 (5-3)
K

The average detention time in the 5-reactor system is given 
by Equati on (5-4):

tD = Volume (5-4)
K

Q 2
The system volume (in ft ) is:

Volume (ft3) = (25 mi les)(5280 ft)(A) = 1 32000 • A 
mi 1 e

2 
where A is expressed in ft .
Substituting (V = 132000 • A)back into Equation (5-4) yields: 

tD(hrs) = 132000 • A = 36.67 • A (5-5)
K Q • 3600

Assuming that the system detention time is an acceptable es­
timate of the time-of-travel over the 25-mi 1e stretch,
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Equations (5-3) and (5-5) can be used to solve for the 
cross-sectional area as a function of flow:

36.67 • A = 1.4025 X 104 • Q"*85 ^5"6)

Q . ] 5
A = 383 • Q ,D

Therefore, the values of Vin Equation (5-1) are computed 
by the relationship:

Vj = • A (5-7)

where = length of the ireactor. 

It is important to emphasize that Equation (5-2) is recom­
mended for application over a limited flow range from 300­
800 cfs. Many of the discharge levels in the current analy­
sis exceed this range, and it may be argued that the re­
lationship should not be used. However, attempting to 
quantify the variability of the cross-sectional area of the 
Great Miami River in the stretch of interest would have been 
extremely difficult, requiring time and resources beyond 
the scope of this research. On the other hand, it is im­
portant to incorporate available information concerning the 
dynamic characteristics of the receiving water into the 
stream model. The above time-of-travel study represented 
the best information available on the Great Miami River 
and was therefore applied in the analysis.

It is interesting to compare the relative effects of 
chloride transport by means of advection as opposed to dis­
persion in the present case. The average daily flow record­
ed at the Hamilton gaging station for the 1973 water year 
is 3982 cfs. Therefore, the net mass transport of material 
into segment i due to the average river flow may be written 
as :

3982 ( c 1 _-J - c. ) (5-8)

The mass transport of chloride due to dispersion in the 
river is given by :
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A dispersion coefficient of 1.0 mi /day is selected as 
typical of dispersion levels in streams (Manhattan Summer 
Conference, 1976). Although a more accurate estimate of 
E could be obtained from an extensive development of the 
mathematical model, this value is representative of condi- 
tions in many rivers and streams. Substituting E = 1.0 
mi 2/day, A = 383 - ( 3982) "-15 = 1328 ft2 and L. = 26400 ft into 

Equation (5-9) yields:
16(c..i - cp + 16 (Cj+i - Cj). (5-10)

It is immediately obvious from comparison of Equations (5-8) 
and (5-10) that, at the average daily discharge level, the 
effect of dispersion is almost negligible in comparison 
with material transport due to net river flow.

The system of 5 ordinary differential equations is 
again solved by means of the Adams-falkner predictor-correc­
tor method. The computer program MIAMI (Appendix G) con­
tains the algorithm for obtaining the estimates of the chlo­
ride concentration at the sampling position. Output is 
given at 1-day intervals.

Background Chloride Concentration and Initial Conditions 

One of the difficulties in modeling a realistic river 
system is the necessity of quantifying the boundary condi­
tions. In the present case the concentration of chloride 
entering the system at the upstream boundary is required 
input to the river model :

de^JlLUC - cp+Jli +EA (UC - cp + ÉA (C2 - cp (5-11) 

dt V, V, ip, I?1

Equation (5-11) describes the time rate-of-change of chloride 
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in the upstream boundary reactor. In order to provide a 
means of estimating the temporal variation in UC, a study 
was made of the relationship between incoming chloride 
concentration and streamflow. The analysis, described in 
detail in Appendix B, yields the following result:

UC = 273. Q"-2*555 (5-12)

Equation (5-12) provides for direct computation of the up­
stream boundary condition at any given level of discharge 
in the river. Obviously, the relationship is only valid 
for a specified range of flow values, i . e. , as Q 0, 
UC •* <». In the present case it is suggested that the a­
bove relationship be restricted to flow values above 200 
cfs.

The equation for the downstream boundary segment 
may be written as :

dC5 ,SJC4 - C5) +_W5 + EA (C4 - C5) (5-13)
dt V 5 V5 l5V5

Here again the effect of dispersion at the downstream boun­
dary is neglected in the river model. Because at an aver­
age streamflow level of 4000 cfs,mass transport due to 
dispersion is less than 1 percent of mass transport due 
to net river flow, the assumption seems justified. This 
simplifies the present analysis by eliminating the need 
to incorporate a downstream boundary condition into the 
ri ver model .

The initial chloride concentration in each of the 5 
reactors represents another set of required input data to 
the model. Ideally the initial conditions are available 
from field measurements taken at the various sampling 
stations on the Great Miami River. The major difficulty 
here centers around the fact that all field measurements 
are not taken on the same day and no data is available 
on the chloride concentration in all 5 reactors on any 
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gi ven day. For this reason, the initial conditions for 
the stream model are assumed equal for all 5 segments. 
The particular value is obtained by substituting the ob­
served streamflow on the starting date into Equation (5-12) 
and solving for the resulting chloride concentration.
The specific initial conditions used in the present analy­
sis are given in Table 5-4 along with additional input 
data to the river model.

Table 5-4

Input Parameters to the Great Mi ami River Model

Segment 1 2 3 4 5

Length (FT.) 26400. 26400. 26400. 26400. 26400.

Characteristic

Length (FT.) 26400. 26400. 26400. 26400. 26400.

Dispersion Coeff. 

(MiDay) 1.0 1.0 1.0 1.0 1.0

Initial Cond. (MG/L)

1973 Water Year 45 45 45 45 45

1974 Water Year 47 47 47 47 47

Probabilistic Nature of Point- Source Chioride Loads

in the study of the hypothetical discharge-receiving 
water system presented earlier, it was assumed that the 
probability distribution of each point-source chloride 
load was known exactly. Unfortunately, in actual practice 
this is not the case and therefore it is necessary to 
approximate these distributions from available field obser­
vations at the various outfalls. A goodness-of-fit test 
is performed on the field data to examine the validity of 
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assuming a specific distribution and related parameters 
for the data.

The first point-source analyzed was Gulf Oil Company 
located at river mile 8.4. Chloride samples of the efflu­
ent were taken on an average of one per week, with a total 
of 48 observations available over the entire 1973 water 
year. The original field observations are given in Table 
5-2. The chloride loadings at Gulf Oil were assumed to 
follow a normal distribution with mean and standard deviation 
as estimated from the original field data. In order to 
test the validity of this assumption, a chi-square good- 
ness-of-fit test was employed. This technique compares 
the number of times the chloride load is observed in speci­
fied ranges with the theoretical frequency for the assumed 
distribution and associated parameters. The resulting 
chi-square statistic becomes the basis for accepting or 
rejecting the assumed distribution. The test of the Gulf 
Oil data is presented in Table 5-5. The magnitude of the 
statistic in the present case falls very close to the .50 
probability level for 9 degrees of freedom (3 degrees of 
freedom are lost because the theoretical mean is taken as 
the actual mean, the theoretical standard deviation is 
taken as the actual standard deviation, and the total num­
ber of cases is taken as the same for both the theoretical 
and actual frequencies). This implies there is a probabi­
lity of approximately .50 of obtaining a chi-square statis­
tic as large as 8.34 if the distribution of the original 
data was, in fact, normal with a mean of 4040 1bs/day and 
a standard deviation of 962 ibs/day. If it is decided 
that the assumed distribution should be rejected at a pro­
bability limit of .30 or less, then the distribution of 
the daily chloride loadings from Gulf Oil is accepted as 
normal with parameters p = 4040 1bs/day and a = 962 Ibs/day.

The same approach is followed in attempting to des­
cribe the probability distribution of the daily chloride
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load from National Lead. Samples of the National Lead ef­
fluent were taken daily over the 1973 water year, provid­
ing a total data base of 365 observations. Examination 
of this data revealed a distinct shift in the magnitude 
of the chloride load from 1ate-November through mi d-Apri1 
as compared to the remainder of the year. In particular, 
the mean daily load from National Lead over the former 
period is 1166 Ibs/day, while the mean load over the lat­
ter period is approximately 647 ibs/day. Rather than com­
bining all 365 field observations, the 141 cases from Nov. 
24, 1973 through April 1 3, 1974 are analyzed separately in 
the goodness-of-fi t test. This set of data provided ac­
ceptable results in the test of normality, while the analy­
sis of all 365 observations produced a rejection of the 
normality assumption. For this reason the chloride load 
from National Lead over the entire year is assumed to 
follow the probability distribution derived from analysis 
of the 141 cases alone. Treatment of the National Lead 
data in this manner produces a negligible error. For ex­
ample , the theoretical chloride concentration at the 
point of discharge may be written:

C(mg/Z ) = (.185) W (ibs/day) (5-14)
Q(cfs)

At the mean load of 647 ibs/day and the mean streamflow of 
3982 cfs, the resulting chloride contribution to the river 
from National Lead is approximately .03 mg/Z . At the mini­
mum streamflow recording during the 1973 water year (655 
cfs), the concentration resulting from an average chloride 
load of 647 Ibs/day is .18 mg/Z. It is quite apparent 
that the chloride concentration attributable to the Nation­
al Lead effluent is almost always negligible at the lower 
mean discharge level . At the upper mean loading of 1166 
ibs/day and a minimum streamflow of 655 cfs, the resulting 
theoretical concentration is .33 mg/Z- still very small in 
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comparison with overall stream levels.
The results of the goodness-of-fi t test for the 

first 141 cases are given in Table 5-6. Under the assump­
tion of normality with a mean of 1166 and a standard de­
viation of 510, the chi-square statistic is less than that 
given for a probability of .20. Because the probability 
of the theoretical distribution producing a statistic of 
7.23 or more is only .30, the assumed di stri ubtion is re­
jected at the .30 probability limit. The next step is to 
test the data under the assumption of log-normality. The 
results of this test are presented in Table 5-7. In the 
present case the test statistic is less than 7.23, and 
therefore the log-normal assumption is accepted at the .30 
probabili ty level .

Rather than proceed with a separate analysis of the 
remaining loading data for National Lead, the log-normal 
distribution with a mean of 3.0256 and a standard devia­
tion of .19425 is assumed to hold for the entire 1973 
water year. As previously shown, this assumption intro­
duces negligible error in estimating chloride levels in 
the river while reducing the total amount of data manipu­
lation required in the analysis.

Generation of Point-Source Chloride Loads

Given the respective probability distributions and 
associated parameters which describe the daily chloride 
loadings from Gulf Oil and National Lead, a random number 
generator is again used to generate the individual loads. 
Unlike the previous system in which chloride loads between 
specified input times are derived by linear interpolation, 
the chloride load during any given day in the present sys­
tem is assumed to be constant over the 24-hour period.
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Two different approaches are employed for providing 
streamflow recordings to the river model. The first ap­
proach assumes that a streamflow observation is available 
directly from an on-site recording device, e.g. , a Tele­
mark station.4 In this case, the flow information is ob­

tained by phone and is known exactly. The specific 
readings here are assumed to correspond to the U.S.G.S. 
daily mean values given in Tables A-2 and A-4 of Appendix 
A.

4A Telemark station allows for immediate comput­
ation of streamflow from a stage-discharge curve. The 
station phone is called and a signal is given which is in- 
trepreted as a specific gage height. The state-discharge 
curve is then used to determine the current streamflow value.

The second approach assumes that no on-site record­
ing device is available, and daily streamflows must, there­
fore , be either estimated or obtained by means of a field 
sample. The procedure for gathering streamflow data in 
this case employs direct field measurement during periods 
of significant rainfall and the subsequent period of rise. 
At all other times, daily values are estimated from typi­
cal recession curves derived for the watershed.

To determine the times of required field samples it 
is first necessary to define the terms "significant rain­
fall" and "period of rise." A significant rainfall is a 
precipitation level which will likely result in a deviation 
of streamflow from normal recession patterns. The period 
of rise is the time associated with a significant rainfall 
over which this deviation occurs. During the period of 
rise, the flow data cannot be adequately estimated using 
typical recession patterns and, therefore, flow measure­
ments must be gathered by direct sampling. In order to 
determine the significant rainfall and period of rise for 
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the system under investigation, 3 years of precipitation 
data at the Hamilton-Fairfield National Weather Service 
Station was obtained. This information, covering the per­
iod from January 1972 through December 1975, was used in 
conjunction with U.S.G.S. mean daily streamflow records 
over the same period to arrive at an estimate of these 
two parameters. A value of .1 inches of precipitation 
represented the minimum rainfall which could be expected 
to bring about deviation from normal recession patterns. 
Also, a span of 2 days represented the average time during 
which the deviation persisted (given no further precipi­
tation) .

The implication of these values with respect to the 
problem of obtaining streamflow data is as follows: given 
an initial streamflow measurement on the first day of a 
sampling period, flow values for all following days which 
receive less than significant rainfall (. 1 inch) are esti­
mated from appropriate recession equations (Appendix A); 
on all days receiving a significant level of precipitation 
and for one day following, flow data must be obtained by 
direct field measurement. This approach only seems reason­
able in view of the great difficulties presented in attemp­
ting to predict streamflows during the period of rise. 
Sophisticated computer programs are available which provide 
very complex algorithms for computing daily flows, but the 
expense and time required for their application in the pre­
sent case is beyond the scope of this research. For this 
reason, the previous two methods of gathering daily stream­
flow recordings seem to provide the most realistic solu­
tion. The streamflow data derived using the second method 
is given in Tables A-3 and A-5 of Appendix A.

The Model and Computer Program

The system of ordinary differential equations which 
comprise the river model are solved by the Adams-Falkner 
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predi ctor-corrector method discussed previously. A com­
puter program MIAMI reads all input data, sets up the 
equations and calls upon the DVDQ subroutine to solve for 
the chloride concentration in the river at one day inter­
vals. Output is therefore given on a daily basis over the 
specified period. A listing of MIAMI is contained in Ap­
pendix G.

Derivation of Model Prediction Error

Given the theoretical probability distributions of 
each point-source and the derived forecasting model of the 
background chloride concentration, several replications 
of the computer simulation over a given period are aver­
aged to arrive at the predicted daily chloride concentra­
tion in the stream. The model output on days correspond­
ing to available historical data is analyzed to evaluate 
the probability distribution of the model error. Once 
the distribution of the error between the model prediction 
and the true river concentration is known, then the deci­
sion of whether or not to sample is made each day based ’ 
upon the probability of a stream standard violation for 
that day. In other words, if the model error follows a 
normal distribution with mean and standard deviation 
o^, then the probability of a stream standard violation 
can easily be computed from the model prediction. The 
application of this technique is given in the following 
section.

It is important to recognize that when comparing 
model predictions of the chloride concentration in the 
river with actual field observations, the model predictions 
are obtained using generated point-source loads rather than 
the original loading data. If an estimate of the model 
error is desired which only reflects the error associated 
with the transfer function itself, then input to the model 
should be comprised of historical data. This is referred 
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to as validation of the model. On the other hand, the 
present case calls for an estimate of the error under the 
condition that only the theoretical distributions of the 
point-source loads are known. Therefore, the resulting 
error is a reflection of not only the physical river mod­
el , but also the derived input descriptors.

The model predictions for the 1973 water year are 
given in Tables F-1 and F-2 respectively, of Appendix F 
(for both methods of gathering streamflow input). The 
model output is compared to the 30 available field measure­
ments in order to evaluate the mean and standard deviation 
of the prediction error. Tables 5-8 and 5-9 contain the 
resulting prediction errors for the 30 dates in question 
using U.S.G.S. and estimated flows, respectively. This 
data is subsequently analyzed to provide a statistical 
description of the deviation between model output and actu­
al chloride concentrations in the Great Miami River. A 
histogram of the error data is shown below for chloride 
predictions employing U.S.G.S. flows :

10
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In particular, the chi-square goodness-of-fit test is used 
to test the initial assumption that the model error fol­
lows a normal distribution with mean y = -2.77 mg/Z and 
standard deviation a = 5.54 mg/Z as determined from the 
30 days of data. The results of the test are presented 
in Table 5-10. The assumption of normality is acceptable 
at the .75 probability level:

(Fi - f^/ff < X% (5-15)

.433 <.580

Note that the predicted chloride concentrations for each 
day are obtained from a single replication rather than an 
average of several runs over the same period. Because the 
chloride contributions from point-sources are almost negli­
gible in the present system, a single run is assumed to be 
representative of the average or expected output from sev­
eral runs. Background chloride levels are determined ex­
plicitly from daily streamflows by means of (B-2) derived 
in Appendix B, and therefore they remain the same over 
several replications of a simulated period. Additionally, 
the background concentration represents almost all of the 
overall chloride concentration present in the river at the 
monitored position. Thus, the predicted chloride concen­
trations will have negligible variation from run to run, 
and a single replication output is treated as representa­
tive of the average of several.

Given that the derived error distribution holds for 
the entire 1973 water year, the probability of a stream 
standard violation on any day can easily be computed from 
the model prediction for that day, as shown in the next 
section. By convention the error will always be defined 
as the model prediction minus the true river concentration.
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The Probability Threshold Sampling Policies

The sampling policies for monitoring the Great Miami 
River are derived from an analysis covering the 1973 water 
year. Two separate sets of policies are investigated - 
one for the case in which streamflow measurements may be 
directly obtained at no cost from an on-site recording 
device, and another set for the case in which flow data is 
both estimated from recession equations and measured in 
the field at a known cost. In both instances the form of 
the sampling policy is expressed as before :

If, on any day, the probability of a stream 
standard violation exceeds the threshold pro­
bability P, a chloride sample is taken. 
Otherwise no sample is taken.

The set of selected policies presently under consideration 
has been given in Table 5-3.

The optimum policy is defined as that policy which 
detects at least the specified percentage of all stream 
standard violations at minimum cost over a one-year plan­
ning period. The percentage of violations detected for a 
given policy is estimated on the basis of its performance 
over the 1973 water year. The assertion is not made that 
the optimum policy for one year is necessarily optimum for 
every year. However, the policies are re-evaluated over 
a generated chloride profile covering the 1974 water year 
to determine if the optimum policy has, in fact, changed 
over this 12-month period.

A probability threshold sampling policy is described 
by the concentration threshold which indicates an observa­
tion should be made, i . e. , if on any day the model predic­
tion exceeds some level , the probability of violation 
p exceeds P. Therefore, each policy has an associated 
threshold probability P which corresponds to a specific 
threshold concentration for the model. This implies 
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that p > P whenever c(t) > C^. An example is given below 
which illustrates the method of deciding whether or not 
to sample on a given day.

ERROR DISTRIBUTION = N( u£ = -2.77, a = 5.54)
STREAM STANDARD = 45 mg/Z
MODEL OUTPUT = 42 mg/Z
P = .50
ERROR = MODEL OUTPUT - TRUE CONCENTRATION
SAMPLE IF p ^.50; otherwise do not sample, 
p = prob, (true cone. >45 mg/Z )

= prob.( error _<( 42-45 ) )

prob, z < *3 " PE = prob. < -3 - (-2.77)

5.54

= prob. ( z £ - .0415)

FROM NORMAL TABLES (Gibra, 1963):

p = .4832

Because the violation probability on this day 
is less than the .50 threshold, no sample is taken.

The model predictions which coincide with the pro­
bability thresholds for each of the selected policies are 
given in Table F-1 of Appendix F for a chloride standard 
of 45 mg/Z . These sampling policies are derived under 
the assumption that daily U.S.G.S. streamflow measurements 
are available instantaneously from the on-site recorder. 
The study of the system requiring estimates of daily 
streamflows (as well as direct field trips) gives slightly 
different results. In this case the prediction error is 
found to follow a normal distribution with the same mean 
as before, but with a standard deviation of 5.81 (up from 
5.54).
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10 ■

Prediction Error (mg/1)
—10 —5 5 ao

<0

Table 5-11 gives the results of the goodness-of-fi t test 
for the prediction errors using estimated streamflows. 
Although the test is not as conclusive in this particular 
instance, the assumption of normality is still accepted 
at the .50 probability level. The model predictions as­
sociated with the probability thresholds in this second 
system are presented in Table E-4 of Appendix E, again for 
a chloride standard of 45 mg/£ .

Although the technique is not used here, the model 
predictions could be increased by the absolute value of 
the prediction error in order to yield an overall mean er­
ror of zero. Therefore the predicted chloride concentra­
tion at time t would be given by t) - pE . Figure
5-2 on following page shows the model errors as a function 
of time after incorporating the mean error into the model 
predictions. Inspection of Figure 5-2 shows that the 
distribution of the model error about the mean does not 
significantly change over time.



— 105 —

MO
DE

L 
ER

RO
R 

(M
G/

L)
 F

OR
 T

HE
 1

97
3 

WA
TE

R 
YE

AR w 
6

tn 

ta 

s
CD 
5

§ 

ri

□ 
ri

0)

I— 
in 
r4

CD 
g

<4-4

0) 
+J 
rd

+J 
CD 
0)

g 

•ri
CD 
5

8 

•ri 
4J 
U 

•ri 
ta
0) 
M CM

CD 
g

<M

FI
GU

RE
 5

-2

(’I/OW) HOHHS



-106-

J/g(J - a)
to Ob O r4 r4 
h h# o m co OO’t’JH

L.
07

4

II

J - J m to o

I CN
I

1

nt
0
+>

>4 H to
(J) 

xDNanosHJ tvmdv CO CO CN in CN

a
i

g

5
M

Eh <—• to Hf

§ 2 (J) ADNSaOHHS
B TVOIISHOSHi simosSV

CN O 

co r- o to CN
CN

1 
m

M 

I
EH 

5 
fa 
fa 
O 
to 
to 
i 

§ 

i 

to 
1H 
g

h cn

It
1 '

to m
«2
L­

a y
5

§ in
8 II
g b

xoNsnoaHJ nso

z 01 co- WOHJ 
XDNanoaHJ *asn

jp/Cx - x) = z 
siiNn aavaNvis

in m sp in 
st cn in

O Sf CO CN 
r4 CN CO CN

in o st to 
r- cN sf to 
o in co o h co to to

st co CO st 
CN CO St CO

H I r4
1

O 
to 
O

O 
O 
O 
O

8

II 
00 

co in 
1 ’ 

m 11 

II £ 

f- 

0 
0) 
£ to 

IM 1

O H

CO II 
(!) 
0) o 
M to 
toCN 
a p

eq 
l
II

IX

o tn

X - X
co co r- 
CN CN r­

r- CN CN 
1 1

8

11
a aVAHHIMI 

ao nwn aaddn
o in o in 
i—I I

i

8



-107-

The sensitivity of the sampling thresholds to the 
manner in which streamflow data is obtained may be seen 
by a comparison of Tables E-1 and E-4. The predicted 
chloride concentration which constitutes a violation pro­
bability exceeding P remains the same in both cases for 
policies 4 through 11, 14, 15 , and 16. For policies 
1, 2, 3, 12, and 13 the limiting chloride values differ 
by 1 mg/£. This condition is a result of the difference 
in the standard deviation of the error for the two ap­
proaches .
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Sampling Policy Costs

The same cost structure employed in the analysis of 
the hypothetical receiving water system is applied in the 
Great Miami River analysis. Again, two different costs 
are incurred over a given period - a fixed cost associated 
with sampling and a variable cost associated with damages 
arising from undetected violations. As discussed in detail 
in the Conclusions section of this chapter, these cost 
functions are hypothetical and not necessarily representa­
tive of actual costs in effect for the Great Miami River 
system. The specific damage functions under consideration 
are given below.

CASE 1 : Daily streamflow data available at no cost ; 
non-linear cost for detection delay.

CT = 10 n + %*(20 (e^i - 1)/t.) (5-16)
1 i =1 '

CASE 2: Daily streamflow data available at no cost; 
linear cost for detection delay.
CT = 10.n + 50 (5-17)

T 1=1
CASE 3: Daily streamflow data not directly avail­

able; non-linear cost for detection delay. 
CT = 10.n + 2 . K + ^(2O(e^-l )t. ) (5-18)

1 i =1 1

CASE 4: Daily streamflow data not directly avail­
able; linear cost for detection delay.
C, = 10.n + 2.K + 50 SV t. (5-19)

• i = 1 1

where t. = 1,2,...11. As mentioned in Chapter IV, no delay 
cost is incurred for t.= 0. Also, it is assumed that detec­
tion delay costs do not increase beyond that given for t.=ll. 
In Equations (5-16), (5-17), (5-18) , and (5-19) n represents 
the total number of samples required over the one-year period 
ny is the total number of violations occurring during the " 
year, and trepresents the delay (in days) to detection of 
the i th violation. In Equations (5-18) and (5-19) K represents the 



-109-

total number of times streamflow measurements must be ob­
tained by field sampling. The definitions of violation 
are the same as described in Chapter III.

Generation of Sample Chloride Profiles

In order to determine the percentage of violations 
detected and total cost associated with each selected poli­
cy, daily chloride measurements at the monitored position 
are required. This creates an immediate problem in view 
of the limited historical data available. Only 31 days 
were sampled during the 1973 water year, and the sample 
taken on Dec. 26 was eliminated from the analysis because 
of heavy rainfall on that date (resulting in a discre­
pancy between the streamflow magnitude at the time of the 
chloride observation and the mean daily streamflow measure­
ment used as input to the predictive model). For this 
reason it was necessary to generate an artificial chloride 
profile from the daily model predictions. Given that the 
distribution of the prediction error is known, daily real­
izations of the deviation between model output and actual 
concentrations can be generated from this distribution 
by methods described earlier. The resulting errors are 
then subtracted from the model predictions to arrive at 
an artificial daily chloride profile over the entire year. 
If C^(t) represents the model chloride prediction on a 
particular day and e(t) represents the generated predica­
tion error for that day, the true river concentration 
c(t) is taken as the difference between these two values:

C(t) = CM(t) - e(t) (5-20)

Below is a list of the chloride profiles under investi­
gation and the associated components used to derive them.
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Profile 1 : Oct. 1973 - Sept. 1974 (Table F-5)

C (t) - model predictions using U.S.G.S. streamflow input (Table F-l) 
e(t) - generated prediction errors
W-|(t) - generated chloride loads from Gulf Oil 
Wg(t) - generated chloride loads form National Lead

Profile 2: Oct. 1973 - Sept. 1974 (Table F-6)

C (t) - model predictions using estimated streamflow input (Table F-2) 

e(t) - generated prediciton errors
W^(t) - generated chloride loads from Gulf Oil
Wg(t) - generated chloride loads from National Lead

Profile 3: Oct. 1974 - Sept. 1975 (Table F-7)

C (t) - model predictions using U.S.G.S. streamflow input (Table F-3) 

e(t) - generated prediction errors
W.|(t) - generated chloride loads from Gulf Oil
W2(t) - generated chloride loads from National Lead

Profile 4: Oct. 1974 - Sept. 1975 (Table F-8)

C (t) - model predictions using estimated streamflow input (Table F-4) 

e(t) - generated prediction errors
W1(t) - generated chloride loads from Gulf Oil 
W2(t) - generated chloride loads from National Lead

Figures 5-3 through 5-6 show the distribution of the true 
river concentrations about the model predictions for the 
1973 and 1974 water years, respectively. The artificial 
chloride profiles over the 1974 water year are generated 
on the assumption that the error distribution does not 
shift from that determined for the 1973 year.

Policy Evaluation

In order to test the sensitivity of the optimum 
policy to the particular stream standard in effect, three
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di fferent hypothetical chloride standards are employed in 
the investigation - 45 mg/Z , 50 mg/£ and 55 mg/£. The 
16 selected sampling policies given in Table 5-3 are 
evaluated for each of the 4 profiles listed above. Look­
ing first at Profile 1, the optimum policy is sought which 
will yield an estimated detection percentage of at least 
PD over a 1 year period. Continuing with the convention 
employed in Chapter 4, the labels P^ and P^ shall refer 
to detection percentage under definitions 1 and 2 of a 
violation, respectively. Tables E-1 , E-2, and E-3 of 
Appendix E contain the resulting detection percentages 
and associated costs for each of the selected policies 
during the 1973 and 1974 water years. Assuming a stream 
standard of 45 mg/£ and a value of Pg-j 2.85%, examination 
of Table E-1 reveals that policy 4 is optimum under the 
cost structure represented by Equation (5-16) . Given that 
policy 4 is then selected for monitoring the stream during 
the 1974 water year, it is of interest to determine if 
policy 4 remains optimum during this next 12-month period. 
Analysis of Table E-1 shows policy 4 represents the true 
optimum over the 1974 water year. The detection percent­
age and total cost for policy 4 during each year are:

1973 Water Year 1974 Water Year
PD1 = 93.8% PD1 = 86.4%

Total Cost = 2682 Total Cost - 2574

Although the value of P^ drops from 1973 to 1974, policy 
4 still retains a detection percentage of over 85%. The 
associated cost differs by only 4% from 1973 to 1974. It 
is obvious that selection of an optimum policy based on 
its performance over a single year does not insure that 
this same policy will remain optimum for every other year. 
A more complete approach might use the average value of 
P^ and total cost derived from an analysis of the last 10 
or 20 years of data to arrive at an optimum policy for 
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future sampling. The time and computer costs involved 
are beyond the contraints of this research. However, it 
can be seen that the above results exhibit a consistency 
which may be used in determining future sampling strate­
gies.

If the cost structure changes to that given by Equa­
tion (5-17), policy 4 is again optimum for both years.

1973 Water Year 1974 Water Year
PD] = 93.8% PD1 = 86.4%

Total Cost = 2750 Total Cost = 2670

If the detection percentage is now taken as and
the cost function as that given by Equation (5-16) , exami­
nation of Table E-1 reveals that policy 6 is selected as 
optimum on the basis of its performance over the 1973 
water year:

PD2 = 91.4%
Total Cost = 2594

Policy 6 is therefore used as the plan for monitoring the 
river during the following 12 months. The results for 
policy 6 over the 1974 water year are:

PD2 = 94.6%
Total Cost = 2396

In this instance the performance of the selected policy is 
actually better than anticipated. Policy 6 does, in fact, 
represent the optimum policy over the 1974 water year.

Consider now the conditions in effect under Profile 
2. In this case streamflow input for predicting chloride 
levels must be either estimated or directly measured in 
the field at some cost. The damage function is given here 
by Equation (5-18). The selected policies are each evalu­
ated and the results contained in Table E-4 of Appendix E. 
From analysis of performances over Profile 2, policy 4 is 
again selected for a required P^^ ^85%. Inspection of
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Table E-4 reveals that policy 4 is also the optimum policy 
during the 1 974 water year :

1973 Water Year 1974 Water Year
PD1 = 86.8% ' PD1 = 91.7%

Total Cost = 3278 Total Cost = 2760
If the damage function shifts to that given by Equation 
(5-19) , the same results hold true : 

1973 Water Year 1974 Water Year
PD1 = 86.8% PD1 = 91.7%

Total Cost = 3450 Total Cost = 2840
Assuming a detection specification ?Q2 — and a cost 
function represented by Equation(5-18), policy 6 is se­
lected for sampling during the 1974 water year. In this 
case, the optimum policy is actually policy 7. The result 
is a cost of 48 over that given by the missed optimum 
poli cy: 

1974 Water Year 
Policy 6 Policy 7

PD2 = 92.6% PD2 = 88.9%
Total Cost = 2740 Total Cost = 2692

The policy selected (#6) satisifies the requirement of 
PD2—S5but yields a total cost of 2740 as compared to 
2692 associated with policy 7.

If the cost function is changed to Equation (5-19) , 
policy 5 and policy 6 both satisfy the definition of opti- 
mum. Assuming policy 5 is selected on the basis of its 
higher detection percentage over the 1973 water year, an 
excess cost of 40 is incurred during the next 12 months.

1974 Water Year 
Policy 5 Policy 6

PD2 = 93.2% PD2 = 92.6%
Total Cost = 2960 Total Cost = 2920

Although in certain instances, the optimum policy 
over the 1974 water year is not selected, it should be 
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cl ear that the discrepancy is slight. Inefficient poli­
cies are avoided and the policy employed is often the 
optimum. Table 5-12 gives the optimum policies for vari­
ous values of and Pp2 assuming streamflow data is 
known exactly at no cost. It can be seen that under the 
non-linear cost structure and at a stream standard of 45 
mg/£ , the optimum policy is selected at levels of Pp-| < 
80% and P^< 95%. For P^ and PD2>99%, policy 2 is se­
lected for monitoring over the next 12 months. However, 
policy 2 only yields a value of 97.7% for Pp^ , slightly 
under the goal of the sampling program. Similarly, poli­
cy 2 gives a Pp2 of 99.4% at a required PQ2 of 100% - 
again slightly under the specification. Under a hypothe­
tical chloride standard of 50 mg/£, the optimum policy for 
sampling during the 1974 water year is selected for Pp^ > 
95% and Pp2 ^99%. At required levels of Pp-, and Pp2 be­
low 80%, policy 7 is selected rather than the optimum - 
policy 5. Plan 7 yields a PD] of 62.8% and a Pp2 of 76.3% 
and therefore meets the PD1 and Pp2 requirements below 70% 
and 80% respectively. However, during the 1974 water year 
policy 7 yields an excess cost of 157 or 8.8% over the 
optimum given by policy 5.

As the chloride standard increases to a value of 55 
mg/£ , policy I is selected for Pp^ and P^ — ' Table
E-3 of Appendix E reveals that none of the selected poli­
cies detects greater than or equal to 99% of the violations 
during the 1974 water year. The actual detection given by 
policy 1 is 96.9% for PQ1 and 98.1% for Pp2. For PD] and 
Pp2<60%, policy 6 is employed in favor of the true optimum 
- policy 5. In each case policy 6 satisfies the detection 
requirement during the 1974 water year, but at a cost of 
26 or 2% over the cost given by policy 5.

As discussed in Chapter IV, the minimum-cost boundary 
can be used to restrict the number of candidates in the 
search for an optimum policy. For example, the top-half
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of Figure D-6 shows the minimum-cost boundary passing 
through policies 1, 2, 3, 4, 6 and 7. Any policy not posi- 
tioned on this boundary need not be considered further, as 
it may be improved upon by either one of the boundary poli­
cies or some combination of boundary policies (although 
mixed-policies have not been included as possible sampling 
alternatives). Analyzing the set of selected policies in 
this manner reduces the candidates to a more restrictive 
sub-set.

Table 5-13 contains the results of optimum policy 
selection under the assumption that streamflow inputs to 
the predictive model must be either estimated or directly 
measured at a specific fixed cost. In each case it can be 
seen that the policy selected for the 1974 water year is 
either optimum or within a small percentage of the Pg and 
associated cost given by the optimum. As previously stated, 
the sampling policies do show a marked consistency in de­
tection effectiveness and efficiency from year to year, and 
therefore the process of selection on the basis of previous 
performance seems to provide a reasonable approach for eval­
uating the selected policies. The results averaged over 
several years of violation data would provide better insu­
rance that the optimum policy is employed in future sampling.

Comparison of Variable and Univorm Sampling Intervals 
The previous policies investigated are referred to 

as variable-time sampling policies. The specific sampling 
time is not fixed in advance of a monitoring period, but is 
instead determined continuously on the basis of daily model 
predictions. For river systems which exhibit large day­
to-day variation in those parameters which most directly 
effect pollution levels, e. g. , streamflow, a variable-time 
policy provides the capability of incorporating current con­
ditions into the process of determining specific sampling 
times. As discussed in the previous literature review,
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Beckers, et al. ( 1972) have suggested an approach to water 
quality surveillance which utilizes fixed sampling intervals 
for detection of stream standard violations. In order to 
provide some insight into the differences between these 
two policy designs, a set of 16 fixed-time policies are de­
rived for monitoring the Great Miami River (Appendix C). 
Table 5-14 lists each policy along with the expected per­
centage of stream standard violations detected over a 
given period.

Table 5-14 
Fixed-Time Sampling Plans

Poli cy Pn (%)

A 99.
B . 95.

90.C
85 .0
80.E
70.F
60.

G
50.H

I 40.
30.J
25.K
20.L
15.M
10.N
5.0
1 .

P
These policies are based upon the assumption that the vio­
lation process may be approximated as a poisson process. 
Each policy has a specific sampling interval associated 
with it, as given in Table C-2 of Appendix C. If a sampling 
plan is desired which will yield an expected detection per­
centage of 90%, policy C is selected. At a chloride stan­
dard of 45 mg/Z, policy C requires chloride observations to 
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be made at 3 day intervals over the monitoring period. 
Tables E-7 through E-12 of Appendix E contain the detection 
probabilities and total costs for these 16 fixed-time poli­
cies over the 4 different chloride profiles and 3 hypothe­
tical stream standards under consideration.

As an example of how these policies compare in actual 
practice with the variable-time policies derived previously, 
suppose a plan is needed which will yield at least 85% de­
tection of all violations of a 45 mg/Z stream standard over 
the 1974 water year. Because the fixed-time policies are 
only derived for detection of continuous violation periods 
rather than individual violation days, the comparison will 
initially be restricted to values of P g q- Inspection of 
Table C-2 reveals that policy D, which requires sampling at 
4-day intervals, is appropriate. Assuming Profile 3 repre­
sents the actual chloride profile at the monitored position 
during the 1974 water year, policy D is evaluated on the 
basis of PQ1 and the associated damages (Equation (5-16)) 
incurred over the 12-month period. Table E-7 contains this 
information for each fixed-time policy and it can be seen 
that policy D yields a P^ of 54.4% at a total cost of 2352. 
On the other hand, if a variable-time policy is employed, 
Table 5-12 is entered and policy 4, which calls for sampl­
ing whenever the predicted chloride concentration exceeds 
36 mg/f, is selected. The resulting value of P^ contained 
in Table E-1 is given as 86.4% with an associated total cost 
of 2574. Although the total cost given by policy D is 222 
( or 9%) less than that given by policy 4, the detection re­
quirement is not satisfied under the fixed-time policy. 
The variable-time policy does, in fact, meet the requirement.

A more drastic result is given as the Ppq specifi­
cation is lowered to 50%. Table C-2 calls for selection of 
policy H with a fixed sampling interval of 23 days. The 
variable-time approach employs policy 6 (sampling when the 
predicted concentration exceeds 38 mg/£). The comparison 
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of these two policies is given below for the 1974 water 
year.

Policy 6 Policy H
PD1 79.5% 11.4%
Total Cost 2396 127004

For the case in which the predictive model uses es­
timated streamflow inputs, Profile 4 is taken as the true 
chloride profile. It is assumed that Equation (5-18) now 
represents the damage function in effect. A comparison of 
the fixed and variable-time policies selected for required 
P^ levels of 85% and 50% are given below. The data is 
taken from Tables E-10 and E-4, respectively.

Vari able-time Fixed-Ti me
Poli cy 3 D
Required P^ 85% 85%
Actual PD1 95.8% 39.6%
Total Cost 2976 3115

Vari able-time Fi xed-Ti me

Policy 6 H
Required P^ 50% 50%
Actual Pqi 81.3% 12.5%
Total Cost 2570 53946

Figures D-1 through 0-12 of Appendix D provide a graphical 
representation of the detection percentage and total cost 
for both the fixed and variable-time sampling policies. 
Figures 0-1 through 0-4 show policy A to be the only fixed­
time policy which yields a P^ greater than 80% during the 
1973 water year. At the same time, 5 variable-time policies 
(1 ,2,3,4, and 5) all detect at least 80% of the violations 
at a total cost below that for policy A. The same result 
holds during the 1974 water year. As each particular 
chloride profile and associated stream standard is consider­
ed, the variable-time policies consistently provide higher 
levels of violation detection at lower cost than do the 
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fi xed-ti me policies. For example, at a stream standard of 
55 mg/£ the first 7 variable-time policies all give lower 
total cost than any of the fixed-time policies except for 
one isolated instance. The one exception occurs in Pro­
file 3 where policy D has a total cost slightly less than 
that for policy 1. On the other hand, policy I detects 
96.9% of the violations during the 1974 water year, while 
policy D detects only 56.3%. The results of P^ are even 
more dramatic, but because design of the fixed time poli­
cies is directed toward detection of continuous violation 
periods rather than individual daily violations, these 
differences will not be discussed in detail. However, each 
plot does contain the P^ data for both policy types.

Analysis Using 1974-1975 Historical Data
It has been previously stated that the model predi­

ction error retains the same distribution over the 1973 and 
1974 water years. Therefore, the sample chloride profiles 
1 and 3 are both based on a prediction error which is nor­
mally distributed with a mean of -2.77 and a standard devi­
ation of 5.54. Similarly, profiles 2 and 4 are based on a 
normally distributed prediction error with a mean of -2.77 
and a standard deviation of 5.81. The assumption that the er­
rors remained the same from year to year were necessary due 
to a lack of any historical data during the 1974 water year. 
All attempts at securring any 74-75 data were unsuccessful 
until after the previous analysis was completed. However, 
subsequently a set of 26 field ovservations taken at sta­
tion 6 were forwarded by Mr. David J.Danford of the Ohio En­
vironmental Protection Agency. The data covered the period 
from January, 1975 through July, 1975 and are given in Table 
5-15. Comparisons of model predictions vs. actual chloride 
observations over the 1974 water year (for both methods of 
streamflow input) are given in Tables 5-15 and 5-16.

In order to construct a more representative sample 
chloride profile for the 1974 water year, this historical
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data was compared to model predictions on the appropriate 
dates to arrive at a new estimate of the prediction error. 
The chi-square goodness-of-fit test was again used to test 
for normality of the error. The test results are given in 
Table 5-17 for predictions employing U.S.G.S. flows, and 
in Table 5-18 for predictions employing estimated flows. 
It can be seen from inspection of Tables 5-17 and 5-18 
that the mean and standard deviation of the error did, in 
fact, shift. For the model predictions employing U.S.G.S 
flows, the mean error changed to 1.09 and the standard 
deviation to 6.63. For predictions using estimated flows 
the mean error changed to 1.27 and the standard deviation 
to 6.96. The goodness-of-fi t tests contained in Tables 
5-17 and 5-18 both justify acceptance of the normality 
assumption at probability levels above . 95.

Two new hypothetical chloride profiles - 3B and 
4B - were generated for the 1974 water year by the same 
method previously discussed. Profile 3B, generated from 
prediction errors normally distributed with u = 1.09 and 
o = 6.63, is contained in Table F-9 of Appendix F. Pro­
file 4B employs model errors which are normally distri­
buted with u= 1.27 and o= 6.96 and is given in Table F-10.

The optimum sampling policies selected for the 1974 
water year are now re-evaluated on the basis of their per­
formance against profiles 3B and 4B. The results are pre­
sented in Tables E — 13 through E-15 of Appendix E. Looking 
first at the policies derived on the basis of U.S.G.S. 
flow data, Table E-13 gives a complete cost analysis for 
each of the 16 selected policies at a chloride standard of 
45 mg/L . The optimum policy was selected for various PQ1 
and Pq2 requirements, and a comparison of the optimum poTi- 
cies over the 1973 and 1974 water years is given in Table 
5-19.
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One immediate result of interest is that detection probabi­
lities are generally higher for all policies in the second 
profile, producing lower associated costs than were pre­
viously obtained. This is due to the improved predictive 
accuracy of the model as estimated from the new historical 
data. For example, under the previous error distribution 
there is a .1725 probability of a stream standard violation 
( C ( t ) >45 m/£) given the model yields a concentration of 
37 mg/Z .

p = P £c(t) > 45 | model = 37 J = P error * -8mg/zj 

= .1725
If the true distribution has actually shifted to normal 
(*l= 1.09, cr= 6.63) the true probability of violation is

P [C(t) > 45 |model = 37] = .085

In this case, the true probability of violation is approxi­
mately one-half that originally estimated, rendering a much 
more conserative sampling policy than was anticipated. 
Therefore, policies 3 and 4, which call for sampling if p 
exceeds .10 and .15 resepctively, require samples to be 
taken at times when the probability of violation is less 
than that specified for the policy. For this reason more 
violations are detected during the 1974 water year than 
previously shown for profile 3, resulting in a reduction in 
the overall policy cost originally estimated.

Examination of Tables 5-12 and 5-19 reveals that the 
true optimum policy during the 1974 water year does change 
from that originally derived. For example, for a required 
Pgi and P^ less than 80% (ss = 45 mg/Z ; non-linear cost) 
policy 6 was optimum for both years, but in Table 5-19, 
policy 8 is shown to be the true optimum policy during 
1974-1975. At a stream standard of 55 mg/Z and under both 
cost structures, it was assumed that none of the selected 
policies were able to detect 100% of the violations during 
the 1974 water year, but it can be seen that policy I does
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satisy this extreme and requirement. For linear 
costs and at a standard of 45 mg/Z , the optimum policy 
does not change from that originally derived.

Analysis of profile 4B (using estimated flows) reveals 
that the true optimum policy is selected more frequently 
than was originally anticipated. A comparison of Tables 
5-13 and 5-20 shows that policy I does not, in fact, detect 
100% of all violations of the 45 mg/Z stream standard. 
Also at levels of P^ and P^ below 80%, the selected 
policy (6) is actually the true optimum for the 1974 water 
year. Previously it was shown that policy 7 was optimum 
for this period. At a stream standard of 50 mg/Z , the 
true optimum policy is again selected at P^ and P^ * 70%. 
Under the linear cost structure, there is almost no change 
from the first results given for a standard of 50 mg/Z .

A re-examination of the performance of the fixed-time 
policies A through P was completed and the results are also 
presented in Tables E-16 and E-18. Again, there is a sharp 
drop in detection effectiveness from the variable-time poli­
cies to the fixed-time policies according to this second 
analysis. Only policy A produces a P^ and P^ above 78% 
over profiles 38 and 48, but at a higher estimated cost 
than that derived for several of the variable-time policies 
which yield a P^ and P^ above 78%.

Conclusions
Although the given method of policy design and selec­

tion does not insure that the optimum policy for future 
sampling is always obtained, the analysis does show that 
inefficient policies are always avoided and often the opti­
mum policy is used. It has been asserted that if the selec­
tion process were based on several years of policy evaluation, 
the number of cases in which the optimum policy is employed 
would significantly increase. This technique provides a 
practical means of incorporating critical information into 
the policy design, e. g. , point-source loading distributions, 
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streamf1ow variability, background pollution levels, physi­
cal characteristics of the receiving water and the distri­
bution of the prediction error. At the same time, the 
process of policy selection is given a sensitivity to the 
exact definition of a violation, existing damage functions, 
as well as current levels of the particular stream standard. 
This approach to monitoring a receiving water attempts to 
capitalize on known information regarding those factors 
which most directly effect pollution levels. In doing so 
the sampling process avoids excessive observations during 
times when the condition of the stream is within acceptable 
levels, thereby providing an efficient allocation of avail­
able sampling resources.

The investigation makes use of historical data from 
the waste effluents, background levels and monitored posi­
tion to calibrate the predictive model. It is suggested 
that if such data is not available from outside sources, 
some additional field sampling must be established to con­
tinuously up-date the estimators of the above conditions. 
Data received directly through the monitoring program will 
center around high chloride concentrations, but the model 
should also be occasionally checked for accuracy at times 
associated with low chloride predictions. Similarly, field 
samples from the point-sources and at the upstream boundary 
would insure that the model incorporates current information 
on all chloride sources. The specific format of this paral­
lel sampling, although not considered in the present re­
search , must depend upon the judgements and objectives of 
the policy designer.

If the approach presented here is to be successful, 
careful consideration must be given to the criteria used 
to evaluate the selected sampling policies. It has been 
shown that the optimum policy may vary with the particular 
damage function in effect, illustrating a need for extensive 
examination of all costs which may arise in policy application. 
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lt is important to emphasize that the cost functions em­
ployed in the previous analysis are not necessarily repre­
sentative of those in effect for the Great Miami River. 
Because of a lack of specific information concerning sam- 
ling costs and stream damages, the hypothesized functions 
are able to provide a conceptual aid for application of the 
design methodology. However, in actual practice a complete 
study of available cost information is necessary to derive 
accurate representations of existing damage functions.

As a means of eliminating any inappropriate conclu­
sions resulting from the use of these subjective cost func­
tions, an alternative method of policy evaluation is sug­
gested. Figure 5-7 shows a plot of (detection percen­
tage) vs. the total number of required samples for the 1973 
water year (using U . S.G.S. flow data). The information 
contained in Figure 5-7 may be used to select the optimum 
policy when detection delay costs are either unknown or in­
significant in comparison to sampling costs. Alternatively, 
it may be helpful to select the optimum policy from Figure 
5-7 and to subsequently examine the average delay to viola­
tion detection associated with that policy. Figure 5-8 pro­
vides a plot of average detection delay vs. percent of vio­
lations detected for each of the 16 selected policies. 
Knowledge of the average detection delay may then be incor­
porated into the process of policy selection at the discre­
tion of the designer. For example, suppose the optimum 
policy is sought for PD1 > 80%. Using the required sample 
size as the initial criterion for policy cost, Figure 5-7 is 
entered and Policy 6 is selected as optimum. The policy de­
signer then enters Figure 5-8 and finds that this policy 
yields an average detection delay of .29 days. This infor­
mation can then be given appropriate weight in the final 
decision as to the actual effectiveness of Policy 6. Ob­
vious 1 y, the optimum policy for any given system will depend 
upon the relative magnitude of sampling costs versus costs 
arising from violation detection delays.
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Finally,it is necessary to explicitly define what 
constitutes a stream standard violation in any given system. 
A violation may be a function of time spent above a given 
threshold, the magnitude above the threshold, the average 
pollution level over a specified time period, or any one 
of several other definitions. Any regulatory agency at­
tempting to implement this methodology must perform a com­
plete analysis of violation interpretation if effective 
results are to be achieved. On the other hand, if suffi­
cient pre-planning is devoted to assessment of system dam­
ages and definition of stream standard violations, it is 
felt that the above approach can provide a realistic and 
practical method of allocating sampling resources in an 
effective monitoring program.

Recommendations

It is difficult to generalize as to which of the 
selected policies would be most effective in application 
to a different receiving water system. Each system must 
be viewed as a unique problem containing a unique set of 
pollution sources and physical characteristics. Therefore, 
the optimum policy for one system may be quite different 
from the optimum policy for some other system. However, 
an interestigg aspect of the preceding analysis is the 
consistent effectiveness and efficiency associated with 
Policies 5, 6, and 7. In a high percentage of cases in 
which the and P^ requirements are below 80%, the opti - 
mum policy is seen to be generally distributed among these 
three policies. In these cases the decrease in cost as­
sociated with less frequent sampling (than that required 
for Policies 1-4) offsets any additional costs incurred 
due to increased violation detection delays. At Pp levels 
above 80%, the more rigid detection constraint forces the 
optimum away from the overall minimum-cost policy con­
tained in the set of selected policies. In this Pg region 
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it may be said that a regulatory agency must "pay" for 
increased detection capabilities. Although in the pre­
ceding study the percent increase in overall cost for 
more intensive sampling is not always high, it should be 
clear that this is only a reflection of the particular 
cost functions employed here. For example, a different 
cost function may create a large discrepancy between the 
cost of the optimum policy for Pq^90% and the cost for 
Pg < 80%. This fact must be understood in the process of 
setting the Pg requirement. Therefore it is critical that 
careful consideration be given to the relationship between 
total cost and required violation detection for a given 
receiving water system.

A final comment is also given to a point previously 
discussed at the conclusion of Chapter IV. It has been 
stated that the sampling policy design did not make use of 
the autocorrelation function for the chloride data. 
Further research should certainly be devoted to the design 
of sequential sampling policies which incorporate infor­
mation on the statistical dependence between pollution 
observati ons.



APPENDIX A 
Streamflow Prediction Development

When daily streamflow observations cannot be directly 
obtained by means of Telemark gaging stations , it becomes 
necessary to estimate this information required for input to 
the stream model. The method of prediction employs past 
runoff records for a given watershed to arrive at a typical 
total flow-recession curve (Linsley, Kohler, Paulhus, 1958). 
Sets of runoff observations taken several days after a peak 
flood are plotted and superimposed to arrive at a base-flow 
recession or groundwater depletion curve, as shown in Fig. 
A-1. The first several days following a peak flow are eli­
minated in the analysis to insure that the curve will likely 
represent only base-flow recession rather than total-flow 
recession. Once the individual recession curves have been 
superimposed and a groundwater depletion curve has been 
"pieced together", the result is used in deriving a ground­
water depletion equation as discussed below. Runoff data 
which includes the first several days following a peak 
flood is then used to develop an equation describing total- 
flow recession. This equation becomes the model for pre­
dicting runoff values above base-flow levels.

In the case of the Great Miami River,U.S.G.S. runoff 
records at Hamilton, Ohio for the years 1965-1975 were ex­
amined and twelve depletion curves were selected for deriv­
ing the recession equations. The list of curves is given 
in Table A-1. After constructing the groundwater-depletion 
curve shown in Fig. A-1 , runoff values were read from the 
curve at 4-day time intervals and the data was plotted on 
semi-log paper as shown in Fig. A-2. A linear regression 
was then performed to arrive at a straight-line fit of the 
resulting data. The groundwater-depletion curve may be 
described by a characteristic equation

$24 = $0Cr
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where Q24 represents the streamflow tomorrow, Qq repre­
sents the streamflow today, and is a depletion constant 
less than unity. To obtain an estimate of this depletion 
constant, the equation describing the relationship of Q2^ 
and t is used:

log Q24 = .01551 + 3.5401 (A-1)

n _ 1n-.0155t + 3.5401 Qnj = 10
q” . W°'5St . 103-5401

(AtI ) is used to obtain the flow value t days subsequent to 
a flow of cfs,assuming base-flow recession. How­
ever, the equation can be generalized to solve for the flow 
one day subsequent to any given level by substituting Qq 
for io3,5527 and setting t = 1. The result is given by:

Q24 = 10-0^ • io3'552?

= 10"-0159 • Qo

Q24 ■ • 965Qq (A-2)

(A-2) may now be used to predict daily streamflows once a 
value of Qq has been measured, given the condition of base­
flow recession.

When attempting to estimate daily streamflows which 
include direct runoff as well as base flow, a slightly dif­
ferent approach must be taken. Again, data on the twelve 
recession curves selected previously from U.S.G.S. records 
on the Great Miami River is employed in developing the pre­
dictive model. However, now runoff values recorded after a 
peak flood are included in the analysis. Initially a plot 
is constructed of Qq, vs. Q24 as shown in Fig. A-3. Qq 
represents the current runoff level in cfs and Q24 represents 
the runoff level 24 hours later as taken from the twelve 
recession curves. The data is bounded on the right by a 
45° straight line which represents the slowest recession 
possible. Similarly, the data is bounded on the left by a 
line representing the fastest rate of recession: depletion
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from direct runoff. Actual rates of recession will lie 
within these two boundaries. In order to fit a model to 
the data in Fig. A-3, a new plot was constructed of log Qq 
vs. log Q24 (Fig. A-4). Again, a linear regression was per 
formed to obtain a least-squares fit of the transformed co­
ordinate pairs. The resulting slope, y-intercept and 
correlation coefficient for the least-squares line are 
given below.

y intept. = .50429 
m - .84576 
r = .93566 

The equation of the fitted line is
log Q24 = .84576 log Qq = .50429 (A-3)

Taking the antilog of each side of (A-3) leads to the fol­
lowing result:

Q24 = 3.1 94Q0" 846 (A-4)

Equation (A-4) now becomes the model for predicting stream 
flows during recessions which include direct as well as 
base-flow runoff.

At this point it is necessary to determine the res­
pective streamflow ranges over which Equations (A-2) and 
(A-4) apply, i.e., the level at which total recession is 
described by the characteristics of base-flow alone rather 
than base-flow and direct runoff combined. Because the 
rate of recession which includes direct runoff is greater 
than that of runoff including base-flow alone, Equation 
(A-4) can only be applied for levels of Qq which give a 
value of Q24 less than that derived from Equation (A-2). 
The critical value of Qq is that which gives the same re­
sult for both equations.

(Base-Flow) Q = .965 Qq (A-2)

(Base and Direct) Q24 = 3.194 Qq’846 (A-4)

Substracting Equation (A-4) from Equation (A-2) gives:
0 = . 965Qq - 3.194 QQ-^

. 946Qq = 3.194QQ-846 (A-5)
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By trial and error it was found that Qq = 2360 cfs satis­
fied the relationship given in (A-5). At runoff levels 
less than 2360 cfs, the rate of recession given by (A-4) 
is slower than the rate given by (A-2). Because recession 
due to base-flow alone is the slowest recession possible 
(A-4) is used to predict streamflows above 2360 cfs, i .e., 
streamflows which include direct runoff. At levels below 
2360 cfs, (A-2) is used.

The capability of equations (A-2) and A-4) in predict­
ing streamflows is best illustrated by examining the result­
ing errors in estimated runoffs over the period from 
October 1973 to October 1975. Tables A-2 and A-4 contain 
the U.S.G.S. average daily runoff data on the Great Miami 
River at Hamilton, Ohio for the water years 1973-74 and 
1974-1975 respectively. Tables A-3 and A-5 contain the 
streamflow data obtained either by model prediction or by 
direct measurement as discussed in Chapter 5. Those genera­
ted through model prediction are indicated by means of an 
asterisk to the right of the flow value. The resulting 
errors in estimation were compiled for both years ;• the 
mean and standard deviation of the percent error are given 
below.

1973-1974 1974-1975
^ERROR = 3.65% .96%
^RROR = 22'69% 24.44%

Although the mean % error in streamflow prediction is 
quite low, the standard error of approximately 23% is high 
enough to justify a search for more sophisticated methods 
of estimating future flow levels. In fact, such techniques 
are available in the form of complex computer algorithms 
which keep track of the physical characteristics of the 
watershed - infiltration capacity, soil moisture content, 
temperature, residual snowfall, etc. This method of pre­
diction would be expected to provide better estimates of 
daily runoff than that currently used in the present



-1 50-

research. However, the objectives of the investigation 
herein are served adequately by the more crude estimators 
of (A-2) and (A-4). If time and money are sufficient, it 
is suggested that the sampling policy design include these 
sophisticated techniques of runoff estimation.
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APPENDIX B

Background Chloride Concentration

in order to accurately forecast the daily chloride 
concentration in the Great Miami River, the predictive model 
requires an estimate of the background concentration enter­
ing the system at river mile 28.0 the upstream boundary. 
Chloride field measurements gathered by the Ohio EPA from 
October 1973 through September 1974 are listed in Table B-1 ; 
these observations were taken at river mile 25.7. Attempt­
ing to model variations in background input is difficult 
because little information is available on chloride loadings 
to the Great Miami River upstream of river mile 26.0. For 
this reason it is necessary to try to relate variations in 
background chloride concentrations to the variation in some 
other parameter. Because of the conservative nature of 
chlorides, it would be expected that a relatively high degree 
of correlation may exist between streamflow and background 
chloride levels. In particular, if the background chloride 
load (pounds per day) entering the system were constant 
over time, the correlation between background concentration 
and streamflow would be extremely high.

The first attempt to model the relationship between 
streamflow and background chloride concentration employs a 
linear regression analysis on the data given in Table B-1 . 
As stated previously, the chloride field observations were 
gathered by the Ohio EPA, while the streamflow observations 
were obtained from U.S.G.S. records for the Great Miami River 
at Hamilton, Ohio. The resulting equation and the correla­
tion coefficient from the analysis are given as

UC = -.00128Q + 46.57 (B-1)r = -.49928 i '
where UC = background chloride concentration (mg/Z),

Q = streamflow (cfs) 
r = correlation coefficient. 

In an attempt to improve upon the above model, a second re­
gression analysis is performed, this time on the logarithms
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of the data contained in Table B-1. The results of this 
analysis are given below:

UC = 273 Q"*246 
r = -.70 (B-2)

The higher degree of correlation given by Equation (B-2) 
implies that.it is a more effective model for predicting 
boundary conditions than Equation (B-1) . However, the two 
equations given above are also compared on the basis of 
1) the mean error in mg/Z and 2) the standard deviation of 
the error in mg/Z . The results for both equations are 
given below.

From Equation (B-1) From Equation (B-2)
UC = .00128-Q + 46.57 UC = 273-tp246

yerror 1038 ^error ’7$
° error " 9-90 aerror " 8,02

Inspection of the information above shows that both 
equations provide a mean error in prediction of less than 
1 mg/Z . However, Equation (B-2) gives a 20 percent re­
duction in the standard error over Equation (B-1 ) . For this 
reason, Equation (B-2) is selected as the model to be used 
in predicting daily background chloride concentrations on 
the Great Miami River system. Figure B-1 provides a pro­
file of actual vs. predicted background levels. It can 
be seen that the predictive model is effective in tracking 
fluctuations in the true process with the exception of a 
few isolated cased listed below.

Date Actual Pred
Nov. 28 56 25
Feb. 27 53 35
Mar. 27 62 40
Aug. 27 39 55

In order to reveal possible explanations for the large 
deviations between observed and predicated background levels 
on these four dates, records of climatological observations 
from October 1973 through September 1974 were obtained from 
the National Climatic Center in Asheville, North Carolina. 
Thefirst data point in question, Nov. 28, represents the

that.it
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greatest error in prediction for the 1973-74 water year. 
Examination of U.S.G.S. discharge records and climatological 
data disclosed that for five consecutive days prior to, and 
including, Nov. 28, heavy rainfall was observed at the Ham­
Fairfield station in Butler County, Ohio.

Date Rainfall (inches) Streamflow
Nov. 24 1.24 2800

Nov. 25 .99 9100

Nov. 26 .61 1 3400

Nov. 27 .22 1 3900

Nov. 28 .69 18100
The third highest runoff level recorded for the months of 
September, October and November between 1964 and 1974 occur­
red on Nov. 28, 1973. The dilution effect expected from the 
high streamflow would seem to indicate the presence of an 
extremely low chloride concentration in the river. To be 
more specific, a chloride loading of approximately 6 million 
pounds per day would be required to effect a concentration 
of 56 mg/Z at a streamflow level of 18,100 cfs. This in­
formation may be sufficient evidence to discount the chloride 
observation as an erroneous measurement. However, it is 
possible that the continuous heavy rainfall over a five-day 
period may have resulted in a flushing of chloride deposits 
within the watershed directly into the river. Similarly, 
the high runoff condition may have resulted in an intentional 
or unintentional waste discharge from an industrial point­
source located on the Great Miami River.

On inspection of flow and climatological records for 
Feb. 27, 1974, it was noted that no significant precipita­
tion occurred on this date. However, for several days pre­
vious to this date, freezing temperatures were recorded, 
dropping as low as 10° F and 11 ° F on Feb. 25 and 26, res­
pectively. In addition, on Feb. 24, 17 inches of rain and 
2.5 inches of snow were recorded at the Ham-Fairfield sta­
tion. On the date in question, Feb. 27, the temperature rose 
significantly to a high of 55° F. It is quite possible that 
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1arge quantities of rock salt were used on Feb. 24 for the 
purpose of melting snow and ice on local highway systems. 
Given that this salt was temporalily held on top of frozen 
ground and in snow deposits in the region, the sharp temper­
ature increase on Feb. 27 may have resulted in a release of 
chlorides to the river. This would account for the large 
discrepency between observed and predicted background chlor­
ide levels on this data.

The prediction error for March 27 may be explained 
by exactly the same reasoning. Three days previous, on 
March 24, .33 inches of rainfall and 3.5 inches of snowfall 
were recorded. Temperatures on March 25 fell to a low of 80 
F but on March 26 and 27, temperatures rapidly rose,reaching a 
high of 62°F on March 27. Thus, the exact same conditions 
which prevailed on Feb. 27 were also present on March 27.

The final data point in question occurred on Aug. 27, 
and on this date there seems to be no explanation for the 
prediction error other than the weakness of the model used 
to relate background concentration and streamflow. Examin­
ation of runoff and climatological records revealed no unus­
ual phenomena which could have accounted for the discrepancy.

Rather than excluding the data for Nov. 28, Feb. 27, 
and March 27 from the analysis used to derive Equation (B-2), 
all of the original field observations were retained. This 
was done to protect the assertion that the model is, in fact, 
representative of the entire set of field observations avail­
able and that no data was unjustly left out of the analysis 
to improve prediction accuracy. However, in order to illus­
trate the effect of removing these three observations in 
estimating the prediction error, below is a comparison of 
the mean and standard deviation of the error for each case.

All Data
Equation (B-1): Equation (B-2):

•'“error = "•°38 terror -
""error = ""error =
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Excludi ng Nov. 28, Feb. 27, March 27
Equation (B-1): Equation (B-2):

^error

error

: "1'134 terror = '27
8.45 %rror ^.'7

Examination of the above information reveals that removal 
of the data for the dates in question reduces the standard 
error by approximately 35% and the mean error by over 60% 
for Equation (B-2). In each case Equation (B-2) has a signi­
ficantly smaller standard error than Equation (B-1).

Having arrived at an acceptable model for predicting 
background chloride levels, it is then only necessary to 
obtain a daily streamflow value in order to estimate the 
magnitude of this input variable to the computer simulation 
of the Great Miami River. Fig. B-3 provides a plot of pre­
dicted background chloride concentration versus streamflow 
using Equation (B-2). In order to reveal possible trends 
in the error of estimation as a function of streamflow magni­
tude, a plot of residual error versus streamflow is presented 
in Figure B-2. Examination of this data shows that the esti­
mation error does not exhibit significant trends which might 
warrant using different estimators of background concentra­
tion in different flow regions.
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APPENDIX C
Derivation of Fixed-Time Sampling Policies

As a means of evaluating the effectiveness of the 
sampling policies which employ the computer model to deter­
mine specific sampling times, policies 1-16 were compared 
with several other plans which employ uniform sampling in­
tervals for detecting stream standard violations (Beckers, 
et al. , 1972) In deriving these uniform sampling policies, 
the value of a sampling frequency priority measure (M) must 
first be specified:

m _ Expected Number of Violations Detected. (C-1 )

If c(t) represents the concentration of a given pollutant 
at some time t, then a violation of the water quality stan­
dard $8 for this material occurs when c ( t ) 2 SS. A normaliz­
ed two-state process is then defined which takes the value 
unity if a violation occurs and the value zero otherwise: 
Fig. C-l shows y(t) to be such a process.

FIGURE C-1

-p
>1 

0

Co = SS
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In order to estimate the transition probabilities from one 
state to the other for the stochastic process y(t), the as­
sumption is made that these probabilities are explicitly 
dependent on the present state of the process (0 or 1) and 
on the length of time y(t) has been in that state and im­
plicitly dependent on the standard SS. The stochastic pro­
cess y(t) can then be described by the values

T1: (t) 5 Pr[y(t) = i |y(0} = i ] 1 = 0, 1 (C-2)

where (t) is the probability that, for time t > 0 , y is in 
state i, given that it entered state 1 at time t = 0, i. e., 
no transitions occurred in time t, given a transition at 
time 0.

The second assumption made is that y(t) is a poisson 
process. The transition probabilities then become

IT. (t) = e~t/Ti i = 0, 1 (C-3)

where T^ represents the mean time spent in state i before a 
transition occurs. T^ is therefore dependent on the magni­
tude of SS. The violation process may then be described by 
means of the two parameters T^ (the mean duration of a vio­
lation) and Tq (the mean interval between violations). The 
probability of a violation is therefore given by

TT = T1 (C-4)
T1 » T0

Thus, to evaluate the probability TTV it is necessary to es­
timate the values of T^ and Tq. The method of estimation is 
discussed in detail later in this appendix.

The expression for M* (the approximate for M) is given 
below in terms of TQ, T^ , and the sampling interval △:

M* (A, To> T,) = To e~ 4/Tp . e-A/T, (C-5)

— To/T, - 1

Beckers, et al. (1972) provide a detailed derivation of Equa­
tion ( C-5). This approximation is valid for the case in which 
A < Tq + T^. Figure C-2 gives a graphic representation of M 
versus A/t^ for various values of Tq/T^. Once estimates
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of and have been obtained, these curves can then be 
employed in determining the required sampling period A for 
a pre-specified effectiveness rating M.

Estimates of TQ and are derived by examining several 
years of discharge records for the river basin under investi­
gation. In order to understand how these estimates are 
obtained, consider a river system receiving a waste load 
from two sources, as shown in Fig. C-3.

B

Cn(t)

FIGURE C-3

Ws'Qs

Assuming completely-mixed, flow conditions with no disper­
sion for the stream segment shown in Fig. C-3, the concen­
tration of a conservative material such as chlorides below 
point B can be approximated by the following relationship:

C n = We + Ws (C-6)
Qe + Qs 

where: CQ - concentration of contaminant below point B
We = contaminant loading from sources upstream of B 
Ws - flow entering stream segment from above point B 
Qs = flow entering segment from point-source at B. 

Often the temporal variations in Ws, We and Qs are very 
small in comparison to the variations in Qe. In such cases 
it may be assumed that fluctuations in the value of Co are 
due entirely to the variation in Qe. Additionally, because 
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detailed information about the values of , Qe and Qs is 
generally not known, average values for these variables 
must often be used. Under such conditions Equation C-6 be­
comes

„ _ Constant.
° ’ % + Os

( C - 7 )

For cases in which Q$ « Qe, the above equation may be re­
written as

r _ Constant (C-8)
c0 - Qe

Once a threshold contaminant concentration SS has been speci 
fied, a threshold streamflow QT is immediately defined, i.e., 
if a violation occurs when Cg > SS, then a violation occurs 
if Qe £ Qy. The equation used to define the threshold 
streamflow QT is therefore given by

Qt "Avg. (0-9)
1 " SS
Thus, in estimating the values of Tq and Tp Tq is 

set equal to the average length of time Q is greater than 
Qt and T1 the average length of time Q is less than Qy. These 
average times are obtained by analyzing several years of 
past discharge records for the watershed in question.

In attempting to apply the above technique for monitor­
ing the level of chlorides in the Great Miami River, the
Ohio EPA data given in Table B-1 was used in conjunction 
with chloride loading information from Gulf Oil and National
Lead
Oil ,

to evaluate WAvg. The average chloride load from Gulf 
as estimated from original field observations given in

Table 5-2 for the water year 1973-74, is 4040 Ibs/day.
Similarly, from the data contained in Table 5-1 , National
Lead has an average chloride load of 1166 Ibs/day. The average
daily background chloride loading to the system was estimated
as follows:

W-a,g. = (Kt I C.Q.)/N

where C. - chloride concentration (mg/ £ ) from Table B-1
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5 streamflow (cfs) from Table B-l 
N = number of observations ( = 52)
Ky = factor to convert WRr to Ibs/day ( = 5.39) 

BCavg.

The overall value of Wavg. is
"avg. ■ ^BC + WGulf 

a v y •

finally given as 

+ "Lead (C-10)

= 535733. + 4040 + 1166.
W = 540939• Ibs/day a vg. -

This is the value of W used in Equation(C-9)to estimate SVy •
the Qj associated with a specific chloride water quality 
standard SS.

Several sampling strategies, each representing a dif­
ferent sampling frequency priority measure (M) , were selected 
for evaluation on the basis of percentage of violations de­
tected and total cost over a one year period. These stra­
tegies were tested for each of three different hypothetical 
chloride standards - 45, 50, and 55 mg/Z using U.S.G.S. 
discharge records from October 1965 through September 1973 
to estimate T and T^ in each case. The information used 
in deriving each sampling policy is given in Tables C-1 and 
C-2.

TABLE C-1
Chloride Standard Vs. Tq/T

Chloride Standard 
(mg/ 1 )

Qt 
( cfs )

T0 
(days)

T]
(days)

T0/T

45 2228 15.24 21.01 .725

50 2006 17.99 21 .26 .846

55 1823 20.14 22.33 .902
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APPENDIX D

Illustrations of Detection Percentage and 
Total Cost of Variable and Fixed-Time 

Policies
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TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 U.S.G.S. STREAMFLOWS
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TOTAL COST VS. % OF VIOLATIONS DETECTED

I973-74 U.S.G.S. STREAMFLOWS
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TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 PREDICTED STREAMFLOWS 

CHLORIDE STANDARD = 45 MG/L
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TOTAL COST VS. % OF VIOLATIONS DETECTED

I973-74 PREDICTED STREAMFLOWS

CHLORIDE STANDARD = 45 MC/L
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TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 U.S.G.S. STREAMFLOWS

CHLORIDE STANDARD = 50 MG/L
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TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 U.S.G.S. STREAMFLOWS 

CHLORIDE STANDARD = 50 MG/L
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TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 PREDICTED STREAMFLOWS

CHLORIDE STANDARD = 50 MG/L
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TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 PREDICTED STREAMFLOWS
CHLORIDE STANDARD = 50 MG/L
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TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 U.S.G.S. STREAMFLOWS

CHLORIDE STANDARD = 55 MG/L
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TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 U.S.G.S. STREAMFLOWS 

CHLORIDE STANDARD = 55 MG/L
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TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 PREDICTED STREAMFLOWS

CHLORIDE STANDARD =55 MG/L
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TOTAL COST VS. % OF VIOLATIONS DETECTED
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DECKFILE

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c. 
c 
c 
c 
c 
c 
c 
c 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C

SIMULATION OF STREAM RESPONSE TO TIME-VARIABLE, POINT-SOURCE 
CHLORIDE LOADINGS USING CMF REACTORS IN SERIES

DEFINITIONS

8T(J,I1):
NREAC: 
NINC:
TINC:
V:
L:
CL(I) :
E:
A:
SF1:

SF2:
SF3: 
ac:
Tine (H) :
NEQ :
T:
C:
KD: 
EP (I) :

H: 
DELT: 
TFINAL 
KSTEP:

OF SYSTEM VARIABLES

LOAD FROM PLANT J AT TIME I1 IN LBS./HR. (ARRAY) 
TOTAL NUMBER OF REACTORS IN SERIES 
TOTAL NUMBER OF LOADINGS FOR EACH PLANT 
TIME BETWEEN LOADINGS (HRS.) 
SEGMENT VOLUMES (CUBIC FEET) 
SEGMENT LENGTHS (FEET) 
CHARACTERISTIC LENGTH OF SEGMENT I (FEET) 
DISPERSION COEFFICIENT (SQ. MILES/DAY) 
INTERRACIAL AREA BETWEEN SEGMENTS (SQ. FEET) 
SCALE FACTOR TO CONVERT (Q/V) (C(I-1)-C (I)) 

TO MG/L 
SCALE FACTOR TO CONVERT (W(T,J)/V) TO MG/L 
SCALE FACTOR TO CONVERT DISPERSION TERM TO MG/L 
UPSTREAM BOUNDARY CHLORIDE CONCENTRATION (MG/L) 
ARRAY CONTAINING INDIVIDUAL LOAD TIMES 
NUMBER OF EQUATIONS (INPUT) 
INDEPENDENT VARIABLE- TIME (HRS.) 
CURRENT VALUE OF DEPENDENT VARIABLE- CONC. (MG/L) 
ORDER OF THE DIFFERENTIAL EQUATIONS IN THE SYSTEM 
PARAMETER USED TO CONTROL THE LOCAL ERROR IN 

REACTOR I 
CURRENT VALUE OF THE STEPSIZE 
SPECIFIES POINTS WHERE OUTPUT IS DESIRED 
TOTAL LENGTH OF SIMULATION (HRS.) 
NUMBER OF INTEGRATION STEPS TAKEN

C

1000

1001

45 
1002

13

IMPLICIT BEAL*8 (A-H,O-Z)
REALES L (25) ,V (25) ,CL (25), AC (721)
REAL*4 ST (361,3) ,TIMC (361),S (361,3) ,EP (25)

COMMON WT,TIMC,I1,S
DIMENSION F(25) ,DT(17,25),C(25),IN (25),KQ(25)

SET PARAMETERS AND INITIAL CONDITIONS
CALL TIME (0)
KD=1
MXSTEP=5000 
HMINA=0.

READ (5,1000)NREAC,NREAC1,NREAC2,NBEAC3,NREAC4,NI NC,NPLOT,LT 

READES,^1001) E, A,UC,SF1 ,SF2, SF3,TQ,TINC,Q ,DELT,TF , (L (I) ,

11=1,NREAC),TSTART,TSTOP,TOUT
FORMAT (4F14. 6)
DO 45 JP=1,3
READ (5,1002) (NT (IP,JP) ,IP=1,361)
FORMAT(4F9.2)
NREACM=NREAC-1
V (1)=L (1)*A
V(NREAC)=L(NREAC)*A 
CL (1 ) =L (1 )
CL (NREAC) = (L (NREACM)+L(NREAC))/2.
DO 13 1=2,NREACM 
Y (I) =L (I) *A

t CL (I) = (L(I-1)*L(I))/2.
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8

12 
1009

15

IF(LT .EQ. 1)GO TO 12 
DO 8 1=1,HRBAC 
C(I)=UC 
GO TO 15
BEAD (5,1009) (C(I),1=1,NBEAC) 
FORMAT(4F10.4) 
HEQ=NREAC 
TFIHAL=TSTOP 
T=TSTABT
HMAXA=TINC/TF 
E2=SF2 
E3=E*A*SF3
WRITE (6,195)NBEAC,NREAC1,NREAC2,NREAC3,NREAC4,NINC
FORMAT('1',5X,'NREAC = •,12,9X,*NREAC1 = ',12,9X,'NREAC2 - ',12,/

16X,'NREAC3 = ',I2,9X,'NREAC4 = ',12,9X,'NINC = *,I3)
WRITE (6,196)TQ,TINC,DELT,HMINA,HMAXA,NEQ

196 FORMAT(6X,'TQ = ',F4.0,1IX,'TINC = ',F2.0,11X,'DELT - ',F2.0,/
16X,'HMINA = ',F2.0,10X,'HMAXA = ',F2.0,10X,'NEQ = ',12)

195

WRITE(6,197)Q,E,UC,A,NREACM
197 FORMAT (6X,'Q = *,F7.0,9X,'E = ',F2.1,/ 

16X,'UC = ',F2.0,13X,'A = ',F4.0,12X,•NREACM 
WRITE (6,198) WT (1 ,1) ,WT (1,2) , WT (1,3) 
WRITE (6, 199) WT (2,1) , WT (2,2) ,WT(2,3) 
WRITE (6,201)WT (361,1) ,WT (361,2),WT(361,3) 
FORMAT(6X,'WT(1,1) = ',F5.2,5X,'WT(1,2) = 
FORMAT (6X, 'WT (2, 1) = ' ,F5.2,5X , ' WT (2,2) = 
FORMAT(6X,'WT(361,1) = ',F5.2,3X,'HI (361,2) 
DO 191 1=1,21,5 
11=1*1 
12=1*2

* ,12)

198
199
201

',F5.2,5X,'WT(1,3) = ',F5.2)
•,F5.2,5X,'WT(2,3) = ' ,F5.2)

•,F5.2,3X,'WT(361,3) F5. 2)

191
192

14=1*4
WRITE (6,192) I,L (I) ,I1,L(I1) ,I2,L(I2) ,I3,L(I3) ,I4,L(I4)
FORMAT(6X,*L (',12,') = ',F5.0,7X,'L ( ',12,') - ',F5.0,7X,*L (',12, )

1 = *,F5.0,7X,'L(',12,') = ',F5.0,7X,'L(*,I2,') = ',F5.0) 

DO 189 1=1,21,5

12=1*2

14=1*4

1 = *,F8.4,4X,'C (',12,') = ',F8.4,4X,'C(',I2,') = ',F8.4) 

DO 5 IR=1,NINC
5 TIMC(IR)=DFLOAT(IR-1)*TINC

I1=T/2*1
C

1
2 

C
10

9

NOW MAKE FIRST ENTRY
CALL DVDQ(NEQ,T,C,F,KD,EP,IFLAG,H,HMINA,HMAXA,DELT,TFINAL 

lMXSTEP,KSTEP,KEMAX,EtlAX,KQ,XN,DT)
GO TO 2
CALL DVDQ1
GO TO (10,10,30,30,70,50,50,50), IFLAG

EVALUATE DIFFERENTIAL EQUATION, 1FLAG=1 OR 2

DO 9 1=1,NEQ
EP(I)=.02*DABS (C (I))
EP (I)=-AMAX1 (EP (I),.02)
E1=Q*SF1

FIRST REACTOR NEVER RECEIVES LOADINGS
J=0
F(1)=E1* (UC-C(1) )/V (1) *E2*W (T,J)/V (1)*
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NREAC1) J=1
NREAC2) J=2
NREAC3) J=3
NREAC4) J=4

1 (E3* (UC-C (1)))/(V(1)«CL(1))* (E3* (C (2) -C (1) ) )/(V (1) *CL (2) ) 
C LAST REACTOR NEVER RECEIVES LOADINGS 

J=O 
F(NREAC)=E1*(C(NREACM)-C(NREAC))/V (NREAC)+E2*W(T,J)/V(NBEAC) ♦

1 (E3* (C (NREACM) -C (NBEAC) ) )/(V (NREAC) *CL (NBEAC) ) 
DO 6 1=2,NREACM 
J=0 
IF (I .EQ. 
IF (I .EQ. 
IF (I .EQ. 
IF (I .EQ.

6 F (I)=E1* (C (1-1)-C(I) )/V (I)+E2*H (T, J)/V (I) *
1 (E3* (C (1-1) -C (I) ) ) / (V (I) *CL (I) ) ♦ (E3* (C (I* 1) -C (I) ) ) / (V (I) *CL (1*1)) 

GO TO 1
C OUTPUT, IFLAG=3, OR FINISHED, IFLAG=U

30 IF (T .GE. TOUT)GO TO 32 
GO TO 44

32 WRITE(6,1003)T
1003 FORMAT ( ’01,1TIME= *,F6.2,' HRS. •) 

WRITE (6,1004) (K,C(K),K=1,NREAC)
1004 FORMAT CO',3 ('SEGMENT^ ' ,12, « C = ', 

1E11.5,' MG/L •))
LZ=T*1.DO
AC(LZ)=C(NPLOT)

44 IF (IFLAG .EQ. 3) GO TO 1 
IF (IFLAG .EQ. 4) GO TO 75 

C ERROR CONDITION, IFLAG=6, 7 OR 8
50 CALL ERROR 

STOP
70 GO TO 1
75 WRITE(7,1020) (AC (I) ,1=1,LZ)

1020 FORMAT(8F10.4) 
STOP 
END

LINEAR INTERPOLATION OF TIME-VARIABLE CHLORIDE LOADS FROM POINT-SOURCES 

DOUBLE PRECISION FUNCTION W(T,J) 
IMPLICIT REALES (A-H.O-Z)
REAL*4 WT (361,3) ,TIMC(361),S(361,3),TT,VV 
COMMON HT,TIMC,II,S 
IF (J .EQ. 0) GO TO 6 
IF (I .GT. TIMC (11*1)) 11=11*1 
IF(T .LE. TIMC(11*1)) GO TO 5 
WRITE(6,100)

100 FORMAT('TIME INCREMENT GREATER THAN TING') 

RETURN
5 W= ( ( ((T-TIMC (11) )/ (TIMC (11*1) -TIMC (11) ) ) * (WT (11* 1, J) 

1-WT(II,J)))*WT(I1,J)) 
RETURN

6 W=0.
RETURN 
END

n 
n
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MIAMI
nn

nr
. n

nn
nn

ar
. n

nn
nn CHEAT MIAMI RIVER CHLORIDE MODEL USING CHF REACTORS IN SERIES

INPUT DATA SOURCES: OHIO EPA, MIAMI CONSERVANCY DISTRICT, U.S.G.S. STREAMFLOW 
TIME REFERENCE : OCTOBER 1973 - SEPTEMBER 1975
POINT-SOURCE LOADS: NATIONAL LEAD AND GULF OIL
RIVER STRETCH : FROM RIVER MILE 28.0 TO RIVER MILE 3.0

RECORDS

C 
C 
C 
C 
c 
c
C 
C 
C 
C 
C 
C 
c 
C

V(T,J) : CHLORIDE LOAD FROM PLANT J AT TIME T (LBS./DAÏ)
Q(T) : STREAMFLOW AT TIME T (CFS)
UC(T) : UPSTREAM BOUNDART CONDITION AT TIME T (MG/L)
A (T) : INTERRACIAL AREA BETWEEN SEGMENTS AT TIME T (SQ. FEET)
L (I) : LENGTH OF SEGMENT I (FEET)
NREAC : TOTAL NUMBER OF REACTORS IN SERIES
TINC : TIME BETWEEN CHLORIDE LOADING DATA POINTS (DAIS)
NINC : TOTAL NUMBER OF LOADING DATA POINTS PER PLANT
E : DISPERSION COEFFICIENT (SQ. MILES/DAÏ)
SF1 : SCALE FACTOR CONVERTING (Q»C)/(L*A) TO MG/L-DAÏ
SF2 : SCALE FACTOR CONVERTING W/(L'A) TO MG/L-DAY
SF3 : SCALE FACTOR CONVERTING (E* A'C) / (L'A) TO MG/L-DAÏ
TIMC (11) : ARRAY CONTAINING INDIVIDUAL LOAD TIMES
NEQ : NUMBER OF EQUATIONS
T : INDEPENDENT VARIABLE- TIME(DAYS)
C : CURRENT VALUE OF DEPENDENT VARIABLE - CONC. (MG/L)
KD : ORDER OF THE DIFFERENTIAL EQUATIONS IN THE SISTEM
EP(1) : PARAMETER USED TO CONTROL THE LOCAL ERROR IN REACTOR I
H : CURRENT VALUE OF THE STEPSIZE
DELT : SPECIFIES POINTS WHERE OUTPUT IS DESIRED
TFINAL : TOTAL LENGTH OF THE SIMULATION (DAIS)
ESTEP : NUMBER OF INTEGRATION STEPS TAKEN

c

IMPLICIT REAL'S (A-H,O-Z)
REAL'S L (5)
REALM NT (365,2) ,TIMC (365),EP (5) ,QT (365) ,UCT(365)
COMMON TIMC,11
COMMON/SUB1/WT
COMMON/SUB2/UCT
COM MON/SU B3/QT
DIMENSION F (5) ,DT(17,5) ,C(5) ,IN(5) ,KQ(5)
SET PARAMETERS AND INITIAL CONDITIONS

KD=1
MXSTEP=5000
HMINA=0.
HMAXA=1.

12
17
11

21

H=1.
NPLOT1=5
READ(5,1000)NREAC,NREAC1,NREAC2,NINC,NEQ,NREACM,LT,KT
READ(5,1000)KZ,MZ,NZ,MQ,NQ,HT,NT
BEAD (5, 1001) E,5F1,SF2,5F3,TINC,DELT, (L (I) ,1=1, NREAC) ,T,TFINAL
READ (5,1002) (WT (IP, 1) ,IP=1,365)
READ (5,1002) (WT (IP,2) ,IP=1,365)
IF (KT .EQ. 1) GO TO 12
READ (5,1001) (C(I) ,1=1, NREAC)
GO TO 11
DO 17 1=1,NREAC
C(I)=0.
IF(LT .EQ. 1)GO TO 16
IF(KZ .EQ. 1)GO TO 21
GO TO 13
READ(5,1007) (UCT(I),I=HZ,NZ)



-219-

GO TO 22
13 BEAD(5,1007) (OCT (I),I=Mû,NQ) 

HEAD(5,1007) (OCT (I),I=MT,NT) 
GO TO 22

16 DO 20 1=1,365
20 UCT (I)=0.0
22 BEAD (5,1008) (QT ( J),J=1,365)

HBITE(6,1010)NHEAC,DELT,E
WHITE(6,1011)NREAC1,HHINA,HBEACH
WRITE (6,1012)HREAC2,HHAXA,SB1
WHITE (6,1013)HIHC,KD,SF2
WHITE (6,1014)TIHC,NEQ,SF3
WHITE(6,1039)T,TFIHAL
WHITE(6,1015)WT (1,1),WT(2,1),WT(365,1) 

. WHITE (6,1016)WT (1,2),WT(2,2),WT(365,2)
WHITE(6,1019)QT(1),QT (2),QT(365) •
WHITE (6, 1020) UCT (1) ,0CT(2) ,DCT (365) 
1=1 
11=1*1 
12=1*2 
I3=1*3 
14=1*4
WRITE (6,1021)1,L(I) ,I1,L(I1) ,I2,L(I2) ,I3,L(I3) ,I4,L(I4) 
WRITE(6,1023) I,C(I),I1,C(I1) ,I2,C(I2),I3,C (13),I4,C(I4) 

1000 FORHAT (815) 
1001 FORMAT(6F10.0) 
1002 FORMAT (8F10.0) 
1004 FORMAT(8F10.0) 
1007 FORMAT (16F5.0) 
1008 FORMAT (7F10.0)
1010 FOBMAT (•11,13X,1NHEAC = ',12,6X,'DELT = ',F2.0,

15X,1E = •,F2.0)
1011 FORMAT(14X,'NREAC1 = •,12,6X,1HMINA = ',F2.0,

15X,•HREACM = ',12)
1012 FORMAT(14X,»NREAC2 = *,12,6X,•HMAXA = *,F2.0,

15X,'SF1*,10X,'= 1 ,F6.0)
1013 FORMAT (14X,1NINC1,7X,•= ',I3,6X,'KD•,9X,'= •,12,6X,•SF2*,10X,' =

1014^FOBMAT (14X,'TINC«,7X,' = ',4X,F2.0,5X,'NEQ',8X,'= •,I2,6X,1SF3*,10X

1F9.0)
1015 FORMAT (•-',13X,'WT(1,1) ',4X,' = ',F6.0,5X,'WT(2,1)',4X,' = ',F6.0,5X, 

1 * WT (365,1)’,4X,’=',F10.0)
1016 FORMAT(14X,'WT(1,2) 1,4X,* = •,F6.0,5X,•WT (2,2)1,4X,*-•,F6.0,5X,

1 * WT (365,2)',4X,' = ',F10.0)
1019 FORMAT(14X,'QT(1)»,6X,'= 1,F5.0,5X,1QT(2)•,6X,'= *,F5.0, 

15X,*QT (365) ',6X,» = *,5X,F5.0)
1020 FORMAT (14X,‘UCT (1) = 1,F3.0,5X,•UCT(2)•,5X,•=•,3X,F3.0,

15X,•UCT (365) •,5X,• = *,7X,F3.0,/)
1021 FOBMAT (16X,,L(,,I1,1) = ',F6.0,6X,*L (•,11,') = ',F6.0,6X, 

1'L(',I1,') = ,,F6.0,6X,,L(',I1,*) = ',F6.0,6X,'L(',I1,') = ',F6.0)
1023 FORMAT (16X,»C(*,11,') = *,F6.0,6X,*C (*,11,•) = *,F6.0,6X, 

1'C(',I1,') = ',F6.0,6X,'C(',I1,') = ',F6.0,6X,'C(',I1,') = ',F6.0)
1039 FORMAT(14X,'T',10X,'=',2X,F4.0,5X,'TFINAL',5X,'= ',F4.0)

DO 5 IB=1,NINC
5 TIMC(IB)=DFLOAT(IR)+TINC 

I1=T
C NOW MAKE FIRST ENTRY

CALL DVDQ(NEQ,T,C,F,KD,EP,IFLAG,H,HMINA,HMAXA,DELT,TFINAL, 
1MXSTEP,KSTEP,KEMAX,EMAX,KQ,ÏN,DT) 

GO TO 2



-220-

1 CALL DVDQ1
2 GO TO (10,10,30,30,70,50,50,50), IFLAG

C EVALUATE DIFFERENTIAL EQUATION, IFLAG=1 OE 2
10 DO 9 1=1,HEQ

EP(I) =.02*DABS (C (I) )
9 EP(I) =-AEAX1 (EP(I) ,.02)

C FIRST REACTOR NEVER RECEIVES LOADINGS 
J=0
A=383.*Q(T)**.15
F(1)=SF1«Q(T)*(UC(T) -C(1))/(L(1) *A)*SF2*W (T,J)/(L(1) *A) * (E*A*SF3* ( 

1C(2)-2*C(1)+UC(T)))/(L (1 ) *L (1) *A)
C LAST REACTOR NEVER RECEIVES LOADINGS

J=0
F (NBEAC) =SF1 *Q (T) * (C (NREACM) -C (NREAC) ) / (L (NREAC) *à) *SF2*8 (T, J) / (L ( 

1NREAC) *A) + (E*A*SF3« (C (NhEA CH)-C (NREAC) ) )/(L (NREAC) *L (NREAC) *A)
DO 6 1=2,NREACM
3=0
IF(I .EQ. NREAC1) J=1
IF (I .EQ. NREAC2) 3=2

6 F (I) =SF1*Q (T)*(C (1-1) -C (I) ) / (L (I)*A) +SF2*« (T,3) / (L (I) *A) * (E* A*SF3*
1 (C (I+1)-2*C (I) +C (1-1) ))/(L (I) *L (I) * A) 

GO TO 1

53 ÏRITE (6,1025)IT, (K,C (K) ,K=1,NREAC) 
GO TO 90

C OUTPUT, IFLAG=3, OR FINISHED, IFLAG=4
30 IT=T 

IF (T .EQ. 0)GO TO 70
IF (T .GE. 1 .AND. I ■ LE. 31)GO TO 53
IF (T .GE. 32 .AND. T .LE. 61)GO TO 57
IF (T .GE. 62 .AND. T .LE. 92)GO TO 58
IF(T .GE. 93 .AND. T .IE. 123)GO TO 60
IF (T .GE. 124 .AND. T .LE. 151)GO TO 63
IF (T .GE. 152 .AND. T .LE. 182)GO TO 68
IF (T .GE. 183 .AND. T .LE. 212)GO TO 72
IF (T .GE. 213 .AND. T .LE. 243)GO TO 75
IF (T .GE. 244 .AND. T .LE. 273)GO TO 78
IF (T .GE. 274 .AND. T .LE. 304)GO TO 80
IF (T .GE. 305 .AND. T .LE. 335)GO TO 83
IF (T .GE. 336 .AND. T .LE. 365)GO TO 88

57 IT=T-31.
WRITE (6,1026)IT, (K,C (K) ,K=1,NREAC)
GO TO 90 

58 IT=IT-61.
WRITE (6,1027)IT, (K,C (K) ,K=1,NBEAC)
GO TO 90 

60 IT=T-92.
WRITE (6,1028)IT, (K,C (K) ,K=1,NREAC)
GO TO 90 

63 IT=T-123.
WRITE(6,1029)IT,(K,C(K),K=1,NREAC)
GO TO 90 

68 IT=T-151.
WRITE(6,1030)IT, (K,C(K) ,K=1,NREAC)
GO TO 90 .

72 IT=T-182.
WRITE (6,1031)IT, (K,C(K) ,K=1,NREAC)
GO TO 90 

75 IT=T-212.
WRITE (6,1032)IT, (K,C (K) ,K=1,NREAC)
GO TO 90
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78 IT=T-2U3.
WBITE(6,1033)IT, (K,C(K) ,K=1, NREAC) 
GO TO 90

60 IT=T-273.
WRITE (6,1039)IT, (K,C (K) ,K=1,NREAC) 
GO TO 90

83 IT=T-304.
WRITE (6,1035)IT, (K,C(K),K=1,NREAC) 
GO TO 90

88 IT=T-335.
WRITE (6,1036)IT, (K,C(K),K=1,NREAC)

90 WRITE(7,1038)C(NPLOT1)
1025 FORMAT ('O',101, 'OCTOBER • ,12,2X, 5 (5X,'C , H , ' = ',M.O,' MG/L')) 
1026 FORMAT('O',10X,'NOVEMBER ',12,IX,5(5X,'C',11,' = ',F9.0,' MG/L')) 
1027 FORMAT('0',10X,'DECEMBER ',12,IX,5(5X,'C,11,' = ',F».O,' MG/L')) 
1028 FORMAT('O',10X,'JANUARY •,12,2X,5(5X,'C,11,• = ',F4.0,' MG/L') ) 
1029 FORMAT('O',10X,'FEBRUARY ',I2,1X,5(5X,*C',11,' = ',F9.0,' MG/L') ) 
1030 FORMAT('0',10X,'MARCH •,I2,4X,5 (5X,'C,11,• = ',F9.0,' MG/L')) 
1031 FORMAT('0',10X,'APRIL ',I2,9X,5(5X,'C',I1,' = ',M.O,' MG/L')) 
1032 FORMAT('0',10X,'MAI ',12,6X,5 (5X,'C',11,' = ',F9.0,' MG/L')) 
1033 FORMAT ( '0',10X,'JUNE ',I2,5X,5 (5X,'C,II,' = ',F4.0,' MG/L')) 
1034 FORMAT ('O',10X,'JULY ',I2,5X,5 (5X,'C*,11,' = ',F4.0,' MG/L')) 
1035 FORMAT('0',10X,'AUGUST ',I2,3X,5 (5X,'C,11,' = ',F4.0,' MG/L')) 
1036 FORMAT('0',10X,'SEPTEMBER ',12,5 (5X,'C,11,' = ',F4.0,' MG/L')) 
1038 FORMAT(' ',F7.0) •

IF (IFLAG .EQ. 3) GO TO 1 
IF (IFLAG .EQ. 4) STOP 

C ERROR CONDITION, IFLAG=6, 7 OR 8 
50 CALL ERROR

STOP
70 GO TO 1 

END
C 
C EVALUATION OF TIME-VARIABLE CHLORIDE LOADS FROM PLANT EFFLUENTS 

DOUBLE PRECISION FUNCTION W(T,J)
IMPLICIT REAL-8 (A-H,O-Z) 
REAL-4 WT(365,2) ,TIMC (365) 
COMMON TIMC,I1 
COMMON/SUB1/WT 
IF (J .EQ. 0) GO TO 6 
IF (T .GT. TIMC(11 + 1) ) 11=11 + 1 
IF (T .LE. TIMC(11 + 1)) GO TO 5 
WRITE (6,100)

100 FORMAT ('TIME INCREMENT GREATER THAN TINC') 
RETURN

5 W=WT (11+1 , J) 
RETURN

6 W=0. 
RETURN 
END

C
C EVALUATION OF TIME-VARIABLE BACKGROUND CHLORIDE CONC.S 

DOUBLE PRECISION FUNCTION UC(T) 
IMPLICIT REAL-8 (A-H.O-Z) 
REAL-4 UCT (365),TIMC(365) 
COMMON TIMC,11 
COMMON/SUB2/UCT 
IF (T .GT. TIMC(11 + 1)) 11=11 + 1 
IF (T .LE. TIMC(11 +1)) GO TO 5 
WRITE(6,100)
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100 FORMAT('TIME INCREMENT GREATER THAN TING*) 
RETURN

5 UC=UCT(11+1) 
RETURN 
END

C
C EVALUATION OF TIME-VARIABLE STREAMFLOW 

DOUBLE PRECISION FUNCTION Q(T) .
IMPLICIT REALES (A-H.O-Z) '
REAL*4 QT (365) , TIMC (365) 
COMMON TIMC,11 
COMMON/SUB3/QT
IF (T -GT. TIMC(11 + 1)) 11=11 + 1 
IF (T .LE. TIMC(11 + 1)) GO TO 5 
WRITE (6,100)

100 FORMAT ('TIME INCREMENT GREATER THAN TINC) 
RETURN

5 Q=QT(I1 + 1) 
RETURN "
END



BIBLIOGRAPHY

Anderson, M.W., and Day, H.J. "Regional Management of Water 
Quality - A Systems Approach", Jj^^ajtejMPoJJjut  ̂
Contr. Fed., 40(10): 1679-1687, 1968.

Arnold, J.C., "A Markowian Sampling Policy Applied to Water 
Quality Monitoring of Streams", Biometrics, 
26(4): 739-747, 1970.

Bauer, D.P., "Time of Travel of Water in the Great Miami 
River - Dayton to Cleves, Ohio", Geological Sur­
vey Circular 546, Washington 1968.

Beckers, V. and Chamberlain, G., "Design of Cost-Effective 
. Water Quality Surveillance Systems", Environmen­

tal Protection Agency, Socioeconomic Studies 
Series Report EPA-600/5-74-004, January 1974.

Backers, V., Chamberlain, G., and Grimsrud, G., "Quantita­
tive Methods for Preliminary Design of Water 
Quality Surveillance Systems", Environmental 
Studies Series Report EPA-R5-72-001, November 
1972.

Blachman, N. and Proschan, F., "Optimum Search for Objects 
Having Unknown Arrival Times", Operations Re­
search, 7(5): 625-638, 1959.

Boyce, W.E. and Di Prima, R.C. , Elementary Differential Equa­
tions and Boundary Value Problems, Second Edition, 
John Wiley and Sons, Inc. , 1969.

Canale, R.P., Modeling Biochemical Prossesses in Aquatic Eco­
systems , Ann Arbor Science Publ1shers,Inc., 1976.

Cochran, W.G., Sampling Techniques, John Wiley and Sons, Inc, 
1 963.

DeinInger, R.A., Models for Environmental Pollution Control, 
Ann Arbor Science Publishers, Inc., 1973.

Donigian, A. , Jr. and Waggy, W.H., "Simulation - A Tool for 
Water Resource Management", Water Resources 
Bulletin, 10 (2): 229-244, 1T7T.

Duncan, A . J . , Quality Control and Industrial Statistics, 
3rd Edition, Richard D. Irwin, Inc. , 1 965 .

Gibra, I.N., Probability and Statistical Inference for Scien­
tists and Engineers, Prentice-Hall, Inc., 1973.

-223-



-224-

G1over, R.F. , "Dispersion of Dissolved or Suspended Mater­
ials in Flowing Streams", U .S.Geological Survey 
Professional Paper 433B, 1964.

Gunnerson, C. G. , Optimizing Sampling Intervals in Tidal Es­
tuaries", J. Sanit. Eng. Div., Proc. Amer. Soc. 
Eng. , 92(SA2): 103-1 25, 1966.

Horton, R.K., "An Index - Number System for Rating Water 
Quality", J . Water Pollut. Contr. Fed., 37(3): 
300-306, 1965.

Huck, P.M. and Farquhar, G . J ., "Water Quality Models Using 
the Box-Jenkins Method" , J. Env. Eng. Div. , 
Proc. Amer. Soc. Civ. Eng. , 100(EE3): 733-752,1974.

Hydroscience, Inc., Simplified Mathematical Modeling of 
Water Quality, Environmental Protection Agency, 
Washington, D . C. , March 1971.

Kerri, K.D. , "A Dynamic Model for Water Quality Control", 
J. Water Pol 1ut. Contr . Fed. , 39(5): 772-786 , 
1967.

Kleijnen, J.P.C., Statistical Techniques in Simulation, 
Marcel Dekker, Inc. , 1974.

Kneese, A., and Bower, B.T., Managing Water Quality Econo­
mics Technology, Institutions, John Hopkins Press, 
Baltimore, 1968.

Koivo, A.J . and Phillips, G. , "Optimal Estimation of DO, 
BOD, and Stream Parameters Using a Dynamic Dis­
crete Time Model", Water Resources Research , 
12(4): 705-711, 1976.

Li nsley, R.K. Jr. , Kohler, M.A., and Paulhus , J.L.H., Hydro­
logy for Engineers, McGraw-Hi 11, Inc., 1 958.

Lombardo, P.S. , and Ott, R.F. , "Water Quality Simulation 
and Application", Water Resources Bulletin, 10(1): 
1-9, 1974.

Loucks, D. P. and Lynn, W.R., "Probabilistic Models for Pre­
dicting Stream Quality", Water Resources Research, 
2(3): 593-605, 1966.

Manhattan Summer Conference, Mathematical Modeling of Natural 
Sys terns , Manhattan "TTôrrTTgTrihëw-Yo N.Y, 1 976.

Mood, A.M. and Graybill, F.A. , Introduction to the Theory of 
Statistics, McGraw-Hill, Inc., 1974.



-225-

Moore , S . F., "Estimation Theory Applications to Design of 
Water Quality Monitoring Systems", J. Hydraul. 
Div., Proc. Amer. Soc. Civ. Eng. , 99(HY5): 8T5- 
831, 1973.

Moore, S . F., Dandy, G.C., and deLuci a, R.J . , "Describing 
Variance With a Simple Water Quality Model and 
Hypothetical Sampling Programs", Wa_ter_Resomrce^ 
Research, 12(4): 795-804, 1976.

Naylor, T.H. , Balintfy, J.S., Burdick, 0.S., and Chu, K., 
Computer Simulation Techniques, Wiley, 1967.

NUS Corporation, "Design of Water Quality Surveillance Sys - 
terns, U.S.Dept, of the Interior, Federal Water 
Quality Administration, Washington, D.C. , Report 
No. 16090 OBJ 08/70, August 1970.

O'Connor, 0.J., and Mueller, J.A. , "A Water Quality Model 
of Chlorides in the Great Lakes" , J. Sanit. Eng. 
Div., Prox. Amer. Soc. Civ. Eng., 96(SA4): 955­
975, 1970.

011, W.R. , Proceedings of the Conference on Environmental 
Modeling and Simulation, U.S. Environmental Pro­
tection Agency, EPA 600/9-76-016 , July 1976.

Oxley, N.C. and Wallis, B.F.J., "The Application of Statis­
tical Techniques to River Quality Management", 
Water Pollution Control, 73(4): 449-455, 1974.

Page, C. and Warn, A.E., "Water Quality Considerations in 
the Design of Water Resource Systems", Water 
Research, 8(1 1 ): 969-975 , 1974.

Pollock, Stephen M. , "Minimum-Cost Checking Using Imperfect 
Information", Management Science, 13(7): 454-465, 
1967.

Pratt, J.W., Statistical and Mathematical Aspects of Pollu­
tion Problems, Marcel Dekker, Inc. , 1 974.

Public Law 92-500, "Federal Water Pollution Control Act 
Amendments of 1972", STAT 816 et. seq. , Octo­
ber 18, 1973.

Revelle , C.S. , Loucks , D . P . , and Lynn , W.R., "A Management 
Model for Water Quality Control", J. Water Pollut- 
Contr. Fed., 39(7): 1164-1183, 1967.

Rich, L.G., Environmental Systems Engineering, McGraw-Hill , 
Inc. , 1973.



-226-

Sayers, W.T., "Water Quality Surveillance", Envi ronmental 
Science and Technology, 5(2): 114-119, 1971.

Schofield, W.R., and Krutchkoff, R.G. "Stochastic Model of 
a Dynamic Eutrophic Estuary" , J. Eny. Eng. Div. 
Proc. Amer. Soc. Civ. Eng. , 100(EE3): 61 3-628, 
1974.

Shih, Chia Shun, "System Optimization for River Basin Water 
Quality Management", J. Water Pol lut. Contr. 
Fed., 42(10) : 1 792-1804, 1975:

Smith, E.T. and Morris, A.R. , "Systems Analysis for Optimal 
Water Quality Management", J. Water Pol 1ut. Contr. 
41(9): 1635-1646, 1969.

Thoman , R.V . , "Time Series Analysis of Water Quality Data", 
J. Sani t. Eng. Div., Proc. Amer. Soc. Civ. Eng., 
93(SAI): 1-23, 1967.

Thoman , R.V. , Systems Analysis and Water Quality Management, 
Envi ronmental Research alTT"Ap^TTcTtT0rrs: Inc., 
1972.

Vanderholm, D.H. "Planning Water Quality Survei1 lance", 
Unpublished Ph.D. Thesis , Department of Agri cul­
tural Engineering, Colorado State University, 
Fort Collins, 1972.

Vansteenkiste, G.C. , Computer Simulation of Water Resource 
Systems, North-Hol land Publishing Co. , 1975 .

Velz, C.J., "Sampling for Effective Evaluation of Stream 
Pollution", Sewage and Industrial Wastes, 22(5) 
666-682, 1950.

Volk, W., Applied Statistics for Engineers, McGraw-Hi 11, 
Inc., 1968.

Ward , R.C. Data_A32Hsl3jon_Systems_jjLJl^ 
ment, Report No. 16909 FUO 12/71 Environmental 
Protection Agency, Washington , 0.C. 1971.

Wastler, R.A., Spectral Analysis Applications in Water Pol^ 
1ution Control, Federal Water Pollution Control 
Administration, Washington, 0.C. 1969.

Water Quality Criteria, Report of the National Technical 
Advisory Committee, U.S. Dept. of Interior, 
Washington, D.C. 1968.



-227-

Weber, W.J., Jr., Physiochemical Processes for Water Quality 
W i1ey-1nters ci ence, 1972.

W i s1e r, C.0. and Brater, E . F. , Hydrology, John Wiley and 
Sons, Inc., 1959.

Yevjevi ch, V., Probability and Statistics in Hydrology, 
Water Resources Publications, 1972.


