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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 1imited 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.
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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,gﬁadual
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-
jve 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. 1In 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 policies--the selected polic-
jes--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



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



CHAPTER I1I

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 perijods. 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
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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,1972) 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



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 mimimize the expected delay between the
arrival of an object and its detection, the optimum frequency
of scans is proportional to ((pi/ti)(]/Pi - 1/2))]/2, where
P; represents the probability of an object arriving at
position i given it is present, ti represents the time re-
quired for making an observation at position i, and Pi
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 (Gunnerson, 1966; 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-



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 'goodness' 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 is, 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 thissense it may provide an effective means of
designing data acquisition systems to understand the para-
meters of various environmental phenomena.

Another techngiue 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 lTinear 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-
jve integrated moving average) is most applicable in any
given case. In the second stage, maximum 1ikelihood 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 1imited 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 knowledae 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 auality forecast from a deter-
ministic mathematical model to arrive at samplina 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
investigation.

Recently the design of sampiing 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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emphasis 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
looking 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 theorv. 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 accordina 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
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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
discussed.

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-
1y, 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: ‘

= T, Ta T T
d4 d3 d2 dl
FIGURE 2-1

where L probability of observing the water
quality parameter at level i.

X5 = boundary for ith acceptance level.

d. = sampling delay associated with ith

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
di'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 1limits, 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 (di'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. (1972) 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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discussion 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. Thijs 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 timés 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 Tlinear
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. 1In essence, they serve as a "speed
1imit" in controlling water pollution traffic, i.e.,

they can only function as a notice to those who use the
resource that quality thresholds or 1imits 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 probiem. 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.

£ (UC) ]
Q(t) ® e, (t) cj(t) -_— cN(t);SS

FIGURE 3-1

Figure 3-1 illustrates a stream receiving the waste discharges
from a series of Npoint-sources. Each source j discharges
according to a known probability distribution fj(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 Z on the stream. As previously stated, the objec-
tive of this research is to derive a sampling policy which
will detect, at position Z, at least a specified percentage
of all stream standard violations at minimum cost. It will

-17-
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be shown that in order to accomplish this objective, know-
ledge of the probabilistic nature of CN(t)--the concentra-
tion of material in the stream at position Z--is 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. 1In 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 = plcy(t) > ss]>rP

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 Timited to
some manageable quantity while covering a wide range of
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possible violation probabilities. 1In the analysis which
follows the policies considered cover values of P from .01l
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 in-
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 Sampliing 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

All possible policies
for stream sampling

Probability Threshold
Policies

!

Selected policies
for evaluation

Optimum Policy

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
listed 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 violation or a violation
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 perjod 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 of 5 violation periods, i.e.,
5 hours during which the stream standard is equalled or

exceeded.
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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

wW(t)
STREAM MODEL
® s Differential | __ /~//'“\\\v/’/f
/ Equations <
3
w(t) V"- time
, initial cond. : alit
t streamflow water 3‘."1 b4
- " profile
waste dispersion
inputs reaction ccef,

boundary cond.
area; length;
volume, etc.

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 Plant 2 Plant 3

AN A

I
|

I

1

|
———pa

S8 = 85 mg/1

!

1
uc !
: |
A B c z

FIGURE 4-2

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 My and

variance oiz. 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(ﬁi, oiz) implies that the chloride load

from Plant 1 is normally distributed with mean;H.and variance
012. 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/X%.
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The objective is to find the optimum allowable selected
policy for monitoring the stream at position Z.

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.

A11 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
follows:

If, at time t, the estimated probability of violation
Prob. (C(t) > 85 mg/2) 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 1th
Pl P2 P3
Q
UC 1 2 "ttt 15{ 1e(1l7 | 18] 19|*"**""* 25
Ql 12 .......... ]ls -------- se s e ee s e Xzs
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TABLE 4-3
LIST OF SYSTEM PARAMETERS

E = .10 mi.2/day 2, - 8y, = 1000 ft.
A = 100 ft2 2y = 500 ft.
UC = 2.0 mg/% 2y, = 500 ft.
Q = 200,000 ft3/day Ry - Lys = 400 ft.

segment is given below:

W
R (I R L N (AT —" (Cypp-Cy)
(4-1)
where
C{ = chloride concentration in the ith stream segment at
time t (mg/2)
Q = streamflow (volume/time)
wi = point-source chloride 1oad to the ith segment at time
t (mass/time)
E = dispersion coefficient for the system (distancez/time)
A = cross-sectional area of stream
21 = length of the 1th segment
Li = characteristic length of the 1th segment
(5.9 * 2;5)/2
V. = volume of the 1th segment (2; « A)

i

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-
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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 ith segment is a function of three phenomena:

1) the amount of chloride advected2 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:

dac. _ Q W, , EA EA - -
1 1 1-1 1-2
Downstream boundary segment:
dC Q W EA
-—25 = (C,,= Cop) + 525 + 5= (c - C,z) (4-3)

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

2Mater1a1 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/%).
Additiona11y, 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-
1y 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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A tri-diagonal matrix of coefficients for C, ;, C,; and

Ci+] 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:

W

UC - Q + WCT + WC2 +WC3

entering
1032.79 1bs/day (4-5)

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

C.o(25)-Q + %T (Ce (1) - uc)

w1eav1‘ng
1032.79 1bs/day (4-6)

Because the values of wentering and w]eaving 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 (l%l‘) for

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

Steady-State Chloride Conc.'s (mg/l) for 25 Segment
Stream Model

System Description:
2

A = 100.0 ft. LOADL = 15 WCl = 14.0 lbs/hr
E 0.1 mi.2/day  LOAD2 = 16 WC2 = 14.0 lbs/hr
Q = 200000 f£t.>/day LOAD3 = 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

13 200. 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
Vol R 00 ft>
T _ vol. _ i- _ 1620000 ft )
ret = = Tq = 7000000 ft3/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 injtial
conditions. It is therefore conc]uded'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], w2 and w3 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

- X
Cp = b *uc

Similarly, the concentration between plants 2 and 3 at
steady-state is
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Finally, the steady-state concentration downstream of all
3 plants may be expressed as

A steady-state chloride load of 14.0 1bs/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 Qutput 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 Qutput
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/2)
at each hour of the day. The probability of violation
at time t (;t) can be estimated by Equation (4-7) below.

~

n
tT N (4-7)
where
n, = total number of times C > 85 mg/e at time t
Nt = 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
i2M .200 .440 .120  .1l20 .220
laM .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

10AM .000 .040 .000 .000 .010

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

10PM .280 .520 .320 .280 .350

11pPM .200 .480 .200 .240 .280
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policies given in Table 4-2. The specific sampling times
for each po]icy 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 B 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

derived:

P{.14 < Py < .30} = .95

Therefore ﬁM = .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 ﬁ given in
Table 4-6.

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

Prob. {|p - p] £ ¢} = 1-=«,
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The required sample size may be written as

2
«/2 R
n = [%— ] . [3(1-P)]

where Zm/z is the value of the standard normal variate at
«/2. Unfortunately the value of n will vary with the value
of ﬁ. Because the policy designer does not know the value
of '‘p before initiating the simulation, he therefore does
not know how large a sample size is required. Kieijnen has
suggested two alternatives for dealing with this difficulty.
The first uses a sequential computation of p as the simulation
proceeds. The simulation runAis periodically stopped to
check if the relationship p(|p-p| < ¢c) = 1-= 1is 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 S is achieved.

The second technique employs an initial run of length
noe to arrive at an estimate of the true variance of B.
This estimate is then used to solve for the required number
of samples or observations in the total simulation:

«/2 2
n = {é—} ’ [B(l-ﬁ)no

This procedure is referred to as double-sampling. Because
of the high costs associated with many simulations, careful
consideration must be given to the value of n, used to
determine B.

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 [|py - pyl < .051 = .90
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Taking the data from replication 1 as the basis for
computation (n. = 25), the following result is obtained:

[1.645]2. [.2(1-.2)]_
05

173

From the above computation, another 1973-25 = 148 observa-
tions at midnight are required to satisfy the given re-
liability constraint on BM' 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
ijs 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 = 10°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

POLICY
NO.

Voo E Voo uUupdwWwNH Voo WNEH

voNouwmbwNE

cosT

6000
6000
6000
6000
6000
5500
5500
5000
4500

6000
5500
4750
4500
4000
3750
3500
3250
3000

5000
4000
3250
2750
2500
2000
1750
1000

250

3250
1750
250

-

.

VAR.
FIXED cosT TOTAL
(EXP.) COST
0. 6000.
0. 6000.
0. 6000.
0. 6000,
0. ©000.
74. 5574.
74. 5574.
220. 5220.
525, 5025.
CHLORIDE STANDARD
0. 6000.
0. 5500.
90. 4840,
90. 4590,
260. 4260.
260. 4010.
617. 4117.
633. 3883.
1420, 4420,
CHLORIDE STANDARD
0. 5000.
40. 4040.
109. 3359,
320. 3070.
320. 2820.
890. 2890.
890, 2640,
2064, 3064.
4381. 4631.
CHLORIDE STANDARD
0. 3250.
65. 1815,
284, 534,
7116. 7116.
7116, 7116.
7116, 7116.
7116. 7116,
7116, 7116,
7116. 7116,

OCOO0OO0O0O0

VAR,
COST
(LIN.)

0.
0.
0.
0.
0.
113,
113,
300.
613,

= 83 MG/L

0.

0.
138.
138,
350.
350.
700.
725,
1250.

= 85 MG/L

0.
50.
113,
313,
313.
675.
675.
1238,
1888,

= 87 MG/L

0.
88.
250,
713.
713.
713.
713.
713.
713.

TOTAL
COST

6000.
6000.
6000.
6000.
6000.
5613.
5613.
5300.
5113.

6000.
5500.
4888.
4638,
4350.
4100.
4200.
3975.
4250,

5000.
4050,
3363,
3063.
2813,
2675.
2425,
2238,
2138,

3250.
1838,
500,
713.
713.
713.
713,
713,
713,
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2. Variable detection delay cost:

n
a) C_ =50. 3" t, t. =1, 2,... (4-9)
v j=1 1 i

n
b) ¢ =zY 20(eti-1) t. =1, 2,...,11 (4-10)
i=

v i
1 t;

total number of samples required over the
planning period.

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

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

n
10-n + 50- £V t ty =1, 2,.... (4-11)
i=1

where n

1) C

T

1, 2,....1 (4-12)

n
il

2) CT 10-n +

w-is (V] 23

Voop(eti-1) t.

= i
=1 t,

The variable cost in Equation 4-12 is always zero for
1:.i = 0 and is assumed to reach a maximum after 11 time
units, remaining constant for t; > 11.
The probability of violation detection (PD) is
calculated as follows:
4 4

P, =2 n /E N (4-13)
D p=1Vol pay VoT

where Ny p = number of violations detected in replication r,
i and
Nv _— number of violations occurring in replication r.
?

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

C, /4 (4-14)
1

where Cv r total variable cost incurred during the rth

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

/4 (4-15)

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 PD 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 PDI; PDz 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 PD] > 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 1ine 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 PD]'
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. 1In this case 13
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PROBABILITY OF VIOLATION DETECTION VS, TOTAL
COST FOR SAMPLING POLICIES 1 - 9

CHLORIDE THRESHOLD = 85 MG/L

2 1
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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/2

REQUIRED DETECTION
PROBABILITY (P ) (C=10-n+£(20(e%i-1)/t.) (C=10-n+50zt,)

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 PD] 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

PD] 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 PDz = 1.00 and PD2 = .99. For
all values of PDZ 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/%

REQUIRED DETECTION. ¢
PROBABILITY (P,,) (C=10-n+£(20(e’i-1)/t;) (C=10-n+502t;)

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 PDZ='25
and PD2=.10, 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
PD] = .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 PDl = ,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



-56-

Policies 8 and 9 both have higher total costs than Policy 7.
If the PDI 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 PD's. If the
normal approximation to the binominial distribution is
used, the variance of PD can be approximated by PD(T-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 PDz associated with Policy 4. Table 4-7
shows Policy 4 to have a PD2 of .88. Because this value
is derived from an analysis of 434 violation periods, n
is set equal to 434. The 95% confidence interval 1is then

given by:
P[<.85 Ppo
The same techniques discussed earlier may also be used to
estimate the number of simulated observations required to
determine the value of PD within some specified 1imit.

<.91] = .95

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-
jde thresholds and under the two definitions of a violation.
The probability of detection under Definition 1 of a vio-
lTation is again denoted as PD1 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/%, 83 mg/% and
85 mg/%, respectively. At a chloride threshold of 81 mg/ 2
Policy 9 is optimum for all values of PD] (probability of
detection of violation events). For a Py, (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 PD2 = ,95
at a standard of 81 mg/%, Policies 6 and 7 both yield a
minimum cost. At levels of PD2 below .90, Policy 9 .is
again optimum under both cost structures.

As the chloride stream standard shifts to 83 mg/%,
Policy 6 becomes optimum for PD] > .99, while Policy 8 is
optimum for all values of PD] less than .99. Policy 8
is also optimum at all levels of PD2 less than .85. At a
standard of 87 mg/%, the optimum policy shifts among
Policies 1, 2 and 3. Policy 1 is optimum for PD] > .95,
Policy 2 for .85 < Py, < .95, and Policy 3 for Pj; < .85.
Similarly, Policy 1 is the optimum for PD2 > .85, Policy 2
for .25 < PDZ < .85, and Policy 3 for Pyo = .10, In all
cases which specify a detection probability of PDz =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 titn produces a
damage or cost which is a function of the delay (ti+n' ti)‘
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-




-59-

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-
jon 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 (Tr)’ the costs for each policy are calculated over
a response range of 0-3 hours (at a chloride stream stand-
ard of 85 mg/%). 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
PD] and PDZ’ 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 PD] less
than .95 Policy 7 is optimum for Tr = (0, Policy 5 for
Tr = 1, and Policy 3 for Tr = 2 and Tr = 3. At PD] = 1.00
and PDZ = ,99, Policy 3 is again optimum over all response
times analyzed. For PD] = .95, Policy 5 is optimum for
Tr = 0-1 and Policy 3 for Tr = 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 P02 < .80. For PD2 > .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 accidential 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 Tevels due to daily
streamflow variations must be minor in comparison to that
caused by point-source loading variability. 1In 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. 1In attempting
to apply the above methodology to a real system, consid-
eration may have to be given to such factors as streamflow
and background chlioride 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-
corre]ation3 exists between the hourly chloride concentra-

3putocorrelation 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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TABLE 4-12

Optimum Policy for Response Times (T ) of 0-3 Hours
(Stream Standard = 85 ng/ L)
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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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PROBABILITY OF ALL VIOLATION TIMES DETECTED
VS. TOTAL COST FOR SAMPLING POLICIES 1 - 9
CHLORIDE THRESHOLD = 81 MG/L
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PROBABILITY OF VIOLATION DETECTION VS. TOTAL
COST FOR SAMPLING POLICIES 1 - 9

CHLORIDE THRESHOLD = 83 MG/L
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PROBABILITY OF ALL VIOLATION TIMES DETECTED
VS. TOTAL COST FOR SAMPLING POLICIES 1 - 9
CHLORIDE THRESHOLD = 83 MG/L
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PROBABILITY OF VIOLATION DETECTION VS. TOTAL
COST FOR SAMPLING POLICIES 1 - 9
CHLORIDE THRESHOLD = 87 MG/L
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PROBABILITY OF ALL VIOLATION TIMES DETECTED
VS. TOTAL COST FOR SAMPLING POLICIES 1 - 9
CHLORIDE THRESHOLD = 87 MG/L
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CHAPTER V
THE GREAT MIAMI RIVER SYSTEM

The receiving water system under investigation 1in
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 01l
refinery at river mile 8.4. Both companies discharge chio-
rides to the Great Miami River. A map of the area is shown

below.
U.S.G.S. A
gaging R.M./34.5
station
OHIO Upstream
station R.MRX 25.6
R.M. 24.1
New Baltimore National Lead
outfall
M. 20.9
Great Miami River
Hooven
Gulf 0il
outfall M. 8.4
7.9
Cleves
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The first step in the analysis of the above system
ijs to obtain available field data concerning the follow-
ing:

1) Chloride loadings from Gulf 0il 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 Qil Grab
Station 5 R.M. 8.4 Gulf Qi1 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 Qutfall 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 0il, 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 viglations
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 1imit 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-
ing assumptions were made at the outset:

1) Time isdivided into discretel-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-
pre§entative of the concentration over the entire
day.

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=
lation exceeds .25. Otherwise no sample is taken.

Table 5-3
Selected Sampling Policies
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-
1ing 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 probalistic nature
of the point-source loadings (Gulf 0i1 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 Tonger 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 refiect 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 Tevels
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 f1oq variation over the length
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 emplioy-
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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R.M. 28 R.M. 23 R.M. 18 R.M. 13 R.M. 8 R.M. 3

Q(t)
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ue (t) Reactor 1| Reactor 3 Reactor 3 Reactor 4| Reactor 5

b . ] 1 f
: ; <.; Monitored

National : Gulf Oil Position
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 extremely
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 ith reactor is represented

by an ordinary differential equation of the form:

dci : gﬂci_] - ci)+ _EE_ +E¥i (Ci-1 - Ci)+ EA (Ci+1 - ci) (5-1)
a Y Vi LYy Livr © Yy
where: Q = stream flow at time t (volume/time)
Vi = volume of 1th reactor at time t
W. = chloride load from point-sources into 1th

reactor at time t (mass/time)
E = dispersion coefficient (lengthzltime)
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ci = chloride conc. in ith reactor at time t
th
L

= characteristic length of i reactor

= 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).

tp = 400. x 10° @7+ (5-2)

where tR
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

time of travel in hours

the present system may be written:

to= 1.4025 x 104 - -8 (5-3)

The average detention time in the 5-reactor system is given
by Equation (5-4):
tp = Volume (5-4)
Q
The system volume (in ft3) is:
Volume (ft3) = (25 miles) (5280 ft)(A) = 132000 - A
mile
where A is expressed in ftz.
Substituting (V = 132000 - A)back into Equation (5-4) yields:
tR(hrs) = 132000 - A = 36.67 - A (5-5)
Q - 3600
Assuming that the system detention time is an acceptable es-
timate of the time-of-travel over the 25-mile 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:
4 -.85 -

Q (5-6)

36.67 - A 1.4025 X 10

Q
A =383 - Q1°

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

V. = £, - A (5-7)

i i
th

length of the i reactor.

where £1

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
ijs 3982 cfs. Therefore, the net mass transport of material
into segment i due to the average river flow may be written
as:

3982 (ci_] - ci) (5-8)
The mass transport of chloride due to dispersion in the

river is given by:
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(a1 - &) 7 E.A;](Cm - <) (5-9)
A dispersion coefficient of 1.0 miz/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

m12/day, A = 383-(3982)_']5 =1328f12and Li = 26400 ft into
Equation (5-9) yields:

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 Initfal 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:

dC1- _QUC - €;) 4 Y, +EA (UC - Cq) 4 EA(Cy - Cq) (5-11)
dt v, v, LY LV,

Equation (5-11) describes the time rate-of-change of chloride
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in the upstream boundary reactor. 1In 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" -24555 (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 - O,
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:

dCy - Q (€4 - Cg), Mg, EA (Cp - Cg) (5-13)

dt V5 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
river 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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given 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 Miami River Model

Segment 1 2 3 4 3
Length (FT.) 26400. 26400. 26400. 26400. 26400.
Characteristic

Length (FT.) 26400. 26400. 26400. 26400. 26400.
Dispersion Coeff. '
(Mi%/Day) 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 Chloride 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 0i1 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 0il 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
0i1 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-
1ity 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 1bs/day. If it is decided
that the assumed distribution should be rejected at a pro-
bability 1imit of .30 or less, then the distribution of
the daily chloride loadings from Gulf 0il is accepted as
normal with parameters u = 4040 1bs/day and o= 962 lbs/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 late-November through mid-April
as compared to the remainder of the year. 1In particular,
the mean daily load from National Lead over the former -
period is 1166 1bs/day, while the mean load over the lat-
ter period is approximately 647 1bs/day. Rather than com-
bining all 365 field observations, the 141 cases from Nov.
24, 1973 through April 13, 1974 are analyzed separately in
the goodness-of-fit 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/£ ) = (.185) W _(1bs/day) (5-14)
Q(cfs)

At the mean load of 647 1bs/day and the mean streamflow of
3982 cfs, the resulting chloride contribution to the river
from National Lead is approximately .03 mg/f£ . At the mini-
mum streamflow recording during the 1973 water year (655
cfs), the concentration resulting from an average chloride
load of 647 1bs/day is .18 mg/&. 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
1bs/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-fit 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 distriubtion 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
probability 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 0il1 and National Lead, a random number
generator is again used to generate the individual loads.
Unlike the previous system in which chioride 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.

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 1ikely 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

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.
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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.S5.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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predictor-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 Tisting 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 Mg and standard deviation
Ogs 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.S5.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:

+
o

Frequency
w




-98-

TieFutex -sTsATeue WOII pPoOpNIOXe «

‘6- ‘LE ‘9% ¢T “g34d
- ‘6v ‘0S 6T °"NAC 1- ‘9¢g “LE S ‘dgada
“y- ‘9% “0S 0T “Nar L= “6€ ‘9¥ 6 °“NVP
> 34 ‘o € ‘Nag ‘e- ‘9¢ "6€ ¥ °NYC
‘v A% “8¢ 8¢ AWVNH A S "8¢ ¥ OV 9¢ °Oud
‘T ‘8¢ ‘o¥ €C A¥YW “Z- 47 44 6T "0dad
I- TP 4 ST AWNH L ‘0P “EE ¢T "oud
‘T1- A4 “ES L AYN 11T ‘9¢ 14 € "ouEd
i “LE ‘8¢ €¢ "4av ‘2= ‘8¥ *0s 0Z “AON
I S ‘9¢ 1> LT "¥av ‘G- K4 LS YT "AON
T1- ‘6¢€ "0S 9¢ "YYW K4 *0S "2Ss 8 "AON
‘€ “6€ "9¢ 0C “dWW L= ‘8¥ 'GS T °“AON
A "8¢ ‘0 T "OWNW ‘8- 18 66 €2 "LOO
T ‘GE ‘9¢ S YUYW ‘9- ‘6% ‘GS 9T "&DO
‘9T~ 4 "09 9¢ "did 0 LYy LYy 6 “ILDO
L= 4 ‘6€ 0Z “dad ‘0 ‘oY ‘ov ¥ "ILOO
(I/9W) (1/9K) ("1/9KW) dLvd (I/9W) (T/9W) ("I/9W) JLYa
Joudd "ONOD *ONOD Jyouud *ONOD *ONOD
‘addd TYNLOY ‘addd TYALOY

YL6T ANNL - €L6T ¥HHOLODO
SMOId "S°D°S°l ONISN "ONOD HATYOTHO ‘IVALOV 'SA dALOIAHANd

8- WIdVL



~-99.

('I/5W)
(o} o

‘8%
‘9%
v
‘6t
‘8¢
v
TV
“LE
‘8¢
)4
“ov
‘8¢
‘qE
"vE
A

(1/9W)
" DNOD
"agyd

*0S
"0S
‘ov
“8€
0%
‘SY
‘€S
‘8¢t
‘GE
0§
‘9¢
‘O%
‘9t
*0S
"6¢€

("1/9NW)
" ONOD
TYNIOY

6T °"NOC
0T °“NArC
€ °'NOrC
8C AVH
€C AYNW
ST AWYH
L XYW
€Z "ddv
LT "4d¥Y
9C "YYW
0C "Ud¥W
PT "YYW
S YUYW
9¢ "did
0¢ "dg3d

dLvad

PL6T ANNL -

6-G

TTeIuTeI -sTsATeue WOXI PoPNTOXD

-6~
-1~
./
e-

“C1-

-7
'8

‘6

-g-
c-
e~
.-
/-
-g-
I~
0

("I/9W)
Jouyd

“LE
"9¢
‘6¢€
“9¢
‘8¢
A
"IV
“vE
e
'es
‘67
“8v
AT
‘e¥
‘9%
‘0¥

(1/9W)
*ONOD
*agad

€L6T ¥dELIOLOO
SMO'Id ALOIAHEYd SNISN “DNOD HAIHOTHD TYALOVY "SA ALOIqHYd

dIdY L

‘oF
“LE
‘9%
"6€
x 0%
'A%
‘EE
*Ge
*0S
‘LS
A
‘Gg
'6S
‘g9
LY
OV

(1/9NW)
*ONOD
TYNIOV

ZT "daa
S °gd3d
6 “NUC
¥ °NYr
9¢ "OHd
6T °~Ddd
ZT -odd
£ °"oIEd
0Z °“NAON
¥1T °“AON
8 °AON
T °“AON
€2 "ILDO
97T °‘&LDO
6 “ILOO
¥ "ILDO

dLYd



-100-

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 u = -2.77 mg/£ and
standard deviation o = 5.54 mg/¢ 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:

(F, - £)2/f < X (5-15)

.75

.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 sampie 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‘?or 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 CM’ the probability of violation
p exceeds P. Therefore, each policy has an associated
threshold probability P which corresponds to a specific
threshold concentration CM for the model. This implies
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that ; >P whenever c(t) > Cy- An example is given below
which illustrates the method of deciding whether or not
to sample on a given day.
ERROR DISTRIBUTION
STREAM STANDARD 45 mg/L
MODEL OUTPUT 42 mg/L
P = .50
ERROR = MODEL OUTPUT - TRUE CONCENTRATION
SAMPLE IF 8 >.50; otherwise do not sample.
B “prob. (true conc. > 45 mg/¢ )

prob. (error <(42-45))

pY‘Ob. 2 i -3 - uE = prob. z i -3 - ('2.77)
% 5.54

N( wg = -2.77, o = 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/£ . These sampling policies are derived under
the assumption that daily U.S.G6.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).



-104-

i

wn

Frequency

- =10 -5 0 5 ]
Prediction Error (mg/l)

Table 5-11 gives the results of the goodness-of-fit 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]l mean er-
ror of zero. Therefore the predicted chloride concentra-
tion at time t would be given by CM(t) - wp - 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.
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The senéitivity 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 1imiting chloride values differ
by 1 mg/2. - 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 consideraiion
are given below.

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

) n .
Cr =100+ V(20 (eti - 1)/t.) (5-16)
i=1 i

CASE 2: Daily streamflow data available at no cost;
linear cost for detection delay.

- Oy _
'CT = 10.n + 50 §=] (5-17)

CASE 3: Dafly streamflow data not directly avaii-
able; non-linear cost for detection delay.

n .
Cpo= 10.n + 2.K + wV(20(eti-1)t,) (5-18)
i=1 !

CASE 4: Daily streamflow data not directly avail-
able; linear cost for detection delay.

Ny
Cr = 10.n + 2.K + 50 %=fi (5-19)
where ti = 1,2,...11. As mentioned-in Chapter IV, no delay
cost is incurred for ti= 0. Also, it is assumed that detec-
tion delay costs do not increase beyond that given for ti=]]'
In Equations (5-16), (5-17), (5-18), and (5-19) n represents
the total number of samples required over the one-year period,
n, is the total number of violations occurring during the’
year, and t; represents the delay (in days) to detection of

the 1tr' violation. In Equations (5-18) and (5-19) K represents the
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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 Profiies

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 fhe 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 CM(t) represents the model chloride prediction on a
particular day and e(t) represents the generated predic-
tion error for that day, the true river concentration
c(t) is taken as the difference between these two values:

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

Below is a 1ist 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)

model predictions using U.S.G.S. streamflow input (Table F-1)
generated prediction errors

generated chloride loads from Gulf Qil

generated chloride loads form National Lead

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

model predictions using estimated streamflow input (Table F-2)
generated prediciton errors

generated chloride Toads from Gulf 011

generated chloride loads from National Lead

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

model predictions using U.S.G.S. streamflow input (Table F-3)
generated prediction errors

generated chloride loads from Gulf 0il

generated chloride loads from National Lead

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

model predictions using estimated streamflow input (Table F-4)
generated prediction errors

generated chloride loads from Gulf 0il

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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different hypothetical chioride standards are employed in
the investigation - 45 mg/£ , 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 Py, and PDz 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 PD] >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
PD] = 93.8% PD1 = 86.4%
Total Cost = 2682 Total Cost - 2574

Although the value of PD] 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
PD] 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 PDZE:SS% 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 PD] >85%. Inspection of
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Table E-4 reveals that policy 4 is also the optimum policy
during the 1974 water year:

1973 Water Year 1974 Water Year
PD] = 86.8% PD] = 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
PD] = 86.8% ,PDI = 91.7%
Total Cost = 3450 Total Cost = 2840

Assuming a detection specification PDZ_iSS% 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
policy:

1974 Water Year

Policy 6 Policy 7
PD2 = 92.6% PDz = 88.9%

Total Cost = 2740 Total Cost = 2692

The policy selected (#6) satisifies the requirement of
PD23_85%, but 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
PDz = 93.2% PDz = 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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clear 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 PD.l and PD2 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/¢z , the optimum policy is selected at levels of PD]<
80% and PDZ< 95%. For Py, and P02.299%= policy 2 is se-
lected for monitoring over the next 12 months. However,
policy 2 only yields a value of 97.7% for PD1’ slightly
under the goal of the sampling program. Similarly, poli-
cy 2 gives a PDZ of 99.4% at a required PDZ 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 PD13:
95% and PDZ~399%‘ At required levels of PD] and PD2 be-
low 80%, policy 7 is selected rather than the optimum -
policy 5. Plan 7 yields a PD] of 62.8% and a PDz of 76.3%
and therefore meets the PD] and PD2 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 1 is selected for PD] and PDZE-gg%' 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 PD] and 98.1% for PDZ‘ For PD] and
PDZ< 60%, policy 6 is employed in favor of the true optimum
- policy 5. 1In 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 PD and
associated cost given by the optimum. As previously stated,
the sampling policies do show a marked consistency in de-
tecfion 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 sampliing
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 varijation 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
Policy Pp (%)

99.

95.

90.

85.

80.

70.

60.

50.
40.

30.

25.

20.

15.

10.

5.

1.

0O 2 X2 M R = T ™7 Mmoo w >

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/&, 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 PD]' 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 ch]oride profile at the monitored position
during the 1974 water year, policy D is evaluated on the
basis of PD] 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 PD] 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/2L, is selected. The resulting value of PD1 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 PD] 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
PD] 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

D1 levels of 85% and 50% are given below. The data is
taken from Tables E-10 and E-4, respectively.
Variable-time Fixed-Time
Policy 3 D
Required P 85% 85%
Actual PD] 95.8% 39.6%
Total Cost 2976 3115
Variable-time Fixed-Time
Policy 6 H
Required PD] 50% 50%
Actual PD] 81.3% 12.5%
Total Cost 2570 53946

Figures D-1 through D-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 D-1 through D-4 show policy A to be the only fixed-
time policy which yields a PD] 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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fixed-time 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 1 detects
96.9% of the violations during the 1974 water year, while
policy D detects only 56.3%. The resuits of PD2 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 ﬁm 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 histor1£a1 data during the 1974 water year.
A11 attempts at securring any 74-75data 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 Jdanuary, 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-fit 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
0 = 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/ £ . The optimum policy was selected for various PD]
and PD2
cies over the 1973 and 1974 water years is given in Table
5-19.

requirements, and a comparison of the optimum poTi-
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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/ & .

p = [c(t) » 45] model = 37 ]

Pferror <« -8mg/£]
.1725

If the true distribution has actually shifted to normal
(M= 1.09, o= 6.63) the true probability of violation is

p [C(t) > 45 [mode1 = 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 6
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
PD] and PDz less than 80% (ss = 45 mg/£ ; 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/¢ 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 1 does



-132-

dT9YIIVAY LON SI XOI'T0d WAWILAO SHLVOIANI
UYAR HFAIVM $46T ¥0d ADIT0d WNWILIO SHLYOIANI ( )
SYVAX YIILYM PL6T ANV €L6T FHL HLOY ¥Y0Jd WAWILIO SIIVOIANI «

(6) s| (6) s Aﬂwv 9| (t1) 9] (9) € |(9) € [[(6) 9 ((6) 9 [(xT) ¢ J(TT) L | (8) 9 mmv 9 %01
(6) s|(6) g |(TT) of (T1) 9| (9) € |(9) € | (6) 9 |(6) 9 [(1TT) ¢ |(TD) L|(8) 9| (8) 9 %ST
(6) s| (6) s | (1) 9| (TT) 9f (9) € | (9) € [[(6) 9 [(6) 9 |[(1T1) & |(TT) L|(8) B | (B) 9 %0S
(8) s| (8) s f{(o1) 9f (o1) 9| (9) € |(9) € |l (8) 9 |(8) 9 {(ov) L |(0T) L] (8) 9 va 9 %09
M s|msiWolwol@e|@el||[molwol| =« . |(8 9| (8) 9 %0L
() s| (@) € |(L) 9 | (L) v | (9 e} € JI(a) s }(a) ¢ «£ () v |(8) 9] (8) 9 %08
*Z T |(L) 9 | (L) €| (9) £](9) € *T xT () 9 f() e (L) 9t (L) v %06
*1 *T | (8) m. (9) ¢ | (9) € |(s) ¢ xT T (s) e (@ ¢ [(9 v | (s) € %56
" T (@ T ]t (Me|(De *1 *1 (&) Tl 1 |(e|(De %66
*T T ()t ()t (=)e](De *1 *T (s) T 1 -z ]| ()e %001
NQ& ﬂam Nam AQ& Nﬂm Ham Nﬂm Hnm . Nam Hﬂm Nam Hnm Qm
T/9W G5 = SS | /9K 0§ = 85 | 1/on sv = sS {|T/9W S5 = SS | T/OW 05 = S5 | I/OW S¥ = SS _ AOVINIOYI
T3 20§ + Ux0T = D (F3/(T = 139)02)T + U%0T = D = " autnoms

{sMO1a *$°©°S°n) NOILOELIA NOIIVIOIA dFIINOIN “SA ADITOd WNWILIO

61— dTEYL




ATIVIIVAY LON SI XADITOd WAWILAO SALYOIANI -
AVHA YIIYM VL6T ¥0d AOI'TOd WNWILIO SHILYOIANI ( )
SYYIX YIILYM ¥L6T ANV €L6T FHL HLOH ¥Od WMWILIO SHLYOIANT »

-133-

(8) v {(8) v [ () L] (9 & [ (9 s | (9 s|le o | (89} oL x| %9 %0T
(8) #» [(8) v | (9) ci(9) £ |(9) s | (9) s | 9| (89 *L xL 9 *9 %ST
(9) v l(s) v | () (@) ¢ J(9) s | (9) s || =9 (s) 9 xL %L *9 *9 %0S
(s) v [(s) ¥ | (9) L|(9) ¢ [(9) s [ (9) s |(s) 9 | (s) 9 A A *9 "9 %09
() v {(e) ¥ | (9) L|(s) & |(9 & | (9) sy 9] (¥ 9 %L (s) ¢ %9 *9 %0L
() # () » [ (9) £ |(e) 9 [ (9) s | (9) g |[te) 9 | (e) s}(9) ¢ | (€) 9 9 | (9) s %08
() v () # | (e) |(@ € |3 s | (») ejleys | (e)s Amv L (2 e ] (9) s] (v € %06
@DrvlErrj{@y|lMe|w@e| M@y | p|y (W] v)ell)e %56
1| T oz e O |t Tl ez T P %66
il T lmelMe | TG TG TG T]@e (M e ()T (-) 1 | %00T
e 1a, 2d4 1q, 2q 1a, 2d 4 1d, 78 Td4 2d, 1, " q
T/9W GG = SS | 1/9W 06 = SS | 'I/OW 6% = SS T/OW 66 = SS | T/OW 05 = SS | T/OW Sb = SS FOVLNIOUAD
| NOIZLOALIA
Axz + T3 0§ + Ux0T = D Axz + (F3/(T - 1,2 02)% + ux0T = D aELNOTY

(SMO'Id QALOIAH¥d) NOILOFLEA NOILYTIOIA GIEIINDOEMI "SA XOITI0d HWAWILIO
0Z~-S WIgvL




-134-

satisy this extreme PD] and PD2 requirement. For linear
costs and at a standard of 45 mg/£ , 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 1 does not, in fact, detect
100% of all violations of the 45 mg/£ stream standard.

Also at levels of PD] and PDZ 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/2 , the
true optimum policy is again selected at PD] and PDZ < 70%.
Under the linear cost structure, there is almost no change
from the first results given for a standard of 50 mg/¢

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 PD] and PD2 above 78%
over profiles 3B and 4B, but at a higher estimated cost
than that derived for several of the variable-time policies
which yield a PD] and PD2 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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streamflow 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.
Thi's 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 mode
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.

1f 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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It 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 PDI (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 PDIE-BO%' 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-
viously, 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 PD] and PD2 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 PD 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 PD 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 PD3-90% and the cost for

PD <80%. This fact must be understood in the process of
setting the PD 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
observations.



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 Hamiltor, 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

Qg = Aty

-141-
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where Q24 represents the streamflow tomorrow, QO repre-
sents the streamflow today, and Cr is a depletion constant
less than unity. To obtain an estimate of this depletion
constant, the equation describing the relationship of Q24
and t is used:

log Qy, = -0155t + 3.5401 (A-1)
Qg - Jo--0155t + 3.5401
_ 14--0155t 3.5401
Qpy = 10 - 10

(Ax1) is used to obtain the flow value t days subsequent to

a flow of 103‘5527 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 QO

for 103'5527 and setting t = 1. The result is given by:
024 - ]0-.0159t .103.5527
= -.0159 |
Q24 = .965Q0 (A-2)

(A-2) may now be used to predict daily streamflows once a
value of QO 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 QO, VS. 024 as shown in Fig. A-3. QD
represents the current runoff level in cfs and 024 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 1log QO
vs. log 024 (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 Qo = ,50429 (A-3)

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

lowing result:

- .846
Q,, = 3.194Q, (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 1is
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 QO which give a
value of Q24 less than that derived from Equation (A-2).
The critical value of QO is that which gives the same re-
sult for both equations.

(Base-Flow) Q

.965 Q (A-2)

(Base and Direct) Q,, = 3.194 Q5 °%° (A-4)
Substracting Equation (A-4) from Equation {A-2) gives:
0 = .965Q, - 3.194 00-845
19460, = 3.194Q0'846 (A-5)
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By trial and error it was found that QO = 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.S5.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
MERROR = 3.65% .96%
TERROR = 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
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research. However, the objectives of the investigation
herein are served adequately by the more crude estimators
of (A-2) and (A-4). 1If time and money are sufficient, it
is suggested that the sampling policy design include these
sophisticated techniques of runoff estimation.



-151-

WA
0992
0901
“tib

“LZ6

“Lub

*‘6L6

“966

oLl
09t
‘oLzl
“00€L
‘oont
*0L9l
“0hot
*00LZ
“0ceh
“oLLE
“0ELY
1A
*09¢1
cozel
“0¢st
0681
M 1974
*09hE
“oten
c086hH
*Onie
*09h5

d3s

“08LE
*0seh
*00€sS
conoz
“el9
“hi9
‘oLt
“hLs
czee
°6L8
“0€0tL
coaLt
“ontl
“o6Ll
“0661
“tEbd
°756
°goe
*006
*o8it
“heL
‘LLe
*6Ze
“ELs
“8LL
‘tL8
“Eht
‘oLt
*988
*559
*90L

a0V

OIHO

*6ZL
ThElL
“mtL
*h6L
*hAL
‘eaL
“his
°198
43
“heL
“6h8

14

AL
*0001
UL ]
oLl
ottt
‘0611
*09¢t!L
“0zst
*0091
“ooni
*06651
“ontLi
“0t9l
*0091
‘oL
“0981
0602
Tonne
“06nC

e

"0Lse
*0r 0t
"0LhE
“0n9h
o0ty
“0t89
‘oootL
“00hEE
"0EZL
cozel
‘oLl
“0otl
0L
*01ct
“oonl
“oont
“OLLL
‘onzl
oLl
“0OnEl
09t
“09n1
‘oLSt
“onslt
*0091
*0LSiI
*0991
“0sLlL
*0961
coLee

NGB

‘0unt
*09sZ
‘of1e
"0to0z
‘oLee
*089Z
‘062t
*0Z9¢
“oh6l
*0Z6Z
*0HILE
‘oLen
“OLES
T4 Y]
‘oLz
*0f£le
“0sEZ
“0992
‘0292
*osne
“ofie
*00te
‘0992
tocie
i YA N4
“onie
*peeze
“0LSe

0662 .

* 0462
‘oLoe

AVH

c01se
*osee
‘oot
“oane
*0992
] Y14
*090¢
a3
“061L€
*0S62
*osie
*09t¢e
*009¢
"0Oh6E
“0Zhh
“081S
“046S
‘o9nL
M DTAILY
*ooszt
00621
*00shl
*00int
“0L06

00621 -

“005ht
009l
Tooeet
‘oontz
“0051i1

udv

*000s1
“ooni i
*010€
*00L2
-0LSZ
*0492
0112
*0fL2
*0n8Z
1543
~OnEE
*0LLT
~0Z0E
oLzt
*QnoE
0L0¢
0682
*0n0t
"oLLE
*095¢
1413
-oLLe
“ongn
0994
0655
0965
*0SEN
*05Lh
“oLan
*0r9s
*0E6h

HYR

‘o8en
‘oulLth
*0e9n
*0n8s
*09L8
‘00CLt
0708
0569
016§
*olst
“OlLE
*oLStE
“0L0h
*04SHh
*026¢
M1 2:11%
*o1s¢e
‘089¢
*066¢€
*goen
*086S
c09¢8
“oELh
010N
*0SSh
*0n0s
049G
‘0829

ada

*0fstL
“0Z2te
‘0oLt
LT
‘o081
°Qiee
‘0ol et
004 Lt
‘00102
001
*00nne
*00592
‘00102
00Nt
*ooe6lLl
‘06LL
‘06l
o6te
*OneEe
‘08Le
‘onLE
‘ontLe
*0sL?
*0n6e
“09¢t
"0Zht
“009¢
“066¢
"0tLh
“onhh
*0L9S

Nve

(aNoDdEs ddd Ia%d DIAND NI FADIVYHOSIA)
‘NOLTIMVH IV HAATY IWVIW LVIYd

:SLNIWIANSVIW MOTIWVIAULS
T~V J1dvdL

“06¢Z¢L
*0Zs6
cooLei
* 00591
*oohel
cootit
*086tL
*06€e
‘otrne
‘oLLe
‘096t
“0L0¢
*0002
“uoie
tozez
*or9e
*06L2

1 T0T9Z

“oLne
“0ine
* 0852
“0n9Z
ontLez
*096¢
“OLES
“069¢
“0Zet
“0hgt
“0Lon
“OLLY
*0ce9

Jaa

‘S9SN pL-EL6T

coLe8
“QosiLL
c00L8BlL
“006f€1
‘oohel
“00Lé6
*0082
*0ttl
“0tZi
‘oLzl
“gcit
co06l
‘oonl
“OLSt
“oLee
*09EL
“Lne
Ghe
*fL6
“6hé
010t
“onotL
*090tL
‘0601
“0ECL
“o8Z1
*otel
“0ES1
‘0591
“oLsl

AON

oL
“0L01
*Zs8
‘9ng
AR
{6y
606
X4 S
‘6lé
‘690
‘9t 6
UXH
‘966
*000L
‘001t
091l
‘0911t
*oect
0901
001tk
“0808
costi
‘ozel
oIl
‘0051
U A
0682
*094Z
“0902
‘onee
*otsi

1230

It
o€
6
az
Le
9z
174

te
<
iz
0Z
bl

MmO~
L

-y
- -

NN EM~RDOO
-

ANQ



-152-

‘ot
*0992
“0901
“nLe R
0101 *
“8hoL »
*LA01 %
ezl »
“oLLL
*09¢L
‘0192 &
*1692 »
YA T4
“€S0E &
413 3
‘6LLE »
A4
“OLLE
"0CL9
*osci
09zl
cozel
*BOLT »
‘668C »
“hhle »
“09nE
“0LEN
‘0860
*ohlE
*09hS

44S

“08LE
"0sZn
“00€S
‘onoe
‘6L9
“Z18 &
“Eng A
MUTA
A1 ]
“9nSi »
“ho9l A
‘€991 »
‘9ZLL »
“06LY
‘0661
‘610l »
‘LSOl »
“LeoL »
"BELL »
‘08t
*héL
“168 »
“hi6
*656 »
‘66 »
“ZroL >
“oLOL »
‘oLt
‘988
“LhS »
“L9S »

any

OIHO

‘ens
“0L9
‘ce9
*LS9
*189
Lot
“ttL
t9L
“68L
g1y
*6h8
*9Z6
660l x
6601
LIRS
€8l
LTTL ¥
ELTL >
*ozZeL
"H9LL &
“ozuL @
‘wenl *
“6ZSL &
*9851 *
“Ghol ¥
‘9oLl »
oLLL

°0981

‘LBt s
‘SI9T »
“L8LI»

Ex wt eyt

e

‘n66Z *
*99Z¢g *
“61L9€™
“980h &
IV R,
eSS ¥
“0£89
“0048EE
*0€EZL
0z
M T AN
‘heClL %
*LotLw
oGt w
“o0nl
00Kl
"LiZiL 4
‘9L »
*OLEL
*ohel
st w
‘el =
‘Leni »
*ZhsSl #
‘0091
‘0461
"he0Z »
ol
‘8L w
*0Lze

Rne

‘O8hne
*09s2
“otie
“9292
*L6Le
‘L1110t
*06CE
“0zZ9t
“0h6e
*076¢
“ie8L
ToLEh
"OLES
"0z68
*0Lee
“oqLe
04t
“G8he
0292
“osne
“Lee
“00€2
‘098¢
1Y %4
*zeee
*S0EZ
“L6EC
*01Sse
0662
*0sSe
*oLot

AVH

»

L]

L]
]

*000s1
0162 *0ohit
“LOEZ ® °0€O0C
“00hZ ¥ °9fEZ W
"HISZ + “SChT ¥
9697 » °LGGZ N
“heBZTw  "0LLe
*090f ‘ofLe
°0Zs¢E ‘Y9967 »
‘o6L¢€ coree
‘onht w “OHEE
*"GLGZ » °*w0SZ %
‘ZLLZ® "gh9eaA
*Lf6Z ¥ “BiBZ A
"n8lf s “O0NOC
*ZIsE » “0LOf
*nhetw 0602
‘ECSh » 6567w
"6LES * “LZZEw
“EHh9 & "094F
L6808 » "02Sf
"Hh9S0Lx "GLEE w
“00Shl  “T9LT »
“o0Lnt “8LIN »
*1808 » “006hH»
“h9S018s °0966
“00Shi “0Stn
*009Mm “hSi R
*00ZZL  *0LBhH
‘o0nLZ  *0€9S
"00SLlL  “0€6H
¥yav gyl

(@noOds udAd L3dd

‘NOL'TIWVH LV Y3ATY IWVIW LVIED

£-v JTaNL

“LLE W
“LETh W
*heZbh v
*088S
*09L8
"00cELl
*0Z08
“Shoh &
01 6S
“0iISE
*09EZ &
"CYhZ w
“heSZ w
ATRA
*296Z ¥
i TA4 %
“n9SE w
Ci0h &
‘LLSh »
*0Shy »
*or99w
*09¢€e
*0fL Y
VAN
M AANE ]
*010S
*0SSS
‘Lans

Uil

*GL99
“LZhB*
‘0oLt
“ooneL
00821
0726
“Gullilék
‘0oL Lt
*o0t02
"ooLee
“00n8¢
*0059¢
°00102
*oocHt
A TAA
‘OHET A
A LTA
AT A
*OEL X
A YA 4
‘08Lg
‘onLe
‘o6tz
*9zZ9Zx
L6l
(Lot »
MY AN
‘LS9C
*gZihw
“hilhw
"0L96

NP

DIgND NI g954YHOSIA)
:SINTWTINSYAN MOTIWYENLS

“0sZL
* 0256
*00LZ1
“ELGEIN
" 00n61L
~00CLl
* 086€
"SSLT ¥
6567 w
“1ZZE
-095¢
“oLof
“6ZLT W
*602Z ¥
1622
TLLET %
"canZ
*0z92
L1
“EnEZ W
LI
"H9SZ *
“hZLT *
"0Z6Z ¥
ToLLE *
*heNE ¥
*0z6t
- on8e
“nZih e
0095 ¥
"9He9

J3aa

‘tg9g ¥
*00SL1
cootsl
“006EL
c00nEL
“0016
‘008
‘ygLL
*oeet
‘Mz
G661 &
6907 »
LY A
“LZTT A
“otee
“09¢ct
L8 w
*606 »
“6LtH6 #*
“hi6 w
0101
‘ohoL
“Enti w
“o0LL »
“oet
*08Zl
“LESL Y
“L6SL &
*059i
‘o015t

AON

ddrLOIqA3dd VL-EL6T

e
(1]
6¢
8
Le
9z
114
|14
€z
(44
e

6l

NI DORmANMIPEOND
- e g -

Avd



-153-

"hs6

*t96

*0L0L
‘ontt
“0silL
‘onti
114}
‘oLl
' [4A}
I7RYE
UL A
“osnl
‘oBiLl
‘ocut
‘0z
*0stt
*009t
*0¢0¢
*091LE
"6t
“LE6

*07014
‘onit
*08zi
“06Z1
raA4
UL
*oLol
“oo0ct
“0651

daas

‘0591
“ozZit
‘9H8

°506

“LB6

*0011
‘ontt
“0ELL
*566

*0601
“oLot
‘oLt
R'114)
‘0Lt
*0Zet
"0BEZ
“ooLt
c0L0L
“0611
“06EL
LTS
4
°0601
"Lt
c00€lL
‘01st
c06Lt
"06le
coLol
°026

“h96

any

*0001
*0801
141
cozZut
oLt
coeel
c08hl
“0n9l
°0002Z
*0LST
“06hE
*006S
°0L8h
oLz
c0zst
*08LL
*0L6lL
*0061
*08sl
“ogELL
*0fFiZ
*0652
‘0t
‘oZnt
*00Zn
°0L99
‘00911
0994
‘0L0l
‘091t
cosZt

me

“oeBel
“06S1
*0651
*091e
‘ooLe
174}
“onel
“onnt
*09st
‘0681
*0861
*0LTe
‘0oLz
“oLee
*079¢
*006¢
c09tLe
*oL9z
T4
*00nZ
*0ent
“ozLe
“0LGH
“0r69
*0e6e
“0L6t
Torel
“0esl
‘0161
*09¢e

noe

‘oL6lL
“ongt
‘oSt
‘0061
‘090Z
‘oLl
coont
“0h8l
0691
*0681
‘on6l
*0toe
‘0602
*09te
‘002
*OneEe
A T4
‘029z
050¢€
“oLLe
0892
*068Z
*00Le
0Lt
*089¢
*00Lh
*0ZSh
“0cbh
*0u8s
*09¢L
*0CsL

AVH

‘oLen
“00Si1L
“00nn
“oonet
rooLte
“00nLt
‘o0t
1574
“06€
*0nst
T0692
11414
“0Ine

1 ¥4

*0ese
*0RSZ
*0e9e
oLt
*008e
*ozot
*0Z1LE
*0oLZE
“OLNE
“059¢
“on6€t
“OLhh
“0sLs
‘0809
*0ne9
*otte

Bdv

*008T1L
*009cLi
To0CLl
*0289
*0L8s
"068L
0588
*0669
*0zZe9
‘06GL
0296
“00nZi1
°006¢€1
*0061tL1
*QIne6
"o8L8’
*0588
*o0nL}
“00L N
*00602
*ou9h
*080S
*0966
“OLLS
“0IGh
“06CH
“0i8h
‘0809
"OfLL
0656
‘00zl

oV

‘00891
‘00hET
"00LES
c008SYh
*001S5S
“00LYZ
‘g0es
*0f£29
OLLS
0oLt
“0001Ld
‘0209
*065¢E
*ooze
*0€st
c09¢n
"0Onoh
"Onhe
*009¢
“06EN
*0LLS
“ornL
*0Ze9
°0L8S
“0LE9
“o8nL
°0Z86
“ooZhi

134

“00€EnL
*ooeot
Tp9zt
*08SH
0629
‘016S
‘OhlE
“0neZ
0962
"ot
*00S¢
“0stLn
*0s8n
x4
‘ouet
T0Lunn
*096h
*0G1L9
“0n06
“00Sht
*oozLe
“00t9l

tooo0zy

‘oLEN
col8¢e
08Zh
*068h
“04SS
“0h99
‘o188
“09nL

Nvp

{aNoODds ¥ad JIHII OIEND NI HADUVHOSIA)
OIHO ’NOXTIIWYH IV IAATY IWVIW LVAYD :SINAWTUNSVIW MOTIWVIYLS “S°D°S°N SL~¥L6T

¥-v J18VL

"0Lnf
“051E
o9t
“0OhEh
"oLLs
“098L
*0Z98
“08in
“o6LE
°06S¢
c0z6t
“0E9IN
"08tS
" 0269
“0LL6
“oLLe
*0889
*0ze9
*080S
T0BEh
*066h
onL9
*oone
“otne
*0LLE
“0L61
‘otz
“USET
‘0z9z
' 0662
coteze

aaa

‘oLl
0561
*onee
‘onne
‘osnt
‘olge
*0ESIL
‘nezsi
“0591
LIN}
*01S1
“06€El
‘ozt
*0sst
“0E9l
‘0591
‘onti
018l
“00nt
“0191
oLt
“oLnl
“onLt
*0t0Z
iz
to9Le
*0581
“8(8

*h68

‘818

AON

*96y
“zs8
‘ele
‘h98
‘600
‘896
coout
*0S04
ottt
Ni1Y43

130

Ladis Tea I VLI B )

iva



-154-

“ZeoL ¥
“LLOL W™
“TLLLY
“Zst v

1 1 8 30

conzit

0621

RATAN
M IYAR 4
"LhEL A
‘geLLw
‘ostt

‘oaLt

‘hhLl »
‘oLEL »
“LLBL R
“Lh6L X
(1414

*09l€

*06ftL

“ontL s
“98LL »
“LETL ™
“LLZL »
“nZEL »
N TANE
oent *
‘gL w
“fLSi»
"Lt6SE®

das

0691 “LNELF
‘0zil “geegLe

*C¢99 % “0Shie
“L89 » ‘HOGL¥
*ZTLL » C09GLe
6L v “8I9iw
"99L ® 6Ll W
Sl v Cihilw
*6T8 » “LO0BLw
"GGB ¥ “hiflL e
“L88 * °hhol
126 & “LlOT™®
°656 * °T60Z»
166 *  C0LLT

*gezot» °0ZGi
‘9901l % °“668L ¥
‘90l *0L6L
“Lnitk™ o064
06t *08sl
*06¢1) ‘gsoTw
‘ontLt *0ELe
*0Z0) *0sSse
*9hSLle  °SHtinw
“ho9iw 6795w
€901l °“68HO ®
“9ZLit% °LhulBw
*06LL *009L 1
‘oLz *099h
“LoZLr "9t0L v
A TA L 2 VX118 ]
“66ZLlYe  “hillw

ony e

“oGLL#
‘ool *
“hnZiw
*o6ZL R
“oEEL W
*68EL &
“onnhi N
“hohl ¥
“0ssl1
*0681
‘aZhz &
“ohSC &
“ooLe
TOLEL
*0Z9¢
*0062
*GIST*
*0L9¢
*0e6e
coone
"EHEZ %
EnnZ W
“89SZ &
LIAXA
"0Z62
"oL6l
*oeet
“0t6l
“o0t6l
‘Q9¢e

NOC

colel

“onBl

MOLY R

“f0St w
‘OLGL R
LIl %
“LL9L®
‘ohLL®
“S08L &
*ZlLBL »
*Zn6lL 2
‘5102 %
‘060C

‘09Le

*96EZ ¥
‘o052 W
*6h92 %
"9Z8T ¥
060t

"oLLe

‘GiGZ
“LG9T W»
"GLRAZ w
290t w
“rSEeEn
"HELE »
*6fZh w
"LZ6h »
“GEgs *
“09¢ZL

! FAY A

KVH

“oles
“00StLt
*o0tne

M LLTAR 3 p1111%:1)
00921 . *ooeql
ootLt *09cL

‘0269 *0Z6CL® “LGIn W

“gughi¥ °0L8S "HOEBLAW “Ghbh w

M H A4
“o0nLl
g0zt
‘o162

“96LET ¥
‘606 »
0592

°0L8e

(T4 T4

“0one

°880Z #
9912 w%
LnTTw
NIYA S
"gZhe =
31T ]
“ooLZ »
T0687 »
“Zele »
“uthe R
“hGBE &
“i0ohn
*0SiS

*0n09

“hhZl w
*Z8Z6 N

gav

"8L69 % “Th6LIA “016S
0688 *008Gh  “Oonlf
0669 "00LSS 98T w
“ozes 00192 “LEOE =
“06SL °00Cs i X4 3 8
“nST6 ¥ “TOHED & CC69f ¥
*00nZL  °SBLE Ny ThBIn®
0060t °60Eh % °0SBH
“6LLh & CETOS H “OfZn
"LL9s % 0209 "EZSh ¥
8569 & “0(SC “6LES
*0s88 “GYUEE A “EhhI x
“00HLL  “ohnitw L8008 x
0010l "09Zh “h9s0i #
‘00602 "OnbYH c00shl
*0hdh “9fLeEs 00212
*080s “0ShEN 00191
“9Lah 4 TL98E» "000ZL
“0LLS tinh e OLEY
*0CsSh "E9is v CLI9E A
‘tuLt w °0CZ9 "9L0h n
“foEn v "0L8S “toLth »
“Hi0S % “0Ir9 TOLSS
*g009x °L96L ¥ °0h99
“Luhl e °BLEOLE® “LZ09w
“18S6%  “00Zht 090l

g a3 NYE

(aNODAS ¥Ad Ladd DIFND NI HDYVHOSIA)

OIHO ‘NOLTIWVH IV ¥IATY IWVIW LVIYO

ISINFWRINSYAN MOTINVINLS
§-v ATAVL

0/ he

‘48T ® “QLBl
‘Bhhn w UBIT ¥
MATAY RS L T A
*CHZ9w BNET
*098¢2 *0she
“0z98 “oLeEez
*996Z * °OEGL
"pZZEw CLL9L %
“LLSEFw CLL9L ®
“ZZon & TONLL
“0E9h *oL6tL
°00LS KA11%4
"f609w “LIGL A
“G9GL % “C66L ¥
"OLLE “690Z A
*0889 LI TR
THEZE N “HIZT B
"LLSE & TLOET %
“OEOh % “0ONZ
“th9h & 0191
‘EBnS ¥ *Sbiln
“LE99 W CLLTT
“0fhe cZ9EZ
“oLLE A LT
‘L6ZT ¥ "LOEST 4
TOLET v T09LT
"GRWZ A 0481
‘029 ‘yte
‘06Ss2 ‘h68
‘oLee "t »

0aa AON

“hag
‘178
‘078 »
0S8 W
‘788 =
‘Sl6e w
‘oNnG w
“ng6 w
Lol v
‘oS0l
To60L »
‘ontlw
EBLL Y
LeeL s
NAXAR ]
“0zZEt

ozl

“L08B &
“Lrg »
°Z98 »
"holl #
“LZb ¥
AR
"Lt w
‘GEOL e
"hiOol»
‘uille
‘Y61l w
"66ti ¥

1 T4 Ry

06zt

100

aarLoIgaud SL-vL6T

1€
0f
Y4
8z
Le
9
174
he
€Z

-~
N~

N - X
- = N

N~ s
- =

-
-

NN ECOCD
-

Ava



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 1ittle 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 (8-1)
r = ~.49928
where UC = background chloride concentration (mg/£),
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 Tab]e\B-l.
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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/£ and 2) the standard deviation of
the error in mg/£ . The results for both equations are
given below.

From Equation (B-1) From Equation (B-2)

UC = .00128-Q +46.57 uc = 273.q° 4%
Herror © -.038 Harror - -.79
T appor = 2-90 Cepror = 8:02

Inspection of the information above shows that both
equations provide a mean error in prediction of less than
1 mg/£ . 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
Figure B-1 provides a pro-
It can

the Great Miami River system.
file of actual vs. predicted background Tevels.
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 Tevels
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 13400
Nov. 27 22 13900
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/f 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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large 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 Znow 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 8°
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.

A11 Data
Equation (B-1): Equation (B-2):
Moppopr = =+038 Moppgr = ~+79
= 9.90 = 8.02

O‘EY‘Y‘OT O-EY‘Y‘OY'
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Excluding Nov. 28, Feb. 27, March 27

Equation (B-1): Equation (B-2):
Mapror = ~1-134 Papror - 27
Tevror 8.45 Terror =5.17

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 blot 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.



-162-

¢-9 FYndId

(S343) MOT14WH3IHLS

SOIX1 1P 01Xt 011
|[sstes m & 2 |setes n & 2 jesLas n & 2 L
—Ix- v L L) v L} L] - LA} L | v | L) —-q L 2N v | J v L .o

=4

o

4

_._

]

&

x (=4

Q

" {

»
» Wﬁ
cogpg--0* ELT = 0N . B % o3
& nx !l !l row
n uxﬂl xw_.. -
. < 4
19O
» -_ n -1-_ m omo» - SQ
l ‘ o-“ )
"
"
In
(vL6T °1ddS - €L6T "ILDO) 3

MOTIWVYEULS °SA

*ONOO SAI¥OTHD ANNOYOMOVE J0 YOou¥d NOILOIAHYd TYNAISad

NOILJ1034d




000082

g£—-d HINoId

(1-01X) (S47) MOTJWHIHILS

-163-

0000k 00°0002  00'0091  00°0021 00'008  00°00h  00°Q,
T T T s v T L 14 T T s T T MU
(=]
O
.rmmm
8
lr m
| " . . —l—-—
a . 3
LI .mm

a1

. 80

-- -
mmm¢N.IO¥ gLe = 0N .rmmh..v
m(

a
.-'
L

MOTJWYIHLS "SA "INOJ 30IHOTHI ONNOYIMILE

00°09



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)
Expected Number of Violations

If c(t) represents the concentration of a given pollutant

at some time t, then a violation of the water quality stan-
dard SS 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-1 shows y(t) to be such a process.

i
(:
f

©y(t)

FPIGURE C-1
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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

T (t) = Priy(t) = ily(0) = i1 i=0, 1 (C-2)

where T (t) is the probability that, for time t >0,'y is in
state i, given that it entered state i 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

m, (t) = e /T4 i=0, (c-3)
where Ti represents the mean time spent in state i before a
transition occurs. Ti is therefore dependent on the magni-
tude of SS. The violation process may then be described by
means of the two parameters T1 (the mean duration of a vio-
lation) and Tg (the mean interval between violations). The
probability of a violation is therefore given by

My~ T+ T4 Tl T (c-4)

1 0

Thus, to evaluate the probability ﬂ& it is necessary to es-
timate the values of T1 and TO‘ 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 TO’ Ti’ and the sampling interval A :

M* (As Tos T1) = TO e“ A/TO - e-A/T'I (C-5)
A Tg/Ty -0

Beckers, et al. (1972) provide a detailed derivation of Equa-
tion(C-5). This approximation is valid for the case in which

A< To t T].
versus A/T] for various values of TO/TI' Once estimates

Figure C-2 gives a graphic representation of M
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of T_and T]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 TO and T1 are derijved 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.

FIGURE C-3

Assuming completely-mixed, flow conditions with no disper-
sion for the stream segment shown in Fig. €-3, the concen-
tration of a conservative material such as chlorides below
point B can be approximated by the following relationship:
Cop =_He + Ws (C-6)
Qe + Qs
concentration of contaminant below point B

where: CO

We = contaminant loading from sources upstream of B
Wg = flow entering stream segment from above point B
Qs = flow entering segment from point-source at B.

Often the temporal variations in Wg, We and Qg are very
small in comparisdn to the variations in Qe. In such cases
it may be assumed that fluctuations in the value of Cy are
due entirely to the variation in Qe. Additionally, because
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detailed information about the values of we, 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.
CO = 6;_:_6;“_ (C-7)

For cases in which QS 4<Qe, the above equation may be re-

written as
c. =_Lonstant (C-8)
0 Q

e

Once a threshold contaminant concentration SS has been speci-
fied, a threshold streamfliow QT is immediately defined, i.e.,
if a violation occurs when Cy >SS, then a viotation occurs
if Qe < QT' The equation used to define the threshold
streamflow QT is therefore given by

Q7 -_tAvg. (c-9)

- SS

Thus, in estimating the values of Ty and T], Tg 1s
set equal to the average length of time Q is greater than
QT and T] the average lengthof time Q is less than QT‘ 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 0il and National
Lead to evaluate wAvg, The average chloride load from Gulf
0il1, as estimated from original field observations given in
Table 5-2 for the water year 1973-74, is 4040 1bs/day.
Similarly, from the data contained in Table 5-1, National
Lead has an average chloride load of 1166 1bs/day. The average

daily backgroundchloride 1oading to the system was estimated

as follows:

W N

- = (Ky ¥ C:Q:)/N
Bcavg. T : it

where Ci = chloride concentration (mg/ 2 ) from Table B-1
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streamflow (cfs) from Table B-1
number of observations ( = 52)

=2 O
mw m

K- = factor to convert W to 1bs/day { = 5.39)
T BCavg
The overall value of Wayg. is finally given as
Wavg., = Yc_ * Wguir * VYiead (¢-10)

avg.

535733. + 4040 + 1166.
540939 . 1bs/day

wavg.

This is the value of wavg. used in Equation{C-9)to estimate
the QT 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/2 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. TO/T]
Chloride Standard Q7 To Tq To /T4
(mg/ 2 ) (cfs) (days) (days)
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

ITlustrations of Detection Percentage and
Total Cost of Variable and Fixed-Time
Policies
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% OF VIOLATIONS DETECTED

TIMES DETECTED

% OF VIOL.
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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

STREAMFLOWS

1973-74 U.S5.G.S.
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TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 PREDICTED STREAMFLOWS
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TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 PREDICTED STREAMFLOWS
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TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 U.S.G.S. STREAMFLOWS
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1973-74 U.S5.G.S. STREAMFLOWS

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

1973-74 PREDICTED STREAMFLOWS
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TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 PREDICTED STREAMFLOWS

CHLORIDE STANDARD

50 MG/L

g, : o
4
a (U]
gp‘-r $5 B
55 o8 +
g 3
A
(o] .
2.0 § CoST = 10%*n + £(20(e%i - 1)/t;) + 2+k
M
S : f
> il 3¢
8 H
+
R gé’ 14 K i
X 1 1 11111'0 +0!15 4 'J+gl:4+‘-‘
° 2 3 4 56789 | 2 3 U 56789
1X103 T i 1X1
g FELE
i &
il
Eg.. 8
2 8
4
. B
Es-- +
1
g ¢ o
; +
. 8T P »
o e 98
+ 8
® 4, +F T
(€ l x_'_gH .
s e+ —t——
2 3 U 56789)| 2 3 uss7es|
1X103 : X104 1X10°

TOTAL COST (NON-LINEAR)

FIGURE D-8



~-180-

TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 U.S.G.S. STREAMFLOWS
CHLORIDE STANDARD = 55 MG/L
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CHLORIDE STANDARD

TOTAL COST VS. % OF VIOLATIONS DETECTED
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TOTAL COST VS. % OF VIOLATIONS DETECTED

1973-74 PREDICTED STREAMFLOWS
CHLORIDE STANDARD = 55 MG/L
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% OF VIOLATIONS DETECTED

TOTAL COST VS.

1973-74 PREDICTED STREAMFLOWS
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APPENDIX E

Detection and Cost Tables for Variable
and Fixed-Time Policies
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APPENDIX F

Sample Chloride Profiles and Model
Predictions for the 1973 and 1974
Water Years
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DECKFILE

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

DEFINITIONS OF SYSTEM VARIABLES

WT(J,I1): LOAD FROM PLANT J AT TIME I1 IN LBS./HR. (ARRAY)
NREAC: TOTAL NUMBER OF REACTORS IN SERIES
NINC: TOTAL NUMBER OF LOADINGS FOR EACH PLANT
TINC: TIME BETWEEN LOADINGS (HRS.)
v: SEGMENT VOLUMES (CUBIC FEET)
L: SEGMENT LENGTHS (FEET)
CL(I) : CHARACTERISTIC LENGTH OF SEGMENT I (FEET)
B: DISPERSION COEPFICIENT (5Q. MILES/DAY)
A: INTERPACIAL AREA BETWEEN SEGMENTS (SQ. FEET)
SP1: SCALE FACTOR TO CONVERT (Q/¥) (C(I-1)-C(I})
TO MG/L
SP2: SCALE FACTOR TO CONVERT (W (T,J)/V) TO MG/L
SF3: SCALE FACTOR TO CONVERT DISPERSION TERM TO MG/L
uc: UPSTREAM BOUNDARY CHLORIDE CONCENTRATION (HMG/L)
TINC (I1): ARRAY CONTAINING INDIVIDUAL LOAD TIMES
NEQ: NUMBER OF EQUATIONS (INPUT)
T: INDEPENDENT VARIABLE- TIME (HRS.)
c: CURRENT VALUE OF DEPENDENT VARIABLE- CONC. (MG/L)
KD: ORDER OF THE DIFFERENTIAL EQUATIONS IN THE SYSTEM
EP(I): DPARAMETER USED TO CONTROL THE LOCAL ERROR IN
REACTOR I
H: CURRENT VALUE OF THE STEPSIZE
DELT: SPECIFIES POINTS WHERE OUTPUT IS DESIRED
TPINAL: TOTAL LENGTH OF SIMULATION (HRS.)
KSTEP: NOMBER OF INTEGRATION STEPS TAKEN

IMPLICIT REAL#8 (A-H,0-2)

REAL*8 L (25) ,V(25) ,CL (25) ,AC (721)

REAL*4 WT (361,3) ,TINC(361),5(361,3) ,EP(25)

CON#ON ®T,TINC,I1,S

DIMENSION F(25),DT{(17,25),C(25), 1N (25),KQ(25)
SET PARAMETERS AND INITIAL CONDITIONS

CALL TIME(0)

KD=1
MISTEP=5000
AMINA=0.
H=1.

READ (5, 1000) NREAC, NREAC1,NREAC2, NREAC3,NREACH, KINC,NPLOT,LT
FORMAT (5I5)

READ (5,1001) E,4,UC,SF1,SF2,5F3,TQ, TIRC,Q,DELT,TF, (L(I),
11=1,NBEAC) ,TSTART, TSTOP, TOUT :
PORMAT (4 P14. 6)

DO 45 JP=1,3

READ (5,1002) (WT (I2,JP) ,1P=1,361)

FORMAT (4F9.2)

NREACM=NREAC~1

V(1) =L (1)*A

V (NREAC) =L (NREAC) *A

CL(N) =L (M)

CL (FREAC) = (L (SREACH) +L (NREAC)) /2.

po 13 I=2,HREACH

V(I)=L(I)*A

CL(I)=(L(I-1)+L(I}) /2.
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IF{LT .EQ. 1)GO TO 12
DO 8 I=1,NREAC
8 C(I)=UC
GO TO 15
12 READ(5,1009) {(C(I),I=1,NREAC)
009 FORMAT (4F10.4)
15 NEQ=NREAC
TFINAL=TSTOP
T=TSTART
HEMAXA=TINC/TY
BE2=SF2
E3=E*A%SF3
HBITE(6,195)HBELC,HREAC1.NRELC2,HREAC3,RBBACQ,NINC
195 FORMAT (*1',5X,'NREAC = *,I2,9%, "NREACT = +,12,9X,*NREAC2 = ',I12,/
16X, 'NREAC3 = ',12,94{,"NREACY = *,12,9X,'NINC = t,13)
HRITE(6,196)TQ,TIHC,DELT,HHINA.HHAIA,NEQ
196 FORMAT (6X,'TQ = ' ,P4.0,11X,'TINC = ',F2.0,11X, 'DELT = ',F2.0,/
16X, 'HMINA = ',F2.0,10X,'HHAXA = ", P2.0,10X,'HEQ = ',I2)
WRITE(6,197)0Q,B,UC,A, NREACH
197 FORMAT (6X,'Q = *,F7.0,9%K,'E = 'L, F2.1,/
16X,'UC = ¢,r2.0,13X,'a = ' ,F4.0,12X,*NREBACYN = ',I2)
HRITE(6,198)HT(1,1),HT(1,2),HT(1,3)
WRITE (6, 199) WT(2,1) ,WI (Z,2) ,NT (2,3)
HRITB(6,201)HT(361,1),HT(361,2),HI(361,3) .
198 FORMAT (6X,'W#T(1,1) = ' ,F5.2,5%,'4T(1,2) = *,F5.2,5X,'WT(1,3) ',PS5.2)
199 FORMAT (6X,'¥WT(2,1) = ', F5.2,5X,'WT(2,2) = ',FS.Z,SX,'HT(Z,B) ' ,F5.2)
201 FORMAT (6X,'WT(361,1) = ',FS5.2,3X,'dT (361,2) = *,F5.2,3X,'WT(367,3) = ',F5.2)
po 191 1=1,21,5
I1=1+1
I2=X+2
I3=1I+3
I4y=1I+4
191 HRITE(6,192)I,L(I),I1,L(I1).IZ,L(IZ),I3,L(I3),IH,L(I“)
192 FPORMAT (6X,'L(',I2,') = 1 ,F5.0,7X,'L(',I2,') = ', FS5.0,7%,'L(',12,")
1= ¢,P5.0,7L,'L{',12,') = ‘,F5,0,7%,'L(",I2,") = ',F5.0)
po 189 1=1,21,5
I1=I+1
12=I+2
13=I+3
I4=I+4
189 WRITE(6,202)I,C(I),I1,Cc(11),12,C(12),13,C(I3),LI4,C(IY)
202 PORMAT (6X,'C(',12,') = ' F8.4,4X,'C(',I2,") = ', PB.4,U4X,%C(*",12,!)
1 = *,PB. U,4X,'C(*,1I2,7%) = ', F8.4,4X,°C(*,I2,') = ',FB8.4)
DO 5 IR=1,NINC
5 TIMC (IR) =DFLOAT (IR-1)*TINC
I1=T/2+1
NOW MAKE FIRST ENTRY
CALL DVDQ(NEQ,T,C,F,KD,EP,IFLAG,H,HHINA,HHAXA,DELT,TFINAL,
1!XSTEP,KSTEP,KEHAK.EMAX,KQ,!N,DT)
GO TO 2
1 CALL DVDQ1
2 g0 TO (10,10,30,30,70,50,50,50), IFLAG
EVALUATE DIFFERENTIAL EQUATION, IPLAG=1 OR 2
10 DO 9 I=1,NEQ
EP{I)=.02%DABS (C{I))
9 EP(I)=-AMAX1T(EP(I}),.02)
E1=0»sP1
FIBEST REACTOR NEVER RECEIVES LOADINGS
J=0
F(1)=E1'(UC-C(1))/V(1)fE2*H(T,J)/V(1)+

[ [}
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1 (E3*(UC-C(1)))/(V(1)=CL (1)) + (E3* (C(2)-C (1)) )/ {(V (1) *CL(2))
c LAST REACTOR NEVER RECEIVES LOADIKGS
J=0
F (NREAC) =E1* {C (NREACH) =C (NREAC) } /V (NREAC) +E2*¥ (T,J) /V (NREAC) +
1 (E3% (C (NREACN) ~C (NREAC) ) ) / (V (SREAC) *CL (NREAC))
DO 6 I=2,NREACH
J=0
IP(I .EQ. NREAC1)
IF(I .EQ. NREAC2)
IF (I .EQ. NREAC3)
IF(I .EQ. NREACY)
6 F(I)=E1*(C(L=1)=C(I))/V(I)+E2#¥ (T,d)/V(I)+
1(E3* (C(I-1)=C(I))) /(V(I)*CL(I))+ (E3*(C(I+1)=C(1))) /(V(I) #CL{I+1))

Qtaic
wun
EFwn =

: GO TO 1
c OUTPOT, IFLAG=3, OR FINISHED, IFLAG=U
30 IF(T .GE. TOUT)GO TO 32
GO TO 44

32 WRITE(6,1003)7T
1003 FORMAT('0",'TIME= *',F6.2,' HRS. *)
WRITE(6,1004) (X,C(K) ,K=1,NREAC)

41004 PORMAT ('0',3 ('SEGMENT= ',I2,' c=",
1E11.5,' MG/L ")
LZ=T+1.D0

AC (LZ) =C (NPLOT)
44 IF(IPLAG .EQ. 3) GO TO 1
1F (IFLAG .EQ. 4) GO TO 75
c ERROR CONDITION, IFLAG=6, 7 OR 8
50 CALL ERROR
STOP
70 60 TO 1
75 WRITE (7,1020) (AC (I),I=1,12)
1020 FORMAT (BF10.4)

STOP
END
Cc
c LINEAR INTERPOLATION OF TIME-VARIABLE CHLORIDE LOADS FROM POINT-SOURCES

DOUBLE PRECISION PUNCTION W(T,J)
IMPLICIT REAL*8 (A~H,0~Z)
REAL*4 WT(361,3) ,TINC (361),5 (361,3),TT,VV
COMMON WT,TIMC,I1,S
IF(J .EQ. 0) GO TO 6
IP(T .GT. TIAC(I1+1)) I1=I14+1
IF(T .LE. TIAC(L1+1)) GO TO 5
WRITE (6,100)
100 FORMAT (*TIME INCREMENT GREATER THAN TINC')
RETURN
S W= ((((T-TIMC(I1))/ (TINC (I141)-TINC(I1)))* (NT(L1+1,d)
1=HT (I1,3)) ) +WT(11,J))
RETURN
6 W=0.
RETURN
END



aooacaoacnconcooconNOcOoanNCcOoOcoOan

12
17
14

21

-218-

MIAMI

GREAT MIAMI RIVER CHLORIDE MODEL USING CMF REACTORS IN SERIES

INPUT DATA

SO0URCES

POINT=-SQURCE LOADS

TIME REPERENCE :

BIVER STRETCH

W(T,J)
Q(T)
uc(T)
A(T)
()
NREAC
TINC
NINC
E

SP1
SF2
SP3
TINC(I1)
NEQ

T

c

KD

EP (I)
H

DELT
TPINAL
KSTEP

Be 85 06 40 0 00 60 4 86 88 95 e B2 B0 48 Gu A4 S4 G0 28 en 00

OHLIO EPA, MIAAI CONSERVANCY DISTRICT, U.S.G.S5. STREAMFLOW RECORDS
OCTOBER 1973 -~ SEPTEMBER 1975

NATIONAL LEAD AND GULF OIL

FROM RIVER MILE 28.0 TO BIVER MILE 3.0

CHLORIDE LOAD FROM PLANT J AT TIME T (LBS./DAY)
STREAMPLOW AT TINE T (CFS)

UPSTREAM BOUNDARY CONDITION AT TIME T (MG/L)
INTERFACIAL AREA BETWEEN SEGMENTS AT TINE T (SQ. FEET)
LENGTH OP SEGMENT I (FEET)

TOTAL NUMBER OF REACTORS IN SERIES

TIME BETWEEN CHLORIDE LOADING DATA POINTS (DAYS)
TOTAL NUMBER OF LOADING DATA POINTS PER PLANT
DISPERSION COEFFICIENT (SQ. MILES/DAY)

SCALE FACTOR CONVERTING (Q*C)/ (L*A) TO MG/L-DAY
SCALE PACTOR CONVERTING W/ (L*A) TO MG/L-DAY

SCALE PACTOR CONVERTING (E*A*C)/(L*A) I'0 MG/L-DAY
AREAY CONTAINING INDIVIDUAL LOAD TINES

NUMBER OF EQUATIONS

INDEPENDENT VARIABLE~ TIME (DAYS)

CUERENT VALGE OF DEPENDENT VARIABLE - CONC. (HG/L)
UBDER OF THE DIFPERENTIAL EQUATIONS IN THE SYSTEM
PARAMETER USED TO CONTROL THE LOCAL ERKOR IN REACTOR I
CUKRENT VALUE OF THE STEPSIZE

SPECIFIES POINTS WHERE OUTPUT IS DESIRED

TOTAL LENGTU OF THE SIMULATION (DAIS)

NUSBER OF INTEGRATION STEPS TAKEN

IMPLICIT REAL*8 (A-H,0-2)

REAL*8 L (5)

BEAL*4 WT(365,2) ,TINC (365),EP(S),QT (365),UCT{365)

COMMON TINC

LI

CONMON/5UB1/NT
COMMON/5UB2/UCT
CONMON/SUB3/QT
DIMENSION F(5),DT{17,5),C(5) ,YN(5) ,KQ(5)
SET PARAMETERS AND INITIAL CONDITIONS

KD=1
MXSTEP=5000
HMINA=0.
HMAXA=1,
=1,
NPLOT1=5

READ (5, 1000} NREAC, NREACT,NREAC2, NINC, NEQ, NREACH, LT KT
READ (5,1000) KZ,42,NZ, NQ,NQ,HT,NT

READ(5,1001) E, SF1,5F2,S5F3,TINC,DELT, (L{I) ,I1=1,NREAC),T,TFINAL
READ (5,1002}) (NT{IP,1},IP=1,365)

READ (5,1002) (NT (IP,2),IP=1,365)

IF (KT .EQ. 1)GO TO 12
READ (5,1008) {C(I),I=1,NREAC)
60 TO 14

DO 17 I=1,HNREAC

c(1)=0.

IF (LT .EQ. 1)GO TO 1b

IP(KZ .EQ. 1)G0 TO 21

GO TO 13

READ (5,1007) (UCT (I) ,I=HZ,N2)
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GO0 TO 22
13 READ(5,1007) (UCT (I) ,I=H(C,KNQ)
READ (5,1007) (UCT (I) ,I=MT,NT)
GO TO 22
16 DO 20 I=1,365
20 UCT(I)=0.0
22 READ (5,1008) (QT(J) ,d=1,365)
®WRITE (6, 1010) NREAC,DELT,E
WRITE (6,1011) NREAC1,HMINA,NREACH
SRITE(6,1012) NREAC2,HMAXA,SF1
VRITE (6,1013) NINC,KD,SF2
WRITE (6,1014) TINC,NEQ,SF3
WRITE (6,1039) T, TFINAL
WRITE (6,1015)WT(1,1),RT(2,1) ,HT(365,1)
WRITE (6,1016) WT (1,2) ,WT (2,2) ,WT(365,2)
WRITE (6,1019)QT (1) ,QT (2) ,QT (365)
va§TE(6,1020)UCT(1),UCT(z),UCT(ses)
I=
I1=1+1
12=1+2
I3=I+3
LU=I+4
WRITE (6, 102%)I,L(I),I1,L(X1),I2,L(I2),13,L(I3),14,L(I4)
WRITE (6,1023)1,C(I),I11,C(I1),TI2,¢(12),13,C(13),14,C(I4)
1000 FORKAT (815)
1001 FORMAT (6F10.0)
1002 FORMAT (8F10.0)
1004 FORMAT (8F10.0)
1007 FOERMAT (16F5.0)
1008 FORMAT (7F10.0)

1010 FORMAT (*1°,13X, *NREAC = v,I2,6X,'DELT = ',F2.0,
15X,'E = ',P2.0)

1011 PORMAT (14X, 'NREACI = v,I2,6X,"HMINA = ', F2.0,
15X, *NREACH = ',12)

1012 FORMAT (14X, 'NREAC2 = ¢,I2,6X, HMAXA = ',F2.0,
15X, 'SF1°%,10%,'= ', F6.0)

1013 PORMAT (14X,'NINC',7X,'= ',I3,6X,'KD',9%,'= ',I2,6X,'SFP2',10X,'= °,
177.0)

1014 FORMAT (14X,'TINC',7X,'=",4X,F2.0,5X, 'NEQ',8X,'= ',I2,6X,'SF3',10X,'s !,
179.0)

1015 PORMAT (*=',13X,*9T(1,1)',4X,'=",F6.0,5%,"'¥T(2,1)",4X,'=*,F6.0,5X,
1VWT (365,1) ' ,4X,?=",F10.0)
1016 PORMAT (14X, 'WT (1,2)',4X,'=',F6.0,5X, 'WT(2,2)"',4X,"'=",P6.0,5X,
16T (365,2) ', 4X,*=",F10.0)
1019 FORMAT (14X,'QT(1)*,6X,'s ',P5.0,5X,'QT(2)',6%,'= ',P5.0,
15X%,'QT (365) ' ,6X, '=',5X,E5.0)
1020 PORMAT (14X, 'UCT (1) = ,P3.0,5%,'0CT(2)',5x,*=*,3X,F3.0,
15X, %UCT (365) *,5%,'=',7X,F3.0,/)
1021 PORMAT (16X,°'L(',I1,') = ',F6.0,6X,'L(',I1,') = ',F6.0,6X,
1°1¢',11,') = ',F6.0,6X,°L(",I1,') = ',F6.0,6X,'L(',I1,*) = ',F6.0)
1023 PORMAT (16X,'C(',I1,') = *,F6.0,6%,'C{',I1,") = *',F6.0,6X,
1'c(*,I1,%) = ',P6.0,6%,'C(",I1,*) = ',F6.0,6X,'C(',I1,') = ',F6.0)
1039 FORMAT (14X,'T',10%X,'=',2X,P4.0,54, 'TFINAL',5X,'= ',F4.0)
D0 5 IR=1,NINC
5 TIMC (LR)=DPLOAT (IR) *TINC
I1=T
c NOW MAKE FIRST ENTRY
CALL DVDQ(NEQ,T,C,P,KD,EP,LFLAG,H,HMINA,HMAXA,DELT,TFINAL,
1MXSTEP,KSTEP,KEMAX, EMAX, KQ, YN, DT)
GO TO 2 ,
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CALL DVDQ1
60 TO (10,10,30,30,70,50,50,50), 1IFLAG
EVALUATE DIFFERENTIAL EQUATION, IFLAG=1 OR 2
DO 9 I=1,HEQ
EP (I) =.02%DABS (C (I))
BP (I) =-AMAX1 (EP(I),.02)
FIRST REACTOR NEVER RECEIVES LOADINGS
J=0
A=383,%Q(T) **.15
P (1) =SF1%Q (T) * (UC(T) ~C (1) ) / (L (1) *4) #SE2%W (T,J) / (L (1) *A) + (E*A#SF3* (
1C(2) -2%C (1) +UC(T)) ) /(L (1) *L (1) *3)
LAST REACTOR KEVER RECEIVES LOADINGS
J3=0
P (NREAC) =5P1#Q (T) * (C (NREACH) C(NBEAC))/(L(NREAC)*A)+SP2*B(T,J)/(L(
1NREAC) *A) + (E*A*SF3% (C (NKEACN) -C (NREAC) ) ) / (L (NREAC) *L (NREAC) *A)
DO 6 I=2,NREACH
3=0
IP(I .EQ. NREAC1) J=1
IP(I .EQ. NREAC2) J=2
F(I)=SF1%Q (T)* (C (L=1) =C(I))/ (L (I) *A) +SF2%% (T,Jd) / (L (I) *A) + (E*A*SF3*
1(C(I+1)=2%C(I)+C(I-1))) /(L(I)*L(I)*2)
Go TO 1
OUTPUT, IFLAG=3, OR FINISHED, IFLAG=4
IT=T
IFP(T .EQ. 0)GO TO 70
IP(T .GE. 1 .AND. T .LE. 31)GO TO 53
IFP(T .GE. 32 .AND. T .LE. 61)GO 10 57
IF(T .GE. 62 .AND. T .LE. 92)60 TO 58
IF(T .GE. 93 .AND. T .LE. 123)G0 TO &0
IF(T .GE. 124 .AND. T .LE. 151)GO TO 63
IP(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)GU0 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
IP(T .GE. 336 .AND. T .LE. 365)G0 TO 88
WRITE(6,1025) IT, (K,C {(K) ,K=1, NREAC)
GO TO 90
I1T=T-31.
WRITE (6,1026)IT, (K,C (K) ,K=1, NREAC)
GO TO 90
IT=IT-61.
WRITE (6,1027) IT, (K,C (K) ,K=1, NREAC)
G0 TO 90
IT=T~-92.
¥RITE (6,1028)IT, (K,C(K) ,K=1, NREAC)
GO0 TO 90
IT=T-123.
WRITE (6,1029) IT, (K,C (K) ,K=1,NREAC)
G0 TO 90
IT=T-151.
WRITE (6,1030)IT, (K,C (K) ,K=1, NREAC)
GO TO 90
1T=T-182.
WRITE (6,1031)IT, (K,C (K) ,K=1, NREAC)
GO TO 90
IT=T-212,
WRITE (6,1032)IT, (K,C(K) ,K=1, NREAC)
G0 TO 90

SR aRS
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IT=T=243,

WRITE(6,1033)IT, (K,C(K) ,K=1, NREAC)

GO TO 90

IT=T-273.

WRITE (6, 1034) IT, (K,C (K) ,K=1, NREAC)

GO TO 90

IT=T-304.

WRITE (6,1035) IT, (K,C (K) ,K=1,NREAC)

GO TO 90

IT=T~-335.

WRITE (6, 1036) IT, (K,C (K) ,K=1,NREAC)

WRITE(7,1038) C(NPLOT1)

PORMAT ('0',10X, 'OCTOBER ',I2,2X,5(5X,*C*,I1,' = ',F4.0,' HG/L"))
PORMAT (' 0?,10X,*NOVEMBEE ',I2,1X,5(5X,'C',I1,' = ', ,F4.0," MG/L"))
FORMAT ('0*,10X, 'DECEMBER ',12,1X,5(5X,'C',I1,' = ',F4.0,' NG/L'))
POBMAT (*0*,10X,*JANUARY °*,12,2X,5(5X,'C',11,* = *,F4.0,' MG/L'))
FPORNMAT (*0*,10X,* FEBRUARY ',I2,1X,5(5X,'C',I1,* = ',F4.0," MG/L"))
FPORMAT ('0*,10X, " MARCH *,I2,4X,5(5%,'C',11,* ',F4.0," MG/L'))
PORMAT (*0', 10X, 'APRIL ',I2,4%,5(5%,'C',I1,* = ',F4.0," MG/L'))
FORMAT ('0',10X, 'MAY ',I2,6%,5(5%,'C*,I1,' = ',F4.0,' MG/L'))
PORMAT (*0',10X, *JONE ',I2,5X,5(5L,'C*,I1,* = ',F4.0,' MG/L'))
PORMAT (*0*,10X,'JUOLY *,12,5X,5(5%X,*'C*,I11,' = ',F4.0,"' MG/L'})
PORMAT (*0*,10X, *AUGUST ',I2,3X,5(5X,'C!,11,! ',P4.0," MG/LY))
PORMAT ('0*,10X, *SEPTEMBEE ',I2,5(5X,*'C',11,!? ', P4.0,' MG/L'))
FORMAT (* *,F7.0) :
IP (IPLAG .BQ. 3) GO TO 1

IP (IFLAG .EQ. 4) STOP

ERROR CONDITION, IFLAG=6, 7 OR 8

CALL ERROR
STOP

GO TO 1
END

C EVALUATION OF TIME-VARIABLE CHLORIDE LOADS FROM PLANT EFPFLUENTS

100

DOUBLE PRECISION PUNCTION ¥ (T,J)
IMPLICIT REAL*S (A-H,0-2)

REAL*4 WT (365,2) ,TINC (365)
COMMON TIMC,I?

COMMON/SUB1/WT

IF(J .EQ. 0) GO TO 6

IF(T .GT. TINC(I1+1)) I1=I1+1
IF{T .LE. TIMC(I1+1)) GO TO 5
WRITE (6, 100)

FORMAT (' TIME INCREMENT GREATER THAN TINC')
RETURN

N=HWT(I1+1,J)

RETURN

w=0,

RETURN

END

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

DOUBLE PRECISION FUNCTION UC (T)
IMPLICIT REAL*8 (A-H,0-32)
REAL*4 UCT (365) , TIMC (365)
COKEMON TIMC,I1

COMMON/SUB2/UCT

IF(T .GT. TINC(I1+1)) I1=I1+1
IF(T .LE. TINC(I1+1)) GO TO S
WRITE (6, 100)
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100 PORMAT (*TIME INCREMENT GREATER THAN TINC')
RETURN
5 UC=UCT (I1+1)

RETURN
END

c

C EVALUATION OF TIME~-VARIABLE STREAMFLOW
DOUBLE PRECISION PUNCTION Q(T)
INPLICIT REAL*8 (A-H,0-2)
REAL*4 QT (365),TIMC (365)
COMMON TIMC,I1
COMMON/SUB3/QT
IF(T .GT. TINC{(I1+1)) I1=I1+1
IF(T .LE. TINC(I1+1)) GO TO 5

. WRITE (6,100)

100 FORMAT (*TIME INCREMENT GREATER THAN TINC!)
RETOURN
S Q=QT (I1+1)

RETURN
END
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