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ARSTRACT

Instream flow assessments have traditionally resulted in the
recommendation of a threshold value for the fishery resource: a mini-
mum flow. More recently, an incremental methodology has been used to
quantify the amount of potential habitat available for each life history
state of a species as a function of streamflow. A framework has been
developed in this study to address the impact of water quality fluctua-
tions and thus mesh hydrologic, biologic and water quality aspects in
determining instream flow strategies. These fluctuations are due to
variable pollutant loads and hydrologic inputs. Continuous hydrologic
and water quality simulation models are used to derive the frequency
and duration of violations of established stream standards (e.g., mini-
mum dissolved oxygen concentration) according to State stream use classi-
fications. Receiving water cause and effect relationships are viewed
through the use of three-dimensional computer graphics, as well as cumu-
lative streamflow and water quality frequency curves.

An application to Salem Creek and Muddy Creek, Yadkin~Pee Dee River
Basin, North Carolina is presented for a river reach classified suitable
for fish and wildlife propagation. TFor a particular hydrologic time
series and period of simulation, a 5.0 mg/l dissolved oxygen standard
was equalled or exceeded 78 percent of the time; however, the same stand-
ard was violated 57 percent of the time during storm flow conditions in
Salem Creek. A complete frequency distribution of duration of consecu-
tive hours of violation is also presented. TFor example, there were
8 occurrences (during a 10 month period) during which the standard was
violated for 12 consecutive hours, with durations as lengthy as 60
consecutive hours. Flow duration curves are also presented, and water
quality criteria for freshwater fish are discussed and interpreted.
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SUMMARY, CONCLUSIONS

AND RECOMMENDATIONS

A comprehensive approach has been presented and is proposed to
integrate the impact of water quality and its fluctuations into the
decision-making process for instream flow strategies. Due to the nature
of hydrologic phenomena, multiple land uses in a drainage basin and
changing human activity, both nonpoint and point sources of pollutants
are highly varilable in time and space. Continuous hydrologic and water
quality simulation establishes the probability of occurrence of events
of various magnitudes. Synoptic rainfall data analysis of a long-term
record of hourly values allows statistical characterization of important
storm event variables: average intensity, volume, duration and time

“since the previous event. A continuous distributed routing rainfall-~
runoff model is used to obtain the runoff time series at a number of
selected points throughout the river basin. A continuous pollutant
washoff model generates the stormwater loads, read by a continuous
receiving water quality model that applies the one~dimensional transient
conservation of mass equation to represent: the movement, decay,
storage and treatment of all waste flows through both natural and engi-
neered transport systems.

Whereas state variables (density, volume, temperature, etc.)
define the condition of system components, decision variables act to
modify the state. Storage and treatment may modify the concentration
and mass rate of pollutants in an accelerated manner to prevent damaging
shock loadings from entering receiving bodies of water. The degree of
control defines an aspect of the management problem. The receiving
body of water may be classified in terms of the primary intended use of
the water in a particular reach, and a minimum stream water quality
standard or maximum pollutant cencentration is established to insure
suitability for such use(s) is maintained. Model results may be inter-
preted in terms of: <classical time histories (pollutographs) of
predicted mass rates and concentrations, or frequency histograms and
cumulative frequency curves; frequency histograms of the duration of
consecutive stream standard violations; and three-dimensional ensembles
of water quality concentrations in space and time. The methodology is
independent of stream classification; for example, a range of dissolved
oxygen concentrations may be evaluated to determine suitability of the
tiver reach to support different uses: fish and wildlife propagation,
water supply (domestic, industrial), recreation, waste assimulation,
etc. That is, the stream standard is defined by the analyst at the
time of program execution for the frequency distribution of duration
of conmsecutive hours of violation. The cumulative frequency curves
allow interpretation of the results in the range from 0 to 15 mg/L
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of dissolved oxygen in intervals of 0.5 mg/f .

An application to Salem Creek, tributary to Muddy Creek,
Yadkin-Pee Dee River Basin, North Carolina is presented for a river
reach classified by the State as suitable for fish and wildlife
propagation. For a period of simulation from November 4, 1980 to
August 31, 1981 a 5.0 mg/£ dissolved oxygen standard was equalled or
exceeded 78 percent of the time on an hourly accounting basis; however,
the same standard was violated 57 percent of the time during storm flow
conditions in Salem Creek. Based on dissolved oxygen criteria for
freshwater fish, species such as largemouth bass would have survived
(no fish kills were reported during 1981 due to natural hydrologic
phenomena). Periods of depressed dissolved oxygen levels (below
3.0 mg/L) were short in duration (2 to 3 hours at a time). Whether
avoidance reactions were taken by fish or not is unknown, but certainly
possible: there were 8 occurrences during which the stream standard
was violated for 12 consecutive hours, 3 occurrences each of durations
of violations for 20 and 24 hour periods, and single occurrences of
durations as lengthy as 48, 52 and 60 hours.

Model predictions suggest that probability distribution functions
could be fitted to the frequency histograms and cumulative water quality
frequency curves. The feasibility of this approach and that of
independently-derived distribution approaches should be considered for
future research. Although stochastic approaches are well understood
for synthetic flow generation, experience with probability density
functions of pollutant concentrations and water quality concentrations
is very limited. The costs of long-term continuous simulation with
relatively short time-steps (required to derive transient water quality
and duration predictions) are high and an alternative when possible is
attractive. Data requirements are substantial and will require careful
coordination between data collection personnel and model users. The
models presented in this study depend on data which is routinely being
collected by various federal, state, or regional agencies. Unfortunately,
the density of the gaging/sampling network is often inadequate and
concurrent time series for all the important variables (rainfall,
streamflow, receiving water quality, etc.) are difficult to find in the
less~populated areas. Even though the results of simulation are pre-
sented in a very convenient format, biological damage is difficult to
quantify. The expectations of inexperienced modelers or model users
are quite often unreasonably high with regard to the accuracy of model
predictions and the transferability of results to other sites. A
deliberate hierarchical approach, from simple order-of-magnitude
analysis to application of the more complex computer models, is highly
recommended.

Toxic pollutants are increasingly of concern, and North Carolina
has established stream standards for concentrations, for a large number
of these substances. Although the type of analysis presented in this
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study can and should be extended to account for toxics, adequate cali-
bration and verification of model predictions is doubtful for the near
future with foreseeable resources. A high degree of uncertainty with
regard to reaction rates, synergism, etc., exists., On the other hand,
criteria for freshwater fish (dose-response curves) have been developed
and the number of controlled experiments has risen in recent years.
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CHAPTER T

INTRODUCTION AND OVERVIEW OF

MODELS

1.1 INTRODUCTION

On June 6, 1978 the President of the United States delivered a
message to the Congress [House Doc. 95-347] in which he expressed he

was "...particularly concerned about the need to improve the protection

of instream flows...," and issued a directive to the Chairman and
Members of the Water Resources Council on July 12, 1978 to prepare a
report on the steps taken "...to develop effective operation and man-
agement techniques for protecting instream uses...' (Smith, 1979). The
Instream~Flows Working Group, formed to implement the President's
directive, classified problems in instream-flow into four categories:
(1) inadequate quantity, (2) inadequate quality, (3) physical
barriers, and (4) flow fluctuations (Instream-Flow Task Force, 1979).
Inadequate quantity has an influence on water quality by adversely
affecting waste assimilation. Therefore, the two aspects cannot be
geparated realistically. Water quality problems are the result of both
point and nonpoint pollution sources, inadequate design of reservoir
outlets, algal blooms in reservoirs, and others. Physical barriers
(e.g.,dams, weirs) interfere with migratory fish and their reproductive
cycle. Flow fluctuation problems involve reservoir regulation.

Instream flow needs usually refer to amounts of flow required for
traditional beneficial uses of water such as: navigation, hydropower
generation, waste load assimilation (water quality), fish and wildlife
(water quantity and quality), recreation (water quantity and quality)
and consumptive uses (e.g., vegetation). The most desirable flow re-
quirement would be that which satisfies several uses at once; however,
a particular use is often defined as the most critical. With federal
approval, states have classified stream segments as to their desired
use and both water quality standards and effluent (discharge)
standards are intimately related to such intended uses.

Instream flow assessments have traditionally resulted in the re-
commendation of a threshold value for the fishery resource: a minimum
flow, usually determined from analysis of hydrologic records. This
approach relies on the erroneous assumption that only flows below this
"instantaneous minimum" will be detrimental to the fish (Smith,

December 1979). The IFG incremental methodology (IFGIM) attempts to
quantify the amount of potential habitat available for each life history
state of a species as a function of streamflow. The IFGIM is intended
to be used only where the flow regime is the dominant determinant of




the quality of the instream fishery or recreation resource and where
hydraulic conditions are compatible with the theoretical basis of the
models (i.e., steady flow within a rigid boundary). This method is
composed of four basic components: (1) field measurement of stream
channel characteristics using a multiple transect approach;

(2) hydraulic simulation to determine the spatial distribution of
combinations of depths and velocities with respect to substrate (bed
material) and cover objects under alternative flow regimes;

(3) application of habitat suitability criteria to determine weighting
factors; and (4) calculation of weighted usable area (gross habitat
index) for the simulated stream flows based on physical characteristics
of the stream. The latter procedure roughly equates the total surface
area of the simulated reach to an equivalent area of optimal (preferred)
habitat. Weighted usable area (WUA) can be displayed as a function of
streamflow for each life history state of the target species, as shown
in Figure I-1 for smallmouth bass at a particular study site. From
streamflow records, WUA may be presented as a function of mean monthly
flow rates to facilitate comparison of changes in habitat potential
between average and drought year conditions (see Figure I-2).

Four primary variables can be identified which determine the
character of insteam habitat conditions: (1) water chemistry;
(2) food web relations; (3) flow regime; and (4) channel structure.
Associated with each of these major variables are the respective
subsets of variables which interact to provide the myriad of
physical-chemical conditions to which the stream biota respond. Inter-
actions among these represent the challenge in the difficult task of
quantifying the effects of land and water management decisions on
instream fishery resources.

Again, the IFGIM is very useful once it has been determined that
flow regime is the dominant variable (assuming also that steady flow
is compatible with streamflow conditions). Standard surveying and
stream measuring techniques are used to obtain calibration data for
IFG hydraulic simulation models. Transects are placed to characterize
both hydraulic and instream resource (fishery habitat) conditions.
Detailed information is obtained on the stream channel geometry and
hydraulic conditions using a multiple transect approach for microhabitat
description. The habitat suitability curves used in conjunction with
the IFG methodology are based on the understanding that individuals of
a species tend to select the most favorable conditions available
within a stream for habitation, but will use less favorable conditions
with less frequency, eventually leaving an area if possible before
conditions become lethal. Subsequently, individuals would be most
frequently observed (sampled) in nature inhabiting their most preferred
habitat conditions. Implicit in the use of these criteria is the
assumption that frequency of observation is, in fact, indicative of
habitat preference and the understanding that the data base used to
construct the curves was obtained im an unbiased manner. These criteria
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were prepared by life history stage for those streamflow parameters
directly influenced by changes in flow regime or channel geometry and
which were considered to most directly affect fish distribution:
depth, velocity, substrate and temperature.

The IFG framework was developed for relatively pristine western
streams and does not address the impact of water quality fluctuatioms.
The IFGIM has been applied to some eastern streams, for example: the
Greenbrier, Meadow and New Rivers of West Virginia (Joy, et al., 1981)
and the Little Wabash River in Illinois (Herricks, et al., 1980).
Neither study evaluated water quality conditions, which may not have
been limiting factors. However, the need for incorporating water
quality into the analysis procedure for stream resource flow require-
ments was recognized earlier by Grenney, Porcella and Cleave in an
assessment of existing methodologies, prepared for the Fish and
Wildlife Service (edited by Stalnaker and Arnette, 1976). A spectrum
of water quality methodologies was recommended by a panel led by Mar in
a workshop devoted to instream flow habitat criteria and modeling
(edited by Smith, 1979). Grenney, Porcella and Cleave also identified
dissolved oxygen (DO) as probably the single most important water
quality parameter in fisheries management. Stream use classifications
(including fish propagation) and corresponding water quality standards
for the study site are presented in Chapter IV.

Water quality fluctuations in a river reach are due to both varia-
tions in pollutant loadings (from point and nonpoint sources) and
hydrologic inputs (rainfall, streamflow). Continuous hydrologic and
water quality simulation is proposed to derive frequency and duration
of water quality violations in a stream reach, as a means of determining:
the adequacy of existing or proposed flow conditions and levels of
water pollution control upstream to support the intended uses of water
in the selected segment.

1.2 OVERVIEW OF MODELS

The use of frequency analysis in hydrologic and water quality
modeling is treated in detail in Chapter II. The central theme is the
prediction of frequency of occurrence of events of various magnitudes,
both in terms of hydraulic and water quality variables. Hydrologic
frequency curves (e.g., flow-duration curves) may be derived by
continuous simulation of the rainfall-runoff process or by statistical
evaluation of long-term hydrologic records. The derivation of cumu-
lative water quality frequency curves and frequency distributions of
duration requires continuous simulation of both quantity and quality
parameters. The modeling package presented in this study includes
the development and refinement of some computer models and the
application of other well-established models. The mathematical basis
for each model is presented in Chapter III, model applications and




results in Chapter V, operation of models and instructions for data
preparation in Chapter VI, and corresponding source program listings
and data sets in the various appendices to this report.

Models developed and refined by the principal investigator for use
in this study include: the STORAGE/TREATMENT AND RECEIVING WATER
QUALITY FREQUENCY AND DURATION MODEL (STO/TRT RECEIVING); program RFREQ
for rainfall frequency analysis; and program RATING which converts
streamflow stage data to discharge by divided difference interpolation.
The SYNOPTIC RAINFALI. DATA ANALYSTIS PROGRAM (SYNOP), developed by
Hydroscience for the U.S. Environmental Protection Agency (Areawide
Assessment Procedures Manual, U.S. EPA, 1976), was modified to auto-
matically define minimum interevent time by autocorrelation analysis.
Other generalized computer programs applied to the study site were:
the U.S. Geological Survey's DISTRIBUTED ROUTING RAINFALL-RUNOFF MODEL-
VERSION II (DR3M) (Alley and Smith, 1982) and the U.S. Army Corps of
Engineers' STORAGE, TREATMENT, OVERFLOW, RUNOFF MODEL (STORM) (Hydrologic
Fngineering Center, 1977). Three-dimensional color and black and white
plots of water quality concentration in time and space were obtained
by storing the results of STO/TRT RECEIVING simulation in files, then
executing SAS/GRAPH: the computer graphics module of the Statistical
Analysis System (SAS Institute, 1981). Several computerized data base
systems were accessed: the North Carolina HYDROLOGIC INFORMATION
STORAGE AND RETRIEVAL SYSTEM (HISARS) (Wiser, 1975); the U.S. Geological
Survey NATIONAL WATER DATA STORAGE AND RETRIEVAL SYSTEM (WATSTORE) and
the U.S. Environmental Protection Agency STORAGE AND RETRIEVAL SYSTEM
(STORET) through the National Water Data Exchange (NAWDEX) (Edwards,
1977).

Program RFREQ reads hourly precipitation from an NOAA rainfall
tape and produces yearly frequency histograms as well as an average
frequency histogram for the period of record. This procedure allows
selection of the most representative year in the time series for more
detailed autocorrelation analysis. Autocorrelation is used to define
a minimum interevent time, as discussed in Chapter III. This value is
required for a more general and complete storm event statistical
analysis with SYNOP, presented for the study site in Chapter IV. The
runoff time series is subsequently obtained by applying DR3M to the
drainage basin: by a network of discrete overland flow and streamflow
segments, for a given rainfall time series. Calibration and verifica-
tion of the DR3M predictions is accomplished by comparison with field
measured stage data, converted accurately to hydrographs by program
RATING. STORM generates the pollutant loadings in the drainage basin.
STO/TRT RECEIVING combines the point and nonpoint source pollutant loads
“and simulates mixing with receiving stream upstream loads to obtain
water quality concentrations in time and space, cumulative water
quality frequency curves and frequency distributions. Thus, the re-
sults may be interpreted in terms of the frequency of occurrence of
water quality violations in a stream reach, as well as the duration




of these violations. Violations are defined by a minimum stream
standard, but a range of standards may be investigated. The standards
are set by state enforcement agencies in accordance with the stream
use classification. An application to Salem Creek and Muddy Creek,
Yadkin-Pee Dee River Basin, North Carolina is presented for a river
reach classified suitable for fish and wildlife propagation.




CHAPTER II
FREQUENCY ANALYSIS IN
HYDROLOGIC AND WATER QUALITY

MODELING

2,1  HISTORICAL REVIEW

The random component of hydrologic signals requires that rational
water resource management tools account for hydrologic uncertainty and
associated water quality variability. The practice of performing fre-
quency analysis on historical data collected from natural phenomena has
been in existence for almost a century. Frequency analysis of stream-
flow data is believed to have been first applied to flood studies by
Herschel and Freeman (Foster, 1934). Today, modern electronic computers
are used to generate synthetic streamflows because in many cases exist-
ing records are not sufficiently extensive to provide estimates of
important statistics. Such approximate models are sufficiently realis-
tic to improve the planning process significantly (Fiering and Jackson,
1971). Simulated streamflow data have been obtained for most river
basins in North Carolina (Wiser, 1981). Model parameters required for
simulation are obtained by comparing predicted data with observed data
when available. Precisely, the justification for continuous (long-term)
simulation in dealing with receiving water quantity and quality is the
probability of occurrence of hydrologic events of various magnitudes
(Linsley and Crawford, 1974).

The conventional approach of selecting single design events during
critical time periods (low—-flow conditions) for water resource manage-
ment is inadequate for several important reasons:

* No reliable probability or frequency of occurrence
can be determined for the single event (Linsley
and Crawford, 1974).

+ The most critical impact on receiving water quality
does not necessarily occur under low flow conditioms,
because of intermittent runoff pollutant shock
loads (Heaney, et al., 1977).

« No accepted design event condition exists which also
specifies a design antecedent dry-weather period
(Heaney, et al., 1977).




Worst-case conditions of receiving water quality have been arbitrarily
defined (e.g., 7-day, l0-year low flow) in conventional waste allocation
studies. The use of continuous computer simulation to develop water
quality frequency curves to screen alternative control strategies is
becoming well established (e.g., Black and Veatch, 1974; Heaney,

et al,, 1977; Donigian and Linsley, 1979; Medina, 1979; Scholl, et al.,
1980; Medina, et al., 1981; Medina and Buzun, 1981; Medina and Buzun,
1982). Continuous simulation produces results which can be interpreted
for a wide range of water quality standards rather than a fixed mythical
standard (e.g., 5 mg/£ of DO), and a wide range of streamflow condi-
tions. Extension of the methodology for instream flow strategies
appears to offer particular advantages if frequency and duration of
water quality violations can be more closely correlated to instream uses
such as fishery management.

2.2 HYDROLOGIC FREQUENCY STUDIES

The traditiomnal approach to the problem of determining theoretical
probabilities of hydrologic events has been the derivation of f{requency
cwwes. These curves relate the magnitude of a variable to frequency
04 occwrrence, and are an estimate of the cumulative distribution of
the population of that variable as prepared from a sample of data
(Riggs, 1968). The probability of a single event, say x., is defined
as the relative number of occurrences of the event after a long series
of trials or observations from a historical record:

P(X = x,) = n /N (2.1)
where X = denotes a hydrologic event, say streamflow
x = magnitude of that event
nl = number of occurrences of event of magnitude Xy
N = total number of observations of event X.
The number of occurrences nl is the frequency, whereas nllN is the
rnelative frequency. When the number of values a random variable can

take on is restricted to an integer number (say 0, 1, 2, ...), the
random variable is called dischefe and its probability law is usually
presented in the form of a probability mass function (PMF):

PX(xi) = P(X = xi) (2.2)




and, by definition

D ) =1 (2.3)

where xi = discrete values of random variable X.

Equation (2.2) describes the probability or frequency distribution of a
random variable. An equivalent means is obtained through the use of

the cumulative distribution function (CDF)

FX(xi) P(Xﬁxi)

2, Py(xy)

x4k
2

(2.4)

for discrete random variables, and the function increases monotonically
from a lower limit of zero to an upper bound of unity.

Unlike the discrete variable, the continuous random variable is
free to take on any value on the real axis. If the abscissa (x axis)
is separated into a large number of short intervals Ax, and the ordinate
is the function f_(x), such that the area under the curve in an interval
represents the prgbability that the random variable will take on a value
in that interval, then:

X

2
P(XI§X§XZ) = ./ﬂ fX(X) dx (2.5)
| %1 :

where fx(x).i 0 (2.6)

o

/ R () dx = 1 (2.7)

_ lim AF(x) _ dF(x)
fx<x) TAX»0  Ax dx (2.8)

and

probability density function (PDF).

The cumulative distribution function is defined in terms of the PDF as
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FX(X) P(X<x)

P(-»<X<x) = fX(u) du (2.9)

- OO

where u = dummy variable of integration.

The relationship between the PDF and CDF of a random variable is illus-
trated in Figure II-1.

The cumulative distribution function has been defined as the ex-
pected number of occurrences less than a given value; however, it is
also convenient to examine its complement -- the expected number greater
than or equal to the given magnitude:

GX(X) =1 - FX(X) = P(X>x) - (2.10)

It should be noted again that for hydrologic applications the CDF or its
complement may be referred to as frequency curves. Earlier statisti-
cians also used the term cumulative frequency function (Burr, 1942).

The area under either the CDF curve or its complement is meaningless:
expected frequencies in any given range are found by simply taking the
difference between ordinates. TFor example, P(x.<X<x,) is evaluated as
F,(X,) - F_(x,). The probability distribution ~of sampled data taken
f%omza con%in%ous distribution is a special case of discrete distribu-
tions and may be computed in the form of the arithmetic summations
presented earlier (Benjamin and Cornell, 1970).

Hydrologic applications of frequency curves include: the design
of bridge openings, channel capacities, flood-plain zoning, industrial
and domestic water-supply systems, storage reservoirs, and forecasting
problems (Riggs, 1968). The flow-frequency, or flow-duration, curve
specifically accounts for hydrologic uncertainty in the design and
planning of flood~control or drought-relief facilities. The duration
curve is the integral of the probability curve, and early investigators
concluded the latter to be described best by the Gauss-Laplace normal
distribution curve (Beard, 1943). A typical flow~duration curve for a
hypothetical watershed i1s shown in Figure II-2.

In later studies, an index of the variation of flow in a stream
was developed from duration curves of discharge (Lane and Lei, 1950).
An extensive treatise on flow-duration curves is available elsewhere
(Searcy, 1959). These curves are considered useful even though the
events may not be completely independent of each other; that is, they
may be serially correlated (Riggs, 1968).
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Besides the obvious usefulness of frequency analysis in averting
flood disaster, it is a means of achieving efficient designs for hydrau-
lic structures. If a hydraulic structure is underdesigned through
inadequate or inaccurate data or methods, the results may be regrettably
catastrophic in terms of loss of property and lives. However,
non-failure is often the result of overdesigned, very safe, but also
very expensive structures. A truly efficient design will be achieved
only if costs are related to risk and frequency analysis (Kite, 1977).
An analogy can be drawn to the traditional approach of selecting single
design events during presumed critical time periods (worst-case 7-day,
10-year low flow conditions in waste allocation studies), without con-
sideration for optimality between costs and risks. The concept of water
quality frequency curves and frequency distributions of duration are
explored in the next section.

2.3 WATER QUALITY FREQUENCY CURVES

Figure I1I-3 illustrates water quality frequency curves for two
levels of upstream water pollution control schemes, for a hypothetical
watershed, in terms of an established receiving water quality standard.
At the higher level of control, it is expected that a higher number of
events equal or exceed the established water quality standard minimum
concentration. Thus, fewer occurrences of water quality standard viola-
tions are predicted. Along with the frequency distribution of consec—
utive time periods of violation of a selected stream standard (see
Figure II-4), cumulative water quality frequency curves form an integral
part of the methodology proposed for instream flow strategies in
Chapter IIT and demonstrated in Chapter V.

The percent of time equaled or exceeded for a given magnitude of
the stream standard is computed from:

5 . N-n,
% Time Equaled _ 100

or Exceeded N

(2.11)

Il

cumulative frequency of occurrence (successive

where ni
' partial sums) in class interval i

i =1, 2, ... , 1

I number of class intervals. Frequencies of dissolved oxygen
concentrations are computed in the receiving water quality model for
class intervals of 0.5 mg/£ , from 0.0 to 15.0 mg/£ (i.e., 31 class
intervals are defined).

In contrast to the century-old practice of frequency analysis for

flood control, drought severity, and other quantitative hydrologic
applications, its use in water quality control has developed within the
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last decade. Downstream damages, in terms of water treatment costs at
a point, have been related to probability of occurrence or exceedance
(Kneese and Bower, 1968). The damages varied according to the dilution
provided by streamflow. Cumulative frequency curves have been proposed
to relate probability to annual, stream waste-assimilative capacity
(Velz, 1970) under natural hydrologic variations. In a study by
Hydrocomp International and Black & Veatch of the South Platte River
(where the modeling area was centered around Denver, Colorado) minimum
dissolved oxygen cumulative frequency curves were compared for various
dry-weather wastewater treatment plant configurations (Denver Regional
Council of Governments, 1974).

2.4 DETERMINISTIC SIMULATION VERSUS DERIVED DISTRIBUTION APPROACHES

The use of a single event for design or water resource management
has been discarded for several reasons stated earlier in Section 2.1.
Long-term characterization of the rainfall-tunoff process and derivation
of both hydrologic and water quality frequency curves can be achieved
by either deterministic (physically-based) simulation or probabilistic
(derived distribution) methods. Continuous deterministic simulation
has been chosen for this study and is considered by many investigators
to be the more refined approach because: (1) it accounts for the actual
sequencing of storm event loads; (2) produces a complete time history of
system response to excitation; and (3) reflects not only individual
storm properties but also the cumulative effects of closely spaced
events. However, these models are expensive, data intensive and require
large memory devices for data manipulation and storage.

Derived distribution approaches require that an assumption be made
of a theoretical frequency distribution for the population of events,
and the statistical parameters of the distribution must then be computed
from the sample data. For example, from knowledge of hydrologic rela-
tionships, statistical distributions can be derived for storm event
dependent variables such as surface runoff and overflow to receiving
streams. This approach is highly dependent on how well the distributions
of the original variables can be hypothesized (Loganathan and Delleur,
1982). Quite often these methods yield closed form solutions which are
useful for preliminary water resource assessment.

Both approaches are data dependent, but the derived distribution
approach is computationally less demanding. Of course, physically-based
models are not completely deterministic because many model parameters
(infiltration, reaction rates, etc.) are quite difficult to estimate
for most practical applications. Loganathan and Delleur (1982) have
demonstrated there is strong evidence that hydrologic variables such as
surface runoff volume, duration and interevent time are exponentially
distributed. They proposed the lognormal distribution and the beta
distribution for the pollutant concentrations in the receiving stream.
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However, probability distributions for receiving stream pollutant con-
centrations are not well established in the literature and are currently
the subject of active research. Application of both general techniques
for water quality modeling purposes to a specific site, for a given
hydrologic time series, may indeed prove to be quite revealing and hold
great promise for the development of a hierarchical procedure to define
instream flow requirements.
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CHAPTER ITI

METHODOLOGY

This chapter is devoted primarily to description of the mathemat-
ical foundation of models developed or modified for use in this study:
the STORAGE/TREATMENT AND RECEIVING WATER QUALITY FREQUENCY AND
DURATION MODEL (STO/TRT RECEIVING); program RATING which converts
streamflow stage data to discharge by divided difference interpolation;
the SYNOPTIC RAINFALL DATA ANALYSIS PROGRAM (SYNOP), modified to define
a minimum interevent time by autocorrelation analysis; and program
RFREQ, which was written to supplement SYNOP by producing yearly fre-
quency histogram plots of NOAA rainfall data. The features of other
models developed and documented elsewhere (e.g., HISARS, STORM, DR,M)

. . . , . ; 3
are briefly summarized and their mathematical basis is discussed
where appropriate. An analysis of the hourly rainfall time series
from 1948 to 1975 (recorded near Winston-Salem, North Carolina at a
first-order weather station) is presented in Chapter IV as an integral
part of the description of the study area and its climatology. Other
model applications to Salem Creek and Muddy Creek (Yadkin-Pee Dee River
Basin) are presented and results interpreted in Chapter V. Operation
of models, pertinent input data instructions and programming considera-
tions are presented in Chapter VI.

3.1 RAINFALL TIME SERIES ANALYSIS

An integral part of the assessment of storm-derived pollutant loads
on receiving water quality is the statistical evaluation of rainfall
records. The purpose of SYNOP is to summarize the variables of interest
(volume, duration, intensity and time between storm events) and statis-
tically characterize the rainfall record to determine seasonal trends
(Areawide Assessment Procedures Manual, U.S. EPA, 1976). The hourly
rainfall data are summarized by storm events, each with an associated
unit volume, duration, average intensity and time since the preceding
storm (measured from the midpoint of the successive storms). Thus, a
storm definition must be established to determine when in the hourly
record a storm begins and ends. Program SYNCP delineates storm. events
as rainfall periods separated by a fixed minimum number of consecutive
hours without rainfall (user-defined). To avoid an arbitrary defini-
tion of independence, the program has been modified to statistically
derive a minimum interevent time (MIT) on the basis of autocorrelation
analysis of the hourly rainfall of a representative year in the time
series.

For hydrologic processes, it is practical to estimate the
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autocorrelation coefficients by an open-series approach (Yevjevich,
1972 and Fiering and Jackson, 1971):

k

The tolerance
and of lag 1,

n~-k < x _ 1 o=k n
i;]_ i7d+k n—-k [Z Xi:, [ Z xiJ
1

i
n-k 2 0.5
" n-k z: Xi
i=1

sample estimate of lag-k autocorrelatiomw
coefficient for hydrologic process I,

discrete data series (observations) of
hydrologic process I, for i = 1, 2, ..., n,

total number of data points or observations,
and

number of hourly lags.

limits for a normal random time series which is circular
TL[rI(l)}, are given by (Anderson, 1942):

TL [rI(l)] = (3.2)

where t = standardized normal variate corresponding to
probability level (1 - a).

A circular time series is defined as a series where the last value is
followed by the first so that the time series repeats itself. Equation
Equation (3.2) has been extended for use with an open series, for the

' general lag case (Yevjevich, 1972). At a 95 percent probability level,
the tolerance limits are given by:

1 + 1.645 vn~k-1 (3.3)
n—

TL [rI(k)] = - X

A plot of the serial correlation coefficients, r(k), against the
number of lags, k, is called a correlogram. The technique of auto-
correlation analysis is essentially a study of the behavior of the
correlogram of the process under investigation (Quimpo, 1968). The
model compares the value of r(k) obtained from equation (3.1) with
TL[rI(k)], computed by equation (3.3), for the corresponding number of

hourly lags k.

The minimum interevent time (MIT) which separates
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independent wet-weather events is defined as the minimum value for k
for which r(k) is not significantly different from zero at a 95 percent
probability level.

Once the MIT has been defined, the storms are separated accordingly
and the statistics of the storm parameters are then computed. The mean
standard deviation and coefficient of variation (standard deviation /
mean) are determined for storm intensity, duration, unit volume and
time between storms. If storm intensities and durations are independent,
the mean storm volume will equal the product of mean storm intensity
and mean duration. However, in many areas and during certain seasons
they are not independent: for example, long less-intense storms tend
to occur in the winter, and short high-intensity storms tend to occur in
the summer. To avoid this potential error, the rainfall analysis
program determines the mean unit volume from the individual storm
volumes.

It should be noted that in North Carolina intense rainstorms occur
in steep mountain terrain (orographic precipitation), especially in the
southern portion. In the Piedmont region (location of study site, see
Chapter I1V) the seasonal (summer, winter) behavior described above is
clearly observable in monthly summaries and plots of average intensity
and duration. A particular advantage of this type of analysis is that
if a particular season or period is considered critical due to adverse
receiving water characteristics or greater pollutant accumulation rates,
the representative summary may simply be made on the long term record
of storms occurring during the selected season.

The frequency distribution of a random variable was defined in
Chapter II and an example was provided. It was stated earlier that
autocorrelation analysis of the hourly rainfall of a representative
year in the time series led to the definition of the minimum interevent
time. The program RFREQ was developed to produce a frequency histogram
of hourly rainfall for each year of the entire time series subjected to
analysis by SYNOP, plus an average frequency histogram of hourly rain-
fall for the entire time series. Thus the most representative year may
be selected for detailed processing by equations (3.1) and (3.3) at a
savings in computer time.

Although it is not within the scope of this study to do so, it is
important to note that: once the statistics (mean, coefficient of
variation) have been determined for the rainfall variables (intemnsity,
duration, volume, time between events), cumulative probability density
functions can be assumed or derived -~ and fitted to sample data. If
storm intensity, duration and time between storms are gamma distributed,
then storm volume would have a distribution determined by the product
of two gamma distributed random variables (storm intensity and duration)
-- assuming independence. Howard (1976) assumed that storm runoff
volumes and time between events are exponentially distributed. DiToro
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and Small (1979) assumed runoff flows, duration and time between events
to be gamma distributed. As stated in Chapter II, Loganathan and
Delleur (1982) suggested there is strong evidence that runoff volume,
duration and time between events are indeed exponentially distributed -—
and verified the statistical independence of the hydrologic variables
for rainfall over West Lafayette, Indiana, for the periods 1953-1974
and 1977-1979.

3.2 HYDROLOGIC MODELING

Problems in instream flows have been classified into four categories:
(1) inadequate quantity, (2) inadequate quality, (3) physical barriers,
and (4) flow fluctuations. Inadequate quantity of flow has an influence
on water quality by adversely affecting waste assimilation. A compre-
hensive watershed model is required that: faithfully represents the
physical system; can process the rainfall time series, account for all
the hydrologic abstractions, and predict surface runoff in time and
space as a residual of the gross precipitation input.

Hydraulic Simulation

Hydraulic simulation for instream flow studies is defined as the
description of the changes in distribution of velocities, depths and
substrates as a function of discharge (Bovee and Milhous, 1978). Depth
and velocity of flow are, of course, a function of channel geometry also.
An accurate representation of velocity and depth of flow is governed
by the St. Venant equations, respectively, the dynamic and continuity
equations for gradually varied, unsteady flow:

dy vV v, 1 38V _ _
x g g sc S St (3.4)

A=+ V-=—=+—==0 (3.5)
X

where = depth of flow

velocity of flow

= longitudinal distance

time

gravitational acceleration constant
= invert slope

W
™ O 09 ot M <
[}

[¥2]

= friction slope, and

= flow area.

However, numerical solutions of these equations are costly in terms of
computer time. Most modern hydrologic silulation models adopt a

kinematic wave approach in which disturbances are allowed to propagate
only in the downstream direction. As a consequence, downstream
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conditions do not affect upstream computations.

For both overland flow and open channel flow segments, lateral
inflow must be considered. The overland flow segments receive lateral
inflow in the form of excess precipitation. Thus, equations (3.4) and
(3.5). become ‘

9y V¥V oV 1 V._ Y o+g -
e + 2 % + s ot (i - £+ qu/b) pu so Sf (3.6)
L ) A
% Tt i~ f) + 2qL/b (3.7
where q = discharge per unit width of channel, say cfs/ft

= lateral inflow, say cfs/ft

i = rainfall intensity, volume per unit time per unit
area, say ft/sec

f = infiltration rate, volume per unit time per unit
area, say ft/sec, and

b = width of free surface, say ft ;

for assumptions of a moderately wide rectangular channel (y/b<l),
small bottom slope, and uniform velocity distribution. The kinematic
wave approach maintains the continuity equation as above, but the
momentum equation is replaced by a stage-discharge relation based on
either the Chezy or Manning friction formula

q=oy" (3.8)
where, typically,

(1) for laminar flow,

g SO
2v

o = and m = 3 (3.9)

{
where v = kinematic viscosity, and

(2) for turbulent flow,

o = 1.49 ‘/So and m =~% (3.10)

n

Thus o and m, the kinematic wave model parameters, are related to the
roughness and geometry of the basin and must be determined accordingly.
Since disturbances can only propagate downstream, numerical solutions
are simpler while still retaining some of the nonlinear effects of the
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dynamic equation. The solution to overland-flow problems simplifies to
the continuity and momentum equations with 9, = 0, respectively :

Ch AL R
ot Tox T -7t (3.11)

q = ay" (3.12)

Any wavelike behavior must enter through the continuity equation and
the approach precludes chenges in surface profile due to dynamic varia-
tions. The corresponding set of equations for stream segments, or
channelized flows, to which the only significant inputs are continuous
along the stream axis and consist of rainfall, infiltration, and over-
land flow is

54 | 2Q
~+ == .
ot - ox 41 (3.13)
m
Q=a_ A S (3.14)
where Q = discharge rate, say cfs
A = flow cross-sectional area, say ft.
q; = continuous lateral inflow rate of overland flow,
say cfs/ft
ms,ms = kinematic parameters for stream segments.
Typically, the value of m_ = 3/2 for small streams. In a stream seg—

ment, equation (3.14) mayS be replaced by the classical Manning
relationship

1.49 2/3 |
= 3.
Q R A /S, ( ’15)
where R = hydraulic mean radius.

Routing through reservoirs is commonly accomplished by application
of the continuity equation (modified-Puls method), in difference form
given by:

2 ¥ 2 ¥
t+HAt t
——— = . + — - 3.16
Qernt At Ie* Toae At t ( )
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where Qt’Q outflow rates at times t and t+At, cfs

t+At
It’It+At = inflow rates at times t and t+At, cfs
3
= +
vt’V£+At storage volumes at t and t+At, ft
At = time step used in the kinematic wave model.

Distributed Routing Rainfall-Runoff Model

The U.S. Geological Survey's Distributed Routing Rainfall-Runoff
Model-Version II (DR_M) provides detailed simulation of storm-runoff
periods selected by %he user and a daily soil-moisture accounting
between storms, using rainfall and data describing the physical charac-
teristics of the drainage basin as input (Alley and Smith, 1982). A
drainage basin is essentially represented as a set of overland-flow,
channel and reservoir segments. Kinematic wave theory is used for
routing flows over contributing overland-flow areas and through the
channel network, as described mathematically in the preceding section.
A detailed representation of the Salem Creek and Muddy Creek drainage
basins near Winston-Salem, North Carolina is illustrated in Chapter V.
All model features are well documented in the user's manual; however,
it is appropriate to comment on the numerical solution technique to the
kinematic wave equations found to be most practical for long-term
simulation (year or longer) of a large drainage basin (64 square miles;
16,576 hectares).

Prior to release of the new version, the 1978 DR_M provided only
an explicit finite~difference scheme for solution of ~ kinematic wave
routing in channels and overland flow segments. Although correct
solutions were obtainable for the smaller sub-basins, calibration of
the model for the aggregate network representing the entire basin was
never accomplished. Such difficulties were not encountered by choos-
ing the method of characteristics option in the newer version of DR M.
The implicit finite-difference scheme was not chosen because of computer
time considerations. An exhaustive investigation of the causes of the
problems (choice of At, segmentation, etc.) was not possible due to
time limitatioms.

Combining equations (3.13) and (3.14) and dropping subscripts for
convenience yields:

QA m—-1 9A
—_— o o
sc T emA 5%

(3.17)
and its solution provides values of area A that can be converted to
discharge using equation (3.14) (Alley and Smith, 1982). Equation (3.17)

can be represented by the characteristic equations below (Eagleson,
1970):
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dax m-1

gz - om A (3.18)
dA
ac - 4 (3.19)

Integration of equations (3.18) and (3.19) can be performed explicitly
if the lateral inflow, ¢ , is assumed uniform in time and space. TFor
a given model segment, q is indeed spatially constant and piecewise
constant in time. Thus, the assumption is valid by integrating over
time steps where ¢q remains constant. The equations actually solved

by DR3M are:

Ax =% [(q At + AGx,t))™ - A(x,t)™] (3.20)

A(x+Ax,t+At) = A(x,t) + gAt (3;21)

for ¢ # 0, and

Ax = o m AGx, )™ T At (3.22)
A(xHAX, tHAE) = A(x,t) ‘ (3.23)
for q =0 .

Equations (3.20) and (3.22) are used to follow the characteristic paths
in the =x-t plane. The flow area is determined at points along the
characteristic paths by equations (3.21) and (3.23).

Rating Table Interpolation

Any hydrologic model must be calibrated and verified with actual
field-measured data due to the uncertainty introduced by the mathematical
abstraction of the physical system, unknown magnitude of certain co-
efficients, etc. Hourly stream gage height records were available
from the U.S. Geological Survey for the study site (see Chapters IV and
V), as well as stage-discharge rating tables updated regularly. Program
RATING was written to convert gage height to discharge by an accurate
interpolating scheme, with a known tolerance. Based on a divided-
difference table computed by using the Newton form for the interpolating
polynomial (Conte and de Boor, 1972) numerical error is minimized:

k+1 k+1
P ® =2 flx,eeox ] T (- %) (3.24)
i=0 j=1+1
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