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ABSTRACT

Instream flow assessments have traditionally resulted in the re-
commendation of a threshold value for the fishery resource: a minimum
flow. More recently, an incremental methodology has been used to quan-
tify the amount of potential habitat available for each life history
state of a species as a function of streamflow. In a previous study, a
framework was developed to address the impact of water quality fluctua-
tions in determining instream flow strategies. Continuous hydrologic
and water quality (transient) simulation models were applied to derive
the frequeney and duration of violations of established stream standards
according to State stream use classifications.

In this study an integrated methodology is presented, based on a
hierarchical package of computer models ranging from simple micro-
computer programs to more complex mainframe simulation. The micro-
computer programs are statistically-based, and assume that both flows
and pollutant concentrations are lognormally-distributed for upstream
sources, non-point sources and point sources. An extensive statistical
analysis of nationwide data collected under the National Urban Runoff
Program (NURP), as well as the study site for the selected time series
(Salem Creek, Winston-Salem, N.C. -- November 1980 to August 1981),
supports this assumption. Two programs are presented which compute the
frequency distribution of pollutants in the stream based on lognormally-
distributed point and nonpoint source flows and pollutant concentrations:
(1) an approximate model by the method of moments and (2) a Gaussian
quadrature, numerical solution model. The results are shown to be
almost identical, but the approximate model executes much faster. The
level of analysis proceeds to an intermediate stage: steady-state,
continuous deterministic simulation. This level allows the representa-
tion of cause/effect (pollutant/water quality), coupled reactions. The
predicted cumulative frequency curves for a selected pollutant (BOD)
compare extremely well with the simple, statistical procedure. The
methodology is extended to deterministic, continuous simulation of water
quality transients. TFor a selected water quality indicator (DO), the
steady-state model overpredicts the impact on receiving water quality up
to about 5.5 mg/l (near the mid-point of the total spectrum of possible
concentrations), then underpredicts slightly thereafter. Thus, the
steady-state model is conservative in the range of concentrations up to
slightly beyond the stream standard. The more sophisticated model also
provides the frequency distribution of consecutive hours of violation of
a stream standard, and allows viewing both cause/effect relationships in
time and space through 3-dimensional computer graphics.
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SUMMARY, CONCLUSIONS
AND RECOMMENDATIONS

An integrated methodology for instream flow strategies is presented,
based on a hierarchical package of computer models ranging from simple
microcomputer programs to more complex mainframe simulation. The micro-
computer programs are statistically-based, and assume that both flows and
pollutant concentrations are lognormally-distributed for upstream sources,
non-point sources and point sources. An extensive statistical analysis
of nationwide data collected under the National Urban Runoff Program
(NURP), as well as at the study site for the selected time series (Salem
Creek, Winston~Salem, N.C. — November 1980 to August 1981), supports
this assumption. The level of analysis progresses to an intermediate
level: steady-state, continuous deterministic simulation. This level
allows the representation of cause/effect (pollutant/water quality),
coupled reactions. The predicted cumulative frequency curves for a selec-
ted pollutant (BOD) compare extremely well with the simple, statistical
procedure. The methodology is extended to deterministic, continuous simu-
lation of water quality transients. For a selected water quality indicator
(DO), the steady-state model overpredicts the impact on receiving water
quality up to about 5.5 mg/l (near the mid-point of the total spectrum of
possible concentrations), then underpredicts slightly thereafter. Thus,
the steady-state model is conservative in the range of concentrations up
to slightly beyond the stream standard. The more sophisticated model also
provides the frequency distribution of consecutive hours of violation of
a stream standard, and allows viewing both cause/effect relationships in
time and space through 3-dimensional computer graphics.

Rainfall and, therefore, surface runoff (streamflow) are both inher-
ently random events. It is appropriate to analyze water quality effects
for instream flow strategies within a probabilistic setting. It does not
follow, however, that the mathematical models themselves should be exclu-
sively statistical black boxes. Indeed, the response of receiving waters
to pollutant mass discharges may and has been described by deterministic
mass balance models. Continuous, long term deterministic simulation
allows representation of water quality effects in terms of the probability
of occurrence of events of various magnitudes. Stochastic inputs to such
a deterministic model will result in random output. Probabilistic anal-
ysis attempts to calculate the probability distribution of receiving
water quality concentrations given the probability distribution of model
inputs: for example, hydrology, pollutant loadings, stream temperature,
etc. A framework is presented in which both statistical and determi-
nistic models can be integrated in the analysis to achieve: long-term
characterization of the rainfall-runoff process and derivation of both
hydrologic and water quality frequency distributions. If the level at
which a particular pollutant concentration impairs the use of the receiv-
ing stream is known, then the concentration probability distribution
specifies the frequency (and duration in the case of simulation of tran-
sients) with which that use (fisheries, waste allocation) will be impaired.
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If the assumptions upon which the statistical models are based are met,
for a particular study site and hydrologic time series, the calculations
can be easily performed on a microcomputer and the data requirements are
relatively simple. These models are very useful for preliminary water
resource assessment. They can be followed by a more refined approach if
it is justified. Continuous deterministic simulation (both steady-state
and transient) accounts for the actual sequencing of storm event loads.
Much more complex statistical procedures (often impractical) would be re-
quired to approximate this phenomena. Deterministic models also produce
a more complete time history of system response to excitation, represent-
ing not only individual storm properties but also cumulative effects of
closed-spaced events. These models can be relatively expensive to ex-
ecute, are data intensive and require large memory devices for data manip-
ulation and storage. Advances in microcomputer technology are making it
possible to load these large programs into memory but execution times are
still extremely long.

Synoptic rainfall data analysis of a long-term record (25-year) of
hourly values allows statistical characterization of important storm
event variables: average intensity, volume, duration and time since the
previous event. Two microcomputer programs are provided to analyze the
flows and pollutant concentrations for lognormality. One program computes
the parameters of a two-parameter lognormal distribution by the method of
moments and the method of maximum likelihood, as well as other useful
statistics. The other program transforms the original data by taking
natural logarithms, computes the standard normal deviate and stores the
results in a file for linear regression and plotting. A third program
performs the latter two functions. The statistical computations were
verified by processing the data with the well-known SAS procedures. The
assumption of lognormality is demonstrated as valid for the study site
and time series. Two other microcomputer programs are presented to com-
pute the cumulative concentration probability distributions: 1) an
approximate model based on the first two moments of a lognormal distribu-
tion, and 2) an exact, numerical method based on gaussian quadrature.
Both models assume that flows and pollutant concentrations are jointly
lognormally distributed (for point, upstream and non-point sources). A
sixth microcomputer program plots the cumulative frequency distributions.
Other utility programs were developed to dump data files to the screen of
a microprocessor or to the paper printer.

The next step in the hierarchical procedure is application of a
deterministic, continuous steady-state receiving water quality model.
Instructions for data preparation are provided in the form of a user's
manual. Although data requirements are intensive, the model is relatively
inexpensive to execute when compared to continuous simulation of receiving
water quality transients. The results are compared, as stated above, for
the study site and time series. At the highest level of amalysis, both
frequency and duration of water quality violations are predicted, using
a model developed in an earlier study of hydrologic and water quality
modeling for instream flow strategies.
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Toxics standards exist in North Carolina for about 40 parameters,
but only five (mercury, copper, total chromium, nickel and zinc) are
listed in the Division of Environmental Management (DEM) monthly monitor-
ing report for upstream samples and point source influent samples. The
Archie Elledge Wastewater Treatment Plant (Winston-Salem, N.C.) routine-
ly measures and reports copper, total chromium, zinc and nickel concen-
trations in effluent and influent samples. However, none of these
toxics concentrations were reported (and were presumably not measured)
for upstream samples during the period of study, nor for several years
before that. Although data are available from the Winston-Salem NURP
study for stormwater and point source effluent concentrations to Salem
Creek, a meaningful analysis is not possible without knowledge of the
stream toxics background concentrations. Yet, the statistical procedures
could be used effectively to determine the frequency with which toxics
concentrations lethal to the fishery resource are reached. The deter-
ministic models should eventually be extended to account for toxics, but
adequate calibration and verification will be difficult without a sup-
porting data base. A high degree of uncertainty still exists with regard
to synergism, reaction rates, etc.

As noted above, the integrated methodology was applied to a river
reach of Salem Creek, tributary to Muddy Creek, Yadkin-Pee Dee River
Basin, North Carolina. The reach is currently classified as Class C
(suitable for fish and wildlife propagation) by the State of North Caro-
lina. The dissolved oxygen (DO) standard is 5.0 mg/l and the fecal coli-
form standard is a most probable number (MPN) of 1000 per 100 ml, the
latter based on a logarithmic mean (five consecutive samples during any
one month). The river reach has had historically high coliform bacteria
levels, particularly during storm events. Using the statistically-based
models with measured data for the time period November 1980 to August
1981, the fecal coliform standard is exceeded about 48 percent of the
time during dry weather conditions. It should be noted that the fecal
coliform bacteria concentrations measured from both upstream and effluent
samples ranged in magnitude from 1 MPN/100 ml to 122,520 MPN/100 ml,
resulting in high coefficients of variation. Frequency distributions
are also presented for biochemical oxygen demand (BOD) and chemical oxy-
gen demand (COD). The steady-state deterministic model produces cumula-
tive frequency curves for the BOD-DO, cause/effect (coupled) reaction.

It has been noted that this model is conservative (overpredicts impact)
in the range of DO concentrations up to about the magnitude of the stream
standard. At the most sophisticated level of analysis, the predictions
are that the DO standard is equalled or exceeded 78 percent of the time
on an hourly accounting basis; however, the same standard is 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 dis-
solved 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 occurences during which
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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.

The hierarchical approach allows the user considerable flexibility.
The simpler statistically-based microcomputer models are very inexpensive
once the investment has been made in a microprocessor, and the configura-
tion is highly portable. Both conventional and toxic pollutants can be
analyzed and the output is in terms of the probability of occurrence of
events of various magnitudes. These models cannot predict cause/effect,
coupled reactions. They are limited in that the sensitivity of receiving
water quality to proposed improvements to the existing configuration of
unit processes, or the implementation of best management practices for
nonpoint source control, cannot be readily investigated. Data require-
ments are very modest; nevertheless, greater confidence. in the predic-
tions is expected with longer time series. In essence, these models are
excellent for use at the preliminary screening, planning level. When the
need arises for more detailed information on system response to excita-
tion, the deterministic long-term continuous simulation models may be
applied. Even at the intermediate, steady-state level of analysis data
requirements are substantial; however, execution costs are relatively
modest. To obtain both cumulative frequency and duration of violations,
simulation of water quality transients is required. 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 sub-
stantial 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 im-
portant variables (rainfall, streamflow, receiving water quality, etc.)
are difficult to find in the less-populated areas. Even though the
results of simulation are presented in a very convenient format, bioclog-
ical 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 statisti-
cal analysis to application of the more complex computer models, appears
to be the most sensible means of obtaining the best results as a function
of available resources.
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CHAPTER 1

INTRODUCTION AND OVERVIEW OF

INTEGRATED METHODOLOGY

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
separated 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) conditionms.
Detailed information is obtained on the stream channel geometry and
hvdraulic 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 in 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 fluctuations.
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 requirements was recog-
nized earlier by Grenney, Porcella and Cleave in an assessment of exist-
ing 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 hydro-
logic 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 pol-
lution control upstream to support the intended uses of water in the
selected segment.

1.2 OVERVIEW OF INTEGRATED METHODOLOGY

The use of frequency analysis in hydrologic and water quality model-
ing is treated in detail in Chapter II. The central theme 1s the predic-
tion 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 simula-
tion of the rainfall-runoff process or by statistical evaluation of long-
term hydrologic records. The derivation of cumulative water quality
frequency curves and frequency distributions of duration requires contin-
uous simulation of both quantity and quality transients. Cumulative fre-
quency curves for pollutant concentrations in the receiving stream may
also be obtained by statistically-based microcomputer programs. The
mathematical basis for each of these models is presented in Chapter ITI,
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.
Several models are applied in this study which are documented in a pre-



vious report: Hydrologic and Water Quality Modeling For Instream Flow
Strategies (Medina, 1982). These 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 inter-
polation. The SYNOPTIC RAINFALL ANALYSIS PROGRAM (SYNOP), developed by
Hydroscience for the U.S. Environmental Protection Agency (Areawide
Assessment Procedures Manual, U.S. EPA, 1976), was modified to automati-
cally 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
Engineering 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 execut-
ing 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).

The model LEVEL IITI-RECEIVING was originally developed by the prin-
cipal investigator for the U.S. Environmental Protection Agency (Medina,
1979). 1t has been modified substantially for this study and new instruc-
tions for data preparation are provided in Chapter VI. Major improvements
include: computation of the depth in the stream by divided difference
interpolation from stage-discharge data and other curve-fitting techniques;
print control commands that reduce the amount of output to an essential
minimum; and the addition of BOD cumulative frequency curves that can now
be viewed simultaneously with DO frequency curves.

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 auto-
correlation analysis. Autocorrelation is used to define a minimum inter-
event 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 net-
work of discrete overland flow and streamflow segments, for a given
rainfall time series. Calibration and verification of the DR3M predic-—
tions is accomplished by comparison with field measured stage data, con-
verted 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 results may be interpreted in terms of the fre-
quency of occurrence of water quality violations in a stream reach, as
well as the duration of these violations. LEVEL III-RECEIVING is essen-
tially the steady-state version of STO/TRT RECEIVING, without the detailed
simulation capabilities of point source unit operations of the latter
model, nor the capability of predicting the duration of water quality
violations. The statistically-based microcomputer models and their utility
programs also produce output in terms of the frequency with which a range
of pollutant concentrations are exceeded in the stream: the central
unifying theme of the complete, hierarchical modeling package. Violations
are often 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.

The integrated approach towards accounting for water quality in
determining instream flow strategies is summarized in Table I-1. The
modeling package presented in this study satisfies levels II through IV.
Level I is necessary regardless of the type of modeling package that may
follow. It will ultimately be possible to store all of these models in
a single microprocessor, due to advances in microelectronics, but at the
higher levels of analysis execution times may still preclude practical
operation of the computationally-intensive models in the near future.



TABLE I-1. Hierarchical Approach For Instream
Water Quality Analysis

Level I: Preliminary Screening

Collection of maps, hydrologic and water
quality historical data, stream intensive
survey reports, routine computation of
means and extremes, inventory of point
sources, land use, identification of fish
species in the river reach, etc.

Level II: Statistically Based Frequency Analysis

Identification of potential water quality
impacts from derivation of pollutant cum-
ulative frequency distributions, after
analyzing historical data to determine if
model assumptions (e.g., lognormality)
are satisfied——for point, nonpoint and
upstream flows and concentrations. This
level requires application of small
microcomputer programs and utility
modules.

Level III: Intermediate, Deterministically-Based
Frequency Analysis

Steady-state, deterministic continuous
simulation to derive cause/effect
cumulative water quality frequency
distributions, involving mainframe
computer or mini-computer. A more
refined frequency analysis, requir-
ing substantially more data than
Level II, with modest execution costs,
with capability for producing time
histories of system response to many
combinations of waste inputs and
levels of control.

LEVEL II1 - RECEIVING, other supporting computer models.



Level IV: Advanced, Deterministically-Based
Frequency and Duration Analysis

Deterministic, continuous simulation
of receiving water quality transients
to derive both frequency and duration
of water quality violations;
three-dimensional computer graphics
capability to view cause/effect
(pollutant/water quality) relation-
ships in time histories of system
response to varying inputs and
configurations of wastewater treat-
ment unit operations, etc. At this
level, it is likely that mainframe
computer simulation will continue

to be more convenient due to long
execution times; data requirements
are substantial; assessment of
biological damage possible on the
basis of combined frequency and
duration of water quality violations
of established standards for fishery
resource.

STO/TRT RECEIVING, other supporting computer models.




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
prohability 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 conditions,
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).
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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/f 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 (Medina, 1982).

2.2 HYDROLOGIC FREQUENCY STUDIES

The traditiomal approach to the problem of determining theoretical
probabilities of hydrologic events has been the derivation of f§requency
curves. These curves relate the magnitude of a variable to §requency
04 occurrence, 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,) = nl/N (2.1)

1

where X = denotes a hydrologic event, say streamflow

x = magnitude of that event

nl = number of occurrences of event of magnitude L3

N = total number of observations of event X.

The number of occurrences ny is the frequency, whereas nl/N 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 discrete and its probability law is usually
presented in the form of a probability mass function (PMF):

PX(Xi) = P(X = Xi) (2.2)

11



and, by definition

Z PX(Xi) =1 (2.3)

all x,
i

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 cumwlative distribution function (CDF)

Fyxy)

P(Xﬁxi)

Z (2.4)
Px(xi)

X?%lx
=

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 probability that the random variable will take on a value
in that interval, then:

*2
P(xl§X§x2) = ./. fX(X) dx (2.5)
X
l R
where
f£,(x) >0 (2.6)
/ FX(x) dx = 1 2.7)
and

lim AF(x) - dF(x)

AX+0  Ax dx (2.8)

fX(X) =

probability density function (PDF).

The cumulative distribution function is defined in terms of the PDF as

12



Fx(x) P(X<x)

P(-»<X<x) = fx(u) du (2.9)

-0

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 (xl). The probability distribution “of sampled data taken
from a con%inuous 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 is 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).

13
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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 traditiomal 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 II-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 cf the methodology proposed for instream flow strategies in
Chapter III and demonstrated in Chapter V.

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

9 . N-n
T Faseted a0 | 1
where ni = cumulative frequency of occurrence {(successive
partial sums) in class interval i
i =1,2, ... ,1
I = number of claés intervals. Frequencies of dissolved oxygen

concentrations are computed in the receiving water quality model for
class intervals of 0.5 mg/f , from 0.0 to 15.0 mg/f (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

A physical law describes the deterministic evolution of natural
processes (e.g., mechanics of surface runoff), but a probabilistic
interpretation is not necessarily due to ignorance of governing phys-
ical phenomena. The controversy of determinism and causality versus
randomness and probability has been the topic of extensive discussions
(Papoulis, 1965): the difference lies not in the nature of the phenom-
ena, but in the quantities in which the observer is interested. If the
outcome of one experiment is of interest, then the model might be
deterministic, but with some uncertainty due to certain errors in cer-
tain ranges of the relevant parameters. The use of single events for
design or water resources management has been discarded for several
reasons stated earlier in Section 2.1. Long-term, continuous deter-
ministic simulation essentially predicts the average system response to
a large number of events because these models depend upon parameters
obtained from measured data (statistical samples). Thus, long-term
characterization of the rainfall-runoff 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.

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
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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 expomentially
distributed. They proposed the lognormal distribution and the beta
distribution for the pollutant concentrations in the receiving stream.
Warn and Brew (1980) present an analytical method that assumes
log-normal distributions for river and point discharge flows. The method
is an approximate probability model of the mass balance equation based
upon the first two moments (mean, variance) of the downstream concentra-
tion. A two-parameter log-normal distribution is used and provides
accurate values if the assumption of log-normal flows is valid. The
method was extended to include stormwater flows and concentrations
(DiToro, 1982), provided that these flows and concentrations and the
upstream flows and concentrations can be assumed to be independent.
Earlier work by DiToro (1980) established the adequacy of probabilistic
analysis of the response of one-dimensional advective-dispersive
systems. In a survey of stochastic models, Padgett (1980) reviews the
application of random differential equation approaches to the computa-
tion of the probability distributions of BOD and DO in streams.

The statistical computer models presented in this study are based
on assumptions of lognormally-distributed flows and concentrations for
nonpoint sources, point sources and upstream sources. Recently
completed studies under the National Urban Runoff Program (NURP) support
this assumption (Athayde, 1983). TFigures II-5 to II-12 are normal pro-
bability plots of the natural logarithms of streamflow, surface runoff
and pollutant concentrations in stormwater for all the nationwide sites
under the NURP. The analyses were performed using the UNIVARIATE pro-
cedure of the Statistical Analysis System (SAS), SAS Institute, at the
National Computation Center facilities. These plots represent at least
1500 data points, and obviously appear linear in nature. Similar plots
are presented for the study site, near Winston-Salem, North Carolina,
in Chapter IV, Linear regression was computed on all the relevant var-
iables for the study site, and the results are presented in Chapter V:
the validity of the log-normal distribution assumptions is clearly
demonstrated by extremely high correlation coefficients in all cases.
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CHAPTER III

METHODOLOGY

This chapter is devoted primarily to description of the mathemati-
cal foundation of models developed or modified for use in this study:
for example, the updated version of LEVEL III - RECEIVING and the
statistically-based receiving water quality frequency models. The
features of other programs developed and documented elsewhere (e.g.,
HISARS, STORM, DR,M) are briefly summarized and their mathematical
basis is discussed where appropriate. 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), and program RFREQ (which supplements SYNOP by producing
yearly frequency histogram plots from NOAA rainfall data) are treated
in detail in a previous study (Medina, 1982). 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 considerations 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 satis-
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 SYNOP 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 (Medina, 1982).

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



e (k) = =1 i=1 =k+1
I 0.5
[n—k 9 1 <n—zk >2} [ i 5 1 n 27 0.5
X T ok x 1T ok *
i=1 nk\fm f sk + vk <i§+l 1> }
where rI(k) = sample estimate of lag-k autocorrelation
: coefficient for hydrologic process I,
X, = discrete data series (observations) of

hydrologic process I, for i =1, 2, ..., n,

n = total number of data peints or observations,
and

k = number of hourly lags.

The tolerance limits for a normal random time series which is circular
and of lag 1, TL[rI(l)}, are given by (Anderson, 1942):

-1 %t n-2
a

n~-1

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
n-k

L [rI(k)]l - 3.3)

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 IV) 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.
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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:

— =8 -35 (3.4)

A+ V24220 " (3.5)
X

where depth of flow

velocity of flow

longitudinal distance

time

gravitational acceleration constant
= invert slope

w
> M 0 09 ¥ <3
(]

(4]

= 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
conditions do not affect upstream computations.
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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

y LV AV 1V _ Voo . y
o+ el v + o ve 1 - f+ 2qL/b) e S, - 8¢ (3.6)
39 L 3Y _ oy | 3.7
T = (- £) +2q./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

aym (3.8)

o]
1]

where, typically,
(1) for laminar flow,

gS0
2v

and m = 3 (3.9)

where vV = kinematic viscosity, and

(2) for turbulent flow,

a = 1.49 \/SO and m = % (3.10)

n
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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
dynamic equation. The solution to overland-flow problems simplifies to
the continuity and momentum equations with q; = 0, respectively :

_li 39 _ ., _
% i-f (3.11)

q=ay" . (3.12)

Any wavelike behavior must enter through the continuity equation and
the approach precludes changes 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 ax1s and consist of rainfall, infiltration, and over-
land flow is

°A | 3Q
- 4 =
3t ax 34 (3.13)
Bs
Q = o A (3.14)
where Q = discharge rate, say cfs 2
A = flow cross-sectional area, say ft.
q; = continuous lateral inflow rate of overland flow,
say cfs/ft
as,ms = kinematic parameters for stream segments.
Typically, the value of m = 3/2 for small streams. In a stream seg-

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

1.49 2/3
= v 3.
Q R A S0 (3.15)
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:

28



2 ¥ 2 ¥
t+A Lt t
—— =1 4+ —_—
Qt+At At t It+At * At Qt (3.16)
where Qt’Qt+At = outflow rates at times t and t+At, cfs
I . +
It’It+At inflow rates at times t and t+At, cfs
3
vf’vt+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 limitations. ‘

Combining equations (3.13) and (3.14) and dropping subscripts for
convenience yields:
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A m-1 3A
ot +amA vl

(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):

dx - m-1

at o m A (3.18)
dA _

3t - ¢ (3.19)

Integration of equations (3.18) and (3.19) can be performed explicitly
if the lateral inflow, q , is assumed uniform in time and space. For
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 = 2 [(q At + A(x,t)™ - Ax,t)™) (3.20)

0 e

A(x+Ax, t+At) = A(x,t) + qAt (3.21)

for q#0, and

Ax = am A(x,t)m_l At (3.22)
A(x+Ax, t+At) = 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-
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efficients, etc. Hourly stream gage height records were available from
the U.S. Geological Survey for the study site 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 (Medina, 1982). 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
= - )
Poar® =20 flx,..ox 1 TT & x) (3.24)
i=0 j=i+1
where Xo’xl’ x2,... = given distinct points

values of a function f(x) at these
points for

[

f(xo),f(xl),f(xz) “ee

k=0,1,2,..., until satisfied on the basis of an error tolerance.

The subroutine generating the divided difference table is used in
both of the deterministic water quality simulation models, LEVEL IIT -
RECEIVING and STO/TRT RECEIVING, to obtain stream depth from known dis-
charge and known stage-discharge power relationships.

3.3 DETERMINISTIC WATER QUALITY MODELING

Rainfall on an impervious area must first wet the surface and
depression storage must be filled before any stormwater runoff is gen-
erated. The initial amounts of rain begin to dissolve the available
water soluble pollutants. As rainfall continues, surface runoff develops
and carries dissolved material with it in both the overland flow and
channel flow phases. With increased flow and velocity, the suspended
solids fraction is carried off the watershed (pollutant washoff). In
the pervious fraction of a drainage basin, stormwater runoff and associ-
ated pollutant removal are similar but additional rainfall is lost to
infiltration. Thus, even though pollutant concentrations may be just as
great at given discharges, fewer total pollutants are removed. Of course,
not all the available pollutants are removed during a storm event. The
percentage removed depends on constituent properties, the land surface
(type of cover), the rainfall intensity (rainfall splash detaches soil
particles), and particularly the stormwater volume flow rate (Overton
and Meadows, 1976). The watershed pollutant washoff model is followed by
the receiving water quality model which ususally predicts concentrations
in time and space. Degradation of stream water quality must then be
evaluated in terms of degree of impairment of its beneficial uses for
either instream or off-stream purposes.
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Computation of Surface Runoff Quality

In the computation of surface runoff quality a number of assump-
tions are generally made: (1) the amount of pollutant which can be
removed during a storm event is dependent on rainfall duration and
initial quantity of pollutant available for removal; (2) no pollutants
decay due to chemical changes or biological degradation during the
runoff process, and (3) the amounts of pollutants percolating into the
soil by infiltration are not significant. The first assumption can be
refined for mathematical derivation such that the rate of removal of
pollutants by surface runoff is proportional to the amount of pollutant

remaining, and to the runoff intensity. The process can be modeled by
a first-order differential equation:

dpP
~ac - kP (3.25)

which integrates to

_ _ -kt
P,-P=P (L-e") (3.26)

1]

where PO pollutant originally on ground, mg

P = pollutant after time t, mg
k = constant, and is assumed to be directly propor-
tional to the rate of runoff,
= br
r = runoff intensity
b = constant.

For each time step, the runoff rate is determined from the hydrograph
and a value of P , which becomes the new value of Po for the next
time step, is computed.

The watershed pollutant washoff model chosen was STORM because of
ease of data preparation, ease of linkage with an hourly receiving
water quality model, and applicability to drainage basins with urban
and non-urban fractions and multiple land uses (e.g., residential,
commercial, industrial, open space and rural, pastures, farming, and
forests). Since a significant portion of the pollutants in the study
site come from non-urban land uses (see Chapter IV), the daily pollutant
accumulation method was used (Hydrologic Engineering Center, 1977):

P = ) (Fpi © (A - PT)) - ND) + Ppo (3.27)
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where P = pollutant p at beginning of storm, total pounds

P
Fpi = accumulation of pollutant p on land use i, lbs/acre/day
A = total area in basin, acres
PTi = percent of basin in land use i
ND = number of days without runoff since last storm
o = pollutant p remaining at end of the last storm,
P total pounds,
L = number of land use types.

Accurate land use types and percentages were obtained from the
Land Resources Information Service, State of North Carolina, for the
Salem Creek basin, discussed further in Chapter IV.

Pollutant Transport Systems

The unifying principle of conservation of mass may be applied to
each subsystem of the urban and non-urban (natural) environments to
describe the transport of pollutants. Figure III-1 represents a
generalized component of the physical system to be modeled, which may
characterize: (1) a pipe segment of the sanitary sewer system,

(2) a storage/treatment unit (e.g., primary clarifier in the municipal
wastewater treatment plant), or (3) a reach of the receiving body of
water. In essence, each of these subsystems provides engineered or
natural storage/treatment; therefore, all of these subsystems may be
approximated by the one-~dimensional version of the classical
convective-dispersion equation,

3 _ 3 (5 3C _
St - o [E = Uc] + ZSi (3.28)

where C = concentration of water quality parameter (pollutant), M/LB,
t = time, T,

—Eég = mass flux due to longitudinal dispersion along the flow

ox axis, the x direction, M/LZT,

UC = mass flux due to advection by the fluid containing the
mass of pollutant, M/L2T, 3

S, = sources or sinks of the substance C, M/LT,

=1, 2, . . ., n,

number of sources or sinks,

= flow velocity, L/T, and )

= longitudinal dispersion coefficient, L°/T.

=N
1
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FLOW BALANCE:
dVv
S0, (10-Qt)

MASS BALANCE:

>¢ > .2 1.
ot bx[E >x “C]- Zsi

Figure III-1. A Generalized Component of the
Physical System
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The source/sink term accounts for biochemical processes (e.g., decay,
photosynthesis, algal respiration), boundary losses such as stream
benthic deposits, and boundary gains (e.g., reaeration, and point or
distributed waste discharges). Assuming that the longitudinal disper-
sion coefficient and the advective velocity are constant along the
flow axis, equation (3.28) may be expanded for the generalized compo-
nent in Figure III-1 to: '

2 q
3C _ . 3°c _ . aC 1 _
S = E _8x2 U5 - KC+— (cl ) (3.29)

where K = first-order reaction rate coefficient, 1/T,
q; = influent fluid flow rate per umnit length, L°/T,
¢ = concentration of water quality parameter in the inflow, M/L3,

and .
wetted cross-sectional area in the component, L2

In equation (3.29) the influent fluid flow rate per unit length,
influent concentration, and the wetted cross-sectional area may all be
variable functions of time.

Solutions to differential equations derived from equation (3.28),
governing the behavior of conventional dry-weather flow storage/treatment
systems and receiving waters, are presented in detail elsewhere (Medina,
1982) as part of the development of the Storage/Treatment and Receiving
Water Quality Frequency and Duration Model (STO/TRT RECEIVING). This
model has been proposed in Chapter I (Table I-1) at the highest level of
analysis in the hierarchical, integrated methodology for assessing
instream water quality. The model LEVEL III - RECEIVING constitutes the
more simplified steady-state version, without detailed simulation of
point source storage and treatment.

Receiving Body of Water

A non-tidal receiving stream can be adequately represented by a
one-dimensional, advective~dispersive system with a comnstant, uniform
cross-sectional area, constant velocity and longitudinal dispersion--
over each stream segment (Ax) and time step (At). The governing
equations for the biochemical oxygen demand (BOD)-dissolved oxygen (DO)
coupled reaction are derived from equation (3.28) for continuously-
discharging plane sources in the y-z plane:




3L L 3°L '
e T U3x T B T3~ K4t (3.30)
X
aD oD 32D
"BT+U$<'=EX—2-+K13L—K2D (3.31)
) Ix
where L = BOD concentration, M/L3
K13 = biochemical oxidation rate and sedimentation rate

coefficient for carbonag?ous BOD, 1/T,
DO deficit = CS - C, M/L7, 3
saturation concCentration of DO at stream temperature, M/L7,

U .
nou

C = concentration of DO in stream, M/L3, and
K, = reaeration rate coefficient , 1/T .

The solutions to equations (3.30) and (3.31) have been derived
elsewhere (Medina, 1982). The BOD concentration is given by:

xU
W OE x + Q(t - tq) '
L = gi?jﬁé erf [ 2EHE N | opf ] exp.(—é%l->
P ‘/4E_Xt \/4Ex(t - ty) X
(3.32)

x - Q(t - t,y)
s {erf (XY _erf |- T exp (m)
( 5 > EEE - ;) 25
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where q" = time rate of pollutant mass
injection per unit area at
the plane source, M/L2T,

=p Ue, ,
c, = concéntration of pollutant in
1 . . .
the inflow, dimensionless,
Ex = longitudinal dispersion
coefficient, L2/T,
t1 = period of injection, T ,
Q =V U2 + 4K, .E , with dimensions of

137 x
velocity, L/T, and
p = density of the receiving fluid,
M/L3

The continuous plane source solution for DO deficit is given by

(Medina, 1982):

1[ x0
B I E TN I s DY i X ) | o [ 22
Ky=Riz | | 209, VEE JEE_(e-t)) 2B,
L 4L J L
x—ta x—QZ(t—tl) . —XQZ
- lerf - erf —_— exp 5E
4Ext \/AEX(t-tl) X
(3.33)
xU
2E
erf : - erf RSTE
exp 5E

+ e
2(Ko-Ky3) g Vg t VI (t-t;)

x-0 (t-t,)
lerf [EEE) Lepf | —— 10 exp %ég

VAE t 4E (t-t,)



where p"' = time rate of mass injection
of DO deficit per unit area
at the plane source, M/LZT, and

Q, =V U2 + 4K_.E
2°x

of velocity, L/T.

, with dimensions

Equations (3.32) and (3.33) are used in STO/TRT RECEIVING to predict BOD
and DO concentrations in space and time.

For steady-state analysis, as implemented in LEVEL III-RECEIVING,
equations (3.30) and (3.31) reduce to:

2
3L _ 3L
U el EX - K13L (3.34)
9%
3D 32D
U e = Ex ;;5 + K13L - K2D (3.35)

The solution to equation (3.34) is
4K E
_ xU _ 13 x
L —-LO exp 5 ( 1 '\/1 + — ) (3.36)

where Ly = ultimate first-stage BOD demand, mg/{

for x > 0 . The solution to the governing differential equation for
steady-state dissolved oxygen deficit becomes:

L K . s
D = EQ:%Q- eJt - ;l-egt + D egt (3.37)
27713 2 0
where t =-% = lapsed time, hours,
_.QE 1 - 1 +4K13E hou]:s_l
J 7 9E 2 ’ ’
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g = v 1 - 1+ 2 , hours—-l s
2E 2
U
4K_E
13 . .
s = 1+ 5 dimensionless,
U
4K2E
sy = 1 +-——§— , dimensionless, and
U

D. = initial DO deficit in the stream, mg/f .

3.4 KEY DETERMINISTIC WATER QUALITY MODEL PARAMETERS

Several key parameters in STO/TRT RECEIVING and LEVEL III-RECEIVING
must be either be supplied by the user as input data or calculated by the
program as a function of other model variables. Some of these parameters
may be used in the calibration procedure with field-measured data.

Stream Depth and Velocity

Depth and velocity of flow are key hydraulic parameters, partic-
larly with respect to instream flow studies (Bovee and Milhous, 1978).
The classical work of Leopold and Maddock (1953) demonstrated that an
approximation can be made which uses strong correlations between
velocity versus flow and depth versus flow, for example:

H=a Q 2 (3.38)

streamflow, cfs, and
regression coefficients.

where Q

Equation (3.38) is a power function, and represents a stage-discharge
relationship. The user may indeed choose this equation to determine
stream depth from known discharge (from the hydrologic simulation model).
Two other curve fitting options may be used:
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(1) parabolic regression

_ 2
H = &y + o, Q + oq Q (3.39)

(2) a combination of power
curve fitting and linear

regression
a, "
H=a;, Q% , 0 (3.40)
H = + *

N \ .
where Q is the point at which the two curves join and a3,51, and 82

are the other regression coefficients. Any of the above regression
coefficients are easy to determine from a given stage-discharge relation-
ship, including the degree of correlation of the fit, and programs for
hand-held calculators are readily available.

Nevertheless, a fourth and superior option is to supply the models
with the values of the rating table, and to compute stream depth from
discharge by divided-difference interpolation using the Newton form
for the interpolating polynomial, the reverse process of that discussed
previously in Section 3.2, equation (3.24).

Stream velocity is subsequently computed, at every hourly time
step, as a function of depth, slope of the river profile and channel
roughness using the Manning equation:

l.iQ H2/3 s1/2

v = (3.42)

where H = stream depth, approximately equal to
hydraulic mean radius for natural
river sections, ft
= bed slope, dimensionless
n = Manning's river channel roughness,
dimensionless, and
V = mean velocity, ft/sec.

w
|

It is recognized that the slope S 1in equation (3.42) should be the
slope of the energy grade line. Tor practical purposes, and short
time steps (1 hour), the equation is sufficiently accurate.
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Longitudinal Dispersion Coefficient

The longitudinal dispersion coefficient characterizes the com-
bined effects of both dispersion and diffusion. It can either be supplied
as a constant, based on data or other available information, or it can be
calculated. If calculated, the computations are performed for each hourly
time step according to (Liu, 1977):

2

D =823 (3.43)
L U R3
*
where DL = longitudinal dispersion coefficient,
R = hydraulic radius of stream,
U, = frictional or shear velocity
= /g RS, where
g = gravitational constant, and
S = slope of stream, and
,
B =0.18 () 1.5 (3.44)
where V = mean flow velocity.
Inherent in this approach is the assumption that
AW = H = R (3.45)
for a wide channel, where
A = area of channel cross-section
W = width of channel, and
Hm = mean depth of flow.
This allows substitution of R for Hm . Conversely, the formula to
predict dispersion becomes:
2
£ =30
< - 8 3 (3.46)
U H
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where Ex = longitudinal dispersion coefficient, ftz/sec,
Q = total flow, cfs,
H = mean depth of flow, ft,
U, = shear velocity, ft/sec

= /g HS where

g = gravitational comnstant,

= 32.174 ft/sec? and
stream slope, dimensionless, and
mean flow velocity, ft/sec.

S
v

]

Deoxygenation and Reaeration Rates

The deoxygenation coefficient, K,, represents the loss of DO in
the waterway due to reduction of BOD.” It is expressed as a constant
fraction of the remaining unoxidized organic matter in any arbitrary
unit of time. The average domestic sewage deoxygenates at about 0.23
per day at 20°C under standardized laboratory conditions. In freshwater
streams, the reaction coefficient for BOD ranges from 0.2 to 2.0 per
day for water temperatures from 20°C to 25°C (Hydroscience, Inc., 1971).
There are at least four generally accepted methods to determine the
value of K, from the BOD curve, for a wastewater sample. These include:
(1) the least-squares technique, (2) the slope method, (3) the moments
method, and (4) the logarithmic method (Nemerow, 1974).

The magnitude of K, in streams is related to the average water
depth. The explanation behind this correlation lies in the fact that
the smaller the depth the greater the contact with biological film in
the stream bed, one of the most important factors in natural oxidative
processes (Hydroscience, Inc., 1971). From data reported in the
literature, a straight-line plot between the variables is obtained
(within certain bounds) as shown in Figure III-2. A mathematical re-
presentation is given by:

H (3.47)

where Kl = deoxygenation coefficient at 20°C, day-l,

Yl’ YZ = regression coefficients.

The above relationship appears reasonable within a range of depths from
1 foot to 10 feet. Thus, K, must be limited by program variables

( XKIMAX and XKIMIN) to upper and lower bounds, respectively. These may
be selected by the user, and supplied to both models as input data, so
as to further extend or restrict the range of applicability of

equation (3.47) to suit local stream conditions. A temperature correc-
tion yields: )

20

R (T) = K (20°) 1.047%° (3.48)
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where T = water temperature, °C, and conversion is made to units of
hour~1l in the models. The magnitude of XKIMAX, XKIMIN, Yy and Y, may be

adjusted during calibration procedures.

The reaeration rate, K,, is also calculated during each hourly
time-step. In STO/TRT RECEIVING, one of four formulas may be selected,
or as another option, the model itself selects the best relationship on
the basis of stream depth and velocity criteria (Covar, 1976). In
LEVEL III-RECEIVING, only the Langbein-Durum formula below is implemented
for simplicity. The four predictive relationships in STO/TRT RECEIVING
are (Medina, 1982):

(1) the Owens-Edwards-Gibbs formula
(1964)-

0.67
K. = 2.303 9.41V ",

1
2 1.85 ' 24 (3.49)

(2) the Langbein-Durum formula
(1967)~-

2 2.303 ~—;IT§§ 74 (3.50)

K

(3) the 0'Connor-Dobbins formula (1958)-

D -V - 360003
m

(
K, = (3.51)
2 g3

and

(4) the Churchill-Elmore-Buckingham
formula (1962)-

0.969

B 5.026 V
Ky = 2.303 1.673 7%

(3.52)

N

where, in all of the above,
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K2 = reaeration coefficient at
20°C, to the base e,
hour‘l,
V = stream velocity, ft/sec,
stream depth, ft, and
D = molecular diffusion coefficient,
ftz/hr.

ja v}
]

2

The molecular diffusion coefficient, Dm, is equal to 0.000081 ft“/hr

(Thomann, 1972). The reaeration rate is adjusted for varying tempera-
ture according to

R,y (T) = [K2(20°C)} 1.024(T"20) (3.53)

where T 1is the stream temperature during each hourly time step.

If the user chooses to let STO/TRT RECEIVING select the most
appropriate formula for computing K, , criteria set by (Covar, 1976)
with regard to (1), (3) and (4) above are implemented. For all time
steps during which the stream depth is less than two feet, the
Owens-Edwards-Gibbs formula is used. At higher stream depths, the
stream velocity determines whether the O'Connor-Dobbins or the
Churchill-Elmore~Buckingham formula is selected. The "dividing line"
between the two formulas can be approximated by the relationship

depth = 0.59 (velocity)>"?> (3.54)
such that if stream depth is less than or equal to that predicted by
equation (3.88), the Churchill-Elmore-Buckingham formula is chosen.

Otherwise, the O'Connor-Dobbins formula is used to predict K2

Saturation Concentration of Dissolved Oxygen

The saturation concentration is determined for both models
from the regression relationship (Elmore and Hayes, 1960):

CS = 14.652 -~ 0.41022(T) + 0.0079910(T)2 - 0.000077774(’1‘)3 (3.55)

where T = water temperature, °C, and C_ is in mg/Z of dissolved
oxygen. If a correction for barometric pressure and salinity are re-
quired, program modification is needed; however, equation (3.55) is

adequate for most practical purposes, for standard pressure and zero
salinity.
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3.5 STATISTICAL WATER QUALITY MODELS

In essence, the statistical models calculate the probability dis-
tribution of receiving water pollutant concentrations, given the
probability distribution of the model inputs (e.g., flows, pollutant
loadings, etc.). Whereas the deterministic models attempt to predict
the time histories of the output variables and perform frequency analyses
on the basis of the historical series, probabilistic water quality
analysis attempts to calculate the frequency distributions without com-
putation of the exact sequence of events. Instead, the probability
distributions and correlation structure of the input variables are used
to compute directly the frequency distribution of the output variables.
These statistical models are conceptual simplifications, which require
only the statistical properties of the input time series (e.g., medians,
means, coefficients of variations, cross-correlations).

The simplest mass balance that can be used to calculate river
quality downstream from a pollutant discharge is:

QC +qQ¢C
_ s s PP
Cr=—g ¥9 (3.56)
s p
where CT = mixed pollutant concentration
in the river, downstream
from the pollutant discharge
location
QS = upstream river flow
CS = upstream pollutant
concentration
Q = point pollutant source
P flow rate, and
C_ = point pollutant source
P concentration.

It is tempting to assume that appropriate statistics of upstream flow
and quality can be substituted into equation (3.56) to produce specific
mean or percentile values of C (Warn and Brew, 1980): for example,
to use annual mean values of the upstream variables hoping this would
give the annual mean downstream river quality. This kind of procedure
is wrong in principle and will produce incorrect results for almost any
real stream pollution problem (Warn and Brew, 1980). These investigators
proposed an analytical method based on the first two moments (mean,
variance) of a two-parameter log-normal distribution, assumed to
represent adequately certain ratios of the variables in equation (3.56)
above. For nonpoint source contributions, Q and C may replace

QP and Cp , and by regrouping the variables equation (3.56) becomes

(DiToro), 1982):
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C.=—2— ¢ +—2—— ¢ (3.57)

The probability model that follows assumes that Q ,Q_,C and C are
. . . . s’ R s R
jointly lognormally distributed.

Moments Approximation

As noted by Warn and Brew (1980) and modified by Dinro (1982),
the mass balance equation can be rewritten in the form:

(@]
|

= CR ¢ + CS 1-¢) (3.58)
where

runoff flow fraction.

h=g
[l
il

If ¢ and (1 - ¢) were lognormally distributed, and since CR and C
are also assumed to be lognormal, the products C_¢ and C (1 - ¢)
would also be lognormal. This is an approximation based on"the fact
that sums of lognormal random variables have been reported to have tails
which are also approximately lognormal (DiToro, 1982 references

Janos, 1970). These assumptions are shown to be quite good from data
collected in nationwide studies (see section 4.7) and for the

North Carolina study site (see section 5.2).

At any rate, these observations suggest that C should be approx-
imately lognormal, and the mean and variance suffice to determine its
distribution. The arithmetic mean and variance of CT are given by
(assuming independence):

u(€p) = uCIule) + u(C I - u(@)]
and (3.59)
0% (C) = P (M u(cy) - (e )1
+ 0 (e 17 (@) + u(®)] (3.60)

R CRICH O RN CIR O

where u( ) = mean of ()

o2( )

1l

variance of ( )
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since it is assumed that both concentrations, C and C_ , are
uncorrelated with respect to their respective flows, Q and Q_ , and
therefore also the runoff fraction ¢ . The exact distfibution of

C is discussed in the next section, but it should be pointed out that
both statistical models predicted an almost identical stream BOD
concentration frequency distribution for the North Carolina study site
(see Chapter V).

If C is assumed lognormal, then the relationships between the
arithmetic moments, u(CT) and 02(CT) , and the log mean, Hp and
log standard deviation, Op » are:

( . u(CT)
1,(C.) = £n = = (3.61)
T Vi1+v2c)
T
and
o2(C.) = £n  [1 + v2(C)] (3.62)
2T T :
where
o(CT)
v(CT) = U(CT) (3.63)
= coefficient of variation
of C,, .
T
The quantiles of CT are:
CTa = exp [UE(CT) + z, OK(CT)] (3.64)

which is the concentration that is exceeded with probability (1 - o) ,
where z, is the standard normal o quantile.

The remaining task is to compute the moments of ¢ . Warn and
Brew (1980) suggest a numerical integration. However, DiToro (1982)
notes that, since the method is approximate, numerical techniques are
best reserved for the evaluation of the exact distribution of C_ . He

derived the following approximate expressions: T
1
up(9) =5 [n(e) + Ln(y _ )
and (3.65)
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1
O£(¢) = 22
a

Un($ ) - £n(o; _ )] (3.66)

a

He chose z = 1.645 to force agreement of this straight-line approx-
imation of the 5% and 95% quantiles. Once the log mean and standard
deviation are computed from equations (3.65) and (3.66), then the arith-
metic moments follow from the lognormal assumption:

W) = exp [y (9) + 7 0y ()] (3.67)
and
2 2
v ($) = exp [o£(¢)] -1 (3.68)
where

g($) = u(d)v(e)

These arithmetic moments of ¢ are subsequently used in equations
(3.59) and (3.60) to compute the arithmetic moments of C_, . A computer
program written in BASIC, modified from Driscoll (1981), is presented
in Appendix G.

Gaussian Quadrature

The probability of C exceeding a value C* can be expressed as
a multiple integral of the  joint probability density over the values of
flows and concentration for which C is greater than C; . This
requires an integral for each of the  wvariables C_ , Q , C and
Q (DiToro, 1982). One integral can be eliminateg by combining QS

s . . _ .
and QR into the ratio D = Qs/QR so that:

%
Prob {CT > C. .} =

T
CR CSD . (3.69)
Prob {1 +5Y Ty CT}
Since Q and Q are both lognormal, so is the ratio D . For a
. S % R R
fixed CT s the equality
C CD
%
I SR (3.70)

defines a surface in C_, , C and D space and the required probabil-
ity is the integral of the joint probability density function above
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this surface. Considering a fixed ratio D , then

*
CR + CS D = CT(l + D) (3.71)

The limits of the integrals for the exceedence probability are:

C
oo sl o)
Prob {Cp > Cpb = /[ J ! £(C.,C ,D)dC_dC
D=o o) C R’ s R s
R1
(3.72)
+
i) i f(CR,CS,D)dCRCS]dD
C o
sl
where
*
CRl = CT (1 +D) - CSD
C = C* 1+1
sl T ( /D)

and f(C_,C ,D) is the joint probability density function for C_,C
R s . . . . ]
and D . A more convenient expression can be obtained in

terms of the natural logarithms of the variables so that the joint
probability density function £(C ,CS,D) is trivariate gaussian. A
computer program, based on gaussian quadrature, is used to obtain the

frequency distribution of CT and is presented in Appendix J.
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CHAPTER 1V

DESCRIPTION OF STUDY AREA
AND HYDROLOGIC TIME SERIES

Even a thorough description of the physical characteristics of a
drainage basin is of limited value for water quantity, water quality,
and floodplain management and planning -- without a conjunctive review
of climatology and historical hydrologic inputs. Coupling such inputs
with information about topography, drainage, land use and demographic
projections results in a better understanding of the stresses and
demands placed upon a valuable natural resource which has been generally
available in sufficient quantity and quality to support a wide variety of
uses: domestic water supply, industry, agriculture, recreation, waste
transport and assimilation.

4.1 YADKIN-PEE DEE RIVER BASIN

The Yadkin-Pee Dee River basin extends from Virginia, through cen-
tral North Carolina, into South Carolina as illustrated by the shaded
area in Figure IV-1. Most of that portion of the basin which lies in
North Carolina is in the upper and middle Piedmont physiographic region.
The Piedmont lies between the Coastal Plain and the Applachian Mountains,
and includes about two-fifths of the land area of North Carolina. The
topography consists of rounded hills and long, rounded ridges with a
northeast-southwest trend. The Yadkin River originates on the generally
steep slopes of the Blue Ridge Mountains of North Carolina’, with eleva-
tions exceeding 3500 feet (1067 meters). The river flows east for about
100 miles (161 km) before turning sharply south near Winston-Salem, North
Carolina, as shown in Figure IV-2. 1In south-central North Carolina, the
Yadkin River joins the Uwharrie River from the east, upstream of Lake
Tillery. Downstream from their confluence, the river is known as the
Pee Dee River. Most of the rest of the basin is in the Coastal Plain,
including major tributaries such as the Lumber River, which drains south-
eastern North Carolina and joins the Pee Dee River in eastern South Caro-
lina. The combined drainage area of the Yadkin-Pee Dee and Lumber Rivers
is 10,556 mi2 (27,340 km2).

Streams within the Piedmont urban areas are relatively small with
well entrenched channels and sandy bottoms. In a few locations, stream
channels are cut into bedrock. Streams are also fairly steep with main
channel slopes of more than 15 feet per mile and small tributary slopes
of over 100 feet per mile (Putnam, 1972). In the natural state, most
flood plains are covered with a dense growth of brush. However, en-
croachment of extensive developments has caused drainage and flooding
problems, which are expected to increase. Of particular interest in
this study are both Salem Creek and Muddy Creek. Salem Creek drains
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YADKIN-PEE DEE RIVER BASIN
NORTH CAROLINA ,SOUTH CAROLINA AND VIRGINIA
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much of the city of Winston-Salem and is a tributary to Muddy Creek
which discharges into the Yadkin River (sketched in Figure IV-2).

Wastes entering the Yadkin River from the Winston-Salem area,
particularly during heavy rains, resulted in several major fish kills in
the late 1960's and the early 1970's (Lindskov, 1974). A more recent
incident, not connected to a storm event, is described in a later section.

4.2 CLIMATE

North Carolina lies between 33%° and 37° north latitude, and between
75° and 8440 west longitude. The span of longitude is greater than that
of any other state east of the Mississippi River, with its greatest length
(from east to west) being 503 miles (805 km). It also has the greatest
range of altitude and the most varied climate of any eastern state
(Hardy, 1970). This is due primarily to its wide range in elevation and
distance from the ocean, with lesser influences due to: latitude,
inland bodies of water, soil surface and plant cover. 1In all seasons of
the year the average temperature varies more than 20° from the warmer
lower coast to the colder highest mountain elevations.

Altitude has an important effect on rainfall. Orographic precipi-
tation is associated with a cooling process due to lifting of moist
horizontal air masses over natural topographic barriers such as mountain
ranges (e.g., Pacific Northwest). The rainiest part of the eastern
United States, with an annual average of more than 80 inches (2032 mm),
is located in southwestern North Carolina where moist southerly winds
are forced upward in passing over the Great Smokies and the Blue Ridge
Range. East of the mountains, average annual rainfall ranges mostly from
40 to 55 inches (1016 to 1397 mm). The annual average precipitation at
the Greensboro-Winston-Salem National Oceanic and Atmospheric Admini-
stration (NOAA) first-order weather station, based on a period of record
from 1931 to 1960, is 42.16 inches (107! mm). It is the hourly rainfall
station, with a long period of record, which is closest to the study
site, An annual average temperature of 58.29F (14.56°C) was reported
for the same period of record (Hardy, 1970). Hardy (1970) offers an
excellent description of seasonal precipitation:

" There are no distinct wet and dry seasons in North
Carolina. There is some seasonal variation in average
precipitation. Summer rainfall is normally the great-
est, and July the wettest month. Since the rain at
this time of year comes mostly with thunderstorms and
convective showers, it is also more variable than at
other seasons. Daily showers are not uncommon, nor
are periods of one or two weeks without rain. Autumm
is the driest season, and October the driest month.
Precipitation in winter and spring occurs mostly with
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migratory low pressure storms. It appears with
greater regularity and more even distribution
than summer showers.

Winter precipitation usually occurs with south-
erly through easterly winds, and is seldom asso-
ciated with very cold weather. Snow and sleet occur
on an average of once or twice a year near the coast,
and not much more often over the southeastern half
of the State. Such occurences are nearly always
connected with northeasterly winds, generated when
high pressure over the interior of the northeastern
United States causes a flow of cold air down parallel
to the coastline, while offshore low pressure brings
in cool, moist air from the North Atlantic. Over the
Mountains and western Piedmont frozen precipitation
sometimes occurs with interior low pressure storms.
In the extreme west it can happen with a cold front
passage from the northwest. Average winter snowfall
ranges from about 1 inch per year on the Outer Banks
and the lower coast, to about 9 inches in the northern
Piedmont and southern Mountains. Some of the higher
mountain peaks and upper slopes receive an average of
nearly 50 inches a year."

and also some general comments on flooding and summer thunderstorms:
" Floods occur frequently, affecting some part of

North Carolina each year. Loss of life is rare, and

the economic loss not generally large, but the cost

of floods is increasing as river lowgrounds are de-

veloped. TFloods may occur at any season, but are

most frequent in early spring, summer and early fall.

Rains associated with West Indian hurricanes are the

main cause of summer and fall floods. In mid-August

1940, severe floods occurred as a result of hurricane

rains. Later in the same month intense rains of

local origin caused severe flooding in western North

Carolina. Major floods also occurred in September 1945,

October 1929, August 1928, and July 1916.

The greatest economic loss entailed in North

Carolina because of stormy weather is that due to summer

thunderstorms. These usually affect only limited areas,

but hail and wind occurring with some of them account

for an average yearly loss of about $5 million. Three

to five people are killed in the State by lightning during

the average year. Farm livestock, especially cattle

are killed in larger numbers, and there is a considerable

loss of property due to fires set by lightning. In any

given locality, 40 to 50 days with thunderstorms may
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be expected in a year."

In a comprehensive study of the effect of urban development on
floods in the Piedmont Province of North Carolina (Putnam, 1972), it
was concluded that: the peak discharge can be expected to increase
by a factor of about two to four, depending upon the recurrence inter-
val of the flood and the anticipated conditions of development. Be-
cause North Carolina was largely an agricultural state until well after
the turn of the century, cities and towns in the interior developed on
the uplands between streams. Thus, even major floods such as the two
that affected 20,000 square miles (51,800 square kilometers) in August
1940, caused less than $10 million in damages and 26 deaths (Heath, 1978).
Increased encroachment into the floodplains, due to an increasing popu-
lation and a more highly industrialized economic base, has created flood-
prone areas faster than protection can be provided. Consequently, tge
flood of November 1977 seriously affected 1800 square miles (4662 km“)
in western North Carolina and resulted in the loss of 11 lives, 384 homes,
12 dams on small ponds, 389 miles (622 km) of highway, and 100 bridges.
Total property damage exceeded $45 million (Heath, 1978). Droughts, the
other extreme hydrologic events, deplete water supplies for domestic,
industrial and agricultural uses and often impair recreation by lowering
lake levels and exposing bottom debris. They also affect the waste as-—
similative capacity of streams by reducing dilution. In 1977, not an
unusually dry vear in North Carolina, 60 counties were declared agricul-
tural-disaster areas. According to Heath (1978), the first drought-
related problems in North Carolina will arise in the Piedmont urban areas
that are located in the headwaters of major river basins. Additional
water supplies can be developed only downstream, also the direction in
which wastes move.

4.3 WATER QUALITY OF YADKIN-PEE DEE RIVER, NORTH CAROLINA

According to Harned and Meyer (1981), overall ambient water quality
in the Yadkin-Pee Dee River is satisfactory for most water uses. Their
conclusions are based upon statistical analysis of data collected by the
U. S. Geological Survey at three stations: Yadkin River at Yadkin College
(02116500), Rocky River near Norwood (02126000), and Pee Dee River near
Rockingham (02129000) -- which were sampled over different periods of
time beginning in 1906. An expanded program of water-quality data col-
lection , however, did not begin until 1973 at the three stations. Prior
to 1973, samples were analyzed only for major ions, dissolved solids,
hardness, specific conductance and pH. A continuous-recording monitor
was used to measure dissolved oxygen at Yadkin College from 1971 to 1976,
as well as temperature, specific conductance and pH. Harned and Meyer
(1981) reported that iron and manganese are often above desirable levels;
lead concentrations periodically rise above recommended criterion for
domestic water use; mercury concentrations frequently exceed, and pH
levels fall below, recommended criteria for protection of aquatic life;
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dissolved oxygen levels, while generally good, are lowest near Rocking-
ham (near the North Carclina-South Carolina state line). Suspended sedi-
ment appears to be the most significant water quality problem, but a
dramatically decreasing trend in suspended sediment concentration has
been observed at Yadkin College since 1951 (daily sediment samples have
been collected at Yadkin College since 1950). Tt has been attributed to
changes in agricultural practices and land use in the basin.

A double-peaked response of suspended sediment concentration to
stormflows was observed to be characteristic at the Yadkin College station.
The first peak is caused by flushing of sediments from Muddy Creek, and
the second peak is the response of the Yadkin River itself. The con-
centration from the Muddy River was found to occur before the peak in the
hydrograph: demonstrating the commonly observed first-flush effect in
stormwater quality studies in receiving waters downstream from urban
areas (in the case above, City of Winston-Salem).

As early as June 1975, the Natiomal Eutrophication Survey (initiated
in 1972) identified High Rock Lake (downstream from Salisbury, North Caro-
lina) as eutrophic due to high concentrations of nutrients, with phosphor-
us as the limiting nutrient (U. S. Environmental Protection Agency, 1975).
A study conducted by Weiss and Kuenzler (1976) evaluated High Rock Lake
and classified it as B-Eutrophic: on the basis of expected quality of
recreational water usage, the lake was considered poor for body contact
water sports and excellent as to probable fishing potential. While fish-
ing potential increases as the trophic status worsens to hypereutrophic,
fish kills may occur because of low oxygen levels at night or following
prolonged periods of cloud cover. There is also a fish species shift to
those considered coarse.

A comprehensive water resources study (Level B) was authorized by
the U. S. Water Resources Council (1979) for the Yadkin-Pee Dee River
Basin in cooperation with the environmental management staffs of the
States of North Carolina and South Carolina. The study concluded that
although water quality is generally good in the Upper Piedmont segment
of the Yadkin River, a stretch of stream from Kernersville, North Caro-
lina to Yadkin College was moderately to severely degraded. The stretch
includes Salem Creek and Muddy Creek: fecal coliform bacteria and metals
were found to be a significant water quality problem, with scattered
degradation with respect to dissolved oxygen and amonia nitrogen. These
problem areas appear to be degrading further, with improvements or stable
conditions being the exception rather than the rule.

Water Uses and Waste Disposal

The North Carolina Department of Natural and Economic Resources
(now the N. C. Department of Natural Resources and Community Development)
conducted an inventory of all major point sources (municipal and
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industrial) in the Yadkin-Pee Dee River Basin as part of a water quality
management plan (N. C. DNER, 1976). Almost 70 percent of the total
wastewater flow into the river system is contributed by 16 large sources,
listed in Table IV-1. Computerized access to the Hydrologic Storage and
Retrieval System (HISARS) yielded a 7-day, 10 year low flow (7Q10) of
15.51 £t3/sec (0.44 m3/sec) and an average flow of about 73 £t3/sec

(2.07 m3/sec) at Salem Creek near Atwood, North.Carolina. As noted in
Table IV-1, the treatment plant design flow effluent is much larger than
the 7Q10 and would constitute about 43 percent of the total flow in
Salem Creek, downstream from the plant outfall, during average flow con-
ditions. These streamflow values are based on the entire time series
stored in HISARS from U.S.G.S. records at station no. 02115856: October
1971 to October 1981. By comparison, the 7Q10 at Muddy Creek near Muddy
Creek, North Carolina (U.S.G.S. station no. 02115860) 1s 55.39 ft3/sec
(1.57 m3/sec) and the average flow 230 ft3/sec (6.51 m3/sec) based on a
period of record from July 1964 to September 1979 (after which flow re-
cords were discontinued). This station is 0.2 mi (0.3 km) downstream
from Muddy Creek's confluence with Salem Creek. Flow is regulated at the
W. Kerr Scott Dam (near headwaters of the Yadkin River) so that a minimum
flow of 700 ft3/sec (19.82 m3/sec) is maintained at Yadkin College gage
(see rlgure 1V-3), slightly higher than the average 7Ql10 value of

656 ft3 /sec (18.58 m3/sec) computed by HISARS, based on the period of
record from August 1928 to October 1981. The average flow is about

3000 ft3/sec (85 m3/sec). The Yadkin College gage is 18.1 mi (29 km)
downstream from the Archie Elledge Sewage Treatment Plant effluent
outfall.

Stream Water Quality Classifications and Standards

Two elements are involved in defining the quality to be maintained
in a receiving body of water, or segment thereof:

(1) intended or desired use of that body of water, its
classification; and

(2) the levels of contaminants that can be tolerated without
impairing use of that body of water according to its
classification, the standards.

About 18 years ago, North Carolina had streams designated as Class E, for
agricultural and industrial processing and for waste transport (Division
of Environmental Management, 1979). The corresponding standards were only
stringent enough to protect against health hazards. Other stream segments
were designated Class D: standards were sufficient to allow fish to sur-
vive, but not to propagate. All waters of the State are now classified
"C" or better: their minimum designated use is for fish propagation.
However, classification does not insure that the pollutant levels are

low enough to be meeting corresponding stream standards. State of

North Carolina classifications are presented in Table IV-2. The corre-—
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TABLE IV-1.--Major Municipal and Industrial Wastewater Discharges To
the Yadkin-Pee Dee River (modified from North Carolina
Department of Natural and Economic Resources, 1976)

Location of Design flow
Facility Location waste discharge fe3/8 (m3/s)
1. Wilkesboro Municipal Wilkes County Cub Creek '5.1 (0.14)
2. Chatham Manufactutiné
Company, Elkin Surry County Yadkin River 6.2 (0.18)
3. Elkin Municipal Surry County Yadkin River 4.7 (0.13)
4. Mt. Airy Municipal Surry County Ararat River 24.8 (0.70)
5. Salisbury Municipal Rowan County Grants Creek 7.8 (0.22)
6. NC Finishing Company Rowan County High Rock Lake 6.6 (0.19)
7. Duke Power Company Rowan County High Rock Lake 7.0 (0.20)
8. Winston-Salem Municipal Forsyth County Salem Creek** 55.8 (1.58)
9., Statesville Municipal Iredell County Third Creek 6.2 (0.18)
10. High Point Municipal Davidson County Rich Fork Creek 6.2 (0.18)
11. Thomasville Municipal Davidson qqunty Hamby Creek 6.2 (0.18)
12. Mooresville Industtiq} Iredell Coqgty Dye Branch 6.2 (0.18)
13. Cannon Mills Company Kannapolis Dye Branch 26.4 (0.75)
14. Concord Regional Cabarrue'bounty Rocky River 37.2 (1.05)
15. Monroe Municipal Monroe County Richardson Creek 7.0 (0.20)
16. Rockingham Municipal Richmond County Hitchcock Creek 9.3 (0.26)
Total 222.6 (6.30)
Note that the Archie Elledge wastewater Total for basin 325.3  (9.21)

treatment plant effluent, the largest source,
is 3.6 times the magnitude of the 7-day,
10-year low flow (7Q10) computed by HISARS
(Wiser, 1975) and based on the period of
record from May 1971 to October 1981 (using
the Log-Pearson Type III probability
distribution) at U.S. Geological Survey
streamflow station no. 02115856,

Salem Creek near Atwcod, N.C., 2700 feet

(820 m) upstream of outfall.




Figure 1V-3. Yadkin River. U.S. Geological Survey Streamflow and Water
Quality Station, Near Yadkin College, at Intersection with
U.S. Highway 64,
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TABLE IV-2. Classifications of Waters

in North Carolina
(Division of Enviromnmental
Management, 1979)

Fresh Waters
Class A-I:

Class A-1I:

Class B:

Class C:

Suitable as a source of water
supply for drinking, culinary,
or food processing purposes
after treatment by approved dis-~
infection only, and any other
usage requiring waters of lower
quality;

Suitable as a source of water
supply for drinking, culinary,

or food processing purposes

after approved treatment equal

to coagulation, sedimentationm,
filtration, and disinfection,
etc., and any other usage requir-
ing waters of lower quality;

Suitable for outdoor bathing,
boating and wading, and any
other usage requiring waters
of lower quality;

Suitable for fish and wildlife
propagation; also suitable for
boating, wading, and other uses
requiring waters of lower
quality.

Tidal Salt Waters

Class SA:

Class SB:

Class SC:

Suitable for shellfishing for
market purposes and any other
usage requiring waters of lower
quality;

Suitable for bathing and any
other usage except shellfishing
for market purposes;

Suitable for fishing, and any
other usage except bathing and
shellfishing for market purposes.
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sponding stream standards are presented in Table IV-3 for fresh waters.

Oxygen 1is as essential to aquatic life as it is to human life. As
shown in Table IV-3, a level of 5 mg/l of dissolved oxygen (DO) is re-
quired to sustain acceptable biology in a stream; however, higher levels
of DO are needed by sensitive game fish and many of the aquatic insects
which provide a food source for them. The Division of Environmental
Management (DEM) of the North Carolina Department of Natural Resources
and Community Development (DNRCD) has designated a DO level of 6.0 mg/l
for trout waters. In Piedmont rivers only the headwater streams (in
the mountains) are trout streams. DEM has placed that segment of the
Yadkin River below its confluence with the Ararat River to High Rock Lake
(and including Salem Creek and Muddy Creek) on the Degraded Streams List
(DEM, 1979). The same stretch has also been identified as a biologically
degraded stream segment: defined to contain degraded populations of fish
(predominantly rough fish), as a result of surveys conducted by the
N. C. Wildlife Resources Commission.

Stream use classifications will, of course, vary considerably from
reach to reach, with changing land use, tributary inflows, waste sources,
etc. A sample of such classifications is presented in downstream order
in Table IV-4 for the Yadkin River and some of its tributaries, as
obtained from the U. S. Envirommental Protection Agency computerized
Storage and Retrieval (STORET) system.

Fish Species

Duke Power Company conducted fish surveys downstream of Yadkin
College gage (U.S. Highway 64) to High Rock Lake to meet requirements
for drafting an environmental impact statement, for the proposed Perkins
Nuclear Station. A total of 40 fish species was collected, 25 species
(comprising 7 families) from the mainstream of the Yadkin River, from
October 1973 to October 1974 (U.S. Nuclear Regulatory Commission, 1975).
Minnows (which include the common carp) dominated the catch both in
numbers (31 percent) and biomass (68.8 percent). Sunfishes were second
in abundance numerically (28.6 percent), followed by catfishes (20.1
percent) and shads (17.7 percent). The single most abundant species was
the bluegill (21.6 percent, a sunfish), followed by the common carp
(18.2 percent). White bass migrate up the Yadkin River out of High Rock
Lake in the early spring to spawn (U.S. Nuclear Regulatory Commission,
1975; Van Horne, 1982). Other species that migrate up the Yadkin River
to spawn include redhorse suckers, white perch, channel and white cat-
fish, and gizzard and threadfin shad (Van Horne, 1982).

Flow regulation such as the W. Kerr Scott Reservoir on the Yadkin
has apparently limited smallmouth bass populations downstream. Large
industrial waste discharges (see Table IV-1) as well as municipal dis-
charges (Winston-Salem) continue to cause biological degradation
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TABLE IV-3. State of North Carolina Freshwater Stream Standards1
(Division of Environmental Management, 1979; U.S.
Water Resources Council, 1979)

Stream Use Fecal Dissolved
Classification Coliform Oxygen pH Temperature
A-T 50/100 ml 5.0 mg/l Natural Natural
(See Note 2) conditions. conditions.
A-TI 1000/100 mf 5.0 mg/L 6.0 - 8.5 Not to exceed
(See Note 3) 2.8 degrees above
natural or
exceed 32.2°C
for Piedmont streams.
B 200/100 mf 5.0 mg/L 6.0 - 8.5
(See Note 3)
C 1000/100 wmb 5.0 mg/L 6.0 - 8.5
(See Note 3)

1. Toxics standards not included.

2. Monthly average most probable number (MPN).

3. Logarithmic mean based on five consecutive
samples examined during any one month.




TABLE IV-4, Selected Yadkin River and

Tributary Stream Use

Classifications, North Carolina

(STORET, 1981)

CLASS STATION AND COUNTY
REACH IDENTIFICATION
C Yadkin River below Wilkes
Wilkeshoro, N.C. (downstream
from W. Kerr Dam)
C Yadkin River at Elkin, N.C. Surry
C Ararat River near Siloam, N.C. Surry
A-II1 Salem Creek near Kermersville, N.C. Forsyth
(Salem Lake)
C Salem Creek near Atwood, N.C. Forsyth
(USGS 02115856)
C Muddy Creek near Clemmons Station, N.C. | Forsyth
(USGS 02115860)
A-TI Yadkin River near Enon, N.C. Forsyth
A-1I Yadkin River at Yadkin College, N.C. Davidson
(USGS 02116500)
A-11 Yadkin River at High Rock, N.C. Davidson
& B
B
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(DEM, 1979). Solids from the Archie Elledge municipal treatment plant
settle out during low flow (not an uncommon occurence with wastewater
treatment plant effluents). During storm flow conditions, the resuspen-
sion of organic matter has caused repeated fish kills down to the Yadkin
River and High Rock Lake during the 1970's (DEM, 1979). These and other
fish kills in the Yadkin River and some of its tributaries are discussed
in further detail in a later section.

4.4 SALEM CREEK AND MUDDY CREEK

Selection of the Salem Creek and Muddy Creek river basins was based
on a number of important considerations:

(1) a riverine environment was desired;

(2) a variety of point (industrial, municipal) and nonpoint
(urban, agricultural runoff) sources contributed pollutants;

(3) a documented history of, and future potential for, adverse
water quality impacts exists; and

(4) data availability, in spite of limitations thereof, was
crucial.

A major impoundment, W. Kerr Scott Dam and Reservoir, ruled out much of
the Upper Yadkin River. Dams virtually eliminate severe extremes in
flow, both high and low, and incorporation of variability in water
quantity is important because of its interactive role with water quality.
Similarly, the lower Yadkin was ruled out. Downstream from High Rock
Lake (east of Salisbury, North Carolina), the entire stretch of the Yad-
kin River south to the North Carolina—-South Carolina state border is
controlled by dams (refer to Figure IV-2). In downstream order, the
reservoirs are: Tuckertown Lake (not shown), Badin Lake, Lake Tillery
and Blewett Falls Lake.

Land Use

Winston-Salem and Forsyth County represent an area of widely vary-
ing land uses. Most of the City of Winston-Salem is drained by Salem
Creek. It was noted in Chapter III that pollutant accumulation and
washoff are functions of land use [refer to equation (3.27)]. Thus, an
accurate estimate of land use types and percentages is essential. The
results of a computerized analysis of the Salem Creek drainage area
(downstream from Salem Lake) are presented in Figure IV-4 and Table IV-5,
performed by the Land Resources Information Service (LRIS), North Caro-
lina Department of Natural Resources and Community Development, Raleigh.

The application of such data for water quality modeling purposes
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TABLE IV-5. ‘Land Resources Information
Service (LRIS) Land Use
Analysis for Salem Creek
Drainage Basin
(LRIS, 1981)

Land Use Total Area, Percentage (%)
Type acres (hectares) of Total Area
Residential 12,149.76 (4917) 42.93
Commercial 2,665.54 (1079) 9.42
Industrial 625.09 ( 253) 2.21
Roads 1,729.75 ( 700) 6.11
Other Urban 821.46 ( 332) 2.90
Cropland 3,253.96 (1317) 11.50
Deciduous Forest 6,033.73 (2442) 21.32
Evergreen Forest 276.88 ( 112) 0.98
Mixed Forest 628.72 ( 254) 2.22
Quarries 51.15 ( 21) 0.18
Transition 62.26 ( 25) 0.22
Total 28,298.16 (11,452) 100%
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is discussed in Chapter V. Projected land-use information could of
course be used to project future pollutant accumulation rates. Popula-
tion density projections can similarly be used to determine the muni-
cipal wastewater flows and resultant pollutant loading rates. General
land use type projections for 1990, 2000 and 2010 were estimated in the
Level B Existing Plan (U.S. Water Resources Council, 1979) for the Upper
Yadkin. The values are presented in Table IV-6, expressed in percentages,
for comparison purposes. -

Current Population and Projections

In 1960, the Piedmont had less than 60 percent of North Carolina's
total population, yet contained about 70 percent of the State's urban
population (Putnam, 1972): the Winston-Salem population was estimated
at 132,913. The Winston-Salem subbasin (essentially the Salem and
Muddy Creek basins) of the Yadkin-Pee Dee contained 31 percent of the
total 1970 population of approximately 875,000 (Harned and Meyer, 1981);
in other words, about 271,250 persons. Population projections for For-
syth County by the Winston-Salem Chamber of Commerce and the Level B
Study staff are compared in Table IV-7. Using an average figure for
the year 2000 population projection, a 35.5 percent increase is projected
in the county: an equivalent increase for the city of Winston-Salem
would yield a population of 180,110, or an increase of about 47,200 in
just 30 years. Obviously, a major increase in water use and sewage
effluent can be expected which will further stress the waste assimila-
tive capacity of Salem Creek. 1In 1980, the City of Winston-Salem divert-
ed an average of 24.8 ft3/sec (0.70 m3/sec) from Salem Lake (at the head-
waters of Salem Creek) to meet its water sugply needs (U.S. Geological
Survey, 1981), and about 26 ft3/sec (0.74 m>/sec) from the Yadkin River.
An average sewage effluent of 42 ft3/sec (1.19 m3/sec) was returned to
Salem Creek.

Estimates from the Winston-Salem/Forsyth County City-County Plan-
ning Board (Maya, 1982) for change in population from 1975 to 1985 and
from 1985 to the year 2000 are presented in Figures IV-5 and IV-6,
respectively.

Rainfall and Evaporation Stations

To meet the requirements of an intensive study of the effect of
urban development on floods in the Piedmont province of North Carolina,
18 recording rain gages were installed in the Winston-Salem area by the
U.S. Geological Survey from 1964 to 1970 (Putnam, 1972). Most of these
rain gages were installed at stream gaging stations. Recently, record-
ing rain gages were installed in the Central Business District (CBD)
and the Ardmore residential area of Winston-Salem in a cooperative
arrangement between the U.S. Geological Survey and the U.S. Environ-
mental Protection Agency, as part of the National Urban Runoff Program

(NURP) studies. Aside from these specialized, relatively short-
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TABLE IV-6.

Land Use Projections for Upper Yadkin,
(modified after U. S. Water Resources

Council, 1979)
Land Use Type Year
1990 2000 2010
Forest 52.3% 52.1% 50.5%
Agriculture 31.8 31.2 29.7
Urban 13.1 14.5 15.8
Miscellaneous 2.8 2.9 3.9

TABLE IV-7.

for Forsyth Countyl

Population Projections

YEAR SOURCE
Winston~Salem Level B
Chamber of Study 3
Commerce

1980 242,381

1985 251,496

1990 264,216 273,400

1995 276,664

2000 288,658 294,300

2010 314,300 4

The 1970 Census estimate was 215,100.

Personal communication, 1981.

Baseline population projections

(U.S. Water Resources Council, 1979).

The percent change from 1970 to 2010
is 46.17 increase.
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duration efforts, data from only four rainfall stations are readily
accessible through HISARS, as shown in Figure IV-7. Only one of the
four stations, at the R. A. Thomas Winston-Salem Water Filtration
Plant, is located within the Salem Creek Drainage basin. This gage
records only daily precipitation to the nearest hundredth of an inch.

Hourly rainfall is recorded at Greensboro WSO AP (a first-order
NOAA, National Weather Service airport station, no. 313630) to-the near-
est hundredth of an inch. Long-term records are available from the NOAA
Environmental Data and Information Service, National Climactic Center,
Asheville, North Carolina on magnetic tape (e.g., 30-year record).
Hourly rainfall is also recorded at Yadkinville 45 (NOAA station no.
319675) and Lexington 7N (NOAA station no. 314975). However, the
Yadkinville station records to the nearest tenth of an inch and the
Lexington records were often cumulative, not discretized hourly or even
daily. The nearest evaporation stations, at approximately the same
latitude as that of the Salem Creek basin, were at: W. Kerr Scott Dam
and Reservoir (NOAA station no. 319555) to the west, and Chapel Hill
2W (NOAA station no. 311677) to the east, also shown in Figure IV-7.

Streamflow and Water Quality Monitoring Stations

Flow is regulated to a minor extent at the headwaters of Salem
Creek by a small dam at Salem Lake, shown in Figures IV-8 and IV-9.
Salem Creek flows southwesterly in shallow, sandy bottom channels. The
creek is spanned in Figure IV-10 by the U.S. Highway 52 bridge and a
railrcad bridge further downstream. It continues to flow very near the
Central Business District (see Figure IV-11), where the NURP rain gages
are located. Further downstream the setting is rural, with heavy vege-
tation along the banks until the creek reaches USGS streamflow station
no. 02115856 (Figure IV-12), 2700 feet (820 m) upstream from the Archie
Elledge Wastewater Treatment Plant (Figure IV-13) effluent outfall.
Downstream from its confluence with Salem Creek, and 100 feet (30m)

upstream from Cooper Road (Secondary Road 2995) is Muddy Creek USGS
station no. 02115860 (Figure IV-14).

Fluorescent dye studies were conducted by the U.S. Geological
Survey from July 14, 1971 to March 14, 1973 to simulate the transport
of water soluble wastes from the Winston-Salem area to the Yadkin River,
in response to several major fish kills attributed to such wastes during
heavy rains in the late 1960's and early 1970's (Lindskov, 1974). The
entire study reach of 41 miles (66 km) is shown in Figure IV-15. The
dye was released under four different flow conditions as an instanta-
neous slug at the Archie Elledge sewage treatment plant on Salem Creek.
Total travel time ranged from 28 hours during periods of high stream-
flow to about 47 hours at low-flow. During high-flow conditions (dis-
charge of 8,650 ft3/sec or 245 m3/sec at Yadkin College gage) the
Rhodamine dve dispersed laterally across the river within a few miles
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Figure IV-8. Streamflow and Water Quality Monitoring Stations,
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Figure 1V-9. Salem Dam and Lake.
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Figure IV-10. Salem Creek Flowing Under U.S. Highway 52 Bridge and
Railroad Bridge.
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Figure IV-11. NURP Rain Gages in the Centra! Business District (top) and
Main Street Bridge.
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Figure IV-12. USGS Streamflow Station No. 02115856, Salem Creek.
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Figure 1V-13. Salem Creek Near Archie Elledge Wastewater Treatment Plant,
City of Winston- Salem,
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Figure IV-14. USGS Streamflow Station No. 02115860,
Muddy Creek.
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downstream from its confluence with Muddy Creek. Under low-flow con-
ditions (discharge of 2,290 ft3/sec or 64.9 m3/sec at Yadkin College)
lateral dispersion was still incomplete more than 10 miles (16 km)
downstream from the confluence.

During the dye studies, channel width at median discharge ranged
from 35 feet (11 m) for Salem Creek to about 250 feet (76 meters) for
the power reach of the Yadkin River. Corresponding depths ranged from
1.2 feet (0.37 m) for Salem Creek to about 7 feet ( 2 m) for the Yadkin
River. The top photograph in Figure IV-16 is a view of the Yadkin River
upstream of the Robinhood Road bridge, east of Winston-Salem: the water-
surface width was measured to be about 210 feet (64 m). The bottom
photograph was taken at the Shalloford Road bridge a few miles down-
stream: the water-surface depth was about 350 feet (107 m). The
water-surface width at the Yadkin College gage (see Figure IV-3) on
June 9, 1981 was approximately 220 feet (67 m) in late afternoon.

These values are presented to appreciate the scale in the photographs;
for example, the water-surface width at the Muddy Creek station (Figure
IV-14) was 40 feet (12.2 m) on the same day a few hours earlier.

Figure IV-17 represents views of the Yadkin River near Winston-Salem..

A discussion of the nature of the data, the quantity, quality and
adequacy for mathematical modeling purposes is presented in Chapter V
of a previous report (Medina, 1982).

4.5 SYNOPTIC RAINFALL DATA ANALYSTIS

A description of the physical characteristics of the storm events
that can be expected to occur over the study site requires synoptic
analysis of long-term records. The variables of interest are: storm
volume, duration, intensity and time between events -- as well as their
recurrence intervals., The identification of seasonal trends is impor-
tant for both hydrologic and receiving water quality impacts. A mag-
netic tape containing hourly rainfall recorded to the nearest hundredth
of an inch for the period 1948 to 1975 at the Greensboro WSO AP first-
order station (NOAA station no. 313630, Figure IV-7) was obtained from
the National Climactic Center, Asheville, North Carolina. The station

is located about 18 miles (28.8 km) east of the study site, sufficiently
close for svnoptic review of rainfall characteristics.

The record was processed first by program RFREQ to view the shape
of the annual frequency histograms. The average histogram for the
28-year record of hourly rainfall is presented in Figure IV-18. The
frequency distribution for the year 1974 (Figure IV-19) is very close.
Thus, autocorrelation analysis of the 1974 hourly rainfall time series
was performed by the modified version of SYNOP to define a minimum
interevent time (see Section 3.1) of at least 11 consecutive hours of
dry-weather to establish statistical storm event independence. The
correlogram is presented in Figure IV-20. Hereafter,
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Figure IV-16. Yadkin River at Robinhood Road (top) and the Shalloford Road
Bridge (bottom), Winston-Salem.
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Figure IV-17.  Yadkin River Near Winston-Salem, North Carolina.
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the storm event analysis is based on the above value for minimum inter-
event time. Figures IV-21 through IV-24 depict the distribution of
storm depths (volume), duration, intensity and time since the previous
storm --versus each month of the year (January through December). The
graphs show clearly that high-intensity, short-duration storms occur
during the summer (thunderstorms) while long-duration, low-intensity
storms tend to occur in winter. While storm volumes can be expected to
be higher in October, the fewest number of storms will occur during this
month. Recurrence intervals (return period in years) are presented in
Figures IV-25 through IV-28, respectively, for depth (volume), duration,
average intensity and time since the previous storm.

Although periodicities are obvious, variations in storm variables
from year to year do not exhibit the extreme deviations characteristic
of the seasonal (monthly) grouping. The results are presented in
Figures IV-29 through IV-32 for storm volume (rainfall depth), duration,
rainfall intensity and time since the previous storm, respectively.
Cumulative frequency curves for the same storm variables are shown in
Figures IV-33 through IV-36, in the same order of presentation. It is
interesting to note that, while storm volumes appear tc deviate about a
mean value near 0.5 inch (12.7 mm) in Figure IV-29, the probability
of exceeding that value is only about 30 percent according to the curve
in Figure IV-33. Similarly, the chance that a storm duration will ex-
ceed 24 hours is less than 10 percent, and there is a 50 percent chance
that a storm duration of 6 hours will either be exceeded or not. It can
be deduced from Figure IV-36 (and its tabular printout) that a 90 percent
chance exists that the time since the last storm occurred will not ex-
ceed 202 hours, or that there is a 51 percent chance that the interevent
time will be less than or equal to 72 hours.

4.6 FISH KILLS

Throughout this chapter, several references are made to major fish
kills in Muddy Creek and the Upper Yadkin River, particularly in the
segment downstream from its confluence with Muddy-Creek to High Rock
Lake. Official documentation is available for the incidents that
occurred since the late 1960s and early 1970s, for example:

(1) North Carolina Department of Natural
and Economic Resources, ''Keport of
Fish Kill Investigation, Yadkin River
at I-85, Upper High Rock Lake,"
Raleigh, North Carolina, 1972;

(2) North Carolina Department of Natural
and Economic Resources,' Report of
Fish Kill Investigation, Upper
High Rock Lake, Yadkin River at I-85,"
Raleigh, North Carolina, 1973;

84



-+

09951

0.8941

07921

06901

. 0589}

o4a87{

- 0.3867 1

02841 T
. AVERAGE

—————— STD. DEV.
01831 T

RAINFALL DEPTHS, IN.

0.081+

0.00- +
00 20 40 60 80 100 120

-
-
-

4
L

-
-~
-
-

MONTH OF YEAR

Figure IV-21. Storm Volumes Versus Month of Year, 1948-1973,
NOAA Station No. 313630

-+

138181

12408 |

10.998

9588

8.1781

6.768 1

53581

AVERAGE
3948} -——— STD. DEV.

DURATION, HOURS

2.5381

11281 T

0000+ + t + + |

00 20 40 60 80 100 120

+

MONTH OF YEAR

Figure IV-22. Storm Duration Versus Month of Year, 1948-1975,
NOAA Station No. 313630

85



-+
T

- oot
)
-+
-
-

0146}

o3 I }

onet / \

O.10H

00861

IN./HR.

oony

0.056 |

0042

0027) AVERAGE t

———=— STD. DEV.

RAINFALL INTENSITY

002t

4 I

0.0014 } } + +——+t +
00 20 40 60 80 100 120

MONTH OF YEAR

T
+

Figure IV-23. Storm Intensities Versus Month of Year, 1948-1975,
NOAA Station No. 313630

129.795

116.550}

103306

900621

76 817{

63.573}

50.329( ‘ T

37084 | 1
AVERAGE

23840| —~—- STD. DEV. i

TIME SINCE PREVIOUS STORM, HKOURS

10.596 |

0000t 4 N '

4 1 4 +
t t t t 1 1 T

00 20 40 60 80 100 120
MONTH OF YEAR

-
-

Figure IV-24. Time Since Previous Storm, 1948-1975,
NOAA Station No. 313630

86



DURATION, HOURS

6.540
5.886-
5.232

. 45781
3924
3.270

2.6161

19621

RAINFALL DEPTH,IN

13081

!
0.004 t } { t t t } } { t
00 280 560 840 1120 1400 1680 1960 2240 2520 2800

RETURN PERIOD IN YEARS

Figure IV-25. Recurrence Interval Versus Storm Volume, 1948-1975,
NOAA Station No. 313630

10000
99000}
88.000
77000
660001
550001
44000}
33000
22000

11.000-

O_O(x)' ' 4 1 [ } 4 'l I 4 4
¥ | L T ¥ T ¥ T L
00 280 560 840 1120 1400 1680 1960 2240 2520 2800

" RETURN PERIOD IN YEARS

Figure IV-26. Storm Duration Versus Recurrence Interval, 1948-1975,
NOAA Station No. 313630

87



1.350

1.2151

INTENSITY, IN./HR,
@
(=}

RAINFALL

0004} t t t t 1 { t t { +
00 280 560 840 {120 1400 1680 1960 2240 2520 28.00

} 'l 4

RETURN PERIOD IN YEARS

Figure IV-27. Storm Average Intensity Versus Recurrence Interval, 1948-1975,
NOAA Station No. 313630

82,
73.2501

6500001

-+

1

568.750

487500}

T

406250

1

325000

T

2437501
1625001 T

81.250 T

TIME SINCE PREVIOUS STORM, HOURS

0.00- } t t t 4 $ { — t f
00 280 560 B840 1120 1400 1680 1960 2240 25.20 2800

RETURN PERIOD IN YEARS

Figure IV-28. Recurrence Interval Versus Time Since Previous Storm, 1948-1975,
NOAA Station No. 313630

88



AVERAGE RAINFALL DEPTHS, IN.

AVERAGE DURATION, HOURS

-

o7t

o707}

0661

05251

0435}

0344}

T

0254

0163

0072}

s

-
-
-
-+

AVERAGE

-
-’
-

T

0.00+4 t b

Figure IV-29.

+

Fl n Y 3 t 4
¥ 1 L ¥ ¥ M v

500 550 600 650 700 750

-

YEAR OF RECORD (i.e.48 —>1948,elc.)

Average Storm Depth in Each Year of Record,
NOAA Station No. 313630

14.79871

132881

nrrey

8.7581

r.248¢1

5738

4228}

278t

1.208

000k,

-+
-
-
-
-
-
-+

AVERAGE

400 450

Figure IV-30.

-

-
1

-

4+ I I
T L T T

-

t
500 560 600 650 700 75.0 80.0

YEAK OF RECORD (le.,48 —» 1948 elc.)

Average Duration in Each Year of Record,
NOAA Station No. 313630

89




-

..
4
1
4
+

o147 [
032t . T
o.N7¥ }
olo2t

0087}
oorzf 1
0057}
0042} 1

00271 —————— AVERAGE

AVERAGE RAINFALL INTENSITY, IN./HR.

0o0l2t T

0004 J
400 450 500 55.0 600 650 700 750 800

t I\
¥ t

-+
-
<+

YEAR OF RECORD (le., 48— 1948, eic)

Figure IV-31. Average Rainfall Intensity in Each Year of Record,
NOAA Station No. 313630

-
-

137831
102473 }
90.5621 T
18952}

67341} T

55.731

+

44120} ——— AVERAGE

32.501

TIME SINCE PREVIOUS STORM, HOURS

20.899¢

9.2681

-

0.00+4 4 4 } b ‘ ¥
400 450 500 550 600 65.0 700 750 800

YEAR OF RECORD (i.e. 48— 1948, eic.)

Figure IV-32. Average Time Since Previous Storm for Each Year of Record,
NOAA Station No. 313630

90



DURATION, HOURS

-t
-
-

65401

5886 . +

5.2321 B
45781 -

3924} H
32701 1

26l6T 4

13

19621 T
.3081 4

RAINFALL DEPTH, IN.

0.6541

0.00 , , g " | i : } } ol

00 1000 2000 3000 4000 5000 6000 70.00 8000 9000 100

PERCENT LESS THAN OR EQUAL TO

Figure IV-33. Cumulative Frequency Curve for Rainfall Depth, 1948-1975,
NOAA Station No. 313630

-
-
-

-
-~
-
-
.
-
-

IC7800¢ I

96.8001 : 1

85.8001 4
74.8001 1

63.800+ 4

528007

i

41.8001
308001

198001

8.800 |
O‘ AN ] I 1 t 1 l""

00 1000 2000 3000 4000 S000 6000 7000 8000 9000 10000

PERCENT LESS THAN OR EQUAL TO

Figure IV-34. Cumulative Frequency Curve for Storm Duration, 1948-1975,
NOAA Station No. 313630

91



1.350 f—+—t+—+—+—"—r———A———
1.215 i
o |.0_80 i T
I :
N 9451 . -
<
> .8IoT
e
wn -
2 675 - T
=
z 5401 T
2 4051 T
w -
z 270 T
<[
o 135} 4
ooo—F—+—++—F—+—t—t—t+—t+—t+—t—t+—t—t———ttyt
00 1000 2000 3000 4000 5000 6000 7000 8000 9000 0000

PERCENT LESS THAN OR EQUAL TO

Figure IV-35. Cumulative Frequency Curve for Average Rainfall Intensity, 1948-1975,
NOAA Station No. 313630

-

e
e

-t
g
-
e

o
-

T

812.5001

7312507 }f

650000

1]

1

5687501 , s

4875001

1

4

406.250

3250001

v

243750
162500

t

812501

TIME SINCE PREVIOUS STORM, HOURS

0004 } 4 4 } } 1 ' b } o
00 100 200 300 400 500 600 700 800 900 00

PERCENT LESS THAN OR EQUAL TO

Figure IV-36. Cumulative Frequency Curve for Time Since Previous Storm,
1948~1975, NOAA Station No. 313630

92





















































































































06°1

_ ¥291)
woTes ‘TRET ‘¢ 1sndny - 9T AInr

¢ooedg pue SwWT] UT UOTIEIIUSDUOD 00 °gZ-A 2In3Tg

"L1Cy 930 0L/1714 7930 0L S3TIw-3ONULSIO SEH~IMIL
L 0g't .

owakm

I

)

L9:8t! i

£€ 96T

00 bbt
- 00

4
47
;NW\

v/

"I'N'NTTVS-NOLSNIK ~ NTIHO WMATYS
1861 ‘€ '0AV = 91 A1Ar : QOINAd NOLLYINKIS

T/9W ' NOLLVYLNAINOD 0d

yoR1)

waTes ‘1861 ‘€ 3Isndny - 9T AInr

‘ooepdg pur LwT] UT uUOIIBIIULDUO) (04 °*LZ-A 2In8T4g

iCe7930 04171017930 0/ -SINIW-30ONULSI0 SEH-3wis

roLoee

roe2°es

ro0b'9L

"' N'RTIVS-NOLSNIA - MANID RITYS
1867 'C '9nV -~ 91 ANl : AOIMAd NOLLVIANIS

T/9W * NOLLVYINADONOD qog

131




































