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This study contributes significantly to the knowledge of low stream
flows and their effect on water quality management in Horth Carolina.
Low-flow data from 37 gauging stations with at least 25 years of records
were used in the study,

Stream and effluent standards are usually geared to low flows. This
study focuses on the behavior of both annual minimum flows of variable
duration and the characteristics of flows in fixed low-flow season.

The investigator concludes that the design and performance standards
based on seven-day, ten-year low flow are equitable for most streams,
but ignore the mark variability between different streams. Seven-day
averaging was not found to provide a true indication of many pollution
effects, Multiple standards specifying the requirements for different
durations may be necessary.

The report reveals the need for a more sophisticated approach to monitoring
of water quality characteristics. It concludes that a detailed knowledge
of the water quality behavior of a few streams may be more useful than

the partial knowledge based on a few grab samples on many streams, A
possible framework for a conceptual model to predict water quality in a
stream is presented.
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ABSTRACT

The low-flow characteristics of thirty-seven gauging stations in North
Carolina are analyzed on the basis of duration curves, theoretical prob-
ability distributions and techniques of time-series analysis. The sensi-
tivity of flow magnitudes to duration and return period is considered.
There is wide variation in the low-flow behavior of individual streams.
The conclusion is reached that the Weibull distribution and autoregressive
schemes of the first or second order can adequately represent annual
minimum flows. A study of weekly flow on four gauging stations reveals
that sophisticated, state-of-the-art models are required to preserve the
duration distribution of historical flows.

The relevance and suitability of the existing water quality data
to the emerging needs of water quality management are investigated. The
relationships of water quality parameters to stream and flow factors are
considered. It is observed that for efficient water resource planning
detailed specification of the distribution of various quality parameters
is needed. This would require a more sophisticated approach to the moni-
toring of water qualit§ parameters.,

A possible framework for a conceptual water-quality management model
is presented. A realistic model should permit simultaneous consideration
of several factors. It is suggested that decomposition might make the
model computationally tractable. Simultaneous consideration of flows and
temperatures on several streams shows that critical conditions are not

necessarily coincident with lowest flows.
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SUMMARY AND CONCLUSIONS

Low-flow data from thirty-seven gauging stations located in North
Carolina with at least twenty=five yesars of record and with no signifi-
cant regulation were selected for analysis., This represents a fairly
large range in drainage areas, streamflows, stream slopes and underlying
rocks., Several small streams were included in the study because it is
here that the conditions are quite critical from the point of view of
water quality and guantity, Small streams serve as the source of water
supply and as receiving waters for the treated or untreated wastes,

Low-flow data were analyzed in several different ways: (a) by
studying the characteristics of empirical cumulative distributions or
duration curves, (b) by postulating several underlying theoretical dis-
tributions, and (c) by the techniques of time~series analysis assuming
linear autoregressive schemes of the first and second order. Water
quality and pollution parameters pertinent to the emerging needs of
water quality management were examined and their relationship to stream
and flow factors explored. The relevance and suitability of the existing
water quality data were considered. A possible framework for a conceptual
water quality management model incorporating beth the quantity and quality
aspects was evolved.

Some streams show an exceptionally large variation between the
extremes of low flows; others exhibit a moderate variability and have
relatively high sustained flows, There is non-uniformity of effect on
different streams of a particular drought year. The long-term average
discharge for a specific percentage of time shows wide variation in
individual years for the three physiographic regions and for streams within
a given physiographic region. On the average, the duration curves for
the Blue Ridge Province have larger flows and exhibit relatively smallest
variability. The Piedmont Province shows the greatest variability and
intermediate flows. The Ccastal Plain Province has, on the average,
lowest flows but intermediate wvariability. Streams having the same
type of underlying rocks show diverse behavior. The variability is,
in part, due to the differences in storage capacity of rocks and because

of different patterns of summer thunderstorm activity.
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The degree to which the probability distribution of low flows has to
be known depends on the specific requirements of the problem being
solved. Not all problems in water quality management require complete
specification of the distribution. Usually, more than one theoretical
probability distribution exhibits good agreement within the range of
observed data at a gauging station. There is no single distribution
which is uniformly better in all cases. The method of maximum likeli-
hood provides the best values of the parameters and should be the pre-
ferred procedure. The criterion for the goodness of fit should not be
the chi-square test which is not discriminating enough but the Kolmogorov
criterion of maximum discrepancy between the empirical and theoretical
distributions or on the basis of skewness-kurtosis values. It appears
that sampling errors are more critical than the choice of distribution.
In several cases, a three-parameter distribution provided a better fit
than a two-parameter distribution. Streams with extremely small or zero
low flows have to be considered on an individual basis,

There are several theoretical as well as practical reasons for
selecting Weibull distribution as the distribution governing low flows.
The study shows that the Weibull distribution can lead to reasonably
accurate relationships for predicting the characteristics of natural low
flows at a gauging site. The method of maximum likelihood gives better
estimates of the parameters than the Gumbel's modified method of moments
which is inefficient. North Carolina streams show wide variation in the
values of the parameters. Attempts to correlate Weibull parameters
with physical characteristics have been relatively unsuccessful.,

An adequate description of low flow, and its consequences, requires
specification of three dimensions: magnitude, frequency or return period
and duration. The variability of seven-day minimum annual flows for
various return periods indicates that the specification of a unique
relationship between return period and minimum flows is insufficient.

The sampling errors are significant and should be taken inte account,.

The variation of low-flow magnitude with duration can be expressed as a
function of duration to an exponent. The exponent depends on the standard
geometric distribution if the flow is lognormally distributed, or on the

shape parameter in the case of Weibull distribution. There are significant
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differences in the location and scale parameters for various durations,
although the shape parameter of the distribution remains relatively
constant.

The choice of an appropriate time period for analysis and of the
sampling interval for monitoring is considered in terms of streamflow,
water quality and pollution parameters, and pollution effects.  The
conclusion is that there is no single time period that satisfies all the
requirements. A comprehensive study for water quality management will
require simultaneous consideration of several time periods ranging from
a few hours ta a year, A seven-day periocd is a good compromise for many
quality and flow parameters., Functional relationships between the extreme
values and the weekly averages should be developed for the parameters
requiring shorter averaging intervals. Monthly and seasonal averages do
not give satisfactory description of variability for water-quality
management.

- The design and performance standards based on seven-day, ten-year
low flow are equitable in the sense that for a vast majority of streams
in North Carolina this represents the flow available 99 percent of the
time. They, however, ignore a very important dimension. The variability
of this percentile is not constant for all streams, In individual years
the frequency, magnitude and duration of departures from the desired
state, or standard, arrived at on this basis is markedly different on
different streams, A standard which equalizes risk of violation shall
have to take both the magnitude and variance of the design flow into
consideration., Furthermore, a study of the timing of occurrence of seven~
day low flows along with the variation in environmental factors (e.g.,
temperature) and the changes in quality and pollution parameters in a
stream indicates that the most critical conditions are not necessarily
coincident with periods of minimum flow. Seven-day averaging does not
give a true indication of many pollution effects. Multiple standards
specifying the requirements for different durations may be necessary.

Limited experimentation with different models on the data included
in this study leads to the conclusien that linear autoregressive schemes
may be adopted as a reasonable representation of the annual minimum flows.
For a majority of the streams the first order process is adequate to

describe the data; for a few streams, a second order model 1s required.
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The historical data was subdivided into explicit non-overlapping
weekly periods for the three gauging stations on the Neuse River and for
the French Broad River at Asheville., The power spectrum of weekly flows
for the Neuse River indicates that well over 90 percent of the total
variance is accounted for by the two harmonics corresponding to the
yearly and half-yearly periods. For the French Broad River at Asheville,
a second order autoregressive scheme was adequate except for the lower
end of the low flows., The duration of low flows of the historical record
were not reproduced. There appears to be no alternative except to use
the more sophisticated, state-of-the-art models for the generation of a
sequence of low flows which will preserve the duration distribution of
the historical record.

There is need to describe and predict in a systematic fashion the
temporal variation of a quality constituent at a given point on a stream
and its spatial distribution along the axis of flow. The chain that
joins the low-flow magnitudes to water quality parameters is composed of
many links, highly complex and varied. With very few exceptions, stream
and flow characteristics are very closely related to the behavior of
quality parameters. Dissoclved solids, conductivity, nutrients and reaera-
tion rates and to some extent pH fluctuate inversely as the rate of flow,
Suspended solids and turbidity show a direct relationship. There appears
to be no regular variation of B.0.D. and coliform statistics with flow.
Equally as important as the concentrations of a pollutant are the rates
of its discharge and total load during a specified period of time. These
are evidently functions of flow rates.

The temporal distributien of many quality parameters is highly skewed.
In several cases, the standard deviations are equal to greater than the
mean. Attention should be given both to the extreme and average values.
The existing data do not permit the specification of diurnal, seasonal
and annual fluctuations of water quality parameters. The distribution of
the concentration of various quality parameters needs to be studied and
correlated with the distribution of flows. Multivariate analysis to dis-
cover relationships between quality parameters and flow and among quality
parameters themselves will be invaluable in the design of water quality

network and in making future quality predictioms.
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The emphasis in water quality management has shifted to nutrients,
trace elements, thermal pollution and ecological impact. The relative
significance of various constituents has undergone a change as well.

The current practice with respect to sampling and measurement of quality
parameters does not provide sufficient data to describe adequately the
physical and biological response of streams. There is need for a well-
planned, improved and more sophisticated approach to monitoring of quality
characteristics. The detailed knowledge of the water quality behavior

of a few streams may be more useful than the partial knowledge based

on a few grab samples on many streams. The water quality network should
not be regarded as a fixed entity but should be modified with the state

of knowledge. The complete record stations need only be maintained long
enough to define the distribution of quality parameters.

A possible framework for a conceptual model to predict water quality
in a stream is presented. A management model should be capable of incor-
porating simultaneously several quality parameters, waste characteristics,
and environmental factors. It should take cognizance of the interaction
between physical, chemical and biological processes and between various
management alternatives. To make the problem tractable, the greatest
promise lies in decomposition. The sources should be divided into point
and diffused categories., Biochemical degradation should consider several
time constants. The streams should be sectioned into several segments
depending on developed; undeveloped, rural-urban, and inland-estuarine
interfaces. Simultaneous consideration of minimum flows and temperatures
reveals that the critical conditions on many streams would be at different

times of the year than if each were considered individually.,






Chapter 1

INTRODUCTION

In North Carclina today, as elsewhere in the United States, streams
have become an important integral component of the total water supply,
water purification and wastewater treatment system, The type and magni-
tude of benefits derived from a stream depend on the quantity and quality
of the flows. The extent of damages incurred is related to the degrada-
tion in the quality of its waters.

In ordef to devise a program of water quality management, it is
esgsential to determine the nature of water resources of a drainage basin
as to their magnitude and suitability for different uses. The quantity
and quality of streamflow are liable to fluctuate from day to day, season
to season and year to year. These fluctuations may be very éonsiderablee
A purely deterministic approach based on averages is inadequate to deal
with the situation. The hydrologic uncertainty and other probabilistic
complications have to be incorporated into the analysis.

The design of a water~quality management system has to be based on
the lower ranges of natural fluctuations of runoff. The water quality is
generally poor during periods of low flow. The minimum flow periods are
usually the most critical. Restrictive measures are promulgated under
extreme drought conditions. The assimilative capacity of a stream is
related to its low-flow regime. The stream and effluent standards are
usually geared to low flows, In this study the behavior of both the
annual minimum flows of variable duration and the characteristics of
flows in fixed low-flow season are examined.

The physical complexity of a drainage basin and the lack of under-
standing of natural processes preclude the possibility of synthesizing the
detailed behavior of low flows by the application of basic physical laws.
One is forced to look at the problem from an overall point of view, treat
the natural processes as ''black boxes'" without attempting to elaborate the
cause~effect mechanisms, and to apply, for the most part, statistical
techniques to extract minimum amounts of information for planning and
operation from the low-flow records. An approach based on stochastic

processes is adopted in this study.



One of the main objectives of water-quality management is to prevent
unwanted pollutant effects. The chain that joins the low flows to pollu-
tant effects is composed of many links, for example, the physical, chemical
and biological processes, water quality criteria and standards, and the
state of technology of water and wastewater treatment. An attempt is made
to arrive at the framework of a quantity-quality model., Of necessity, the
proposed model is extremely rudimentary and largely conceptual. Consider-
able data and research will be required to make it operational,

The goals of water quality management are usually expressed in
extremely vague terms. The "highest practicable quality of water' and
"good environment" need considerable interpretation before they can be
made operational and serve as guides for administrative action and analysis.
Invariably, there is more than one policy which can achieve the required
improvement in the quality of a stream. Two types of approaches have been
suggested for arriving at the correct course of action to be adopted:

(a) optimization models, and (b) reconciliation of the special interests
0f the parties affected by a decision,

The optimization models seek to maximize or minimize an economic
objective explicitly. Every course of action implies social costs and
benefits. The correct choice based on balancing the competing values”of
costs and benefits to society are extremely difficult to achieve because
of incomplete knowledge at present to permit a quantitative cause-~effect
link between the ultimate objectives and the levels of different pollu-
tants, This is particularly true of health, aesthetic and ecological
effects-~three main reasons for undertaking a program of water quality
improvement. This kind of analysis disregards sectional and special
interests of the local constituents.

In the absence of performance measurements and causality relation=-
ships in some of the vital areas of water quality management, goals must
be expressed in terms of the vicarious parameters of water quality which
lend themselves to quantitative specification and measurement. In
practice this means that the state agency charged with the management of
the quality of water must decide for a stream or a section of a stream
(a) which beneficial uses to protect, and (b) which undesirable aesthetic,

ecological, health and economic effects of water pollution to prevent.




Associated with each stream use and pollution effect are water quality
characteristics which have to be prescribed. This assumes that the
effects of various pollutant concentrations and exposure durations on
humans, aquatic life, and property and materials can be determined.

There is a high degree of uncertainty in the underlying scientific prin~-
ciples that are involved in establishing these standards. Needless to say,
the technical and economic basis of many standards can be questioned.
Despite this; the need remains that the regulatory agencies must be pro-
vided with quantitative yardsticks with which to measure performance and
compliance. Conventionally, this is done by either (1) the development

of effluent standards which establish tolerable limits for the contami-
nants, or (2) stream standards which specify the levels of water quality
parameters for different sections of a stream. The imposition of these
policy constraints by fiat precludes adherence to economic efficiency as
an objective, This must be explicitly recognized in comnstructing models
of water quality management. The development of standards involves issues
of a bewildering variety and complexity. There is an interplay of techni-
cal, economic, legal, social and political factors., The process of set-
ting standards includes reconciling a great many competing interests and
values, Obviously, the set of policy constraints cannot be arrived at
through any rigorous process of optimization.

Two approaches are usually adopted in water quality management plan-
ning for a region: (a) sophisticated optimization techniques and (b) the
"best practicable means' of control. The first is a counsel of perfection,
and the second can serve only as an expedient. The use of optimization
techniques is based on the premise that there is wide variation in natural
river conditions, demographic patterns and economic potentials of different
areas; and no uniform, rigid standards can be set which are valid for a
group of streams., Every stream should be considered individually and its
quality resource (for example, dissolved oxygen) allocated optimally among
the competing demands, Given the expertise of the regulatory agencies and
the nature of the political process, this is impractical in most situations.
This appreach should, however, be examined for the important drainage
basins of a state to provide a yardstick against which the alternative

adopted can be compared.



In the second approach standard setting is considered as an exercise
in the art of the possible. Most pollution control standards adopted in
recent years have been based on the application of maximum technology of
waste treatment rather than on the characteristics of the stream (for
example, its assimilative capacity). Across the board requirement of
secondary treatment regardless of the incremental improvement caused
thereby is an example. The requirement of the application of the "best
practicable means" for control leaves the definition of "practicable"
flexible and judgmental. It has cost implications that defy precise
definition. In industrial wastes we have the added problem of selecting
a "typical waste'" and a "typical process' that will be considered the
best practicable. Although this approach absolves the regulatory agency
of having to predict future demands on streams, there are many problems
involved. Waste-treatment processes do not operate with uniform effi-
cilency even under constant loading conditions. There is a performance
variability between processes. Physical-chemical processes can be
expected to perform with lower variability than the biological processes.,
With the variation in loading, the range of pollutant concentration in
the effluent could be substantial. For example, if the range of waste
generation from an uncontrolled source varied from 1000 to 4000 units
and the range of practicable treatment from 75 to 95 percent, the range
in effluent concentration could be between 50 and 1000 units. We do not
consider this approach any further because it ignores individual stream

characteristics and regional differences.

1.1 Objectives of the Study

If the demand of Society and the lack of appropriate benefit and
loss functions preclude economic efficiency as a viable concept, it is
necessary to use arbitrary physical objectives and constraints. This is
what standards are designed to do. A regulatory solution is essentially
inflexible. To play an effective role in decision-making, the standards
should be applicable in a wide variety of situations extending over space
and time. The objective is to study the sensitivity and reliability of
conventional regulatory measures in a wide variety of statistical popula-

tions of streams.




Stream standards assume some likelihood of being violated: . In set~-
ting standards we cannot provide against eventualities--the most critical
flow conditions, the maximum waste loads, and the most unfavorable values
of the environmental factors. In these circumstances either the scale of
development will be tooc small or:the system will be too expemsive. There-~
fore, the flow conditions selected do not represent the absolute minimum
that can occur on a stream. One of the aims of this study is to show
that in evaluating the performance of a water-quality management program
it is not sufficient to specify only the mean or median of flow or of a
water—-quality parameter. An equally important issue related to the level
of a water quality parameter is how often can one afford to fall short of
the desired standard, The same system can attain a higher goal less of
the time or a lower goal more of. the time. In North Carolina, the
standards must be met under average minimum consecutive seven-day flow
to be expected once in ten years. This represents an average duration
deficiency of three to four days per year on an average North Carolina
stream.

The stochastic nature of the flow, the weather conditions, and environ-
mental factors (temperature, pH, sunlight) and the variability of chemical
and biological processes give rise to variation in space and time. .There
is an unevenness. of the frequency deficits from point to point on a
stream, both with respect to the quantity of flow and the various quality
parameters, As the deficiencies in quantity and quality of flow are not
of the same degree of importance, different frequency deficit criteria
should be prescribed for quantity and quality of flow. Similarly, the
violations of various quality parameters are not of the same degree of
seriousness. Ideally, one should prescribe different frequency of deficit
for each quality parameter.

The magnitude and duration of violations associated with seven-day,
ten-year flow exhibit significant variability on different North Carolina
streams. This means that the extreme values of flow and quality parameter
distributions may be as relevant as the mean., In this study we consider
the entire distribution of low flows with special emphasis on extreme

values.



The complete description of low flows involves specifications of
three parameters: magnitude, duration, and frequency (return period).

The actual and potential damages of shortages in flow are connected not
only with their severity but also with their duration and frequency. One
of the objectives of this study is to examine the parametric relationships
between these quantities.

The sources of uncertainty in water quality management are many.
Among others one has to consider uncertainty in nature, economics and in
the political process. Different types of uncertainty require different
methods of analysis. In this report we deal exclusively with the uncer-
tainty in nature. This type of uncertainty arises from the presence of
stochastic processes in nature, The hydrologic uncertainty is dealt with
in some detail., The variability in the physical, chemical and biological
processes is considered only in rudimentary form, mainly because of lack
of pertinent data. The principal objective is to elucidate the components
and interrelationships of a descriptive water quality model through which
the concentration of contaminants could be approximated in various parts
of the state.

With respect to the.level of analysis, effort was made to follow a
course that is neither trivial nor esoteric, We are concerned primarily
with the variability of interrelationships between parameters of low
flows - magnitude, duration and frequency - as between streams, between
river basins and between regions. The actual values of flow in the
streams studied, -although important in themselves, were incidental to our
purpose, - Individual streams in their respective localities served as
indicators of different types of low-flow hydrologies; only their similari-
ties and differences were importnat: The coverage is not comprehensive.
Several large river basins are not represented. Only streams on which
there is little or no regulation of natural flows were included in this
study., This was important for our purpese., These provide baselines or
controls against which the impact of demographic, land-use, and industrial
changes on water resources in other locations in the state can be

evaluated,




Chapter 2

APPROACH TO STUDY

2.1 Selection of Sites

Of the total number of gauging stations on streams located in North
Carolina, thirty-seven streams were selected for analysis on the basis of
the following criteria: (1) flow records exist for at least twenty-five
years, and (2) there are no significant diversions or regulations such
as to interfere with the normal low-flow pattern., The list of gauging
stations with their drainage areas and length of record are given in
Table 2-1, arranged according to the river basins. The drainage area
ranges from 4.7 square miles to 8410 square miles. The length of record

varies from twenty=-four years to sixty=-one years.

2.2. Computation of Extreme Values

A preliminary analysis based on the average percentages of annual
flows in individual months for the period of record showed that in North
Carolina the low-flow period was from May to December, As an illustra-
tion, the mean mqnthly flows for the French Broad River at Asheville are
plotted in Figure 2-1. The year for low-flow analysis was taken to run
from April 1 to March 31 to minimize the danger of a drought starting
in one year and ending in the next. The lengths of averaging interval
studies were one, three, seven, fifteen, and thirty consecutive days.
Moving averages were calculated for the appropriate interval from April
to March, and the lowest value for each year of the record was selected.
Thus, the extreme value for the seven-day period was the minimum average

flow for seven consecutive days in a year, i.e.,

- _ j+6
Xmin = m%n(Xj) = m?n (1/7) [? .
J J 1=]

Xi]’ j=l, z,ece’ n"6

where Xi’ i=1, 2, ..., n denotes the discharge on the ith day of the year,
and X and iﬁin denote the average flow rate for the jth seven-day interval

and the minimum flow rate for the year, respectively.



Table 2-1. List of Gauging Stations
River Code Drainage | Years
Basin No Name . Area of
° Sq. Mi, | Record
Cape Fear 01 |Haw River near Benaja 168 35
02 |Northeast Cape Fear River near
Chinquapin ‘ 600 24
Neuse 03 {Contentnea Creek at Hookerton 729 35
04 Dial Creek near Bahama 4,71 39
05 Flat River at Bahama 150 39
06 Little River near Princeton 229 34
07 |{Middle Creek near Clayton 80.7 24
08 |Neuse River near Clayton 1,140 37
09 |Neuse River near Goldsboro 2,390 34
10 [ Neuse River at Kinston 2,690 34
Pamlico 11l | Fishing Creek near Enfield 521 37
12 Taxr River at Tarboro 2,140 32
Yadkin-PeeDee 13 Brown Creek near Polkton 110 26
14 | Drowning Creek near Hoffman 178 25
15 | Fisher River near Copeland 121 32
16 | Lumber River at Boardman 1,220 34
17 | Reddies River at North Wilkesboro 93.9 24
18 | Rocky River near Norwood 1,370 34
19 South Yadkin River near Mocksville 313 26
20 Yadkin River at Patterson. 29 24
21 Yadkin River at Wilkesboro 493 43
Roanoke 22 Mayo River near Price 260 34
23 Roancke River at Roancke Rapids 8,410 38
Santee 24 Linville River at Branch 67,2 41
Waccamaw 25 Waccamaw River at Freeland 706 24
Kanawha 26 South' Fork New River near Jefferson 207 34
French Broad 27 Beetree Creek near Swannanoa 5.46 38
28 | Big Laurel Creek near Stackhouse 126 30
29 Cane River near Sioux 157 30
30 Davidson River near Brevard 40. 4 43
31 French Broad River at Asheville 945 61
32 French Broad River at Bent Creek 676 29
33 French Broad River at Rosman. 67.9 28
34 | Ivy River near Marshall 158 30
35 Jonathan Creek near Cove Creek 65.3 34
36 | Noland Creek near Bryson City 13.8 28
Hiwassee 37 Valley River at Tomotla 104 45
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2.3 Representativeness of the Period of Record

There may be a question as to whether the period of record of indivi-
dual streams was a representative sample in time. Goddard ( 1) shows that
the average and miniwmum discharges for the period April 1897 to March 1955
were notably lower in the second half of this period than in the first
half. The values for annual seven-day minimum discharges are reproduced

in the following table:

'1897-1926 [1926~1955 | Percent lower
(Cubfic feet per|second)
Cape Fear at Lillington 400 213 47
Yadkin River at Yadkin College 1,400 1,130 19
French Broad at Asheville 757 650 14
Valley River at Tomotla 61 48 21

Goddard remarks that the downward trend in surface flow at the four long-
term stations studied leads to the conclusion that streamflow throughout
the Piedmont and Blue Ridge provinces was nearly 20 percent lower during
the last half of the period. This conclusion does not hold for the Coastal
Plain because total precipitation at Tarboro and Goldsboro was slightly
higher during 1925-54 than during 1897~1925. He adds the caution, however,
that it is not indicative of a continuing trend or even of a permanent
change.  Statistical tests on . an annual minimum flows show that the trend

is not significant.

2.4 Time of Occurrence of Low Flows

In studying water quality of a strema, the time of occurrence of low
flows is quite significant for several reasons:

(1) Many of the physical, chemical and bioclogical processes
affecting water quality are temperature dependent. Because
of the temperature differences, a low flow in the month of
January is not of same critical importance as the same mag-
nitude in July or August.

(2) In many activities, the time distribution of concentration

and volumes of waste flows exhibit marked variatienms.
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(3) The 'first flush' effects from agricultural and urban
runoff after a heavy rainséorm may give rise to greater
concentration of pollutants than in the periods of sus-
tained low flows. Simultaneous effect of streamflow,
waste loading and temperatures has to be considered to
arrive at the most critical conditions from the standpoint
of water quality. On many streams these critical periods
are not coincident with periods of minimum flow. Another
argument is statistical. The relative mix of causative
factors of a low flow in July and a low flow in January
is not the same. To maintain the statistical homogeneity
of the data, one has to confine his selection of low flow
to a specific -time period.

In North Carolina adequate data are not available to show the varia-
tion of waste loads with time. Almost nothing is known about the variation
in water quality after summer thunderstorms. However, continuous tempera-
ture records are avallable at some locations., For the stream for which
temperature records are avallable, the probability of occurrence of seven-
day low flow in individual months has been calculated and is given in
Table 2-2, Some of the streams show a bimodal distribution; for example,
Waccamaw River at Freeland, Northeast Cape Fear, Neuse River at Goldsboro,

and Tar River at Tarbero.

2,5 Averaging Intervals

In hydrologic studies it is not practical to deal with the continuous
time series of flow and quality parameters. . One almost always uses a
discrete analog; i.e., the continuous variable is replaced by an average
value over some predetermined interval of time. Some of the quality
parameters are observed only at specified sampling intervals. The intended
use of the data determines the appropriate length of the averaging or
sampling intervals. If we adopt too long an interval, the time varia-
bility of the parameter may be suppressed, and the resulting time average
may not adequately represent the system dynamics, We may also get an
undesirable interaction between the averaginé interval and the character-

istic time of the process under investigation. On the other hand, if the



Table 2-2, Probahility of Qccurrence of Minimum 7-day Flow in Individual Months

No. Gauging Station Month
N May | June | Jul Aug, | Sept, Oct. Nov. Dec, Jan, Feb,
01 {Haw River at Benaja 1.4} 15.2 | 29.0| 35.0 19.4
02 |IN,E. Cape\Fear at Chinquapin. 7.7 33.9 4,2 4,2 25.0 20,8 4,2
09 -|Neuse River at Goldsboro 13,4 10.3 | 13.8 4,91 22,7 36.5 8.4
12 | Tar River at Tarboro 10.0 |} 12,2 | 7.4 17.7 18.4 4,8
14 | Drowning Creek‘néar.Hoffman 4,8 1 19.0 | 35.4 | 17.7] 18.4- 4,8
18 |Rocky near Nofwosd 8.6 § 13,8 ] 1.9{ 29.5 46,2
19 | South Yadkin near Mocksville 21,7 | 14.3] 29.2 34,8
21 |Yadkin RiV¢r,at Wilkesboro 2.3 6.0 8.0 15,9 25.9 19.6 6.0 4,6 8.0 3.6
25 |Waccamaw River at Freeland 22.4 § 15,6 4.8 4.8 22,41 25,2 4.8
31 | French Broad at Asﬁeville 6,5 9.0] 28.0 34.8 5,01 12,4 4,3
37 |Vvalley River at Tomotla 2.2 | 5.2 33.3 | 43.7] 10.4| 5.2

¢T
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time interval is too short, it will unnecessarily increase data require-
ments and the cost of computation. This also introduces unwanted varia-
tiens with a shorter characteristic time which are not averaged out.

In a study of water quality management, the selection of an appro=-
priate’averaging interval must consider the interrelationship of the
characteristic time periods of (a) river discharges, (b) pollution
parameters and wasteloads, (c) pollution effects, and (d) the response

time of the management system.

2:5,1 River Discharge. A low flow record at a gauging station on a

particular stream is produced by hydrological processes working on several
different time scales. Although they are a part of the overall hydrologic
cycle, the mechanisms producing them and their characteristics are very
different. A low flow time series extending over a long period of time
contains information on at least five time scales. These are: (a) varia-
tions in evapotranspiration which is semi-diurnal; (b) thunderstorms in
summer low-flow periods which may give rise to daily variation; (c) inter-
change with ground-water storage which exhibits seasonal variation;
(d) antecedent conditions in the previous wet season which shows annual
variation; and (e) the integrated effect of changes in basin character-
istics which 1s long term. The annual and diurnal variations are asso-
ciated with the dynamics of the meteorological processes which may be
expected to continue with the same period and phaée, Others may show a
change in phase and peried in different sections of a long time series,

The manner of operation of streém-gauging stations and the reliability
of low-flow measurements impose restrictions of their own. The pattern
of low flows in many streams, at least at the level of daily discharge, is
affected considerably by minor regulation of discharge at some upstream
point in the watershed. In addition, there are withdrawals for water
supply and other purposes on several North Carolina streams which appear
only in periods of very low flow. These factors frequently give rise to
wide fluctuations of the daily flow which is not truly representative of
the natural stream hydrology. In such cases, the minimum daily flow is too
restrictive a measure of the flow characteristics for water quality manage-

ment. Where the regulation is minor and has a uniform weekly pattern, the
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average seven-day flow 1s a more representative measure of flow character-
istics of a stream.

Studies of peak flows concern themselves with momentary flows or
flows with very short duration. On the other hand, if the system has the
capacity to smooth out short-term variations such as reservoirs, time
periods of a month or several months may be adequate. In low-flow studies
interest is focused on flow averages over some length of time that is
intermediate between the two. A greater part of the distribution of low
flows, for example, the means and the quartiles, are relatively insensi-
tive to averaging times between a day and a month. Extreme values are,
however, sensitive to averaging intervals. Three time periods were

selected for this study: week, month, and year.

2.5,2 Quality Parameters and Waste Loads. The averaging and sampling

intervals depend on the quality parameter being studied. Bacterieological
measurements are highly variable. With background natural pollution and
diffused sources, weekly or even monthly values may be adequate for
establishing annual averages and for determining longer~term trends. In
the vicinity of dominant sources of pollution, shorter averaging inter-
vals are required. In the neighborhood of large population centers, a
bimgdal distribution may be observed, the lower coliform levels being.due
to runoff and higher levels from municipal and industrial discharges.
Dissolved oxygen concentrations are affected by temperature and
photosynthesis. In nontidal streams, a distinct semi-diurnal variability
is present reflecting the effects of photosynthesis. In general, low
variance is associated with high mean concentration and high variance with
low concentrations. These facts have significant implication for water
quality contrel. Shorter time intervals will be required to pick up
variability at this level. Gunnerson (2) finds that two-hour intervals
give the optimum information. For the yearly records, there is general
predominance of low-frequency phenomena, periods of about sixty days or
longer. For an analysis of these, weekly averages will be sufficient. -
Water temperatures can be characterized by a single sinusoidal
function with a period of one year; a large part of the variance is
‘accounted for by the annual harmonic. Monthly averages will be suitable -

for this analysis.,
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Thomann ( 3) has shown that the average daily variability of the
effluent BOD leoad from a large metropolitan waste-treatment plant is com~
posed almost entirely of random variation. It is, however, doubtful that

this observation can be generalized.

2.5.3 Summary. It is clear that there is no single period which can be

chosen as a unit of time that will satisfy all the requirements. A com~
prehensive study for water quality management will require consideration
of a time period for low-flow analysis ranging from a few hours to a year.
The need for devising an optimal sampling program to monitor the water
quality of North Carolina streams could not be greater. Unfortunately, it
is a difficult area to which enough attention has not been given in the
past, not only in the state but nationally, and very few guidelines are
available. A hard look at the existing practices appears to be in order
to make it more relevant and responsive teo the emerging needs.

The various short, medium, and long-term effects require that stand-
ards prescribing multiple magnitudes and durations of contaminants be

adopted.

2,6 Analysis of Low Flows

Low-flow data can be analyzed in several different ways: (1) The
empirical cumulative frequency distributions, called duration curves,
can be used to associate the percent of time with probable flews that are
less than certain specified values. (2) The magnitude and duration of
low=flow events with theilr associated probabilities can be analyzed by
postulating theoretical probability distributions governing the phenomena.
(3) Techniques of time-series analysis can be employed postulating purely
random or linear stochastic processes, and (4) regional analysis techniques
can be used by estimating parameters that are inherent in the various
historical sequences of low flows at a number of sites in a region and

relating them to certain physiographic characteristics of the region.






Chapter 3

DURATION CURVES

3.1 General

Low-flow data can be analyzed by flow-duration curves which are cumu-
lative frequency diagrams made from a continuous time series of discharges
Conventionally plotted, the abscissa at any point on the curve is the per-
centage of time with which a specified daily discharge is equaled or
exceeded during the period of record. In this study dealing with low
flows, it is more convenient to plot percent of time for which a specific
flow is equal or less. As we are concerned with flows less than the mean,
the ordinate is on arithmetic scale rather than the usual logarithmic
scale. Strictly speaking, a duration curve applies only ﬁo the peried
covered by the record. In general, it does not show the kind of distribu-

tion we should expect in an average year. If, however, the assumption is
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made that the future flows will follow the pattern represented by the past

observations, the flow-duration curve may be used to estimate the probable

occurrence of specific discharges. It is obvious that the lowest recorded’

values will tend to decrease as the length of record increases. Duration
curve is, therefore, a questionable tool when used in determining the
probable minimum annual values of flow. Furthermore, it gives a wrong
notion of duration. Actually, no time sequence is involved. In the.
diagram, the low discharges in several years are grouped together; in
nature the low discharges are not so grouped. Even in a single year all
the low flows are not confined to a single continuous period;'a period of
relatively larger flows almost always intervenes. The flow-duration
curve shows the probable average number of days that the flow is less
than the specified value. It does not exhibit the duration or frequency
of shortages. In the duration curve the discharges are arranged in order
of magnitude, and it does not take into account the different patterns of
seasonal variation on different streams., However, the duration curve
analysis can be very useful if its limitations are recognized.

When the duration curves are studied with a purpose to compare the

low-flow characteristics of several drainage basins, as is the case here,
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it is essential to express the rate of flow as the ratio of the mean rate
of flow. A look at the duration curves reveals the well-established fact
that there is a higher number of occurrences of the lower flows and
relatively smaller number of flows greater than the mean. The flow in
many rivers included in the study is equal to or less than the long-term
average 70 percent of the time (Table 3~1), It is worth noting that ‘
despite differences in physiographic and climatic characteristics, all
duration curves pass through or near a single point. Table 3-1 presents
the ratios of discharge to the mean at ten percentage points, viz, 0.1,
0.5, 1, 2, 5, 10, 20, 30, 50 and 70 pexcent, for the records adjusted to
period 1896=1955.

The greatest utility of duration curve in low-flow analysis stems
from the fact that equivalences can be established between duration per-
centages and low flows of specific duration and frequency. Goddard (1)
states that a study of selected representative stations throughout North
Carolina indicates that seven-day, ten-year discharges have duration per-
centages ranging from 98.2 to 99.6 and averaging very close to 99.1. For
the streams included in. this study the percentage ranges from 98.6 to
99.4 (Table 3-2)., It is remarkable that in spite of large differences in
catchment characteristics, their influence on flow characteristics is not

as great as one might presume.

3.2 Index of Low~Flow Variability

Based on the slope of duration curve, a number of indexes of stream—
flow variability have been suggested. Standard deviation is a measure
of variability. The indexes utilize the faect that for streams with the
same skewness, the distance from the mean to any point on the duration
curve is directly proportional to the coefficient of variation. Lane and
Lei (%) introduced a variability index which was defined as the standard
deviation of the logarithms of stream discharges. This is equivalent to
the ratio of discharge exceeded 15.9 percent of time to discharge exceeded
50 percent of time. This index is quite accurate in the midrange of .
duration curve (i.e., 5 percent to 95 percent) but can be seriously in.
error at the extreme low end of the curve (for example, below 2 percent).

Theon‘So Geological Survey proposes the slope of the duration curve as >
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Table 3=1. Duration Curves

Stream Avg. %Z of time flow (in terms of mean) is equal to or less than
No. |cfs/sq.mi. 70 ] 50 30| 20 | ‘10 5 12 1 0,5} 0,1
01 1.11 .991 | 617} .389] .299{ .204],150}.103{.077] .059 ‘e
02 1.02 .936 | .461| .223} .145} .081}.051}.029].021| .016} .008
03 1,04 +957. § 557 .313)] .219} .135].091}.056}.041} .032] .018
04 1.00 .870 | .4841 .238) .146§ .068}.032].005] O 0 0
05 1,06 .861 | .458| .222] .136} ,065].0351.016.009| .006| .002
06 1.08 .902 | 514 .220) .187} .113|.074.044}.030] .020} .007
07 1.21 835 <484 261 .174% ,099].060].0311.018} .007f O
08 1.10 « 877 «5621 335} .244) .156}.113{.,076}.062] .05k .035
09 1.06 «873 | .553| .330}) .241} .156}.112|.075}.060| ,049| .033
10 1.09 .866 | .573f .361) .268} .177}.132|.093}.075] .062§ .045
11 0,981 1,975 | .596] .352| .251§ .161}.109].066].047] .034] .018
12 1.10 . 936 .552| .323| .228| .143|.095}.055(.039} .027} .013
13 1.22 +701 } ,2571 .083] .033} .008{.002} O 0 0 0
14 1,54 . 987 «721| .540] .449] .354.284}.215].179] .154| .113
15 1.66 1,006 | .747| .548 .456} .352].284{.211.173| 143} .099
16 .918 1,122 § 739} .493] .400] .293},230§.171}.144} ,126] .090
17 1.65 ,970 | .752| 574 487 .3941.329}.271].241} .213| .162
18 1.25 .736 | .358| .181] .124] .073}.051}.036].029} .024} .017
19 1.18 .966 | 698 .519| .433} .336].281.224}.192} .166] .125
20 1.81 .950 | .702) .521} 426 .330{.2721.215].184} .161§ .117
21 1.72 2994 | 750 .573] .485] .389}.3311.272}.240] .211] .165
22 1,40 1.014 | 743 544 454 .357].296(.2401.194} .164] .118
23 1.08 944 | 644 435 342 .248).191}.132].104} .083] .055
24 2,50 .948 | .640} .428) .330} .235].178}.128].104} .084} .057
25 0.805 1,091 | .500} .185)] .104} .0421,0171.004{.001] .001}] O
26 2,22 2941 | 712 .522| 435 .353].294}.2461.220} .196] .158
27 2.22 - .964 | <604 .365) 261} .167].1141.076].059| .046| .028
28 1,63 .957 L644 ) 443 ) .350) .253|.1940.144].118) .096] .065
29 1.79 2939 | .648)] .4521 .359| ,267{.210].138]| .. ve oo
30 3,27 2991 | .734] .526| 431} .346|.276].2131.183] .154] .108
31. 2,20 1.045 | 777 .586| .491 1 .3851.316{.250].214] .183] .135
32 2,59 1.023 | .772} .575{ .483 ] .380}.314(.251{.218} .186| .140
33 3.74 - .984 | .749 ] .551{ .457 1 .369|.302(.2441,216) .185] .140
34 1.09 .917 .1 .593} .394| .307} .219}.163].117},095] .077] .050
35 2,17 - 1,014 | .700( .4881 .406 ] .316(.255(.206{.,2177| .154] .116
36 3.55 1.070 | 685 .442 | 344} .240(.,180}.131|.101} .079] .047
37 2,47 1,041 | .652] 409} .3081) ,2241.179].140].119§ .102| .076
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Table 3~2. Duration Percentages for Specific Flows
Stream Average 7=day Percent 30~-day Percent of
No. Flow 10-year Flow Time > 10~year Flow| Time >
01 1.11 .083 99.05 2116 98.0
02 1.02 .021 99.0 . 032 98.0
03 1.04 . 043 99.0 - 062 97.7
04 1.00 .00 99.0 . 006 97.9
05 1.06 . 009 99.1 s018 97.9
06 1.08 »031 99,05 .051 97.6
07 1.21 .020 99.1 .042 97.7
08 1,10 . 066 99.1 .09 97.5
09 1.06 .061 99.1 + 085 97.7
10 1.09 «079 99.1 . 106 97.7
11 0.98 » 045 99.0 . 069 97.7
12 1.10 . 042 99.0 . 065 97.7
13 1.22 .00 99.0 .00 97.7
14 1.54 .270 99.1 . 331 98.0
15 1.66 »314 98.6 . 380 97.2
16 .92 +131 99,0 «162 97.7
17 1.65 <394 99.05 +463 97.5
18 1,25 »031 99.4 - 044 98.1
19 1.18 « 214 99.2. +259 98.1
20 1.81 +323 99.1 «382 97.8
21 1.72 « 402 99.1 467 98.0
22 1.40 +285 98,8 <346 97.6
23 1.08 <119 98,8 »153 97.5
24 2.50° . 246 99.2 «310 98.2
25 .81 .001 99.0 . 004 97.7
26 2,22 «507 98.7 »580 97.0
27 2,22 .117 99.25 .159 98.3
28 1,63 .182 99.15 0222 98.3
29 1.79 2223 99.15 2274 98.3
30 3.27 «574 99.13 .686 98.1
31 2,20 <434 99.27 .518 98.4
32 2.59 »533 99.2 . 626 '98.3
33 3.74 » 766 99.2 . 884 98.3
34 1.09 . 095 99.2 .122 98.2
35 2,17 -368 99.15 .429 98.3
36 3.55 +333 99.15 <428 98.3
37 2,47 +260 99.4 «317 98.55
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defined by the ratio of flow available 50 percent of the time to that
available 90 percent of time as the quantitative measure of variability (5),
Hely and Olmstead (6 ) conclﬁde that this might be the best index in

many situations because it varies inversely With the numerical valﬁe'of
the slope of a definite segment of the duration curve. ' This index is

not a sensitive measure of the variability of low flows and in several
cases gives a wrong ranking of low-flow variability. At the low extreﬁé
end, the curve is generally affected by the skewness of the distribution
of discharges. As pointed out earlier, the mean flow in North Carolina
streams is exceeded for about 30 percént of the time, and the seven-day,
ten-year flow corresponds to 99 percent of time. An index using the ratio

70 percent low flow
1 percent low flow

will cover the variability of the whole range of low flows.. The values.
of this index along with some other ratios are given in Table 3-3. Typi-

cal ratios are

Yadkin River at Wilkesboro sse0. . &4+15
French Broad at Asheville .oosso 4,88
Drowning Creek near Hoffman ...,  5.53
Neuse River at Clayton sossosose 142
Waccamaw River at Freeland os... 878.0

The stability of the low flows in the last 10 percent can be obtained
from the ratio of 10 percent and one percent low flows. These are also
given in Table 3-4. There appears to be no correlation between the index

of variability and the mean annual flow per square mile,

3.3 Temporal Variability

Water quality management is usually based on the flow exceeded with
a given percentage frequency rather than on the average flow. Therefore,
it becomes necessary to evaluate the reliability of a duration curve
derived from a complete record. In low-flow analysis we are interested
both in the variable incidence of magnitude deficits and of deficiency
durations as a means of assessing the uncertainties of duration curves.
Long-term behavior of low flow does not give adequate information for

water quality management. The probability distributions of magnitudes
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Table 3-3 ]

Indexes of Low-Flow Variability

Stream No 707 low flow | 50Z low flow | 10% low flow | 50% low flow
‘ ) 17 low flow ‘1% low flow'} 1% low ' flow | 10% low. flow
01 12.94 8.01" 2.65 3,02
02 45,48 21.95 3.86 5,69
03 23.14 13.59 3.29 4.13
04 © o0 oo 7.12
05 91.30 51.89 7.22 7.05
06 30.44 17.13 3.77 4,55
07 45,91 26,89 5.50 4,89
08 14,19 9.06 2,52 10.04
09 14,45 9,22 2,60 3.54
10 11.51 7.64 2,36 3.24
11 20,78 12.68 3,43 3.70
12 23,95 14.15 3.67 - 3.86
13 o o o 32,13
14 5.53 4,03 1.98 2.04
15 5.82 4,32 2.03 2,12
16 7.80 5.13 2,03 2.52
17 4,03 3,12 1.63 1.91
18 25,56 12.34 2,52 4,90
19 5.02 3.64 1.75 2,08
20 5.17 3.82 1.79 2.13
21 4,15 3.13 - 1.62 1.93
22 5.22 3.12 1.84 2,08
23 9,11 6,19 2,38 2,60
24 9,12 6.15 2,26 2.72
25 878.00 500,00 42.00 11.90
26 4,28 3.24 1.60" 2,02
27 16.21 10.32 2,83 - 3.62
28 8.13 5.46 2.14 2,55
29 " n 111 2643
30 5,41 4,01 1.89 2,12
31 4,88 3.63 1. 80 2,02
32 4.69 3.54 1.74 2,03
33 4,56 3,47 1.71 2,03
34 9,62 6,24 2,31 2.71
35 5.73 - 3.95 1.79 2.22
36 10.58 6.78 2,38 2,85
37 8.77 5.48 1.88 2.91 .
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and durations can be derived by preparing duration curves for each year
of record at a gauging station. In general, the dry year with below
average runoff will have a higher number of occurrences of smaller
magnitude than an average year? and the wet year a smaller number. A
qualitative indication for the raﬁge of variability can be obtained by
considering the driest and the wettest yeér of recordo‘ A more satis-
factory approach was adopted by Collinge ( 7) in which he expressed the
variability as the coefficient of Variation'ofvdischarge expressed as a
ratio of long-term average for a specific percent of time for each year
of record. His tentative conclusion was that at the low flow end of the
duration curve, the smaller the catchment area the greater the value of
coefficient of variation. Alternatively, the variability of the fre-
quency for a specific discharge for each year of récord can be expressed
as a coefficient of variation. The Beta distribution may provide a suit-
able model for studying the random behavior of percéntagese

Table 3=4 compiled fromiold data shows élearly the variability of
duration certainty based on failure intervals. The table shows a greater
variation for smaller catchments. 1t also points out the non-uniformity
of effect on different streams of a particular drought year.

A detailed study of quantity—baséd and time-based variability of
duration curves was not undertaken for this study. It; however, shows

considerable promise of enhancing our understanding of low flows.

3.4 Spatial Variability

In North Carolina, the discharge expressed as the ratio of long-
term average for a specific percent of time exhibits wide variations
between three physiographic regions and for streams within a physiographic
region, Figures 3~1; 3-2 and 3-3 'show duration curves for a number of
streams in the Blue Ridge, Piedmont and Coastal regions. Some of the
gauging stations, although physically located in one physiographic region,
do not have all of their drainage area in that region. Their flow
records exhibit an intégrated response which is not characteristic of
any one region alone. The differences between>thekbehavior of the three
physiographic provinces are thus not as great as they would be if the

drainage areas were wholly in individual regions. On the average, the



Table 3-4, Variability of Deficiency Duration
] ) Dischafge Number of days when dischérge-was equal to or
Gauging Station cfs less than that shown in first column

P 1925§ 1926 ] 1927 [1928 | 1929 1 1930 1931] 1932 1933 1934 | 1935
Fishing Creek 50 7} 82 6 Q 0 31 _6 70 113 8 0
Cape Fear at Lillington 10Q 20 | 31 Q 0 0 347 14 16 65 2 10
Flat River at Bahama 5 58 0o | o o] 45 | 10| 73| 100 | 27 0
French Broad. 600 107F 28 10 0 0. 79 74 10 0 0 0
Haw River | 20 34 0 46 12 0 2
Neuse at Clayton 150 5 0] 221 19| 82 | 110 | 39 7
South Fork New River- 125 82 67 36 26 3 0 0
Roanoke'Rivef 1,500 49 | 56 38 0 0

(Source: Data Compiled from Discharge Records of North Carolina Streams 1889-1936)

vT
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duration curves for the Blue Ridge province lie above those in the Pied-
mont or Coastal areas and exhibit relatively smaller spatial variébility.
The Piedmont province shows the greatest variability, although the flows
expressed as ratios of long-term average are intermediate between those
of the other two regions. 1In this province, Mayo River near Price, Yad-
kin River at Patterson, Fisher River near Copeland and South Yadkin River
at Mocksville exhibit identical duration curves.

The Coastal Plain province has, on the average, lowest flows but
intermediate variability. The inevitable conclusion is that generalized
flow duration curves will be applicable only to extremely restricted

areas,

3.5 Averaging Time Unit

Duration curves can be plotted with the flow averages over any
period of time. The duration curve drawn from daily data is more extreme
than seven-day curve which in turn is more extreme than the monthly
curve, As the time unit is increased in length, the lower end of the
duration curve rises and the upper end is lowered. Relatively speaking,
the upper end of the curve (i.e., high flows) is more semsitive to the
variation of. the time unit than the lower end (i.e., low flows).
Furthermore, the effect is not the same on all streams. For example,
the duration curves of western North Carolina streams have a greater
downward slope in the lowest three percent of the times as compared with
the New England streams (8). Preliminary calculations indicate that
there was very little difference (a maximum of one-half percent of time
for seven—day; ten-year flow) on the lower end of the duration curves
for one, three and seven days provided there was no significant regula-
tion, For water quality management, flow duration curves based on

monthly flews are not satisfactory for showing the variations.in flow.
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Chapter 4

PROBABILITY DISTRIBUTION OF LOW FLOWS

4,1 General

In water quality management one is faced with the practical problem
of estimating the magnitude and duration of different low-flow events
with their associated probabilities. The use of statistical methods is
predicated on the assumption that (1) there is a theoretical probability
distribution by which the low flows‘conform, and (2) the future patterns
of flows will be identical with the patterns observed in the past; i.e.,
the finite sample available i1s truly representative of the infinite
population. On deductive arguments alone there is no reason to believe
that low flows should follow any known theoretical distribution. A
procedure for determining the actual underlying distribution, particularly
from a relatively short record, is not available., The uncertainty con~
cerning the actual underlying distribution poses significant problems in
hydroibgyo Since the true probability distribution is unknown, more than
one functional relationship should be used to determine if the water
quality management decisions are sensitive to the choice of distribution.
More research is needed to establish from both deductive and inductive
reasoning, the true form of the probability distribution of low flows.

If a universally applicable distribution could be found, the low-flow
behavior of different streams could be compared by using the statistical
parameters of distribution., Furthermore, it can be shown that if the
distribution governing a phenomenon is known, quite tolerable estimates
of even rare events can be obtained from even quite short records (9 ).
The distributions commonly used in the low-flow work extrapolate dif-
ferently; the estimate of the magnitude of rare events are dependent on
the assumed distribution.

In the absence of universally applicable theoretical distribution,
an empirical curve-fitting approach is adopted to select the most appro-
priate distribution., Several distributions have been proposed for annual
minimum flows. The parameters of a candidate distribution are estimated

from the observed data. There are many methods of estimating the
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parameters. The distribution which fits the data most closely, according
to some objective criterion, is selected as the most appropriate in a
given situation. '

The low flows, in common with other hydrologic variables, are posi-
tively skewed. In most arrays of low flows, there are more occurrences
below the mean than there are above it. For the streams studied in
this report in all cases but one there were greater number of years when
the minimum surface flow was below the mean than above it. For example,
the French Broad River at Asheville had thirty-seven years of seven=-day
annual low flows below the mean and only twenty-four above it, In water
quality management, the lower limit of distribution is more critical.

This limit is generally greater’than zero but smaller than the recorded
minimum, The upper limit of the distribution of low flows is more flexible,
and is also less important from the point of view of water quality manage-
méntg An appropriate distribution for low flows should, therefore, be
positively skewed and have a lower limit between zero and the lowest
observed vélueo The characteristics of seven-day annual minimum flows are

given in Table 4~1.

4,2 Two Parameter Distributions

The usual length of a hydrologic record is not adequate to permit
reliable estimates of the population values from the third and fourth
sample moments. It is, therefore, argued that a two-parameter distribu-
tion selected to represent low flows should contain only two parameters,
The particulars of two-parameter distributions applicable to low flews
are given in Table 4-2,

A two-parameter univariate distribution may have a constant or a
varying shapeo A fixed-shape distribution has a location and a scale
parameter. The model of the distribution is fitted to different streams
by the selection of appropriate values of these parameters. The location
and scale parameters of a normal distribution are its mean, p, and its
standard deviation. o, respectively. All normal distributions have the
same shape; i.e., the distribution has no shape parameter, Irrespective
of the values of u and o, the skéwness measure, Bl, of a normal distribu-~
tion is zero, and it has a relative kurtosis, B, of 3. The distribution

2
is not limited to non-negative variates.

T
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Table 4-1, Characteristics of 7-day Annual Minimum Flows
Mean Std. Dev. Coeffs.of Minimum Standardized
Stream No. —_ Variation Range
X =] — X .
C = s8/x% 1 T = (X-x,)/s
v 1
01 25,92 14,11 0.54 1.70 1.72
02 38.94 32.08 0.82 5.50 1.04
03 84,05 57.42 0.68 16.70 1.17
04 2,45 2.96 1.21 0 0.83
05 8.05 6.35 0.79 0.40 1.21
06 21.75 12.49 0,57 1.20 1.65
07 6,91 4,54 0.66 0.10 1.50
08 171,22 89.63 0,52 52,10 1.33
09 328.93 168.21 0.51 97.60 1.38
10 466.32 216,79 0,46 142,60 1.49
11 67 .40 35.98 0.53 " 11.40 1.56
12 277 .57 143.15 0.52 40,10 1.66
13 0,07 0.14 2,17 0 0.46
14 76,18 26,88 0.35 31.70 1.67
15 62,88 24,57 0,39 16,60 1.88
16 259,58 98,46 0,38 91.60 1.71
17 58.48 19.51 0.33 25,00 1.72
18 66.94 23,21 0.35 25,90 1.77
19 110.08 41,70 0,38 36.10 1.77
20 15,95 7.09 0. 44 5.90 1.42
21 305,13 110.57 0.36 116.00 1,71
22 120,16 43,65 0.36 44,90 1.72
23 1,971.82 803,79 0.41 521.00 1.81
24 30.41 13.26 0.44 10.40 1.51
25 25.12 29.28 1.17 0.10 0.85
26 159.47 54,50 0.34 85.90 1.35
27 1.51 0.87 0.58 0.40 1.28
28 40, 80 13.09 0.32 19.60 1.62
29 64.98 23.14 0.36 32,30 1.41
30 39.51 14.34 0.36 14.60 1.74
31 738.71 260,24 0.35 257,60 1.85
32 584.73 209,34 0.36 239.10 1.65
33 79.69 27.85 0.35 37.90 1.50
34 29.71 12,10 0.41 9.80 1.65
35 38,03 10.63 0.28 24,00 1.32
36 10.07 3.83 0.38 4,80 1.38
37 49,19 20,54 0.42 13.30 1,75
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Type I asymptotic distribution of minimum values (Gumbel's extreme
value distribution) is the limiting model for the distribution of the mini-
mum of n independent values as n approaches infinity from an initial
distribution whose left tail is unbounded. The distribution is skewed to
the left, the parameters u and b are location and scale parameters,
respectively. The parameter u is the mode of the distribution. The dis-
tribution has a constant shape and does not lend itself to the diverse
patterns exhibited by low flows. The distribution is not limited to non-
negative values of the variate.

The univariate distributions of varying shape possess one or more
shape parameters and can be fitted to a wide variety of distribution
functions by the proper selection of the shape parameter, The log normal,
Weibull, and gamma (Pearson Type III) distributions considered in this
study are multishaped, positively skewed and have zero as the lower limit
of the variate. The log-normal distribution is the model of a random

variable whose logarithm follows the normal distribution with parameters

u=4nzx

and S o An X.

The resulting probability density function for x is given in Table 4-2.
The distribution is skewed to the right, the degree of skewness increasing
with increasing values of S. It may be observed that u, a location param-
eter for the normal variable in x, behaves as if it were a scale parameter
for the variable x; and S, a scale parameter for %n x, behaves as a shape
parameter for x.

The Weibull distribution, a modified form of the Fisher-Tippet
Type III asymptotic distribution, is the limiting model for the distribution
of the minimum of n values as n goes to infinity from an initial distribu-
tion bounded on the left. Weibull distribution may be considered as the
logarithmic Gumbel distribution. If %n x has a Gumbel distribution for
minimum values, with location parameter equal to u and scale parameter
equal to b, then the distribution of x is Weibull with scale parameter
o = u® and shape parameter k = 1/b, The scale parameter, 6, is called the
characteristic drought and has a constant probability of 1l/e. The Weibull

probability density function is unimodal for shape parameter k > 1, is
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equivalent to the exponential distribution for k = 1, and is reverse
J-shaped for k < 1. The distribution is skewed to the right. This dis-
tribution is considered in greater detail in Chapter 5,

The gamma (Pearson Type III) distribution lies at the transition
between beta distributions of the first kind and second kind (10).
A random variable is said to have a gamma distribution with scale parameter
a and shape parameter b (a > 0, b > 0) if its probability density function
is positively skewed; the degree of skewness depends on the shape parameter.
By varying the two parameters the distribution can be fitted to a wide

diversity of distributional shapes.

4.3 Three-Parameter Distribution

‘The two-parameter form of log-normal, gamma and Weibull distributions
is based on the premise that either the location parameter is known a
priori or is zero, On some streams, there may be a reason to believe that
the flow has a threshold value (although unknown) below which it will not
fall, To accommodate this situation, it is possible to generalize these
distributions to cover an interval other thaﬁ (0, ») by the introduction
of a location parameter, e¢. The minimum possible value of flow at a

gauging station is assumed to be a constant such that
Prob (x <) =0

The probability density functions of the three-parameter distributions
along with the range of parameters are given in Table 4-3,

For the usual length of the hydrologic record, the estimate of the
third central moment has large sampling errors. For this reason, the
estimates of the three parameters are rather crude; the estimate of ¢ may
give a value greater than zero, while in reality it is equal to zero. As
a rule of thumb, e should be assumed equal to zero, if the parameter esti=-

mate indicates that

e < 0,1 X% .

4.4 Probability Plotting of the Empirical Data

The items in the time series of annual minimum flows are ordered
either in decreasing order of magnitude from the highest to the lowest

flow (i.e., according to the increasing severity of the drought), or in




















































































































































































































































































































































































































































