THESIS

COMPUTATIONAL METHODS FOR DETERMINING EFFECTIVE DISCHARGE IN THE
YAZOO RIVER BASIN, MISSISSIPPI

SUBMITTED BY

CHRISTOPHER LEE HOLMQUIST-JOHNSON

DEPARTMENT OF CIVIL ENGINEERING

In partial fulfillment of the requirements for the
Degree of Master of Science
Colorado State University

Fort Collins, Colorado

Spring 2002




Colorado State University

NOVEMBER 15, 2001

We hereby recommend that the thesis prepared under our supervision by

Christopher Lee Holmquist-Johnson entitled Computational Methods for Determining

Effective Discharge in the Yazoo River Basin, Mississippi be accepted as fulfilling in

part requirements for the degree of Master of Science.

Committee on Graduate Work

Dr. Cﬁnstopher I “Thornton

C0ou ¢, et

Dr. Ellen E. Wohl

C 23&_@0\ ﬁ%—-’ .
~Sandra L.. Woods, Departthient Head

oo g TR

i1




ABSTRACT OF THESIS

COMPUTATIONAL METHODS FOR DETERMINING EFFECTIVE DISCHARGE IN THE YAZOO
RIVER BASIN, MISSISSIPPI

The Demonstration Erosion Control (DEC) project was established to develop,
test, and monitor methods and structures used to control flooding, sediment transport, and
bank failure in the Yazoo River Basin, located in central Mississippi. Primary methods
utilized by the DEC project include grade control structures and flow control reservoirs.
Hydrologic data are extremely important in stable channel design, as well as the design of
grade control structures.

Prior to the 1960’s, it was widely believed that infrequent flow events were
responsible for channel formation. In 1960, Wolman and Miller presented evidence
against the concept of infrequent events and presented the idea of an effective force. This
concept was later termed effective discharge by Andrews in 1980. The definition and
determination of effective discharge is often disputed. Bankfull discharge and the two-
year discharge have also been associated with the effective discharge. As a result, the
determination of effective discharge includes frequency analysis, bankfull analysis, and
flood frequency analysis. Determination of effective discharge for the DEC sites would
be an important aspect in the design of these methods and structures.

Data obtained from thirteen gauged sites in the Yazoo River Basin were
instrumental in the determination of effective discharge. Based on these limited

hydrologic records, several methods were developed to determine the effective discharge
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at twenty-three study sites within the Yazoo River Basin. Procedures and data were
developed to analyze and create flow-duration relationships. Sediment transport
relationships were developed for total sediment load and total bed material load for
thirteen USGS gauging stations within the DEC watersheds. Effective discharge
calculations were made using the following data: 15-minute discharge data, total
suspended load, and bed material load.

Calculated effective discharges transported a range of 47% to 67% of the total
sediment yield and were within the published error range of + 44% of the two-year
discharge. The Q./Q; ratio ranged from 0.4 to 1.2 (u=0.8, 6=0.4). From the results of

this study a general set of guidelines for determining a design discharge for the Yazoo

River Basin, Mississippi was developed.

Christopher Lee Holmquist-Johnson
Civil Engineering Department
Colorado State University

Fort Collins, CO 80523

Spring 2002
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1 INTRODUCTION

The United States Army Corps of Engineers (USACE) established the
Demonstration Erosion Control (DEC) Project in 1984 to develop and test systems for
controlling sediment, flooding, and general channel stability improvements for selected
stream sites in the Yazoo River Basin in Mississippi. Since the beginning of the DEC
Project, many features have been utilized to accomplish DEC goals, including: grade
control structures, pipe drop structures, flow control reservoirs, and bank stabilization
measures. Colorado State University currently monitors 33 DEC sites within 16 basins in
the State of Mississippi. Figure 1.1 presents the locations of the watersheds presently
being monitored. The majority of the DEC sites have limited hydrologic data available
or are ungauged. Because of the limited availability of hydrologic dgta for the Yazoo
River Basin, additional methods for the determination of project hydrology must be used
in order to aid in the continued design of channel stability improvements.

Determination of project hydrology is an essential step for the design of stable
channels and grade control structures. Design of these structures and the channel systems
must be analyzed and constructed to withstand the hydrological elements and change in
channel form. To design these systems, engineers must be able to understand system
changes, such as variations in channel form; and causes of these changes, such as
variations in the channel flow and resulting sediment transport. The concept of a

channel-forming discharge is closely related to the concept of dynamic-equilibrium,

which is characterized by fluctuations of channel form around an average condition




through time. Soar (2000) states that the channel-forming flow or dominant discharge is a
geomorphological concept and not a measurable parameter. However, there are three
definable flows that have been used to represent the dominant flow based on the
application of repeatable geomorphological and hydrological techniques: bankfull
discharge, flow of a specified recurrence interval, and effective discharge. The focus of
this study is based on the third technique, effective discharge, and will use the other
techniques for comparisons.

Effective discharge is defined as that increment of discharge that transports the
largest fraction of sediment load over a given period of time (Andrews, 1980).  The
general procedure for determining the effective discharge incorporates a Magnitude-
Frequency Analysis (MFA) based on the concepts and definitions presented by Wolman
and Miller (1960) and Andrews (1980). Measurements of sediment discharge and water
discharge are needed to develop frequency of occurrence and sediment transport curves.
Ideally, gauge-defined water discharge and sediment discharge would exist at each site.
However, most channel stabilization projects involve unstable stream sites; therefore, it is
unlikely any gauges will exist. Effective discharge determination would aid in the design
of these projects and features.

Objectives of this study are to present a computational procedure for further
investigation and development of the effective discharge for each of the DEC monitoring
sites based on the limited, available hydrologic data obtained from the U.S. Geological

Survey (USGS) gauging stations within the Yazoo River Basin. The procedure would be

applicable to the Yazoo River Basin and should be widely applicable as a necessary




component of stable channel design. The following tasks were developed to accomplish
the project objectives:
e develop a computational procedure for determining effective discharge for the
DEC monitoring sites based on limited available hydrologic data;
e determine the effective discharge at gauged sites in the Yazoo River Basin
using various computational methods: MFA, two year recurrence interval
(Q2), and an analytical effective discharge equation (Nash 1994);
e investigate how the results of the effective discharge calculations change
based on methods used, arithmetic vs. logarithmic, and number of bins used in

classification;

e investigate flow duration and annual sediment yield when calculating
effective discharge; and
e better define the type of sediment transported at low flows in the Yazoo River
Basin and the effects that the type of sediment has on the effective discharge
calculations.
Chapter 2 presents the literature review of effective discharge definitions and
methods of effective discharge determination. Chapter 3 discusses the methodology used
for determining effective discharge in this study. Chapter 4 presents the analysis of

results. Conclusions and recommendations are discussed in Chapter 5.
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2 LITERATURE REVIEW
A literature review was conducted to examine channel-forming processes and
definitions related to channel formation and effective discharge. The following sections

review effective discharge definitions and methods associated with them.

2.1 Channel-forming Processes

The process in which river channels are formed is a simple concept based on
equilibrium between the hydrologic characteristics of the river basin and the hydraulic
parameters of the channel. Although the concept of channel equilibrium is basic, the
processes that occur within the river system to reach equilibrium are extremely complex.
River systems are constantly changing their channel form in order to transport the amount
of sediment and water that is being introduced into the system. Depending on the
frequency of the flows and the amount of sediment being transported, the channel form
may change simply by formation of bars and meanders as a result of low flows. On a
larger scale, the entire channel may be affected, resulting in the complete migration and
reforming of the channel as a result of more catastrophic flow events.

It was initially believed that the infrequent flow events of immense magnitude
were the most effective in the progressive formation of river channels. However,
Wolman and Miller (1960) observed that although this belief might be supported by
numerous observations of catastrophic events such as large floods, the catastrophic events

are not necessarily responsible for the formation and development of landforms. Their




evidence showed that evaluation of the effectiveness of a specific mechanism and
importance of different geomorphic processes in channel formation involves the
frequency of occurrence as well as the magnitude of the events. Therefore, the
effectiveness of an event, in terms of the amount of work done on the channel, i1s
measured by the magnitude and the frequency with which it occurs (Wolman and Miller,
1960). The relative amount of work performed by events with a given magnitude and
frequency is measurable in part by the comparison of the amount of total sediment
transported by the individual events.

Movement of sediment is essentially dependent upon the shear forces present in
the channel for a given flow. Based on the channel geometry and resulting flow
characteristics within the channel, sediment is transported from the bed and banks as a
result of the shear stresses between the sediment particles and forces associated with a
given flow. Generally, as the magnitude of a flow event increases, the amount of
sediment transported also increases as a result of the increase in shear stress present in the
channel. A relationship between discharge and sediment transport can be described by

the following equation:

Q, = aQ’ Equation 2.1
where:
Qs = sediment discharge;
a = scale factor coefficient;

Q = discharge; and

b = shape factor coefficient.




From Equation 2.1, it is evident that as discharge increases, sediment discharge

Creases exponentially. As a result, the infrequent high-magnitude events (ransport

sediment at the highest rate and do the most work on the channel per event. However,

{hese events may OCCUT SO infrequently that there is a relatively small impact on the shape

and formation of the channel over a long period of time. Conversely, the frequent low-

diment at a much lower rate and, although only minor work

magnitude events transport s&

is done on the channel, over a long period of time these flows transport a large amount of

sediment because of their high frequency of occurrence. Leopold (1994) suggested that

there 15 an intermediate discharge that is both sufficiently frequent and effective to do the

most work on ihe channel, and be most important n channe! formation and maintenance.

Figure 2.1 depicts the relationship between sediment transport, frequency, and

magnitude. The maximum of the product of the frequency-of-occurrence curve and the

sediment-transport curve is the discharge at which the greatest amount of work is done.

The peak of curve C from Figure 2.1 represents the discharge that is most effective n

rransporting sediment over a period of ime. Wolman and Miller (1960) observed that the

relative proportions of sediment carried by flows of various magnitudes differ

considerably in different rivers. However, they also observed that for both humid and

semiarid regions, the greatest part of the total sediment removed from the drainage basins

was carried by small to moderate flows and not by catastrophic floods.
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Effective Discharge

A - Sediment Transport Rate
B - Frequency of Occurrence
C - Product of Frequency and Transport Rate

Discharge

Figure 2.1 — Relationship between discharge, sediment transport, and frequency of
occurrence

Mackin (1948) stated that the dimensions of a dynamically stable river must be
delicately adjusted to the sediment balance so that over the medium-to-long term,
sediment inputs and outputs are balanced. This was demonstrated by Wolman and Miller
(1960), who showed that rivers adjust the bankfull capacity to the flow that transports the
greatest quantity of sediment load over a period of years, or the flow which expends the
greatest amount of geomorphic work per unit time. Wolman and Gerson (1978) stated
that although high-magnitude low-frequency events can impart a marked change to the
morphology in the short termy, in the medium- to long-term the long duration of lesser
flow events may allow the river to recover an average morphoiogical condition. This was
demonstrated by Wolman and Milier (1960), who found that approximately 90 percent of
the total suspended load in aliuvial rivers is transported by flows recurring more
frequently than once every five years. Where sediment is mobilized at very low

discharges (silt and fine sand bed streams) and/or if there is an abundant sediment supply,




the low-magnitude, high-frequency flows tend to be the most effective in doing work on
the channel (Hey, 1975). Conversely, in arid and semi-arid basins where the frequencies
of rainfall events are very low and base flow is often non-existent, the channels tend to
adjust bankfull capacity to accommodate each storm event. As a result, because the
channels tend to change shape only during these infrequent storm events, there does not
appear to be a particular discharge that accounts for an average morphological condition

because the channels are constantly changing.

2.2 Channel-forming Events

Wolman and Miller (1960), Hey (1975), Mackin (1948), and many other
researchers have demonstrated that the dominant controls of channel form and channel
maintenance are linked to discharge and sediment load. Knighton (1984) states that in a
natural river, these independent variables integrate the effects of local climate, vegetation,
soils, geology, and overall basin physiography. Because both discharge and sediment
load vary significantly over space and time, the application of an appropriate design
discharge 1s critical for long-term channel stability. The problem that has plagued
researchers for many years is the definition of the design discharge. It was first thought
that the bankfull discharge should be used as the design discharge, but this posed the
problem of defining bankfull. A discharge of a prescribed recurrence interval was
another definition that was used to define the design discharge. Wolman and Leopold
(1957) found that the bankfull discharge had a recurrence interval of one to two years.
As a result, many researchers also used the two-year discharge as the design discharge.
Wolman and Miller’s concept of effectiveness, based on magnitude and frequency of

flows, and total sediment transported, was also used in determining the design discharge.




The concept of effectiveness based on magnitude, frequency, and sediment transport was
later termed the effective discharge by Andrews (1980). Doyle et al. (1999)
demonstrated from three rivers in the U.S. that the effective discharge should be used in
preference to other methods and concluded that the effective discharge 1s the most critical
geomorphic and hydraulic parameter in channel design. As Tilleard (1999) noted, the
effective discharge concept provides a relationship between the hydrologic characteristics
of the basin, the hydraulic characteristics of the channel, and the geomorphic
characteristics of the project reach.

With the increasing availability of flow records and computational capabilities,
effective discharge can be readily calculated following field reconnaissance during the
early stages of project design. There are three possible approaches to determining the
channel-forming discharge: bankfull discharge, flow of a given recurrence interval, and
effective discharge. Soar (2000) stated that the method used should have general
applicability, the capability to be applied consistently, and integrate the physical
processes responsible for determining the channel dimensions. Of the three possible
approaches listed above, only the effective discharge has the potential to meet these
requirements.

The various methods used in determining a design discharge for a river vary
concerning definition, magnitude, and frequency. The following sections discuss the
definitions concerning and relating to effective discharge.

2.2.1 Bankfull

Bankfull discharge is the basis of estimating meander parameters, unfortunately
there are a wide variety of definitions for bankfull discharge that provide a range of

values and result in the actual selection of bankfull discharge being very subjective. The
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bankfull discharge, corresponding to the bankfull depth, is often considered to be the
channel-forming discharge and has been shown to occur with the frequency of about one
to two years (Leopold et al., 1964). In addition to the obvious hydraulic significance,
downstream hydraulic geometry and stream restoration designs are generally based on
bankfull depth, width, and discharge (Rosgen, 1994). Although the determination of
bankfull elevation may initially seem trivial and straightforward, the estimation of the
bankfull flow condition in the field is often a difficult and subjective measurement.

To quantify the uncertainties in estimating bankfull discharge, an acceptable
definition or set of definitions of the bankfull condition must first be established. The
bankfull depth from which bankfull discharge 1s determined is very sensitive to the
selection of bankfull elevation and the subjective nature of choosing bankfull elevations
can yield a range of results, depending on the observer. As a result of the subjectivity
and vagueness in the determination of bankfull elevation, various studies have resulted in
the formulation of different methods to define bankfull discharge. These methods vary
by using different exceedence frequencies for bankfull and by recognizing different
features present in natural stream channels. Williams (1978) presented a stream channel
cross section depicting the characteristic active channel, active floodplain, terrace areas,
and the inter-relation of the bankfull conditions to these features, as shown in Figure 2.2.
Although this figure is simplistic in nature, the variability of each feature in a field
condition is quite dynémic and can account for a large degree of uncertainty in the

estimation of bankfull discharge.
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Figure 2.2 — Stream channel cross section (Williams 1978)

Various concepts of the term bankfull and bankfull discharge appear n scientific
literature and are closely intertwined with the definitions of river floodplains and
benches. In 1978, Williams investigated eleven different definitions of bankfull elevation
determined by numerous scientists and engineers. The various definitions of bankfull
elevation required recognition of sedimentary surfaces, observations or measurements of
boundary features, and measured cross sections. Eleven definitions of bankfull elevation
presented by Williams (1978) are listed in Table 2.1.

Williams states that the eleven different ways of defining bankfull elevation could
give as many as eleven different bankfull levels at the same stream cross section. It is
therefore very important that investigators continue to specify which definition of

bankfull elevation or floodplain they are using.
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Table 2.1 - Bankfull definitions presented by Williams (1978)

The height of the valley flat-- Nixon (1959a)

1
2 [The elevation of the active flood plain - Wolman and Leopold (1957)
3 [The elevation of the lowest bench — Schumm (1960)

— Woodyer (1968) o
The elevation of the most prominent bench - Kilpatrick and Barnes (1964)

The average elevation of the highest surfaces of the channel bars - Wolman and
6 Leopold (1957)

7 |The height of the lower limit of perennial vegetation — Schumm (1960)
The elevation of the upper limit of sand sized particles in the boundary sediment —
8 Nunnally (1967)

The elevation at which the width/depth ratio of the cross section becomes a
9 minimum — Wolman (1955)

The stage corresponding to the first maximum of the Riley bench index — Riley
10 [(1972)

The stage corresponding to a change in the relation of cross sectional area to top
11 jwidth — Williams (1978)

The elevation of the “‘middle bench” for rivers having three or four overflow surfaces
4
5

Based on data that were obtained from twenty-eight gauged sites in the United
States, Williams concluded that the active floodplain, minimum width-to-depth ratio,
Riley bench index, and area vs. width relations were the best definitions for determining
the bankfull elevation. Williams also concluded that the rating curve approach involving
a survey of the entire reach is the recommended method to estimate bankfull discharge at
a gauged site.

2.2.2 Frequency

Discharges of a selected frequency or recurrence interval are often used to
describe channel-forming events such as bankfull, dominant, and effective discharge.
Numerous studies (Biedenharn et al., 1987; Wolman and Leopold, 1957, Andrews, 1980;
Hey, 1975; Omndorff and Whiting, 1999) have shown that the bankfull, dominant, and

effective discharge may have recurrence intervals ranging from one to five years, but the
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recurrence interval can vary among the three discharges quite dramatically depending on
the drainage basin characteristics. Wolman and Leopold (1957) suggested that the
bankfull discharge has a recurrence interval of one to two years. Leopold (1994) found
that most investigators determined that the recurrence interval for bankfull discharge
ranges anywhere from one to two-and-a-half years. However, Pickup and Warner (1976)
found that the recurrence interval could range anywhere from four to ten years.
Recurrence interval for the bankfull discharge varies dramatically because of dilferent
basin characteristics as well as the numerous definitions used in determining the bankfull
discharge, as stated previously. Bankfull, dominant, and effective discharge have often
been used interchangeably by numerous researchers in their determinations of a channel-
forming discharge. Although these terms are used interchangeabtly, this does not mean
that each term has the same recurrence interval. Andrews (1980) reported that the
effective discharge for the Yampa River Basin had a recurrence interval from 1.18 to 3.26
years. In addition, Pickup and Wamer (1976) found the return period of the effective
discharge for a study in the Cumberland Basin was between 1.15 and 1.45 years.
Furthermore, Biedenharn et al. (1987) demonstrated close agreement between the two-
year discharge (Q,) and the effective discharge for the Mississippi River, Red River, and
Pear! River; and Watson et al. (1997) confirmed this similarity for ten streams in northern
Mississippi. More recently, as stated in Soar (2000), Omdorff and Whiting (1999)
calculated the recurrence interval of the Red River in 1daho as 1.46 years, which is very
close to the average bankfull frequency suggested by Hey (1975). Although the
recurrence intervals for bankfull and effective discharge are similar in range, it appears

that the bankfull recurrence interval tends to be higher than that of the effective
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discharge. Although the recurrence interval is not usually used in determining the
effective discharge, it is widely used in comparing the results of the effective discharge

calculation with that of other methods used in determining the channel-forming flow.

2.2.3 Effective Discharge

Andrews (1980) defined the effective discharge to be the discharge that transports
the largest increment of annual sediment load over a given period of time. His definition
follows the concepts presented by Wolman and Miller (1960) and incorporates sediment
discharge, water discharge, and frequency of occurrence in determining the effective
discharge. Figure 2.1 illustrates Andrews’ concept of effective discharge using sediment
transport and frequency of occurrence curves to determine the maximum product, which
defines the effective discharge. The general procedure for determining the effective
discharge is computed using the concepts and definitions presented by Wolman and
Miller (1960) and Andrews (1980). Ideally, continuous measurements of sediment
discharge and water discharge are needed in order to develop the frequency of occurrence
and sediment transport curves. From these curves, taking the product of the two curves
develops a third relationship, a product curve. The discharge relating to the maximum or
peak of the product curve represents the effective discharge (Figure 2.1).

For example, Andrews (1980) calculated the effective discharge for fifteen
gauging stations in the Yampa River Basin in Colorado and Wyoming. Mean daily
discharge records were used in the development of the frequency of occurrence curves,
and the sediment transport curves were developed using measured instantaneous
suspended sediment and adding the bed load discharge, which was computed using

Meyer-Peter and Miuller’s equation for bed load transport. Andrews found that on the
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average, the effective discharge was equaled or exceeded 5.8 days per year or 1.6% of the
time.

Although Andrews added the calculated bed load transport to the measured
suspended sediment load in the development of the sediment transport curves,
Biedenharn and Thorne (1994) used only the suspended sediment load in the
development of the sediment transport curves for three Mississippi River gauging
stations. Biedenharn and Thome assumed that the total suspended sediment load
approximated the total sand load based on the conclusions of Toffaleti’s work in 1968.
Biedenharn and Thome determined that the bed load comprised less than five percent of
the total sand load based on Toffaleti’s calculations and therefore the total suspended
sediment load could be assumed to represent the total load in a sand bed stream. As a
result, a sediment-discharge relationship was created and a frequency of occurrence curve
was developed using recorded mean daily discharge data at each site. From the two
curves, the total product curve was developed and the effective discharge was determined
using the maximum/peak of the product curve. The results showed that the effective
discharge for the three stations along the Mississippi River was equaled or exceeded
about thirteen percent of the time or 47.4 days per year.

Nash (1994) also used Andrews’ (1980) method of effective discharge
determination, but instead of using the MFA to determine the effective discharge, he used
a mathematical equation that described the MFA method. Nash (1994) used Equation 2.1
as the sediment transport curve and then used a lognormal distribution curve to determine
the frequency of occurrence. Based on average daily discharges, the following

relationship was used to describe a lognormal distribution (Salas et al., 2000):
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-(nQ-a)’

J(O) :Jl?_\/:ﬂ Y Equation 2.2

where:

f(Q) = frequency of occurrence of a given discharge, O,

In QO = natural logarithm of discharge;

o= mean of the natural logarithm of discharge; and
3 = standard deviation of the natural logarithm of discharge.
Nash (1994) refers to a transport effectiveness function, which is determined by

the product of Equations 2.1 and 2.2. Transport effectiveness, E, is determined as

follows:
b 3
E= a0 e'LIQ,T)' Equation 2.3
Opvan :
where (a()’) simply describes the transport rate of Equation 2.1. ‘ " ‘

The peak of the product curve or transport effectiveness curve represents the
effective discharge. Effective discharge is determined mathematically by setting the
derivative of Equation 2.3 to zero with respect to Q and solving for Q (Nash, 1994).

Therefore, the following equation was used by Nash to determine effective discharge, Q,:

Q.= Fura Equation 2.4

By using Equation 2.4, Nash was able to determine the effective discharge
without having to divide the discharges into classes, and calculate the corresponding
frequencies. This would appear to solve the problem of determining the number of bins
to use in calculating the discharge frequency curves and would greatly simplify the

process required in determining the effective discharge. By using Equation 2.4, the
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effective discharge is determined simply by determining the mean and standard deviation
of the natural logarithms of the flow data and the exponent b from Equation 2.1.
However, Equation 2.4 assumes that the data are log-normally distributed. Although this
1s usually the case with hydrologic data, one must first test the data to determine whether
they are truly log-normally distributed. For flow distributions that are highly skewed, the
log-Pearson Type 111 distribution may represent the data better than the general lognormal
distribution becausc the log-Pearson Type Il distribution accounts for skew. Based on
average daily discharges, the following relationship can be used to describe the log-

Pearson Type 111 distribution (Salas et al., 2000):

) A nQ-v
S(Q :Hl:(l[i")Q[lLQa;}—oj T Equation 2.5

where:
f(Q) = frequency of occurrence of a given discharge, O;
In O = natural logarithm of discharge;
I'(B) = Gamma distribution of j;
o = scale parameter;
(3 = shape parameter; and
¥, = location parameter.

Scale, shape, location parameters, and Gamma distribution can be determined
from the following equations:

a =

921 Equation 2.6

4
b
2]
5
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P = {—) Equation 2.7

v, =u—af Equation 2.8

5
I(p)=(p+ 4.5)/“"50’(’”“)\/27{1 +>. Ci } Equation 2.9

P+
where:
1 = mean of the natural logarithm of discharge;
o = standard deviation of the natural logarithm of discharge;
v = skewness coefficient of the natural logarithm of discharge data; and

¢; = constants (co= 76.18, ¢;= -86.51, c,= 24.01, ¢1=-1.23, ¢4= 0.0012, and
cs= -0.536x107).

2.3 Effective Discharge Determination using Magnitude-Frequency Analysis
Magnitude-Frequency Analysis (MFA) is the most common method used in the
deterrmnation of effective discharge. Although the concepts used in MFA are fairly
simple, the actual process of determining the effective discharge can be somewhat
problematic. The range of flows experienced by the river during the period of record are
divided into a number of classes and then the total amount of sediment transported by
each class is calculated. This 1s achieved by multiplying the frequency of occurrence of
each flow class by the sediment load for that flow class. Primary input data used in the
analysis consist of: 1) flow data, and i1) a sediment transport rating relationship. The
calculated value of the effective discharge depends to some extent on the steps used to
manipulate the input data to define the flow regime and sediment transport function. The
first step is to group the discharge data into flow classes and determine the number of

events occurring in each class during the period of record.




2.3.1 Frequency and Bin Size Determination

Previous investigations that have used MFA to calculate effective discharge have
used arithmetic and logarithmic discharge scales to develop the histograms needed for the
analysis. Class intervals are needed because instantaneous flow measurements over time
are unavailable. Instead, gauge records contain a sampie of the real flow distribution
relative to a specific time interval, such as 15-minutc data. Subsequently, the frequency
of any discharge cannot directly be determined from a sample distribution but must be
inferred from the frequency of a specific range of measured discharges.

Table 2.2 sumimarizes the type of discharge scales and number of class intervals
used In previous investigations and demonstrates that the majority of calculations have

used an artthmetic discharge scale.

Table 2.2 — Type of class interval and number of classes used to calculate cffective
discharge in a selection of studies (after Soar, 2000)

l
T Reference Class Interval h\lumber of Classes
Andrews (1980) arithmetic ' 20
Webb and Walling (1982) i arithmetic 23
Ashmore and Day (1988) L arithmetic 15-24
Carling (1988) arithmetic 8-12
Lyons et al. (1992) ~_arithmetic | 35
Biedenharn and Thome (1994) - arithmetic 1 - 50-54 5
Nash (1994) 1 logarithmic B JF _ nla \
Hey (1997) | arithmetic | 25
Watson et al. (1997) logarithmic L 35

Goodwin et al. (1998) » arithmetic’ n/a
|Soar et al. (1999) logarithmic ) 23

Thorne et al. (1998) arithmetic or logarithmic™ 25
]
Sichingabula {1999) arithmetic | 20
: _ |
Biedenharn et al. (2000) arithmetic | 25

“used theoretical probability distribution: B

“recommended using logarithmic intervals if there arc zero frequencies in the flow frequency histogram or
if the effective discharge falls within first class.
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The type of class interval (arithmetic or logarithmic) and number of discharge
classes used can influence the effectivé discharge calculation dramatically. The
following section examines the different types of class intervals that have been used in
previous investigations.

2.3.1.1 Arithmetic Class Intervals

Andrews (1980) used arithmetic class intervals in his investigation of effective
discharge for the Yampa River Basin in Colorado and Wyoming. He divided the range of
discharges into twenty equal increments. The sediment-load-duration curve was then
integrated between the limits of each increment, and multiplied by 365 days. A smooth
curve was fitted to the computed points, and the discharge that transported the most
sediment during the period of record was recorded as the effective discharge. Andrews
found that the stream flow duration of the effective discharge varies between gauging
stations and ranged from 1.5 to 11 days per year.

Biedenharn and Thorne (1994) also used arithmetic class intervals in their
investigation of three gauging sites along the Lower Mississippi River. Discharges
varied from a low of about 4,250 m*/s to a high just over 56,600 m’/s. They tested ranges
of flow increments from 140 m'/s up to 6,000 m*/s to determine the class interval that
would accurately describe the effective discharge by producing a relatively smooth curve.
Based on their tests, a flow increment of 1,000 m’/s was selected for the analysis.
Effective discharge was found to be about 30,000 m*/s, was exceeded on average about
13% of the time, and had a return period of about one year.

Finally, Hey (1997) found that twenty-five class intervals produced a relatively

continuous flow frequency distribution and a smooth sediment-load histogram with a
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well-defined peak for determining the effective discharge. Hey (1997) aiso found that
increasing the number of class intervals produced anomalous results. However, this
appears to depend on the drainage basin characteristics and type of sediment transported
within the basin.

These are just a few of the numerous investigations that have used anthmetic
class intervals in the determination of effective discharge. It appears from the hterature
that the majority of effective discharge investigations have used the arithmetic class
interval to develop the flow frequency histogram. Although the majority has used the
arithmetic method, there have aiso been investigations that have used a logarithmic class
interval in the determination of the effective discharge.

2.3.1.2 Logarithmic

Nash (1994) was the first to use logarithmic class intervals in the determination of
the effective discharge. However, instead of actually using a set number of classes, Nash
used an analytical method for determining the frequency of occurrence of a given
discharge. As stated previously, Nash determined effective discharge mathematically by
setting the derivative of Equation 2.3 to zero with respect to Q and solving for ). Nash
compared the discharge frequency histograms of fifty-five streams with the lognormal
distribution and found that seventeen of the histograms fit closely, whereas the rest varied
as a result of kertosis, skew, bi-modal, and multi-modal peaks. From the results, it 1s
evident that the analytical method proposed by Nash has a number of limitations and

should only be used if the lognormal distribution represents the actual flow frequency

histogram.
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Watson et al. (1997) also used logarithmic class intervals in an investigation of
ten streams in the Yazoo River Basin, Mississippi. Based on the USGS flow-duration
procedure, the flow data were divided into thirty-five classes, used in the development of
the flow duration curves, and then used in determining the total sediment load for each
stream. Watson found that the recurrence intervals for the ten Mississippi streams varied
between one and two years and the effective discharge ranged from 1,592 ft*/s to 21,392
ft*/s between the ten streams.

Finally, Thorme et al. (1998) used logarithmic class intervals in their
determination of effective discharge. Although the preferred method was to use
arithmetic classes, they found that for streams in which the effective discharge occurred
within the first arithmetic bin, the flow distribution would be better represented if
logarithmic class divisions were used. This allowed the lower end of the flow-frequency
distribution to be better defined and the corresponding sediment-transport curve to
become smoother and better defined, as well. Determining which method to use to
develop the flow-frequency curve employed in the effective discharge calculation has
plagued investigators for many years.

2.3.1.3 Summary of Frequency and Bin Size Determination

Soar (2000) states that for an unbiased estimation of the actual effective
discharge, discharge class intervals cannot vary in size. If the discharge interval
systematically increases, as in a logarithmic scale, then the resultant sample frequency
distribution is incorrectly skewed in the negative direction. As a direct result, the product
of the sediment load and flow frequency will tend to follow a similar trend. This is

because in MFA, the sediment load transported by the mean discharge of a class is
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multiplied by a frequency corresponding to the probability of falling within that class.
This probability increases with class size. As a result, with logarithmic class intervals, the
systematic increase in the size of class interval with increasing discharge will
overestimate the effective discharge. However, depending on the type of flow,
logarithmic class intervals may be needed in order to define the low-magnitude high-
frequency discharges that occur in the majority of sand bed streams.

Intuitively, it might be expected that the smaller the class interval and, therefore,
the greater the number of classes, the more accurate would be the outcome. However, if
too small an iInterval 1s used, discontinuities appear in the discharge frequency
distribution. These, in turn, produce an irregular sediment load histogram, with multiple
peaks. Therefore, the selected class interval should be small enough to accurately
represent the frequency distribution of flows, but large enough to produce a continuous
distribution, with no classes having a frequency of zero (Biedenharn and Thorne, 1994).
This may result in several attempts at calculating the effective discharge, until a relatively
continuous flow-frequency distribution and smooth sediment load histogram with a well-
defined peak 1s produced.

Although there are no definite rules for selecting the most appropriate interval and
number of classes, Yevjevich (1972) stated that the class interval should not be larger
than s/4, where ‘s’ is an estimate of the standard deviation of the sample. For
hydrological applications he suggested that the number of classes should be between ten
and twenty-five, depending on the sample size. Hey (1997) found that twenty-five classes
with equal, arithmetic intervals produced a relatively continuous flow-frequency

distribution and a smooth sediment load histogram with a well-defined peak. However,




Watson et al. (1997) and Biedenharn and Thome (1994) showed that the use of
logarithmic classes may be required if the flow distribution is skewed towards the low-
magnitude, high-frequency events, especially in sand bed streams. As a result, the
researcher must choose a method that best represents the type of flow distribution and
sediment characteristics that are present in the basin of interest. Because sediment
transport 1s such an important part of the MFA in determining the effective discharge, the
following section examines the methods that previous investigators have developed for
sediment transport relationships used in MFA.

2.3.2 Sediment-rating Curves

The total sediment that is transported by a given discharge within a stream can be
broken down in three ways (Julien 1995): measurement method, transport mechanism, or
sediment source (Tables 2.3 and 2.4). From these tables it 1s evident that where the
sediment comes from, how it is transported, and the process by which it is measured are
not all-inclusive. Whether the sediment is boulders, gravel, or sand largely determines
how the sediment is transported.

Table 2.3 — Classification of the total sediment ioad for a sand bed stream

T
b/leasurement Method | Transport Mechanism { Sediment Source

I‘Unmeasured Load hBid Load 1
Bed Material Load |
Measured Load 'Suspended Load iD)Vash Load T

Table 2.4 - Classification of the total sediment load for a gravel bed stream

| | N N

LMeasurement Method ‘ Transport Mechanism | Sediment Source
Unmeasured Load 7\
Bed Load
Bed Material Load
Measured Load 'Suspended Load LW ash Load
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Nash (1994) and Hey (1997) found that effective discharge calculations for sand
bed streams usually use suspended sediment load for the total load after demonstrating
that the bed load does not affect the calculation or that the bed load is less than 10 percent
of the total load being transported. Conversely, Andrews (1980) used the suspended
sediment load as well as the calculated bed load in his investigation of some gravel bed
streams in Colorado and Wyoming. When bed load and suspended load are both
significant fractions of the total load, then both should be included in the determination of
the cffective discharge. Andrews showed that when measured load is available, the bed
load can be calculated using an appropriate bed load function and then added to the
suspended load fraction to determine the total sediment load in the river.

Biedenharn et al. (2000) stated that in most alluvial rivers the channel
morphology is usually formed from the sediments that are derived from the bed material
load. As a result, the bed material should be used in the determination of the effective
discharge. At gauged sites where the total load primarily consists of suspended load, the
bed material load portion of the measured load should be used in developing the sediment
transport-rating curve used in the effective discharge calculation (Biedenharn et al.,
2000). If a significant portion of the bed material load is transported as bed load, then the
bed load and suspended load should be added together and used in the effective discharge
calculation. If sediment data are not available, it may be necessary to estimate the
sediment transport by selecting a suitable sediment transport equation based on the type
of sediment present in the channel. Once the measured sediment data have been analyzed

or estimated using an appropriate sediment equation, a sediment transport relationship

must be developed.
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Measured load is usually expressed as a single-power function of discharge
(Equation 2.1). Previous investigations have shown that a single sediment-rating curve
overestimated the sediment load at low discharges and underestimated the sediment load
at high discharges (Kuhnle et al., 1999).  Similarly, Hey (1997) used two different rating
curves in his investigations: one for in-bank flow and another for over-bank flow.
However, Dubler (1997) used a single sediment transport-rating curve in his investigation
of ten Mississippi streams and found the rating curve to represent the sediment data fairly
well. Nash’s (1994) analytical solution of effective discharge also showed that a single
sediment rating relationship fit the observed data for all fifty-five streams in his
investigation fairly well (r average 0.88), but tended to be inaccurate at high discharges.
As a result, investigators again must use good judgment in the selection of a sediment

transport relationship in order to accurately calculate the effective discharge.

2.3.3  Product — Effective Discharge

The final step in the calculation of effective discharge is to determine the
discharge that corresponds to the maximum of the product curve, curve C in Figure 2.1.
Although this maximum 1s very evident in a curve with a single peak, it can be quite
difficult to determine the true effective discharge for a multi-modal product curve. Nash
(1994) found that there were a total of six different types of product curves as a result of
his investigation of fifty-five U.S. streams. Although the true maximum of the product
curve can easily be determined, it may not represent the true effective discharge. Some
of the bias that 1s introduced nto the selection of the sediment-rating curve is carried into
the development of the product curve. As a result, if the sediment-rating curve over- or

under-predicts the true sediment transport, then the product curve also tends to over- or

under-predict the true effective discharge.




Previous investigations have shown that depending on the method used to develop
the flow frequency and sediment-transport curves, the resulting effective discharge can
vary dramatically. Thorne et al. (1999) showed that although arithmetic class intcrvals
are the preferred method for developing the flow-frequency curve, logarithmic class
intervals might be preferred if the arithmetic effective discharge falls within the first bin
size. This occurs most often in sand bed streams when the low-magnitude flows have an
extremely high frequency of occurrence. Because these low flows have such a high
frequency of occurrence, the effective discharge usually falls within the first bin size for
an arithmetic class interval because the first bin size 1s so large. Recently, several
methodological developments have attempted to improve the effective discharge
calculation in an attempt to alleviate the error caused by assigning the effective discharge

to a specified discharge class. The following section examines a few of the new

developments in effective discharge calculation.

2.4 Recent Developments

As stated in Soar (2000), Orndorff and Whiting (1999) acknowledged that the
effective discharge is highly dependent on the number of classes used and that fitting a
statistical distribution, such as the lognormal probability density function assumed by
Nash (1994), may misrepresent the empirical distribution of flows, particularly with
multi-modal distributions. They suggested using statistical software to develop an
empirically-based probability density function (PDF) from the actual flow record. The
effective discharge could then be determined by multiplying the empirically-based PDF

by the sediment transport relationship and setting the denivative equal to zero (Nash,

1994).
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Sichingabula (1999) recommended calculating an event-based, rather than the
conventional class-based, effective discharge.  Sichingabula found that a different
effective discharge 1s obtained for every different class size used in the effective
discharge calculation and concluded that “...the problem with the conventional method
of determining the effective discharge 1s the need to discretise the time series and pull out

an isolated range rather than recognize the overall variability and episodic nature of

sediment transport events'.
Similarly, Soar (2000) states:

... this technique may involve developing a cumulative distribution from
thousands of discharge measurements (depending on the sampling time
base) and interpolation of the resultant flow duration curve for hundreds
or thousands of classes (appropriate to the size of the database and
capacity of the channel). Therefore, handling this quantity of data requires
a computer progran which probably explains why the method has not

been developed previously.

An example of this technique was shown by Soar (2000) in Figure 2.3 for the
Delaware River at Trenton, New Jersey. From the case study, an event-based frequency
distribution was approximated by using 1,000 discharge classes, giving a class size of

only 3.68 m?s, compared t0 147.18 m*/s when the conventional 25 classes were used.

29




[USEREX 1200
] — £ vent-Based Liachamge Frequendy 1
buie . 933m’/s —Zmanthed Discharge Frequency
- ] b 100D
AL b . : - Event-Bazed Sedmernt Losad | ‘;é
' R ; : ! - - c
:C p l—‘l : [ ‘ ——Smoathed S edment Load G
ha 4 3 3. : : ol
AN 1 - ; 200
) 1 : i\ , : ) &
& 3 i : Cod i | 3
! 4 -
2000 i $ T
it 1 €
= 3 a0 =
£ ] 600 B
R U W)
O p E
= b g
= 0006 w00 5
= 1
T ] &
T 0D0d ‘ T
— - i >
b b Mgl <
000z Ly
. i
] |
0000 S — SRR M e e a2 oty . ()
10 210 410 [ £10 10 1210 1410 1610 1810
Disehamge (m's '

Figure 2.3 - Flow and sediment frequency distributions for Delaware River at Trenton,
New Jersey.

Soar (2000) found that the effective discharge of the event-based distributions
was 933.4 m'/s, compared to an effective discharge of 436 m’/s computed by extracting

the trend of the event-based distribution. Soar concluded that

...the effective discharge of the smoothed distribution is more realistic of
the general form of the distribution and, if used to restore stable channel

dimensions, has the highest probability of being the most effective
discharge in the restored channel.

In the case of the Delaware River site, Soar found that the conventional 25-class
frequency distribution produced an effective discharge of 416 m'/s. As seen in Figure
2.3, there is a range of discharges between about 300 m’/s and 550 m?/s that transport

similar magnitudes of sediment load. As a result, it would appear that the smoothed

event-based and class-based effective discharges are similar in their results.
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2.5 Previous Effective Discharge Determination for DEC Sites

Previous investigations of the effective discharge for DEC streams include Dubler
(1997) and Hendon (1995). Dubler (1997) used a logarithmically based flow distribution
with thirty-five class intervals and calculated the effective discharge using both 15-
minute and average daily flow records. Dubler found that 15-minute flow records should
be used over daily averages because daily averages tend to under-predict the total annual
sediment yield by about fifty percent. As a result, this will also affect the results of the
effective discharge calculation. Additionally, because of the flashiness of the hydrograph
or rapidity with which the stage increases at a cross section within the DEC basins, 15-
minute flow data are needed in order to accurately develop the flow-duration curve used
in the effective discharge calculation. Dubler aiso used Nash’s (1994) analytical solution
to determine the effective discharge, but found that the resultant effective discharges
were much smaller than those calculated using the logarithmic division of bins, and chose
not to use Nash’s method in his investigation of the DEC streams.

Hendon (1995) aiso investigated whether 15-minute or mean daily data should be
used in the determination of the total sediment load. Ailthough Hendon was not
specifically determining the effective discharge, she was determining the total sediment
yield based on two different discharge time intervals. Becuase the effective discharge is
ultimately determined by finding the discharge that transports the largest amount of
scdiment, Hendon was in part determining the type of data that are needed in order to
calculate the effective discharge. Results from Hendon’s and Dubler’s investigations are

similar in that they both determined that 15-minute discharge data should be used over
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mean daily discharge in the calculation of sediment yield for the Yazoo River Basin in

Mississippi.

2.6 Summary of Literature Review

Wolman and Miller (1960), Hey (1997), Mackin (1948), Andrews (1980), and
many other researchers have demonstrated that the dominant controls of channel form
and channel maintenance are linked to discharge and sediment load. Dominant, effective,
and bankfull discharge are commonly used terms when describing channel maintenance
or form. Effective and dominant discharge are often considered interchangeable terms
and bankfull discharge is frequently equivalent to the effective discharge. Additionally, a
one- to two-year recurrence interval has been found to be common among channel-
forming events. Wolman and Miller (1957) showed that the bankfull discharge had a
recurrence interval of one to two years and as a result, the two-year discharge was also
used by many researchers as the design discharge.

Wolman and Miller’s concept of effectiveness, based on magnitude and frequency
of flows and total sediment transported, was also used in determining the design
discharge. The concept of effectiveness based on magnitude, frequency, and sediment
transport was later termed the effective discharge by Andrews (1980). Andrews (1980)
defined the effective discharge as that increment of discharge that transports the largest
fraction of annual sediment load over an extended period of time. Andrews’ (1980)
definition is practical to planning and design of sediment control structures because the
definition accounts for both magnitude and frequency.

From the literature it is evident that the effective discharge is often determined

using frequency of occurrence and sediment-transport curves. However, simplified
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relationships, recurrence intervals, and bankfull determinations are also used to estimate
channel-forming events. There are three general approaches to determining the channel-
forming discharge: bankfull discharge, flow of a given recurrence interval, and effective
discharge. Although there are numerous methods that investigators have used in the
determination of the channel-forming discharge, Doyle et al. (1999) demonstrated from
three rivers in the U.S. that the effective discharge should be used in preference to other
methods and concluded that the effective discharge is the most critical geomorphic and
hydraulic parameter in channel design. Therefore, the importance of the effective
discharge determination in the DEC Project is to identify the discharge that transports the
largest portion of the sediment and to use this knowledge to aid in the design of erosion

control measures.
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3 METHODS FOR DETERMINATION OF EFFECTIVE
DISCHARGE

Several methods of analysis will be described in the following sections
concerning the determination of effective discharge in the Yazoo River Basin.
Determining effective discharge using Andrews’ (1980) definition requires the following
basic relationships: a flow-duration or frequency curve and a sediment-transport curve as
a function of discharge. Ideally, a long-term gauging site is necessary to calculate the
effective discharge most accurately. However, many of the DEC sites are not gauged and
therefore additional methods for determining discharge and sediment transport data

needed to calculate the effective discharge at ungauged sites will be discussed.

3.1 Yazoo River Basin (DEC)

The Yazoo River Basin is located in the north central part of the State of
Mississippi. A total of thirty-three sites are currently being surveyed and analyzed by the
U.S. Army Corps of Engineers and Colorado State University. Currently, thirteen DEC
streams have USGS gauges installed. Stream flow and sediment data from these gauging
stations were used to investigate and determine the effective discharge for each of the
DEC sites in this study. 15-minute water discharge values were available from the USGS
in Jackson, Mississippi and stage-activated pumped sampler sediment concentration data

were also available for this study. Data provided by the USGS were the basis for the

effective discharge calculations.




3.1.1 Site Locations

Data from thirteen USGS gauges in the Yazoo River Basin were used to
determine the effective discharge for a total of twenty-three sites investigated in this
study. Table 3.1 lists the creeks that were analyzed in this study and the corresponding
latitude and longitude, period of flow record, and general site characteristics for each
study site. Figure 3.1 shows the location of each site within the basin and 1s marked
using the reference numbers provided in Table 3.1.

3.1.2  Site Characteristics

Stream characteristics in the Yazoo River Basin can vary dramatically depending
on the location of the study sites within the basins. Of the twenty-three sites used in this
study, the drainage areas range from 10.24 square miles at Long Creek to 220 square
miles at the lower end of Hickahala 22. General characteristics for each stream site are
presented in Table 3.1. The first sixteen streams are sites that Colorado State University
is currently monitoring, and for which cross-sectional survey data are available. The
remaining streams are sites that only the USGS monitors using stream gauges. USGS

and DEC sites were used in determining the effective discharge.

35




Table 3.1 — USGS and DEC study site locations and site characteristics

Ref # Year Station Name (USG'S gauge #) Latitude Longitude Period of |Drainage| Channel | Channel| ds,
Record Area Slope Length
[ (most current it 15 minute {sq. miles) (fU/rmle) (mile) (mnn)
survey) discharge daa
! T AR 33°19'13.43" |90° 00' 38.55" N/A 25.16 6.3 10.5 0.26
R - Vhiyoo 33°21'41.97"190° 05' 31.63" N/A 42.41 10.0 20.2 0.48
' Ay n o #07287150 33°20'24.60" [90° 09' 05.55" | 1991-current | 93.89 3.7 26.9 0.5
ol NS Ve YL H0T7287160 33°20'28.80" [90° 14" 14.30" ) 1991-current | 94.43 1.6 319 0.35
B I oo 33°16'43.23" |189° 56' 06.85" N/A 17.65 0.7 5.4 0.31
2 g ARTRRI 33°02'21.23"|90° 10' 54.45" N/A 26.89 7.1 9.9 0.5
o [ARERIES 33°04'32.63" {90° 10" 04.44" N/A 40.3 54 12 0.5
T g Pl b 34°40'43.41" |89° 41" 20.64" N/A 10.41 8.8 5.2 0.51
E Potaint 34°39' 16.32" |89° 58' 25.00" N/A 220.2 4.7 21.4 0.4]
I F1oonh 347 19'29.55" 189° 47" 33.64" N/A 19.19 4.1 6.2 0.3]
g ANTRREY 34°09'31.12" [89° 31" 57.29" N/A 47.11 94 12.1 0.39
e s o 34° 14" 21.70" {89° 50" 34.72" N/A 10.24 5.6 5.7 0.38
o " [ 07277730 34°37'02.32" |189° 56" 20.00" | 1986-current 82 7.6 15.1 041
B P Popashae ke Do - #07282090 33°46' 75.06" [89° 14' 80.05" | 1998-current 95 29 11.57 0.17
0 Soatohosh Ry o Depe #07281977 33950"28.02" |89° 16' 56.07" | 1998-current 158 6.2 15.8 0.18
" T Vopichrehe Rover o v acdaman - #07281960 1332511 58.02" |189° 10'23.07" | 1998-current 86.3 7.3 12.67 0.18
17 none Batupan Bogue at Grenada - #07285400 33946'26.02" [89° 47 15.07" | 1993-current 240 6.5 236 0.3448
| 18 | none Fannegusha Creek near Howard - #07287355 [33°08' 13.02" |90° 11'40.07" | 1987-current 107 8.5 25.1 0.408
19 none Harland Creek near Howard - #07287404 33°06'05.02" {90° 10" 23.07" | 1987-current 62.1 13.2 14.1 0.398
20 none Hickahala near Senetobia - #07277700 34° 37" 54.02" {89° 55' 30.07" | 1986-current 121 9.2 [8.1 0.423
T none Hotopha Creek near Batesville - #07273100  [34°21'50.02" |89° 52'42.07" | 1996-current 35.1 12 13.3 0.377
22 none Otoucalofa near Water Valley - #07274252 34°08'36.02" |89° 38' 59.07" | 1985-current 97.1 8.8 18.9 0.389
23 none Long Creek near Pope - #07275530 34°12'50.02" [89° 58' 54.07" | 1987-current 792 122 13.7 0.44¢6

36

“



Y g i ” . ;. Lo
' K] e | " vwatertond ~ i
vansvilie ' e avage e yyatte erfor ‘ - v '
T o Barr B Hickory Flad
! t h K
N S v . Lo,
Dubbs | ‘) “~Sarah . . .
o T e e s e s e e — ek --—;&7‘
: i . LN e !
- F’QMMW ! . Apbevile Y 4,__;
] .
NI \ . o
I Y . i
. 4 Pieasant Grovi |
P Stedige Sant Love . < !
! : > .
. | B .
Falcan . ' '
' z;l Ox‘lord - } — v -
Daring - v . f . Ecr
o o (R s <
Hnencat | S / . - Dermark [ < Thaxton | - '
- ' . o L ST .
N ’ Tayler A |
1Marks o 'ﬂ12 | L B : .2 Toccopola E 'T?’
, A 4 fgmlend La ! > Tula ! o . _Sbnngvm;lt
MY © #2330 L - ‘ . | ¢ .,
iLambert - N " " I - - ‘\’
. / » ) PRI
" - JCpowder I . ‘i‘ianq‘oph .
H L . am . o g
r=-) ‘ S
- ! i s . Saregte o
. ! R r . ,oe . .
N 4 - | . . [ [ i <N
'& * : w 8 | Benner ! . <
- — —Mence - l—— %= -~ — " N ‘ e by T = - iy
L N " nd oo Veima - N nol e o |
1y Stover 1 . T i i ; s .
; i . ' ' - Ha
y S . . - 4 L e b "
i + Charleston ' - iy . i v ; ) .
A ’ j{{’, ! o ' |Bruce n '
ome Sumner A4 W i ' " \“ / .f
. Vvekp. . T o . ! "ptshora J4  Thorm
archman lon /}f “" oo Panessl | ‘
~ Y : . - . 4
f : , . ‘ A __
— | Swen Lake ¢ . 7 | L f’d,ﬂ!“"” ¢
P ' ' b , ; Cascila ; Calhoun Ciy, Ds,#,a.’- " L |
N ‘ od B
' ? . . / Py .
h Drew ¢ - ) - 1 :
W 4 ) AL B N
. - g val\fgo’d‘e
. Slale Spring PR I Py
Ruevile I 2 - rMantee
| 1"1
i I -
Doddsvile * - V. Belletortaine
N uck Hill Sweetman . R B
Biane | : - ivvatthal
R |
t
Suntlower!

g

el
Ma'Bera;
j&\fc:{}'?“;

s
by
i

: . : " L Ackerman'
T " French Camp s ks '
I R e e R A ’ ———— o
Beatty . : jIWelv ot
[ '
: . .
: ’ . i R
oo A /1 - ! P T
: ‘ L -
- i . i
S . r . i
" //' ‘;‘; ) . ’ i i -
- Howeyq R P - “ .
o ¢ Soerts Lexmgton i . o Ere ’ .

5 e N
S S 2 .
P

4 r
PRI I § pur S S
,Mndmgm {/ o , o o #6 ‘ . : L . ‘K/o?stousko s b g

Tapo USA 20 Copyright © 1999 DeLorme Yarmouth, ME 04096 Scale:1 : 750,000 Detail: 8-1

Figure 3.1 — Site locations for analysis indicated by numbered pin markers
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3.2 Analytical Effective Discharge Calculation

Nash (1994) presented the idea of using an analytical method for calculating the
effective discharge based on the usc of the lognormal frequency equation and a sediment
transport relationship. In order to use Nash’s procedure, the discharge frequency must be
log-normally distributed. In this study the observed flow distribution for each creek was
calculated and then compared to the analytical flow distribution calculated using
Equation 2.2 in the literature review.

A Chi-Square test (Equation 3.1) was used to determine whether the observed
distribution was log-normally distributed and whether an analytical solution to the

effective discharge could be developed using Nash’s method.

Equation 3.1

where:

/i = observed frequency; and

Je = calculated frequency.

Nash (1994) showed that the effective discharge could be determined
mathematically by setting the derivative of Equation 2.3 in the literature review to zero

with respect to Q and solving for O (Nash, 1994). Therefore, the following equation was

used to determine effective discharge analytically, Q,:

Q="M Equation 3.2
where:

b = shape factor coefficient;
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« = mean of the natural logarithm of discharge; and
8 = standard deviation of the natural logarithm of discharge.
Mean and standard deviation for the two-parameter log-normal distribution were

estimated using the method of moments. Parameters were estimated using the following

equations:

Equation 3.3

cy= [ln Ll + O-i D Equation 3.4
Hy

where uy, and o, are the estimators for aand g, respectively (Salas et al., 1995).

o —

The analytical solution for effective discharge was used only in comparing the

results of the MFA, (,, and bankfull determinations of effective discharge.

3.3 Discharge Computations using Regionalized Equations

The ability to determine discharges at ungauged sites is a very important concept
when investigating flow characteristics within a stream reach. One method for
determining discharges at an ungauged site is to determine a dimensionless discharge
relationship that could be used to transfer discharge records from a gauged site to an
ungauged site. In 1976, Colson and Hudson developed a regional regression equation to
determine recurrence intervals for discharges at ungauged sites. Discharge determination

for various recurrence intervals is necessary for two reasons. First, several authors have

suggested a recurrence interval of approximately two years for the effective discharge.




Second, comparisons and dimensional discharge indices can be made between USGS

gauged sites and ungauged DEC sites.

The following are the relationships proposed by Colson and Hudson (1976):

0,=189 4"s" (L +2)""
0, =326 4" S (L+3)"
0, =459 4" (L+4)""
Q., =883 4" (L +5)""
0y, =1120 A " (L4 6)""
0,00 =2260 4 §* (L +6)""

Equation 3.5

Where:

O, = discharge at recurrence interval x years, (cfs);

A = drainage area (square miles);

S = channel slope, (feet per mile) which is the difference of elevation at points

10% and 85% along the channel from the point of discharge to the drainage
divide; and

L = main channel length (miles).

The 2-year recurrence interval discharge was used to make watershed
comparisons. USGS gauged sites were used to determine discharge records for the
ungauged DEC sites by using the dimensionless discharge ratio of (/Q> and then
multiplying the ratio by the 2-year recurrence discharge for the ungauged DEC site.
Colson and Hudson’s (1976) method of discharge determination is useful for ungauged
sites because the parameters are easily obtained. Because of the short period of record

(<12 years) of the USGS gauges used in this study, the 2-year discharge for each site was

calculated using the regionalized regression equations developed by Colson and Hudson

(1976).
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3.4 Effective Discharge Computation using Magnitude Frequency Analysis

The procedure for determining effective discharge using a MFA consists of three
major steps; (1) construction of a flow-frequency distribution, (2) determination of
sediment transport as a function of discharge, and (3) construction of a sediment load
histogram as a function of discharge for the period of record. It is through the analysis of
these three steps that the effective discharge can be determined. However, the process
that is used to construct and evaluate each of these steps can greatly change the results of
the effective discharge calculation. Because the results of the effective discharge
calculations are highly dependent on the class size used as well as the type of sediment
transported, a computer program was written to determine the effective discharge for
each site using various types of inputs. A description of the effective discharge program
used for this study is presented in Section 3.5. The following sections provide the
general procedures that were followed in determining effective discharge for this study.

Specific inputs into the effective discharge program are discussed in Section 3.5.1.

3.4.1 Flow-frequency Distributions

General steps that were used to generate the flow-frequency distributions for each

site are schematically presented in Figure 3.2 and are as follows;
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Figure 3.2 — Flow chart for generating flow-frequency distributions (after Soar 2000)
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3.4.1.1 Evaluate the flow record

Flow records from thirteen USGS gauging stations in Mississippt were used 1o
develop the flow-frequency distributions for each of the twenty-three sites used in this
study. If a gauging record was either unavailable or unrepresentative, the flow-frequency
distribution was derived using a dimensionless discharge index proposed by Watson et al.
(1997) using the 2-year recurrence discharge to normalize the discharge data (Q/(-). For
ungauged sites, the 2-year discharge was estimated from a regionalized discharge
frequency relationship (Colson and Hudson, 1976), which is based on the drainage area,
channel slope, and channel slope length. Dimensionless discharge index (Q/Q-.) was then
used to transfer flow duration relationships from USGS gauged sites to nearby DEC sites
that did not have gauging stations present.

3.4.1.2 Determine the discharge-averaging time base

In constructing the flow-frequency distribution for each site, the time base needed
to be sufficiently short to ensure that short-duration, high-magnitude events were
properly represented. Watson et al. (1997) showed that mean daily flows underestimated
the total sediment load by as much as 58% compared to 15-minute flow data. As a resuit,
15-minute discharge data were used in constructing the flow-frequency distributions for
each of the twenty-three sites in this study.

3.4.1.3 Calculate the discharge range for the period of record

The range of discharges for each site was calculated by subtracting the minimum
discharge in the flow record from the maximum discharge. This difference was recorded

as the discharge range and was used in determining the class intervals for each site.
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3.4.1.4 Calculate discharge class intervals (arithmetic and logarithmic)

Discharge class intervals for each of the sites in this study were calculated based
on both arithmetic and logarithmic class divisions for a number of different class sizes.
For arithmetic class divisions, the class intervals were determined by dividing the
discharge range by the total number of class intervals, n, that were of interest. For rivers
in which the bed material load moves predominantly as suspended load, the first
discharge class goes from zero to the class interval, the second class is the class ‘interval
to twice the class interval, and so on until the upper limit of the discharge range is
reached.

For logarithmic class divisions, the class intervals were determined using the
USGS method for logarithmic class divisions. Based on the number of class intervals of
interest (n), the first class is zero. Second class has an upper limit equal to the minimum
discharge and the upper limit of the »" class is equal to the maximum discharge.
Remaining classes were found by taking the natural-log of the maximum discharge and
subtracting the natural-log of the minimum discharge; the resulting value was then
divided by #-2 and became the step size for each class interval. The step size was added
to the preceding value and the upper discharge class values were calculated by taking the
anti-log.. Appendix A provides sample calculations for determining the arithmetic and
logarithmic class sizes used in this study. Because all of these calculations were carried
out by the effective discharge computer program, a large number of variations could be

carried out at one time and analyzed to determine the most appropriate class size for

determining the effective discharge at each site.
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3.4.1.5 Calculate flow-frequency distributions

Frequency of occurrence of each discharge class was determined from the record
of observed flows and used to construct the frequency of occurrence curves for each site.
Soar (2000) recommended that all discharge classes display flow frequencies greater than
zero and that there are no isolated peaks at the high end of the discharge classes. If this is
not the case, 1t 1s likely that either the class interval 1s too small for the discharge range,
or the period of record is too short. Soar (2000) showed that both zero frequencies and
extreme flow-events (outliers), could be eliminated by incrementally reducing the
number of classes. Frequency of occurrence computations were made for each of the

twenty-three sites within the Yazoo River Basin using 15-minute discharge records and
both arithmetic and logarithmic class divisions.

3.4.2 Sediment Rating Curves and Yang’s equation

A water and sediment discharge relationship 1s an integral part of the effective
discharge determination. Suspended sediment samples were collected by the USGS at
each of the USGS gauging stations used in this study. Two types of sediment data were
available from the USGS; observed depth-integrated samples and automatic pump
samples. Observers collected single, vertically-integrated suspended sediment samples at
various times throughout the month. Data were also supplemented by sampling during
selected storms. Each site is equipped with a PS-69 automatic point sampler which is
stage activated; this was the basis for the pump sample data. PS-69 sampling procedures
are described by Guy and Norman (1970).

From the data obtained from the USGS, sediment-rating curves were developed,
which are used to compute total suspended sediment discharge as a function of water

discharge. A relationship was developed for all the gauged sites. For ungauged sites,
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Yang's (1973) total sediment load equation was used to determine the sediment
concentration for each bin size. Comparison of Yang's results with that of the USGS
showed that Yang’s equation predicted the sediment transport quite well and therefore
could be used for determining the sediment transport at ungauged sites. General steps
that were used to generate the sediment-rating curves for each site are schematically
presented in Figure 3.3 and are as follows.

3.4.2.1 Define composition of bed material load

Sediment composition for the majority of the sites within this study consists of
sands, silts, and clays. As a result, a large portion of the sediment within these systems is
transported as suspended sediment. Julien (1995) divided the dominant mode of
sediment transport into the following three zones: bedload, mixed load, and suspended
load. Each sediment zone is based on a ratio of the shear velocity to the fall velocity, and
the ratio of depth to the particie size. Julien showed that suspended load is the dominant
mode of transport for values greater than 2.5 for the ratio of shear velocity to fall
velocity. For a range of conditions occurring in the DEC streams: dso particle sizes vary
from 0.5 mm to 0.063 mm; average slope of 0.001; depth ranging from 0.15 m to 1.5 m;
and the shear velocity to fall velocity ratio varies from 1.37 to 32.4. Therefore, for
conditions occurring in the DEC monitoring streams, suspended load is the dominant
transport mode. This implies that the suspended sand discharge closely approximates

total bed material load, and that the suspended sediment discharge can be used as the total

sediment load for each site.
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Figure 3.3 — Flow chart for generating sediment rating curves (after Soar 2000)
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3.4.2.2 Determine sediment data availability

Sediment transport data are required to generate the bed material load rating
curves for each site. Sediment data for each site were obtained in two ways; either from
recorded suspended sediment measurements from USGS gauging stations or by using
Yang’s (1973) total sediment transport equation to determine the sediment transport for
the ungauged DEC sites. Table 3.2 shows the period of record of sediment data for each
of the USGS gauged sites and which DEC sites required the use of Yang’s equation in
order to determine the sediment transport. Sediment transport data using Yang’s
equation were calculated within the effective discharge program and therefore were not
generated prior to executing the program.

Table 3.2 — Period of record for USGS and DEC sediment data

Station# | Station Name | Period of Record
Yazoo River Basin (DEC Streams) 1 Auto/Observed Sediment data
N/A Abiaca 3 (DE) Yang's Equation
N/A Ahace 4 (DEC Yang's Equation
N/A Fanneqgusha (DEC Yang's Equation
N/A Hartand 1 (DEC) Yang's Equation
N/A Harland 22 (DEC) Yang's Equation
N/A Hickahala 11(DEC) Yang's Equation
N/A Hickahala 22 (DEC) Yang's Equation
N/A Hotopha (DEC) Yang's Equation
N/A OtoucalofalDEC) Yang's Equation
N/A Lona (DEC) Yang's Equation
7287160 Abiaca 21 near Cruger (DEC)H 91-current
7287150 |[Abiaca 6 near Seven Pies (DEC) L 91-current
7285400  |Batupan Bogue near Grenada 86-current
7287355  |Fannegusha near Howard 87,88,89,99
7287404  [Harland near Howard 87-current
7277700  |Hickahala near Senatobia | 86-~current
7273100 [Hotopha near Batesville | 86-current
7274252  |Otoucalofa near Water Valley | 85-current
7275530 Peters (Long) Creek near Pope 86-current
7277730 Senatobia (DEC) 86-90
7282090 Topashaw near Denna (DEC) 98-current
7281977 Yalobusha River 0 { 98-current
7281960 Yalobushia River @ Vardanian (DEC) 98-current
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3.4.2.3 Plot sediment load data

Bed material load for each of the USGS sites was determined by removing the
wash load from the suspended sediment samples. Four different types of sediment load
data were investigated to dctermine the effects that sediment transport has on the
effective discharge determination. The following are the four types of sediment data that
were investigated: USGS automatic pump samples, observed sediment data obtamned by
USGS personnel, bed load data based on bed material gradations, and Yang’s total
sediment load equation. Scdiment loads (y-axis) were plotted as a function of discharge
(x-axis) on a scatter plot, with both axes on logarithmic scales. Figure 3.4 depicts a log-

log form of total suspended sediment as a function of water discharge for Abiaca 21 near

Cruger.
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Figure 3.4 — Sediment-discharge data for Abiaca 21 near Cruger
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3.4.2.4 Determine sediment-rating curves

A power function best-fit regression line was used to produce a sediment load

function of the form given below:

0, =aQ’ Equation 3.6
Where:
Q, = sediment discharge;
a = scale factor coefficient;
Q =discharge; and
b = shape factor coefficient.
Sediment rating regression constants for each USGS gauge are presented in
Appendix B. The following define each of the sediment data types used in this study:
e Observed - sediment data were obtained from USGS personnel using depth-
integrated suspended sediment samplers at various times throughout the ycar;
e Pump - sediment data were obtained from automatic stage-activated pump
suspended sediment samplers;
e Bed - bed material sediment data were obtained by removing the wash load
portion of the observed sediment data; and
e Yang - sediment regression data were obtained from the results of the
effective discharge program given the required channel characteristics needed

to use Yang’s total sediment load equation.
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Using hydraulic characteristics computed from HEC-RAS for the ungauged sites,
total sand load was calculated for a range of discharges using Yang’s total sediment load
function. Figure 3.5 is a comparison of the four sediment types for Abiaca 21 near
Cruger. From Figure 3.5, it i1s evident that the bed material load and Yang’s total load
rating curves are similar as well as the pump and observed rating curves. In determining
the effective discharge, the bed load sediment-transport curve was used for gauged sites

and Yang’s sediment-transport curve was used for ungauged sites.
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Figure 3.5 — Comparison of sediment-discharge rating curves for Abiaca 21 near Cruger

3.4.3 Sediment Load Histogram — Effective Discharge

The scdiment load histogram was generated using the flow-frequency
distributions and the calculated sediment transport functions presented above. General
steps that were used to generate the sediment load histograms for each site are presented

schematically in Figure 3.6 and are as follows:
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Figure 3.6 — Flow chart for generating sediment load histograms (after Soar 2000)
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3.4.3.1 Calculate representative discharges

Discharges used to generate the bed material load histogram were the arithmetic
mean discharges in each class of the flow-frequency distribution for arithmetic class
divisions, and the geometric mean discharges in each class of the flow distribution for the
logarithmic class divisions. These discharges were then used to construct the sediment
load histograms.

3.4.3.2 Construct the sediment load histogram

Sediment transport rate for each discharge class was calculated from the sediment
transport rating curves generated in Section 3.4.2. This load was then multiplied by the
frequency of occurrence of that discharge class to find the average annual sediment load
transported by that discharge class during the period of record. Results of the calculations
were then plotted as a histogram. This facilitates the calculation of average annual
sediment yield, which is the sum of the sediment loads in each discharge class. Tables
3.3 and 3.4 are examples of the arithmetic and logarithmic sediment load histogram
results for Abaica 21 near Cruger using fifty bins, respectively. Due to the large amount

of data in the result tables (50 rows), only part of the tables are presented.
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i Table 3.3 — Arithmetic sediment load histogram for Abiaca 21 near Cruger

o Bin Sediment Product | Total Sediment
Reference # Bin Size Probability ()Sl%ra%etr;’::%c;r;) (tons/day) | Yieid (tons/day)
1 7113 0.68895 0.0019 1.3323 16.54
2 142.26 0.20312 0.0074 1.4931
3 213.38 0.04357 0.0157 0.6850
4 284.51 0.01559 0.0267 0.4166
5 355.64 0.00895 0.0401 0.3594
6 426.77 0.00625 0.0558 0.3485
7 497.90 0.00447 0.0735 0.3287
! 8 569.02 0.00308 0.0933 0.2876
9 640.15 0.00238 0.1149 0.2735
10 711.28 0.00238 0.1384 0.3293
11 782.41 0.00192 0.1636 0.3148
12 853.53 0.00173 0.1905 0.3294
13 924.66 0.00144 0.2189 0.3146
14 995.79 0.00151 0.2490 0.3758
15 1066.92 0.00140 0.2806 0.3921
16 1138.05 0.00120 0.3136 0.3760
17 1209.17 0.00115 0.3481 04010
18 1280.30 0.00142 0.3840 0.5449
19 1351.43 0.00081 0.4213 0.3423
20 1422 58 0.00075 0.4599 0.3437
21 1493 .69 0.00086 0.4998 0.4313
22 1564.81 0.00070 0.5410 0.3809
23 1635.94 0.00068 0.5834 0.3939
24 1707.07 0.00048 0.6270 0.3034
25 1778.20 0.00066 0.6719 0.4415
26 1849.32 0.00050 0.7179 0.3603
27 1920.45 0.00035 0.7651 0.2707
28 1991.58 0.00026 0.8135 0.2085
29 2062.71 0.00028 0.8629 0.2399
30 2133.84 0.00042 0.9135 0.3793
31 2204.96 0.00032 0.9651 0.3136
32 2276.09 0.00033 1.0178 0.3344
33 2347.22 0.00022 1.0715 | 0.2321
45 3200.75 0.00002 1.7934 0.0324
46 3271.88 0.00001 1.8596 0.0134
47 3343.01 0.00006 1.9267 0.1183
48 3414.14 0.00003 1.9946 0.0648
49 3485.27 0.00000 2.0634 | 0.0075
50 3556.39 0.00002 2.1331 [ 0.0385
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Table 3.4 — Logarithmic sediment load histogram for Abiaca 21 Creek near Cruger

Reference # Bin Size Bin Sediment Product Total Sediment
Probability | Concentration [ (tons/day) | Yield (tons/day)
(x1000 tons/day)
1 0.00 0.00000 0.0000 0.0000 15.54
2 13.61 0.00001 0.0001 0.0000
3 15.28 0.00006 0.0001 0.0000
4 17.16 0.00088 0.0001 0.0001
5 19.27 0.00249 0.0001 0.0003
6 2164 0.00813 0.0002 0.0014
7 24 .31 0.01912 0.0002 0.0042
8 27.30 0.03404 0.0003 0.0096
9 30.65 0.05351 0.0004 0.0191
10 3443 0.07125 0.0005 0.0323
11 38.66 0.07508 0.0006 | 0.0430
12 4342 0.08839 0.0007 0.0641
13 48.76 0.08708 0.0009 0.0797
14 5476 0.08880 0.0012 0.1024
15 61.50 0.08033 0.0015 0.1167
16 69.06 0.06672 0.0018 0.1218
17 7756 | 0.04923 0.0023 0.1128
18 87.10 0.05087 0.0029 0.1461
19 97.82 0.03521 0.0036 0.1266
20 109.86 0.03088 0.0045 0.1387
21 123.37 0.02622 0.0056 0.1470
22 138.55 0.01944 0.0070 0.1359
23 155.60 0.01850 0.0087 0.1611
24 174.75 0.01366 0.0108 0.1479
25 196.25 0.00994 0.0135 0.1337
26 220.39 0.00786 0.0167 0.1311
27 247 .51 0.00669 0.0207 0.1384
28 277.96 0.00555 0.0256 0.1421
29 312.16 0.00526 0.0317 0.1666
30 350.57 0.00455 0.0391 0.1780
31 393.71 0.00410 0.0482 0.1979
32 442 .15 0.00370 0.0595 0.2198
33 496.55 0.00326 0.0732 0.2386
45 1998 .46 0.00112 0.8182 0.9128
46 2244 35 0.00118 0.9941 1.1773
47 2520.49 0.00076 1.2068 0.9194
48 2830.60 0.00084 1.4635 1.2365
49 3178.88 0.00049 1.7732 { 0.8643
50 3570.00 0.00014 2.1465 L0.2945
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3.4.3.3 Find the cffective discharge

Soar (2000) suggested that the sediment load histogram should display a
continuous distribution with a single mode (peak). When this is the case, the effective
discharge corresponds to the mean discharge of the modal class (that is, the discharge
class that corresponded to the peak of the sediment load histogram). However, when the
peak of the sediment load histogram occurs in the first bin or is multi-modal, additional
analysis is required in order to determine the effective discharge. This was the case for
all of the arithmetic effective discharge calculations and seven of the logarithmic

calculations performed in this study (Figures 3.7 and 3.8, respectively).
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Figure 3.7 — Arithmetic effective discharge plot for Abaica 21 near Cruger (50 bins)
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Figure 3.8 — Logarithmic effective discharge for Abiaca 21 near Cruger (50 bins).
Biedenharn and Thorne (1994) determined that the effective discharge for the
Mississippi River occurred over a range of flows that transported approximately 55% of
the total sediment yield. As a result, the cumulative distribution function (CDF) plots of
sediment transport for DEC streams versus discharge were used to graphically interpret
the range of flows that appeared to transport the largest amount of sediment (Figure 3.9).
The percent of sediment transported by the initial effective discharge calculation was
added to this graph to determine whether the amount of sediment being transported was

within the range presented by Biedenharn and Thorne (1994).
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Figure 3.9 — Arithmetic sediment CDF plot for Abaica 21 near Cruger (50 bins)

Figure 3.9 shows that the effective discharge associated with the first arithmetic
bin for Abiaca 21 transports approximately seventeen percent of the total sediment yield
while the second arithmetic peak transports approximately fifty-four percent of the total
sediment yield. Based on the findings of Biedenharn and Thorne (1994), it was
determined that the effective discharge most likely does not occur in the first bin, and the
second peak was used as the effective discharge (Figure 3.9). In order to use the second
arithmetic peak in determining the effective discharge, a systematic method for
eliminating the first arithmetic peak had to be established. As a result, if the discharge
associated with the first arithmetic bin was less than the mean discharge and accounted
for less than twenty percent of the flow area, then the first bin was ignored and the second
peak of the sediment load histogram was used to determine the effective discharge.
However, if the discharge associated with the first bin was greater than the mean

discharge or accounted for more than twenty percent of the flow area, then the first bin
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was used in determining the effective discharge. The above procedure was used to
determine the effective discharge for each site.

3.4.3.4 Check if the effective discharge is reasonable

Once the effective discharge was determined, it was important to check that the
effective discharge for each site was within a reasonable range. Return period for the
effective discharge varies between sites because the value reflects the flow and sediment
transport regime for each site. For each site, the return period of the calculated effective
discharge was checked to ensure that it was within acceptable bounds. Regionalized
frequency curves were used to determine the 2-year return flow and compared to the
calculated effective discharge. Predicted effective discharge return periods outside the
range of 1 to 3 years were queried (Thorne et. al, 1998).

An additional check compared the percent of total sediment yield transported by
the calculated effective discharge. From the findings of Biedenham and Thorne (1994),
the percent of sediment transported by the effective discharge was expected to be around
fifty-five percent. This value was used as a check to determine whether the sediment
transported by the calculated effective discharge is reasonable.

Finally, a morphological check was conducted; a comparison of the effective
discharge to observed minimum discharges required for substantial sediment transport.
Observed minimum discharges were determined during field reconnaissance by
measuring the bed material load transported at low discharges using bed load sediment

traps in conjunction with depth-integrated suspended sediment samples.
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Bed load sediment traps were designed and constructed to better define the

proportion of bed material load that is transported at various low flows. Figure 3.101sa

photo of one of the sediment traps used in this study.

Figure 3.10 — Bed material load sediment trap

Sediment traps consist of three major parts: base plate, trap opening, and a six-
foot 0.0625 mm mesh sampling bag. The base plate was placed along the bed of the
channel and rebar was used to hold the base plate and sediment trap in place. Sediment
trap and sampling bag were then placed on top of the base plate and secured in place
using rebar and eye hooks (Figure 3.10). Sediment traps were dispersed across the width
of the stream and were left in the stream for an average of three hours while suspended

sediment samples and discharge measurements were made, representing a single low-
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flow discharge at each site. Sediment traps were then removed from the stream and the
sediment from each trap was collected. Sediment samples were then analyzed to
determine the grain size distribution and amount of bed material load collected for each
site. In addition to the bed material load, suspended sediment load was also collected
using depth-integrated samples to determine the total sediment load for each stream.
Suspended sediment samples were analyzed for total suspended solids (TSS)
according to the procedures described in the Standard Methods for Examination of Water
and Wastewater (1998). A 47-mm, 1 um pore-size filter disc was weighed to the nearest
0.1 mg using a Mettler AE 100 balance. The filter was then placed in a filter holder and
adjusted in a filtering flask. A representative, well-mixed sediment sample (150 to 600

mL) was then filtered by applying a vacuum to the flask. After filtering, the filter was

removed and placed in a drying oven at 103°C. After twenty-four hours, the filter was

removed and weighed. Total suspended solids were then calculated as follows:

7885(mg/Ly=(A-B)/C Equation 3.7
where:
7SS = total suspended solids
A = weight of the filter disk with dried residue (mg);
B = weight of the filter disk (mg); and
C = sample volume (L).
Based on the results of the observed sediment transport at these low flows, a
minimum discharge required to morphologically alter the channel was estimated by
determining the amount of bed load that was transported at the corresponding low flows.

Results showed that the amount of sediment that was being transported within the stream
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at these low flows was negligible and therefore was not changing the morphology of the

channel.

3.44 Summary

Using the procedures stated above, sediment load histograms were determined for
each of the twenty-three sites within the Yazoo River Basin using 15-minute discharge
records and both arithmetic and logarithmic class divisions for numerous class sizes.
After analyzing the results of the effective discharge calculations and performing the
checks stated above, the most representative effective discharge for each site was

determined. Appendix C shows graphical results of the effective discharge computations

using fifty arithmetic and logarithmic class divisions.

3.5 Effective Discharge Program

The following sections provide general information about how to run the effective
discharge program that was written for this study. The effective discharge program used
in this study was written by: Brian McCaig, Lejo Flores, and Chris Holmquist-Johnson.
All of the calculations performed within the effective discharge program follow the
procedures presented in the previous sections. General inputs that are required by the
program to calculate effective discharge consist of the following three items: (1)
discharge data, (2) sediment transport data, and (3) bin size information. Discharge data,
sediment data, and bin information used to evaluate the effective discharge for each of
the twenty-three sites are presented in Appendix D.

3.5.1 Inputs and Execution of the Program

The general process for executing the effective discharge program consisted of six

steps: (1) creating a discharge input file, (2) selecting the range of years to analyze, (3)

62




selecting method of sediment transport calculations, (4) if available, selecting a minimum
flow required to transport sediment, (5) selecting bin éize information, and (6) selecting
the type of output options that are of interest.

3.5.1.1 Step 1 — Creating the discharge input file

The format of the discharge data required by the effective discharge program
consists of three general columns: date and time, stage, and discharge. Each water year 1s
represented by a new set of columns and the program allows a total of seventy-eight
years of flow data to be analyzed at one time. The time interval of the discharge data is
not limited, but 15-minute discharge data were used in this study. Table 3.5 is an
example of the discharge input sheet used for Senatobia Creek. Because of the length of
the discharge files (approximately 35,000 data points per year for 15-minute flow data)
only a portion of the input file is presented.

Table 3.5 — Discharge input file for Senatobia Creck

1995 1996 1997

Time Stage | Q Time | Stage | Q Time Stage | Q

10/1/94 0:15 10.07 12 10/1/85 0:15 9.37 11 10/1/96 0:15 4.44 15

10/1/94 0:30 10.07 12 10/1/95 0:30 9.37 11 10/1/96 0:30 4.43 15

10/1/94 0:45 | 10.07 12 10/1/95 0:45 9.37 11 10/1/96 0:45 4.43 15

10/1/94 1:00 10.07 12 10/1/95 1:00 9.37 11 10/1/96 1:00 4.44 15

10/1/94 1:15 10.07 12 10/1/95 1:15 9.38 12 10/1/96 1:15 4.44 15

10/1/94 1:30 10.07 12 10/1/95 1:30 9.38 12 10/1/96 1:30 4.44 15

10/1/94 1:45 10.07 12 10/1/95 1:45 9.38 12 10/1/96 1:45 4.43 15

10/1/94 2:00 10 10 10/1/95 2:00 9.38 12 10/1/96 2:00 4.43 15

10/1/94 2:15 10.01 11 10/1/95 2:15 9.38 12 10/1/96 2:15 4.44 15

10/1/94 2:30 10.01 11 10/1/95 2:30 9.38 12 10/1/96 2:30 4.44 15

10/1/94 2:45 10.01 11 10/1/95 2:45 9.39 12 10/1/96 2:45 4.43 15

10/1/94 3:00 10.01 11 10/1/95 3:00 9.39 12 10/1/96 3:00 4.43 15

10/1/94 3:15 10 10 10/1/95 3:15 9.39 12 10/1/96 3:15 4.43 15

10/1/94 3:30 10.01 11 10/1/95 3:30 9.39 12 10/1/96 3:30 4.43 15

10/1/94 3:45 10 10 10/1/95 3:45 9.39 12 10/1/96 3:45 4.43 15
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Once the discharge input sheet was created, the effective discharge program was

executed. Figure 3.11 is an example of the input screen that appears once the program is

started.

15 minute
1 hour
Mean daily
Other

Figure 3.11 — Example input screen for effective discharge program

3.5.1.2 Step 2 — Selecting the range of years to analyze

The first section of the input screen has two general sections that require inputs
(Figure 3.11). First of these consists of selecting the range of years for which the
effective discharge should be calculated. Second consists of selecting the time interval

used for the discharge data.
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The first input allows the user to determine the effective discharge in three
different ways: using the entire period of record, a specified range of years, or each year
within the period of record individually. By allowing the user to select a range of years,
the effective discharge for a period of record of interest can be determined without having
to alter the discharge input file. The second input requires the user to select the discharge
time interval used in the discharge input file. The user 1s given the following options: 15-
minute, 1-hour, daily, or other. Although the program does not use this information in
any calculations, it is used to provide general information to the user about the validity of
using the specified time interval for effective discharge calculations. In this study, the
entire range of flows and 15-minute discharge data was used in the determination of
effective discharge for each site.

3.5.1.3 Step 3 — Sediment transport functions

This section of the input screen allows the user to select the sediment transport
function that will be used in the effective discharge calculations. The user has two
options (Figure 3.11): a sediment-rating curve, or a sediment transport equation.

The sediment-rating curve option requires the user to enter values for the a and &
coefficients. Determination of these values was discussed previously in Section 3.4.2.
Additionally, the user had the option to enter an upper- and lower-bound discharge for
which the sediment-rating curves are valid. If sediment data are not available in order to
determine these coefficients, then the user must use a sediment transport equation.
Selecting the sediment transport equation option results in the program calling a sediment

transport module, and the following information is required in order to use the sediment

equation option: energy slope, median grain size (dso), hydraulic radius as a function of




discharge, and the channel roughness. The current program allows the user to select the
following sediment transport equations: Yang’s sand dsy, Brownlie, Meyer-Peter and
Muller, Parker, and Bagnold total load. Based on the channel characteristics of the sites
in this study, Yang’s ds; equation was used for sites where sediment data were not
avatlable. Appendix D contains a list of the inputs used for Yang’s equation for each site

in this study.

Figures 3.12 and 3.13 are examples of the sediment transport equation input

screens for Yang’s sand dsy.

Brownlie
Meyer-Petar Miiller

| oo oy,

Figure 3.12 — Input screen for sediment transport equation option
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Effective Discharge Information

Figure 3.13 — Input screen for Yang’s sand ds, sediment transport equation

3.5.1.4 Step 4 — Minimum flow required to transport sediment

This option allows the user to enter a critical discharge at which sediment
transport does not occur. For this study, this value was determined in the field for a given
low-flow discharge. As stated previously, bed load sediment traps were used to
determine the amount of sediment transported at an observed low-flow discharge. In
gravel bed streams, this value corresponds to the discharge at incipient motion. However,
for sand bed streams, this valuc must be determined in the field because of the extreme
instability of sand particles and the resulting small discharges corresponding to incipient
motion for sand bed streams. Due to the limited amount of data obtained using the
sediment traps, presented in section 3.4.3.4, this value was left blank. If data are not

available to determine this value, then it may be left blank and the program will ignore

this input.
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3.5.1.5 Step 5 — Bin size information

This section of the input screen allows the user to select the numbcer of bin
variations and whether arithmetic and/or logarithmic classes should be used (Figure
3.11). These options aliow the user to determine the effective discharge for a number of
bin sizes as well as for both the arithmetic and logarithmic class size divisions. For this
study, twenty variations of bin sizes were used for both the arithmetic and logarithmic
class sizes. The following are the twenty bin size variations that were used in this study:
5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 90, 100, 125, and 150.
Arithmetic and logarithmic class sizes were selected in order to compare the resulting
effective discharge for each method.

3.5.1.6 Step 6 — Output options

This section of the input screen allows the user to select two additional outputs of
the program (Figure 3.11): a stage-discharge plot, and a CDF plot of time, discharge, and
sediment load. The stage-discharge plot uses the stage and discharge information on the
input sheet to construct a stage-discharge plot for the period of record. As a result, if the
input sheet does not have stage data, this option cannot be selected. For this study, both
the stage discharge and the percent exceedence plots were selected. As stated previously,

the percent exceedence plot of sediment load was used to analyze and validate the results
of the cffective discharge computations.

3.5.2  Outputs of the Program

Once the program has been executed, a number of sheets are generated containing
the outputs of the program. The following section provides a general description of each
output sheet that was generated in this study. Given the input requirements presented

above, the following are the output sheets that are generated for each bin size variation
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and class size method. If both arithmetic and logarithmic class sizes are selected, a total
of seven sheets of output are generated for each bin size variation: arithmetic effective
discharge plot, arithmetic output data, arithmetic percent exceedence, logarithmic
effective discharge plot, logarithmic output data, logarithmic percent exceedence, and a
summary sheet that shows the results of all the calculations for each bin variation. The
summary sheet also generates a discharge frequency as well as a summary of standard
statistics (mean, median, skew, and standard deviation) for the period of record. The
following sections take a closer look at each of these output sheets.

3.5.2.1 Effective discharge plot

Effective discharge plots consists of three series; the flow frequency histogram,
sediment-transport curve, and the sediment load histogram for both the arithmetic and
logarithmic class divisions. Figures 3.14 and 3.15 are examples of the arithmetic and

logarithmic effective discharge plots for Long Creek, respectively.

Effective Discharge Using Arithmetic Approach for Years 1987 -
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Figure 3.14 — Long Creek arithmetic effective discharge plot for 55 bins
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Effective Disharge Using Logarithmic Approach for Years 1987 -
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Figure 3.15 — Long Creek logarithmic effective discharge plot for 55 bins

Effective discharge plots are used as a graphical interpretation of each part of the
effective discharge computation. The three series provide a graphical interpretation of
the flow frequency, sediment transport, and total sediment load for the period of record
for each site of interest. Effective discharge plots are generated from data that are
obtained from the effective discharge data sheets.

3.5.2.2 Effective discharge data

Effective discharge data sheets are generated using the procedures presented
previously and summarize the results of the effective discharge computations for each bin
size variation. Table 3.6 is an example of an effective discharge data sheet for Long
Creek for fifty-five arithmetic bins. Data sheets contain flow frequency, sediment
transport, total sediment load for each bin size, and total sediment yield for the period of

record. Highlighted rows are the effective discharges that the program calculated using
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the first and second peaks of the sediment load histogram. The first peak is highlighted
in yellow, whereas the second peak is highlighted in light blue.

Table 3.6 - Effective discharge data sheet for Long Creek (55 arithmetic bins)

Effective Discharge Output (55 Arithmetic Bins) 1987-1999
Min Q| 0.8745
Max Q| 7022.5
Number of Intervals 55
Interval Index| 127.67

Sed Q Total

Ref#| Bin Mean{ o 0 |BinProb| PDF | CDF | (x1000 | Preduct |Sediment
Size Q (tons/day)| Yield
tons/day) (tons/day)

127.67| 63.83 | 468635 [ 0.95127 | 0.00E+0 | 0.95127 | 0.0486 46.2221 103.53
25533(191.50| 10297 | 0.02090 |1.64E-04| 0.97217 | 0.1757 3.6720
383.00(319.16| 3983 |[0.00808 |65.33E-05| 0.98025 | 0.3625 2.9311
510.66|446.83| 2180 | 0.00443 |3.47E-05| 0.98468 | 0.5991 2.6513
638.33|574.50| 1618 |0.00328 |2.57E-05| 0.98796 | 0.8789 2.8866
766.00(702.16| 1060 | 0.00215 |1.69E-05| 0.99011 1.1971 2.5758
893.66|829.83| 784 0.00159 |1.25E-05| 0.99170 | 1.5500 2.4668
1021.3/957.49| 753 0.00153 |1.20E-05| 0.99323 | 1.9348 2.9573

o[NP |WN]—

10/1276.6|1212.8| 462 0.00094 |7.35E-06| 0.99544 | 2.7906 2.6170
1111404.3|1340.4| 390 0.00079 |6.20E-06] 0.99623 | 3.2579 2.5791
12/1531.9/1468.1 349 0.00071 |5.55E-06| 0.99694 | 3.7493 2.6561
13[1659.6/1595.8| 232 0.00047 |3.69E-06| 0.99741 | 4.2636 2.0078
14/1787.3(1723.4| 184 0.00037 |2.93E-06| 0.99779 | 4.7996 1.7926
15/1914.9/1851.1 193 0.00039 |3.07E-06| 0.99818 | 5.3562 2.0983
16/2042.6/1978.8| 127 0.00026 |2.02E-06| 0.99844 | 5.9324 1.5293
1712170.3|2106.4| 102 0.00021 |1.62E-06| 0.99864 | 6.5276 1.3515
18|2297.9/2234.1 95 0.00019 |1.51E-06)| 0.99884 | 7.1407 1.3770
19]2425.6|2361.8 77 0.00016 |1.22E-06| 0.99899 | 7.7713 1.2146
20|2553.3|2489.4 61 0.00012 |9.70E-07]| 0.99912 | 8.4185 1.0424
21]2680.9(2617.1 43 0.00009 |6.84E-07| 0.99920 | 9.0818 0.7927
22(2808.62744.8 47 0.00010 |7.47E-07[ 0.99930 | 9.7607 0.9312
23|2936.3|2872.4 35 0.00007 |5.56E-07| 0.99937 | 10.4545 0.7427
24|3063.9|3000.1 36 0.00007 [5.72E-07| 0.99944 | 11.1629 0.8157

50/6383.3|6319.4
51/6510.9|6447 .1
52|6638.6|6574.7
53|6766.2|6702.4
54/6893.9|6830.1
55/7021.6|6957.7

0.00000 |3.18E-08| 0.99996 | 33.5967 0.1364
0.00001 |4.77E-08| 0.99996 | 34.5846 0.2106
0.00001 |6.36E-08| 0.99997 | 35.5801 0.2889
0.00001 |9.54E-08| 0.99998 | 36.5831 0.4456
0.00001 |6.36E-08| 0.99999 | 37.5936 0.3052
0.00001 |6.36E-08| 1.00000 | 38.6114 0.3135

Bl WIN
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3.5.2.3 Percent exceedence data

Percent exceedence data sheets and plots are used to determine what percentage
of the total sediment yield 1s transported by a specified discharge. This allows the user to
determine a range of discharges that transport an amount of sediment over a specified
period of record. Table 3.7 and Figure 3.16 are examples of the arithmetic percent

exceedence data sheet for Long Creek.

Table 3.7 — Arithmetic percent exceedence data sheet for Long Creek

Percent Exceedence Output (55 Arithmetic Bins)

j Total
Sediment Sediment
Product |Sediment | Sediment| Yield
Bin Size |Bin Prob| CDF |(tons/day)| PDF CDF  |(tons/da
127.67 L0.95127 0.9513 | 46.222 0.446 0.446 103.53
255.33 _] 0.0209 109722| 3.672 0.035 0.481 \

383 |0.00808 | 0.9803 | 2.931 0028 | 0.509 |
510.66 | 0.00443 | 0.9847 | 2.651 0026 | 0.535

638.33 | 0.00328 | 0.988 | 2.887 | 0.028 | 0.563

|

766 10.00215]0.9901| 2576 | 0.025 | 0588 |
893.66 | 0.00159 |0.9917| 2467 | 0.024 Lo 612 |
1021.33 | 0.00153 | 0.9932| 2.957 0029 | 0.641 |
1148.99?&0012ﬂ 09945 2.99 0029 | 067 |
1276.66 | 0.00094 |0.9954| 2617 | 0.025 | 0695 |
1404.33 | 0.00079 [0.99623] 2.579 | 0.025 072 |
1531.99 | 0.00071 |0.99694| 2.656 0026 | 0746 |
1659.66 | 0.00047 [0.99741] 2.008 0019 | 0.765 }(

1787.32 | 0.00037 |0.09779] 1.793

0017 | 0.782
1914.99 | 0.00039 |0.09818] 2.098

002 | 0802 |

2042.65 | 0.00026 [0.99844 1.529 0.015 | 0.817
2170.32 | 0.00021 [0.99864] 1.352 | 0.013 | 0.83 |
A |
L . .

. T .
6510.96 | 0.00001 0.99996] 0.211 | 0.002 | 0.987 |
6638.63 | 0.00001 [0.99997| 0.289 0.003 099 |

| 6766.29 | 0.000010.99998] 0.446 | 0004 | 0.994
6893.96 | 0.00001 0.99999] 0.305 | 0.003 | 0.997

702163 000001 1 | 0314 | 0003 | 1 |
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Figure 3.16 — Arithmetic percent exceedence plot for Long Creek (55 bins)

3.5.2.4 Summary sheet

Summary sheet provides a summary of the effective discharge results for each bin
size variation, computation method, range of years analyzed, general statistics for
discharge data, and a recurrence interval plot. The recurrence interval plot is used in
determining whether the calculated effective discharge is within a reasonable range of
flows. In addition to the summary table, two summary plots are also generated: sediment
yield versus number of bins, and effective discharge versus number of bins. Table 3.8

and Figures 3.17 and 3.18 are examples of the summary output sheet for Long Creek.
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Table 3.8 — Summary data sheet for Long Creek

EffQ (DEC Long Yang).xls Summary Sheet
Effective | Effective Type of Total - —[

Effective Discharge, | Discharge,| Sediment | Sediment Average |Ln Average Max
Discharge | Range of | Number| 1stPeak | 2nd Peak | Discharge Yield Discharge | Discharge | Discharge

Type Years | of Bins (cfs) {cfs) | Relationship | {tons/day) Year efs) | (cfs) (cfs) Rank| Freq. Discharge| Ln Discharge
Arithmetic  |1987-1999 5] 702.16255| 2106.48765{SedTrans 3291.1105 1890( 38.8086482] 2.15589201 7022.5 1] 0.0625 Skew| 1364989 1.329581707
Arithmetic  |1987-1999 10} 351.081275] 1053.24383]SedTrans 1080.775 1991] 60.3234255] 2.2328739 6784 2 0125 Mean| 40.786251| 2.315618376
Arithmetic  {1987-1999 15| 234.054183] 702.16255)SedTrans 567.12904 19891 49.0820703} 2.24190284 5459 3| 0.1875 Median 7.155] 1.967811413
Arithmetic  {1987-1999 20} 175.540638} 526.621913}SedTrans 364.11093 1992} 31.7765093| 2.00541006 5353 4 0.25] Std Deviation| 182.09471 1.279544666j
Arithmetic  11987-1899 25| 140.43251f 421.29753{SedTrans 262.76993 1995} 27.1851013] 2.07142067 4107.5 5] 0.3125
Arithmetic  [1987-1999 30] 117.027092] 351.081275{SedTrans 204.55204 1997] 43.5792752 2.44722104] 3788.29425 6] 0.375
Arithmetic  ]1987-1999 35] 100.308936! 300.926807{SedTrans 167.87287 1987( 21 7320464 1.99877295 3630.5 71 0.4375
Arithmetic ]1987-1999 40} 87.7703188] 263.310956|SedTrans 143.3218 1994 28.1625853( 2.05357795 3577.5 8 0.5
Arithmetic [1987-1999 45] 78.0180611] 234.054183)SedTrans 125.92056 1999( 85.1689173| 3.60450791! 3270.53822 9] 0.5625
Arithmetic  {1987-1889 55| 63.83295911 191.498877|SedTrans 103.53023 1998] 93.3045493] 3.91381278] 2963.90518 10} 0.825
Arithmetic | 1987-1899 60| 58.5135458( 175.540638{SedTrans 96.186612 1999} 28.0543738] 2.00930066| 2822.356 11] 0.6875
Arithmetic  [1987-1999 851 54.0125038| 162.037512|SedTrans 90.356699 1988{ 33.4435129] 2.05209213 2493.65 12 0.75
Arithmetic  11987-1989 TO0{N/A N/A N/A N/A 1998| 26.563507| 2.00000622{ 24432213 131 0.8125
Arithmetic [1987-1999 75IN/A N/A N/A N/A 1993| 16.9610225] 1.9428506 2273.7 14{ 0.875
Arithmetic  {1987-1989 80(N/A N/A N/A N/A 19961 21.1997913( 1.85025926{ 2096.5801 15§ 0.9375
Arithmetic  11987-1999 90|N/A N/A N/A N/A
Arithmetic | 1987-1999 100{N/A N/A N/A N/A T T e e T
Arithmetic [1987-1999 125 A A A NA Discharge Frequency Chart Based on15 minuteTime
Arithmetic | 1987-1999 150]N/A N/A NIA N/A Interval
Logarithmic {1987-1999 5] 1568.28058} 78.3656573]SedTrans 900.29145 :
Logarithmic {1987-1399 10{ 1301.23133] 4003.55687|SedTrans 141.73234 8000 : ;
Logarithmic [1987-1999 15| 1246.18282| 2488.54647{SedTrans 96.408593 - 7000} 4 : I
Logarithmic |1987-1999 20| 1222.4703{ 2014.50277{SedTrans 80.408354 £ 8000 \ ,‘
Logarithmic }1987-1999 25) 1787.694941 1209.26771{SedTrans 73.282204 g 5000 + : i : : ‘
Logarithmic [1987-1999 30] 1655.56236] 1200.85572]8edTrans £8.8404 5 4000 - : -
Logarithmic [1987-1999 35] 1569.28958] 2060.76421|SedTrans 66.137879) g 3000 f -~y
Logarithmic [1987-1999 40] 1508.61032] 1911.31901]SedTrans £4.346024 8 fggg { -
Logarithmic [1987-1999 451 1463.63859| 1804.02093{SedTrans 62.614727 O
Logarithmic [1987-1999 50 1428.08872| 1723.36545(|SedTrans 61.531651 . 02 04 06 o8 L
Logarithmic [1987-1989 55| 1401.4802] 1967.59333|SedTrans 60.594145 i ) : :
Logarithmic [1987-1959 60] 1880.38402] 1379.11544[SedTrans 59.983027 Frequency (%)
Logarithmic [1987-1939 65] 1810.01829] 1569.28958{SedTrans 59.348235 e
Logarithmic [1987-1999 70{ 1535.08586( 1344.9624{SedTrans 58.732173
Logarithmic |1987-1999 751 1506.16748] 1331.63066(SedTrans 58.34552
Logarithmic ]1987-1999 80] 1865.49501| 1481.40143|SedTrans 58.000275
Logarithmic 11987-1999 90] 1441.20734] 1767.9516)SedTrans 57.30287
Logarithmic (1987-1999 100} 1856.73874 1409.997|SedTrans 56.827175
Logarithmic [1987-1999 125( 1816.32963/ 1458.67085|SedTrans 56.014937
Logarithmic {1987-1999 150{N/A N/A N/A N/A |
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Figure 3.17 — Sediment yield versus number of bins for Long Creek.
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Figure 3.18 — Effective Discharge versus number of bins for Long Creek




4 ANALYSIS OF RESULTS

Results obtained from the various methods discussed are presented in the
following sections, Analysis and discussion of the effective discharge results, flow

duration relationships’ sediment yield, and comparisons associated with each of the

calculations are alsg presented.

4.1  Analytical Effective Discharge Calculations

Nash (1994) suggested a direct approach for determining effective discharge
given that the discharge data are log-normally distributed. Using the discharge data
available from the USGS, a Chi-squared test was used to determine whether the discharge
data were log-normally distributed. Resuits of the chi-squared test with o = 0.05 failed to
reject the null hypothesis that the 15-minute discharge data were log normally
distribution at each sjte, As a result, the analytical effective discharge computation was

tested using the following equation (Nash, 1994):

Q.= fhia Equation 4.1

where:

b = shape factor coefficient:

Q= mean of the natural logarithm of discharge; and
A = standard deviation of the natural logarithm of discharge-

Table 4.1 and Figures 4.1 and 4.2 show the actual and calculated log-normal

distributions for Abiaca 21 Creck near Cruger.
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Table 4.1 - Discharge frequency distribution for Abiaca 21 Creek near Cruger

T

200

Effective Discharge Output (50 Arithmatic Bins) px= 102.55[mean of Q
Min Q| 13.60598 OX= 221,33 |std deviation of Q
Max Q 3570 Nx= 2.16/coefficient of variation
Number of Intervals 50 uy= 3.76/mean of In(Q)
Interval Index| 71.1278804 oy= 1.32|std deviation of In{Q)
Calculated
Bin Bin
Reference #| Bin Size | Frequency | Probability| CDF ) Probability Calculated CDF
0 0 0 0.00000 }0.000 0.00000 0.000
1 71.128 190813 0.68895 |0.689| 064557 0.646
2 142.256 56257 0.20312 10.892| 0C.17104 0.817
3 213.384 12068 0.04357 |0.936| 0.07050 0.887
4 284512 4318 0.01559 |0.951 0.03655 0.924
5 355.639 2480 0.00895 |0.960] 0.02151 0.945
6 426.767 1730 0.00625 |0.966 0.01374 0.959
7 497.895 1238 0.00447 0.971 (.00930 0.968
8 569.023 854 0.00308 |0.974] (0.00666 0.975
9 640.151 659 0.00238 | 0.976| 0.00479 0.980
45 3200.755 5 0.00002 [ 1.000 0.00003 0.999
46 3271.882 2 0.00001 1.000 0.00003 0.999
47 3343.010 17 0.00006 | 1.000] 0.00003 0.999
48 3414.138 9 0.00003 }1.000] 0.00003 0.999
49 3485.266 1 0.00000 |[1.000] 0.00002 1.000
50 3556.394 5 0.00002 {1.000( 0.00002 1.000
PDF Comparison for 2-Par log-normal distribution
09 |8 Data —&— Equation w/ bins |
0.8 % ! ‘
0.7
2 06 j
% 0.5 1
9 04 l
£ 03
0.2

400

600
Discharge (cfs)
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Figure 4.1 — Observed and calculated PDF for Abaica 21 Creek near Cruger
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Figure 4.2 — Observed and calculated CDF for Abaica 21 Creek.

Mean and standard deviation of the discharge data for each site were obtained
from the output summary sheets generated by the effective discharge program. Table 4.2
summarizes the analytical effective discharge computations using Nash’s method. For
each site, effective discharge was computed using observed total sediment data, pump
total sediment data, bed material sediment data, and computed sand load data using
Yang'’s sand load equation.

Analytical effective discharge values presented below were found to be much
smaller compared to the calculated 2-year recurrence interval discharge for each site
(Figure 4.3). The smaller effective discharge values computed from the analytical
method would suggest that the lognormal distribution proposed by Nash (1994) does not
account for the large amount of skew (>8) observed in the discharge data for the sites in

this study. Nash’s lognormal frequency distribution does not take into account skew of
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the discharge data and, as a result, the analytical effective discharge does not provide the

best representation of the true discharge frequency distribution.

Table 4.2 - Analytical effective discharge for each site

Sediment | Station Name (USGS gauge Mean of Std Dev of | Analytical
Type #) 0s =aQ’ nQ () | nQ (B) Qeff
D0 Saree a j b (cfs)
1 Yang Vhiea 3D Oy 0.0163 1.54 3.82 0.81 65
2 Yang Abpaca 4 (D10 0.1773 [.51 3.73 0.81 58
Abraca 6 o Seven Puies
3 bed 0N ) 0.0081 1.61 4.16 0.81 95
Ahviaca g Cruea
4 bed L ‘Ir»m. 0.0046 1.49 4.13 0.77 83
Batupan Bogue @ Grenada 5
i 2 . 5. . 25
5 bed (#07285400) 0.2081 119 30 1.59 3
Fannegusha @ Howard
. .0032 2.01 .86 1.1 g

6 pump (407287355) 0.00 3.8 9 199

7 Yang Faeansho (1Y FC 0.0004 1.45 2.94 1.19 36
Harland Creek @ Howard
- . 0. 3. .

8 bed (#07287404) 1.3512 0).0073 00 1.13 6
9 Yang Plarhad 1D C 0.0002 .52 2.73 1.13 30
10 Yang Hartand 23 e 0.0002 1.49 3.21 .13 46

Hickahala @ Senatobia
11 bed (#07277700) 0.0004 1.84 4.18 0.97 146
12 Yang ichabala 1oy 0.0011 1.35 2.63 0.97 24
13 Yang Flhrchabiaba 22 ¢l o 0.00005 1.53 4.54 0.97 49

Hotopha @ Batesville o

. . .94 .
14 bed (#07273100) 0.8178 1.04 2.9 1.17 20
15 Yang Hotopha i1 oy 0.00001 1.56 2.81 1.16 35
Otoucalofa @ Water Valley

1 g . 2.3 4. .

6 bed (#07274252) 0.00001 0 62 1.38 1221
17 Yang Ortoucaiola (D) 0.0009 1.28 4.05 1.38 98
18 bed Long @ Pope (#07275530) 0.0283 |.44 343 1.20 58
19 Yang L one thb ey 0.00002 1.62 2.31 1.28 28
20 bed Sctatob (07277 A 0.00004 L73 3.17 1.13 8l

Yang 0.0003 1.41 40
Fopasbiaw o Derma 25
21 Yang T 0.0000009 | 1.64 52 1.76 91
Noadobnsha o Do
22 Yang G0N0 0.0004 1.43 2.74 2.53 237
23 Yang Noolobeea o N dndainan 0.0001 1.41 1.55 3.08 227
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Figure 4.3 — Analytical effective discharge versus calculated 2-year recurrence discharge

4.2 Sediment Traps

Sediment transport was determined for a range of low flows for eleven sites using
the procedures presented in Section 3.4.3. From the results of the sediment traps, it was
determined that the amount of sediment transported at the various observed low flows
was negligible in terms of the effective discharge. Table 4.3 is an example of the bed
material load and suspended sediment load concentrations for Fannegusha Creek.

From the results of the sediment traps and suspended sediment samples, the
average total sediment concentration for all the creeks sampled was 50 mg/L. Resulting
bed material load was determined by removing the wash load portion from the total load.

Average bed material load concentration was determined to be around 1 mg/L. The

recorded discharges ranged from 7 to 76 cfs and depths ranged from 0.7 to 2.1 feet.




Table 4.3 - Suspended and bed load concentrations for Fannegusha Creek

Suspended sediment sample
A B C=B-A D E=1000*(C/D)
Sample| Original Wt | Final Wt Dry Wt Total Vol Conc. Avg Conc.
# | (grams) | {(grams (mg) (mliters) (mg/l) | (mglL)
15 1.5364 1.5472 10.8_ 250 43.20
11 1.5396 1.6509 11.3 250 45.20 4547
28 1.869 1.8762 7.2 150 48.00
Sediment trap sample
A B C D E F G=(D/E)*F
#of | Dry Weight| Time Trap Area | X-Sec Area| X-Sec Q Trap Q
Traps | {(grams) | (hours) (ft2) (ft2) (cfs) (cfs)
2 338.9 2 0.5 31.30 40.34 0.64
H=A*G*C | I1=1000"B/H Adjusted
Total Vol thru Conc. % >D10 Conc.
Trap (liters) (mglL) (mg/L)
262818.94 1.29 0.7 [ 0.9

From the observed results, it was evident that at these low flows, a minimal
amount of sediment transport actually occurred. These results were used to assist in the
analysis of the arithmetic effective discharge determination and to provide information
about the type and amount of sediment transport that occurs in the first bin size.

Figure 4.4 shows the largest observed sediment discharge from the sediment traps
(Abiaca 6), along with the sediment-rating curves for each sediment type. Total sediment
load calculated from the sediment traps and suspended samples produce sediment Joads
that match the USGS total sediment samples. However, from the graph it is evident that
the amount of bed material load transported at the low flows is much less than predicted
by the rating curves. As a result, it is evident that the current sediment-rating curves
overestimate the amount of bed material load that is transported at these low flows.

Overestimation of the sediment rating curves results from the limited amount of sediment

transport data at these low flows.
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Figure 4.4 - Plot of observed sediment transport at low flow for Abiaca 6
4.3 Magnitude Frequency Analysis — Effective Discharge

Effective discharge was computed using both arithmetic and logarithmic class
sizes for twenty-three sites using Andrews’ (1980) method and four different types of
sediment data: observed total sediment load, automatic pump sediment total load, bed
material sediment load, and total sand load computed with Yang’s equation. Bed
material load and Yang’s equation were used to determine the effective discharge
corresponding to the bed material load, whereas the pump and observed sediment data
were used to make comparisons of the total sediment yield for each site. Final effective
discharge determinations for each site were computed using the bed material load at
USGS gauges and/or Yang’s sediment load data for ungauged sites using fifty bins.

A typical results summary sheet is shown as Figure 4.5. From the results of the

effective discharge program it was determined that fifty bins produced the most

representable sediment load histogram for each site. Similarly, it was found that in




general, bin sizes greater than fifty produced zero frequencies in the flow frequency
distributions and were therefore not used in the analysis. By choosing fifty bins, the error
associated with the upper logarithmic bin sizes and the size of the first arithmetic bin was
minimized. From the effective discharge program summary sheet (Figurc 4.5), it is

evident that as the number of bins increases, the resulting effective discharge decreases.
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Figure 4.5 — Effective Discharge vs. number of bins for Long Creek

4.3.1 Classification of Problematic Computations

Using the methods presented in Chapter 3 to determine the arithmetic and
logarithmic effective discharge, four different types of sediment load histograms (Type I,
Type 11, Type 11, or Type IV) were observed to occur, depending on the method used in
determining the effective discharge. Using arithmetic bins, the sediment load histogram
either produced a Type [ histogram with the peak in the first bin followed by a continuous
decrease in the histogram (Figure 4.6), or a Type Il histogram with the peak in the first
bin followed by additional peaks (Figure 4.7). Using logarithmic bins, the sediment load

histogram either produced a Type Il histogram with a very distinguishable peak (Figure
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4.8) or a Type IV histogram with multiple peaks (Figure 4.9). Effective discharge
calculations that produced a Type 1 or Type IV histogram indicated that the calculation
procedure was not appropriate in determining the effective discharge because a
representative peak could not be determined or reproduced.

Eliminating the Type I and Type 1V effective discharge histograms resulted in a
total of five sites for which effective discharge could be determined arithmetically, and
cleven sites for which effective discharge could be determined logarithmically. As a
result, effective discharge could only be determined for twelve of the twenty-three sites
investigated in this study. It should be noted that numerous researchers (Soar, 2000;
Andrews, 1980; Nash, 1994; Thore er al., 1998) have suggested that a fifth type of
sediment load histogram occurs. A type V histogram is associated with the arithmetic
bins and is characterized by a single peak which does not occur in the first bin (Figure

4.10). However, a Type V histogram was not found to occur for any of the sites within

this study.
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Figure 4.6 — Type [ sediment load histogram (USGS Long Creek)
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Effective Discharge Using Arithmetic Approach for Years 1992 - 1999
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Figure 4.7 — Type Il sediment load histogram (Abiaca 6 near Seven Pines)
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Figure 4.8 — Type 1l sediment load histogram (USGS Long Creek)
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Figure 4.9 — Type 1V sediment load histogram (DEC Hotopha Creek)
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Figure 4.10 — Type V sediment load histogram




Water-surface elevations for each effective discharge were plotted on surveyed
cross sections of each site in order to determine whether the calculated effective

discharge was reasonable. Figure 4.11 illustrates the effective discharge stage at the

gauged section of Abiaca 21 Creek.
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Figure 4.11 — Cross-section plot of effective discharge

Analyses of these plots were used to assist in the elimination of the first
arithmetic peak in the effective discharge calculations. From Figure 4.11, it 1s evident
that the stage associated with the first arithmetic bin is not reasonable since it only
accounts for five percent of the total flow area. By identifying the effective discharge
stage, cumulative percent of sediment transported by the effective discharge, and ratio of
Qe/Q>2, a range of flows corresponding to the effective discharge was determined for
each of the twelve sites. Cross sections of the remaining sites are shown in Appendix E.

Results of the effective discharge calculations are presented in Table 4.4.
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Table 4.4 — Results of effective discharge calculations using 50 bins

Arithmetic Method Logarithmic Method
Sed Station Name Histogram | Arith | Histogram | Log
type Type Qeff Type Qeff
DEC o USGS location (cfs) (ctfs)
1| Yang Ablaca 3 Type Il 692 Type |l 710
2 | Yang Abiaca 4 Type I 776 Type llI 796
5 bed [Abiaca 6 near Seven Pines|  Type I 1187 Type Ill 1218
4 | bed Abiaca 21 near Cruger Type Il 1244 Type IV N/A
5 bed |Batupan Bogue at Grenada| Type Il 2126 Type IV N/A
6| N/A Fannegusha at Howard N/A N/A N/A N/A
7 | Yang Fannegusha Type | N/A Type IlI 2352
8 bed Harland Creek near Type | N/A Type IV N/A
Howard
9 | Yang Harland 1 Type | N/A Type IV N/A
10| Yano Harland 23 Type | N/A Type IV N/A
11 bed | Hickahala near Senetobia Type | N/A Type Il 6064
12| Yana Hickahala 11 Type | N/A Type Il 1285
13| Yana Hickahala 22 Type | N/A Type lll 8708
14 bed Hotopha Creek near Type | N/A Type Il 552
Batesville
15| Yanc Hotopha Type | N/A Type IV N/A
16| bed Long creek near Pope Type | N/A Type Il 7451
17| Yang Long Type | N/A Type lii 1406
18 bed Otoucalofa Canal near Type | N/A Type IV N/A
Water Valley
19| Yang Otoucalofa Type | N/A Type IV N/A
20 hed Senetobia Type | N/A Type lll 5104
Yana Senetobia Type | N/A Type lll 3555
21| Yang Topashaw at Derma Type | N/A Type IV N/A
22| Yang Yalobusha at Derma Type | N/A Type IV N/A
23| Yana | Yalobusha at Vardaman Type | N/A Type IV N/A
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4.3.2 Cumulative Sediment Discharge

In addition to determining the effective discharge from the bed material load
histograms, a CDF plot of sediment versus discharge was generated to compare effective
discharge with a range of sediment-transporting flows (Biedenhamn and Thorne 1997). A
plot was generated for each site and then combined into one common plot using the Q/Q;
ratio to generate a bed material sediment CDF versus dimensionless discharge graph
(Figure 4.12). Additionally, the effective discharge for each site was also graphed to
determine the range of sediment transport that corresponded to the effective discharge in
this study.

Biedenhamn and Thorne (1997) showed that for the Mississippi River, the
sediment load CDF produced an “S-shaped” curve, and the range of discharges
transporting seventy percent of the total sediment load (from 15% to 85% of the CDF

curve) corresponded to the steepest section of the CDF curve. For the DEC streams, this

S-shaped trend was not present.
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Figure 4.12 — Sediment CDF versus Q/Q; for bed material load
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Figure 4.13 ~Sediment CDF vs. EffQ/Q-.

Figures 4.12 and 4.13 indicate that the effective discharge occurs over a range of
discharges that transport from 47 to 67 percent of the total sediment load (u=0.57 and
6=0.1). The corresponding range for the Qeff/Q2 ratio is approximately 0.2 to 1.4.

Because the Q2 1s a regionalized value (+/- 44%), the sediment CDF is a better estimate

of the effective discharge compared to that of the Qeff/Q2 ratio.

4.4 Effective Discharge Comparison
4.4.1 MFA - Logarithmic vs. Arithmetic Distribution

Use of arithmetic versus logarithmic class sizes has been the subject of a debate in
the determination of effective discharge. Although the logarithmic method clearly
defines the low flow frequencies, logarithmic classes cause bin sizes to vary and result in
a bias toward the larger bin sizes. The effective discharge has a greater probability of
occurrence than the smaller discharge bin sizes. As a result, the logarithmic method tends

to over-estimate the effective discharge (Figure 4.14). Although the arithmetic method
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uses equal class sizes, the first bin size is large relative to the first logarithmic bin, and
results in the effective discharge occurring in the first bin because of the high frequency

of low flow events.
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Figure 4.14 — Discharge bin size vs effective discharge method.

Although the logarithmic bins tend to overestimate the effective discharge, Figure
4.14 illustrates that for fifty arithmetic and logarithmic bins, the effective discharge is
within fifty cfs for the two methods. This suggests that if a large number of bins are used
in generating the logarithmic frequency curves, the error associated with the upper bin
sizes may be minimized.

From the results of the effective discharge calculations in this study, the
logarithmic effective discharge calculations showed that seven of the twenty-three sites
resulted in multi-modal distributions (Type IV histogram) of the sediment load
histogram, regardless of the number of bins used. As a result, a consistent and

reproducible effective discharge could not be determined for these seven sites. Similarly,

91




the arithmetic calculations showed that seventeen of the twenty-three sites resulted in
histograms with a single peak in the first bin (Type 1 histogram). As a result, a
reasonable and reproducible effective discharge could not be determined for these
seventeen sites.

Figure 4.15 1s a plot of effective discharge method versus skewness of the
discharge PDF. From the graph it is evident that for a skew greater than nine, arithmetic
bins produce a Type | histogram and could not be used for these data. Therefore, the data
suggest that for DEC sites with a skew greater than nine, logarithmic bins should be used
because of the error produced by the high frequency of low flow data. Although this
graph provides some insight into when each method should be used, it should be noted

that effective discharge could only be determined for twelve of the twenty-three sites in

this study.
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Figure 4.15 — Skew versus Effective discharge method
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4.4.2 Effective Discharge versus Q2

Numerous researchers (Biedenharn et al. 1987, Wolman and Leopold 1957,
Andrews 1980, Hey 1975, Orndorff and Whiting 1999) have shown that the recurrence
interval for the effective discharge ranges from 1 to 5 years. As a result, the 2-year
regional recurrence interval discharge was calculated for each site and compared with the
recurrence interval of the effective discharge. Table 4.5 lists the Q/Q; ratio for the
twelve sites and suggests the average effective discharge to be equal to 0.8Q,.

The two-year discharge regression equation developed by Colson and Hudson
(1973) has an estimated error range of + 44%. Figure 4.16 illustrates effective discharge
versus Q, for all twelve sites and includes the 44% error band associated with the Q;

discharge. The Q, error band encompasses approximately 70% of the computed

logarithmic effective discharges.
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Figure 4.16 — Effective Discharge versus Q2 for all sites with 44% error band
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Table 4.5 — Qeff/Q2 ratio for each site

Arith | Arith Q2 Log Log
Station Name Qeff | Qeff/Q2 | regionalized | Qeff | Qeff/Q2
DEC or USGS location (cfs) (cfs)
, Ablaca 21 near
bed Cruger (DEC) 1244 | 0.52936 2350
Abiaca b near Seven

[aY=Yal -
hed Pines (DEC) 1187 | 0.36134 3285 1218 | 0.370776
peq | Hickahala near 6591 6064 | 0.920042

Senetobia
Hotopha Creek near 2660 552 | 0.207519
bed Batesville
bed | -On9 creek near 5535 7451 | 1.346161
Pope

bed Senetobia (DEC) | 4727 5104 | 1.079755
Yang! Abiaca 3 (DEC) 692 | 0.38898 1779 710 1 0.399101
Yang| Abiaca 4 (DEC) 776 | 0.31328 2477 796 0.321356
Yang| Fannegusha (DEC) 1711 2352 | 1.374635
Yang! Hickahala 11(DEC) 1166 1285 | 1.102058
Yang| Hickahala 22 (DEC) | 8553 8708 | 1.018122
Yang Long (DEC) 967 1406 | 1.453981

4.5 Annual Sediment Yield

Computation of annual sediment yield is a secondary result of calculating
effective discharge. Summing the product of the sediment transport and frequency of
occurrence curves, or the sum of the total load column from the effective discharge
output sheet, obtains the total sediment yield. Summation of the product produces an
average daily sediment transport rate; therefore, annual sediment yield is found by
multiplying the summation result by 365 days. Table 4.6 presents annual sediment yield

for each of the thirteen gauged sites. The data approximate bed material load as 23% of

the total measured sediment discharge.
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Table 4.6 — Annual sediment yield for each site.

Logarithmic Bins Arithmetic Bins
Annual Annual
Sediment Avg. sediment| sediment |Avg. sediment| sediment
Type Station Name yield yield yield yield
DEC or USGN ocation (tons/day) (tons) (tons/day) (tons)
bed material Abaca 2 9 3,464 i 3,953
hed maternal Abraca 6 50 18,418 60 21,988
bed material Batupan wr Grenada 816 297,840 1,098 400,770
bed material Fannegusha e Howard N/A N/A N/A N/A
bed matenal Harland @« Howard 1 507 1 ST1
bed material Hickahaly s Senctobia 54 19,710 70 25,550
hed material Hotopha i« Batesville 67 24455 264 96,360
bed materal lLong creek near Pope 101 306,865 286 104,390
bed maternal | Otoucalofa o Water Valles 038 342,370 854 311,710
bed muateral Senctobia 1 203 2 704
bed matenal Fopashaw a0 Derma N/A N/A N/A N/A
bed material Yalobusha o Derma N/A N/A N/A N/A
bed material Yalobasha o N ardanian N/A N/A N/A NA
Sum 2.03K 743892 2.646 965,036
Total Joad Abraca 21 near € ruee 191 69,600 197 71.949
Total Toad Abilact 6 near Seven Pines 225 82.300 255 93.035
Teral load Batupan Boguc at Grenada 1,039 379,235 1,195 430,175
Total load Fannegusha @ Howard 1,974 720.510 2.392 873,080
Total load Harland Creek near Howard 805 293,825 865 315,725
Total toad Hichahala ncar Senctobia 521 190,165 717 261,705
. Hotopha Creek near Batesville 48 17,520 137 50,005
Total load
Total load fLong creck near Pope 1,022 373,030 1,481 540,565
Total Toad Otouculofu e Water NValfey 3,609 1,317,285 3,641 1,328,965
Fotal Toad Senctobia 332 121,180 794 289,810
Total Toad Fopashaw @ Derma 220 80,300 331 120,815
Total Toad Yalobusha o Derma 257 93,805 312 113,880
Totad foad Yatobusha o \ardanan 382 139,430 422 154,030
Sum 16,023 RTRAVI 12.739 4.049.739

Results of Table 4.6 show that the arithmetic and logarithmic classes produce
different sediment yields. This occurs as a result of the high frequency of low flows for
these streams. Arithmetic bins over-predict the sediment load yield compared to
logarithmic bins as a result of the high probability of occurrence of the first bin. Because
the logarithmic bins vary in size and are able to better define the low-flows, the resulting
sediment yield 1s much lower. Therefore, the sediment yield calculated for each site was

determined using the logarithmic bins.
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In addition to the annual sediment yield, Table 4.7 lists sediment yield
characteristics for each of the twenty-three sites, including: sediment yield per acre, bed
material sediment yield as percentage of the total yield, and skew of the discharge data.
Average bed matenal sediment yield from the Yazoo River Basin is approximately 4.63
tons per acre based on observed bed material load data. Dubler (1997) showed that the
skewness of the water discharge probability distribution function has an effect on the
effective discharge. He showed that generally, as the skewness increased, the sediment
yield also increased. Figure 4.15 depicts the relationship between skewness of the
discharge frequency distributions and annual sediment yield. Otoucalofa at Water Valley

and Batupan at Grenada both generated extraordinarily high sediment yields due to

backwater affects and therefore were excluded from the regression of the data.




Table 4.7 — Average sediment yield characteristics for each site.
- Avg. Bed Bed material Skew of
Sediment Drainage | Avg. Annual | material % of Total | discharge
Type Station Name Area |sediment yield yieid vield data
D10 o USGS focation [ (sq mile) (tons) (tons/acre)
hed Abtaca 2 94.43 3468 0.06 0.05 7.34
o] Ahraca 93.89 18418 031 0.22 8.74
vange egn Ahairca X 25.16 15742 0.98 N/A 8.74
;';1113r cgn Abaca 4 42.41 156315 5.76 N/A 8.72
~ hed Batupan (@ Grenada 240 297840 1.94 0.79 5.12
observed | Fannegusha « Howard 107 521950 7.62 N/A 10.89
vang egn Fannegusha 17.65 51100 4.52 N/A 10.30
bed Farland e Howard 62.1 507 0.01 0.002 9.63
vang egn Flarland 1 26.89 118625 6.89 N/A 9.63
vang cgn Farland 23 40.3 172280 6.68 N/A 9.63
- hed Hickahala (e Senctobia 121 19710 0.25 0.10 10.32
viny egn Fhickahala 11 10.41 114610 17.20 N/A 10.32
vang egn Ihchahala 22 220.2 297840 2.11 N/A 10.32
bed Hotopha (@ Batesville 35.1 24455 1.09 1.40 16.63
viang egn I lotopha 19.19 9490 0.77 N/A 16.78
" bed Long creck ncar Pope 79.2 36865 0.73 0.10 15.89
vang eqn Long ereek 10.24 21900 3.34 N/A 13.65
bed Omu“‘”\(,):‘:]z; Water 97.1 342370 5.5] 0.26 6.68
vang egn Otouculolu 47.11 1085875 36.02 N/A 6.70
hed Senetobia 82 263 0.01 0.002 10.76
vang egn Topashow o Derma 95 80300 1.32 N/A 11.70
vang egn Vatobusha o Derma 158 93805 0.93 N/A 6.54
vane cqn | Yalobusha ¢ \ ardaman 86.3 139430 2.52 N/A 8.24
EEchuded values |
g 800y o y=0.1701x - 1.4114
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Figure 4.17 — Skewness versus annual sediment yield




5 CONCLUSIONS AND RECOMMENDATIONS

Computational methods for determining effective discharge have been presented
and procedures were developed to analyze flow-duration relationships and sediment
transport relationships in order to compute effective discharge for each of the twenty-
three sites in the Yazoo River Basin. Analyses and comparisons were also made between
arithmetic and logarithmic class size distributions and types of sediment transport
concerning effective discharge, annual sediment yield, and flow duration. Conclusions of
the analysis and results from the development of the effective discharge determination are

presented below. In addition, recommendations for further research are also presented in

this chapter.

5.1 Summary

Magnitude-Frequency Analysis (MFA) has been well documented in the
engineering and geomorphological literature since the 1960 paper by Wolman and Miller.
However, a step-by-step guidance on undertaking the analysis has not been made
available until more recently (Soar 2000; Biedenharn et al., 2000; Thorne et al., 1998).
The objective of this research was to develop a computational procedure for obtaining an
objective estimate of the effective discharge and corresponding sediment yield in the
Yazoo River Basin, Mississippi. However, through a detailed examination of the
components of MFA, it became apparent that the type and number of discharge class

intervals used in the procedure results in different estimates of the effective discharge.
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Because of this finding, a program was written to further investigate the effects that the
type and number of discharge classes has on the effective discharge determination. With
the use of the effective discharge program, a large range of class sizes and types were
analyzed to determine the most objective estimate of the effective discharge. The

following section presents the conclusions that were drawn from the analysis.

5.2 Conclusions

e Nash’s analytical effective discharge equation underestimates the MFA
effective discharge as a resuit of skew in the discharge data. A better
predictor for the analytical calculation when the discharge data 1s skewed may
include the use of the Log-Pearson Type III frequency distribution, which
accounts for skew in the data.

e From the analysis, fifty arithmetic and logarithmic class sizes produced the
acceptable (Type 1I or Type III) results for determining the effective discharge
using MFA for twelve sites.

e Ratio of the effective discharge to the two-year recurrence interval for the
final twelve sites (Q.;/0:) is approximately 0.8.

® A direct and reproducible MFA approach in determining the effective
discharge for all twenty-three sites in this study is not currently feasible as a
result of the occurrence of Type I'and Type IV sediment load histograms.

e No arithmetic bin computations were successful for sites with a discharge

PDF skew greater than nine.
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For sites containing a discharge skew greater than nine, it is recommended
that Jogarithmic bins be used in determining the effective discharge for the
Yazoo River Basin.

From the results of the sediment CDF data, it appears that effective discharge
in the Yazoo River Basin occurs over a range of flows that transport
approximately 57% of the total sediment (u=57%, o=0.1). Therefore, 1t is
recommended that this range be used to determine if the calculated effective
discharge is reasonable.

From the resuits of this study, the recommended method for interpreting the
outputs of the arithmetic and logarithmic effective discharge calculations in

order to determining effective discharge for the Yazoo Basin, Mississippi 1s

presented in Figure 5.1.

Finally, using the methods presented in Figure 5.1, the final determination of
effective discharge for the twenty-three sites within the Yazoo River Basin,

Mississippi are presented in Table 5.1.
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Figure 5.1 — Flow chart for interpreting the outputs of the effective discharge calculations
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Table 5.1 —Effective discharge results for the Yazoo River Basin, Mississippi

. Histogram | Effective
Stat N 0
ation Name Type Discharge % cdf Sed| Mean Q Q2
DEC or USGS (cfs) (cfs) (cfs)
1 |Abiaca 3 (DEC) Type 11 692 58% 68 1778.65
2 |Abiaca 4 (DEC) Type 11 776 60% 116 247743
3 | Abiaca 6 (DEC) Type 11 1187 56% 116 3284.85
4 |Abiaca 21 (DEC) Type 11 1244 67% 102 2350.09
5 |Fannegusha (DEC) Type 111 2352 67% 68 1711.69
| 6 |Hickahala near Senetobia Type 111 6064 58% 170 | 6591.32
7 |Hickahala 11 (DEC) Type III 1285 73% 36 1166.10
8 |Hickahala 22 (DEC) Type II1 8708 67% 245 8553.52
Hotopha Creek near o
9 |Batesville Type III 552 61% 60 2660.06
P
" Pztpezs (Long) Creeknear | .1y 7451 69% 124 | 5535.07
11 [Long (DEC) Type 111 1406 52% 41 967.64
12 |Senetobia (DEC) Type 11 5104 70% 98 4727.63
Discharge corresponding to 57% of
log sediment cdf
1 Batupan Bogue at Grenada Type 11 *2126 53% 774 9779.96
L gi)“;‘;g;s}‘a Crecknear | 1 TorIv| 5969 57% 172 | 4952.63
s gir\gr‘j Creek near TypelorIV | **2231 | 57% 97 | 4488.90
16 |Harland 1 (DEC) Type I or IV 1743 57% 52 2009.25
17 |Harland 23 (DEC) Type Lor IV 2832 57% 85 2459.85
18 [Hotopha (DEC) Type Lor IV 1559 57% 50 1506.83
19 |Otoucalofa (DEC) Typelor IV 6717 57% 308 3357.62
Otoucalofa Canal near o
20 |Water Valley Typelor IV 19086 57% 542 5218.53
Topashaw Creek near o
21 |Derma (DEC) TypelorlIV 4330 57% 90 4502.25
" Fggé’)‘mha River@Derma | o 1orrv | 4657 57% 241 | 7885.66
Yalobusha River @ o
23 |Vardaman (DEC) Typelor IV 2217 57% 141 5275.92

* Omitted from Type I results due to backwater affects, resulting in inacurrate

sediment and water discharge data

** Effected by backwater resulting in inacurrate sediment and water discharge data
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5.3 Recommendations for Further Research

e Additional discharge and sediment data should be collected at each location,
with an emphasis on a greater range of observed sediment data with
corresponding sediment gradations at low flows in order to generate sediment
rating curves which better predict low flow sediment transport.

e Further analysis of Nash’s analytical effective discharge equation should be
conducted using the Log-Pearson Type III frequency equation in order to
account for skew in the data.

e Classification of MFA computation characteristics (Type L 1L III, IV, V)
outside of the Yazoo River Basin should be conducted to establish

applicability.
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APPENDIX A

Sample flow frequency class size calculations




Table A.1 — Logarithmic flow frequency class size computation for Abiaca21

log, (Max(Q) - log (MinQ)
n-—2

Interval Index =

1st Class Interval =0
2nd Class Interval = MinQ
grd Class Inter'val — e( log .(MinQ)+mt erval _index)
4[’1 Class Interval — e( log , (MinQ)+2%mt erval _index;

5th ClaSS Inter'val — e( log . (MinQ)+3*nt erval _index)

48th ClaSS Interval — e( log, (MinQ)+46*im erval _index)
49th Class [l’l terval — e( log ,(MinQj+47*in erval _index)

50th Class Interval = Max(Q

| T Min Q  13.60598] 1 |
| ﬂ Max Q 3570 IR ]
Number of Bins| 50| ] ]

Interval Index|0.116037739) ;L

|
Bin
Class Ref#1Bin Size (cfs) | Frequency LProbabiliTy{ CDF
1st 0.00 | 0 | 0.00000 | 0.00000
2nd| 1361 | 2 | 0.00001 | 0.00001 |
3rd 1528 | 18 | 0.00006 | 0.00007

—

S |

[ 4thl  17.16 | 244 | 0.00088 | 0.00095 |
B 5th 1927 | 689 | 0.00249 | 0.00344
| . . | . . |
B | { L
ﬂ il - I .
| 48th]  2830.60 | 234 | 0.00084 | 0.99938 |
| 49th| 317888 | 135 0.00049 | 0.99986 |
B 50thy 357000 | 38 0.00014 | 1.00000 |

Note: Class intervals can vary slightly due to rounding of the interval index.
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Table A.2 — Arithmetic flow frequency class size computation for Abiaca21

MaxQ - MinQ

n

Interval Index =

1st Class Interval = interval _index
2nd Class Interval =2 *interval _index
3rd Class Interval =3*interval _index
4th Class Interval = 4* interval _index

5th Class Interval = 5* interval _index

48th Class Interval = 48* interval _index
49th Class Interval = 49* interval _ index

50th Class Interval =50%* inerval _index

Min Q| 13.60598
Max Q 3570 *

Number of Bins 50
" Interval Index| 71.1278804 ]

jt Bin ﬁ{

Class Ref# | Bin Size (cfs) | Frequency |Probability] CDF

1st 71.13 190813 0.68895 | 0.68895

] 2nd 142.26 56257 0.20312 | 0.89207
3rd]  213.38 12068 0.04357 | 0.93564
4th 284 .51 4318 0.01559 | 0.95124
5th 355.64 2480 0.00895 | 0.96019

[ . . . | . p_
48th|  3414.14 9 J.ooooT 0.99998
49th)  3485.27 1 0.00000 | 0.99998

r_._.___‘J

B 50th|  3556.39 5 0.00002 | 1.00000 |

Note: Class intervals can vary slightly due to rounding of the interval index.
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APPENDIX B

Sediment discharge rating curve coefficients




Table B.1 — Sediment rating coefficients for each site

Qs = aQ" (all years) Range of Q for Q, Equation
; Station Name & High Low
Sediment type gauge # a b RR| N Discharge Discharge
cfs cfs
Observed Abiaca 21 0.0028 | 2.0898 |0.92| 77 2180 28
1aca near ‘
1 Pump Cruger #07287160 | 0-0061 | 1.8926 |0.89 2723 3550 215
bed 0.0046 | 1.4923 |0.31| 6 2180 417
Observed Abiaca & s 0.0028 | 211 |0.87| 75 3210 28
1aca b6 near oeven
2 Pump Pines #07087150 | 0:0129 | 1.7502 |0.91|3685 5570 3.8
bed 0.0081 | 1.6067 |0.98| 5 3210 142
Observed Bt 5 13458 | 1.1451 [0.88] 6 21200 1040
atupan Bogue at |
3 Pump Gronada #07285400|_0:0076 | 16146 [0.76 6075| 30400 17
bed 0.2081 | 1.1922 |0.69| 6 21200 1040
. Observed Fannegusha Creek | 0.0024 2.006 (0.78| 80 2200 14
near Howard
Observed Hariand Creek 0.0099 | 2.0322 |0.90| 82 4130 9.4
arian reek near
5 Pump Howard #07287404\ 0.0107 | 1.8851 |0.91|5973 6490 6
bed 13512 | 0.0073 |0.59| 3 4130 1060
Observed Hickahala near 0.0079 | 1.7557 [0.94| 108 16000 32
6 Pump Senetobia 0.0076 | 1.7601 |0.85/5557| 18000 9
bed #07277700 0.0004 | 1.8405 |0.72 11 16000 1910
Observed | Hotopha Creek near| 0:0054 | 1992 [0.96] 7 1840 14
7 Pump Batesville | 00297 | 1.4924 |0.84[4739 9310 2
bed #07273100 0.8178 | 1.0382 |0.72| 6 1840 260
Observed Otoucalofa Canal | 0-0031 | 1.8265 [0.95| 91 16300 25
8 Pump near Water Valley | 0.0135 | 1.6835 |0.81|5206| 20400 12
bed #07274252 0.00001 | 2.3005 |0.92] 5 16300 219
Observed Peters (Long) Creek 0.01 1.7717 |0.97| 10 17000 19
9 Pump near Pope 0.0031 1.9597 | 0.95 /4256 25100 4
bed #07275530 0.0283 | 1437 070 9 17000 656
Observed Senctoni 0.1792 | 1.0319 |0.99| 8 9720 37
enetobia
10 Pump 407277730 0.009 | 1.8123 |0.90|2473| 11200 71
bed 0.00004 | 1.7263 |1.00| 3 9720 276
Topashaw Creek
11 pump near Derma 0.0846 1.4471 |0.94! 304 8452 1
#07282090
Yalobusha River @
12 pump Derma 407081077 | 01078 | 1.2778 10.95| 239 9425 1
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APPENDIX C

Effective Discharge sediment histograms for fifty arithmetic and logarithmic bins

for each of the twenty-three sites
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Figure C.1- Abiaca 21 near Cruger (arithmetic bins)
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Figure C.2— Abtaca 21 near Cruger (logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1992 - 1999
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Figure C.3— Abiaca 6 near Seven Pines DEC (arithmetic bins)
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Figure C.4— Abiaca6 near Seven Pines DEC (logarithmic bins)
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Figure C.5- Abiaca 3 DEC (arithmetic bins)
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Figure C.6— Abiaca 3 DEC (logarithmic bins)
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Figure C.7— Abiaca 4 DEC (arithmetic bins)
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Figure C.8— Abiaca 4 DEC(logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1985 - 1998
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Figure C.9— Batupan Bogue at Grenada (arithmetic bins)
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Figure C.10- Batupan Bogue at Grenada (logarithmic bins)

119

~.



Effective Discharge Using Arithmetic Approach for Years 1985 - 1998
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Figure C.11- Fannegusha DEC (arithmetic bins)
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Figure C.12- Fannegusha DEC (logarithmic bins)

120




Effective Discharge Using Arithmetic Approach for Years 1987 - 1999
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Figure C.13— Halrland 1 DEC (arithmetic bins)
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Figure C.14 — Harland 1 DEC (logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1987 - 1999
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Figure C.15 — Harland 23 DEC (arithmetic bins)
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Figure C.16 — Harland 23 DEC (logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1987 - 1999
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Figure C.17 — Harland near Howard (arithmetic bins)
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Figure C.18 — Harland near Howard (logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1986 - 1999
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Figure C.19 — Hickahala 11 DEC (arithmetic bins)
Effective Discharge Using Logarthmic Approach for Years 1986 -
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Figure C.20 — Hickahala 11 DEC (logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1986 - 1999
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Figure C.21 — Hickahala 22 DEC (arithmetic bins)
Effective Discharge Using Logarthmic Approach for Years 1986 -
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Figure C.22 — Hickahala 22 DEC(logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1986 - 1999
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Figure C.23 — Hickahala near Senatobia (arithmetic bins)
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Figure C.24 — Hickahala near Senatobia (logarithmic bins)
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Figure C.25 — Hotopha DEC (arithmetic bins)
Effective Discharge Using Logarthmic Approach for Years 1986 -
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Figure C.26 — Hotopha DEC (logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1986 - 1999
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Figure C.27 — Hotopha near Batesville (arithmetic bins)
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Figure C.28 — Hotopha near Batesville (logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1987 - 1999
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Figure C.29 — Long DEC (arithmetic bins)
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Figure C.30 — Long DEC (logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1987 - 1999
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Figure C.31 — Long near Pope (arithmetic bins)
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Figure C.32 — Long near Pope (logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1985 - 1999
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Figure C.33 — Otoucalofa DEC (arithmetic bins)
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Figure C.34 — Otoucalofa DEC (logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1985 - 1999
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Figure C.35 — Otoucalofa near Water Valley (arithmetic bins) |
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Figure C.36 — Otoucalofa near Water Valley (logarithmic bins)




Effective Discharge Using Arithmetic Approach for Years 1986 - 1999
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Figure C.37 — Senatobia DEC (arithmetic bins)
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Figure C.38 — Senatobia DEC (logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1998 - 1999
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Figure C.39 — Topashaw near Derma (arithmetic bins)
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Figure C.40 — Topashaw near Derma (logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1998 - 1999
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Figure C.41 - Yalobusha near Derma (arithmetic bins)
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Figure C.42 — Yalobusha near Derma (logarithmic bins)
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Effective Discharge Using Arithmetic Approach for Years 1998 - 1999
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Figure C.43 — Yalobusha near Vardaman (arithmetic bins)
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Figure C.44 — Yalobusha near Vardaman (logarithmic bins)
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APPENDIX D

Effective Discharge Program Inputs




Table D.1 - Inputs for Effective Discharge Program

T | Range of Qfor Q,
Qs = aQ" (all years) Equation
g:;se?# High Low Og:;::\;teld Energy Grain
i i Sized
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[ ! 75
i —\ 0.0081 ) 1.6067/0.9755| 5 3210 7 142
L | L
VN l L ! * 0.000697 L 05
I
b . AU 0.0028 12.0898| 0.916 77 2180 28
|~ [ L
oy IRUNERCH 0.00EH 1.8926 | 0.8895 {2723 3550 1 21.5
" | 75
g T 0.0046 1.492] 0.309 6 ] 2180 T 417
L | L
{j j \ 0.000301 0.35
| L
Obhserved 7285400 1.3458 | 1.1451]0.8799| 6 21200 . 1040
L -
Pumy Batupan Bogue 0.0076 | 1.6146) 0.7609 ‘ 6075‘ 30400 —L 17
bed 0.2081 | 11822 0.686 1 6 1 21200 W 1040
L L | | \
Ohserved 7287355 0.0024 | 2.006 0.784J 80“L 2200 14
40
, Fannegusha —\
Pump ] @Howard 0.0032 2.01 l 0.9493 991 ‘ 7610 | 7
B 731?‘1 PSP ‘ 40 0.001416 | 0.31
< e L I
Observed 7267404 0.0099 W 2.0322| 0.8964 ) 82 4130 9.4
Pump | Hartand @Howard o.o1oﬂ 1.8851 0.9122' 5973} 6490 N 6 25
— L
bed 1.3512 10.0073| 0.587 3 4130 1060
i [
AR e g 3 1 25 0.00134 05
D7 AT s
. Fariand o | 25 0.00102 0.5
Observed 7277700 0.0079 | 1.7557 | 0.9445 1@ 16000 32
. Hickahaia \
W 35
Pumy @Senelobia 0.0076 | 1.7601 | 0.8536 | 5557 ;18000 9
.
hed 0.0004 | 1.8405,0.7192| 11 W 16000 1910 L
— ™ —
s ST PRI \ 35 0.00195 ] 051
NRIET L
/‘,‘”'( Hierabiog, L 35 0.00089 0.41
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. i 727300 0.0054 | 1992 ) 0958 | 7 1840 14
Ohserved
- Hotaphe 0.0297 | 1.4924{0.8392 | 4739{ 9310 2 7
Pump Batesville
Do 0.8178 | 1.0382| 0.716 6 1840 260
;’Lf/j 10O Hotopha 7 0.000782 0.31
Y ang
Observed 7274252 0.0031 ) 1.826510.9543( 91 16300 25
Pump Otoucalofa @Water 30
Valley
bed 0.00001§2.3005{ 0.921 5 16300 219
7")\74‘/5? CHousalols 30 0.00178 0-39
YN,
Observed 7275530 0.01 1.7717]1 0.869 | 10 17000 19
Pump Lony @Pope 0.0031 [1.959710.9515| 4256 25100 4 30
bec 0.0283 { 1.437 | 0.698 ] 17000 656
725 Long 30 0.00107 0.38
Yany
Ohsorverd 7277730 0.1792 [1.031910.9901| 8 9720 37
FPump Senelnbia 0.009 }1.8123) 09 |2473 11200 7.1
35
besdt 0.00004| 1.7263{0.99811 3 9720 276
Yang 0.00144 0.41
Pun 7282000 0.0846 | 1.4471)0.9356) 304 8452 1
40
Yangu I opashaw (nDerma 0.00055 0.17
Pump 7281977 0.1078 11.277810.9515( 239 9425 1
Yang {Yalobusha wDerma 0.001167 0.18
T2E19G0 /\\"‘.;th\.xnha 0.001379 0.28
Yandg qoVardaman
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Table D.2 — Channel coefficients for use with SedTrans Program

o R=cQ(reach avg) | Over Bank Discharge |
| StationName | ¢ | d ]
Ahiaca 3 0.37 0.36 1375
Vhiaco 4 0.10 0.51 950
. L ]
Byaci (€ 0.16 0.46 1525
——— ————— —]
Abiaen 0 0.36 0.35 625
Fannceusha DR 0.28 0.39 3500
A — R
Harbond 0.18 0.44 3025
) R R R o
- —
Plariand 23 0.27 0.39 2150
A I,
Phokahaln U1 0.22 0.41 2750
— ¥_TL‘W%¥_§M_~
Phckhabd: 70 0.16 0.45 6000
Protophas D 0.40 0.35 8000
noucalofs DL 0.33 0.38 2900
Fone DB 0.17 0.44 1225
Sencio 0.17 0.44 7750
_ |
Tomashaw o Derma 0.62 0.33 9500
Yoajobusha e berma 0.61 0.31 10000
Yadobusho o N ardaman DEO 0.44 0.34 L 3700
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APPENDIX E

Effective Discharge and Q2 Cross-Section Plots
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Figure E.1 - Abiaca 21 near Cruger
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Figure E.2 — Abiaca 6 near Seven Pines
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Figure E.3 — Abiaca 3
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Figure E.4 — Abiaca 4
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Figure E.5 -~ Fannegusha Dec
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Figure E.6 — Hickahala 11
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Figure E.7 — Hickahala 22
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Figure E.8 — Hotopha Dec
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Figure E.9 — Long Dec
Senatobia EffQ
1061 Legend |
104
Log Peak PF 172
102 »
_ Q2 PF 169
&  100-
& J Ground
= 98
>
o %j Bank Sta
4
gj
92
901 ! T T T LA B T S S
20 0 20 40 60 80 100 120 140 160
Station (ft)

Figure E.10 — Senatobia at Senatobia
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