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RELATIONSHIPS OF SEDIMENT DISCHARGE TO STREAMFLOW

By B« R. Colby

ABSTRACT

The relationship between rate of sediment discharge and rate
of water discharge at a oross seotion of a stream is frequently
expressed by an average ourve. This ourve is the sediment rating
ourve. It has been widely used in the oomputation of average sedi-
ment discharge from water discharge for periods when sediment
semples were not colleoted. This report discusses primarily the
applications of sediment rating ocurves for periods during which
at least occasional sediment samples were collected.

Beocause sediment rating ocurves are of many kinds, the seleo-
tion of the correct kind for each use is important. Each ourve
should be carefully prepared. In particular, the oorrect dependent
variable must be used or the slope of the sediment rating curve may
be incorrect for computing sediment discharges.

Sediment rating curves and their applications were studied
for the following geging stations:

l. Niobrara River near Cody, Nebr.

2. Colorado River near Grand Canyon, Ariz.

3« Rio Grande at San Marcial, N. Mex.

4. Rio Puerco near Bernardo, N. Mex.

b. White River near Kadoka, S. Dak.
6. Sandusky River near Fremont, Ohio




Except for the Sandusky River and the Rio Puerco, which transport

mostly fine sediment, one instantaneous sediment rating curve was
prepared for the discharge of suspended sands-at each station, and
another for the discherge of sediment finer than 0.062 millimeter.
Each ourve was studied separately, and by trial-snd-error multiple
correlation some of the faotors that cause scatter from the sedi-
ment rating curves were determined. Average velocity at the cross
section, water temperature, and erratic fluotuetions in concentra-
tion seemed to be the three major factors that caused departures
vfrom the sediment rating curves for suspended sands. The con-
centration of suspended sands varied with about the 2.6 power of
-the mean veloci;y for the four sediment- rating ocurves for sus-
pended sands. The effect of water temperature was not so oonsistent
es that of velocity and theoretically should vary considerably
with differences in the size composition of the suspended sands.

Scatter from the sediment rating curves for sediments finer
than 0.062 millimeter seemed to be caused by changes in supply of
these sediments. Some of the scatter ocould be explained by season-
el variations, by a pattern of change in concentration of fine
sedi?ent following a rise, or by source of the runoff as indicated
by the measured relative flows of certain tributaries.

Daily or instantaneous sediment rating ourves adjusted for
factors that account for some of the scatter from an average ourve
often oen be used to compute approximate daily, monthly, and ennual
sediment discharges. Accuracy of the computed sediment discharges
should be better than average for streams that transport mostly
sands rather than fine sediments and for some ephemeral or inter-~

mittent streams, such as the Rio Puerco, in semiarid regions.




Accuracy of computed sediment discharges cen be much improved for

many streams by shif'ting the sediment rating curve on the basis of

2 or 4 measurements of sediment discharge per month. Of 26 annual
sediment discharges that were computed by shifting sediment rating
ourves to either 2 or 4 measured sediment discharges per month,

18 were within 10 percent of the annual sediment discharges that
were computed on the basis of a daily sampling programe. Monthly

and daily sediment discharges computed from daily or instantaneous

sediment rating curves, either shifted or unshifted, were less

accurate than similarly computed annual sediment discharges. Even

so, the difference in cost between occasional sediment samples
and daily samples 1s so great that the added acouracy from daily
sampling may not justify the added oogt.

Monthly and ennual sediment-rating curves can be applied simply,
with adjustments if required, to compute monthly and annuel sediment
discharges with reasonably good acouracy for gaging stations like
the Rio Puerco near Bernerdo, N. Mex. An annual sediment-rating
ourve seemed to give as satisfactory average sediment discharges

i for the Colorado River near Grand Canyon, Ariz., for pericds of

Ty B T

g | several years as oould be computed from daily or instantanteous
sediment rating ourves.

Unmeasured-sediment discharge of the Niobrara River near Cody,
Nebr., varied with about the 3d power of the average velocity at
the gaging-station section. An unmeasured-sediment rating ourve
based on this relatignship was used with two other sediment rating
curves, one for suspended silt and clay and one for suspended sands,

and with daily streamflow records to compute fairly satisfactory

o T 2 e

daily, monthly, and annual total sediment discharges of the stream

;é for the water year ending September 30, 1949.




* INTROCDUCTION

At most oross sections of streams, the rate of sediment dis~
charge increases rapidly as the rate of water” discharge increases.

The general relation between rate of sediment discharge and rate of

ﬁater discharge at & oross section is usuelly expressed by an aver-
ego curve thet is called a sediment rating curve. Sediment rating
curves in different forms have been widely used. This paper is the
report of a brief study of sediment rating curves and possible

epplications of them.

Purpose and Scope of the Study

The purpose of the study was to analyze sediment rating curves
and to evaluate possible uses of them in computing sediment dis-
charges particularly for short periods as contrasted with the more
customary usage in ocomputing average sediment discharges for long
periods of time. If for certain streems, records of sediment dis-
charge could be ooﬁputed eccurately enough from sediment rating \é
ourves and occasional samples, the cost of obtaining sediment
records for these streams could be greatly reduced. Perhaps for
some streams, sediment rating curves could be applied even without
occasional sémples to compute sediment records that would be satis-
faotory for many uses,.

Scope of the study was limited to analysis of instantaneous
or daily sediment rating curves for 6 sediment stations and monthly
or annual sediment rating curves for 2 stations. These stations

were seleoted, within the limits of available and adequate data, in




several parts of the United States and on streams of widely differing
flow and sediment characteristics. Sediment rating curves, usually
both adjusted and unadjusted, were used to compute daily, monthly,
and annual sediment disoharges at 6 sediment stations for a total of
11 water years. Computations for each water year were made by

1 to 8 different methods.

The analyses and computations indicated some fundamental
relationships, involving such factors as velocity and temperature,
that were briefly explored because they affect sediment discharge.
Possible uses of the sediment rating curve were considered for
different kinds of streams.

Many supplementary relationships are pertinent to a sediment
rating ourve studye. Only 1 or 2 of these relationships could be
examined even sketochilye. These included the sampling error that
might be caused by random variations from a representative average
oconoentration, the relation between velooity and unmessured sediment

disoharge, and the variation of sediment discharge with temperature.

Published Studies of the Sediment Rating Curve

Sediment rating curves have frequently been applied espeoially
by the Corps of Engineers, Department of the Army, and the U. S.
Bureau of Reclamation. However, few reports on studies and appli-
cations of the sediment rating ourve have been published. Some of
the more readily available and helpful papers are mentioned or
summarized to give a background of information on developﬁents in

the use of the sediment rating ocurve.
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Campbell and Bauder (1940) in a report of sediment relation-
ships for stations in the Red River basin of Oklahoma and Texas
pointed out some applications of the sediment rating curve and
savings that might result from the applications. Possible appli-
cations inoluded computation of sediment discharge for periods
before sediment records were obtained and substitution of periodio
sediment sampling for daily sempling. They found that some of the
sediment rating curves shifted widely from year to year.

Nolan H. Daines (1949) disoussed the time trend in the relation=-
ship between sediment discﬁarge and water discharge for the Colorado
River near Grand Canyon, Ariz. According to Daines, annual sedi~-
ment disohargeg‘that he oomputed from daily sediment rating ourves
were not satisfactorily accurate. He also showed curves of annual
water discharge against annual sediment disoharge and curves of
monthly water discharge against monthly sediment discharge for
individual calendar months.

Ce Re Miller (1951) reported an extensive study of the sedi-
ment rating curve for stations on the San Juan River of Utah. The
study stressed the computing of average sediment discharge for
long periods of time from flow-duration curves and sediment rating
curves. The report pointed out a trend, comparable to that for the
Colorado River near Grand Canyon, toward decreased sediment con-
centrations for given rates of water discharge during'recent years.

Some aspects of the sediment rating ourve and factors relating

to sediment discharge are discussed in an interesting paper by

Leopold and Maddook (1963).
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DEFINITIONS

This report may be more completely and easily understood by
referfing to these definitions and explanations of terms.

g A sedimont rating ourve i1s an average curve that expresses the




relationship between rate of sediment discharge and rate of water
discharge. In this report, sediment rating curves are assumed to
be drawn on logarithmic coordinates.

An instantaneous sediment rating curve is a sediment rating

curve that is prepared from simultaneous sediment discharges and i
water discharges for periods of time so short that changes within ‘
the periods do not affect the relationship. Theoretically, such

o a curve should be used to campute sediment discharges only for very
short time intervals, but it is frequently satisfactory for ocomput-
ing daily sediment discharges from daily water discharges.

Daily, monthly, and annual sediment rating curves are sediment

rating ourves that are based on average rates of sediment dis~
charge and water discharge for periods of days, months, or years,
respectively. A sediment rating curve of one of these kinds can
rarely, if ever, be substituted for another. However, for some
B streams, instantaneous and daily sediment rating ocurves are so
\\\\ nearly the same that in meny applications one can be substituted
for the other.

A suspended-sediment rating curve is an average curve that

expresses the relationship between suspended-sediment discharge

and water discharge. Unless otherwise qualified, the expression
means a curve for measured suspended-sediment discharge And includes
all particle sizes that were included in the sediment samples from
which the measured sediment discharge was computed.

A sediment rating curve (fines), a sediment rating curve for

discharge of clay and silt, or a sediment rating ocurve for particles

finer than 0.062 millimeter are interchangeable expressions for




oSt A L

the relationship of the discharge of particles finer than sand
sizes to the rate of discharge of water.

A sediment rating ourve (sands) or a rating ourve for the

discharge of sands are interchangeable expressions for the relation-

ship of the discharge of sediment particles of sand sizes to the

discharge of water.

The size olassifiocation is the olassification that is recom-~

mended by the Americam Geophysiocal Union Subcommittee on sediment
terminology (Lane and others, 1947, pe 937). According to this

classification, clay-size particles have diameters between 0.0002
and 0.004 millimeter, silt~size partiocles have diameters between

0.004 and 0,082 millimeter, and sand=size particles have diameters

-between 0,062 and 2.0 millimeters.

Measured sediment dischargs or measured sediment load is the

sediment discharge that is oomputed from suspended-~sediment semples
and from water discharge even though the oomputation may not be
direct or precise. These terms are frequently applied in this
report to daily, monfhly, and annual sediment discharges that -
normally are computed from daily samples although the sediment dis-
charges for some periods may have been estimated.

Bed load or sediment discharged as bed load is the discharge

of the sediment that moves close to the stream bed and is not in
suspension,

Unmeasured sediment discharge is the difference betwsen the

measured sediment disoharge at a oross section and the total sedi~
ment discharge at that section. It inoludes the bed=load discharge

and part of the suspended-~sediment discharge that is transported
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between the stream bed and the lowest point of travel of a suspended-

sediment sampler. j

Control points are measured rates of sediment discharge, either

By AT

instantaneous or daily, that are used as bases for shifts of a
sediment rating ourve in much the same way that streamflow measure-

ments are used to define shifts of a stage~discharge relation for a

2 re A A

gaging station.

A flow~duration ocurve or table is a graphical or tabular es=-

pression of the time distribution of rates of flow at a place along

a streame

Shifts and shifted refer to changes that are made on the basis

of individual measurements of sediment discharge. Adjustments and
adjusted refer to changes that are made to correct for factors that

correlate to some degree with sediment discharge.

THEORY

Some of the sediment that reaches a stream channel is trans-
ported along the stream by the flowing water. Other sediment is G
eroded from the channel. The finer fractions of the sediment are |
transported mainly or entirely in suspension through the supporting
action of the turbulencs of the water and may move to the section
without deposition. Coarser particles may also travel in suspension,
may be rolled or skipped along the stream bed as bed load, or may
be transported alternately by the two mothods. The finest sediments
move with about the veloocity of the flowing water but usually slower

than the velocity of the crest of a flood wave. They pass directly

with the water from the place of erosion to points downstream with
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little or no depositione. Much of this reasoning follows that of
Einstein, Anderson, and Johnson (1940, p. 628-633). Larger sediment
particles are likely to be deposited temporarily or semipermanently
at places along the stream. At any time and place on the stream
bed the probability of deposit and the probably length of time
before moving again are largely funotions of particle sizee. Muoch

of the coarsest sediment may be at rest far more of the time than

it is moving. Beocause some coarse sediments are deposited along

the channel, they.are likely to be rather uniformly available for
plckup throughout the year.

In general, the concentration of both fine and ocoarse sus-
pended sediments within a given reach of stresm channel inoreases
with inoreasing rate of water discharge. The oénoentration of
fine sediments usually inoreases because the inorease of flow
generally results from rainfall or snowmelt that erodes fine sedi-
ment from the land surfaces. Some fine sediment may also erode
from the streambanks and bed. The concentration of the coarse
sediments inoreases with water discharge prinocipally because
velooities tend to be faster and flow more turbulent at the high-
er rates of water discharge.

Another way of thinking of sediment transport within a par-
tiocular reach is that the discharge of fine partioles is controlled
by the available supply of such particles and the supply is
generally less than the stream oan transport. The supply of the
coarser particles is generally greater than the stream can trans-
port, and the discharge of these particles is regulated mainly by
the ability of the sfraam to transport them. Thus, the oconcen-

tration of the coarser sediments at a seotion is a funotion of




1

12

faotors such as veloocity and water temperature, which can be
measured at a sesction. The concentration of the finer particles
is relatively independent of the flow characteristics at a section
béoause almost any flows are capable of transporting the available
fine sediments.

The preceding discussion is, of course, qualitative and rélative.
It applies to sediment movement within & short reach of channel and
not to comparisons between reaches. Most streams carry sediments
that range in size from collodial particles to the largest particles

that the stream can transport. Only an arbitrary distinction ocan

be made between the particles that will move in general with about

the speed of the flowing water, in quantities governed principally
by the supply, and those whose concentrations are controlled mainly
by the oapacity of the stream to transport sediment. The arbitrary
distinotion will, theoretically, vary from one stream to another
and from time to time on the seme stream. Also, all particles of

a particular size will not be affected to the same relative degree
by average characteristics of flow.

The preceding generalized discussion may indicate some of the
faotors that can be expected to cause variations in the relationship
of sediment discharge to streamflowe Velocity of the flowing water
will determine to a considerable extent the turbulence of the stream
and hence the transporting capacity of each unit of flow. Temperature
changes affect the viscosity of the water and partly determine the fall
velocities of sediment particles of such sizes that viscous foroses |
appreciably affect their rates of fall. The supply of fine sedi-

ments correlates to some extent with the source and rates of runoff.




Also, some stroéms show changes in discherge of fine sediments with
season of the year and with time in relation to peoak flows, but these
relationships, although they may characterize the discharge of fine
sediments of muny streams, are not busic relationships of direct
cause and effecte The more basic factors merely correlate more or
less well with season of the year and with time in relation to peak
flows. Each of several factors that affect sediment discharge will
be discussed in more detail under the heading "Factors affecoting

sediment discharge."

Kinds of Sediment Rating Curves

Sediment rating curves may be olassified according to either
fhe period of the basic date that define a curve or the kind of
sediment discharge that a curve represents. Thus sediment rating
curves may be classified as instentaneocus, deily, monthly, annual,
or flood-period curvese. The instantaneous sediment rating eurves
are defined by concurrent measurements of sediment discharge and
water discharge for periods too short to be materially affected by
changes in flow or concentration during the measurements. Daily,
monthly, annual, and flood-period sediment rating ourves usﬁally
are defined by and expressed as average sediment and water dis-
charges for periocds of days, months, years, or flood periods,

respectively. They can be defined by and expressed as total

quantities of sediment and water discharges during the respective

lengths of time.

%




On the basis of the kind of sediment that they represent, sedi-
ment rating curves may be classified as suspended-cediment rating
curves, unmeasured-sediment rating curves, andutotal-sediment rating
curves. These sediment rating curves may be further subdivided accord-
ing to size of particles for which the defining sediment discharges
were computeds In this report, only suspended-~eediment rating curves
have been subdivided acoording to particle size,and this subdivision
has been into only two pafts; namely, sediment rating curves for
particles in the range of sand sizes and those for particles in the
combined range of clay and silt sizes} To simplify nomenclature
somewhat, any sediment rating curve not specifiocally qualified other-

wise is an instentaneous sediment rating ocurve and also is a sus-

- pended~gediment rating curve that is based on measured suspended-

sediment discharge of all particle sizes.

The simplest relationship between sediment discharge end water
disoharge is represented by an instanteneous sediment rating ocurve.
Such a ourve is not affected by the extent or pattern of changes in
conoentration or flow. It is likely to be the most suitable curve
from which to determine the effeot of different factors on the basie
relationship between sediment discharge and water disoharge and on
departures from this relationship. On the other hand, en instan-
taneous sediment rating curve is theoretically not applicable to
the direct computation of daily sediment discharges from daily water
discharges except for days on which the rate of water discharge
was about constant throughout the daye. Another limitation of such

a curve is that instantaneous meassurements of sediment and water

discharge may be unrepresentative data because these measurements
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may be made more frequently at times of peak flow or high concentra-~
tions than at other timese.

Sediment rating curves prepared from the relationship between
daily average water dlscharge and daily averasge sediment discharge
are suitable for computing daily sediment discharges from readily
available dalily water discharges. Such ourves may be prepared from
deily sediment and water discharges that are published in Geologiocal
Survey water~supply paperse.

For some oomputations of average sediment discharge, a monthly
sediment rating curve oan be prepared simply and can be applied
satisfactorily. Departures from such a curve may be due to elther
a change in the relationship between sedimont discharge and water
discharge or to differences in distributions of sediment disoharge
and water discharge within months. Therefore, monthly sediment
rating curves may not be as easy to analyze and adjust as instan-~
tcneous or daily sediment rating ourves.

Annual sediment rating ourves have been used in some studies,
partly for convenience and simplicity. Departures from an annual
curve may be due to ohanges in the relative fractions of runoff
from different parts of the drainage area or different distributions
of runoff with respect to time during different years. If 1t is
reasonably well defined, an annual sediment rating ourve may be
used to oompute as acourate average sedimont discharge for long
periods of time as oan be computed by the flow~-duration, sedimsgt—
rating curve mgthod. “Annuel sediment rating ourves give a con-

venient summarization of an average overall relationship between

sediment disoharge and water discharge and should be maintained
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currently for most conﬁinuing sediment stationse. They are not, how-
ever, interchangeable with other sediment rating curvese.

Instantaneous, daily, monthly, and annual sediment rating ourves
for the Rio Puerco neer Bernardo, N. Mex., are shown on figure l.
The daily and instantaneous ourves were defined by informetion for
the same dayse. These two curves agree within the limits of acouraocy
of their definition. The monthly sediment rating curve shows more
sediment discharge for a given average water discharge than do the
instantaneous and daily curvesy the annual sediment rating ocurve
indicates even more sediment disohargé than the monthly curve.
Agreement among these four curves is probably better than for most
sediment stations because concentrations do not change as rapidly
with changing flow as at most stations and concentrations at a
given discharge seem to be less dependent on seasonal effects and
on distribution of runoff generation over the drainage area than ;
for many stations. This statement refers to percentage changes. ‘

Unless the sediment trensported fy a streem is almost all
either fine or ooarse, separate sediment rating curves, one for
the clay and silt particles and another for the partiocles ofnsand,
should usually be prepared for analysis. Each of these can then
be studied separately to determine the significant factors that
may cause, or at least correlate with, changes in the relationship
of sediment discharge to water discharge. Unfortunately, adequate
information on particle sizes and on ocharacteristics of flow is
aveilable for only a few stations. This lack of adequéte informa-
tion hinders the analysis and understanding of the sediment rating

curvee.
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. and references to the slope of a sediment rating curve are to be
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Another type of sédiment rating ourve may be distinguished
according to method of tremsport (method of transport is a function
of partiole size). This type is the sediment rating ourve for un~
measured-sediment discherge. Unmeesured-sediment discharge per

foot of width usuaelly correlates fairly well with mean veloocity and

e G i 53 R

increases with about the 3d or slightly higher power of the mean

velocity at some oross sections. (See p.36-38.) Hence, the un-

G
AL sl b

measured~sediment rating ourve may be fairly stable provided that
the reletionships between velocity and water discharge and between
width and water discharge do not shift appreciebly. Presumably,
large changes in the size composition of the bed material of e

stream might also shift the unmeasured~sediment rating curve.

Preparation of Sediment Rating Curves

Because at most sediment stations water and sediment discharges

have wide ranges and the relationship between these discharges 9
departs widely from an average, sediment rating curves are usually ‘?g
plotted on logarithmioc coordinates. This practice has certain dis-
edvantagese It tends to obscure the éoatter from the average ourve
and seems to imply sn exponential relationship between sediment and
water discharge. In spite of these disadvantages, sediment rating

ourves for this report were all plotted on logarithmio coordinates

understood with this restrictione.

The first step in the preparation of a sediment rating ocurve is

to decide what is to be acoomplished with it. The second step is




to find suitable data on whioch it can be based. The third step is

to organize the data and average them in a way that will produce a
satisfectorily acourate ourve of the right kind for its planned
applications.

The first step 1s essential. Is the sediment rating curve to
be used to compute deily sediment discharges from daily water dis~
charges, to determine the average change in water discharge for a
given ohange in sediment discharge, or to study the effeot of
temperature and velooity on the rate of discharge of sediment?
Because sediment rating curves are of many kinds, these and other
questions that relate to the intended use of éhe sediment rating
surve shéuld be considered and answered before deata are assembled
and arranged to define the curve.

After the use of the ourve has been decided, suitable data
should be obtained, if they can be found, to define the kind of
sediment rating ourve that is needed. This second step is not so
simple as it appears to be. Assume that a sediment rating ourve is
to be prepared for estimating sediment disohargé for a stream that
has rapid changes in flow and concentration. Estimates are to be
made for short periods when no sediment samples were collected.
Instantaneous measurements of oconcentration and flow are reqﬁired,
and each concentration sample should preferably have been obtained
at about the same time that the flow was measured. Frequently gage
heights will have to be found for the times of sampling, and rates
of flow at these gage heights will have to be computed. Sometimes
the required information may be published in oconnection with analy=~

ces of particle sizes, but more often it will have to be obtained
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from unpublished reoords.

If a sediment rating ourve is to be studied for the effect of
ohannel characteristics on sediment discharge, at least two separate
curves should be prepared, one for the discharge of the finer par-
tioles and the other for the discharge of the coarser particles, 1
In addition to the instantaneous water and sediment discharges that |
were required under the preceding assumption, particle-size analyses
of the suspended sediment are also needed for the same times as the
other informatione

The third step, -that of organizing and averaging the basio
information, is also neither simple nor unimportant.

The preparetion of a sediment rating curve from basic data is a
problem in fitting & curve to points on a scatter diagram. If the
number of points is not too large, all of them can be plottede From
the plotted data, two different types of curves ocan be drawn to
represenf‘thnxavarage relationship between flow and sediment dis~
charge. One type, & curve with sediment discharge as the dependent
variable and flow a8 the independent variable, oan be used to com—
pute average sediment discharge for a given water discharge or dis-
tribution of water dischargese The continuous curve of figure 2 is
of this type. The other type, represented by the dashed ourve of
figure 2, has wﬁter discharge as the dependent varieble. This type
can be used to compute average water discharge for a glven sediment
discherge or 1s suitable for studies of the average change in water
discharge for a given change in sediment discharge. When based on

an assumed population of points that scatter as widely as in figure

2, ocurves of the two types differ greatly at the upper and lower
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ends. The assumed population of points of figure 2, approximetes,
but probably somewhat exaggerates, the scatter that may occur in
the plotting of sediment discharge against water discharge for some
streams in semiarid regions.

The terms "dependent variable" and "independent variable"
are used in their statistical meanings, which do not neoessafily
imply a relationship of cause and effect. No knowledge of sta-
tistios is needed to understand the significence of the essential
distinction between the dependent and the independent variable,
but for those who wish it, a good discussion of the two terms is
given by Ezekiel (19560, pe 50~61).

The difference between the two curves of figure 2 is dus to
the difference in method of averaging. As a basis for the continu~
ous curve, the average sediment discharge was computed for each of
eight olééses, or renges, of water discharge. Two dashed horizontal
lines mark the upper and lower limits of water discharge for which
one group averege wes computede. The group averages of water dis-
charge and of sediment discharge of all points between these two
lines were computed and are represented on figure 2 by a small
square. Seven other squares were similarly loocated. The squares
determine the position of the ocontinuous curve. Such a ourve
represents average sediment discharges for given water discharges;
that 1s, the dependent variable is sediment discharge.

The positions of each of the seven small circles of figure 2,
and consequently the position of the dashed ocurve, were determined
by everaging the water and sediment discharges of all the points

that lie within each of the seven selected ranges of sediment
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discharge. For oxample, the polnts lying between the two dashed
vertical lines of figure 2 represent an averago water discharge

of about 190 cublc feet per second and an average sodiment discharge
of about 470 fons per day. The amount of the spread betweon tho

two ourves depends on the scatter of the individual pointse

Neither the upper nor the lower end of a ourve with water dis-
charge as the dependent variable should generally be used to compute
disoharges of sediment. However, either curve of figure 2 ocan
be used with the distribution of water discharges that is repre~
sented by the plotted points of figure 2 to compute average dis-
charge of sediment for that distribution of water discharge. Dis~
tribution of the ocomputed sediment discharge between high and
low flows will, however, be incorrecte The dashed ocurve should
not be applied to ocompute average sediment discharge for any
period that has a different distribution of water discharge than
that implied by the basioc data of figure 2. Upward or downward
extension of the dashed curve will give inaccurate sediment
dischargese.

If a sediment rating ourve is to be prepared from more points
than oan be conveniently plotted, group averuges may be computed
before plotting. Of course these averages must be for groups of
data that are selected in accordance with proper choice of the
independent and dependent variabla,

Whon an average ourve 1s drawn through data that are plotted
on logarithmic coordi;;tes, care must be exercised to welght the
points corroctly and not to be misled by the distortion inherent

in the logarithmic scale.
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Goneral Applicntions of the Sedimont Rating Curve

The many uses of sediment rating curves may be classified in-
to a few general types, but the variations and é;difications with=-
in the genéral types are nearly endless. Some general applications
have been commonly used whereas others are relatively rare. This |
report deals mainly with the application of sediment rating curves
to computing daily, monthly, and annual sediment>disoharges at
streamflow stations where at least occasional sediment samples are
available.

One of the most frequent uses of.the sediment rating ourve
is to ocompute an average sediment discharge for a long period of
time during most of which records of sediment discharges were not
obtained but rocords of water discharge were available. Daines
(1949) and Miller (1951) discussod this type of usages For
convenience the streamflow records are usually grouped in the form g‘
of a flow-duration curve or table. The flow~duration curve or ;
table is used to determine the percentage of time that the flow
was within each of sevoral ranges of water discharge. For each
range of water discharge, the average flow is multiplied by the
corresponding sediment discharge and by the percentage of time
that the flow is within the range. The products are then added,
divided by 100, and multiplied by an appropriate constant if
neocessary to obtain the average sediment discharge per day or per
year for the period of time that was covered by the flow~duration

ourve .

This flow-duration, sediment~rating curve method of computing
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average sedimaﬁt discharge is only a convenient shortout to the
computation of average sediment discharge from a sediment rating
curvo and daily water dischargese. It contains the inaccuracies
and uncertainties of sedimont discharges that are computed from
the sediment rating curve and daily w;ter discharges plus the
added small and usually insignificant error that results from
averaging water discharges and from multiplying averages. The
method generally is accurate within about the limits of the sedi-
ment rating ocurve on which it is based. Average sediment dis-
charges computed by this method should be satisfactorily accurate
unless the sediment rating ourve was inoorrectly prepared or was
applied to periods for which it did not represent approximately
the relationship between sediment and water discharges.

Another general application of the sediment rating ocurve is
in the computation of daily sediment discharges either for long
periods of time or for short periods during which no samples were
colleoteds Usually such computed daily sediment discharges are
subject to appreciable errors because of variations from the aver-
age relationship between sediment discharge and water discharge.
The errors should be generally ocompensating over a period of time.

One common use of sediment rating ourves is as a guide to

interpolation of sediment discharge or concentration between
times of relatively frequent sediment sampling. Such usage of
the sediment rating ourve with suitable shifts is generally accepted
as far preferable to ¥nterpolation by guess,
Rarely, sediment discharge for long periqgds of time has been

computed 4w annunl sourwont rating curves or from monthly sediment




. charge. It makes full use of all complete water years of sediment
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rating ourves. This sort of computation is easy to make and adjust-
ments can readily be applied for assumed, but usually questionable,

trends in the relationship between sediment discharge and water dis-

records for the computation of long-time average sediment discharge.
The acouracy of computed sediment discharges depends on the sta-

bility of the sediment discharge-streamflow relationship.

Rating ocurves can be shifted on the basis of occasional sedi-
ment samples in a manner comparable to the shifts of the stage-
discharge fahing ourve in the computation of water discharges from
a gage-height record. Adjustments to sediment rating ourves can
be based on changes in water temperature or on changes in the re-
lationship between velooity and water discharge because the dis~
charge of coarse sediments is determined largely by veloolty and
partly by water temperature. Adjustments for seasonal effects
and for variations in the distribution of precipitation or runoff
over the drainage basin may also be made.

Specific examples of analysis of sediment rating ourves and
the applications and shifting of these ourves will be discussed

for several sediment stations.

NIOBRARA RIVER NEAR CODY, NEBR.

Sediment rating curves of the Niobrara River near Cody, Nebr.,

were selected for study for several reasons. The sediment discharge

is largely in the sand sizes so the discharge of particles of the
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sand sizes could be readily studied. Suitable data of conourrent-
ly determined flow, size analyses, and concentrations were easily
available, and scatter from the average suspended-sediment rating
ocurve was known to be relatively small. Streamflov measurements
and sediment samples were collected at about the same seotion
whether the flow was high or low. Also, information was available
from which to prepare an unmeasured-sediment rating curve. Suoch
information was not avallable for any other sediment station that
was included in the study. The unmeasured~sediment discharge,
although undetermined, would be a much lower fraction of the total
sediment discharge at these other sediment stations than at the
station near Cody.

Most flow of the Niobrara River at the gaging station near
Cody is ground-water discharge fromAthe sandhills area of Nebraska.
The flow is very constant, being between 250 and 400 cubic feet per
second about 75 percent of the time. At normal flow the measur-
ing and sampling seotion at the gaging station is about §0 feet
wide and averages about 2 feet deep. The mean velocity in the
seotion averages about 3.0 and 3.5 feet per second for flows of 300
and 400 oubic feet per second, respectively. The water surface
slope near the gaging station averages about 8 feet per mile.

The ;uspended sediment that is transported is mostly sand in
the slze range from 0.062 to 0.26 millimeter. More than 85 percent
of the bed material at the sampling section near the gage is in the
size range from 0.126 ;o 0450 millimeter. At discharges above
about 3,000 oubic feet per second the percentage of silt and clay
inoreases rapidly with increases in flowe Only about half of the

total sediment discharge is measured at the gaglng station section

27




at normal flowe.

Analysis

Instantaneous sediment discharges were plotted against instan-
taneous water discharges for 168 times from Deasember 1947 to July
1953. (See fig. 3.) As for all sediment rating curves in this study,
sediment discharge was used as the depeadent variable, and an aver-
age ourve of relationship between sediment discharge and water dis~
charge was drawn. - Individual sediment discharges of figure 3 were
divided by the corresponding average sediment discharges from the
ourve. Then these quotients expressing departure from the curves
(hereafter called ratios of departure) were plotted against water
temperature and were found to vary with about the cube root of the
water temperature. A trial plotting of these same ratios of de-
parture against mean velocity indioated some correlatione Departures
\\\ from this latter graph as well as from earlier average curves in-

dicated a relationship between sediment discharge and the percent-
age of silt and clay in the measured suspended sediment.

After these trial plottings, the ratios of departure from the
sediment rating ourve were next correlated suscessively with the
three variables of water temperature, velocity departures from
the average velocity for the given water discharge, and a measure
of the size distribution of the measured sediment discharge. As
this general method was used throughout the analyses of the differ-
snt sediment rating ocurves, a more detailed explanation will be

given.
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The theory of the trial-and-error method of multiple corrola-
tion is to eliminate the approximate effect of one variable that j
has a large effect by plotting the dependent variable against it. %3
The departures from this average curve are next plotted against ,%
another independent variable to see if part of the scatter is
attributable to this second independent variable. An average i?
ocurve is drawn. Departures from this curve are plotted against :
a third independent variable to see whether part of the remaining
scatter is explainable in terms of the third independent variable.
This process is ocontinued for all the independent variables that ;f
aro inoluded in the study. Then the departures from the final .
relationship are again plotted against the first independent vari~
able to ses whather an adjustment in the first approximate roe-
lationship with the first independent variable will explain any
significant amount of the hitherto unexplained scatter from the E ;

\\\ correlation ocurves. For some types of correlation, of whioch the

study of sediment rating ocurves is one, the plotting is convenient-
ly done on logarithmic coordinatese. Departures from the average

curves can be measured readily in percentage or as ratiose. The

slopes of the lines of correlation indicate the exponential vearia-
tion of one variable with another.

This general procedure was applied in analyzing the suspended-
sediment rating ourve for the Niobrara River near Cody. First,
for each plotted point of figure 3, a ratlo was computed by divid-
ing obsorved sediment discharge by the sediment discharge that the
rating ourve indicated for the given water discharpe. Because the

data wore incomplete, less than half these ratios could be used




throughout all the correlations.

These ratios were plotted against
the percontages of the sediment discharge that consisted of particles
finer than 0.062 millimeter. An average curve was drawne. Ratios

of .departure of sediment discharge were oomputed from the second
average ourve. Then these second ratios were plotted against water
temperature, and a third average curve was drawn. Ratios of de-
parture from this third average ourve were plotted against the ratio
of velocity at the time of sampling to average velocity for the water
discharge at the time of sampling. This plotting defined a fourth
average ourve. Ratios of departurse from this fourth ourve were
plotted against water discharge to see what changes might be in-
dicated in the original suspended-sediment rating ourve. Finally,
ratios of departure from the last average ourve were plotted against

time of the year to define any signifioceant seasonal relationships.

The analysis of the suspended-sediment rating ourve for sedi~
ment of all sizes seemed to show that the discharge of fine sedi-
ment correlated with different factors than did the discharge of
suspended sands. Henoce, two instantaneous sediment rating curves

. were prepared, one for the discharge of suspended sands and the
.
other for the disoharge of sediment finer than 0:062 millimeter.
Each of these sedlment rating curves was analyzed separately. The
departures from the rating ourve for sands ocorrelated significant-
ly only with water temperature. The average line that represented
the correlation had a negative slope of about 3/4. (See fig. 4f)
Probably because velooity has a fairly good relationship to water

discharge at this oross seostion, the departures of the discharge

" of sands from the average ocurves did not define adequately a

EY
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WATER TEMPERATURE, IN DEGREES FAHRENHEIT

Figure 4 .~- Relatlonship between ratios of departurea
from sediment rating curve for sands and water
temperature, Niobrara River nesar Cody, Nebr.
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correlation with departures of velocity from an average curve of

velocity versus water discharge. Also, the small differences in
velocity at the measuring and sampling section may have been so
localized as to have no olearly defined effect on the discharge of
suspended sands.
The analysis of the sediment rating curve for the silt and
clay indicated that the original assumption for this sediment rat-

ing curve roquired a little adjustment at both ends of the ocurve.

That is, adjustments for seasonal effects changed the positions of

the polnts that defined the upper and the lower ends of the sedi~
ment rating curve (fines) enough to shift the ends of the curve

slightly. The sediment rating curve (fines) of figure 5 contains

this adjustment. Seasonal adjustments to the discharge of clay

and silt roughly defined the dashed line of figure 6. During the
fall and early winter and from February through May, the dis~
oharge of fine sediment tended to be less than average for a given
rate of flow. Summer storms in August and September probably

accounted for the generally higher than average discharges of clay

and silt during these months. For comparison, the ratios of de-

parture of the discharge of sands from the average ocurves are also
shown on figure 6e No seasonal trend is definitely shown for the
discharge of suspended sands, but an adjustment had already been
applied for the average effect of water temperature on the discharge
of suspended sandse. This temperature adjustment was generally in
the opposite direction 'from the seasonal correction for discharge

of fine sediment.

NS
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An instantaneous unmeasured-sediment rating curve also was 2
prepared for the gaging-station section of the Niobrara River near |
Cody. Total sediment discharges as computed by the modified Einstein
procedure (Colby and Hembree, 1955, table 34) were listed for eight

times during the water years 19560, 1961, 1952, and 1953 for the

gaging-station section. Measured suspended-sediment discharges at

the same seotion and the same times were subtracted from the com-
puted total sediment dischargese. The differences, the unmeasured- 5?
sediment discharges, per foot of width were plotted against mean 2;
veloocity in the oross section. (See fige 7, left graph.) The
scatter from thq average line is remarkably small and is probably
partly fortuitous and partly a result of the method of computa-
tion. For most sediment stations the soatter from the average
relationship is greater than shown on the left graph of figure 7.

Unmeasured-sediment discharges were next computed by sub~
‘a\\ traoting measured suspended~sediment discharges at the gaging
section from nearly total sediment disocharges as measured at a
contracted seoction about 1,900 feet downstream from the gaging- 4
station section. These unmeasured~sediment discharges were divid- i
ed by the stream width and were plotted against mean velocity
(fig. 7, middle graph). The average line so defined was almost
the same as the average line of the upper graphe. The greater
soatter of points from the average line was probably partly due to
random variation in the measured sediment discharges and to tempo-~
rary net scour or fill between the two sections.

The slope of the average lines of figure 7 indicates that

the computed unmeasured-—sediment discharge per foot of width varies )

&
I
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as about the 3.1 powor of the velocily.

A curve of average velocity versus water discharge (fig. €)
was prepared. This curve together with the line from the left
graph of figure 7 dofinesen unmeasured-sediment rating curvo.
(See fig. 7, right graph, and fig. 5.)

On figure 6 are shovn the instantaneous sediment rating curves
for measured suspended sediment finer than 0.062 millimeter, for
measured suspended sands, for unmeasured-sediment discharge, and
for measured suspended-sediment discharge of all particle sigese.

The last ourve represents approximately (it was determined in-
dependently of the other ourves) the sum of the sediment discharges
froﬁatho two rating ourves for suspended fine sediments and for
suspended sands.

The slope of the curve for sediment finer than 0.062 millimeter
indicates a variation of oconcentration with about the 3.5 power of
the velocity although the relationship is not oclose throughout the
entire range of water discharge. Slope of the sediment rating curve
for suspended sands shows good agreement between concentration of
the sands and the 2.6 power of the velocity. Because the width of
the cross seotion is practically constant, except at unusually
high flows, the area through which unmeasured sediment discharge
ocours does not change appreciably with stage. Unmeasured-sediment
discharge correlates olosely with the 3.1 power of the mean velo~
6ity in the oross section. At this sootion it inoreases less rapid-

ly with inoreasing flow than the suspended-sediment discharge.
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Figure 8 .--Mean velocity versus water discharge, Niobrara River near Cody, Nebr.
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Applications

Daily sediment discharges for the gaging-station section
during the 1949 water yoar were cocmputed from tﬁ;ee of the sedi-
ment ratiné curves of figure 5 and daily water discherges. The
seasonal adjustment of figure 6 was applied in the computation
of the suspended-sediment discharge of particles finer than 0.062
millimeter« The adjustment of figure 4 for water temperature
was used in the oomputation of the discharge of suspended sands.
Unadjusted daeily discharges of unmeaéured sediment were computed
from the unmeasured-sediment rating curve and daily water dis~
charges. These figures were adjusted for the 3.1 power of de-~
partures of velooity from the curve of figure 8. Velocity
departures were computed from streamflow measurements and were
estimated between streemflow measurements by interpolation, part-
ly on the basis of changes in water discharge.

Monthly end annual sums (table 1) were obtained from the
daily discharges of each of the three kinds of sediment discharge.
Relative percentages of the different kinds of sediment discharge
varied appreciably from month to monthe. For the 1949 water year,
the unmeasured-sediment discharge wes 44 peroent and the dis-
cherge of suspended clay and silt was 18 percent of the computed
total sediment discherge, During some months the computed un-
measured-sediment discharge was more than half of the total com-
puted sediment dischargee.

Although the three sediment rating curves were prepared from

instantaneous water and sediment discharges, they were used to
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Table 1.--Sediment discharges, in tons, computed from three sediment rating curves for the gaging-station section
of the Niobrara River near Cody, Nebr., for the 1949 water year :

¥ini of sediment Water
discharge Oct. | Nov. | Dec. | Jan. | Feb. Mar. | Apr. | May June | July | Aug. | Sept. yoor

Suspended fines | 2,380| 3,750| 2,950| 2,700|27,700| 45,700 6,370| 8,740| 4,800| 1,820| 2,180} 2,030} 111,000
Susrended sends |10,600|17,900| 14,200|13,100| 32,300 | 68,500| 21,300 21,600|12,200| 5,400| 5,180| 6,370| 229,000
vomeesured load |18,400|22,700|18,600]15,200|28,200| 56,700|29,600| 33,800|17,800 9,280| 9,420{10,100| 270,000

Tozal....ee.. | 31,400 44,400] 35,800/ 31,000| 88,200 {171,000} 57,300|64,100| 34,800 16,500 |16,800| 18,500 610,000

Teble 2.--Monthly and annuel sediment discharges, in tons, as computed by different methods for the Niobrera River
near Cody, Nebr., for the 1949 water year

Basis of sediment Vater Percent
computations Octe Nov. Dec . Jane. Feb. Mar. Apr. May June July | Aug. Sept. of
: YO&Y Inmsasured

Yethod le.ec....q|32,000}41,100} 37,100}16,000| 73,800 |{205,000| 63,000} 69,000 44,600} 20,300}18,400| 22,100 642,000 100

rsthod Zeseesesse] 31,400] 44,400] 35,800 31,000] 88,200 {171,000 §7,300| 64,100| 34,800} 16,500 |16,800| 18,500 | 610,000 95
othod dee...eees|31,400|44,400| 35,800 31,000| 88,200 [171,000| 57,300| 67,400| 46,500 20,900 |18,900| 19,900 {633,000 o9
1'othod Deeeeseses|31,200[ 44,400 35,800|31,000] 83,500 |171,000|63,500| 72,700 41,000( 21,100 |18,500| 21,100 |635,000 93

“ethod 1: Deily samples (records published in Water-Supply Peper 1162, p. 496-497.)

¥ethod 2: Adjusted sediment rating curves. (See table l.)

Yethod 4: Adjusted sediment rating curves with shifts to two deily measured sediment discharges per month.
Method 5: Adjusted sediment rating curves with shifts to four daily measured sediment discharges per month.
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oompute daily sediment discharges. Such a practice is generally
satisfactory for a stream with as oonstant flow as that of the
Niobrara River near Codye. Theoretically, the usg‘of instantaneous
sediment rating curvos should give somewhat too low computed sedi-
ment discharges during periods of changing sediment concentration
and flowe This conclusion follows from the fact that the sum ob-

tained by integration of the products of water discharge and sedi-~

e ment concentration throughout individual deys of changing flow
will usually be larger than the product of the sediment concentra-
tion that will, on the average, accompany the water discharge that

is equal to the average flow for the daye.

e b e+ S e <

Computed total sediment discharges for the gaging—statioh
section were compared by days, months, and for the 1949 water year
with measured sediment discharges (U. S« Geol. Survey, 1964, p.
496-497) at the contracted section about 1,900 feet downstreame
< (See table 2.) Approximately the total sediment discharge of the
river was measured at this contracted section. For helf the months
the difference between the sediment discharges for the two sections
is less than 10 percent. For the entire water year the difference

is 6 percent. Comparatively large differences betwsen the sedi~

ment discharges for the two seoctions during January and February

may be due partly to long periods without samples at the contracted
seotion. Also, sediment discharges ocomputed from the sediment A g
rating curves may be considerably in error during these winter .

months. In general the sediment discharges from the rating ocurves

for the summer months seem to be too low. Perhaps the adjustment,

which was poorly defined, for seasonal veriations in the discharge




of the fine sediments should be revised. The flow during March
was considerably above normal and may have inocreased the supply
of fine material in the channel for a long time. Perhaps some
of the difference was due to the somewhat questionable oross-
seotion coefficlients that were applied in the computations of the
sediment discharge at the contracted section during the summer.
Daily computed sediment discharges from the rating curves
for the gaging-station section are plotted on plate 1, Also
plotted are the daily published sediment discharges {or the
contracted sectione 1In general the agreement of the dally sedi-
ment dlscharges 1s reasonably good although for some period;;
espeoially during the middle of the winter and again during the
sumer, the oomputed sediment discharges tend to be consistently

high or low. Some of the published sediment discharges that are

far out of line with adjoining days probably are less correot

than the sediment discharges from the sediment rating curves. A

goneral idea of the comparison of daily sediment discharges that
were ocomputed from sediment rating ourves with those from daily
samples is given by figure 9. During the 1949 water year, 316
daily measured sediment discharges were published. Evén some of
these were estimates. In the 316 daily comparisons, 120 sediment
dlscharges oomputed from sediment rating ocurves were within 10
percent and 211 sediment discharges were within 20 percent of the
published daily sediment discheargese

The computed sediment discharges are based entirely on the
three sediment rating curves for the gaging-station seotion, on

streamflow records at the same seotion, and on water temperatures.
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They oontain the errors inherent in the sediment rating ocurves and
their adjustments plus possible changes in storege of sediment,
inocluding bed load, between the gaging-station seotion and the

contracted seotione The unmeasured~sediment rating curve was

defined by oomputations that were all in years other than the 1949

water year. Also, the daily sediment discharges, and to a lesser

extent the monthly and annuel sediment discharges, for the con~

traoted seotion are imperfeot standards for oomparison inasmuch

as they oontaln appreciable errors that are due to sampling and

computation procedures and to insuffioient samples to determine

dependable daily sediment discharges. |
Daily, monthly, and annual sediment discharges computed from

the three sediment rating curves give useful information on the

approximate peroentages of clay plus silt, of suspended sands,

end of unmeasured-sediment discharge in the total sediment dis-

oharge of the river.

Individual determinations of the relationship between sedi-~
;: ment discharge and streamflow sometimes plot far from the sedi~
ment rating curve. Part of this scatter may be duve to random or
very short-term fluotuations in concentration partiocularly of the
coarse sedimentse Part may represent an aotual ohange in the
relationship, a change that may persist for several days or longere.
If the change does approximately apply for several days, the sedi~
ment rating ourve could well be shifted to pass through or near

each individual determination of the relationship.. This shift-

ting would be comparable to the shifting of the stage-~discharge

relationship in ocomputing streemflow records. Obviously, the

e
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computer would have to estimate (a) whether each individual

determination of the relationship seemed to indicate a shift or

only a random fluctuation or a combination of both, (b) whether
the shift applied equally percentagewise or unequally throughout
the range of water discharge, and (c¢) how the amount of the shift
should be varied between determinations of the relationship. 1In
spite of this need for judgment by the computer, more accurate
sediment discharges are likely to be ocomputed from a sediment
rating curve that is shifted on the basis of occasional stream-
flow measurements and conocurrent sediment semples than from the
sediment rating ourve without shifts. }
In this study, the sediment rating curve was not shifted y
directly to periodic determinations of the relationship between
sediment discharge end streemflow. Instead, daily sediment dis-
oharges were first determined from the unshifted sediment rating
ourve and then were plotted as a semllogarithmic hydrograph of
daily sediment discharge. Daily water discharge was also plotted f;
on the same hydrograph form. Next, the control points (sediment
discharges to which shifts were to be made) were plotted on the
same graph. Then, the shifted daily sediment discharges were
determined by drawing a ourve through or near the oontroi points.
Between ocontrol points, this ourve was based on the shape of the
curve of unshifted deily sediment discharges and on the hydro-
graph of daily water discharge. To some extent chenges in water

discharge indicate times at which the relationship between shifted

and unshifted sediment discharges is likely to change.




Sediment dischargas that are to be used as a basis for shifts
should define a representative relationship of sediment discharge
to streamflow. Such a relationship is much easier to define at
a oross section where the transported sediments are predominantly
fine than at a section where they are predominantly coarse. (See
Pe 144-147.) Most published daily sediment discharges for the
Niocbrara River near Cody were based on one 2~bottle sample a day
at only one vertical. Inaccuracies in the daily records will tend
to be oompensating, but a sediment discﬂarge that 15 to be used
as & basis for shifts should be computed from 2 to 4 samples at
each of several vertiocals for a station such as the one near Cody.

Obviously, periodic measurements as a basis for shifts
would be more helpful on days of high sediment discharge or on
days that were representative of sediment disoharge for a week
or two than they would be 1f selected at fixed time intervals,
However, periodic measurements for erbitrary times each month were
used as being less subjeot to judgment and bias. Because instan~-
taneous sediment discharges were not available for arbitrarily
selected days, daily mean measured sediment diascharges were usede.
The first shifts were based on measured daily sediment discharges
at the oontraoted seotion for the lst and 16th days of each monthe.
Next shifts were made to the measured daily sediment discharges

for the lst, 8th, 16th, and 23d days of each month.

Because deily semples at the contracted seotion were known to

be subject to appreciable random or sempling errors, the daily
sediment discharges for some days were either disregarded or

wore given less than full weighte Thus, the measured sediment
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discharges were oonsidéred to oconfirm the unadjusted record during
the first 7 months of the water year even though the oomputed and
-measured daily sediment discharges for the 1st and 16th days of the
month did not always egree closely. (Measured deily sediment
discharges were not published for individual deys during much of
January eand February.) Shifted sediment discharges for the last

5 months of the water year were considerably closer than unshift-

B
e

8d sediment discharges to the published sediment disoharges for
the contracted sectione (See table 2.) For. the entire water ;
yoar, the sediment tonnage totaled from these shifted daily sedi~ ‘
ment discharges was about 99 percent of the annual tonnage that i'
was measured at the contracted section. This close agreement
was due to a balancing of daily and monthly differences. Annual
differences of several percent are more likely than those of
only 1 percent.

Next, the measured daily sediment discharges at the con- B
tracted seotion for the 8th and 23d of each month, except January
and February, were plotted on the same hydrograph form. Any
changes that these points seemed to indicate in daily sediment
discharges were made. The two additional control points per
month for the shifted sediment discharges improved significantly
the ocomputed monthly sediment discharges for only April and
September. The annual sediment discharge was 99 percent of the
measured annuel. (See table 2.)

Throughout all the computations, the monthly tonnages that
were computed for the gaging-station section differed from those

for the contracted section more during Merch than during any other




month for which reasonably complete records were available at the
contracted section. The daily sediment discharges for the con-

tracted section for March 1 and 16 seem to be too low on the basis
of oomparison with sediment discharges for adjoining days. Until
the daily reoord for the contracted section was examined after all

the ocomputations were made, the sediment discharges for March 1 and

16 were assumed to be representative and those for March 8 and 23

were assumed to be too high. This wrong assumption espeoially for
March 8 caused much of the spread between measured sediment dis-
charge at the contracted section for March and computed sediment
discharge at the gaging-station seqﬁion during March.

Daily sediment disoharges that were obtained by éhifting to
2 or 4 measured delly sediment discharges fer month are not given
in this report. These daily tonnages agreed better with measured
daily sediment discharges for the contracted section than did the
daily sediment discharges that were computed from the rating
ourves without shifts. Naturally, the more control points that
are used the better the agreement between computed and measured :
sediment tonnages will be; but as was shown by the comparison of
monthly and annual sediment discharges (table 2), the improvement
that resulted from increasing the number of control points from
2 to 4 per month was not great.

Minor mistakes in the oomputations of sediment discharge are
to be expected in this report both for the Niobrara River and for
other streams because the ocomputations have not been ochecked in
detail. However, the oomputations have been spot checked and have
baeen reviewed for major errors in computations, anaelyses, and

applications of methods.
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COLORADO RIVER NEAR GRAND CANYON, ARIZ.

Investigations by the Geological Survey of the sediment dis-
charge of the Colorado River near Grand Cenyon, Ariz., have been
reasonably continuous from October 1926 to the present time (1966).
A report on the sediment rating ocurve partiocularly with respeot
to long~time trends in the relationship of sediment discharge to
water discharge hes been prepared by Daines (1949) of the Bureau
of Reclamation, C.S. Howard (1947), Love and Howard (1944),

Pe Co Bonedict (1944), and Leopold and Maddoock (1963) have all
written on aspeots of the sediment relationships of the Colorado
River near Grand Canyon. Beocause ;any data are available and

have been widely used and because the particle-size distributions
and the scatter of points from an average sediment rating are

much different than for the Niobrara River near Cody, the sediment
station near Grand Canyon was selected for study.

The drainage area of the Colorado River at the gaging station
near Grand Canyon is 137,800 square miles. Average discharge is
more than 17,000 cubic feet per seconds Much of the flow comes
during the spring and early summer and originates from snowmelt
at high altitudes. Summer storms at low altitudes produce rele-
tively little runoff but large sediment discharges. Important
sediment-producing tributaries not far upstream from the Grand
Canyon station are the Little Colorado River, the Paria River,
and the San Juan River. Flow of these tributaries mekes the
relationship between sediment discharge and water discharge

highly varisble from about July through February. During the

ST i o 5 T B 5 e vy B it




spring runoff, from about March through June, the relationship
between sediment discharge end water dlscharge is more stable.

About 2/3 of the suspended sediment is finer than 0.062 millimeter.

Analysis

Instanteneous suspended-sediment discharges at 74 times during

the water years 1948, 1949, 19560, and 1951 were used for the study

of sediment rating curves. Only sediment &ischarges aocompanied

by streamflow measurements and size samples were included. These
sediment discharges and the corresponding instantaneous water
discharges are plotted on figure 10. The scatter of the points
is muoch greater than for the Niobrara River near Cody. A curve
was drawn through the plotted points. Little weight was given to
those sediment discharges that were much higher than average
because they represented higher proportions of tributary flow.

In other words, a ocorreot shape of the sediment rating ourve for
a oconstant ratio of tributery inflow was wanted rather than an
actual average of the polnts. The curve was used only to compute
daily sediment discharges that ocould be shifted to a few measured
daily sediment discharges per month. Results from the applica-
tion of the curve are given later in the report.

The sediment discharges shown on figure 10 were next sub-
divided into discharges of ocley plus silt and discharges of sands.
Separate sediment rating curves for the fines and for the sands
were drawn and each was studied individually.

Ratios of sediment discharge were ocomputed by dividing each

disoharge of suspended sands by the average from the sediment

%
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rating curve for suspended sands. A ourve of veloolty agalinst
water discharge was plotted with velooity as the dependent vari-
able. The ratios of observed velocities to average velocities
from this curve were computed. Then the ratios of s ediment dis-
oharge were plotted against the velocity ratios. An average curve
was drevn. Ratios of sediment-discharge departures from this aver-
age ourve were plotted against water temperature, and another aver-
age ourve was drawn. Ratios of sediment-discharge departures from
the ocurve of temperature relationship were determined. These

new ratios were plotted against water discharge. The average
ourve that was then drawn indicated that the sediment rating

ourve for the suspended sands required some revision especially

at flows below 10,000 cubic feet per second. Ratios of departure.
of sediment discharge from this revised sediment rating curve

were again plotted against the velooity ratios that were mentioned
previously, and the first relationship between discharge of sus-
pended sand and velocity was revised slightly. A similar check

on the first relationship between water temperature and discharge
of sands showed that no revision was required. Also, no correla-
tion was found between average depth at the sampling and measur-
ing seotion and ratios of departure of discherge of suspended
sands from the other relationship ourves.

The final instantaneous sediment rating ourve for suspended
sends is shown on figure 11. According to the correlaetions,
departures of discharge of sands from this ourve increased with
about the 6th power of the velocity departures from the average and
with about the —3/4 power of the water tempserature. No seasonal

adjustment was established for the discharge of éuspended sands.

>
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During some perlods the discharge of suspended sands tended to be
oonsistently lower or higher than indicated by the sediment rat-
ting ocurve for suspended sands and accompanying adjustment curves.
Perhaps the tendency was due to differences in supply of sands in
the channel or to the size composition of the available sandse.

No correlations were found between the discharge of sediment
finer than 0.062 millimeter and the channel or flow oharacteristios
at the gaging and sampling section. A recession ocurve showing de-
orease in flow after the last rise of the spring runoff was drawn
from a hydrograph of daily water discharge for the water year
ending September 30, 1948. This ourve was used in other years
with lateral shifts as required and was assumed to represent the

recession of flow that would have occurred without runoff from

summer storms. The recession ourve was arbitrarily ended on

September 30 each year, snd a straight line on the semilogarith~
mic hydrograph form was drawn from the end of the recession
ourve to a period of oconstant flow near the middle of November.
(See fig. 12,)

At any particular time the ratio of the actual water dis-
charge to the flow that was indicated by the recession ourve (or
the straight line during Ootober and early November) was used as
a measure of the effect of summer and fall storms on the concen-
tration of the fine suspended sediment. Such a ratio may be
oalled the ratio of summer flow. Ratios of departure of sedi-
ment discharge from the rating ourve for fine sediments were plot-
tod against the ratios of summer flow. The first average ourve

through these data indicated that the discharge of fine sediments
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inoreased as about the 4/3 power of the ratio of summer flow.
Ratios of departure from this average curve were then plotted
against ratios of tributary flow. The slope of an average line
of' approximate correlation between the ratios .of departure of sedi-
ment discharge and the ratios of tributary flow was about 0.68.

Each ratio of tributary flow was computed by adding the flow
of the San Juan River near Bluff, Utah, to the flow of the Little
Colorado River near Cameron, Ariz., and to 6 times the flow (aver-
age sediment oconcentrations are very high) of the Paria River
near Lees Ferry, Ariz., and dividing the sum by the flow of the
Colorado River near Grand Canyon. Estimated times of travel of
1l to 6 days, 1 to 2 days, and 1 to 2 days were applied to the
flow from the Bluff, Cameron, and Lees Ferry stations, respective-
ly. These times of travel, to the nearest day, were varied within
the stated limits in aoccordance with the flow of the Colorado River
near Grand Canyone Mean dally flows were used throughout these
computations.

After the first ourve of correlation between departures of
discharge of fine sediment and ratios of tributary flow was de-
fined, departures from this curve were replotted against the

ratios of summer flow. A revision was indicated to make the dis-

. oharge of fine sediment inorease with the 1.1 power of the ratio

of summer flow rather than with the 4/3 power as was first assumed.
A oomparable recheck of the correlation between discharge of

fine sediment and ratie of tributary flow seemed to show that no

rovision was required. This recheck completed the adjustments

for ratios of summer flow and tributary flow.
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Ratios of departure of discharge of fine sediments from the
sediment rating ourve (fines) and from the adjustments for summer

flow and for tributary flow were plotted against time during the

water year. (See fige 13.) In spite of the scatter of the ratios,

the disocharge of the olay and silt during some seasons showed a
more or less definite trend away from an average ratio of 1l.0.
Seasonal adjustments were assumed to apply in acoordance with the
o adjustment line of figure 13. Ratios of departure from this line
did not seem to correlate with flow. Henoce the instantansous

sediment rating ourve (fines) of figure 11 was not changede

Applications

Instantaneous Sediment Rating Curves

The sediment rating ourves for the fine sediments and for the

\\ suspended sands were applied with all adjustments to compute daily

L e P W50 5 ARG KRR

sediment discharges from daily water disoharges for the water years
1937, 1952, end 1955. These water years were selected for oom-

putations because 1952 was a year of high flow and 1956 a year of

B i 8 A i e 00

relatively high sediment discharge and each was near in time to
the period for whioh the sediment rating ourves and their adjust-

ments were defined. The 1937 water year was chosen as a year of

about average water discharge during the period when sediment
disoharge tended to be high. Averagse flow for these water years
and for periods of streamflow records and rating curve analysis

are given in the following table:
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Flow of the Colorado River near Grand Canyon, Ariz.
Period of Average flow
water years (ofs) Remarks
1922 to 1952 17,850 Period of streamflow records
1948 to 1951 16,960 Period of rating ocurve analysis
1937 17,140 Sediment discharge ocomputed from rating ourves
1952 25,020 ‘ Do. ;
1955 10,450 Do.

Daily sediment discharges for the 1937, 1952, 1953, and 1966
water years were also computed from the unadjusted sediment rating
ourve of measured sediment disoharge. They were computed as a
step in the determination of shifted sediment discharges and were
added by months and years for oomparison with other oomputed sedi-
ment discharges, especially those computed by shifting to 2 or 4
ocontrol points per month. As Qas eiplained previously, this un~
adjusted sediment rating curve was prepared as a basis for shifts
and was not drawn as an average curve. It can not be expected
to give even approximately aocﬁrate ocomputations of sediment dis-
charge without shifts to oontrol points.

Sediment rating ourves are average curves from which individual
points depart widely. One obvious procedure for using sediment
rating ourves in spite of scatter that cannot be eliminated by
adjustments on the basis of correlations is to shift these curves
to periodic measurements of sediment discharge. A general pro-
cedure for making the shifts from a ourve of daily sediment dis- A
charges was explained on pages 45 to 48, .

Shifts were based on three different sets of measured sediment

discharges. One set was the daily sediment discharges for the lst

:




and 16th days of each monthe. Another was the daily sediment dis-
charges for the 1lst, 8th, 16th, and 23d days of each monthe The
third was the instantaneous sediment discharges at the times when
samples were colleoted for size analyses. (These sediment dis-
oharges from slze analyses were used bscause they might possibly
be timed better with large sediment discharges than the arbi-
trarily spaoced sediment discharges that were used for the other
shifts.) Three bases for shifts and two different computations
of daily sediment discharges from rating ourves make possible

elght separate computations of daily, monthly, and annual sedi-

ment discharges for each water yeare Daily sediment discharges

were ocomputed by 6 different methods for the 1937 water year,
by 8 methods for the 1952 water year, by 3 methods for the 1963
water year, and by 4 methods for the 1955 water year.

Daily sediment discharges rather than instantaneous sedi~
ment discharges were used as a basis for shifts in some of the
oomputations. This was done partly because at this station the
difference between instantaneous and mean daily sediment dis-
charge for a given water discharge is usually small and partly
because the mean daily tonnages were more readily available.

A summary of the monthly and ennual computed sediment dis-
charges is given in table 3. Monthly and annual tonnages based
on daily sampling are listed for comparison.

Several different methods of ocomputation of sediment dis-
charge were applied for”the water year ending September 30, 1937.

First the two sediment rating ourves, one for the clay and

silt and one for the sands, were applied with adjustments to




Table 3.--Xonthly and annual sediment discharges, in thousand tons, as computed by different methods for the
Colorado River near Grand Canyon, Ariz.

Besis of Percent
sediment Octe | Nove | Dece | Jane | Febe | Mar. | Apre.| May June | July Aug. Sept . Water of
canputations year| measured

Water year ending September 30, 1937

llethod le...| 1,860| 3,930 541 194 | 9,688|17,990| 40,440| 53,090 17,660| 27,760 5,370 12,740| 191,300 100
Tethod 2eeee| 820| 1,740| 400 130 | 5,450|11,700| 28,800| 42,000 20,400} 18,300| 2,320 4,620| 135,000 71
lothod 4eeee| 1,780| 3,920 490 210 | 8,650|14,600| 34,200 52,000 16,300 24,900| 4,140| 20,000| 181,000 95
wevhod 5eeee| 1,930| 4,030| 480 180 | 9,080|16,500| 39,300 51,000 16,200| 26,000 4,580 20,200{ 189,000 99
Tethod Gesee| 250| 670| 200 50 | 1,470| 3,220|11,100| 34,600 20,600 8,510 660 940| 82,300 43
ethod 8....| 1,820 2,700| 470 200 | 6,510/ 19,000| 37,600 56,800 17,200/ 26,600 5,030 14,000| 188,000 98
Yethod Qeeee| 1,850 3,160| 510 170 | 7,430|17,400| 38,400{ 54,400 16,900| 26,400, 4,330| 14,300| 185,000 97

Water year ending September Z0, 1952
Jlothed leeses| 3,854 2,570 | 458 9,752 524! 1,076} 36,117 42,452 29,019} 3,646 4,737 7,581 148,486 100
Uethod 2¢+¢¢f 1,460} 1,090 340 4,810 720] 1,170| 34,800] 44,400 39,000} 10,700{ 10,500 6,200| 166,000 1086
Yethod Jesee| 3,320 2,850 350 | 11,100 560 1,030{ 35,300} 43,200 27,400 3,600 4,800 8,870 145,000 98
Methed 4eaee| 2,410] 1,230 350 | 10,200 580 870| 43,300} 46,400 27,200, 3,850 4,750 6,100} 148,000 100
dethod Secece] 3,680 2,830 420 7,310 580 920f 40, 700| 61,200 28,000, 3,E70 5,070 5,360} 149,000 100
Yethcd Beeee 510 740 270 1,780 430 510} 18,700} 56,600 55,600 11,000 3,240 1,600| 155,000 104
Yethod Teseeo| 4,420) 2,410 420 {10,600 560 970} 35,400| 47,200 26,300; 3,010 4,660 9,350( 145,000 98
Vethed 8eese| 1,370} 2,210 400 | 14,200 510 800 43,100} 48,8001 25,800; 3,480 4,210 6,220 153,000 103
vethod Seved]| 2,860 2,740 430 |13,300 550 870] 41, 300| 52,900 27,800 3,360 5,510 6,780| 158,000 106

Weter vear ending September 30, 1953

Fethod leese 436 223) 301 190 168 586 624 4,884 19,051 6,211} 13,370, 2,134 49,080 100
ethod Beces 360 390 | 400 390 380 7201 1,090 4,900 26,200 4,620 2,320 1701 41,200 85
Method Beaee 540 380 | 200 150 170 630 800| 4,340 26,700{ 7,450 15,300, 1,350| 58,000 118
Y¥ethod Gecee 470 260 310 180 160 550 660| 4,460 21,100, 6,760; 14,200 51,200

ootnotes at end of teble.
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Table 3.--lionthly and annual sediment discharges, in thousand

tons, as computed by different methcds- for the

Colorado River near Grend Canyon, Ariz.--Continued :
Percent
Basis of i Water of
sediment . Octe | Nove | Dec. | Jan. , Feb. Mar. Apr.| May June | July Aug. Sept.| year | measured
i " computaticns
Water year ending September 30, 1965
1ethod leese[10,640| 63746 284.5! 164.6| 16%.7| 6,518 4,061)15,740{12,330] 3,055| 25,290| 2,295 81,186 100
Method 2eese| 9;154| 460 260 ; 180 230 2,650, 2,770}16,800(12,400| 1,260 17,700| 1,040| 64,200 81
Kethod 6.4eqf 1,100| 250 120 75 100 1,860 1,810{ 9,000/10,200| 1,800 1,940 150 29,600 37
Method 8.4.0|12,300{ 480 2560 260 184 5,170 3,200|16,700(19,100| 1,770| 22,200 1,850 83,E00 103
Method 9esee|13,100| 660 330 240 159 5,770 3,°80|16,800(16,300| 2,120 23,300{ 1,900 84,400 104
Method 1: Dally samples. :
Method 2: Adjusted sediment rating curves, one for suspended sands and one for silt and clay.
Method 3: Adjusted sediment reting curves with shifts to 36 instantanecus sediment discharges during year.
Yethod 4: Adjusted sediment rating curves with shifts to two daily meassured sediment discharges per month.
Method §: Adjusted sediment ratirng curves with shifts to four dally measured sediment discharges per month.
Method 6: Unadjusted sediment rating curve.
Method 7: Unadjusted sediment rating curve with shifts to 36 instantaneous sediment discharges during year.
Method 8: Unedjusted sediment rating curve with shifts to two daily meesured sediment discharges per month.
Method 9: Unadjusted sediment rating ocurve with shifts to four daily measured sediment discharges per mcnth.
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oompute monthly and ennual sediment dischargese Monthly and
annual tonnages so computed without the aid of any measured
sediment discharges during the 1937 water year.were usually
lower than messured monthly and annual sediment dischargese.
They were not nearly so low (table 3) as the monthly and annual
tonnages that were computed from the unadjusted sediment rating
curve of figure 10. The annual sediment discharge computed
from the two adjusted sediment rating ourves without the aid
of periodic samples during the year was 71 percent of the
measured annual sediment discharge. The rating curves and
adjustments defined from data that were obtained during the
water years 1948 through 1951 accounted for only part of the
difference in sediment discharge between these years of rela-
tively low sediment concentration and the 1937 water year during
which sediment ooncentration was much higher. Adjusted to
equivalent annual flow, the sediment discharge during the water
years 1948 through 1951 was, as will be showvm later, only about
47 peroent of the sediment discharge for the 1937 water years
The difference between 71 percent end 100 percent (table 3)
for the 1937 water year is not explainable on the basis of the
applied adjustments and presumably is due to factors that hed
not been correlated with sediment discharge. Additional ocom~
putations for other years would be necessary to establish the
validity of this tentative conclusion.

Daily sediment discharges based on the two adjusted sedi-

ment rating curves were shifted to 2 and then to 4 measured

daily scdiment discharges per month. Monthly and snnual sediment
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discharges totaled from these shifted daily sediment discharges
were not significantly oloser to measured sediment discharges-
than were oomparable tonnages that were computed by similarly
shifting deily sediment discharges obtained from a single sus~
pended~gediment rat}ng ourve. (See table 3.)

The annual sediment discharge computed by addition of daily
sediment discharges from the unadjusted and unshifted suspended-
sediment rating ocurve of figure 10 was only 82.3 million tons
as ocampared to a measured sediment discharge of 191.,3 million
tonss (The unadjusted and unshifted ourve assumed negligible
storm runoff during the summer and fell end low inflow from the
Paria, San Juan, and Little Colorado Rivers.) For individual
months, the oomputed tonnages were usually much lower than the
published measured tonnages. However, when the delly sediment
discharges from the suspended~sediment rating ourve were shifted
to either 2 or 4 daily measured sediment discharges per month,
the computed annual tomnege of sediment was brought within 2 or
3 percent of the measured ennual tonnagee. Of course, even after
shifte were applied, some computed monthly sediment discharges
differed appreciably from the measured monthly sediment dis-
charges (table 3), but the agreement of monthly sediment ton-
nages wes generally goode The inoreased acouraoy obtained by
shifting to even 2 daily measured sediment discherges per month
is noteworthy.

Daily sediment dlscharges ocomputed for the 1937 water year
from the two adjusted sediment rating ourves without shifts

were generally lower than the measured daily sediment discharges.

-~
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At times, differenogs'between the oomputed and the meesured sedi-
ment discharges were large. When deily sediment dlscharges from
the single unadjusted sediment rating ourve were -shifted to two

dally sediment discharges per month, the agreement between daily
ocomputed and measured sediment éisoharges was fally good. Plate

2 and figure 14 olearly show the inoreased acouracy that resulted
from shifting to only two measured sediment discharges per month.

The approximate acouracy of dally sediment discharges from other

methods of ocomputation can be judged roughly from the relative

agresment of monthly and annual sediment discharges in table 3.
For the water year ending September 30, 1962, the annuel

sediment discharge computed by adding together the discharges

A A S A AR LANAE S o 11t st

of fine sediment and of sands from the two rating curves was 166
million tons, which is 6 percent more than the 148,486 million

tons that was computed from the daily sampling. The annual

sediment discharge computed from the rating ourve for measured
sediment of all particle sizes was 1556 million tons. Thus for i? :
this water year both annual sediment discharges ocomputed from =
sediment rating ocurves were probably within the limit of acocuraocy
of the sediment discharge that was based on deily samples. For
individual months the sediment disocharges did not agree nearly so
well with those that were based on daily semples. As should be

) expected, the monthly sediment discharges from the one unadjusted
suspended-sediment rating ocurve were sometimes far from correot.
They were usually much further from correct than were the sus-
pended~sediment discharges that were oomputed from two sediment

rating curves, one for fine particles and one for sands.
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Figure lé.--Percentage comparison of daily sediment discharges
computed from shifted and unshifted rating ecurves with measured
sediment discharges, Colorado River near Grand Canyon, Ariz.,
1937 water yeare.
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Monthly and annual sediment discharges computed from the differ-
ent sediment rating ourves and shifted on the basis of sedimeﬁt
discharges at the times of collection of 36 samples for size analy-
sis during the 1952 water year also are listed in table 3. Annual
sediment discharges so oomputed totaled 145 million tons whether
based on unadjusted or adjusted sediment rating curves. However,
within individual months the agreement with measured sediment
discharges was somewhat better when the monthly sediment discharges
were computed from initial daily sediment discharges from the two
adjusted sediment rating ourves rather than from the one unadjust-
ed suspended-gediment rating ourve.

Other computations for the 1962 water year were based on shifts
to measured daily sediment discharges for the lst and the 1l6th of
each monthe Similar computations were made on the basis of measur—~
ed daily sediment discharges for the 1lst, 8th, 16th, and 23d of
each month. Probably wholly by chance, the annuel sediment ton-
nages that were based on adjustments to 2 deily sediment dis-
charges per month were slightly better than those that were based
on 4 dally sediment discharges per monthe. On the average, month-~
ly sediment discharges were not significantly improved by shift-
ing to 4 daily sediment discharges per month rather than to 2 per
monthe Shifting to either 2 or 4 deily discharges per month
gave nelther significantly better nor worse monthly sediment dis-
charges than shifting to the instantaneous sediment discharges
at the 36 times of oollection of samples for particle size analy-
slss Sediment discharges computed by shifting to either the 2

or the 4 daily sediment discharges per month were more nearly

1
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correct if the initial daily sediment discharges came from the
oombined sediment discharges of the fine particles and the sands
rather than from the one unadjusted suspended-sediment rating ocurve.
Daily figures of sediment discharge that are computed from
sediment rating ourves generally will not agree closely and con-

sistently with measured sediment discharges, partloularly if the

sediment rating ourves are not shifted to periodioc measurements

of sediment concentration. However, shifts to from 2 to 4 peri-
odic measurements per month gave reasonably good agreement be~-
tween computed and measured daily sediment discharges during
much of the 1962 water year. Naturally, the daily sediment dis~
oharges that were computed from the adjusted rating ourves for
fine partioles and for sands did not give as correoct daily ton-
nages as those that were shifted to periodic samples. Neverthe-
less, agreement is better than might be expeoted between measur—~
ed sediment disoharges and the sediment discharges that were
oomputed without the aid of sampless (Sse ple. 3.)

Figure 16 shows a graphical comparisen between measured
sediment discharges and shifted and unshifted sediment discharges
from sediment rating ourves for the 1962 water year. Shifting
to 36 sediment samples during the year inoreased from 108 to
196 the number of days for which computed sediment discharges
were within about 20 percent of measured sediment discharges
and also nearly eliminated extreme differences. The unshifted
dally sediment discharges were ocomputed from the adjusted sedi-

ment rating ocurves.
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Daily sediment discharges for the 1953 water year were ocomputed
from the single suspended~sediment rating ourve and were shifted
to 2 and to 4 dally sediment discharges‘per monthe Annual sedi-
ment discharge computed from the unadjusted and unshifted sedi-~
ment rating curve was 8b percent of the published annual sediment
discharge of 45.08 million tons (provisional record)s When the
daily sediment discharges were shifted to 2 measured daily sedi-
ment discharges per month; most monthly sediment discharges
except those for June and September agreed reasonably well with
measured sediment discharges. Mainly because of the difference
for June (table 3), the annual sediment disocharge for shifts to
2 measured sediment discharges per month was 18 percent too large,
being 5840 million tons. When shifts were based on 4 measured
dally sediment discharges per month, the annual tonnage beceme
512 million tons, which is 4 percent higher than the measured
annual tonnage. Monthly sediment discharges based on shifts to
4 sediment discharges per month were all within about 12 perceﬁt
of the measured monthly discharges except for September for whioh
the computed monthly discharge was only 65 percent of the measured
2,134 million tons.

During the water year ending September 30, 1966, the average
flow was relatively low but the discharge of sediment during the
year was much higher than the average during recent years. The
annual relationship of sediment discharge to flow during this
year was comparable to that for most years from about 1928 to
1936. Because the annual relationship was much different than

for the water years 1948 through 19563, some computations of
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sediment discherge from sediment rating curves were made even
though the record of measured sediment discharge 1s still pre-
liminary and provisionale This preliminary record is not nearly
as final as the provislonal sediment record for the 1963 water
years.

Daily, monthly, and annual sediment discharges were oomputed
for the 1966 water year from the two sediment rating curves of
figure 11 and applicable adjustments. For 7 months of the water
year, the monthly sediment discharges computed from these ourves
agreed reasonably well with the measured monthly tonnages (table
3), but the computed monthly sediment discharges were much too
low for March, April, July, August, and September. The annual
sediment discharge computed from the adjusted sed<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>