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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
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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:




RATIO OF SEASONAL ADJUSTMENT

2,0

1,0

OQQ

Co4

|
AN —
AN /
\\
| AN /
Octo Nove Deco Jan, Feb, Mar, Apr. Mzy June July  Aug. Septe
mon+hl

Figure 13 ¢~=Seasonal adjuatment for the eomputation of,dis

Colorado River near Grand Canyon, Aris,

éhargc of ealay pluas silt,

65




60
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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Figure 15 .~-Percentage comparison of daily amediment discharges *

computed from shifted and unshifted rating curves with measured !

sediment discharges, Colorado River near Grand Cenyon, Arizu
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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 sediment rating
curves without control points, that is without any samples during
the weter year, was only 81 percent of the measured annual sedi~
ment discharge. This comparison 1s mucsh better thean for the
annual sediment discharge from the unadjusted sediment rating
curve of figure 10 but is still not a close comperison. The
oomputed discharge of suspended sands was 22.6 million tons from
the sediment rating curve for sands, which is somewhat more
suspended sand than was computed by shifting the curve for
suspended sands to 38 determinations of instantaneous discharge
of sands during the year. The difference of 19 percent between
the measured and the computed annual sediment discharges was,
thereforé, due to computing too little discharge of silt and oclay.

The sediment rating ocurves and their adjustments failed to

compute enough sediment discharge for about the same months in
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the 1956 water year as in the 1937 water year. The vomputed sedi~
ment discharges for May and June, the months of spring runoff
from the upper Colorado River basin, agreed reasonably well with
measured tonnages for both the 1937 and 1956 water years. (See
table 3.) Unless the parallelism is coincidental, which is un-
likely, the relatively consistent monthly differences in sedi-
ment discharge for these two water years indicate that some
adjustment ocould be devised to make the ocomputed sediment dis-
charges agree much better with the measured sediment discharges.
Accordingly, the sediment rating ourve (fines) and the adjust-
ments defined by data for the 1966 water year were studied to
see whether the curve and adjustments would give sediment dis-
charges more nearly like the measured sediment discharges during
such water years as 1937 and 1966.

The 38 size analyses of suspended sediment for the 1966
water year were used together with acocompanying instanteneous
concentrations of suspended sediment and instantaneous rates of
flow to define a sediment rating ocurve (fines) and adjustments to
the ocurve. Trial~-and-error multiple correlations indicated about
the same adjﬁstment for ratios of summer flow for the data from
the 1966 water year as for those from water years 1948 through
1961« The indicated seasonal adjustments for March and April
were higher for the 1966 water year than the seasonal adjust-
ments for March and April on figure 13. For the 1966 data elther
the sediment rating curve (fines) or the adjustment for ratios

of tributary flow required a parallel shift from the ocurves that
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were defined by the information from water years 1948 to 1961. This
parallel shift would increase each daily sediment discharge by 20
to 25 percent exolusive of the increase from changes in seasonal
adjustment during March and April. These new relationships gave
much more accurate computed sediment discharges for the 1937 and
1965 water years but much less acourate ones for the 1962 water
year than the computed sediment discharges in teble 3 (method 2).

Thus, the relationships defined for disoharge of silt and
clay for years of relatively low sediment discharge (water years
1948 to 1951) did.not adjust enough for years of highér than aver-
age sediment disoharge such as 1937 and 1966. On the other hand,
relaetionships defined from the data that were obtained during the
1966 weater year gave too high sediment discharges for a water
year such as 1952 when annual sediment discharge wes only ebout
60 percent of the average that might be expected for the amount of
flow during that year.

The relationships developed for this report from information
for the 74 times during water years 1948 through 1951 explained
much, but not all, of the scatter in annuel sediment disgharge for
the 1937, 19562, and 1955 water years. Better sediment rating
curves and adjustments, particularly for the fine sediments, al~
most certeinly could be devised by further investigation, prefer-~
ably of data from years when sediment relationships were more
typiocal than during water years 1955 and 1948 through 1951,

Annual tonnage based on daily sediment discharges from the
sediment rating ourve of figure 10 without adjustments or shifts

was only 37 percent (table 3) of the measured tonnage. (This
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computation was made only as a basis from which to apply shifts;
the rating ourve is not an average ourve because sediment discharges
during the summer were given comparatively little weight in defin-
ing the curve.) When daily sediment disocharges from the curve of
figure 10 were shifted to measured daily mean sediment discharges
for the 1st and the 16th days of each month, the computed annual
sediment disoharge totaled from the daily tonnages was 103 percent
of the measured. ©Shifting to even 2 control points per month
greatly inocreased the acouracy of the monthly and annual sediment
discharges over those that were computed from either the one
suspended-sediment rating ocurve or the two adjusted sediment rating
ourves. Shifts to measured daily mean sediment discharges for
the 1st, 8th, 16th, and 23d days of the months geve an annual
sediment discharge that was 104 percent of the measured annual
sediment discharge. Shifting to 4 oontrol points per m&nth im-
proved most of the monthly sediment discharges as ocompared to
shifting to 2 oontrol points per monthe.

In general, the computations for the Colorado River near
Grand Canyon, Ariz., show olearly that a few sediment samples
per month.ocan be combined with a sediment rating curve to compute .
reasonably acourate annual sediment disoharges even for years of
dissimilar sediment characteristics. Computations based on adjust~
ed sediment rating curves and no sediment samples are more‘labori-
ous and less acocurate unless better correlations than those of
this study oan be developed.

Although for a study of this type the measured sediment

discharges are oonsidered to be aocurate enough to serve as
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acceptable standards of comparison, possible inecouracies should
be oconsidered briefly. For example, the wide percentage differ-
ence between measured sediment discharges for November 16 to 25,

1951, (pl..2) and the computed sediment discharges from the two

rating ocurves with shifts to 36 instantaneous sediment discharge
measurements are due directly to a difference in conocentration of
samples that were collected for concentration and those collected
at the same time for particle-size analyses. Difference in
reported concentrations of samples that were collected from the
Colorado River near Grand Canyon at epproximately the same time
and with ocurrently approved equipment and techniques are shown
by figure 16, Concentrations for many of the comparable semples
agreed olosely, but at some times the concentrations differed by

appreciable percentages.

Annual Sediment Rating Curves

The flow~duration ocurve has been widely used with sediment
rating curves to compute average sediment discharge for long
periods of time. For a station like the Colorado River near Grand
Canyon a much simpler method of perhaps equal accuracy can be usede.
The simpler method also has the advantage that it is more eéslly
applied Eo possible adjustment for factors that affect the re-~
lationship between sediment discharge and water discharge. This
method 1s based on the annual sediment rating ocurve.

Annuel sediment disoharges are plotted ageinst average annual

flow of the Colorado River near Grand Canyon in figure 17. Although
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Figure 16 .~-Comparison of concentrations of samplea collected for size with
those collected for concentration, Colorado River near Grand Canyon, Arlz,
1952 water year.
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Figure 17.--Annual sediment rating curve,
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the relationship varies oconsiderably from year to year, the

scatter is not excessive. Attempts to explain the scatter by

ocorrelations of annual sediment discharge with annual ratios of

However, a

summer flow or of tributary flow were inconoclusive.

general time trend in the relationship between sediment discharge

and water discharge is obvious. (See fige. 18.) The term "general

time trend" is used to indicate an average ochange with time; in this

conneotion, a change in the relationship between sediment dis-

Obviously, the basio explanation of

oharge and water discharge.

the change in this relationship must be a change in weather or in

the physical ocondition of the dralnage area and stream channels.

However, the only feasible correlation may be with time. Because

time is not the basio ocause of the ohenge, rather wide departures

from a general time trend are to be expected.

The sediment rating ourves and adjustments as defined by 74

sets of instantaneous data for the water years 1948 through 1961

when applied to daily computations explain muoh of the soatter

from the annual sediment rating curve. On figure 18 the small
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oiroles for the 1937, 1962, and 1965 water years show the de-

partures of ocomputed annual sediment discharges from the annual

These ocomputed sediment disoharges are

sediment rating ocurve.

based only on daily flows, the sediment rating ourves of figure

They are not based on

11, and the adjustments to these curves.

any sediment samples that were collected during the 1937, 1952,

or 1965 water years. “The sediment discharge during the water

years 1948 through 19561 averaged only 0.68 of the sediment dis~

charges from the annual sediment rating curve as compared to




RATIOS OF MEASURED SEDIMENT DISCHARGE TO SEDIMENT DISCHARGE
FROM ANNUAL SEDIMENT RATING CURVE

EXPLANATION

e - From measured annual sediment discharge
o - From annual sediment discharge computed from daily
streamflow and adjusted sediment ratlng curves
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Figure 1l8.--Approximate trend in relationship of annual sedlment dlscharge to
annual water discharge, Colorado River near Grand Canyon, Arlz.
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l.456 and 1.40 for water years 1937 and 1956, respeotively. Thus,
as measured by ratios of departure from the annual sediment rating
curve of figure 18, the annual sediment discharges for the years
from which data were used in the correlatlons averaged only
0.68/1.45 or 47 percent of the sediment discharge for an equivalent
flow during the 1937 water year. Probably if years of relatively
high sediment dlscharge had been used to define the curves and
adjustments, the oompﬁted annual sediment discharges would have
agreed better with the measured tonnages for the 1937 and 19566
water years and less well for the 1952 water year.

The annual sediment rating ourve with the time adjustment
of figure 18 can be used to compute simply and easilly, but not
necesgsarily more accurately than by other methods, the sediment
discharge for any period of years for which average annual streamflow
is known. For example, sediment discharge for the ll-year period
ehding September 30, 1945, can be computed as shown in table 4. The
ocomputed sediment tonnage for this period is 1,671 million tonQ
or 1.8 percent higher than the measured sediment disoharge of
1,641¢4 million tons., If the adjustment for the time trend is not
applied, the computed sediment discharge for theApariod is 1,580
million tons or 3.7 percent lower than the measured sediment dis-
charge. For some other periods, total computed sediment discharge
would bs considerably different than the measured unless the
adjustment for the time trend of figure 18 was included in the
oomputations. A projection into the past or the future 6f the

time trend for this or any other method of computing sediment

discharge is questionable.
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Table 4.--Average sediment discharge ocomputed from annual sediment

rating curve for Colorado River near Grand Canyon, Ariz.

Time trend

Annual sediment disoharge, in million tons
Water year | ocoefficient From annual Product
(from fig. 18) sediment (2) x (3) Published
rating curve
(1) (2) (3) (4) (5)
1936 1.31 90 118 122.3
1936 1.28 123 157 167.6
1937 1.23 130 160 191.3
1938 1.19 210 260 23244
1939 1,13 8l 92 86.3
1940 1,08 66 60 76.4
1941 1,02 264 269 270.1
1942 97 260 262 229 .6
1943 «92 108 100 96,0
1944 «86 160 129 97.8
1946 «80 118 94 83.6
Total 1680 1671 1641.4
Average 143.6 151.9 149.2

One computation like that disoussed in the preceding paragraph

is totally inadequate to define the probable accuracy of the method;

but, if a sediment record of adequate length is available, the use

of ‘an annual sediment rating ocurve is probably about as acourate

as the flow~duration method of oomputing average sediment discharge.

The annual sediment rating ocurve can be applied with a small frao~

tion of the work that is required for computations by the flow~dura-

tion method. Either method requires the extrapolation of any time
trend to the period for which average ;ediment discharge is to be

computed. A time trend is easily defined and readily extrapolated
in connection with the use of the annual sediment rating curve.

However, the extrapolation may be as inacocurate as a oomparable

extrapolation for any other method.
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For the Colorado River near Grand Canyon, the annual sedi~
ment rating ourve defined for years of low flow would, when ex~
tended upward as a straight line, indiocate too little rather than
too muoh sediment discharge in years of high runoff. A frequently
mentioned disadventage of sediment rating ourves is that they give

too high sediment discharges if they are defined at low flow and

then extended upward.

RIO GRANDE AT SAN MARCIAL, N. MEX.

Upstream from San Marolal the Rio Grande has a drainage area

of about 27,700 square miles of whioh nearly 3,000 square miles
is in a olosed basin. The average flow from 1896 to 1962 was
1,463 oublic feet per second. Much of the flow comes from mountain-

ous areas and is originally nearly free of sediment. Many of

the tributaries in New Mexico carry high concentrations of sedi-

AN S S AN

ment to the Rio Grande. A supply of sand is continually avail-
able in the stream bed from San Marocial upstream for at least 150
miles by river. Partioularly high o&noentrations of predominantily
fine sediment are contributed to the Rio Grande about 60 and 60
miles upstream from San Ma;oial by the Rio Salado and the Rio
Puerco, respeotively. When the flow of these two tributeries is

more than a quarter of the flow of the Rio Grande near Bernardo,

the oonocentration at San Marocial is likely to be 20 times as high

AL e, 2
T e T

as it would be for the same flow exclusively from the Rio Grande

S A

upstream from the Rio Puercos. 4£lso, during years of low flow such as

the water years 1949, 1950, and 1951 about 2/3 of the combined

BB et s
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sediment discharge of the Rio Grande near Bernardo, the Rio Puerco
near Bernardo, and the Rio Salado near San Acacia may be deposited
along the channel of the Rio Grande upstream fgpm San Marcial.
Sediment relationships are further compliocated because some of the
water that came down the Rio Grande during 1952 overflowed into
San Marcial Lake. Sediment carried by the'overflcwing water was
either deposited outside of the main channel or else bypassed the
sampling and gaging station on the main channel at San Marcial.
Also, ungaged washes occasionally discharge into the Rio Grande
some flows that contain high Eediment ooncentrations. On the
whole, the Rio Grande at San Marcial is a thoroughly unpromising
sediment station for whioh to compute sediment discharges from
sediment rating ocurves.

The study that is reported here was for only the main channel

of the Rio Grande.

Analysis

Instantaneous sediment and water discharges for 84 times
during water years 1948 through 1956 for the Rio Grande at San
Marclal were used to define sediment rating curves and adjustments
to them. These data were for sediment ;;d water discharga§ when
sediment samples were collected for size anelysis. They were not
selected especially for the study, and they did not include in-
formation for the 1952 water year for which sediment discharges

were to be computed.
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The method of study was similar to that outlined for the
Niobrara River near Cody, Nebr., and for the Colorado River near
Grand Canyon, Ariz. Separate sediment rating ourves (fig. 19)
were prepared for the sand fraotion of the sediment discharge and
for the olay and silt fraotion. Also shown for oomparison is the
sediment r;ting ourve for all partiole sizes.

For this as well as other sediment stations, the suspended~
sediment rating curve for all partiocle sizes may differ somewhat
from a mathematical combilnation of the ourve for discharge of
sands and the ourve for discharge of silt and olay. One reason
for the difference is that the ourves were separately defined. A
more signifioant reason is that the suspended~sediment rating
ourve (all sizes) was not analyzed for possible effects of other
factors whereas the curve for sands and the ourve for the finer
sediments show the relationship between sediment discharge and
water discharge after the effect of some other factors had been
eliminated or reduced by trial-and-error multiple ocorrelation.

Many size analyses did not show the peroentgge of the sedi-
ment ooarser than 0,062 millimeter. For other size analyses,
the percentage of sands was too small to be determined acscurate-
ly. For these reasons the sediment rating curve for suspended
sands was not as well defined as it should have been.

Departures of the discharge of sand from the sediment
rating ocurve for the sands varied inversely with about the 3d
power of the water temperature and directly with about the 2.6
power of the depsrtures of mean velocity from the average ourve

of velocity plotted against water discharge.

-~
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Disoharge of sediment finer than 0,062 millimeter (silt
plus clay) varied widely from the sediment rating curve (fines).
The most obvious sort of correlation of departures of sediment
discharge froq the sediment rating ourve for fine sediment was
with some expression for the relative amount of combined flow
from the Rio Puerco and the Rio Salado. Ratios of main channel
flow were oomputed by dividing the flow of‘the Rio Grande near
Bernardo by the sum of the flows of the Rio Grande near Bernardo,
the Rio Puerco near Bernardo, and the Rio Salado near Sén Acacia.
For this computation, the total flow of the Rio Grande near
Bernardo was used whether the flow was in the Interio; drain,
the San Francisco riverside drain, or the main channel. A time
of travel of water and sediment disoharge to San Marcial of 1

day was assumede When ratios of sediment departure from the

sediment rating ocurve for fine sediments were plotted against .
ratios of main channel flow, the vaguely defined average ourve

of figure 20 was obtained.

O AR s 1 e
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Whenever the sum of the flows of the Rio Grande near Bernardo,
the Rio Puerco near Bernardo, and the Rio Salado near San Acacia

was less than 1,000 cubic feet per second and either the Rio Puerco

i

or the Rio Salado was flowing, a larger than usual peroentage of
the sediment seemed to be deposited along the channel between
Bernardo and San Marcial., The ocurve of figure 21 is poorly de-

fined but was used as the best approximation that oould be readily

determined for this adjustment.
Trial-and~error multiple correlation indicated that the

‘original sediment rating curve for fine partioles should be slightly




!

~

A

I
!
il

|

I

|

1

|

4

1

O N W

[13

-

il
%
il
i

2

N

D N 0 DO

w

~

L

Lttt

d

COEFFIBIENT TO ADJUST FOR VOLUME OF FLOW

=

]

vl

H

Ry

‘1 .2 .:5 .4—- .5 .6 .7 .8 ‘9 l‘o
RATIO OF FLOW

Figure 20.--Adjustment applied to discharge of fines in the Rio Grande at
San Marcial, N. Mex., for ratio of main stem flow near Bernardo to
total flow below the mouth of the Rio Salado.




e Wi e 8y

4 5 67891

B

/

4 5 67891

3

3

T
g

T

T

S

T
b=
gt
2aast I3ee

4 5 6 7891

3

4 5 67891

t

LS

MOTd 40 HWNTOA HO4 ILSNLAV OL INIIDILAHOD

100 1000 10,000
SUM OF FLOWS OF RIO PUERCO NEAR BERNARDO, RIO SALADO NEAR SAN ACACIA, AND RIO GRANDE NEAR BERNARDO

IN CUBIC FEET PER SECOND

10

1l

the

Qs

Mexo

N,

at San Marcilsal,

Figure 21 .-~Adjustment to discharge of fines for volume of flow in the channel
Rio Grande




90

revised. The sediment rating curve (fines) of figure 19 contains
this revision. After all these adjustments had been made, the dis-
ocharges of fine sediment still tended to deorease with increasing

».water temperature at a rate slightly less than the square root of

the temperature. This relationship may not be significante.

| All the adjustments previously disoussed were applied when-
ever discharges of fine sediment were computed from the sediment
rating ourve (fines) .

Instantaneous measured sediment discharges of all particle
sizes were plotted against water discharge. The 84 individual
points are given on figure 22 to show the scatter. The curve
was drawn as an approximate average for periods when the Rio
Puerco and the Rio Salado were not flowinge. Of course, sediment
discharges oomputed from this curve were used only as a basis
from whioch to make shifts to periodic measurements of sediment

discherge. This ocurve is also shown on figure 19.

Applications

Daily sediment discharges for the Rio Grande main channel at
San Marcial during the 1962 water year were computed by several
methods. During this water year the sediment discharge fr;m the Rio
Puerco and Rio Salado totaled about 4 million tons, which is less
than average for the water years 1949, 1960, and 1961. First, daily
sediment discharges were computed from the two sediment rating '
curves, one for fine sediment and one for sands and sach curve
adjusted by the relationships that were indicated by the correlationss§

Monthly and annual sediment discharges totaled from the daily ton~

nages are listed in the second line of table 6. The computed
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Table 5.~~ionthly and annual sediment discharges, in thousand toﬁs, as computed by different methods for the
Rio Grande at San Marcial, N. Mex., for the water year ending September 30, 1952

c6

Basis of ) Water Percent
sediment Oct.| Nov.| Dec. | Jan.| Feb.| Mar.| Apr. | May June | July | Aug. | Sept. e:r of
computations y measured -

Method l....
Method 2.
VYethod 4esse
Method Sesee
Method Seoes
IugEthOd Beoos
ethod Qeses

70.6| 321 | 167 | 245 | 589 | 625 gz2| 1,076 [ 1,417 | 114 | 5,446 | 100
16 99 59 76 | 314 | 726 695 1,100 | 890 24 | 4,000 73
67 | 350 | 149 | 305 | 604 | 765 | 1,070| 1,420 1,550 | -115 | 6,400 [ 118
67 | 289 | 162 | 251 | 642 | 672 | 1,090| 1,080 1,840 | 128 | 6,220 | 114
9 51 38 43 | 193 | 639 403| 138 93 3 | 1,510 28
61 | 217 | 150 | 245 | 550 | 742 | 1,500| 1,750 | 1,340 64 | 6,620 122
3 | 254 | 165 | 258 | 636 | 628 | 1,220| 1,240} 1,300 | 103 | 5,860 108

Q000000
CO0OO0O0OO00O0

Method 1: Daily or more frequent samples.

Method 2: Adjusted sediment rating ourves, one for suspended sand and one for silt and clay.

Method 4: Adjusted sediment rating curves with shifts to two daily measured sediment discharges per month.
Method 5: Adjusted sediment rating curves with shifts to four daily measured sediment discharges per month.
Method 6: Unadjusted sediment rating curve.

Method 8: Unadjusted sediment rating curve with shifts to two daily measured sediment discharges per month.
Method 9: Unadjusted sediment rating ourve with shifts to four daily measured sediment discharges per month.




annual sediment discharge was 73 peroent of the measured sediment

The daily sediment discharges

discharge of 5.446 million tons.

were then shifted to the measured daily discharges for the lst and

Next, these daily sediment discharges

16th days of each month.

wore shifted to the msasured daily sediment discharges for the

Monthly and annual

lst, 8th, 16th, and 233 days of eaoh month.

tonnages of sediment were muoh oloser to measured tonnages after

shifts to 2 measured daily sediment disoharges than without suoch

shifts and were brought slightly oloser by shifts to 2 additional

oontrol points per month. (See table 6.) Annual sediment dis=-

charges based on 2 control points per month and 4 oontrol points

were 18 percent and 14 percent, respeotively, higher than the

measured annual sediment disocharge.

The instantaneous suspended-sediment rating ourve of figure

22 was applied to daily water disoharges for the 1962 water year

to compute daily, monthly, and annual sediment dischargese. This

was not an attempt to oompute motual sediment discharges; the

tonnages were only for a basis from whioh to shift to periodio

Shifts of the oomputed daily sediment

daily sediment discharges.

discharges were based on 2 measured daily sediment discharges per

Although

month and then on 4 measured daily tonnages per month.

the unshifted daily sediment discharges from the sediment rating

ourve totaled only 28 percent of the measured annual sediment

discharge, the annual sediment discharges computed from the shift-

od daily sediment discharges were 22 percent high for 2 ocontrol

oontrol points per

points per month and 8 percent high for 4

month,




Sediment discharges as computed by the different methods were
not as olose to the measured annual sediment discharges for the Rio
Grande at San Marocial as they were for the Niobrara River near
Cody, Nebr., or for the Colorado River near Grand Canyon, Ariz.
During the first 5 months of flow in the water year,- the measured
sediment discharge was much higher than that oomputed from sedi-
ment rating ourvese This difference was probably due to depqsit
of sediment below the mouth of the Rio Puer;o and above San Maroial
during the 1951 water yeare. During this water year, about 7.5
million tons of sediment was disoharged from the Rio Salado and
the Rio Puerco, but only about 1 million tons was discharged past
the San Marcial gaging station. Sediment discharges obtained by
shifting to 2 or to 4 control points during eaoch month compared
fairly well with computed monthly sediment discharges for these
first b months of flow during the water year.

None of the methods of computation gave consistently good
monthly sediment discharges during the summer months. Shifting
of daily sediment discharges to 2 measured daily loads per month
inoreased the accuracy somewhat during the summer months. Shift-~
ing to 4 measured daily loads per month inoreased the accuracy
during some summer months over the accuracy for only 2 control
pointses Exceptions were August and, to a lesser degree, September.

Agreement by months was generally better for sediment dis-
charges that were oomputed by shifting daily sediment discharges
from two separate, adjusted sediment rating curves than by
shifting deily sediment discharges from a single, unadjusted

sediment rating curve. Because of a few large discrepancies in
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monthly sediment discharges, annual sediment discharges computed
by shifting from a single curve were closer to measured annual
sediment discharges than were the annual sediment discharges that
were computed by shifting from the two sediment rating curves.
Annual sediment discharges computed by shifting to either 2 or

4 control points per month are from 8 to 22 percent larger than
the measured annual sediment discharge. (See table 5.)

The 2 sets of dally sediment discharges obtained by shift-
ing to 4 control points per month are plotted on plate 4. Measur-
ed sediment discharges are plotted for comparison. Wide differ-
ences from day to day in sediment discharge at San Marocial are
very apparent especially during the summer. In spite of these
differences, the accuracy of daily sediment discharges that were
computed by shifting to four ocontrol points per month is reason-
ably good. (See fige 23.) More than 40 percent of the days
were within about 10 percent and more than 60 peroent of the days
within about 20 percent of the measured daily sediment dischargese
Inacouracy of the measured daily sediment discharges, themselves,
is unknown but is by no means insignificant.

Discrepancies between computed and measured monthly sediment
discharges during the summer are due to differonces in sedimenf
discharge for a few days of high sediment discharge. Obviously,
the monthly end annual agreement would have been much improved
by a few samples on certain days of unusually high sediment disj
charge; for example, June 3 or 4 and August 24 or 256. The daily

sediment discharge for August 23 was used as a basis for shifts

but was a day of rapidly rising sediment discharge for whioh the
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correlation adjustments to the sediment rating ourve for fine sedi~
ments was evidently misleading. Of course, the daily sediment dis~
oharges that were used as the basis for shifts were seieoted arbl-
trarily. Any other basis of selection would likely be biased
through assuming either better or poorer field operations than

might aotually be obtained in practice.

RIO PUERCO NEAR BERNARDO, N. MEX.

The Rio Puerco drains an area of nearly 6,000 square miles
west of the Rio Grande. The main stream and most tributaries flow
intermittently. Runoff comes principally from summer stormss.
During many years, snowvmelt supplies little or no flow at the
station near Bernardo, whioh is 3 miies upstream from the mouthe.
Runoff is extremely variable from year to year and is also un~
evenly distributed within each year. Because the distribution
of flow is erratic and the stream bed shifts laterally and verti-
cally, streamflow records are inacocurate. Annual runoff averages
a small fraction of an inch.

Suspended sediments discharged by the Rio Puerco near Bernardo
are mostly in the size ranges of clay and silt. The concentration
of suspended sediment for all except very low flows is unusually
oonstant percentagewise with respect both to time and to water dis~
oharges This constancy is shown by the relatively narrow band
of séatter of point; from the average line of figure 25 and by
the slope of the line, which only slightly exceeds 45 degrees.

The relatively constant conoentrations are probably due to the
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drainage area being reasonably uniform in erosional characteristics
and to the runoff being generated almost entirely by summer storms
rather than by several different types of preoipif&tion. However,
runoff from the upper San Jose River usually has much lower oon-
centrations of sediment than runoff from most other parts of the

Rio Puerco dreinage area.

A few computations of sediment disoharge were made for the
Rio Puerco near Bernardo because the water-eediment disoharge re-~
lationship 1s oonsiderably different for this station than for
the others that were studied. The oconcentrations are not only
unusually constant but are also high, being in the order of 100,000
to 260,000 ppm for most flows greater than 100 ocubloc feet per
second. Sediment characteristios of the flow may be somewhat
typiocal of many intermittent streams that drain dry areas from .

whioh snow runoff is usually negligibles

Analysis

Annual sediment discharges were plotted against annual
average flow to define the annual sediment rating ocurve of figure
l. Sediment discharges were available for so few water years
that no attempt was made to explain scatter from the annuai sedi~
ment rating ourve by correlations.

A monthly sediment rating ourve, also plotted on figure i,
was prepared. Departures of the monthly sediment discharges from
the ocurve indicated a seasonal change in the relationship between
monthly average discharge of sediment and of water. Ratios of de=-

parture are plotted against time during the water year on figure 24.
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Sediment discharges geﬁerally were lower for a given monthly aver-

age discharge during the winter and spring than during the summer.
An instantaneous sediment rating curve was prepared from

the concentrations and rates of flow at the times when samples

were collected for particle-size analyses. A deily sediment rating

ourve (fig. 26) was defined from daily average sediment discharge
and daily average water discharge for those days on which size
samples were collected. The instantaneous and the deily sediment
rating ourves agree within the limits of their probably accuraocy.
(See figs. 1.) Sucsh agreement may be expected at a stetion where
either the concentration, es for the Rio Puerco near Bernardo
except at low flows, or the rate of water discharge, as for the
Niobrara River near Cody or the Colorado River near Grend Canyon,
does not change rapidly percentagewise. Comparable egreement
ocan not be expeoted for all streems.

Probably part of the scatter of points from the instantaneous
and daily sediment rating ocurves could be explained in terms of
either seasonal variations or recession curves for decrease in

concentration following rises.

Applications

Daily discharges of suspended sediment were computed for the
1962 and 1963 water years from the daily sediment rating curve.
Monthly end annual sediment discharges were computed from these
daily sediment discharges. Monthly and annual sediment discharges

for the 2 water years were also computed from the monthly sediment

rating curve and seasonal adjustments to ite An annual sediment
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discharge for the 19563 water year was taken from the annual sedi-
ment rating curve. An annual sediment discharge for the 1952
water year was not taken from the annual curve because the annual
sediment dischaerge for the 1962 water year was used to help de-

fine the annual ocurve. Computed monthly and annual tonnages,

and the measured sediment discharges for oomparison, are listed
in table 6.

For both the 1962 and the 1953 water years, the monthly and
annual sediment discharges computed from the monthly rating curve
gave good ooméarisons with the measured sediment discharges. The
ocomputed annual tonnages were 10 peroent lower and 10 percent
higher then the measured annual tonnages for the 1962 and 1963
water years, respectively.

The annual sediment discharge for the 1963 water year from
the annual sediment rating ourve was 98 percent of the measured

annual tonnage.

For the 1963 water year monthly and annual sediment discharges
computed from the daily sediment rating ocurve ocompared less well
with measured tonnages of sediment than those from the monthly
curves perhaps because no seasonal or other adjustments were
epplied. Computed annual tonnages from the deily sediment rating
curves differed from the measured annuel tonnages by a -12 percent
for the 1962 water year and by a +16 percent for the 1963 water
yeares

Deily sediment discharges computed from the daily sediment
rating curve agreed reasonably well with measured daily tonnages.

Agreemecnt was somewhat oloser for the 1952 water year than for the
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«~ Table 6.--Konthly and annual sediment discharges, in thousand tons, as computed by different methods for the
Rio Puerco near Bernardo, N. Mex.

Percent
Basis of Water of
sediment Octe { Nove | Dece | Jane. | Feb. | Mar. | Apr. | May June | July| Aug. Sept. year Measured
computations | ¢
%; Water year ending September 30, 1952
*{ Method l....] O 0 0 0 0 0 0 77| 290 |1,185( 1,204 | 197 | 2,953 | 100
g ethod 6.... 0 0 0] 0 0 ] o 72 410 | 1,020 920 190 2,610 88
i fethod 10eees 0 0 ] 0 0 0 0 50 340 | 1,080} 1,040 150 2,660 90
Water year ending September 30, 1953
Method le.esf O 0 0 0 0 0 0 0 27| 3,607 3,286 83 | 7,003 { 100
Method 6eces 0 0] 0 ] 0 0 0 0 38 | 4,810 3,200 96 8,140 116
Method 10..s. 0 0 0] 0 0 0 0 0 26 14,340 ] 3,260 73 7,700 110
Method 1llecee - - - - - - - - - - - - 6,860 98

Method 1: Daily samples with more frequent samples on many days.
Method 6: Daily unadjusted sediment rating curve.

Method 10: Monthly sediment rating curve with seasonal adjustment.
Method 11: Annual sediment rating curve.
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1963 water year for which graphs of both computed and measured B
daily sediment discharges are shown on plate 5.

Measured sediment discharges for the 1953 water year for
the Rio Puerco near Bernardo have not been reviewed and may be |
revised somewhat before publication.

Only a few yoears of sediment record were sufficient to de~

fine sediment rating curves from which reasonably accurate daily,
monthly, and annual sediment discharges could be computed. At
least ths computed monthly and annual sediment discharges for

the 1962 and 1963 water years are probably within the limits of
accuracy of the streamflow records. Of oourse, over a period of
years or during years of much higher flow, the relationship be-
tween sediment discharge and water discharge may be different than
during water years 1948 through 1963.

Comparisons of computed and measured sediment discharge for
the Rio Puerco near Bernardo suggest the possibility of computing
satisfactory sediment discharges for some intermittent streams
and washes in semiarid areas from periodic sediment sampling and.

sediment rating ourves.

WHITE RIVER NEAR KADOKA, S. DAK.

Upstream from the gaging station near Kadoka, the White
River dreins 5,000 squere miles partly in northwestern Nebraska ‘ﬁ
but mostly in southern South Dakota. Runoff is low and variable,
occurs mainly during May and June, and averages less than 1 inch

annuelly. Sediment yield is not exceptionally high from the upper
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part of the drainage basin, but downstream nearer Kadoka consider-
able areas of badlands and readiiy erodible alluvium yleld large
quantities of fine sediments whenever appreciable surface runoff
ocourse

Computations of sediment discharge were made for the White
River near Kadoka because the sediments that are discharged at
this station .are predominantly fine but do contain enough sands
to define a rating ourve for sands. Also, the station has ioce
backwater for several months each year. The flow, being un-
evenly distributed within the year, is entirely different than

for the Niobrere River near Cody, Nebr.

Analzsis

Sediment oconcentrations and water discharges at the times
when samples were ocolleoted for particle-size analysis during
the water years 1949, 1960, and 1961 formed the prinoipal in-
formation for defining and analyzing the sediment rating ourve.
An instantaneous suspended-sediment rating ocurve (fig. 26) was
prepared. Then each sediment discharge was subdivided into dis-
oharge of sands and of sediment finer than 0.062 millimeter.
Instantaneous sediment rating ourves were drawn (fig. 27) for
discharge of suspended sands and for discharge of olay and silt.

Departure ratios of discharge of suspended sands from the
rating ocurve for sands showed approximate correlation with the
2.1 power of ratioénof measured velocities to velocitles from

an average ourve of velooity versus water discharge. After
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adjustment for veloolty, the ratios of departure did not define
satisfactorily a relation between discharge of suspended sands
and water temperature.

Discharge of the fine sediment for a given rate of flow was
lower during the winter and spring than during the summer and early
fall. (See fig. 28.) Also, the concentration of fine sediment
tended to be higher during e rapidly rising water discharge end.
at the peak of the flow than during the recession from the peake.
The first curve expressing adjustments of discharge of fine sedi-
ments with elapsed time after a rise was based only on the instan-
taneous sediment discharges. This ourve seemed to be unrepre-
sentative. Presumably, this fact was due to the ocurve being based
on concentrations of samples %hat were collected for particle-
size analysise. At low flows such samples were collected in-
frequently and usually when the concentration was higher than
usual for the given flowe. Daily sediment discharges from the
1961 water year were used to revise the lower end of the original
ourve. The final curve for adjustments of discharge of fine sedi-
ment with elapsed time is shown on figure 29. Of course adjust-
ments from figure 29 can be applied either before or after those
from figure 28.

The curves of figures 28 and 29 and the instantaneous sedi~
ment rating ourve for silt and clay on figure 27 are mutually
interdependent for a given interrelation between the discharge
of fine sediment and water discharge. If the position of one
of these curves is appreciably moved to show either a generally

higher or a generally lower sediment discharge, the position of
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COEFFICIENT POR ADJUSTING THE SEDIMENT DISCHARGES
TAKEN FROM SEDIMENT RATING CURVE (FINES)

Figure 29.--Approximate average variation of coefficient of sedime
discharge (fines) with elapsed time after beginning of a wvise,
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one or both other curves theoretically should be moved a com-

pensating amount.

Applications

Daily sediment discharges were computed for the water year
ending September 30, 1962, by the following six procedures:

l. The instantaneous sediment rating ocurves for fine sedi-

ment and for suspended sands were applied separately to daily
water discharges,and the computed sediment discharges were added
together. (See table 7, method 2.) Of course, seasonal and

other adjustments were included in the computationse

2+ Daily sediment discharges computed by procedure 1 were

shifted to measured daily sediment discharges for the lst and

16th days of each month.
3. Daily sediment discharges computed by procedure 1 were

shifted to measured daily sediment discharges for the 1lst, 8th,

16th, and 23d days of each month.

4., The instanteneous suspended-sediment rating ourve was

applied to daily water discharges.

5e¢ Daily sediment discherges computed by procedure 4 were

shifted to measured daily sediment discharges for the 1lst and the

16th days of each monthe.
6. Daily sediment discharges computed by procedure 4 were
shifted to measured daily sediment discharges for the 1lst, 8th,

16th, and 23d days of sach month.

j These prooedure numbers do not correspond to the method

numbers in the footnotes of table 7 because the method numbers are

o
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Trble T.--Monthly and annual sediment discharges, in thousand tons, as computed by different methods for the White
River near Kadoka, S. Dak., for the water year ending September 30, 1952

Basis of Water Percent
rocedure{ sediment Octe | Nove | Dece | Jan. | Febe | Mare | Apre| May | June | July | Aug. | Sept. of
computations VO8I | peasured
ces Method leees | 119 1.58| O.41 0.10| 62.4| 1,126| 205 3,513 1,946| 134 24.2 | 0.008] 7,131 100
3 Method 2.eee | 122 Te5 | 2.8 071 210 2,060 335| 4,160| 2,490) 161 8.7 0 9,550 134
z Method 4eaes 72 2.7 «38 081 101 1,030 213| 2,750| 1,500| 142 30 «0056| 5,840 82
Method S5.eee | 159 245 «36 07| 66 956 231{ 3,170{ 1,610| 141 36 «005| 6,370 89
Vethod Beeee | 105 | 35.8 |1l.4 5.1 | 766 4,93011,200| 4,140{ 2,100} 1565 7.8{ 0 13,500 189
B ¥ethod Besee 78 36 «31 09| 49 932| 221)| 4,210| 2,040] 149 26 «005| 7,710 108
g Method Geses | 179 1.2 «31 09| b1 889( 221 3,320| 2,020 149 38 +«005| 6,870 96
Method 1: Daily samplese.
Method 2: Adjusted sediment rating ourves, one for suspended sands and one for silt and oclaye.
Method 4: Adjusted sediment rating curves with shifts to two daily measured sediment discharges per monthe.
Method 5: Adjusted sediment rating curves with shifts to four daily memsured sediment discharges per month.
Method 6: Unadjusted sediment rating curve. -
Method 8: Unadjusted sediment rating curve with shifts to two daily measured sediment discharges per month.
Method 9: Unadjusted sediment rating curve with shifts to four daily measured sediment discharges per month.




112

kept tho samo throughout the tables of monthly and annual sedi-
ment discharge for all sediment stations.

Monthly and annual sediment discharges were computed from
the daily sediment discharges that were obtained by all six pro-
cedures and are given in table 7. Annual sediment discharge from
procedure 1 was 34 percent higher and that from procedure 4 was 89
percent higher than the measured annual sediment disoharge. When
shifts were made to 2 oontrol points per month (procedures 2 and
5) the differences betwesn ocomputed annual and measured ennual
sediment discharges were ~18 percent and +8 percemt. Shifting to
4 control points per month (procedures 3 and 6) reduced these
differences to -11 and ~4 percent.

Most monthly sediment disoharges based on shifted daily
sediment disoharges were fairly olose to measured monthly sedi-
ment discharges. For Ooctober the monthly sediment discharges
that were computed by either procedure 1 or 4 agreed well with
the measured discharges before shifting but agreed less well
after shifting. (See table 7.)

Daily sediment disoharges oomputed by prooedures 1 and 2
are plotted on plate 6. Measured daily sediment discharges are
also plotted for comparison. Accuracy of computed daily sedi-
ment discharges for some periods is much improved by shifting

to two measured daily sediment discharges per month.

SANDUSKY RIVER NEAR FREMONT, OHIO

An area of 1,248 square miles in northeentral Ohio is drain-

ed by the Sandusky River upstream from the station near Fremont.
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The river has many branching tributaries, which drain areas that
are probably somewhat similer in erodibility. Average annual
runoff is 10 inches or slightly more. Most of the flow is during
winter and.spring. Vegetal cover is much more complete in the
basin then in the drainage basins of the other streams that have
been included in this study. Concentrations of sediment for the
1952 water year averaged only 274 ppm or 0.372 ton per aore~
foot of water. Only a few peroent of the suspended sediment was

larger than 0.062 millimetere.

Analysis

Because nearly all the sediment was smaller than sand
sizes and few size analyses were available, no attempt was made
to subdivide the sediment discharge into suspended sands and

suspended clay plus silt. A suspended-sediment rating ourve

(fig. 30) was prepared from the daily water and sediment discharges
for the water year ending September 30, 19561. Ratios of departure
of the sediment discharge from the average curve were plotted
against time. They defined the approximate seasonal trend of
figure 3l. Then ratios of departure of sediment discharge were
adjusted for the seasonal trend and were plotted against the

time in days after the beginning of each rise. A marked tendenocy
for sediment discharge to decrease with time after the beginning

of a rise was olearly shown, but the amount of the decrease could
be defined only.as an approximate average. During the winter

period, November through Maroh, the decrease continued for many
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days after each rise. During the other months of the yoar, the
sediment discharge did not seem to decrease much after about 6
days. (See fig. 32.)

No doubt better adjustments than those discussed here ocould
be determined by further study of the sediment characteristios
of the Sandusky River. Such study might well improve by a few
percent the acocuracy of the sediment discharges that are computed
from the sediment rating ourve and the adjustment curves of figures
31 and 32. However, additional study probably would not appreci-
ably inorease the acocuracy of sediment discharges that are com-
puted by shifting the sediment rating curve to two or more con-
trol points per month.

The difference between the adjustment that is indicated by
figure 32 and the adjustment of figure 29 for the White River near
Kadoka, S. Dak., should be noted. The sediment rating ocurve
(fines) for the White River was drawn for sediment discharges
that represénted about peak flows, and hence the adjustment of
sediment discharge for peak flows was relatively small. On the
other hand, the sediment rating ourve for the Sandusky River
was drawn through sediment discharges that were more representa-
tive of several days after the peak flows. Therefore, adjustment
coefflcients for sediment discharges near the peak flows were
high, about 2.0 on the average, and generally did not deorease
to 1.0 until about the Gth day after the rise. The suspended-
sedimont rating curve for the Sandusky River can be expected to

give low sediment discharges without adjustments or shifts,

whereas the sediment rating curve for the White River will give
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too high average sediment discharges unless adjustments or shifts
are applied.

The sediment rating curves for the White and Sandusky Rivers
were drawn primarily as a basis from which to make adjustments
and shifts. Henoce, each curve was prepared to show an average
relationship between sediment discharge and flow after elimination
of the effects of the factors tor which adjustments are to be
made. This sort of sediment rating curve is dependent on the
adjustment ocurves, such as those for seasonal variations and
for elapsed time after a peak discharge. In faoct, the overall
relationship between sediment discharge and flow is expressed
by the combination of the sediment rating curve and the adjust-
ment ourves. If sediment discharges are not to be adjusted or
shifted, the sediment rating curve generally should be drawn
through arithmetic~average sediment discharges for different

ranges of water discharge.

Applications

The daily suspended-sediment rating curve (fig. 30) de-
fined by the data for the 1951 water year was used with adjust-
ments for season of the year and for elapsed time after the be-
ginning of a rise to compute daily, monthly, and annual sediment
discharges for the 1952 and 1963 water years. For the same two
water years, sediment discharges for days, months, and years
were computed by shifting to the daily sediment discharges for

the lst and 16th days of each month and also by shifting to the
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daily sediment disoharges for the 1lst, 8th, 16th, and 23d days of
each monthe

For the 1962 water year, the annual sediment dlscharge ocom-
puted from.the adjusted sediment rating curve was 78 percent of
the measured annual sediment discharge. When the sediment rating
curve with adjustments was shifted on the basis of 2 and of 4
control points each month, the computed annual sediment discharges
were 79 and 85 percent, respectively, of the measured annual
godiment discharge. The egreemsnt between oomputed monthly sedi-
ment discharges and measured monthly sediment discharges was some-
what improved by the shifting to 2 control points per month end
was further improved by shifting to the 4 control points per monthe.
(See table 8.) If most control points had been on the peaks.of
rises or shortly after the peaks, shifting to the control points
would have resulted in more improvement than was found from con-
trol points on arbitrarily selected days of the month. Daily
sediment discharges computed for the 1962 water year elther with
or without shifting to control points did not agree well with
measured daily sediment discharges during January and March, the
months of highest sediment disoharge. Computed daily sediment
discharges agreed reasonably well with measured sediment dis-
charges during most of the other 10 months of the water year.

For the 19563 water year, annual sediment disoharge com-
puted from the adjusted sediment rating ocurve was 102 percent
of the measured annual sediment discharge. Annual sediment dis-
charges computed by shifting to 2 and to 4 oontrol points per

month were 107 and 101 percent, respectively, of the measured
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annual sediment dlscharge. This agreement for annual loads is
good, but the agreement for some months was not particularly good.
Monthly oomputed sediment disoharges shifted to 2 ocontrol points
per month were generally no closer to measured monthly sediment
discharges than were the monthly totals from unshifted figures.
Shifting to 4 control points per month did increase somewhat the
agreement between computed and measured monthly sediment dis-
oharges. (See table 8.) Daily sediment discharges computed
from the sediment rating ocurve sither with or without shifts
generally showed reasonably good agreement with daily measured
sediment discharges. The accuraoy of computed deily sediment
discharges inocreased as more control points per month were used
as & basis for the computations. (See ple. 7.)

Large differences between computed and measured sediment
disoharges were more common for high flows during the winter than
for other parts of the 1962 and 1963 water years. Perhaps the
sediment discharges during the winter of the 1951 water year were
not wholly oomparable with those during the 1962 and 1953 water
years. Also, the curve for seasonal adjustments (fig. 31) might
be more applicable if it had been defined by information from
several water years rather than by that for the 1961 water year
only.

Sediment discharges ocomputed from sediment rating ourves for
the Sandusky River near Fremont oould probably be made more aoocu-
rate by slight ohanges in procedure. If adjustments to the sedi~
ment rating ourve (fig. 3] and 32) were determined from records

for more than one water yoar, the accuracy of sediment discharges

%
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from the adjusted sediment rating curve might be inoreased some-
what. For the higher sediment discharges, aocouraoy could be much
improved if the 2 or 4 sediment discharges per month that are used
for control points were on the days of peak flows or within one

or two days after the peak flows of rises. The relationship be-
tween sediment discharge and streamflow at low flows or when the
flow 1s inoreasing rapidly are poor guides to the relationship at
or a few days after a peak flow.

The three rises during January 1962 indiocate the possible
effeot of a sultably timed control point in improving the accuraoy
of oomputed sediment disoharges during a risa; The ocontrol point
for January 1 was on the highest day of the first rise. Computed
sediment discharge for the highest & days of the rise exceeded
the measured sediment discharge by 2.6 percent. No oontrol point
oame within the 5 highest days of elther of the other two rises.
Computed sediment discharge for the highest b days of one of these
rises was 64 percent less than measured; it was 19 percent more
than measured for the highest b days of the other rise.

On the basis of ths oomputetions for two water years for
the Sandusky River near Fremont, a relatively simple sampling
program could be expecoted to give good computed monthly and annual
sediment discharges from a sediment rating curve. One set of
sediment samples should be obtained on the highest day or within
two or three days after the peek of each rise for which the flow
exceeded 1,000 cubic feet per second. A minimum of two or three

samples per month should be obtained even though no rises or only

one or two occur during a month.




eble 8.--Honthly and annual sediment discharges, in tons, as computed by different methods for the Sandusky River
near Fremont, Ohio

2}' Basis of

Water | Percent
sediment Qote.| Nov. Dec. Jan. Feb. Mar. Apr.| May | June July | Aug.| Sept. year of
computations measured
Water year ending September 30, 1952
Yethod 1....| 43 501 | 31,569 | 160,232| 18,058 }108,461 | 31,160| 4,554| 252 199 28 64 | 355,111 100
i Yethod 2ecee| 22 357 | 22,600 117,000/ 24,400 | 67,700 | 36,700 6,000{ 200 107 17 72 | 275,000 78
i, Yethod 4esee 37 399 | 26,000 {117,000 24,600 | 75,900 | 29,100{ 5,930 227 170 28 79 279,000 79
) Yethod Seees| 37 450 | 26,800 |141,000}23,900 | 75,900 | 26,700| 5,970} 226 180 28 61 | 301,000 85
Water year ending September 30, 1953
¥ethod leeee 6 14 40 5,390{ 1,458 | 18,904 | 1,122(42,579; 323 6,220 | 202 13 76,371 100
Method 2....| 10 20 88 2,880} 1,050 5,660 | 1,080|56,800f 199} 9,510 | 266 10 77,600 102
¥ethod 4.... 5 22 50 6,620; 2,550 4,800 1,330!56,400| 258 | 9,800 | 288 16 81,800 107
e ¥ethod S5..«. 5 13 44 7,410( 1,630 9,830 { 1,300({47,800 306 | 8,240 | 232 12 76,800 101
S
=8 Method 1: Daily samples.
: ¥ethod 2: Adjusted sediment rating curve.
Method 4: Adjusted rating curve with shifts to two daily measured sediment discharges per month.
Method 5: Adjusted sediment rating curve with shifts to four daily measured sediment discharges per month.
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FACTORS AFFECTING SEDIMENT DISCHARGE

Some factors are shown by the studies and computations of
this report to cause or to be associated with changes in the re-
lationship between sediment discharge and water discharge. The
significant factors are different for the different sizes of sedi-
ment particles. Two factors, velocity and water temperature,
have a usually discernible and somewhat oconsistent effect on the
discharge of suspended sands. Other faotors that affect the dis-
oharge of the fine partiocles are highly variable from one sediment

station to another.

Velocity

Suspended sediment is maintained in transport by vertioal
components of turbulent flowe. The intensity of these components
is largely a funoction of velocity. Also, the 1lifting foroce that
tends to raise partiocles from the stream bed varies with velocity.
Hence, velocity can be expected to show considerable correlation
with sediment discharge. One obvious limitation on this effect
exists; low velocities may be competent to transport all the fine
particles of sediment that are availesble and an inorease in ve—
locity will not transport appreciably larger tonnages of these
particles unless the increased velosity is acoompanied by an in~
oreased supply of fine sediment.

At the four sediment stations for which sediment rating ocurves

for sands were prepared, the concentration of measured suspended
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sands seemed t6 oorrelate reasonably well with mean velooity in
the oross section. Four separate graphs of oonocentration plotted
against velocity are shown on figure 33. The qlopes of -the average
lines through the scattered points indicate an inorease of con~
contration of measured suspended sands with the 2.2, 2.1, 2.8,

and 2.4 powers of the mean velooity for the Colorado River near
Grand Canyon, Ariz. (ebove about 2.5 feet per second), the Niobrara
River near Cody, Nebr., the Rio Grende at San Marcisl, N. Mex.,
end the White River near Kadoka, S. Dak. The slopes of the lines
are fairly well defined except for the Grand Canyon station be-
low 2.6 feet per seoond and for the San Marcial station and are
faeirly consistent. For the Niobrara River but not for the other
streams, the concentration of measured suspended sands was ad-
justed for the approximate effect of water temperature before the
points were plotted on figure 33. Slopes of the different sedi~
ment rating curves for measured suspended sands also indicated
that the oconcentration inoreased with about the 2.6 or slightly
lower power of the mean velooity and thus are consistent with

the slopes of the lines of figure 33. If at high flows the supply
of sands is much less than the transporting capacity of a stream,
curves similar to those of figure 33 could be expested to show a
less rapid inorease of ooncentration with mean velocity at the
high velocities. The ourves of figure 33 do not indicate that

the oepacity of a stream exceeded the supply of available sands
any more at high velocities than at low velocities.

Unmeasured-sediment discharge per foot of stream width

correlates closely with mean velocity, and inoreases with about
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the 3.1 power of the mean velocity for the gaging-station section
of the Niobrara River near Cody. Preliminary investigations show
that unmeasured-sediment discharges per foot of width for several
other streems with alluvial beds also correlate well with mean
velooity at least for velocities above 2.0 feet per second. This
sorrelation may become an important relationship in computations

of unmeasured-sediment discharge.

Water Temperature

Both the flow and the sediment~transporting oharacteristics
of the flow are affected by the temperature of the water. Kinematic
viscosity, which varies with temperature, affects the thickness of
the sublayer, that layer near the stream bed through which the flow
is laminar. Density of the water changes slightly with temperature,
and the ohanges in density have a small effect on the flow and
sediment-transporting characteristics of the stream. The major
effect of water temperature on sediment transportation is due to
changes in viscosity and resultant changes in the rate of fall of
sediment particles through the water. Suoh changes affect the
rate of discharge of suspended fine sands much more than the rate

of discharge of silt and clay or the rate of discharge of sediment

coarser than 0.6 millimeter.

A computation of suspended-sediment discharge was made for
the gaging~station section of the Niobrara River near Cody, Nebr.,
for three assumed w;ter temperatures. No changes in the basic

information were assumcd other than the changes in water temperature
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and in the temperature effects on the fall velocities of the sedi-
ment particles. Sediment discharges for five ranges of particle
size were computed acocording to reletionships given by Einstein
(1960) and are shown in the following table:

Table 9.-~Effect of water temperature on discharge of suspended

sediment of different size ranges
[hesults are in tons per day except as indicate@]

Ranges of particle size, in millimeters
fzmgzg'::’s'e' 0.016 t0|0+062 t0|0.126 t0]0+26 to|0+60 to|0.016 to
062 .126 .2 «50 1.00 1,00
Fahrenheit 6 ® *
80 74 79 164 123 12 462
60 90 133 372 172 14 781
40 116 236 581 262 14 1,201

Computed rates of sediment discharge increased rapidly with
decrease in water temperature sxoept for sediment larger than 0.6
millimetere. For these large particles, the rate of fall is near-
ly independent of temperature. For finer sediment in the size
range from 0,016 to 0.062 millimeter, the indicated inorease of
soediment discharge for a change from 80° to 40° F. was only b7
percent in contrast to a 254-percent increase for the sand in the
range from 0.1256 to 0.25 millimeter. The reason for the relative-
ly smaller rates of inorease for the smaller perticles is that,
although the fall velocity for these particles increases rapidly
percentagewise, the inorease in fall velooity in feet per second
is not great. In other words, the fall velocity is still low
even after a large percentage inorease in it. Hence, most streams
will easily transport most of the avaeilable fine sediment even

after the fall velocity has been oonsiderably increased by a
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inorease in water temperature.

A large temperature effect on the vertical distribution of
Missouri River sediments and on the discharge of these sediments
was reported by Straub (1954). Only about 1 percent of the sedi-
ment thet was used in his experiments was finer then 0,062 milli-
meter and about 3 percent was coarser then 0.5 millimeter. About
g6 percent of the sediment was in the range from 0.125 to 0425

r
millimeter for which range the rate of increase with temperature
is largee.

Trial-and-error multiple correlations in the analyses of
the sediment rating curves usually indicated e rapid increase of
discharge of suspended sands with decreasing water temperature.
1ittle, if any, effect of water temperature on the discharge of
combined cley and silt was shown by the correlationse. The effect
might have been obscured by the tendenoy for the supply of fine
sediment to be greater for a given rate of streamflow during the
summer months.

Computed increases in sediment discharge from table 9 are
probably better indications of the effect of water temperature
on sediment discharge than are experimental correlations by
trial-and~errore. The correlations do not distinguish between
relationships of cause and effect and relationships of assoola-
tion. For example, the discharge of sands may Vary with observ-
ed water temperatures because of & seasonal change in the size
composition of b?d material s. a result of the seasonal pattern
of streamflow and sediment supply. Aled, {i.. correlations are

based on data that scatter widely and so produce poorly defined
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correlations. The cofrelations indicated that the rate of dis-
charge of measured suspended sands varied inversely with the 3/4
power, the 3/4 power, and the 3d power of water temperature for
the Niobrara River near Cody, the Colorado River near Grand Canyon,
and the Rio Grende near San Marcial, respectively. Rates of
increase of discharge of measured suspended sands as determined
from the correlations were for sands of all sizes that were ocol-
lected in the sediment samples so that the rates of increese

with water temperature were probebly reduced somewhat at times

by inclusion of some particles larger than 0.50 millimeter.

Seasonal Variations

Concentrations of fine sediments tend to be lower for a
given rate of water discharge during the winter and spring then
during the summer. Probably the discharge of sands is also
appreciaebly affected by seasonal variations at some sediment
stations. Such an effect sometimes seemed to be discernible at
the Grand Canyon and San Marcial stations, but it was not definite-
ly established. For some streams the seasonal effect is caused
partly by snowmelt or precipitation on frozen ground. Snowmelt
is usually gradual and frequently occurs when the ground is
frozen. Hence either snowmelt or precipitation on frozen ground
usually causes less erosion of sediment from lend surfaces then
comparable rates of runoff during warmer seasons. In drainage
basins where much land is tilled, runoff during periods when the

fields are bare or have been recently worked is likely to carry




high concentrations of fine sediment. Summer storms in semiarid
regions are usually intense and erode the land surface more
rapidly than the less intense precipitation during other seasons.
Runoff from some drainage areas during the winter, spring, and
early summer comes mostly from areas at high altitudes where the
land surface is highly resistant to erosion whereas a mush larger
proportion of the runoff during the summer and fall comes from
areas at lower altitudes where sediments erode rapidly whenever
runoff occurs unless the ground is frozen.

Thus in general, most factors affecting sediment discharge
vary with the seasons. Precipitation intensities and areal
distribution patterns, rates of infiltration, evaporation losses,
vegetal cover, water and air temperatures, and even the com—
position of the bed sediments at some stream oross sections are
all variable from season to season. Some of these factors such
as water temperature, velocity, tributary flows, summer flows,
and adjustments for elapsed time after peak discharges can be
correlated with sediment discharge. Correlations with other
variables were not established except under the broad classifics~

tion of seasonal variationse.

Tributary Flows

At sediment stations below major tributaries, the con-
centration of fine sediments may be largely a function of the
relative flow of these tributaries as compared to the flow of

the main stream, particularly if the tributary inflow differs

widely in oconcentration from the flow of the wmain stream. When
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rates of tributary 1nfiow are used as measures of concentration
at a downstream station, a time allowance, frequently an allowance
varied with water discharge, may be required-to adjust for the
time of travel of the fine sediment from the mouth of the tributary
or tributaries to the sediment station. A relationship of tributary
flow overshadows all other effects on the sediment rating curve
for the Rio Grande at San Marcial and is important for the Colorado
River near Grand Canyon because the first few major tributaries
upstream from these stations oaréy far higher concentrations of
sediment than do the main streams. Even though the tributaries
transport appreciable tonnages of sands, the sands are likely
to be at least partly deposited at times and later to be moved ‘
downstream in the main channel as a funotion of velocity in the
main stream rather than in immediate and direct response to the
flow of the tributaries.

Tributary inflows of water and sediment may either increase
or decrease the main stream concentrations on either rising or
falling stages. Obviously, tributary inflow containing high
concentrations of sediment and entering the main stream close
upstream from a sampling station may contribute comparatively
high sediment discharges while the stroam is rising. A similar
tributary inflow far upstream or high concentrations of sediment
in flow from upper reaches of the main stream may tend to in-
orease sediment concentrations during falling stages. Tributary
inflows and nonuniform distribution of runoff or of sediment
erosion over the drainage area upstream from the sampling station

may have complex and variable effects on the relationship between

f sediment discharge and streamflow at a station. For some streams

fog
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these effects may be much different than for the Colorado River

near Grand Canyon or for the Rio Grande at San Marcial.

Elapsed Time after Peak Flows

A graph of either instantaneous or daily relationship be-~
tween sediment discharge and streamflow plots as a loop curve for
many sediment stations. That is, for given rates of water dis-
charge the sediment discharge is greater when the stream is ris-
ing than when it is falling. The loop curves sometimes differ
considerably from storm to storm, but recession curves of sedi-
ment discharge at a station, like recession curves of streamflow,
tend to have similar shapes from one storm period to another.
Tributary flows may elther accentuate or obscure the loop effect.

One main reason for the looping of the sediment rating curve
is that a sharp rise usually results from direct surface runoff
to a streams Such runoff normally transports a high conocentra~
tion of sediment. After the peak of the flow has passed a sta-
tion, the channel upstream may continue to drain for several days,
and subsurface inflow and return flow from bank storage may
contribute much of the flow at the station. The proportion of
direct surface flow in the water discharge at the station normally
deoreases with elapsed time after the rise. This decreasing
proportion of direct surface flow is associated with a deoreasing
concontration of fing sediment with time.

Several other effeots may elther enhance or obscure the

reneral tondency for sediment discharge to be greater for a
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given rate of flow when the flow is increasing than when it is
deoreasing., For some alluvial streams, mean velocity is sig-
nificantly higher at a given discharge on rising stages than on
falling stages because of shifts of the stream bed. -The higher
velocities when flow is increasing are normally accompanied by
higher ooncentrations of suspended sands on rising discharges of
water than on falling discharges. A different effeot sometimes
is observed on streams such as the Bighorn River (Heidel, 1956)
or the Colorado Rivere. On these rivers, the concentration of
fine sediment may be low for a given water discharge during a
rise because the water that arrives first at a station is mostly
water that was stored in the channel before the rise begane. In
faot, the sediment in the direct surface runoff may not arrive
at a station until a few days after the peak of the flow at the
station. Another effect on daily sediment rating curves for
some flashy streams is caused by a rapid rise in discharge late
in the calendar day. For such a rise, the average rate of water
discharge during the day may be only a small fraction of the actual
instantaneous rates of flow while most of the sediment was being
discharged.

The loop effect means that for some stations the rate of
discharge of fine sediment is at least partly a function of time
after a sharp inorease in flow or the peak of the flow. Such a
general relationship may be defined as an average for a sediment
station but departures from the average may be large. Such de-
partures are to be expected because rates of discharge of fine

sediments depend not only on rates of water discharge but also
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on whother the flow is increasing or decreasing and on many other
complex relationships of erosion, runoff, drainage pattern; and
stroamflow within the drainage area. Thus, average curves to
adjust for elapsed time after either peak discharges or the be-
ginnings of rises (figse. 29 and 32) may be helpful in computing
sediment discharges but do not perfectly measure adjustments to
sediment discharges that are computed from sediment rating curves.
Sediment discharges for glven rates of flow are likely to
be more variable when the flow is inoreasing rapidly than when
the flow is decreasing. For this reason, sediment determinations
that are to be used as a basis for shifting from sediment rating
ourves should preferably be obtained near the peaks of flow and
oconcentration or when the flow and concentration are recedinge.
Samples when the flow is rising are likely to be representative

for only short periods of time.

Miscellaneous Factors

Many other factors than those already discussed are likely
to have an effect on the relationship between the discharge of
sediment and the flow of water at some sediment stations. Un-
less the effect is reasonably large or is consistent, 1t may be

difficult to detect from sediment data that are subject to

appreciable sampling and laboratory errors. More careful in-
vestigation than was possible during this study may be required

for all but the factors that have large effects on sediment

discharge.

Some faotors that might reasonably be considered in con-

neetion with tho di...  -ro of sands inoclude corrootions to
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avorage velocity on the basis of velocity distribution in the
oross seotion, average velocity along a reach of channel in place
of average velocity at a cross section, and perhaps stream width
and average depth. A particularlyvlikely factar that might affeot
the discharge of suspended sands is the size composition of the
bed material.

Discharge of fine sediments or shifts from an average sedi-
ment rating ourve (fines) might be associated in some degree
with rate of inorease of flow preceding a rise and rate of re-~
cession of flow after a rise. At some stations these rates
might indicate intensity of runoff or areas on which most of the
runoff was generated. In general, however, the explenation for
soatter from a sediment rating ourve (fines) probably lies in
more oareful studies of the souroces of the fine sediments and

the ways in which these sediments are eroded.

ACCURACY

Whether or not sediment rating curves can be used to reduce
the frequency of sediment sampling depends mainly on a balance
between loss in accuracy and saving in cost. Saving in cost may

not be difficult to estimate satisfactorily. However, estimates

of probable loss of accuracy are necessarily based not only on
the probable inaccuracy of sediment discharges that are computed
from sediment rating curves but also on the probable inaccuracy
of scdiment discharges that are computed from samples collected

systematinally on a daily or more frequent basis. At the present

B
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time, the estimates of probable loss of accuracy are hard to make
because neither the inacouracies of sediment discharges from rating
curves nor the inaccuracies of measured sediment discharges have
been satisfactorily established. Only a general idea of probably

inaccuracy, necessarily very incomplete, can be given in this report.

Sampled Concentrations and Measured Sediment Discharges

The mccuracy of measured sediment discharges depends on such
faotors as the adequacy of the sampling program, accuracy of labo-
ratory determinations of concentration, the ability of the com-
puters in applying satisfactory methods to computing sediment
discharges from streamflow records and concentrations of the samples,
and finally on the acocuracy of the streamflow records. Estimates
of the general acouracy of daily sediment discharges might range
from 5 percent for a large stream in which flow is comparatively
constant, sediments are fine, and concentrations are high enough
to sample accurately to almost unlimited errors for‘flashy streams
that have poor streamflow records and for whioch sediment samples
are not collected more frequently than once or twice a day.

Some of the inacouracies in measured daily sediment discharges
are partly compensating during periods of months or years. Hence,
the monthly and annual sediment discharges are usually more accurate
percentagewise than are measured daily sediment discharges. In
spite of the compensating effeot, some publishsd measured sediment
discharges for an enti;e water year may possibly be either double

or else only half the true suspended-scdiment discharge for the
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year. Such gross inaccuracy would, of course, be very unusual.
Actually, estimates of the inaccuracy of measured sediment

discharges have been based mainly on consistency of results

rather than on absolute accuracy. No one knows how widely

measured sediment discharges might vary if they were determined

by different but ourrently accepted methods of sampling, analyzing,

and ocomputing sediment dischargese. A program to evalutate the
consistency and, insofar as possible, the accuracy of measured
sediment discharges is badly needede. Such an evaluation is im~
possible in this report. However, an idea of the probable
adequacy of a periodic sample as a basis for shifts of the sedi-
ment rating curve is required. Accordingly, some examples of
the consistency or the variability of sampled concentrations

for several streams were obtained. A few are reproduced graph-
ically in figures 34-37.

The data for one curve of figure 34 for the Middle Loup
River at the Dunning turbulence flume were given by Benediot,
Albertson, and Matejka (1953, fig. 21) who stated (p. 14) re-
garding statistical analyses of the variations:

"These statistical analyses show that for one set of random
samples (one bottle) at the four sampling stations, the maximum
deviation from the average concentration may vary as much as +25
percent. For two consecutive sets of samples, the maximum de-
viation from the mean may be as muoh as +19 percent. 1In the
routine collection of samples the probable deviation from the

mean will vary from zero to these maximum percentages based on

this statistical study."
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They also concluded from a study of variations in concentra-
tion at one vertical in the cross section (p. 14):

"The normal error distribution also indicates that the wvaria-
tion will be less than +73.1 percent for 99.7 percent of the time,
less than +48.8 percent for 95.6 perocent of the time, and less
than +24.4 percent for 683 percent of the time. Suoh a variation
is the greatest computed and occurs about the mean of station 30
only. For station 10, the variation about the mean will be less
than +23.8 percent for 95.5 percent of the time; for station 60,
it will be less than +22.0 percent for 95.5 percent of the time;
and for station 70, it will be less than +29.2 percent for 95.5
percent of the time."

As the total sediment discharge of the Middle Loup River is
measured at the turbulence flume, the variability of the samples
may have been greater than the variability of suspended—sediment
samples at sections where total sediment discharge is not measured.
At times sand dunes moving along the stream bed pass through the
turbulence flume at the Dunning station and ocause some erratio
variations in concentration. However, the total sediment dis-
charge is likely to be just as variable at other seotions of the
Middle Loup River as at the turbulenoce flume. Probebly the
variations in sediment concentration over short periods of time
are roughly the same for the Dunning turbulence flume as for
the daily sampling seotion of the Niobrara River near Cody, where
approximately total sediment dischurge is measured. The sedi-
ment transported by both streams is mostly fine to medium sand,

ond the bed material is nearly all sand.
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Information obtained on January 6, 1950, by J« K. Culbertson

for the Rio Grande near Bernalillo, N. Mex., shows the same sort
of variation of 20 or 30 percent from low to high concentrations
within an hour or less that was shown for the Middle Loup River.
(See fig. 35.) Slush ice was floating in the Rio Grande during
the forenoon but was gone well before the end of the observa-
tions. At times during the day some cakes of surface ice float-
od past the section.

The concentrations of samples collected from the Prairie
Dog Creek at Norton, Kans., and from Medicine Creek above Harry
Strunk Lake, Nebr., are plotted against time on figures 36 and
37. Flow 1s also plotted to show that changes in flow do not
necessarily accompeny changes in concentration on these streams.
Individual samples, particularly those from Prairie Dog Creek,
seem to be consistent. Changes in concentration on the rise of
June 6, 1947, are due to differences in the times at which water
from different tributaries reached the station at Norton. One
may safely conclude that a single set of samples gave an ex~
cellent determination of instantaneous concentration. However,
frequent sampling would be required during the period of in-

creasing flow on June 6 to define accurately the changes in

concentration during the day. In general, concentrations changed
slowly as compared to concentration changes for the Middle Loup
River near Dunning or the Rio Grande near Bernalillo, N. Mex.
The difference in consistency of individual samples for the
different streams is associated with the size of the suspended

sedimonts. @or Prairie Dog and Medicine Crecks probably less
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than 10 percent of the measurcd susponded sediment was coarsaer
than 0.062 millimetor whercas for the Middle Loup River near
Dunning probably 80 percent was coarser than 0.062 millimeter
and perhaps 30 percent was coarser than 0.25 millimeter, and
for the Rio Grande near Bernalillo more than 90 percent was
coarser than 0.062 millimeter and more than 50 percent was coars-
or than 0.125 millimeter. Of course, fine sediment is usually
much more uniformly distributed both laterally and vertically
in a oross section than is the coarser sediment. Also the
coarser sediment shows much greater fluctuations in concentra-
tion from minute to minute than does finer sediment.

The effect of particle size and concentration on the con-
sistency of sediment samples can be shown approximately by data
for the San Juan River near Bluff, Utah, for the water year
ending Septomber 30, 1950. The percentage variations for a set
of samples at three vertical were computed by F. C. Ames. Each
percentage variation was 100 times the differonce between the
highest and the lowest of the three concentrations divided by
the average concentration for all three verticals. Mr. Ames
plotted these percentages of variation against mean concentra-
tion. An approximate average relationship is represented by the
line drawn through the plotted points. (See fig. 38.) The re-
lationship indicates a rapid decrease in percentage variation of
the samples as the concentration increases. He also plotted the
percentage variatioq against the percentage of the sediment that was

finer than 0.062 millimeter. An average curve drawn through the points




U 0 NO O -

it

|

T
]

LTI

B

i

i
.

'

1
1
i
b

i

44
I

B

-1

v 1
: S
: R
* -t kb
ity -
[ 4
i —f oy
1 4=
- i

w0 N0 -

a0 N 0P~

i i

120

\a‘;l — e e
©
NOILVIHVA

e - o
<

LNIDHES

usn River near Bluff, Ussh

Figure 38.-=Relationship bcuweo%x percentsge varistion snd concentration,
San




147

(fig. 39) showed a marked decrease in percentage variation with
an increase in the percentage of fine sediment.

Of oourse, this disocussion and documentation of probable
oonsistenocy of sediment samples 1is much too incomplete to be
satisfactory., It should, however, serve as a warning that several
samples may be required to determine a representative concentra-
tion of suspended sediment at a oross section. This is partioculer-
ly true for high percentages of suspended sands and for low ocon-
centrations. Representative vonsentrations are especially neces-
sary for periodic samples because a single unrepresentative
sample may incorrectly be assumed to be representative for a
oonsiderable number of days. (The term "representative"” is used
here in the sense of representative for a period of at least
several hours as contrasted to representative for a period of a
few minutes.) Some sediment discharges computed for this study
by shifting the sediment rating ourve to periodic determinations
would have been appreciably more accurate if the sediment dis-
charges that were used as oontrol points had been more represen-—

tative.

Sediment Discharges Computed from Sediment Rating Curves

Insufficient computations were made during this study to
define for individusl sediment stations the probable accuracy of
sediment discharges that are computed from sediment rating ocurves.
An idea of overall'acouracy of the oomputed delly sediment dis-
oharges can be obtained from figures 9, 14, 15, and 23, which

show dally percentage comparisons for a total of 7 years of
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record at 3 different stations. For 3 of these years the com-~
puted deily sediment discharges were obtained from adjusted sedi-
ment rating curves and dally water discharges without shifts to
samples that were colleoted during the year. Of 1,048 daily com-
puted sediment discharges, 23 percent were within 10 percent of
the measured daily tonnages and 41 percent were within 20 perocent
of measured dally tonnages. For 4 of these 7 years the daily
sediment discharges from the rating curves were computed by shift-
ing to from 2 to 4 measured sediment discharges during each month.
of 1,287 daily oomputed sediment discharges durlng these 4 station
years, 36 percent and 68 percent were within 10 percent and 20
percent, respectively, of the measured dally sediment discharges.
On the basis of comparisons of computed and meesured annual sedi-
ment discharges for these 4 station years with all annual com-
parisons that were avallable from this study, these percentages
for daily comparisons should be about representative of all daily
computations that were based on shifting tofrom 2 to 4 ocontrol
points per month.

Perocentage comparlsons between computed monthly sediment
discharges and measured monthly sediment discharges are shown
on figure 40 for three methods of computatione. The monthly com-~
putations for the Colorado River near Grand Canyon, Ariz., for
the 1956 water year were not included partly because the measured
sediment discharge for the 19556 water year has not yet been
finally computed and partly because two other yoars of monthly

computations were already included for this station. Computa-

tions of the number or the percentage of monthly tonnages within
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given limits of aoouracy oan be determined readily from figure 40.
Of 81 monthly sediment discharges that were computed from adjust-
ed sediment rating curves (no sediment samples were used from

the year for which the éomputations were made), 12 were within

10 percent and 23 were within 20 percent of the measured monthly
sediment discharges. The total number of months is not a multiple

of 12 because some streams were dry during some months. When

two measured sediment discharges per month were used as ocontrol
points, 64 out of 140 computed monthly sediment disoharges were
within 10 percent and 84 were within 20 percent of the measured
monthly tonnages. When four oontrol points per month were used,

72 out of the 140 computed monthly sediment discharges were with~
in 10 percent and 110 were within 20 percent of the measured
monthly tonnagese. Acouracy of oomputed monthly sediment discharges
was much improved by shifting to two control points per month.
Shifting to two additional ocontrol points per month further in-
oreased the accuracy of monthly sediment tonnages.

Eight annual sediment discharges, including that for the 1966
water year for the Colorado River near Grand Canyon, were computed
from adjusted sediment rating curves without any shifts to con-
trol points. Without regard for algebraic sign percentage differ-
ences between measured and computed annual sediment discharge
ranged from 2 to 34 percent and averaged 18 percent. When 2 con-

trol points per month were used, the differences for 13 annual

computations of annual sediment discharge ranged from 0 to 22
percont and averaged 10 percent. When 4 ccntrol points were used

for the seme 13 computations, the range of peroentage difference
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was O to 14 percent, and the average was 6 percent. For the sedi-
ment stations and the water years that were included in this study,
most annual sediment discharges that were computéd from sediment
rating curves with shifts to 2 or 4 ocontrol points per month were

considered to be satisfactorily accurate.

POSSIBLE USES OF SEDIMENT RATING CURVES

Acouracy of a sediment record for a sempling station will
usually increase with an inorease in the number of sediment samples
that are collected. This relationship is comparable to the in-
creased acocuracy that is normally obtained in streamflow records
by increasing the frequency of streamflow measurements at gaging
stations where the stage-~discharge relationship shifts. The
acouracy of the ocomputed water or sediment discharges also depends
on the manner in which the shifts are applied and the records are
computed. A general problem in operation of either streamflow
or sediment stations is to adjust the frequency of field deter-
minations to the most desirable balance between accuraoy and cost
of operation. Some suggestions can be made on the basis of this
study for the use of the sediment rating curve to supplement sedi~
ment sampling.

Certain key stations probably should be maintained as daily
sampling stations for many years. Perhaps the only likely use
for sediment rating curves at such stations would be to maintain
continuity of records in spits of curtailment of operating funds

for u {ow years.




At many sediment stations, daily samples should be collected

for a year or two and dally, monthly, and annuel sediment dis-
charges should be computed by the usual methods of the Quality

of Water Branch. After a year or two of such reocords have been
obtained, a study of the possible applications of the sediment
rating ourve should usually be made to determine whether the cost
of operation of the station can be decreased without unduly re-
ducing the aocuraocy of the records. For some stations no initial
period of deily sampling may be necessary, or daily or more fre-
quent sampling may be limited to one or two periods of high

flow per year. Nevertheless, the best operating procedure normal-
ly would be to obtain a backlog of information on the sediment-
transporting charaoteristics of each station before possible
applications of the sediment r ating ourve for that station are
studied.

A less complete progrem for obtaining sediment records might
be based on infrequent or periodic sampling at gaging stations
where no daily sempling is ever contemplated. After a few years
of infrequent sampling, the samples could be used to define sedi-
ment rating ourves. (Most sediment rating ourves for this study
were based only on infrequent sampling, that is, on the concentra-
tions and streamflow at thé times when semples were collected
for particle-eize analysis.) If the infrequent samples were col-
lected only at the times when engineers visited the gaging sta-
tions, the cost of obtuining the samples and of computing the
sediment records would be low. For somec Lyp.e¢s of research, in-

frequent samples sach accompanied by a streamflos measurement at
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the sampling section are preferable to daily samples that are
never obtained at the same time and section as streamflow measure-
ments. The possibility of obtaining many sediment records in an
area at a fraction of the usual cost through periodioc sampling

and the use of sediment rating curves is challenging. It de-
serves much more study and consideration than has been given to
it. Money invested in such a program might provide so muoh more
complete coverage of an area that the loss of accuracy at an
individual sediment station would not be too serious an objection.

Also, a good general poliocy would be to try to colleoct sedi-
ment samples at or near unusually high peaks of flow of both
gaged and ungaged streams. No immediate use for such miscellane-
ous samples may be apparent, but opportunities to collect them
are rare and several future uses are possible.

In summery, sediment data may be helpful information whether
samples are collected very rarely, periodically, or daily. A
sediment sampling program for a large area should be flexible
enough to provide sediment information at several frequencies
of sampling and for different uses. No one type of operation
should be used exclusively.

This study indicated several possible uses of instantaneous
or daily sediment rating ourves, and these uses varied somewhat

with the different type of stream.

Streams Carrying Coarse Sediments

Probably sediment discharges computed from adjusted but un-

shifted sediment rating curves are generally more accurate for

= 3



streams that transport sediments mostly in the irange of sand slzes
than for most other streams. This probably is ‘besause measurable
factors such as water temperature .and velocity explain much of

the soatter from the rating ocurve for the discharge of suspended
sands. Erratic scatter owing to short-time variations in con-
centretion are avereged out by the rating curve. In fact, deily
sediment discharges ocomputed from sediment rating curves may be
more eccurate than those that are computed from daily samples
unless several samples are obtained each day or the concentrations
of once or twice daily samples are carefully averaged perhaps

for periods .of several days to eliminate much of the effest of
erratic veriations.

Unmeasured-sediment discharge per foot of width seems to
correlate well with velocity. Henoce, a sediment rating ocurve
for unmeasured-sediment discharge can be prepared, and much of
the scatter from this ocurve will probably be due to departures
of width or velocity from their averages for a given rate of flowe.
This use of a sediment rating ourve may well be one of its more
important applications because it gives a reasonably satisfactory
procedure for computing the unmeasured-sediment discharge of
streams from periodic computations of total sediment discharge.

If periodic samples are to be ocollected from streams that
transport high proportions of sand, several samples should be
colleocted at a visit to a station. These samples should be well
distributed across the stream and should be collacted over a
period of perhaps an hour. Semples mipghi woll bo colleoted both

before and after a streamf{low measurement, which should be made

kb5




when periodio samples are collected from this type of stream.

The pronounced effect of velocity on the rate of discharge of
suspended sands and of unmeasured-sediment discharge may require
that streamflow measurements should be made regularly and at

the seme oross seotion, if possible, at a station for whioh
sediment rating ourves for suspended sands or unmeasured-sedi-

ment discharge are to be applied. Sometimes the water discharge
oan be determined from a stage~discharge relati;nship or from

a measurement at another section. Measurements of width and

depths at the sampling section would then be a satisfactory substi-
tute for a streamflow measurement.

For some sﬁudies of channel ocontrol or of sediment deposi~
tion, the discharge of the sands, or of some other fraction of
the coarser sediments may be more signifiocant than the discharge
of sediment of all partiocle sizes. If suitable information is
available, the discharge of measured suspended sands can be com—
puted from a sediment rating ocurve for suspended sands. This
curve can be shifted to measured discharges of sends at times
when suspended-sediment samples were collected for particle-size
anelyses. The discharge of unmeasured sands may also be com-

puted from a sediment rating curve and added to the discharge

of suspended sands.

Streams in Semiarid Regions

Many ephemeral or intermittent streams in semlarid regions

flow in response to infrequent, intense precipitation during the




summer and fali and perhaps oocasionally as a result of precipi-
tation or snowmelt during the winter and spring. For either of
these types of flow, a sediment rating ocurve is likely to give
reasonably accurate computed sediment discharges provided that

the discharged sediment is mostly elther fine or coarse rather
than a widely variable mixture of the two and provided also that
the drainagse area has fairly uniform sediment producing character~
istios. A seasonal adjustment of the sediment rating ocurve may

be necessary.

Aoourate streamflow records are seldom obtained on ephemeral
streams and sufficient samples may be diffiocult to obtain for all
rises so good aocuracy in sediment reoords for ephemeral streams
is usually not attained. Therefore, less exact methods of ocom—
putation, such as the use of sediment rating ourves, may be more
generally satisfactory than for many other streams. Also the
flow of most ephemeral streams ceases so soon after the rises
that the oustomary deorease of ooncentration on the recession
side of the hydrograph for a given rate of flow may be small.

Only a few periodic samples and concurrent water discharges
would be required to compute reasonably good sediment records
for a station like the Rio Puerco near Bernardo, N. Mex. Many
more samples and size analyses might be required for an ephemeral
stream that discharged a larger and variable proportion of ocoarser
sedimont. Ephemeral streams that drain areas of widely dis-
similar sediment—producing characteristics may be entirely un-
suitable for computations from sediment ruting curves unless

adequate adjustmsnts can be applied.
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Stroams Having Comparatively Constant Flow and Concontration

Another class of streams for which sediment -discharges might
frequently be computed from sediment rating ourves consists of
streams at which changes in flow and concentration occur gradually.
For such streams the ordinary suspended-sediment rating ourve can
be computed and then applied with shifts to control points.
Reasons for departures of sediment discharges from this curve
should be studied. Then periodic determinations of sediment dis-
charge can be used as ocontrol points for shifts. For many of
these streams, sediment samples that are obtained only at the
times of visits by engineers would provide a reasonably satis-
factory basis for the computation of at least monthly and annual
sediment discharges from a shifted sediment rating ourve.

A sediment rating curve from which to make such shifts does
not have to be exactly defined. The principal requirements are
that the slope of the sediment rating curve be approximately
corrsot and that reasons for the departures from the curve be
understood so that shifts between times of sampling oan be es-

timated satisfactorily.

Eastern Streams

Adjusted sediment rating curves should give approximations
of corroct sediment discharges for many eastern streams. Accuraocy
of computed sediment discharges from sediment rating éurves for
theso streams can be increased materially by obtaining periodic

sediment samples during periods of high sediment discharge.

B




Analysis of sediment rating curves for eastern streams usually i
requires no separate study of the sediment rating curve for sus- '

pended sands because the proportion of suspended sands is small.

Porhaps for a few eastern streams a rating curve of unmeasured-
sediment discharge could be prepared and applied.

Sediment rating curves even though shifted to periodic
samples for eastern streams are not likely to give sediment dis-
oharges that oompare olosely percentagewise with measured sedi-~
ment discharges for low flows, partly because concentrations at
low flow may be too low to sample satisfaotorily and analyze
accurately. However, tonnage differences between measured and

computed sediment discharges will usually be small at low flow.

Streams Having Long Periods of Low Flow

Periods of low flow of some streams normally extend through
€ to 9 months of each year. Unless sediment discharge during
these months has special significance, sediment rating curves
with shifts to periodic samples can well be used during these
periods of low flow. During the few months of higher flow, daily
samples may be desirable or even necessary. Perhaps during parts
or all of the year at sediment stations on such streams, an
observer could be paid to read the gage daily--to ensure oclose
observation of the stream—-and to collect samples above a stated

gage height.

Other Stroams

To a sonsidurub?~ oxtout each stream is an individuanl problem
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in the ocomputation of acceptably accurate sediment discharges at

a reasonable coste. Accuracy that is acceptable at one station

may not be adequate at another. The main requi;ament for efficient
operation is a flexible program and a willingness to analyze the
sediment problem for each sediment station. Naturally, some sedi~
ment stations should be operated as accurately as possible for

some types of research or for project design. This discussion

of possible uses of the sediment rating curves is not intended to
over stress the use of these curves but to point out some of the
more promising applications of them.

Studies of the sediment rating curve did not inolude streams
except the Rio Puerco near Bernardo that have frequent rapid changes
in flow. Small streams and larger flashy streams may have wide
differences in daily sediment discharge that result from different
patterns of flow and coucentration within individual days. For
these streams the appliocation of sediment rating curves is com-
plicated by these rapid changes of flow and concentration. Proba-~
bly computation of sediment discharge from sediment rating curves
is not now praoticable for some of these streams. However, the

use of sediment rating ourves for these streams should be studied.

Monthly and Annual Sediment Discharges

If only monthly and annual sediment discharges are required
for a sediment station, they may be computed from one or more
monthly sediment rating curves. These monthly sediment rating

curves may be defined for different seasons of the year or season-

gl adjustments may be applied. Sometimes other kinds of adjustments




-

161

may also be nocessary if these adjustments can be defined by corre-
lations that explain appreciable amounts of scatter from an average
ourve .

If only annual sediment discharges are required, they may be
computed from annual sediment rating curves, which can be easily
and quiokly prepared and applied after records have been obtained

for a number of complete years. Sometimes only a few years of

sediment record may be suffioclent to define adequately an annual
sediment rating curve, but usually 10 to 20 years of sediment
record would be much better. These years of record might be
based on periodio sampling. Adjustments to annual sediment rat-
ing curves for long-time trends may be readily determined during
poriods of record by departures from an annual sediment rating
curve after other oauses of major departure from the ourve have
been eliminated. However, extensions of the trend beyond the
period of record will be questionable. Annual sediment rating
ourves are easily prepared and give a quick overall picture of
sediment discharges and relationships. Hence, they should be
maintained currently for most sediment sampling stations.

Many possibilities in the use of monthly and annual sedi-

ment rating ocurves have not been, but should be, explored.

Average Sediment Discharge for Long Periods

Within the limits of accuracy und applicability of sediment
rating curves, averare sediment discharge for long periods of
timo during which sedimunt semples are not available can be com-

putod from sodlment roting enrves by seveoral melbhods. These




162

methods are hero classified according to the kind of sediment
rating curve that is used in each.

One method is to apply one or more daily sediment rating
curves to daily water discharges throughout the period and then
add all éomputed daily sediment discharges and divide by the
number of deys. The method may be modified by grouping daily
discharges during periods of low flow to reduce the amount of
computation. The usual form of the method is to prepare a flow-
duration curve of daily water discharges and use this curve with
the deily sediment rating curve to compute sediment discharges
for the period by ranges of water discharge. This flow~duration,
rating-curve method of computing average sediment discharge has
been used extensively by the engineers of the Bursau of Reclamation.

A sscond method of computing average sediment discharge is
based on a monthly sediment rating curve for each month of the
year, if enough sediment records have been obtained. If short-
or records are available, monthly sediment discharges may be
grouped by season of the year or in other suitable groups or all
monthly sediment discharges may be used to define a single monthly
sediment rating ocurve. If all months are grouped together, a
seasonal adjustment may be required. Monthly sediment discharges
throughout the period are csomputed from the monthly sediment
rating curve or curves and monthly average flows.

A third method consists of computing average sediment dis-

csharge by adding annual sediment discharges that are computed from

|
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an annual sediment rating curve and dividing by the number of days
or yesars, depending on the units in which the annual sediment

rating curve is expressed. This is by far the simplest and




quickest metnod and may be as accurate as any if enough years of
sodiment record are avallable to define the annual sediment rat-
ing curve. Adjustments for long-time trends in the relationship
between sediment discharge and water discharge can be defined and
applied readily, although extrapolations of the trends may be in-
acourate, in computations of average sediment discharge from an
annual sediment rating curve. By this third method, annual sedi-~
ment discharges for each year in the period are oomputed as well

as the average sediment discharge for the entire period.

CONCLUSIONS

This study of the relationship between sediment discharge
and streamflow was made to determine some general principles,
possible applications, and limitations on the use of sediment
rating curves, partioularly for computing sediment discharges
for periods during which occasional samples were ocollected.
Sediment relationships at each station differ, at least in degree,
from those for other stations. An exhaustive study of all pos~
sible kinds of sediment stations was neither nenessary nor
practical. Analyses and applications of sediment rating ourves
for only & few stations should be sufficient to indicate pro-
oedures for other stations and to give a rough idea of probable
agouracy of computations that are based on such curves. Because
sodiment rating ourves were studied for only a few stations,
conoclusions probably are only generally applicable without being

uitlversally so and later may be modified and made more explicit
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as a result of dotailed studies for many stations. Conclusions
of this report, to be understood as limited by the scope of the
study and as somewhat tentative, may be stated as follows:

l. Sediment rating curves are of many different types and
should be carefully prepared with due consideration of their in-
tended usages. In particular, the choice of the dependent vari-
able should be correctly made.

2. The relationship between sediment discharge and rate of
flow 1is not directly one of cause and effect. Although the oon-
centration of suspended sands and of sediment in the size range
of clay and silt both increase with en innorsase in the rate of
water discharge, the reason for the increase in concentration is
different for the fine than for the coarse sediment.

3. At a given cross section, the ooncentration of suspended
sands generally correlates with about the 2.5 power of the mean
velocity. For sand finer than about 0.6 millimeter and to a
lesser extent for silt, the concentration decreases with rising
water temperature if other factors are constant, but the rate of
docrease varies with size of the sediment. The supply of sands
was not an obvious limiting factor for those stations for which
the discharge of suspended sands was studied separately, probably
because the supply was large and relatively constant at each
station during the period of studye

4. Concentration of fine sediment usually increases with
water discharge because the increased flow generally results
from direct surface runoff, and such runoff is associated with

orosion of sediment from the land surface. The eroded fine




sediments usually move downstream with the water without much

- deposition. The supply of fine sediments normally limits their
concentration because the transporting power of the stream is
generally more than sufficient to carry all the available fine
sediment. The supply may correlate crudely with one or more
factors such as tributary flow, runoff from summer storms, time
after beginning or peak of a rise, or season of the year.

5. Beocause the relative significance of the factors that
affect the concentration of suspended sediments varies with
size of the sediments, a better understanding of the relation~
ship between concentration and flow may often be obtained by
studying separate rating ocurves for different size fractions of
sediment.

6. Some of the scatter of measured sediment discharges from
sediment rating ourves can be explained by trial-and~srror multi-
ple correlations, which may then be used as a basis for adjust-
ments to the sediment rating curves. Reasonably good approxi-
mations of measured sediment discharges can often be computed
from two adjusted ssdiment rating curves, one for suspended
sands and one for siit and clay. Eight annual sediment discharges
so computed differed from the measured annual sediment discharges
by an average of 18 percent (algebraic sign disregarded) and a
maximum of 34 percent. Of 81 monthly sediment discharges that
wero computed from adjusted sedimont rating curves (no sediment
samples collected during the yoar were used), 23 were within 20
porcent ol measurad tonnages.

7. Daily sodiment discharges computed from sediment rating

1656
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ourves can be shifted to periodic measurements of sediment dis-
charge. 1In general, the more measured sediment discharges used
per month the better the accuracy of the computed sediment dis-
charges will be. Of 140 monthly sediment discharges that were
based on sediment reting curves and shifts to 2 measured sediment
dischtrges per month, 84 were within 20 percent of measured ton-
nages. When shifts to 4 measured sediment discharges per month
were applied, 110 of 140 computed sediment discharges were with~
in 20 percent of measured tonnages. In all, 13 annual sediment
discharges were computed by shifting the sediment rating curves.
When shifts were made to 2 measured sediment discharges per month,
the maximum difference was 22 percent, the average was 10 per-
cent (algebraic sign disregarded), and the algebraic sum of the
13 differences was +32 percent. Comparable differences for shifts
to 4 measured sediment discharges per month were 14, 6, and +2
percent, respectively. An average algebraic difference of only
2/13 of 1 percent is much smaller than is likely to be obtained
except by a chance balancing of plus and minus differences.

8+ An unadjusted suspended~cediment rating curve only
roughly defined is about as satisfactory as any curve from which
to make shifts to two or more measured sediment discharges per
month. However, this mipght not be true if the computer did not
have the knowledge that was gained from studying adjustments to
the sediment rating ourves.

9. Thus, sediment rating ourves can be used for some sedi-~

rment stutions, especially when shifted to periodic moasured sediment
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discharges, to compute ennual sediment discharges, monthly sedi-
ment discharges, and sometimes even daily sédiment discharges of
satisfactory accurecy for some uses. Their appliéation would
groatly reduce the cost of station operation wherever reasonably
adequate records can be computed from them. Usually daily sodi-~
ment discharges computed from sediment rating curves would not
be acocurate enough to publish individually but might be shown in
reports by a hydrograph of daily sediment discharge.

10. Suspended-sediment discharges computed from any sediment

rating curves, except curves for some streams that transport mostly

seands, will be less accurate than sediment discharges that are
computed from frequent samples. The difference in acouracy may
or may not be worth the difference in cost of operation. This
decision will depend on the particular sampling station and the
use to be made of the sediment records.

11. The adequacy of sediment records that are computed from
sediment rating curves cannot be intelligently evaluated until
additional information is obtained on the probable accuracy of
measured sodiment diccharges. The need for determining probable
accuracy of measurod sediment discharges is urgent.

12. Flow-duration curves have been widely used with instan~
teneous or daily sediment rating curves to compute the average
sediment discharge for long periods of time when no samples were
collecteds In principle and within the limits of averapging and
multiplying averages, the method is equivalent to computing aver-
arro soediment discharpe from a daily scdimont rating curve and

dnily wator discharpes. The flow-duratica curve is used only as
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a oconvenient method for abbreviating the distribution of daily
wotsr discharges and thereby ghortoning the computations.

1%. Monthly or annual sediment rating curves are more con-
venient ourves to use for some oomputations than those that are
based on daily or instantaneous water and sediment discharges.
Because of their simplicity of preparation and use, they are es-
pecially suitable for computing average sediment discharge for
long periods provided that enough years of sediment records are
available to define them.

l4. Unmeasured-sediment discharge of meny alluvial streams
can be computed from sediment reting curves if streamflow and
sediment data at the sampling section are adequate. Unmeasured-
sediment discharge per foot of stream width varied as about the
3d power of the mean velocity at the gaging-station section of
the Niobrars River near Cody, Neb. The relationship of unmeasur-
ed-csediment discharge to velocity may lead to effective use of
sediment rating curves in computing unmeasured-sediment discharge
of streams.

16. The best use of sediment rating curves requires an
understanding of their limitations as well as flexibility in
adjusting operations to individual sediment stations and to
different needs for records. Such understanding and flexibility
must be based on considerable thought and study.

16. This study of the sediment rating curve, possible
accuracy of the curve and of its adjustments, and promising appli-
cetlons of it is merely a beginning of the studies that could well

be macs.  Further studies will be hempered, as thic one was, until
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adequato information for many more stations has been obtained on
charactoristics of flow at the sampline sections at times when

samples were collected.
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DAILY SEDIMENT DISCHARGES COMPUTED BY DIFFERENT METHODS, COLORADO RIVER NEAR GRAND CANYON, ARIZ, 1952 WATER YEAR
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