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COMPUTATIONS OF TOTAL SEDIMENT DISCHARGE,
NIOBRARA RIVER NEAR CODY, NEBRASKA

By B. R. CoLBY and C. H. HEMBREE

ABSTRACT

A natural chute in the Niobrara River near Cody, Nebr., constricts the
flow of the river except at high stages to a narrow channel in which the tur-
bulence is sufficient to suspend nearly the total sediment discharge, Because
much of the flow originates in the sandhills area of Nebraska, the water dis-
charge and sediment discharge are relatively uniform.

Sediment discharges based on depth-integrated samples at a contracted
section in the chute and on streamflow records at a recording gage about
1, 900 feet upstream are available for the period from April 1948 to Septem-
ber 1953 but are not given directly as continuous records in this report.
Sediment measurements have been made periodically near the gage and at
other nearby relatively unconfined sections of the stream for comparison with
measurements at the contracted section.

Sediment discharge at these relatively unconfined sections was computed
from formulas for comparison with measured sediment discharges at the con-
tracted section. A form of the Du Boys formula gave computed tonnages of
sediment that were unsatisfactory. Sediment discharges as computed from
the Schoklitsch formula agreed well with measured sediment discharges that
were low, but they were much too low at measured sediment discharges that
were higher. The Straub formula gave computed discharges, presumably of
bed material, that were several times larger than measured discharges of
sediment coarser than 0.125 millimeter. All three of these formulas gave
computed sediment discharges that increased with water discharges much
less rapidly than the measured discharges of sediment coarser than 0.125
millimeter,

The Einstein procedure when applied to a reach that included 10 defined
cross sections gave much better agreement between computed sediment dis-
charge and measured sediment discharge than did any one of the three other
formulas that were used. This procedure does not compute the discharge of
sediment that is too small to be found in the stream bed in appreciable quan-
tities. Hence, total sediment discharges were obtained by adding computed
discharges of sediment larger than 0.125 millimeter to measured discharges
of sediment smaller than 0.125 millimeter. The size distributions of the
computed sediment discharge compared poorly with the size distributions of
sediment discharge at the contractedsection. Ten sediment discharges com-
puted from the Einstein procedure as applied to a single section averaged
several times the measured sediment discharge for the contracted section
and gave size distributions that were unsatisfactory.
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The Einstein procedure was modified to compute total sediment discharge
at an alluvial section from readily measurable field data. The modified pro-
cedure uses measurements of bed-material particle sizes, suspended-sediment
concentrations and particle sizes from depth-integrated samples, streamflow,
and water temperatures. Computations of total sediment discharge were made
by using this modified procedure, some for the section at the gaging station
and some for each of two other relatively unconfined sections, The size dis-
tributions of the computed and the measured sediment discharges agreedrea-
sonably well. Major advantages of this modified procedure include applica-
bility to a single section rather than to a reach of channel, use of measured
velocity instead of water-surface slope, use of depth-integrated samples, and
apparently fair accuracy for computing both total sediment discharge and ap-
proximate size distribution of the sediment. Because of these advantages
this modified procedure is being further studied to increase its accuracy, to
simplify the required computations, and to define its limitations.

In the development of the modified procedure, some relationships concern-
ing theories of sediment transport were reviewed and checked against field
data. Vertical distributions of suspended sediment at relatively unconfined
sections did not agree well with theoretical distributions. The universal con-
stant for turbulent exchange was computed from vertical velocity curves and
was found to vary widely. Also, the computed shear velocity seemed to have
little practical relation to the vertical distribution of sediment.

INTRODUCTION

The general study of fluvial sediments of the Niobrara River
basin is a part of the program of the Department of the Interior
for the development of the Missouri River basin. The investiga-
tion on the Niobrara River near Cody, Nebr., was started by the
Geological Survey at the request of the Bureau of Reclamation.
A sediment station was needed at a contracted section in a nar-
row flume that was cut naturally in clayey siltstone. Measure-
ments of sediment discharge were made not only in the natural
flume as requested but also, for comparison, at nearby sections.
They were begun in an exploratory way in December 1947 and
have been on a more systematic basis since April 1948.

In May 1951 personnel of the Bureau of Reclamation and of the
Geological Survey jointly located 10 additional cross sections and
agreed on field operations to obtain data for computations of total
sediment discharge. These data were to be studied jointly, and
a report was to be. published by the Geological Survey to include
""the practicability of a procedure for combining measurements of
suspended-sediment discharge and use of Einstein's or other for-
mulas for determination of total sediment discharge.'" This re-
port was prepared to meet that objective on the basis of data col-
lected prior to October 1, 1953.
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The Niobrara River, like other streams that drain the sand-
hills region of Nebraska, has very uniform flow and transports
sediments that are mostly in the range of sand sizes. Near Cody
the Niobrara River during recent years has had a flow between
250 and 400 cfs perhaps 75 percent of the time. (See fig. 20.)
Discharge of suspended sediment through the chute near Cody is
relatively uniform, ranging between 500 and 2, 000 tons per day
much of the time. (See fig. 19.) Except at high flows the sedi-
ment is sand that comes mainly from the sandhills areas. Much
of this sand is transported on or near the stream bed except at
laterally confined sections of the channel. As depth-integrating
samplers usually do not sample closer to the stream bed than 0.3
foot, much of the sand load is not collected in depth~-integrated
samples. In the natural flume of the Niobrara River near Cody,
samples are collected where the river is constricted to a width
of about 11 feet. At this section, streamflow is so swift and tur-~
bulent that most of the sand load of the stream is suspended and
can be measured with depth-integrating samplers. Measurements
of suspended sediment at the contracted section represent ap-
proximately the total sediment discharge of the stream.

PERSONNEL AND ACKNOWLEDEMENTS

-The investigation was under the supervision of P. C. Benedict,
regional engineer, Geological Survey. Field and laboratory work
was under the supervision of R. B. Vice, succeeded by R. F,
Kreiss, hydraulic engineers, Geological Survey. For the Bureau
of Reclamation, W. M. Borland, head of the sedimentation sec-
tion, Hydrology Branch of the Project Planning Division; O. H.
Hansen, engineer, Region 7; and C. E. Burdick, area engineer,
Ainsworth office, assigned engineers from Denver and Ainsworth
to join in setting up the field investigation and in obtaining field
data. K. B. Schroeder, assistant head of the sedimentation sec-
tion, supervised Bureau of Reclamation personnel who computed
some sediment discharges by Einstein's original method. J. M.
Busalacchi and D. B. Raitt of the Ainsworth office, O. H. Hansen,
K. B. Schroeder, and R. B. Vice planned the field investigation
that was started during 1951. C. R. Miller and D. B. Raitt, hy-
draulic engineers, materially assisted in the collection of field
data.

An earlier analysis by E. F. Serr, III, of the results of the
investigation through November 1948 has been published as U. S.
Geological Survey Circular 67, "Progress report, Investigations
of fluvial sediments of the Niobrara River near Cody, Nebraska."
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Unpublished records of water discharge and other streamflow
data were furnished by D. D. Lewis, district engineer, Geologi-
cal Survey. D. W.  Hubbell and D. Q. Matejka, engineers, Geo-
logical Survey, assisted materially in several studies that sup-
plement the computations of sediment discharge.

PURPOSE AND SCOPE OF THE INVESTIGATION

When the investigation of the fluvial sediments of the Niobrara
River about 8 miles south of Cody was begun, the general objec-
tives were to determine the suitability of the contracted section
as a site for measuring nearly total sediment discharge of the
stream, to determine the differences in the measured quantities
of sediment discharge at the contracted section and at two other
cross sections of the river, which are relatively unconfined, and
to determine the relation of these differences in measured sedi-
ment discharge to water discharge, to sediment discharge, and
to time from season to season or year to year. In 1951 the in-
vestigation was expanded to include 10 additional cross sections
from which data were obtained specifically for use in formulas
for the computation of total sediment discharge. Only the parts
of the investigation that relate directly or indirectly to the com-
putation of total sediment discharge of the stream are covered by
this report.

Field and laboratory work included determinations of stream-
flow, stream cross sections, suspended-sediment discharges, and
particle sizes of suspended sediment and of bed material. Ver-
tical and lateral distributions of velocity, concentration, and par-
ticle sizes occasionally were defined for most of the sections.
Water-surface slopes and air and water temperatures were mea-
sured. Depth-integrated samples were collected daily at one
vertical at the contracted section.

Office work included computation of daily discharge of sus-
pended sediment at the contracted section for the period April
1948 through September 1953, Stream cross sections were plot-
ted; distributions of velocity, concentration, and particle sizes.
were graphed. Measurements of streamflow and of suspended-
sediment discharge were tabulated. The unmeasured sediment
discharge as shown by the difference in discharges of suspended
sediment at the contracted section and at less confined sections
was computed and was studied in relation to total sediment dis-
charge, water discharge, and water temperature.
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Computations were made of total sediment discharge by for-
mulas that were applied to measurements at cross sections in
alluvial reaches. The computed total sediment discharges were
compared with the measured sediment discharges at the con-
tracted section. From these studies, conclusions were drawn
with respect to the effectiveness of the turbulence at the con-
tracted section in suspending the total sediment discharge of the
river, to the amount and variability of the unmeasured sediment
discharge, and tothe applicability of the formulas for the compu-
tation of total sediment discharge for this reach of the Niobrara
River. Finally, one of the standard procedures was modified to
compute the total sediment discharge.

SEDIMENT AND STREAMFLOW RECORDS

Information on the suspended-sediment discharges, the parti-
cle sizes, and the lateral and vertical distributions of sediment
and streamflow was obtained at five cross sections of the Nio-
brara River near Cody. Soundings and water-surface slopes were
obtained periodically at eight other cross sections.

Before computations of total sediment discharge are at-
tempted, the basic information and the sections at which it was
obtained should be understood. The necessary background in-
cludes definitions that will help to avoid misunderstanding, de-
scriptions of the individual sections for which data were obtained
and for which computations of total sediment discharge are to be
made, and tabulations of the measured sediment and streamflow
records at these sections. The sections are discussed in down-
stream order following the definitions.

DEFINITIONS

As the definitions of terms that apply to fluvial sediment are
not completely standardized, some of the terms in this report
are defined as follows:

Suspended sediment or suspended load is sediment that is
moved in suspension in water and is maintained in suspension
by the upward components of turbulent currents or by colloidal
suspension.
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Bed load or sediment discharged as bed load is the sediment
that is moved along in essentially continuous contact with the
stream bed.

Total sediment discharge or total sediment load is the sum of
the suspended-sediment discharge and the béd-load discharge.
It is the total quantity of sediment, as measured by dry weight or
volume, that is discharged during a given time.

Measured suspended-sediment discharge is the suspended-
sediment discharge that can be computed from water discharge
and the concentration of depth-integrated samples.

Unmeasured sediment discharge or unmeasured sediment load
is the difference between total sediment discharge and measured
suspended-sediment discharge.

Depth-integrated sample is a sample of sediment that is ac-
cumulated continuously in a sampler that moves vertically at a
constant transit rate and that admits water and sediment mixture
at a velocity about equal to the stream velocity at every point of
the sampler's travel. Depth-integrating samplers now in use
normally collect water and sediment mikture only from the sur-
face to about 0.3 foot from the stream bed. The part of the
stream traversed by depth-integrating samplers is called in this
report the "sampling zone' or the "sampled zone.'" Depth-inte-
grating samplers used in the investigation included the US D-43,
US D-49, and US DH-48 samplers.

Point-integrated sample is a sample of sediment that is ac-
cumulated continuously in a sampler that is held at a relatively
fixed point and that admits a water and sediment mixture at a
velocity about equal to the instantaneous stream velocity at that
point. The samplers, US P-46, US DH~-48 with air-control mech-
anism, and US DH-48 with finger-control mechanism, were all
used as point-integrating samplers during the investigation.

Normal section is any relatively unconfined section of a
stream, even though one or both banks may be somewhat stabi-
lized and parts of the bed maybe siltstone or other cohesive ma-
terial rather than unconsolidated sediment. Ideally, a normal
section should be in an alluvial reach of the stream.

The size classification is the classification that has been rec-
ommended by the American Geophysical Union Subcommittee on
sediment terminology (Lane and others, 1947, p. 937). Accord-
ing to this classification, clay-size particles have diameters be-
tween 0.0002 and 0.004 millimeter, silt-size particles have di-
ameters between 0.004 and 0.062 millimeter, and sand-size
particles have diameters between 0.062 and 2.0 millimeters.
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The median, or median diameter, as defined by Twenhofel and
Tyler (1941, p. 110) "is the midpoint in the size distribution of a
sediment of which one-half of the weight is composed of particles
larger in diameter than the median and one-half of smaller di-
ameter. The median diameter may be read directly from the cu-
mulative curve by noting the diameter value at the point of inter-
section of the 50-percent line and the curve."

The geometric mean size is the size that is computed as the
square root of the productof the upper and lower limits of a given
size range. For the range of smallest particle sizes, the lower
limit for this report was arbitrarily assumed to be 0,002
millimeter.

Water discharge is the discharge of natural water of a stream.
The natural water contains both dissolved solids and suspended
sediment.

FORD SECTION

The farthest upstream section at which streamflow and
suspended-sediment discharge measurements were made for
this investigation is called the ford section. (See fig. 1 for the
relative locations of the different cross sections and the water-
stage recorder.) This is a wide, shallow section (fig. 2) about
750 feet upstream from the recorder. The section is in a me-
andering reach of the river (fig. 3). The banks are alluvium,
but siltstone is usually exposed on part of the bottom. After a
cableway was installed across the river just below the recorder
on February 24, 1949, streamflow and sediment discharge mea-
surements were no longer taken at the ford section.

Streamflow measurements at the ford section are listed in
table 1 and sediment discharge measurements, intable 2, Water-
surface slopes were not determined and bed-material samples
were not collected for this section. The particle-size analyses
of suspended sediment are given in table 3.

GAGING-STATION SECTION

The gaging station is about 750 feet downstream from the ford
section and about 1, 900 feet upstream from the contracted sec-
tion in the chute. (See fig. 1.) The gaging-station section, at
which both streamflow measurements and sediment samples
are taken, is at the cableway about 30 feet downstream from
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Figure 1.--Outline map of Niobrara River near Cody, Nebr.
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In general, the concentrations of sediment are clearly shown
to increase rapidly with depth, but the observed vertical distri-
bution of sediment concentrations differs from one vertical to
another, partly because of experimental errors. Many curves of
vertical distribution of concentration with depth have been plot-
ted, some against the depth and some against the function (d-y)/y,
in which d is depth and y is distance above the stream bed.
Curves, drawn as straight lines on the logarithmic¢ scales of fig-
ures 9 and 10, were fitted by eye to the plotted points of individ-
ual concentrations and were grouped by verticals. These figures
indicate for each vertical the change in slope of the lines with
changing particle size and also the measure of agreement be-
tween the straight lines and the concentrations. In figure 11 the
lines are grouped by size ranges to show the variations in slope
from one station to another in the cross section.

According to theories of distribution of suspended sediment at
a verticalof a stream section as recapitulated by Einstein (1950,
p. 17), the concentrations in a size range shouldplot in a straight
line against (d-y) /y on logarithmic coordinates, and the slope of
the line should define the exponent. This exponent z; is a mea-
sure of the rate of increase of concentration with depth. It has
often been assumed to equal z and is, as restated by Einstein
(1950, p. 17), defined by the equation

Vg
0.4 u,

Z:z

in which Vg is the settling velocity of the geometric mean size
of particles in a particular size range
0.4 is the universal constant for turbulent exchange
uy is the shear velocity (Einstein uses uy', the shear
velocity with respect to the sediment particles)

The shear velocity is equal to the square root of the productof
the gravity acceleration, the energy gradient, and the hydraulic
radius. (The definition of all symbols is given on p. 115. In gen-
eral, the symbols have the same meanings that were given them
by Einstein, but some have been used with slightly different
meanings.)

As defined, z 1is the exponent in the theoretical equation for
vertical distribution of sediment of a particular size range. The
equation is

WO kﬂ

=4y 2z
(Y

d-a)
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in which d is the depth of flow
a and y are distances above the stream bed
cay and cy are concentrations of particles of a given
size range at distances a and y, respectively,
above the bed

In figure 12 the exponent z; from figures 9 to 11 is shown to
vary curvilinearly with settling velocity. For comparison, a
curve showing variation of z; with the 0.7 power of the settling
velocity has also been plotted on figure 12. Settling velocities
used in this report were based on an equation given by Rubey
(1933). The difference between z; as determined from point-
integrated samples and z as defined by the equation given above
is much too great to be overlooked. It is discussed in detail in
the section entitled ""Computation of z."

PARTICLE SIZES OF THE SEDIMENTS

Point-integrated samples of suspended sediment at the gaging-
station section were individually analyzed for particle size. (See
table 6.) These analyses are essential to studies of vertical dis-
tribution of the sediment but are not easily used to determine av-
erage particle-size distributions for the entire cross section of
the stream.

Many depth-integrated samples of suspended sediment from
the gaging-station section have been analyzed for particle-size
distribution. (See table 7.) The median particle size for a large
percentage of samples is about 0.10 to 0.15 millimeter. Most
particles of suspended sediment are in the lower ranges of sand
sizes. The suspended sediment is low in percentages of silt and
clay except during and following high water discharges when ap-
preciable amounts of the streamflow come from surface runoff
that originated on soils of fine texture.

Samples of stream-bed material have been collected at the
gaging-station section many times. Usually these samples were
taken at three places in the cross section, and each sample was
separately analyzed by sieving. The average analysis of the bed
material for each sampling date is shown in table 8. An average
of all the analyses has been computed and is shown graphically in
figure 13. Nearly all the bed material is in the range of sand
sizes. The median diameter of the sediment in the arithmetic
average analysis is 0.27 millimeter.
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Figure 12.--Relation between z; as determined graphically from
point-integrated samples and the settling velocity.
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Samples were collected with one of three types of bed-material
samplers. One type was a pint ice cream carton or a tin can,
which was forced into the stream bed. Another type was a metal
cylinder, 2 inches in diameter. This cylinder contained a piston
that could be gradually raised in relation to the cylinder as the
sampler was forced into the stream bed. The third was a sam-
pler US BM-48, a streamlined 100-pound clamshell sampler.

Bed-material sizes at a section or reach of channel may vary
with water discharge, water temperature, or some other factors,
but no relationship has been clearly defined for the Niobrara
River near Cody. Water temperature was plotted against the
particle size at which 25 percent of the bed material was finer
(fig. 14). Analyses of samples of bed material from all normal
sections were included. No relationship is apparent from figure
14, Also, water discharge was plotted against the size at which
25 percent is finer, the median particle size, and the size at
which 75 percent is finer (fig. 15). Only samples from the gaging-
station section were included inthis graph. The average analysis
of the samples for the highest water discharge shows much finer
material than the average for all other discharges. Additional
samples of bed material at high rates of flow might define a
trend. Such a trend toward larger percentages of fine particles
at high discharges may not be unreasonable at this station, for
the sizes of suspended sediment tend to become smaller at high
flows.

To further test the possibility of variation of bed-material
size with water temperature and streamflow, an estimating equa-
tion was computed by multiple linear correlation. The equation
based on 19 determinations at the gaging-station section was

Dgg = 0.2318 + 0.000226 T — 0.0000942Q

in which Dgpg is the size, in millimeters, at which 25 percent
of the bed material by weight is finer
T is temperature of the water at time of sampling,
in degrees Fahrenheit
Q@ is the water discharge at time of sampling, in
cubic feet per second

This equation shows little average change in Dg5 for the ranges
in T and Q that are covered by the available data. Also, the
coefficient of multiple correlation 0.543 is not quite significant
even to the 0.05 level. These computations substantiate the ten-
tative interpretation of figures 14 and 15.

Because no definite relationship of particle size of bed mate-
rial to other factors has been established for the gaging-station
section, an arithmetic average of all bed-material samples has
been used for comparisons and computations of sediment relations.
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CONTRACTED SECTION

The contracted section is at the county bridge over the chute
about 8 miles south of Cody. The chute was formed as the stream
entrenched itself in the argillaceous siltstone. At its upper end,
about 50 feet upstream from the bridge, the chute is only 2 or 3
feet wide at the water surface (fig. 16). It expands to a width of
about 11 feet at the bridge (fig. 17), and the flow becomes slower
as the width increases. This section was chosen as the measur-
ing section because investigation indicated that the maximum
concentration of suspended sediment along the chute was at the
bridge. A cross section at the bridge is shown in figure 18. No
streamflow measurements have been made at the contracted sec-
tion, but the computed average velocity at the contracted section
is about 3.82 feet per second at a water discharge of 324 cfs.

Measurements of sediment discharge made at the contracted
section are listed in table 9. These measurements are based on
depth-integrated samples at three verticals in the cross section.
Usually the concentration at the middle vertical is appreciably
lower than the average concentration at the outer verticals. Wa-
ter temperatures were taken once a day until April 15, 1953,
when a water-temperature recorder was installed at the water-
stage recorder. (See table 10.)

DISCHARGE OF SUSPENDED SEDIMENT

Daily records of suspended-sediment discharge have been com-
puted from April 1948 through September 1953 but are not in-
cluded in this report. These records arebased on concentrations
of daily depth-integrated samples that were collected at one ver-
tical about at the middle of the contracted section andon stream-
flow at the gaging station about 1,900 feet upstream. As this one
daily sampling vertical is at the part of the section where the
concentration is somewhat low (p. 29), coefficients have been ap-
plied to adjust concentrations of daily samples to make them rep-
resentative of the average concentration at the three verticals
where samples are collected periodically. The coefficients, av-
eraging about 1.15, were usually applied as though they varied
with water discharge.

The average concentration of suspended sediment was about
1,800 ppm for 4 complete water years. Suspended-sediment dis-
charges by days, months, and water years are presented or will
appear in U. S. Geological Survey Water-Supply Papers of the
series, Quality of Surface Waters of the United States. Sediment
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discharge is uniform owing primarily to the regulating effect of
ground-water storage in the sandhills. The uniformity is shown
graphically by the duration curve of daily sediment discharge
(fig. 19).

Suspended-sediment discharge at the contracted section is
largely a function of the rate of sireamflow, although the rela-
tion varies considerably with water temperature, size of the
available material, and source of the runoff. On the average,
the sediment discharge increases at least as rapidly as the cube
of the water discharge below 3,000 cfs. The rate of increase
with water discharge is somewhat lower above 3,000 cfs. (See
fig. 20, which is a graph of daily average sediment discharge
against daily average water discharge.)

DISTRIBUTIONS IN THE CONTRACTED SECTION

Lateral distributions of velocity and concentration are shown
in figure 21 for three different times. These lateral distribu-
tions, based on only three verticals, are poorly defined, but they
do show the tendency for the concentration to be lower near the
middle of the section than at the verticals nearer the sides of the
section.

Many sets of point-integrated samples have been collected to
define the vertical distributions at the contracted section. These
samples were analyzed for both concentration and particle size
(table 11). The distributions of velocity, concentration, and per-
centage of particles larger than 0. 25 millimeter were plotted for
3 different times in figure 22. The plotted velocities were based
on the volumes and filling times of the samples and may be some-
what inaccurate.

Sediment concentrations usually increased relatively slowly
with depth in the contracted section as compared with the rate of
increase with depth at shallow, alluvial sections. Also, the per-
centage of particles larger than 0, 25 millimeter did not usually
increase'very rapidly with depth in the contracted section. How-
ever, sometimes, particularly when water discharge is low, both
concentration and percentage of the larger particles mayincrease
rapidly with depth at some verticals. When the rate of increase
with depth is no greater than it was at stations 7, 11, and 15 on
March 3, 1950, stations 6 and 10 on September 16, 1949, and sta-
tion 10 on May 5, 1949, the turbulence must be adequate to sus-
pend most of the total sediment discharge of the river, and the
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Figure 19.--Duration curve of daily suspended-sediment discharge
in the contracted section of the Niobrara River near Cody, from
April 9, 1948, to September 30, 1952,
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SUSPENDED-SEDIMENT CONCENTRATION ACROSS SECTION
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Figure 22.--Vertical distributions at contracted section.
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particle sizeslarger than 0.25 millimeter must be about as com-
pletely suspended as the finer particles. Rapid increase of con-
centration and of percentage of the coarser particles with depth
probably indicates that appreciable quantities of the total sedi-
ment discharge may not be suspended but may be moving through
the contracted section as bed load. Because the section is nar-
row and flow through it is always much more turbulent than at
other sections of the channel, the bed-load discharge is probably
relatively low at all times.

PARTICLE SIZES OF THE SEDIMENTS

At times, especially during the summer when the streamflow
is low, bed material accumulates on the bottom of the contracted
section and can be sampled. Only a few samples of stream-bed
material have been taken, but these show particle sizes that are
a little coarser than the bed material at normal sections of the
stream. (See table 12.) The samples were collected with a sam-
pler US BM-48. All were obtained when the water discharge was
low. At higher flows, little if any bed material stays on the bot-
tom of the contracted section.

Most analyses of suspended sediment at the contracted section
show that more than 80 percentof the particles were in the range
of sand sizes (table 13). For suspended-sediment discharges of
less than 2,000 or 3,000 tons per day the median particle sizes
of the samples of suspended sediment at the contracted section
ranged from 0.13 to 0.27 millimeter and averaged about 0.19
millimeter (fig. 23). At discharges of suspended sediment above
10, 000 tons per day the 4 determinations of median particle size
averaged less than 0,03 millimeter. This decrease of median
particle size with an increase in both sediment and water dis-
charge is due to the inclusion of more surface runoff in the higher
flows. Much of the surface runoff comes from areas that have
soils of fine texture.

NORMAL SECTIONS C-1 TO C-10

In June 1951, 10 sections were selected below the chute for
measurements of flow and sedimentation characteristics to be
used in formulas for computing sediment discharges through al-
luvial sections. Sections having beds of unconsolidated sediment
and little lateral confinement were chosen. The upstream one of
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these sections, C-1, is about 1,900 feet downsiream from the
contracted section. Distances between the successive sections
vary considerably but average more than 1,000 feet, The farthest
downstream section, C-10, is about 12, 200 feet from the con-
tracted section. Staff gages were installed on the left bank at
each section and were referred to a datum 100 feet lower than
the datum of the water-stage recorder, which is upstream from
the contracted section. Locations of the sections are given on
figure 1. Figure 24 shows the outline of the 10 cross sections as
they were first defined in June 1951. The sections are wide and
shallow. Sections C-2 (fig. 25) and C-6 (fig. 26) at which mea-
surements of flow and sediment concentration were made are not
in straight, uniform reaches of channel, and flow through them is
not particularly smooth nor uniform. The channelat sections C-3
and C-4 is shown in figure 27, which gives a good idea of the type
of channel throughout the reach from section C-1 to C-10. Tables
14 to 23 list the soundings at each section 4 times in 1951 and 4
times in 1952. Some of the sections changed considerably inless
than 2 years. Altitudes of the water surface at the sections are
given in table 24 for several times during 1951 and 1952. Total
fall from section C-1 to section C-10 ranged from 12.0 to 13.0
feet. These amounts of fall are equivalent to 6.1 and 6. 6 feet per
mile.

Streamflow measurements were made only at sections C-2
and C-6 and are listed in table 25. Mean velocities at the times
of measurement ranged from 1.81 to 4.48 feet per second. Areas,
widths, and velocities in table 25 are those used to compute total
sediment discharge and are based on velocities unadjusted for
horizontal angle and on areas and widths that exclude parts of the
section in which the direction of flow is upstream. Average
depths were all less than 2 feet. (On September 6, 1951, the total
width of section C-6 was 96 feet, but the direction of flow was
upstream in 33 feet of the section.)

Pable 2L.--Water-surface altitudes at normal sections C-1 to C-10

Altitude of water surface above assumed datum (feet)

Date Total
c-1 c-2 c-3 c-L c-5 c-6 c-7 c-8 c-9 | ¢10 | fa1y

1951
June 1L... | 87.19 | 86,04 | 85,1} | 83.L40 | 82,19 | 80.53 | 78.97 | 77.12 | 76.09 | 74.L3 | 12.76
June 16,.. | 87.20 | 86,1k | 85,16 [ 83,39 | 82,2} | 80.53 [ 78.96 | 77.07 | 76.04| 7L.33 | 12.87
July 18...| 87.L46| 86,31 | 85,36 | 83,18 | 82.28 | 80,59 | 79.03 | 77.17 | 76.12| 7h.L5 | 13.01
July 28...190,6 |89.1 [88.3 86.8 [85.5 |8L.0 |82,2 [79.9 |79.2 | 78.2 |1l2.L
Aug. 3....[87.13 [ 86.10 | 85.15|83.51 | 82,38 | 80.50 | 78.7L | 76.92 ] 76.03| 7L.62 | 12,51
Sept. 6... | 87.56] 86.87 | 85.50 | 83.89 | 82.6L | 80,70 | 79.31 | 77.LL | 76.59 | 75.LL | 12.12

1952 .
Apr. l....| 86,86 ..... 8L.72 | 83,27 | 82,06 | 80,53 | 78.9kL | 77.15] 76,11 7L.85 | 12,01
May 8..... 86,87 | 85.72 | 8L4.71 | 83,2, | 82,10 | 80,48 | 78,91 | 77.16 { 76.1L| T7h.51 | 12.36
June 19... | 86,95 85,67 | 84.71 | 83,02 | 81,87 | 80,28 | 78.69 | 76.88 | 75.83] 7L.23 | 12.72
Sept. 26., | 87,08 | 85,81 | 84.86 | 83.13 | 81.89 | 80.29 | 78.70 | 76.8L | 75.76| 7L.15]12.93

)
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Size analyses of the suspended sediments from depth-integrated
and point-integrated samples, which were collected only at sec-
tions C-2 and C-6, are similar to the size analyses of suspended
sediment at the gaging-station section (tables 7, 27, and 28), Most
of the suspended sediment is in the sand sizes, much of it from
0.125 to 0. 25 millimeter.

UNMEASURED SEDIMENT DISCHARGE.

During this investigation, information on sedimentand stream-
flow was obtained principally for determination of unmeasured
sediment discharge or total sediment discharge. One method of
studying the unmeasured sediment discharge is to compare the
discharge of suspended sediment at the contracted section with
that at normal sections. Another method of study is based on
computations of total sediment discharge, or at least that part of
the sediment discharge that is in the range of bed-material par-
ticle sizes, from formulas that can be applied to alluvial sections
of a stream. This second method is more generally applicable,
because a suitable contracted section in which totalsediment dis-
charge can be measured is not usually available. Of course, the
measurements of suspended-sediment quantities and particle
sizes at the contracted section near Cody provide useful checks
on the applicability of the formulas that were used. The two gen-
eral methods, as they were applied to the Niobrara River near
Cody, will be discussed separately and in detail.

DIFFERENCES IN SUSPENDED-SEDIMENT DISCHARGE AT CONTRACTED
AND AT NORMAL SECTIONS

Determinations of concentration and of suspended-sediment
discharge have been made on many days at approximately com-
parable times at the contracted section and at a normal section
(tables 2, 5, 9, and 29). After determinations that were based
on samples at only one vertical were eliminated, 71 comparisons
of concentrations were still available and are shown in table 30.
For sections C-2 and C-6 as well as the gaging-station section,
water discharges in table 30 are basedon gage heights and rating
curves at the water-stage recorder. In order to avoid the effect
of small differences in water discharge, ratios of concentration
at the normal section (C,g) to concentration at the contracted
section (C.g) were compared rather than ratios of sediment dis-
charge. These ratios of concentration averaged 0.53, 0.59, 0.36,
and 0. 42 for the gaging-station section, the ford section, section
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C-2, and section C-6, respectively. The total range was 0.23 to
1.33, and the overall average was 0.51. These ratios are closely
equivalent to the correspounding ratios of sediment discharge and
are referred to as ratios of sediment discharge in other parts of
the report. The ratios are subject to large experimental errors
that either are inherent in measurements of suspended-sediment
discharge, are due to scour or deposition between the sections at
the times of measurement, or are caused by not measuring con-
centration at comparable times. Probably these ratios tend to be
slightly too large, because at least a small fraction of the total
sediment discharge of the stream was not measured by depth-
integrated sampling at the contracted section.

The ratio of measured sediment discharge at a normal section
tototal sediment discharge of the river might be expected to vary
with streamflow, with sediment discharge, or with water tem-
perature. Figures 33 and 34 show poorly defined relationships,
but the ratios from table 30 do seem to increase somewhat with
either increasing streamflow or increasing sediment discharge.
The ratio must increase appreciably at very high rates of stream-
flow for which depths and velocities are much greater and par-
ticle sizes average much smaller than at normal and low flows.
The computed ratios decrease somewhat with increasing water
temperature (fig. 35). This apparent decrease with water tem-
perature may be partly explained by the seasonal pattern of
streamflow and water temperature.

Though the size distribution of the sediment that is discharged
as unmeasured load at a normal section may not be the same as
the size distribution of the bed material, the 2 size distributions
should be similar for a stream such as the Niobrara River in
which the bed material is mostly sand finer than 1.0 millimeter.
Table 31 shows the comparison of the average size distributions
of the sediment. The size distribution of the unmeasured sedi-
ment discharge at the gaging-station section was computed from
the equation P, = 0.53 P, + 0.47 P, in which P, Pn’ and P,
are the percentages finer than any given size at the contracted
section, the gaging-station section, and in the unmeasured load
at the gaging-station section, respectively. Computations of P,
were made from average particle sizes, not weighted with water
discharge, for each of the 6 water years. The bed-material size
distribution in table 31 and the ratio, 0.53, of measured sediment
discharge at the gaging-station section to sediment discharge at
the contracted section are averages for the entire period of
record.

In spite of the indirect nature of the computations and the fact
that all the suspended-sediment size distributions were used in-
stead of only the sizes that were determined at comparable times,
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Table 3l.--Average particle size of sediments of the Niobrara River near Cody

Percent finer than
indicated size
0,125 om [ 0,25 nm [ 0.5 mm

1918 water year

Suspended sediment at gaging-station SECLioN...seeeesses L7 87 97
Suspended sediment at contracted sectioNuieseececscacssss 35 72 ol
Unmeasured sediment discharge at gaging-station section. 21 55 91
Bed material at gaging-station SectioN..eeeceseesesseens L L2 91
1949 water year
Suspended sediment at gaging-station sectioN.iieseeeesss 39 86 98
Suspended sediment at contracted sectioN.eesiceesescesss 21 64 92
Unmeasured sediment discharge at gaging-station section, 2 39 85
Bed material at gaging-station sectioN.eeeeeesseeecesass L L2 91

1950 water year
Suspended sediment at gaging-station SectioN.eieeeeseoss L 92 99
Suspended sediment at contracted SeCtioN.se.eseseeseesss 32 71 96
6
N

Unmeasured sediment discharge at gaging-station section. L7 92
Bed material at gaging-station SeCtioN..e..eeesoseceeaes L2 91
1951 water year

Suspended sediment at gaging-station sectioN.es.ecesesss 59 2 99.8
Suspended sediment at contracted sectioNeeseeecscsoscesss L3 79 97
Unmeasured sediment discharge at gaging-station section. 25 62 9k
Bed material at gaging-Station SeCtiON....eesesessecesoes N L2 91
1952 water year
Suspended sediment at gaging-SLALiON SECT1ON. eevssseeens °3 92 99.8
Suspended sediment at contracted SECLiON..eeeeseessenens 28 69 97
Unmeasured sediment discharge at gaging-station section. 0 L3 n
Bed material at gaging-station sectioN...eieeeeeesececss L 42 91
1953 water year
Suspended sediment at gaging-SLabtion SECLION, sessssesses o3 ol 100
Suspended sediment at contracted SeCtioN.s.eeeeeessseses 30 68 96

Unmeasured sediment discharge at gaging-station section. L
Bed material at gaging-station SectioN...veceeeeeceeeees L 42 91
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the computed size distributions in the unmeasured sediment dis-
charge for the water years 1949, 1950, 1952, and 1953 check well
with the size distribution of the bed material. In the 1948 water
year only two size analyses were available for the contracted
section, and this paucity of samples may have caused the diver-
gence between the size distributions for 1948 (table 31). During
1951 several samples from periods or following periods of rela-
tively high flow were analyzed for size. The averaging of par-
ticle sizes of these samples with those of other samples for 1951
may account for the somewhat discordant results for that year.
During these periods of high flow the bed material mayhave been
appreciably finer than average. (See fig. 23.) Of course, the
sizes of the unmeasured sediment discharge should be a little
finer thanthe bed material because the unmeasured sediment dis-
charge includes some suspended sediment and also the finer par-
ticles from the bed should go into suspension more frequently
than the coarser particles.

COMPUTATIONS OF SEDIMENT DISCHARGE FROM FORMULAS.

On most streams no suitable contracted section is available at
which all or nearly all the sediment discharge can be measured.
Hence, the total sediment discharge of a stream, or at least the
unmeasured sediment discharge, can be determined only from
computations that are based on those characteristics of flow and
sediment discharge that can be measured at alluvial or moder-
ately confined sections. Several basic formulas and procedures
have been suggested for the computation of the part of the sedi-
ment discharge that consists of particle sizes that are in the
stream bed in appreciable amounts. A form of each of four dif-
ferent formulas was used to compute some sediment discharges
of the Niobrara River near Cody.

THE SCHOKLITSCH FORMULA

A formula for computing the discharge of bed material has
been presented by Shulits (1935, p. 644-646, 687). It was de-
veloped by Schoklitsch from flume experiments in which the bed
material was nearly uniform quartz particles. Presumably it
should give the total discharge of particles of sizes large enough
to be present in the bed in appreciable quantity.
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The Schoklitsch formula is

86.7 1.5 wD50
G=-———7—S . —o.oosszﬁ—
DSO1 2"e @ Se4 3)

in which G = discharge of bed material, in pounds per second

Dgg = median diameter of the particles, in inches
Sq = slope of the energy gradient
w = width of the stream, in feet
Q = water discharge, in cubic feet per second

Sediment discharges computed from this formula and multi-
plied by 43. 2 to convert to tons per day are listed in table 32 for
comparison with measured discharge at the contracted section of
particles larger than 0.125 millimeter, The bed material at the
normal sections contadins only a small amount of sediment of
sizes smaller than 0.125 millimeter. Computed tonnages of sedi-
ment from the Schoklitsch formula are plotted against the meas-
ured sediment discharges in figure 36. At lowdischarges of sed-
iment, the measured and computed tonnages agree fairly well;
but at higher sediment discharges, the computed tonnages are
much lower than the measured tonnages. If the computed sedi-
ment discharges are squared and then divided by 280, the agree-
ment with measured discharges becomes good. Of course, this
is an arbitrary adjustment that is probably not generally
applicable.

The measured sediment discharges in table 32 are for sedi-
ment larger than 0.125 millimeter and are measured only in the
sense that they are based, but not always directly, on samples
at the contracted section and on streamflow at the gaging station.
That is, the measurements at the contracted section were not
correctly timed to be comparable with determinations of stream-
flow and water-surface slopes at the normal sections. Hence the
measured sediment discharges include possible inaccuracies in
adjustments for changes in concentration at the contracted sec-
tion and for changes in and time of travel of water discharges.
(See p. 97 for a more complete description of adjustments to ob-
tain measured sediment discharges for comparison.) On days
like September 6, 1951, and September 26, 1952, the sediment
discharge at the contracted section changed so much during the
day that it may have been a poor basis for comparison with com-
puted sediment discharges for normal sections.
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Table 32.--Comparison of computed bed-material discharge from three
formulas with measured sediment discharge at the contracted section

Discharge (tons per day)

Measured sediment Computed
Date larger than From the From From the
0.125 mm Schoklitsch | LO,000w (ds )2 Straub
Contracted section formula 0503; L € formula
Gaging-station section

1950
Mar. 3.... 1,25 667 2,360 6,360

1951
May 10.... 1,020 63L 1,490 3,880

1952
Sept. 26.. 358 296 1,030 2,590

Section (-2

1951
June 15.., 767 L5k 9oL 2,750
July 18... 702 429 1,340 3,250
Aug. 3.... 1,030 453 1,280 L, 7590
Sept. 6... 4,950 1,260 2,250 6,010

1952
Apr. 1l.... 5,040 1,140 1,980 5,160
May 8..... 1,Lho 6L9 1,510 L, 300
June 19... 352 375 1,010 2,6L0
Sept, 26., 285 3L9 896 3,270

Section C-6

1951
July 18... 750 379 1,110 2,750
Aug. 3.... 1,080 53L 1,220 3,660
Sept. b... 3,8L0 1,000 1,360 6,800

1952
May B8..... 1,330 517 1,980 5,110
June 19... 345 293 1,220 2,960
Sept. 26.. 331 270 782 3,070

THE DU BOYS FORMULA

Several modifications of the genera.l Du Boys formula have
been suggested for computing sediment discharge of particle siz-~
es that are large enough to be in thebed in appreciable quantities.
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Figure 36.--Comparison of computed sediment discharge from
the Schoklitsch formula at a normal section to measured sedi-
ment discharge of particles larger than 0.125 mm at the con-
tracted section.
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A simplified form has been used in this report. 1t is

QBM ~ —TKl (d Se)z
D5/ *

and QBM = 43.2w IYBp

K2 2
= dsS_ ) w
374 (4 5¢
D50

in which 9 M is discharge of bed material, in pounds per
second per foot of width
K is a counstant to be defined
Dg, is median particle diameter of the bed material,
in millimeters
d is average depth, in feet
S¢ is hydraulic slope
Qpu 1s discharge of bed material, in tons per day
43.2 is the constant to convert pounds per second to
tons per day
w is width of stream, in feet
Ky = 43.2K,

This simplified form of the equation implies that 1 ~ ( TO/T) is
a constant and is included in K;; T is the transporting force,
and T, is the particular transporting force that is requiredto
start movement of the bed material. Actually 1 - ( ro/r) var-
ies less than 10 percent from its average for the range of com-
putations that were made.

To determine Ky, sediment discharges were computed from
this formula and an assumed Ko. Then, measured sediment dis-
charges for particles larger than 0.125 millimeter were com-
puted from total measured sediment discharges and size distri-
butions for the contracted section. They were divided by the width
of the river at the normal section to get sediment discharge per
foot of width, The measured sediment discharges so obtained
were totaled, and the sum was divided by the sum of the sediment
discharges that were computed from the equation and the assumed
K5. The quotient multiplied by the assumed Kg indicated that
K, should average about 40,000. The equation for total sediment
discharge, in tons per day, of the size fractions larger than 0.125
millimeter thus became

_ 40,000 2
QM © 55—0372 (dSe)” w
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Sediment discharges computed from this equation are listed in
table 32 and are plotted on figure 37 against the comparable
measured sediment discharges at the contracted section. The
comparison shows that a lower numerical value for Ky would
have given much better agreement except for three times of rel-
atively high sediment and water discharge. Kg should have been
much larger to obtain agreement between measuredand computed
sediment discharge for these three times. Sediment discharges
computed from this formula were not satisfactorily accurate.
They, like the sediment discharges that were computed from the
Schoklitsch formula, increased too slowly with increasing water
discharge.

THE STRAUB FORMULA

Straub (Cong. Doc., 1935, p. 1135) shows a formula for the
computation of sediment discharge that seems to have been in-
tended to compute only the discharge of the sediment that moves
near the bed. This formula is a modification of the DuBoys for-
mula and has been used in the form

Qg = 43.20 5.2 wd (d - dy)

in which Qg is the sediment discharge, in tons per day
43.2 is the constant for converting pounds per second

to tons per day

© is a sediment characteristic constant equivalent
to Straub's ¥, in pounds per cubic foot per
second, from a curve drawn through data
given by Straub (Cong. Doc., 1935, p. 1135)

S is the energy gradient, but the slope of the water
surface was used as an approximation

w is the width of the channel cross section, in feet

d is the depth of water, in feet

d, is the depth, in feet, at which the tractive force
is just great enough to start moving sediment
along the bed and is computecd from a table
given by Straub (Cong. Doc., 1935, p. 1135)
for the tractive force required to start the bed
sediment in motion

Each cross section was divided into 20 to 30 subareas, and
the sediment discharge was in effect computed for each by sum-
ming up wd(d - d,) for all the subareas. The work was checked
roughly by substituting average depth for d and making one com-
putation for the entire cross section.
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MEASURED SEDIMENT DISCHARGE, CONTRACTED
SECTION, IN TONS PER DAY

Figure 37.--Comparison of computed sediment discharge from a
form of the Du Boys formula at a normal section to measured
-sediment discharge at the contracted section. (Sediment dis-
charge is for particles larger than 0.125 mm.)
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Seventeen computations were made with the Straub formula.
Even when compared with measured discharge at the contracted
section of sediment coarser than 0.125 millimeter, the sediment
discharges computed from the Straub formula are much too large,
particularly when the measured sediment discharge is small.
(See table 32 and fig. 38.) The trend of the computed discharges
seems to indicate that the formula may apply much better to
larger streams.

THE EINSTEIN PROCEDURE

H. A. Einstein (1950) has developed and outlined a complex
procedure, which required several formulas and graphs, for-
computing sediment discharge .in the size ranges that are found
in significant quantity in the stream bed. His procedure for com-
puting discharge of suspended sediment is based on integration of
the product of the theoretical velocity and suspended-sediment
concentration along a representative vertical inthe cross section.
The bottom of the curve of suspended-sediment concentration is
equated to the computed concentration of sediment in the bed-load
layer, which is assumed to be 2 grain diameters thick. The rate
of movement and the concentration inthe bed-load layer are based
on dimensionless expressions for the probability that a given par-
ticle will move from its position in the stream bed. The dis-
charge of each of several size ranges of the sediment that forms
the stream bed is computed separately.

His procedure was developed for use when the only data avail-
able would be an average cross section of a reach of channel, a
slope through the reach, andan average particle-size distribution
of the bed material. These base data are not easily obtained for
a giventime and reach. The water-surface slope requires essen-
tially simultaneous gage readings on two or more gages that are
referred to the same datum. At the time of the gage readings a
representative cross section throughout the reach should be de-
fined. The representative cross section should be based on sev-
eral measured cross sections that are averaged. Einstein sug-
gests averaging the areas of the cross sections andalso averaging
their wetted perimeters to obtain the representative cross section.
Bed-material samples are required in sufficient number to deter-
mine a good average size analysis of the bed material throughout
the reach at the time for which the computation is to be made.

The Einstein procedure does not compute the suspended-
sediment discharge of particles too small to be in the stream
bed in appreciable quantities. Therefore, the discharge of the
finer particles must be measured if total sediment discharge of



UNMEASURED SEDIMENT DISCHARGE 63

10,000
g A n
o
=
@
o) r
w
®
2 . INRES
<>'
x -
[y a] 2 -
» [

@
‘:*c-'u.:
—-a

w Line of perfect agreement
22 /
@xo
w -
w=
O—
g ..IOOO

2
50
25
Su
Rz
z EXPLANATION
53 A
ax Goging-station section
wo
wZ L
a Section C-2
- "
E Section C-6
=
O
o

100
200 1000 5000

MEASURED SEDIMENT DISCHARGE, CONTRACTED

SECTION, IN TONS PER DAY

Figure 38.--Comparison of computed sediment discharge from
the Straub formula at a normal section to measured sediment
discharge of particles larger than 0. 125 mm at the contracted

section.
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a stream is to be computed. In some manner the measured dis-
charge of sediment of the finer sizes must be combined with the
computed discharges of the coarser sediments. A completely
satisfactory method of combining the two is not known to the
writers,

Sediment-discharge computations, nearly all by the Bureau of
Reclamation, have been made for 8 days during 1951 and 1952 by
applying the Einstein procedure to datafrom sections C-1 to C-10.
Although the procedure was developed and was carefully restric-
ted by Einstein to an average section in a reach of a stream, it
has been applied to section C-2 for the same 8 days and to the
gaging-station section for 2 days. These Einstein-type computa-
tions for individual cross sections were made mostly by the Bu-
reau of Reclamation for comparison of relative accuracy with
computations that were made for a single section by a modified
method. Of course, the use of a single section requires so much
less work than the use of a reach that it is much more economi-
cal provided suitable accuracy can be obtained at the single sec-
tion. Tonnages computed by the Einstein procedure for several
size ranges are listed in table 33 both for the reach and for sec-
tion C-2. For comparison, sediment discharges at the contracted
section are also listed for the same days. For some of the days,
the breakdown for the contracted section into tonnages by size
ranges was based on size analyses of samples for other days.
(See table 33.) Computed sediment discharges by size ranges
compare very poorly with the sediment discharges at the con-
tracted section. The computed size distributions (table 33) indi-
cate that the Einstein procedure gives median particle sizes that
become larger as the total sediment discharge decreases. In
other words, in proportion to their availability inthe stream bed,
the smaller sand particles move less readily compared to the
larger particles as the water discharge decreases. Such a rela-
tionship seems illogical.

Sediment discharges of particles larger than 0,125 millimeter
are given in table 33 for the Einstein procedure and for the con-
tracted section. The computed discharges of sediment larger
than 0.125 millimeter for the reach from sections C-1 to C-10
ranged from 63 to 272 percent and averaged 132 percent of the
discharge of sediment larger than 0,125 millimeter at the con-
traction, The larger percentages tend to accompany the larger
sediment discharges at the contracted section. For the same
range of- particle sizes, the sediment discharges computed for
section C-2 ranged from 14 to 1,091 percent and averaged 498
percent.

The discharge of sediment of all sizés was obtained by adding
the discharge that was computed by the Einstein procedure for
particles larger than 0.125 millimeter to the discharge at the
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normal section or sections of sediment smaller than 0,125 milli-
meter. The computed total discharge of sediment of all sizes for
the reach from sections C-1 to'C~-10 ranged from 63 to 175 per-
cent and averaged 111 percent of the discharge at the contracted
section. The larger percentages were usually for days when the
sediment discharge was large (fig. 39). The computed discharges
of sediment of all sizes for section C-2 ranged from 27 to 838
percent and averaged 362 percent of the sediment discharge at
the contracted section.

Computed tonnages by the Einstein procedure as applied to the
gaging-station section were 25,800 and 24, 200 tons per day ex-
clusive of fine particles as compared with measured daily sedi-
ment discharges at the contracted section of 2,190 and 420 tons
per day on March 3, 1950, and on June 19, 1952, respectively.
These comparisons are so unsatisfactory that the computed ton-
nages were not included -in table 33. One reason for the high
computed tonnages is that the water-surface slope at the gaging-
station section is probably lower than the slope computed from
staff gages at each end of the reach. (See fig. 5.)

On the basis of the computations by the Einstein procedure,
the procedure is totally unsuited for application to either the
gaging-station section or to section C-2. (The procedure was not
designed to apply to single .sections.) The total tonnages that
were computed by applying the procedure to the reach from sec-
tions C-1 to C-10 and by adding measured discharge of sediment
smaller than 0.125 millimeter were on the average reasonably
good percentages of the tonnages at the contracted section. How-
ever, the relative tonnages in the different size ranges compared
poorly with those for the contracted section.

‘MODIFIED PROCEDURE BASED ON EINSTEIN’S FORMULAS

The principal objective of the study of sediment discharge at
sections C-1 to C-10 of the Niobrara River near Cody was to de-
velop a method or to modify an existing method for computing
total sediment discharge. A satisfactory procedure should, as
far as possible:

1. Permit the computation, with reasonable accuracy, of the
total sediment discharge, not just one part of the discharge and
especially not an indefinite part.

2. Give the approximate size distribution of the computed dis-
charge of sediment.
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3. Be computed from data that were obtained at only one
cross section or within a short reach.

4. Be applicable to sections that are not in a uniform reach
of channel and, insofar as possible, to sections in which the lat-
eral distribution of flow is not uniform.

5. Use streamflow measurements rather than the water dis-
charge that is computed from formulas.

6. Use depth-integrated samples of suspended sediment rath-
er than point-integrated samples.

7. Be reasonably simple to use,

A promising procedure was developed to meet, in part, the
above objectives. It is based on Einstein's formulas and consists
of computing the sediment discharge for several ranges of par-
ticle sizes by applying different methods of computation for the
ranges of small particle sizes than for the ranges of large par-
ticle sizes. In each range of the small particle sizes, the sedi-
ment discharge is computed by multiplying the suspended-sediment
discharge in the sampled zone by the ratio of theoretical total
suspended-sediment.discharge in the size range to the theoretical
suspended-sediment discharge of the same particle sizes in the
sampled zone. The ratio is computed by dividing the integrated
products of theoretical velocity and theoretical concentrationfrom
the stream surface to the top of the bed layer by similar inte-
grated products from the stream surface to the lower limit of the
sampled zone. In the size ranges of the larger particles, the to-
tal sediment discharge is computedabout as explained by Einstein
except that different methods of computation are used for the ex-
ponential measure z of the increase in sediment discharge with
depth, the shear velocity with respect to the sediment particles,
and the intensity of bed-load transport. These three major de-
partures from the Einstein procedure will be explained in detail
in the following sections.

COMPUTATION OF Z

The exponent z isthe exponential measure of the vertical dis-
tribution of suspended sediment in a size range. For a given
cross section of a stream at a given time, z was intended to be
the slope of the logarithmic plot of concentration c,, in a size
range versus (d — y)/y (Einstein, 1950, p. 17, equation 29) in
which d is the depth of water and y is the distance above the
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stream bed. Einstein (1950, p. 17, equation 27) computes z from
the equation

VS
z= 0.4 Wy

in which Vg is the fall velocity of the geometric mean particle
size of a size range
0.4 is the universal constant for turbulent exchange
u,' is the shear velocity with respect to the sediment
particles

This equation as well as most of the others that are used in the
computations or explanations of the modified Einstein procedure
is dimensionless so that any units of measurement can be used.
Principal exceptions are those equations that contain sediment
discharge for the entire width of a stream, and these discharges
are in tons per day rather than in the foot-pound-second units
that have otherwise been used. The z's as computed from the
above equation sometimes are far from a correct measure of the
vertical distribution of the sedimentin a stream. Also, the equa-
tion makes computed z's vary directly with the fall velocity of
the sediment particles, whereas the measured vertical distribu-
tions of sediment in different size ranges indicate a variation
with about the 0.7 power of the fall velocity.

RELATIONSHIPS INVOLV‘ING Z,, Z,, AND K

Anderson (1942, p. 682) has shown that z,, the exponent that
is determined by measured vertical distribution of sediment par-
ticles of a given size range, did not increase nearly so rapidly
with increasing particle size in the Enoree River in South Caro-
lina as the theoretically computed z's increased. His data indi-
cate a rate of increase about proportional to the 0.7 power of the
fall velocity. Einstein and Ning Chien (1952) have recognized the
need for a revised theory for the computation of z. They have
suggested two approaches to a second approximation for z, but
the computations are somewhat complex and for the Missouri
River at Omaha do not show a consistently good agreement with

Zl.

To further test the relation between computed z's and meas-
ured zy's, 22 sets of point-integrated samples from 6 different
streams were used to determine z; for each of 3 ranges of par-
ticle sizes. Each set consisted of point-integrated samples at 2
to 4 depths in each of 3 to 5 verticals. Graphs like figures 9 and
10 were prepared, and z;'s for allverticals of each section were
averaged for each of the three size ranges. The average zl's
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are plotted against z,, = Vg/(0.4 u,) on figure 40. The sub-
script m denotes quantities that are computed according to the
modified procedure. Specifically, the symbol u,, is used in
place of Einstein's u,' because u, is equal to Vg (SR),, in
which g is the gravity constant and (SR),, is computed from the
mean velocity as shown by a discharge measurement and from
the velocity equation. (See equation (E), p. 83.) Also, z, isa
z that is computed from the equation z, = Vg/(0.4up). For
this report fall velocities are based on equations given by Rubey
(1933).

Figure 40 shows that for any day at any given cross section
(that is, when u,, is constant) 2] usually varies as about the 0.7
power of the fall velocity of the geometric mean of its size range
in spite of experimental errors. When z; for one size range is
either higher or lower than average, the zl's for the other size
ranges generallyhave a somewhat similar relation to their aver-
ages. However, zy for a given range of particle sizes varies
widely from one cross section to another and from time to time
at the same section, For the size range from 0.125 to 0.250 mil-
limeter, the zy's were expressed in ratios to the average z;'s

for the given fall velocities by dividing each z; by 3.66(Vg)%7.
These ratios show no definite relationship to computed shear ve-
locity up, (fig. 41).

As will be explained later, for each one of some size ranges
a type of z can be computed from the ratio of sediment discharge
in the sampled zone of a normal section to sediment discharge at
the contracted section. This type of z, called zg, is the expo-
nential measure of the vertical distribution of sediment that, for
a given size range, will make the total sediment discharge as
computed for a normal section equal the suspended-sediment dis-
charge as measured at a contracted (total-load) section. Four-
teen sets of zg's were computed for each of three size ranges.
The z3's were plotted against z,, = Vs/(0.4 u,,) on figure 42.
For a particular time and cross section, z3's for different size
ranges, like the z.'s of figure 40, varied as about the 0.7 power
of the fall velocity of the geometric mean particle sizes. Be-
tween different cross sections or different times at the same
cross section, zg's showed wide variations. Ratios of zg's to
average zg's for the given fall velocities did not correlate with
the shear velocity (fig. 43).

Einstein and Ning Chien (1952, fig. 4) found not only that k,
the universal constant for turbulent exchange, decreased on the
average with an increase in concentration as earlier reported by
Vanoni (1941, p. 613) but also that k for the Missouri River at
Omaha, Nebr., varied widely from its average. Changes in ver-
tical distribution of velocity as measured by k are likely to be
associated with changes in the vertical distribution of sediment
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as measured by z;. Unfortunately, natural inaccuracies in de-
termining k are increased for the gaging-station section near
Cody because vertical velocity curves were not defined by
current-meter measurements, At sections C-2 and C-6 verti-
cal velocity curves were defined by current-meter measurements
when point-integrated samples were collected on May 20, 1953,
only. At section C-2 on May 20, 1953, the z;'s were very low;
at section C-6 on the same day they were slightly below average;
and on April 27, 1951, at the gaging-station section they were
much higher than average. The k's for these three times and
cross sections were computed to see if they would correlate with
the z;'s. Filling times of the point-integrated samples were
used to compute velocities at points inthe gaging-station section.

To determine k, such point velocities for each vertical were
plotted along a rectangular coordinate scale against distance
above the stream bed along a logarithmic scale. The slope M of
the line through the plotted points on the semilogarithmic graph
equals the quantity (2.303 u,)/k. This fact follows from the ve-
locity equation that is given by Einstein (1950, p. 8, equation 3)
when 5. 75 is replaced by 2.303/k (Keulegan, 1938, p. 711-713).
The velocity equation then becomes

2,303 30.2
k u* loglo -———E

kg

uyz

in which uy is the time-averaged velocity at a distance y above

the stream bed

y . is the distance above the stream bed

x is a dimensionless parameter determined from
figure 44

kg is the roughness diameter, that particle size for
which 65 percent of the bed material by weight
is finer

' The slopes of the lines for all verticals of a cross section (one
unrepresentative vertical was not included in the average for
section C-6) were averaged to obtain a slope M for the cross
section. Then u, was computed from average depth and aver-
age water-surtace slope, and k was determined from k =
(2.303 u,) /M. As the following table shows, computed k's varied
widely and inversely with z;'s. On the basis of only the three
computations of k, the variation of k seems to explain much of
the scatter of- the points on figure 40. Large variations in k may
mask the theoretical relationship between zl's and shear velocity.
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Comparison of z;'s and computed k's

2
Date Section 0.062t0] 0.125¢t0 |0.250 to | ©
.125 mm{.250 mm |.500 mm
1951
Apr. 27....|Gaging station 0.31 0.82 1.40 0.42
1953
May 20 ....{C-2 ......... .22 .46 .62 .86
C-6......... .09 .23 . 36 2.8

Computed k's in the above table may not apply near the stream
bed where they were not defined. Hence, they may be suitable for
correlation with the z;'s, which are determined for the same
ranges of depth, without being correct for computation of total
sediment discharge near the stream bed.

TRIAL-AND-ERROR COMPUTATION OF 2

For some ranges of particle size, z, (the subscript denotes a
z computed directly by trial and error or based on a trial-and-
error z) can be computed from an equation that can be derived
from relationships that have been stated by Einstein. This meth-
od for computing z, is described below. It requires only depth-
integrated samples, not point-integrated samples.

P, I;, Iy, J{, and Jy are symbols introduced by Einstein
(1950) as abbreviations of certain funetions and are defined as
follows:

0.2dx

P = 2.303 log 3 :
S

Az -1 fl 1 -
I, = 0.216 ——— — )2 4
1 A(y )* dy

(1 - A)2

AZ—l

= 0.216 ———
Y- ag N

Az -1 fl 1 - Yz
= 0.216 )< 1 dy.
12 (1 - A)Z A ( v ] Oge (Y) y

z~1

A
0.216 ———x J
(1- A)* 2
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-in which d is depth of water
A is the distance from the stream bed to the lower

limit of integration divided by the depth d

For a given time at a given cross section of a stream, equation
(34) (Einstein, 1950, p. 24) becomes simply

9g = K (PJ; + Jg)

Then
9s' W'
qsn - qu
PJy' + Jo! .
= m equation (A)

in which qg is suspended-sediment discharge, in pounds per

second per foot of width, for a given range of
particle sizes

Qg is suspended-sediment discharge through the
cross section, in tons per day, for a given
range of particle sizes

K is a constant at a particular time and cross
section

A single prime mark designates a symbol that is associated with
the sampling depth, and a double prime mark designates a sym-
bol thatis associated with the totaldepth through which suspended-
sediment is discharged. Except for the use of prime marks, the
nomenclature generally follows that of Einstein (1950).

Equation (61) (Einstein, 1950, p. 40) can be put in the form
Qg'' = 43.2w ipag (PI;" + 1,')

If 43,2 w 1gdp is replaced by iB'QB’

Q" = igQp (PI;" + Ig") equation (B)

In these equations 43.2 is the coefficient for changing sediment
discharge in pounds per second to
tons per day

w is the width of the channel, in feet

igdpg is sediment discharge, in pounds per
second per foot of width, through the
bed layer of particles of a given size
range

iBQB is sediment discharge, in tons per day,
through the bed layer of particles of
a given size range
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Equations (A) and (B) combine into

Q' PLM 4 L0 PJ' + J9'
—= 5 + —_—
LBQB 3 ( 1 2 ) PJln + JZ"

z~1
= 0.216 -2 (PJ' + Jo")
(1 - A)? 1 2
12'1

= 3y (B3 + Ty')

n

= ﬁw (PJy' + J5'") equation (C)

The discharge of suspended sediment in the sampling zone for
one size range, QS', can be computed from size analyses and
concentrations of depth-integrated samples and from water dis-
charge through the sampled zone. The sediment samplers,
US DH-48, US D-43, and US D-49, used for collecting depth-
integrated samples do not normally sample within about 0.3 or
0.4 foot of the bottom unless they settle into the bed. As most
samples at the normal sections were taken with the hand sampler
DH-48, the assumption has been made for this report that the
sampled zone extends from the water surface to 0.3 foot above
the stream bed. In shallow streams several percent of the
streamflow and a larger percentage of the suspended-sediment
discharge may be discharged within 0.3 foot of the bed. Integra-
tion of the velocity equation (3) (Einstein, 1950, p. 8) in the form

= 30.2 yx
Uy = 5.75 V32.2 SR’ log,, ——k:V——

was the basis for the curves of figure 45 for P equal to 4, 8, 11,
and 14. In this equation u, is the time-averaged velocity at a
distance y above the streambed, S, is the energy gradient, and
R' is the hydraulic radius with respect to the grain (according to
Einstein)., P is usually about 11, but figure 45 was prepared to
include a wide range of P because certain experimental deter-
minations of P, or at least of a quantity that is considered to be
analogous to P, may cover a wide range.

Figure 45 can be used to determine the approximate propor-
tion of the total streamflow that the sediment sampler traversed.
The accuracyof the proportiondepends onthe closeness of agree-
ment between the velocity equation and the average actual veloc-
ity profile for the cross section. The proportion expressed as a
fraction can be multiplied by the total streamflow, in cubic feet
per second; by the average concentration from depth-integrated
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samplés, in parts per million; and by the constant 0.0027 to com-
pute the sediment discharge through the sampling zone.l/

The next step in the solution of equation (C) is to compute
ipQp according to Einstein's procedure or modifications of his
procedure. Then equation (C) can be solved by trial and error
because 11", Ig", J1', Jo', Jy", and Jy" are determined by z
and known quantities. Figure 46 shows an approximate relation-
ship that can be used to obtain a good first approximation of z,.
Two or three tridl solutions of equation (C) should determine zg
to the nearest 0.01 if that much accuracy is desired.

The z5 as computed from equation (C) is the one numerical
value of z that will give the measured discharge of suspended
sediment in the sampled zone and also be consistent with the
computed igQpg. It is also the one numerical value for which the

_1_7 Larger constants are used for concentrations greater than
35, 000 ppm.
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same suspended-sediment discharge is computed by the modified
Einstein procedure for the ranges of small particle sizes as by
the modified procedure for the larger particle sizes. (See p. 96
for discussion of differences betweenthe application of the modi-
fied Einstein procedure to the smaller particle sizes and to the
larger particle sizes.) Because inaccuracies in determining the
suspended-sediment discharge and in computing igQp are likely
to be relatively large when these quantities are small, zg should
be computed from equation (C) for a size range that has appreci-
‘able quantities of bed-load discharge and of suspended-sediment
discharge in the sampled zone. For the Niobrara River, the size
range from 0.125 to 0.25 millimeter seems to be best suited for
the computation of z9 from equation (C). This size range, which
has a geometric mean size of 0,00058 foot, is sometimes re-
ferred to as the reference size.

After zg has been computed for the reference size range,
z9's for the other size ranges are computed in proportion to the
0.7 power of the fall velocities of the geometric mean particle
sizes. This computation is simplified by use of plate 1 or a table
that is based on plate 1. This plate gives the multipliers for
computing z,'s for other size ranges from zg for the 0.125 to
0.25 millimeter range.

If the total sediment discharge of a stream is measured at a
contracted section, another type of z can be computed by trial
and error. This type of z, designated zg3, will for a given size
range make the computed total sediment discharge through a nor-
mal section equal the measured discharge of sediment at the con-
tracted Eection. Let Qg'"' be the measured discharge, in tons
per day, of sediment of a given size range that passes through
the contraction. If total sediment discharge is computed at the
contracted section, then

Qslll = an + iBQB

and from equation (B)

QSHI 1BQB(PI]." + 1211) + IBQB

igQp(PL;'" + Ig'" + 1)
Substitution in equation (C) gives

Q' _ 1 Il” . ,
stn - (PIl" + 12” + 1) jﬂl—v (PJI + J’2)

equation (D)

The zg's can be computed by trial and error from equation (D).
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C€OMPUTATION OF -SHEAR VELOCITY

Another major difference between the Einstein and the modi-
fied procedures is in the computation of the shear velocity with
respect to the sediment particles. In the modified procedure the
shear velocity, V32. 2 (SR),, , is computed from a slight modifi-
cation of equation (9) (Einstein, 1950, p. 10). The modified equa-
tion is

_— 12.274d .
= 5.75 V32.2 (SR), log; T" equation (E)
u
or Um =
2.2
5.75 lagyo l—g—i}f
S

in which U is the average velocity for the cross section and is-
usually taken from a streamflow measurement-
(SR)my, is the quantity that is obtained by solving equation (E)
for SR for a known numerical value of u

Note that the depth d is used under the log sign rather than R'
as given by Einstein. In equation (E), x is indirectly a function
of the shear velocity, so the equation must be solved by trial.
However, the first guess for x isfrequently close enough to make
a second trial computation unnecessary.

Shear velocities, uy,, computed from equation (E) for the Nio-
brara River near Cody are usually much smaller than the shear
velocities as computed by the Einstein procedure. Therefore, the
mean velocities computed by the Einstein procedure are usually
appreciably higher than measured average velocities. Shear ve-
locities, up,, being based on measured velocities in the cross
section, probably are more representative of the sediment trans-
porting power of a stream than are shear velocities as computed
by the Einstein procedure. However, the use of shear velocities,
upy, that are based on actual velocities probably makes these.
shear velocities not directly applicable to the computation of bed-
load discharge from the W, versus @  relationship of plate 2.
'V, is the intensity of shear for sediment grains of a size range
and is computed from equation (F), &P, is the intensity of bed-
load transport. )

*

COMPUTATION OF THE INTENSITY OF BED-LOAD TRANSPORT:

According to-the Einstein procedure, the intensity of bed-load
transport is computed from a basic equation for shear intensity

W, and three graphs. The equation (Einstein, 1950, p. “3%,

S—
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equations 49 and 5% is
V. = 2 _ D .
« = EY(B/BY° (Sg - 1) S.R equation (F)

in which § and Y are two correction factors to be defined by
graphs
B and B x are certain logarithmic functions
Sg is the specific gravity of the sediment particles
D is the geometric mean diameter of the sediment par-
ticles of a size range

Also, \I/* computed from equation (F) is related to the intensity
of bed-load transport, @*, by a theoretical equation (Einstein,
1950, p. 37, equation 57)., The constants in the equation were
determined by Einstein from bed-load experiments in which uni-
form sediment was used. Plate 2 gives the curve that represents
the equation for the relation between \I”=< and CP*.

If (SR),, is to be used in place of S R', equation (F) presum-
ably no longer applies directly. That is, it computes a \I/m that
is numerically different than ‘I/*. Consedquently, the ‘I/m ver-
sus CI)* relationship cannot be expected to be the same as the
v % versus (I)* relationship.

A further objection to the direct use of equation (F) in the
modified procedure is that the curve (Einstein, 1950, fig. 7) for

in terms of D/X (X is a characteristic grain size or charac-
teristic distance, in feet) seems to have an incorrect slope for
small sand sizes. A slope that might be correct for z's that are
assumed to vary directly with the fall velocity cannot be expected
tobe correct for z's thatvary with about the 0.7 power of the fall
velocity.

If the z;'s or zg's for different ranges of sediment sizes are
known and the sediment discharges through the sampled zone for
these size ranges can be determined, part of the E versus D/X
relationship can be computed. To make the computations, equa-
tion (C) is used in the form

o I1' Qs'
1. =
BB © " (PJ,' + Iy

Then from an equation given by Einstein (1950, p. 59, step 34)
plus self-evident transformations

5 O
b, - ‘B equation (G)
43.2 w 1,200 i, D3/2
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The constants of Einstein's equation in foot-pound-second units
equal 1,200, and ib is the fraction of the bed material in the size
range. From @, and plate 2, V- can be determined. Finally,

can be computed from equation z‘F) . Figure 47 shows the re-
lationship between computed § and D/X. Although the points
scatter considerably, the slope of most lines that are drawn
through individual sets of points averages about 45 degrees for
z's that vary as the 0.7 power of the fall velocity.

A change in the assumed relation between z and the fall ve-
locity greatly changes the slope of the lines on figure 47 as the
computations for May 11, 1950, show. A z of 0.68 for the size
range from 0.125 to 0,250 millimeter was used with z's that
were varied with the 1.0 power of the fall velocity and also with
z's that were varied with the 0.7 power of the fall velocity. The
slope of the line for variation with the 1.0 power of the fall ve-
locity was more than double that for variation with the 0.7 power.

As z becomes smaller, the slope of the lines on figure 47 be-
comes flatter, (See fig. 48 and pairs of slopes on fig. 47 for
May 11, 1950, and Aug. 3, 1951.) The tendency for the slope of
the ¢ versus D/X curve to become flatter as z decreases has
been established only for a fixed relation between z and fall ve-
locity. An incomplete analysis of available data has not yet es-
tablished the relation of figure 48 for z's thataredetermined for
different size classes without use of such afixed relation, Though
figure 48 may indicate a possible limitation on an assumed vari-
ation of § with D/X, yet £ can fairly safely be assumed to vary
inversely with D/X within a range of z's of perhaps 0.5 to 0.8
for the size class from 0.125 to 0.250 millimeter. Also, as X
is constant for any one set of points onfigure 47, ¢ varies near-
ly inversely with D throughout the ranges of size for which QS'
was large enough to define a point on the figure, or up to a size
of at least 0.5 millimeter,

Variations in X are not large and do not seem to explain any
significant amount of the scatter of points on figure 47. This
scatter in computed §'s appears to be characteristic whenever
z's are determined individually or from an average curve and
are then used to compute corresponding § 's.

If E is assumed to be inversely proportional to D below some
undefined particle size, then according to equation (¥ \I-’*, and
consequently ‘b*, does not change from one range of particle
sizes to another below this undefined size. A question still re-
mains as to how tc compute \If* or a function to replace \I’*.
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EXPLANATION

Symbol Stream Section Date z for 0.125 Variation of z
to 0,250 mm | with fall velocity

— ~e— — |Middle Loup R at Dunning c-2 7-14-50 0.37 0.7 power
——O-— | Niobrara R near Cody gaging station | 5-11-50 .68 1.0 power
—&— |Niobrara R near Cody gagmng stotion | 5-11-50 .68 .7 power
——# —~— |Niobrara R near Cody gaging station | 5-11-50 .47 .7 power
—w=—24—— | Niobrara R near Cody c-2 8- 3-51 .88 .7 power
—-~4&—-— Niobrara R. near Cody c-2 8- 3-51 .78 .7 power
—e+—0—+— Niobrara R. near Cady c-2 5- 8-52 .60 .7 power
—-»—8—-.- | NIobraro R. near Cody c-2 9- 26-52 .72 .7 power
-—+—%—+— |Niobrara R. near Cody c-6 9-26-52 .42 .7 power

Figure 47.--Relation between §{ and D/X for the geometric
mean of three ranges of particle sizes 0.062 to 0,125 mm,
0.125 to 0.250 mm, and 0.250 to 0.500 mm.
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Figure 48.--Approximate relation between z for sediment
in size range of 0,125 to 0. 250 mm and slope of the §
plotted against D/X curve.
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Einstein (1950, p. 10) states that sediment transport "is a
function of a flow function of the type":

D
- 35
V= (S5~ 1) zgrg

e

or for the modified procedure in which (SR),, differs from SeR'

D35
¥, = (Sg - 1) R

1.65 D3y

equation (H
5F)m Auation ()
in which Dgg is the particle size of the bed material at which
35 percent by weight of the grains is finer. Equation (H) is used
to compute \I/m for some size ranges.

Computations of the type that determined the points of figure
47 cannot be made from available field data to define the particle
size atwhich D or D/X is no longer inversely proportional to § .
So for the ranges of larger particle sizes the assumption was
made that § Y(B8/B,)2, which is a term in equation (F) for
computing \I/*, can be replaced by 0.4 in a corresponding equa-
tion for W . Actual determinations of Y(B3/8,)“ have ranged
from about 0.3 to 0.6, and for these larger particle sizes f =
1.00. Throughout the range of particle sizes, the quantity \I’m
is computed from the equations

1.65 Dy
T — tion (H
\I/m R equation (H)

.65 D
Y, = 0.4l
(SR),

. 0.66D
= E‘ﬁ')‘;n_ equation (I)

and the larger \I/m from these equations is used for each geo-
metric mean particle size. In terms of particle size, the shift
from equation (H) to equation (I)-comes at 2.5 Dgq.

One further modification was made in the computation of the
intensity of bed-load transport. This modification was based on
comparison, for the reference size range from 0.125 to 0. 250
millimeter, of average computed z4's with averages of the more
directly determined z;'s and z3's. An average z; and an aver-
age z3 for the reference size were computed from the data that
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were plotted on figures 40 and 42. Several computations of z,
were made from equation (C). For insertion in equation (C),
iBQB was computed from ®* that, in turn, was determined
from \I/m and plate 2. Twenty of these computed z3's averaged
about 0.80 as compared to averages of 0.68 for zg's and 0.53
for zj;'s. Therefore, the z9's appeared to be appreciably too
high,

Another check on the size of the z,'s can be made. The z,'s
for the size range from 0.25 to 0.5 millimeter were computed
from the zgy's for the reference size range and were found to be
too large to give approximately correct sediment discharges by
equation (A), which is sensitive to small changes in z when z is
large. To reduce the average z5 nearer to the average z; and
23, the bed-load transport intensity, ® , was arbitrarily divid-
ed by 2. This division by 2 reduced z, by about 0.10.

NECESSARY. BASIC DATA

The Einstein procedure was modified to make as effective use
as possible of readily measurable base data for a single section.
The required data for computation of total sediment discharge by
the modified procedure at a particular time are:

1. Stream width, average depth, and mean velocity from a
streamflow measurement or other suitable source.

2. Average concentration of suspended sediment preferably
from depth-integrated samples, but the concentration canbe com-
puted above some specific distance from the stream bed from
point-integrated samples.

3. Size analyses of the suspended sediment that was included
in the average concentration.

4. Average depth at the verticals where the suspended-
sediment samples were collected.

5. Size analyses of the bed material.
6. Water temperature.

For a stream such as the Niobrara River near Cody, bed-
material samples that were collected over a period and a range
of water discharge may be averaged, because the bed-material
size distribution does not seem to change significantly with either
time or water discharge. (See p. 23-25.) If the bed-material
size distribution at a section is likely to change from time to
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time, bed-material samples should be collected for size analyses
at thetime for which each computation of total sediment discharge
is. to be made.

In addition to these required data, point-integrated samples
might be collected and analyzed for size and concentration. Then
z;'s can be determined for comparison with z,'s. Also, total
sediment discharge can be computed on the basis of the z;'s for
comparison with total sediment discharge that was based on z5's.
However, point-integrated samples are not essential to the meth-
od, and zl's do not give more accurate computed sediment
discharges.

A good cross section for computations by the modified Ein-
stein procedure has a uniform lateral distribution of depth, ve-
locity, and concentration, a mean velocity at least 2.0 feet per
second, and an average depth of at least 1,0 foot; also it is in a
straight, undisturbed reach of alluvial channel. Sections far from
idealusually seemto give reasonably accurate computations even
though the stream slope is changing somewhat along the reach,
the section is at a slight contraction, or part of the streambed is
scoured down to bedrock. The flow does not have to be perpen-
dicular to the section; but in computing the mean velocity and the
cross-sectional area, any horizontal-angle correction must be
applied to the width and not to the velocity. Sediment transporta-
tion varies as an exponential power of the velocity. Hence the
sediment transportation should be computed along the direction
of flow. The horizontal-angle corrections canbe applied to meas-
ured lateral distances. This applicatior of angle corrections is
consistent with the assumption that sediment transportation var-
ies directly with width.

No simple statement can now be made with respect to allow-
able variations in lateral distributions of depth and velocity in a
cross section intended for use withcomputations of total sediment
discharge by the modified procedure. In general, the lateral dis-
tribution of concentration probably is not critical if adequately
defined by samples. If the flow and sediment across the section
are not thoroughly mixed, for example, close below the mouth of
a tributary, then the section may not be usable. Also, any sec-
tion in which most of the area has velocities higher than 2.0 feet
per second is probably satisfactory with respect to lateral dis-
tributions. Sections in which a relatively small area of the cross
section has low velocities are usually satisfactory, but sections
with large cross-sectional areas in which the flow is below 1.5
feet per second may not bé satisfactory. Of course, such sections
can be divided into two or more parts, and separate computations
can be made for each if enough samples are taken across the
stream.
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For August 3, 1951, section C-2 was divided into two parts
for sediment computation by the modified Einstein procedure.
The total sediment discharge so computed varied little from that
computed for the cross section as a unit. For section C-6 the
cross section seemed to be least uniform laterally on August 3
and July 18, 1951, and on September 26, 1952. Sediment dis-
charge on these 3 days was computed for 2 parts of the sec tion.
The sum of the sediment discharges for the 2 parts exceeded the
discharge for the section as a whole by 5 percent for July 18,
1951, Even though the cross sections were far from uniform on
the other 2 days, the computed sediment discharge was changed
only about 1 percent by dividing the section into 2 parts.

SAMPLE COMPUTATION OF TOTAL SEDIMENT DISCHARGE:

Probably the best way tolearn or to evaluate the modified Ein-
stein procedure is to follow through a sample computation. The
computation form currently used is shown as plate 3. Computa-
tions for section C-2 of the Niobrara River near Cody for June 19,
1952, are entered on the form and will be explained in detail.
Vertical lettering indicates information that is part of the basic
computation form. Information and computations that are in-
serted on the form are in slant lettering. Most computations are
to slide-rule accuracy only. Column numbers have been added
to the form to simplify the explanations. In general, the termi-
nology suggested by Einstein (1950) is followed, and symbols that
have not already been defined are defined where they are first
mentioned,

Figures of base data are first entered onthe computation form
in the box headed "Preliminary data and computations.”" The
width, mean velocity, average depth, and average depth dg at the
sampling verticals all in foot-pound-second units are 118, 2.08,
0.98, and 1.22, respectively. These units are used throughout
the computations except for sediment discharges that are repre-
sented by symbols with a Q and are in tons per day. On the av-
erage 65 percent of the bed material is finer than 0.00105 foot,
and 35 percent is finer than 0.00075 foot. The mean concentra-
tion from depth-integrated samples is 262 ppm; QsM' measured
sediment discharge (product of concentration in parts per million,
streamflow in cubic feet per second, and 0.0027) is 163 tons per
day; and water temperature is 64°F. The particle-size analyses
of the suspended sediment at the time for which the computation
is to be made, the average size distribution of suspended sedi-
ment for a mean concentration of 262 ppm, and the size distribu-
tion of the suspended sediment at the contracted section are listed
at the bottom of this box on the computation form. The average
size distribution is obtained for each size range from average
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curves of percentage of sediment in each size range versus sedi-
ment conceniration in the sampled zone. An average size distri-
bution may show large inaccuracies in an individual size analysis
and indicate that the individual analysis should not be used. Also,
the average size analyses can be used, and have been used al-
though the computations are not shown on plate 3, to compute the
sediment discharge at a normal section. (See p. 102.)

The computations begin with the determination of (SR),, from

equation (E) (p. 83) for u = 2.08 feet per second.

fr— 2.08
(SR)p, = 27 d x

12,
5.75v32.2 logyy — % —
S

Assume on the basis of past experience or an approximate com-
putation on scratch paper that x ='1,54. Then

2.08
V(SR)y, 12.27 - 0.98 - 1.54

32.6 logyg 0.00105

0.0150

0,000225

(SR)
The shear velocity is computed from

uy, = VER) L VE

0.0150 - 5.68

0.0853

The kinematic viscosity, v , is 0.0000114 square foot per second
at 64°F. The thickness of the laminar sublayer, & , is

11.6 v
8 =
Um
11.6 - 0.0000114
0.0853
= 0.00155
o ks _ 0.00105
8 ~ 0.00155

0.68
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and from figure 44, x = 1.54. As the assumed x is the same as
the computed x, no recomputation is necessary, In fact the whole
quantity under the log sign is solarge that x can differ consider-
ably from its assumed numerical value without necessitating a
recomputation.

By definition

30.2 dx
k.
o

gl
u

30.2 *+ 0.98 - 1.54
0.00105

2.303 log

= 10.7

Also A'= d,/dg and d, is the vertical distance, in feet, not
sampled; that is, the distance from the bottom of the sampled
zone to the stream bed. Thus

,_ 0.3
Al= 1.22

= 0.246

Figure 45 indicates that 80 percent of the streamflow was sam-
pled. The discharge through the sampled zone, Q; ', of sedi-
ment particles of all sizes is 163 x 0.80 = 130 tons per day.

The next major step is the computation of iBQB. (See "Com-
putation of iBQB” box on pl. 3.) Column 1 contains the geometric
mean particle sizes in fractions of a foot for bed-material size
ranges of 0.125 to 0.25, 0.25 to 0.5, 0.5 to 1.0, 1.0 to 2.0, and
2.0 to 4.0 millimeters. Neither smaller nor larger sized parti-
cles would have appreciable bed-load discharges. These geomet-
ric mean sizes are the square roots of the products of the limits
of the size ranges.

The intensity of shear on the particles, \Ifm, is computed
from equations (H) and (I)

1.65 D35

m°: W equation (H)
0.66 D -

m = (—S—-f-{-)—;l— equation (I)

in which D is the geometric mean particle size from column 1.
The number 1.65 is the specific gravity of the sediment particles
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columns 8 to 11 and 13 and 14. Column 12 contains the ratio
(PJy" + Jz”)/(PJl' + Jo') for each range of particle sizes.
These ratios are computed from P = 10.7 and from entries in
columns 8 to 11, Column 15 contains the numerical values of
PI{" + Ig" + 1.

Total discharge of sediment through the cross section is next
computed for entry in column 16 (pl. 3) by multiplying together
figures from column 2 and ratios from column 12 for the ranges
of fine particle sizes and figures from columns 4and 15 for the
ranges of coarser particle sizes. The sum of the figures in col-
umn 16 is the computed total sediment discharge at the section.
Column 18 contains, for comparison, the measured discharges of
suspended sediment at the contracted section. The percentages
by which the computed sediment discharges in the size ranges
and the total sediment discharge differed from the measured sed-
iment discharges at the contracted section are given in column19.

The computation methods are different for the ranges of the
finer particle sizes than for the ranges of the coarser particles
because of two limitations. In the reference size range the two
methods will compute the same sediment discharge if z5 is pre-
cisely correct and if igQpg is added to the computed discharge of
the finer particles. (In the sample computation, igQpg is not
added to the computed discharge of sediment for the two ranges
of smallest particle sizes because it is negligibly small.) Theo-
retically, either the (PJ{" + Jo")/(PJ{' + J2') method or the
PI;" + I3" + 1 method can be used throughout the range of parti-
cle sizes. Practically, the first method is limited to ranges of
particle sizes for which Qg' can be determined with fair accu-
racy; the second method, to ranges of particle sizes for which
i, canbe determined with fair accuracy. Another practical limi-
tation on the choice of method is that a given percentage of vari-
ation in zy5 changes the computed sediment discharges more by
the first method when z5 islarge and more by the second method
when zg is small,

The bottom part of the computation form (pl. 3) is for compu-
tations that are based on z;'s from point-integrated samples,
z3's from measured sediment discharges at a contracted section
(that is, a section at which nearly total sediment discharge can
be measured), or z,'s (z's computed from an empirical equation).
Columns 1, 2, 5, and 7 are filled in with the same figures as for
the computation that is based on zy's. The z for the reference
size is listed in column 6. Then the z's for other size ranges
are computed by use of plate 1 and are also entered in column 6.

The sample computatxon on plate 3 is for a z, computed from
the equation z4 = 4.6 (VS) . Equation (C) can be used to com-
pute iBQB for the reference size range. Thus if z, = 0.69,
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A'= 0.246, and A" = 0,00118;

igQp = Qs
BB ~ Il” (PJI' + Jzt)

2.21 *+ 51
3.90 (10.7 - 0.62 — 0.47)

4.69

For other size ranges in which Qs' cannot be measured satis-
factorily, ipQp can be assumed to be proportional to the figures
in column 8 of the upper right computation box. For the refer-
ence size, the ratio of bed-load discharges is 4.69/8.30. The
figures of column 8 can each be multiplied by this ratio to obtain
the figures for column 4 of the lower computation box. The fig-
ures in columns 8 to 19 are computed in the same way as for the
method that is based on zg's.

As the sample computations are not based on zl's, additional
suggestions might be helpful. The zy's can be used directly for
each size range for which they are known, the z; for the refer-
ence size only can be used and the other z's can be computed
from plate 1, or the zl's can be weighted to obtain an average
z1 for the reference size. The last method was used for this re-
port. The z;'s for size ranges other than the reference size
were divided by the multipliers from plate 1 to obtain zy's that
would be equivalent to z;'s for the reference size. The equiva-
lent z;'s and the zy for the reference size were then weighted
according to percentage of sediment in their size ranges to get a
weighted zj for the reference size. Thus all the z;'s were given
at least some weight. The z;'s for all other size ranges were
computed from the multipliers of plate 1.

The measured sediment discharge at the contracted section is
measured only in the sense that it is based more or less directly
on the concentration of samples that were collected in the con-
tracted section. Several computations were involved in trying to
adjust the water discharge and sediment concentration at the con-
tracted section to make them comparable to those at a normal
section, On June 15, 1951, at section C-2 a water discharge of
322 cfs was measured at 11 a.m., and sediment samples were
collected at 12:10 p. m. Time of travel of water from the gaging
station to section C-2 was estimated to be 30 minutes on the ba-
sis of measured velocity and distance between sections. Thus at
the gaging station the equivalent measuring and sampling times
were 10:30 a.m, and 11:40 a.m. Between these 2 times the stage
at the gage dropped 0.04 foot, which according to the rating table
is equivalent to a decrease in flow of 17 cfs. Hence, the water
discharge at section C-2 at 12:10 p.m. is computed to be 305 cfs.
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The measured sediment discharges at the contracted section
(tables 34-36) have been adjusted for time of travel of the water
and for changes in flow (p. 97-98) to make them directly compa-
rable with computed sediment discharges atnormal sections. Any
one of these measured discharges may, however, be incorrect by
20 percent or more,

Variations of the modified Einstein procedure include compu-
tations that are based on zl's, z4's, or on the use of average
size distributions rather than actual analyses of suspended
sediment.

Sediment discharges computed from the z;'s, which were de-
termined from the analyses of point-integrated samples, are given
in table 35 and are plotted on figure 50, The method of computa-
tion is explained on pages 96-97, These computed sediment dis-
charges compare well with measured sediment discharges at the
contracted section when the z;'s for the size range from 0.125
to 0. 250 millimeter are relatively large and hence are compara-
ble with zy's. The computed total sediment discharges tend to
become too low as the z;'s decrease.

Total sediment discharge of a stream can be computed from
z4's, the z's that are computed from an equation. The equation

z4 = 4.6 (V)07 equation (J)

was used. This equation is based on variation of zl's and zg's
with the 0.7 power of the fall velocity (figs. 40 and 42). The av-
erage of 10 determinations of zg for the Niobrara River near
Cody and 4 determinations of zg for the Middle Loup River near
Dunning, Nebr., was 0. 68 for the size range from 0.125 to 0.250
millimeter. The corresponding average of fall velocities was
0.0645 foot per second. The equation defines a line on logarith-
mic coordinates that has a 0.7 slope and passes through the point
that represents these averages. After the z4's are computed
from the equation, the method of computation is the same as for
z,'s. For ease of computation, plate 1 can be used to compute
z4's for other size ranges from the z, for the reference size
range. The fall velocities for different temperatures and ranges
of particle sizes are given on figure 51. Total sediment dis-
charges computed from the z4's are given in table 36 and are
plotted on figure 50. Of course, if z, exactly equals z5 for the
reference size range and for a particular time and cross section,
the tonnages computed in the upper and the lower parts of the
main computation box of plate 3 will be the same except for small
differences in rounding numbers during the computations.

One source of inaccuracy in computations of total sediment
discharge by the modified Einstein procedure is unrepresentative
size analyses of suspended sediment at the normal sections. As
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Table 3l.--Comparison of computed sediment discharge from modified Einstein procedure
applied to normal sections with measured sediment discharge at contracted section

Sediment discharge (tons per day)

Percentage
Less |0.062 [0.125 [ 0.25 [ 0.5 [ 1.00 | 2.00
mie | section | than | o | fo | o | to | o | i | motar |5ibemn
0;13162 u;n}nzs Ofmis or;lmso 1,}“00 2{.;:0 s;mgo discharge
1950
Mar. 3...| Gaging station. 328 L36| 883 a1 57 6| 2 2,120 113
Contracted..... 2L3 37h Bh2 337 19 6. ] 1,870 .cun P
May 11... | Gaging station. 324 | 725|1,345 | 675 89| 12| 6 | 3,180 95
Contracted..... 301 501 | 1,470 9691 200 ..euf.eva| 3,340 Cereaiees
Aug. 30.. | Gaging station. b36| 251 |, 6h9 | "351 L6 Li 1 1,740 99
Contracted..... 475 229 493 L93 700 vooe | enen ] 1,760 caiiiiiiii.
1951
Apr. 27..| Gaging station. 1901 L73) 98 Soh| 70 7 3 2,200 98
Contracted..... 269 Lh8 825 582 112f eeun|veno} 2,200 ceiniinn,
May 10... | Gaging station. 77 218 561 316 bl N 1 1,220 92
Contracted. .... 93 213 559 L26 ot eeeeleven| 1,330 cevnnnnnes .
June 15..| €2 1/,..c.iuns 62| 289 | 988 576 us 2|.... ] 1,960 187
ContTacted..... 05| 178 766 . .n.n vevel ceen | eeee ] 1,050 ceiiininn. .
July 18.. | C-2.......... .. Lh2| 110| 397 2391 17 1{.eus 806 90
Contracted,.... 72 126 Los 261 36  cove | anes 900 [ civaernenns
c-6 2/..... . L3 28| Les|{ 285| 39 2 . 822 86
ContTacted..... 77 13 433 278 1 I R 960 | veriinniann
Aug. 3...|C-21/........ 418 7 242 | 182 17 B 867 56
Contracted 3/ 3281 203 L99 | W6B| 31! 16| 16 | 1,560 ceceiin.nnn
[ 212 202 515 371 58 Sl eeae| 1,360 83
Contracted 3. 3hh 213 5251 L92 33 16] 16 | 1,6L0) veuuennnnn.
Sept. 6..| C-2....in...n. 4,190 | 1,0L0 | 1,960 | 1,220 142 241 13 8,590 85
Contracted..... | 4,140 1,010 [ 2,220 | 2,320| 303} 101|....|10,100| ceurunnnnne
C-burrrnrnnnnn .29 825|1,700| 875| 152! 3| 8 | 6,580 8l
Contracted..... | 3,220} 785[ 1,730 |1,800| 236| 78| .e.c| 7,850 cecuuuvnnn .
1952
Apr. 1o C=2uiiiiinannnn 1,020 {1,030 | 2,20 {1,140 130 20| 11 5, 590 75
Contracted I.;/ 9631 1,110 (2,890 [2,000| 1U8| covu | eoee| T,HI0| cuurnnnannn
May 8.... 0—2 ...... s 216 L36 617 382 39 3 1 1,690 83
Contracted 5/. . 28) 304 832 568 Bl e veen| 2,030  ceneunnnnn .
[ 1921 336 507 256 29 1{....| 1,320 71
Contracted..... 262 280 767 52l 37  weee | veee| 1,870 siuiiiinnn,
June 19..| Gaging station. inn 67 259 133 h I U B 51k 107
Contracted..... 53 67 216 130 W) vene ) anne LBO| veviavannra
C-2iiininnns .. L6 53| 186 12kl 11 ....{.... 420 89
Contract.ed 52 66 212 127 Wi cove ] coue L70] eeevenann. .
C-6uunnnnnnnn L2 50| 128 7h [ I I 302 66
Contracted..... 5l 6l 207 124 ] .. e LEO | vevennnnnnn
Sept. 26.| Gaging station. 31 63 226 108 10 cene | coen 1438 9k
-Contracted..... L2 65 223 126 |2 B B L6S| vuvuunnn vee
C-2.0unnn. 30 b7| 88| 136| 13| 1].... 115 112
Contracted..... 33 52 178 100 (A T O 370 | eiinnnnnn .
Cbuvinrnnnnn . 38 63 297 206 2L 1] .eee 629 16
Contracted..... 39 &0 206 116 2 P {703 I

See footnotes at end of table.
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Table 37.--Percentage comparison between sediment discharge computed by the
modified Einstein procedure and measured sediment discharge at the
contracted section

Computed total sediment discharge at a normal section in
percentage of measured discharge

Date Less than [ 0,062 to | 0,125 to [ 0,250 to [ More than 11 si
0,062 mm | 0.125 mm | 0,250 mm | 0.500 mm | 0,500 mm |All S12es
Gaging-station section
1950
Mar, 3...... 135 117 105 122 87 113
May 1ll...... 108 145 92 70 107 95
Aug. 30..... 92 110 132 71 73 99
1951
APT. 2Tuvane 71 106 11l 87 7L 98
May 10...... 83 102 100 74 122 92
1952
June 19..... 83 100 120 102 79 107
sept. 26.... Th 97 101 86 11 9l
1953
July B...... 92 11 1Lk 105 LY 11)
Average... 92 111 11} 90 87 102
Section C-2
1951
June 15 1/.. 59 162 129 O TP 187
July 18.7... 58 87 98 92 50 90
Avg. 3 1/... 127 3 L8 39 38 56
Sept. 6..... 101 103 88 53 b 85
1952
Apr. l..... . 106 73 78 57 109 75
May Bicevens 76 143 i 67 105 83
June 19..... 88 80 88 98 79 89
Sept. 26.... 91 90 106 136 200 112
1953
May 20...... 106 91 87 121 193 100
Average,.. 89 95 88 89" 111 91
Section C-6
1951
July 18..... 56 21 98 103 108 86
AUg. 3.eeann 62 95 98 75 97 83
Sept. 6eeue. 92 105 101 L9 61 8l
1952
May Beveiennn 73 120 66 19 81 71
June 19..... 82 78 62 60 .57 66
Sept. 26.... 97 105 L) 178 2/ 2718 146
1953
May 20..e... 98 60 101 129 2/ 303 101
Average... 80 83 96 92 115 91

1 Incorrect size analysis; omitted from averages.

2 Used as 200 percent in computing average.



UNMEASURED SEDIMENT DISCHARGE 109

to high percentages, which frequently were based on small ton-
nages of sediment. All percentage figures of table 37 were based
directly on sediment discharges in table 34,

Vertical distribution of sediment inthe size range below 0.062
millimeter is so nearly uniform thaterrors in its computation by
the modified Einstein procedure are almost negligible. That is,
inaccuracy in the percentages in the column for sediment finer
than 0.062 millimeter is due almost entirely to inaccurate basic
information rather than to errors in-computation. Similarly,
large inaccuracies in percentages for the size range from 0.062
to 0.125 millimeter are due to unreliable basic information rather
than to the computation procedure, for computation errors are
necessarily small in this size range. Therefore, the percentages
for the range of smallest particles and, to a slightly less degree,
for the range of next larger sizes are measures of the inaccuracy
of the basic data. Variations inthese percentages and inaccuracy
in averages of these percentages probably indicate approximately
the minimum amount of inaccuracy tobe expected in the computed
percentages for the ranges of larger sizes.

Except for sediment larger than 0.5 millimeter (tonnages of
such sediment are small), individual and average percentages
from table 37 show about as close comparisons for sediment
coarser than 0,125 millimeter as for the 2 ranges of smallest
particles.

On the basis of the few computations that have been made with
z's from point-integrated samples, the use of z;'s rather than
trial-and-error zy's decreased the accuracy of the computations
of total sediment discharge.

Total sediment discharges from z,'s thatwere computed from
equation (J) are plotted in figure 50. They are somewhat more
erratic and average a little lower than the other computed sedi-
ment discharges. Also, an equation of this type for computing
z4's contains no parameter of flow or turbulence andis not likely
tobe generally applicable to other streams than the one for which
it is defined.

Total sediment discharges computed from average size dis-
tributions show no clear-cut advantages except when they are
used in place of obviously incorrect suspended-sediment size
analyses, such as those for section C-2 on June 15 and August 3,
1951.

The modified Einstein procedure with trial-and-error zg's
and with actual size analyses of the suspended sediment has not
been applied to enough streams tolearn its limitations. Six com-
puted total sediment discharges for the Niobrara River near Val-
entine, Nebr., ranged from 76 to 129 percent and averaged 112
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8. For sections C-1 to C~10 the total sediment discharge ob-
tained by adding measured discharge of sediment finer than 0.125
millimeter to sediment discharge that was computed from the
Einstein formulas for coarser particles averaged 111 percent
(8 determinations) of the measured sediment discharge at the
contracted section., Similarly computed sediment discharges, 8
for section C-2 and 2 for the gaging-station section, were erratic
and averaged several times the measured tonnages. The size
distribution of the computed sediment discharge was usually much
different than that of the measured sediment discharge.

9. The equation z = Vs/0.4 u,' is not applicable for com-
puting an exponent that will agree with either the actual vertical
distribution of suspended sediment, z;, or the exponent, z3, that
will make the computed sediment discharge equal the measured
sediment discharge at the contracted section. From one size
range to another, z; and zg vary as about the 0.7 power of the
fall velocity of the geometric mean particle size if the fall veloc-
ity is based on equations given by Rubey (1933). The shear ve-
locity as computed from the velocity equation and from measured
average velocities shows no consistent inverse variation with z;
or z3. Also 0.4, which represents the universal constant of tur-
bulent exchange, k, is questionable, Three computations of k
based on vertical distributions of velocity in the sampling zone
ranged from 0.42 to 2.8, The low k was for a time when z; was
unusually high, and the high k, for a time when z; was unusually
low.

10. For particle sizes smaller than 0.5 millimeter, Einstein's
£ (1950, p. 36) varies about inversely as the geometric mean
particle size for z's that are about 0.5 to 0.8 and that vary with
the 0.7 power of the fall velocity.

11. A promising modified procedure based on Einstein's for-
mulas was developed for computing total sediment discharge from
streamflow measurements, depth-integrated samples, bed-ma-
terial samples, and water temperatures. In 24 comparisons,
some based on the gaging-station section and some on sections
C-2 and C-6, the computed total sediment discharge ranged from
56 to 187 percent and averaged 97 percent of the measured sedi-
ment discharges at the contracted section, If 2 computations that
were based on unrepresentative size analyses of suspended sedi-
ment were omitted, the remaining 22 comparisons ranged from
66 to 146 percent and averaged 95 percent of the measured sedi-
ment discharges at the contracted section.

12. The computation inaccuracies from the modified proce-
dure for the size range of sediment smaller than 0.062 millimeter
and to a slightly lesser degree for the size range from 0.062 to
0.125 millimeter are so small that the computed total sediment
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discharges in these size ranges are good indicators of the accu-
racy of the basic information. Comparisons for sediment dis-
charges in these two size ranges are little, if any, better than for
the computed sediment discharges in the ranges of larger parti-
cle sizes. Similarly, average percentages for each normal sec-
tion show that comparisons for computed total discharges of sed-
imentof all sizes are as good or better than those for the computed
discharges for the two ranges of smallest particle sizes. In these
two ranges the inaccuracies are nearly independent of computa-
tion methods.

13. Size distributions of the total sediment discharges that
were computed by the modified Einstein procedure agreed rea-
sonably well with size distributions of the measured sediment
discharges at the contracted section.

14. Principal disadvantages of the modified Einstein proce-
dure for computing total sediment discharge are inaccuracies and
uncertainties with respect to vertical velocity distribution and
other variables and relationships of the Einstein procedure, a-.
mount of time required for the computations, and need for ob-
taining streamflow measurements and accurate size distributions
of suspended sediment and bed material. Further development of
the method should decrease these inaccuracies and uncertainties
and shorten the required time for the computations.

15. Besides reasonably good accuracy of particle-size distri-
bution and quantities of computed total sediment discharge, the
outstanding advantage of the modified Einstein procedure for com-
puting total sediment discharges is that it greatly reduces the
necessary field work. Information is collected only at one cross
section, and neither point-integrated samples nor water-surface
slopes are required.
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See page

G Discharge of bed material, in pounds per

second ... ...l i et 56
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iBQB Sediment discharge through the bed layer of
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I, Equals =2 dy. e 71
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A
1
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K Constant for a given time and cross section to

simplify Einstein's equation (34) ............ 78
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Ky Equals 43.2Kj .......ciiiiiiiiniinan.. 59
k The universal constant for turbulent exchange. . 70
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TABLES OF BASIC DATA

Table 1l,--Streamflow measurements, Niobrara River near Cody, Nebr., ford

section
Cross- .
X . Mean Gage Dis- Number
Date Made by E’?.';i : il) sezt;:;c;nal velocity |height |charge of
(sq £t) (fps) (feet) | (cfs) |sections
1948
Apr. 9.. | zellars. | 126 108 3.48 1.16 376 L8
Apr. 22, | ...do... | 120 113 3.58 1.19 Lok L6
Apr. 27.| ...do... | 12k 138 3.90 1.51 539 L9
May 7...| ...do... | 112 118 3.28 1.16 387 L
May 13..| ...do... | 121 120 3.54 1,22 425 L7
May 27..| ...do... | 119.5 93.9 3.26 1.01 30L L2
June 1..| ...do... | 119 87.7 2.9h .92 258 Id
June 15. | ...do... | 120 89.5 3.11 .96 278 sk
June 23, | ...do... | 119 134 3.97 . 532 3L
June 30. | ...do... | 118.5| 100 3.58 1,12 358 L3
July 13.| ...do... | 118 88.2 2.97 .97 262 L1
July 20.| ...do... | 119 118 3.81 1.20 L50 L2
Aug, 2..) ...do... | 118 8l L 3.15 .99 266 L2
Aug. 18, ...do... | 118 85,7 2.89 .9h 2,8 53
Sept. 8. ...do... | 116.5 80.0 3.00 .91 2Lo 57
oct. 13, | Vice.... | 115 83.9 3.10 .98 260 29
1949
Jan, 27.| Zellars, | 119 116 2.h2 1.47 281 27
Feb, 16.| ...do... | 117 112 2.87 1,23 322 3L
Table 2,--Sediment-discharge measurements, ford section
Suspended sediment
Gage Water Mean Disch
Date Time height |discharge ischarge
(feet) (cfs) COHC?;};;?tiOn (tons per day)
1948
June 12..... 1:20 p.m. | 0.93 263 L27 303
July 20..... 6:00 p.m. | 1.21 L36 1,400 1,650
Sept. 8..... 6:52 p.m W91 23l Lo 259
oct. 13..... 3:05 p.m. .98 . 268 538 389
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Table 3,--Particle-size analyses of suspended sediment, ford section

Lﬁethod of analysis: Bottom-withdrawal tube in native wate£7

Suspended sediment
W:tel‘ Concen- | Concen- percent finer than indicated size, in
. is- | tration |tration of millimeters
Date Time charge of suspension
(cfs) | sample | analyzed 0,016 {0.031 }0.062 [ 0.125 |0.250 |0.500
(ppm) (ppm)
1948
June 12.. | 1:20 p.m. 263 Lot 1,640 3 5 1y 52 94 99
July 20.. | 6:00 p.m. 436 | 1,400 2,810 38 U6 56 69 88 96
Sept. 8.. | 6:52 p.m. 23k 1o 8l2 12 16 27 50 87 98
oct. 13.. | 3:05 p.m. 268 538 {.ivieennn . 2 I 10 26 9l 100

Table L.--Streamflow measurements, Niobrara River near Cody, Nebr., gaging-station section

éﬁureau of Reclamation employees making measurements were J. Busalacchi, C. R. Miller,
D. B. Raitt, R. Wertenberger, and G. J. Whitsel/

Cross=- Num- | Water-
. sec- Mean Gage Dis- ber surface
Date Made by Width | yiona1 | V8- | height |charge | of | slope
(feet) area |Locity (feet) | (cfs) | sece | (ft per
(sq ft) (fps) ) tions| mile)
L7
pec, 1h.. | Zellars....... 69 102 3.26 | 0.88 3331 3b | oieaens
Dec. 18.. . Th 95.h | 3.17 .90 302 [ 37| cevnnns
Dec. 27.. . Th 104 3.38 1.13 351 7
1948
Jan, 5... ] ..... doueuennn 7h 106 3.3 | 1.13 36h | 37
Jan. 12.. | ..... [ N Th 106 3.1 | 1.05 333 37 | seennnn
Jan, 21.. 7h 101 3.37 1.0k 340 37 [ eennnnn
Jan, 29.. 73 79.2 | 3.01 .8 2381 37 | ceeunnn
Feb. L.:. 73 92.6 | 2.90 .90 269 | 3T | veennn .
Feb, 21,. 73 107 3.22 | 1.07 3b5 | 35
Mar. b... 74 105 3.23 | 1.05 339 35
Mar. 13.. 73 92,2 | 3.32 .95 306 1
Cereesrenenas 76 120 b2l | 1.31 5061 38| .......
Mar, 16, | .0 ed0vuinnnninnennn. 81 210 5.62 | 2.43 | 1,180 27 | civenes
Mar, 19.. 74 138 3.80 | 1.36 sel | 37
Mar. 29.. 74 125 3,78 | 1.35 w3 | 37
July 20.. 72 118 3,62 1.24 128 36
Aug, 25.. 69 86.5 | 2.58 .88 2231 38
Sept. 8.. 70 105 2,31 .96 2h3 | 38
Sept. 25. 70 107 3,06 | 1,09 327 [T T RN .
oct. S5... 70 94h.8 | 2.81 .97 266 35| ....cue
oct, 13.. 69 89.8 2.90 .98 260 281 ...
oct. 1h.. 70.51 9L.6 2,96 1.00 280 [T N IR
oct, 25.. 71 96.2 | 3.12 | 1.07 300 | 37 [ eeeieen
Nov. 3... 7n 102 3.20 | 1.09 326 Lb 7.6
Nov, 17.. 72 105 .24 | 111 30| Lb 8.2
Nov. 30.. 71 102 3.29 | 1.08 332 36 7.7
pec. B... 72 95.7 | 3.10 | 1.02 297 35| veauiis
Dec. 20.. 71 100 2,94 97 29h 1 35| ...
1949
Mar, 3... 73 201 L.8h | 2.16 913 35| senenns
. Mar, 27.. 72 132 L.1bh 1.4b shé 36 | vuienns
Apr, 26.. 70 105 3.2y | 1.0 3ko 35 veeenen
May 16... 72 119 3.86 1.26 L60 36 | viernen
June l... 70,5 | 118 3.07 1.07 363 36 | vieenns
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Table l.--Streamflow measurements, Niobrara River near Cody, Nebr., gaging-station
section-~Continued

Cross- Num- | Water-
R sec- Mean Gage Dis- ber |surface
pate Made by Width | ¢5 021 | Ve~ | height | charge [ of | slope
(feet) | “orea locity (feet) | (cfs) |sec- (£t per
(sq ft) (2ps) tions | mile)
1953--Con,
apr. 16.. |ZellarS.c..eeunnnenn., 71 106 3. | 1.08 363 | 31
Apr. 22.. |Hubbell.. 71 1a7 3.36 1.09 360 22
May 3.... |Ericson....... 71 152 L.36 1.56 663 27
May 19..c [eeeeeOueinnennrannnnnn 72 98.3 3.47 1.06 341 36
May 20... |Johnson, Busch......... 70 110 3.36 1.16 370 28 |..... .
June 2... |EricsoNe..issecsennssns 60 80 3.30 .91 26 30 feeenien
June 10.. | Stevens, Alden......... 69 122 2.69 1.02 328 25 Jasenene
June 18.. | Calver, Ericson....... . 61 87.7 2.70 .82 236 26 | eieenne
June 29.. [Calvere.eieeneenaeennns 69 109 2,14 79 23L 25 |eieinns
July 8... |Johnson, KaspareK...... 69 117 2.0 .90 283 26 |eenenne
July 15.. [Steeles......... e 73 1oL 1.82 .76 225 | 37 |eeeenns
July 27.. | Calverse.euieensennaan, . 66 89.7 2.63 .81 233 LO [eueunnn
Aug. 4... |Hull, BusChe...eevuuns. 70 15 2,51 .92 289 24 | eeenes
Aug. 12.. |Steelesesriraennennnns 68 98.7 2.35 .78 232 36 7.0
Aug. 27.. |Steele, Ericson...... .. 70 108 2,18 .76 236 36 |eeennnan
Septe 9. [CalVEreieiiainanenanann 63 83.9 2.65 .78 221 23
Sept. 10. |Hull, KasparekK......... 69 98 2.33 .78 228 22
Sept. 22. [ Steele... 70 106 2,22 .78 235 25

Table 5.--Sediment-discharge measurements, gaging-station section

Suspended sediment
Gage Water Mean i Water
Date Time height | discharge | concentration Discharge temperature
(feet) (cfs) (ppm) (tons per day) (°F)

10:42 am. | .ee... 8L2

3:10 p.m. 0.90 2u8 794
Dec, 27...... 1:50 p.m, .11 355 951

1918

Jan. 5....... 2:45 pom. 1.13 366 1,110
Jan, 2l...... | 12:05 p.m, 1.05 334 737
Jan. 29.. 12:30 p.m, .8l 238 656
Feb, h... 12:40 p.m. .90 268 773
Feb, 21...... | 12:40 p.m. 1.06 350 1,180
Mar, boesonn. 1:10 p.m. 1.02 329 9L6
Mar. 13,..... | 12:35 p.m. | 1.07 37 1,330
Mar, 16...... 3:50 p.m. 2. 1,160 3,470
Mar. 19...... | 12:55 p.m. 1.36 L92 1,280
Mar, 29...... 1:10 p.m. 1.35 L86 1,070
APr. 9.c.enne 1:50 p.m, 1.16 382 8Ll
Apr. 27...... 1:00 p.m. 1.58 620 1,460
MY Tevevnnns 9:30 a.m. 1.16 382 89l
May 13....... | 10:10 a.m. 1.23 h2o 648
-May 27....... 2:00 p.m. 1,02 308 720
June l.....ae 1:45 p.m. 9l 268 534
June 15.,.... | 12;20 p.m, .97 283 Lo
June 23...... {*12:20 p.m. 1.4 537 1,280
June 30.. 9:20 a.m. 1.15 376 721
July 13...... 12:00 m. .96 258 .328
July 20...... 8:40 p.m, 1.2, 52 1,370
Aug., 2....... 10:30 a.m, 1,00 278 u7s
Aug, 18...... | 9:50 a.m. .92 238 634
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Table 5,--Sediment-discharge measurements, gaging-stetion section--Continued
Gage Water Hi::pended sediment Water
Date Time height | discharge tration Discharge temperature
(feet) (cfs) concgz:p;i 108 | (tons per day) (°F)
1948--Con,
Aug. 25,..... |11:35 am., | 0.88 219 39k 233
Sept. 8...... 6:15 p.m. .90 229 389 241
Sept. 25..... 2:45 pom, 1.06 308 518 431
oct. 5 2:10 p.m. .97 263 366 260
oct. LskS p.m. .96 258 183 336
oct. L:15 p.m. .96 258 340 237
oct. 1:00 p.m, 1.06 308 L92 409
Nov, 3:20 p.m. 1.06 308 56l Lé9
Nov. 2:20 p.m. 1.10 329 751 667
Dec. 1:55 p.m. 1.00 288 86k 672
Dec. 2:50 p.m. .96 278 6u3 L83
Feb., 2:50 pome f aenas 320 L23 365
Feb. 10:30 a.m. 1,29 L52 775 9l5
Mar, 9:20 a.m. 2.13 972 2,990 7,850
Mar, 200 p.m. 1,76 732 1,970 3,890
Mar. 27...... 3:25 p.m. 1.3 531 1,220 1,75
Apr. 26...... 2:10 p.m, 1,00 319 63k sh6
May 16... 1:L0 p.m. 1.25 Ls2 859 1,050
June 1, 12:15 p.m. 1,03 340 613 563
June 1h.. 2:15 p.m. 1.11 366 S8l 577
June 27. 1:20 p.m. .90 253 Lo8 279
July 13...... 3:55 p.m. .88 23l 219 138
July 27...... 3:20 pum. .81 210 2l3 138
Aug. 9...... . | 12:05 p.m. .86 238 299 192
Aug, 31...... 3:40 pom 8L 234 366 231
Sept. 29..... 3:30 p.m .82 22l 362 219
Oct. 6....... 2:20 p.m. 1.L9 578 1,940 3,030
oct. 22...... LeLS pom, .98 298 L82 388
Nov. U...... 12:00 m, 1,02 39 661 569
Nov. 29...... 12:20 p.m. 1.03 32 682 597
1950
Jan, 27...... 2:35 p.m. 1.07 291 Ls1 354
Feb, 10...... 3:55 p.m. 1.1k 3hl 32l 301
Feb. 2l...... 2:15 p.m. | 1,21 1436 1,350 1,590
Mar, 3....... 4:15 p.m. 1.13 392 1,060, 1,120
Mar. S....... 9:25 a.m. 1.16 408 1,55 1,710
3:30 p.m, 1,18 L20 1,L60 1,660
12:50 p.m. 1.11 382 893 921
12:00 m, 1,18 Leo 1,050 1,190
12:55 p.m. 1.20 430 963 1,120
11:25 a.m. 1.1k 398 813 87h
12:20 p.m, 1.16 387 745 778
11:L0 a.m. 1.36 566 1;040 1,590
12:50 p.m. 1.3L 555 528 791
10:L5 a.m. .92 258 L1 293
1:40 pom. .85 22l 366 221
3:25 p.m. .85 23h L84 306 | iiieiiienan
1:20 p.m, .95 258 620 L32 .
9:25 a.m. .97 268 Ls? 331 ..
12:50 p.m. 9k 253 1,030 70k .
10:45 a.m, 2,15 972 L, k30 11,600 | .iiinienna.
8:30 a.m, 1.09 376 956 971
9:20 .a.m, .87 253 537 367
1:15 p.m. .98 298 S70 L59
12:10 p.m. 1.00 324 711 622
9:10 a.m, .98 302 655 53k 50
10:50 a.m, 1,02 319 498 L29 L8
12:00 m. 1,00 310 683 572 L3
1:25 p.m, 1.03 32 670 586 Lo
2:10 p.m. 1,07 203 302 166 33
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Table 5.--Sediment-discharge measurements, gaging-station section--Continued

Suspended sediment
Gage Water T Mean N wat.e:
Date Time height | discharge < Discharge emperature
(feet). (cfs) °°“°‘(eg;:;t‘l°“ (tons per day) (°F)
0.99 306 836 691 33
97 319 942 811 3k
+90 310 880 737 31
1,00 300 L30 348 34
1.06 385 1,870 1,9k0 32
1,18 430 1,220 1,420 35
.90 310 1,020 85l 39
.98 346 730 682 48
.96 337 516 470 51
1.17 uho 87h 1,040 58
1.07 380 721 740 55
.93 31 558 473 52
1.10 395 Sol 63l 69
1.13 110 782 866 | i PN
.99 3k2 922 851 70
.9k 319 516 Ll 70
86 286 L61 356 66
.97 298 k70 378 78
.89 266 Loé 292 70
4.50 2,700 3,710 27,000 ceerrenenes
5.77 3,760 5,520 56,000 73
3.93 2,240 5,980 36, 200 cesacenueas
1.12 324 742 6L9 7h
1.83 760 2,860 5,870
1.31 L60 59h 738 Cereaaes .
1.02 319 L56 393 51
.98 302 188 398
1.06 32 s72 500 U6
1,17 360 948 921 36
1.09 324 955 835 35
1.12 337 830 755 | eeeienennes
Jan, 9...... . 2:00 p.m, .99 298 29 237 32
Jan, 10...... 1:45 pom. | 1.01 31k 387 328 3
Jan. 29...... 3:50 p.m. .98 332 L32 387 33
Feb. 8....... 1:30 p.m 1.08 380 912 936 3
Feb. 12...... 9:20 a.m 1.13 Los 1,180 1,290 35
Mar, 9.. 3:00 p.m. 1.09 385 802 83k
Mar. 1l...... 12:50 p.m. 1.15 415 1,010 1,130
Mar. 30...... 2:15 p.m. 2.03 935 3,340 8,430
Apr. l....... 11:40 a.m. 1.60 662 2,030 3,630
. 4:30 p.m. 1.20 Lho 951 1,130
12:20 p.m. 1.18 430 1,080 1,25 L5
10:45 a.m. 1,19 L3s 862 1,010 eeeerernans
3:00 p,m, L1 395 734 783 62
1:20 p.m, 1.23 455 890 1,090 70
12:05 p.m. 1.0k 306 S1h b2 76
1:45 p.m 78 230 354 220 83
11:35 a.m 78 230 Ls8 28 69
10:10 a,m, .90 278 h62 347 73
11:10 a.m. .75 219 246 145 76
1:45 p.m .73 212 20l n7 83
Aug, 16..... 10:05 a.m .8l 25l 39L 270 72
Aug. 20...... | 10330 a.m. .78 223 354 213 73
Aug, 29...... | 11:00 a.m, 7h 208 2ls 138 73
Sept. 9. . 3:05 p.m .72 219 260 154 75
Sept. 12..... 9:30 a.m .13 223 282 170
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Table 5.-~Sediment-discharge measurements, gaging-station section--Continued
Gage Water Pl:zxslpended sediment Vater
Date Time height |discharge concentration Discharge temperature
(feet) | « (cfs) on (ppm) (tons per day) {°F)
1952--Con.
Sept. 28..... | 11:10 a.m. 0.81 23h 346 219 61
gct, 11...... | 9:55 a.m. .9h 29k LLé 354 52
gct, 12...... 11:15 a.m. .90 278 Sih 386 PR
.92 286 482 372 52
.93 266 515 370 [ eeeeienil .
.96 310 563 L71 sescsanses .
.98 319 791 681 fevevaane
1,00 328 866 767 | ... PR
.90 291 1,020 810 |....... veee
1.1h 4os 902 986 | ..... ceceas
1.13 LOoO 1,080 1,170 cesenas reee
1.37 L0 1,580 2,090 P .
1.36 538 1,290 1,870 b2
1.05 350 934 883 veeeens vees
.99 324 728 637 cevesesess
1.07 360 1,010 982 | ..eaeee .es
1.08 365 605 596 tesaeeses
.90 278 b71 351 reriereieas
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