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GLOSSARY

Antidune. A transient form of ripple on the stream bed analogous to a sand dune; an antidune progressively
moves upstream.

Control. The “control” of a stream-gaging station refers to the nature of the channel downstream from the meas-
uring section which determines the stage-discharge relation.

Current meter. An instrument for measuring water speed; consists of cups which are rotated by the flowing
water; rate of rotation is a function of water speed.

Cumulative frequency, or flow-duration, curve. Graph of rate of daily discharge in relation to curulative fre-
quency, indicating the percent of time a given discharge is equalled or exceeded.

Discharge. The amount of water flowing in a channel expressed as volume per unit of time.

Froude number. A measure of tranquility of flow defined as ‘/%

Gage height. The water-surface elevation referred to some arbitrary datum.
Hydraulic gradient: The slope of the energy grade line; or slope of the line representing the sum of kinetic and
* potential energy along the channel length. It is equal to the slope of the water surface in steady, uniform
flow. :

Hydraulic radius. A measure of water depth in a channel defined as cross-sectional area of flowing water divided
by the length of wetted perimeter; approximates mean depth in a wide channel.

Manning formula. A formula including empiric constants relating open-channel water velocity to hydraulic
gradient, hydraulic radius, and channel roughness.

Rating curve. The graph of discharge plotted against water-surface elevation for a given cross sectior of a stream.

Sediment station. A river section where samples of suspended load are taken each day, or periodically.

Stage, or river stage. Synonymous with gage height.

Stream-gaging station. An installation including a mechanical continuous recorder of water-surface elevation;
at the same cross section periodic velocity measurements are made, and are used to construct the rating
curve for the station. These two types of data are used to furnish a continuous record of water flow.

Suspended sediment-discharge curve. A graph of water discharge plotted against concomitant measured sus-
pended-sediment load.

SYMBOLS
a coefficient representing width at unit discharge k coefficient representing velocity at unit discharge
b exponent in width-discharge relation L suspended-sediment load, weight per unit of time
¢ coeflicient representing depth at unit discharge m exponent in velocity-discharge relation
O Chezy coefficient in v=CyRs n  Manning roughness factor
d mean depth p coefficient representing load at unit dis~harge
D pipe diameter ) water discharge in cubic feet per second (cfs)
f exponent in depth-discharge relation R hydraulic radius, approximately equal to mean
F  a function of depth in wide channels
d sediment-grain diameter s slope of water surface in open channels
g acceleration due to gravity v velocity
j exponent in suspended load-discharge relation w width
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THE HYDRAULIC GEOMETRY OF STREAM CHANNELS AND SOME
PHYSIOGRAPHIC IMPLICATIONS

By Luna B. Leororp and Tromas Mabpock, JRr.

ABSTRACT

Some hydraulic characteristics of stream channels—depth,
width, velocity, and suspended load—are measured quantita-
tively and vary with discharge as simple power functions at a
given river cross section. Similar variations in relation to
discharge exist among the cross sections along the length of a
river under the condition that discharge at all points is equal in
frequency of occurrence. The functions derived for a given cross
section and among various cross sections along the river differ
only in numerical values of coefficients and exponents. These
functions are:

w=a@Q®
d=cQf
r=LkQm
L=pQ’
where
w=width
d=mean depth .

v=mean veloeity
L =suspended-sediment load, in units of weight per unit time

Q=water discharge, in cubic feet per second (cfs); a, ¢, k, p,
b, f, m, and j are numerical constants.

These relationships at a given channel cross section and down-
stream when plotted on graphs are greatly similar even for river
systems very different in physiographic setting. The relation-
ships are deseribed by the term “hydraulic geometry."”

In the data studied it appeared that when discharges are of
equal frequency at different points along a river, that is, equalled
or exceeded the same percent of time, the velocity as well as the
width and depth of flow, increases with discharge downstream.
This increase of velocity downstream results from the fact that
the increase in depth overcompensates for the decrease in slope.
The tendency for velocity to increase downstream exists on most
streams despite the decreasing particle size downstream. This
indicates that the mean velocity in a given reach is not merely a
function of the size of particles which must be transported but is
governed by a more complex interaetion among several factors.

Measurements of suspended-sediment load are available for a
number of different river cross sections. The suspended load is
shown to be an index to total load for purposes of explaining the
observed average characteristics of natural channel systems.

An empiric quantitative relation among average measurements
of width, depth, velocity, discharge, and suspended-sediment
load is derived from data on natural rivers. This relation shows
that depth and width, as well as velocity, are functions of the
load transported in the channel.

In a simplified example, if the discharge is constant, the
empiric relation is: At a given discharge, an increase in width
at constant velocity is accompanied by a decrease in suspended-
sediment load; conversely, at constant discharge and velocity,
an inerease in width is accompanied by an increase in bed load.

The writers, like many others, postulate that both discharge
and sediment load are factors essentially independent of the
stream channel and depend on the nature of the drainage basin.
The typical relations between suspended-sediment load and
water discharge are shown in quantitative terms. Specifically,
at a given stream cross section, suspended-sediment load per
unit of discharge characteristically increases rapidly with in-
creased discharge. However, suspended load per unit volume
of water tends to decrease slightly downstream.

These characteristics are important determinants of the shape
of the crogs section of a channel and the progressive changes in
its shape downstream. The empiric relation between hydraulie
characteristics of the channel and suspended load provides, in
semiquantitative terms, a logical explanation of the observed
channel shape.

The hydraulic geometry of river channels is presented for
several river systems. It is shown that similar equations apply
both to rivers and to stable (‘regime”) irrigation canals which
neither scour nor aggrade their beds. The analogy demonstrates
that the average river channel-system tends to develop in a way
to produce an approximate equilibrium between the channel and
the water and sediment it must transport. This approximate
equilibrium appears to exist even in headward ungraded tribu-
taries and in a given cross section for all discharges up to the
bankful stage.

GENERAL STATEMENT

Geomorphology, that branch of geology dealing with
land forms, their genesis and history, has been classi-
cally treated almost exclusively in a quahitative manner.
William Morris Davis, for pedagogic reasons, invented
words and contrived similes which were descriptive and
easy to remember, but were supported by intricately
developed general argument rather than by field data.
The qualitative approach to geomorphology has indeed
been constructive, but it would be desirable to analyze
some of the concepts quantitatively.

There is available a mass of data on streamflow
collected over a period of seventy years representing
rivers all over the United States. The field procedure
used by engineers to measure the rate of water dis-
charge in a river furnishes concurrent measurements of
mean velocity,width, shape and area of the cross sec-
tion, as well as discharge. Moreover, in the last decade
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2 THE HYDRAULIC GEOMETRY OF STREAM CHANNELS

the systematic collection of data on suspended sediment
has begun though the number of stations collecting is
as yet few.

The present paper reports on analyses of some of
these data, keeping in mind possible application to
geomorphic problems. The available data are not
necessarily the best type for an analysis of stream
processes. The parameters measured are perhaps not
the most meaningful for such analysis. Nevertheless,
the available data do provide some generalized rela-
tions of interest to the geomorphologist.

The plan of the paper is as follows:

The characteristics of channel shape in certain river
cross sections are examined. At a given cross section,
the width and depth of the channel and, therefore, the
velocity change with the amount of water flowing in
the cross section. The changes in width, depth, and
velocity in response to changes in discharge are ob-
served to have certain characteristics which apply to
many natural river cross sections, and these similarities
are described in the first part of the paper.

These same characteristics are then examined down-
stream along the length of natural channels in order
to determine how they change there. Changes in slope
and roughness, which help determine the observed varia-
tions, are reserved for later discussion.

The data used are those collected at regular river
measurement stations for purposes of determining
river discharge. Such data are obtained for purposes
other than a study of fluvial morphology and are, for
the writers’ purposes, incomplete. Particularly, data
on river slope and bed roughness are meager but some
useful ideas may be obtained even from the incomplete
operational data.

In the next part of the paper, the river-channel char-
acteristics including slope and roughness are discussed
in relation to observational data on suspended-sediment
load. It is recognized at the outset that the unmeas-
ured bed load is of importance and that its omission
from the available data is a limitation to the conclu-
sions which may be drawn. Yet some interesting rela-
tions may be obtained by the use of data on suspended
load alone.
the interaction of the hydraulic characteristics related
to channel shape and a segment of the stream’s sediment
load and therefore seem to be potentially useful tools
for the study of fluvial processes.

The relations between observed channel character-
istics and suspended-sediment load involve the process
of adjustment between channel shape and sediment
load. Because the mechanism of adjustinent between
the capacity of a stream to carry a sediment load and
available load is important to the understanding of the
graded river, any advance in knowledge of this mecha-
nism leads toward an improved understanding of river
grading.

These relations provide some picture of

There are two possible levels at which this mechanism
of adjustment of river-to-load may be dis~ussed. The
more detailed way would lie in the realm of hydro-
dynamics and would concern the mechanics of sediment
transport. A second and more general approach is
through the consideration of river hydraulics but
without a detailed treatment of the hydrodynamics.
The second approach is the one used in the present
paper, in part because it lends itself botter to an
understanding of the relation of hydraulics to geo-
morphology, and in part because it lies within the field
of experience of the authors.

The last part of the paper is an attempt to explore in
a preliminary way how the relations among the hydrau-
lic variables bear on some geomorphic problems.

It is emphasized that the present study should be
considered preliminary in character. Data on stream-
gaging and suspended load discussed here are clearly
imperfect measures of the variables of specific interest
to the geomorphologist. Moreover, the present analysis
deals primarily with general trends in the relations
among measured variables, and much further work is
necessary to explain the deviations from these trends.
And finally, the suspended-load data evailable are
primarily derived from Western streams. Comparable
data on streams in humid areas are most meager.
These many restrictions are recognized by the authors
who attempt continuously to keep before the mind of
the reader the limjtations of the data, while emphasizing
the general trends rather than the innuerable individ-
ual variations.

Explanation of these individual variations and
refinement of the general concepts must swait further
work.

THE HYDRAULIC GEOMETRY OF STREAM CHANNELS
CONCEPT OF FREQUENCY OF DISCHARGE

Before describing the channel characteristics at a
given river cross section and how those characteristics
change downstream, it appears desirable to discuss by
way of definition, frequency of discharge and cumulative
frequency, or flow-duration, curves. The hydrologist
to whom these conceptions are everydey tools will
pardon the inclusion here of a brief discussion aimed at
providing the geologist a picture of frequency relations
which is essential to an understanding of what will
follow.

The procedure used in making stream measurements
is well described in the literature (Corbett, 1943;
Linsley, Kohler, and Paulhus, 1949, pp. 182-198).

The daily mean discharge is the average of all rates
for a day, and is expressed in cubic feet per second.
The mean rate of discharge for each day of the year
at measuring stations on many rivers is published by
the U. S. Geological Survey in the annual Water-
Supply Papers.



CONCEPT OF FREQUENCY OF DISCHARGE &

The frequency of a daily mean discharge at a given
river gaging station, is determined by counting the
number of occurrences of this rate throughout a period
of record. In hydrologic practice the number of
occurrences is usually presented in the form of a cumu-
lative frequency, or flow-duration, curve, an example
of which is presented in figure 1 (after Hembree, Colby,
Swenson, and Davis, 1952, fig. 30). To construct such
a curve, a number of categories of rates of discharge
are arbitrarily chosen. The number of days on which
the measured daily mean discharge fell in each category
is determined by tallying the data. The numbers in
each category are then accumulated from the largest
discharge category to the smallest, and each cumulative
figure is divided by the total number of days of record.
The resultant quotients represent the percent of time
given discharges are equalled or exceeded at the station.

These figures representing percent of time are then
plotted against discharge to provide the flow-duration
curve of which figure 1 is a sample. On it a discharge
of 1,000 cfs or more occurs about 8 percent of the time.
This means that through a long period, 8 percent of
the days, or on the average 8 days in every 100, ex-
perienced a discharge of 1,000 cfs or more.

The cumulative frequency, or duration, of a given
daily discharge is expressed as the percent of time that
this rate is equalled or exceeded. Discharge rates of the
same cumulative frequency may differ, depending on
the streams being considered. For example, a point

100,000 I ] T — T =
10,000 |- =
1,000 = =
» — EAN ANNUAL DISCHARGE =430 cfs ]
o — —
[&]
K= I~ <=-MEDIAN DISCHARGE = 160 cfs]
o 100 = P~ =
g E T E
£ — -
[*] - —]
o
[a) — \\\\ —
10 = —
b =
— 1
ol ! 1 ! l |
20 40 60 80 100

Percent of time flow equalled or exceeded discharge indicated

Fi16URE 1.—Cumulative frequency, or flow-duration, eurve for Powder River at
Arvada, Wyo., 1017-50.
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on a large trunk river and a point on a small tributary
may have discharge rates of the same cumulative fre-
quency——or frequency, as it is ordinarily expressed; but
discharge in the tributary may be only a few cubic feet
per second, and in the trunk river it may be thousands
of cubic feet per second.

The median discharge is that discharge which i
equalled or exceeded 50 percent of the time; that is,
half the days have flow greater than the median, and
half less. At Arvada the median flow is about 160 cfs.
The mean annual discharge, or the arithmetic mean
of the flow of all individual days at Arvada is about
430 cfs, or almost three times the median. Mean an-
nual discharge is generally greater than median, and
the mean rate of discharge is equalled or exceeded on
somewhat less than half the number of days at most
points on a river.

As a rough -generalization, it may be stated that the
mean annual rates of discharge at all points on a large
number of rivers are equalled or exceeded about the
same percent of time.

The values of average annual discharge at measuring
stations on many rivers in the United States are readily
available in the Water-Supply Papers of the U. S. Geo-
logical Survey. For example, the average discharge
for the Powder River at Arvada, Wyo., for the period
191647 is published with the description of the station
in Water-Supply Paper 1086 (1950) on page 237.

For purposes of definition the conception of a varying
discharge at a given river cross section and downstream
will now be explained. In figure 2 cross sections A and
B represent two points on a river at low discharge;
C and D are the same sections at higher discharge.
These sections are shown at the right, as A, B, C, and
D, in their relation to the full length of the river and to
its watershed at both low and high discharge. Though
the highest discharge may flow over bank, this paper
is not concerned with discharges above bankful.

These diagrams illustrate the conception that the
width and depth of the channel increase at a given
river cross section with increase in discharge. Varia-
tions in discharge follow a pattern in time that is pe-
culiar to the position of the cross section and to the
river., The different discharges at a given cross section
vary in frequency. Frequency is a function of the
watershed and its hydrologic and physical character-
istics.

Under the condition of low discharge represented by
the diagram in the upper right corner of figure 2, it is
postulated that every point along the river is experienc-
ing a discharge that is small for that point; or, if all
points along a river system are experiencing a rela-
tively low discharge, the frequency of the rate of dis-
charge at any one point is about the same as the fre-
quency of therate at any other point. Of course therate
of discharge, not its frequency, will generally be much
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F1GURE 2.—Comparison of different rates of discharge at a given river cross section and at points downstream.

greater near the mouth of a river draining a large area
than at some headwater point. The same postulation
is made for the condition of high discharge, as repre-
sented by the diagram in the lower right.

The two diagrams of the watershed are introduced to
emphasize the points, first, that at a given cross section
different discharges have different frequencies; and
second, that at cross sections situated at various points
along the stream the rates of discharge are usually differ-
ent, one from another. Comparison of the various cross
sections along a stream is made in this paper only under
the assumed condition that they are experiencing equal
frequency of discharge.

The term ‘“‘at a station” is used in this paper to mean
at a given cross section, and the term “in a downstream
direction”” refers to cross sections situated along the
length of a stream. “Change of discharge downstream”

means different discharges of the same frequency at,

cross sections situated along the length of a stream.
The differences in discharge both at a station and in a

downstream direction are associated with differences in
width, depth, and velocity, as will be shown later.

VARIATION OF HYDRAULIC CHARACTERISTICS IN A
PARTICULAR CROSS SECTION OF A T’IVER

Changes in velocity, depth, and width of flowing
water take place as the discharge increases at a particu-
lar cross.section of a river. Because river cross sections
tend to be roughly semielliptical, trapezoidal, or triangu-
lar, increasing discharge results in an incregse of each
of the other three factors. Typical relations of width,
depth, and velocity to discharge will be shown for vari-
ous points on different rivers.. These relations will show
that these three factors generally increase with increas-
ing discharge as simple power functions.

In figure 34 a number of variables are eech plotted
against river stage. Stage, or gage height, ic the eleva-
tion of the water surface above some arbitrary datum,
and is the quantity recorded by the water-level recorder
of a stream gage. The discharge, width, and mean
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velocity are plotted against stage as ordinate. For
comparison, width, depth, and velocity are plotted on
logarithmic scales against discharge in figure 3B.

When velocity is measured by current meter at a gag-
ing station for the purpose of computing discharge, the
width of water surface and the depth and velocity at
various positions in the cross section are recorded. Fig-
ure 3 and other similar figures to be discussed were con-
structed from current-meter measurements.

The current-meter data which include measurements
of width of water surface, depth, and velocity at various
points across the river measuring-section, are filed in the
district offices of the U. S. Geological Survey and are
available to the public for inspection and use. The
original records must be used or copied in the Survey
office, otherwise appropriate arrangements must be
made to insure against loss of the originals.

The plot of stage (gage height) against discharge is, in
engineering parlance, the rating curve of a station.
Rating curves of all stream cross sections are similar in
that the increase of discharge per unit increase of stage
is greater for high than for low discharges. Thus the
general form of the curve is typical of all open channels.

The width plotted in figure 3 is the width of the water
surface at any given gage height.

5

In stream-gaging practice, the depth and velocity are
measured at various distances from the bank. From
these depth measurements and their spacing, the cross-
sectional area of flowing water is determined.

In this report, the depth represents the mean depth
associated with a particular rate of discharge, and was
determined by dividing the measured cross-sectional
area of flowing water by the correspondingwidth of
water surface. This provides, then, a mean depth equal
to the depth of a rectangular channel having the same
surface width as the actual channel at the given stage
and having the same cross-sectional area.

Velocity discussed in this report is the quotient of
discharge divided by the area of the cross section, and
is the mean velocity of the cross section as used in
hydraulic practice (see Linstey, Kohler, and Paulhus,
1949, p. 197). This mean velocity is not the most
meaningful velocity parameter for discussing sediment
transport but it is the only measure of velocity for which
a large volume of data are available. Although the
writers recognize its limitations, the mean velocity is
used here in lieu of adequate data on a more meaningful
parameter.

Figure 34 demonstrates that if width and velocity
are plotted against river stage, there is considerable
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FIGURE 3.—Typical relations among width, depth, velocity, discharge, and gage height at a gaging station, Cheyenne River near Eagle Butte, 8. Dak.
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scatter of points and the curve defined is not easily
expressed mathematically. If width, depth, and veloc-
ity, are plotted against discharge on logarithmic paper,
their relations to discharge are expressed by nearly
straight lines, as can be seen in figure 358, and this may
be simply expressed mathematically.

Figure 3B is typical of a large number of gaging
stations for which similar curves were drawn. The
slopes and intercepts of the lines varied somewhat
between stations but straight lines on logarithmic paper
typified the relations in the data studied.

Other examples of these curves are presented in
figure 4 to indicate that through a considerable range
of discharge this method of plotting provides essen-
tially straight lines on logarithmic paper. There is
considerable scatter of the points on these graphs.
Part of the scatter apparently results from temporary
scour and fill of the stream bed. At the lower dis-
charges measured by wading rather than from a bridge
or cable, part of the scatter of points may be attributed
to the fact that successive measurements are not made
at exactly the same cross section. For present pur-
poses, the general positions of the lines representing
mean relations are of interest and further work will be
required to study the causes and import of the scattering
of the data.

In the present study every available current-meter
discharge measurement was plotted for stations having,
short records. For stations having long records, of
which figures 3 and 4 are typical, the measurements to
be plotted were chosen at random from the available
data. Enough measurements were obtained to define
the curve through the whole range of discharge of the
particular station.

A gaging station is installed at a river cross section
where the relation of discharge to stage is as stable as
possible. Specifically, a location is chosen if possible
where discharge plots against gage height in a smooth
curve. For this reason gages are installed ecither up-
stream from a “section control,” where critical velocity
(in the hydraulic sense) is attained over some outcrop
or gravel bar, or in a reach of channel where the channel
properties determine the stage-discharge relation. The
latter, called a ‘“‘channel control,” merely means a
relatively straight and uniform reach generally devoid
of unusual riffles or bars.

In periods of low water, current-meter measurements
are ordinarily made by wading. When wading is
impossible, current-meter measurements are often made
from bridges.

The cross section of a stream at a gaging station
above a section control is not representative of an
average reach of channel, particularly at high dis-
charges. More representative sections are found at
gaging stations having channel control. These stations
are often equipped with a cable car from which the
current meter may be operated.

In the following discussions, gaging stetions having
channel control and cross sections gaged from a cable
car were chosen when possible. Many stations where
measurements were made from bridges were used for
lack of more representative data, but these measure-
ments were utilized only for low stages where width
was still increasing with gage height; that is, stages
lower than those where bridge abutments constrict the
flow.

Excluding the unnatural effects introduced by con-
striction such as bridge abutments, the data analyzed
indicate that through ranges of discharge up to the
bankful stage, the relations of width, depth, and
velocity to discharge in a natural stream section are m
the form of simple power functions and plot as straight
lines on logarithmic paper. When the river overflows
its banks, of course width increases rapidly and a new
relation to discharge obtains which will not be con-
sidered here.

The artificial effects introduced by atypical locations
of gaging stations do not appear to invalidate the
conclusion just expressed.

It can be stated that the relation of discharge to other
hydraulic factors in natural river cross sections can be
described by the expressions:

w=aQ’ (1)
d=c@Q’ (2)
v=kQ" (3)

where @ is discharge, w, d, and v represent water-surface
width, mean depth, and mean velocity, respectively.
The letters b, f, m, @, ¢, and k are numerical constants.

Because width, depth, and velocity are each a func-
tion of discharge as described by the formulas above,
the three equations can immediately be related to one
another through the identity

R =arcaXvelocity, or, Q=wdv
substituting from the above
Q=aQ XXk Q"

Q=ackQrtrtm

or

It follows therefore that

b+f+m=1.0
and
aXeXk=1.0

In figures 3B and 4, the constants, 4, f, and m repre-
sent the slopes of the three lines on the graph, and the
sum of these slopes must equal unity. The values of
the slope of the lines are indicated in the figures and
their sum is indeed unity.
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The constants, @, ¢, and % represent the intercepts of
the lines and are respectively, values of w, d, and v at
discharge of unity. Because the values of discharge in
the actual data are generally much larger than unity,
the product of XX ¢X k is not computed at unit discharge
but might better be considered in the following light.
The product of the values of width, depth, and velocity
at any given discharge must equal that discharge. For
example, in figure 3B, at 1,000 cfs: w=245 ft, d=1.7 ft,
and v=2.4 fps; their product wXdXe equals {,000.

Because it has been stated that as a general rule
equations (1), (2), and (3) characterize hydraulic
relations for representative natural stream channel
cross sections, it is logical to inquire how the slopes
and intercepts represented by the numerical constants
vary among streams, and what range of numerical
values they represent. Width and depth for a given
discharge vary widely from one cross section to another
and, therefore, the intercept values, a, ¢, and k, will vary.
Further work is necessary to determine the factors
which govern these variations and to determine the
extreme limits. However, there is some consistency
in values of the slopes of the lines for different streams
as will now be explained.

Average values of the exponents b, f, and m have
been computed for 20 river cross sections representing
a large variety of rivers in the Great Plains and the
Southwest. Though these particular averages are biased
toward semiarid conditions, they nevertheless provide
some indication of the order of magnitude of typical
values. These averages are

b=0.26
f=0.40
m=0.34

The appendix includes a summary of some of the
data from which the above values were derived. For
each station, graphs similar to figure 3B were plotted
from current-meter measurements, and a straight line
was drawn by eye through the points. No statistical-
fitting procedure was used in drawing the line because
the use to which the data are to be put did not appear
to justify such accuracy. The slope of each line was
measured directly from the graph.

That the values of the exponents m, b, and f were
averaged for the 20 river cross sections does not imph-
any expectation that the values should be closely similar.
The mean values are presented so that the relative
order of magnitude of the three exponents can be visu-
alized. In a later section a partial and tentative ex-
planation of the variability of these exponents among
various rivers will be given.

For present purposes it is sufficient to note that at
most river cross sections, depth increases with discharge
somewhat faster than does width (£>>b8). The ratio

of width to depth decreases with increasing flow through
the channel. I

The relative rates of increase of width and depth are
functions of channel shape. Tt can easily be shown thet
a channel of triangular shape is the only channel fc~
which the width-to-depth ratio remains constant with
changing discharge. Trapezoidal and elliptical char-
nels are characterized by a decrease of the width-to-
depth ratio, and in rectangular channels the width-tc-
depth ratio decreases with increasing discharge at a
rate even faster than in trapezoidal sections.

In summary, relations of width, depth, and velocity
to discharge in the natural river cross sections studied
are in the form of simple power functions. The relative
rates of increase of width, depth, and velocity are
determined by the shape of the channel, the slope cf
the water surface, and by the roughness of the wetted
perimeter. It is emphasized again that the foregoing
discussion is merely a description of natural river cross
sections. The discussion of how width, depth, velc-
city, discharge, slope, and roughness interact to pro-
vide the observed relations is reserved until after the
descriptive presentation is completed.

The aspect of the above discussion which is different
from relations discussed in the voluminous literature
on open-channel hydraulics is the plotting of width,
depth, and velocity against discharge on logarithmi«
paper. A straight-line relation between gage height
and discharge on logarithmic paper is widely known
and is used in many offices of the Geological Survey in
the construction of rating curves for river sections hav-
ing a shifting control.

VARIATION OF HYDRAULIC CHARACTERISTICS IIT
A DOWNSTREAM DIRECTION

Frequency of discharge is especially important in an
understanding of the hydraulic geometry of rive-
systems and how the width, depth, and velocity of
natural rivers change in a downstream direction.

As already emphasized, comparison of various cross
sections along the length of a river is valid only under
the condition of constant frequency of discharge at all
cross sections.

The mean annual discharge is equalled or exceeded
about the same percent of time on a large number of
rivers. It represents roughly the discharge equalled
or exceeded 1 day in every 4 over a long period.
Though exactly the mean annual discharge may not
occur at all points on any given day of record, it is
closely approximated for a large number of days eack
vear.

The data forming the basis of the discussion which
follows are again current-meter measurements made
at gaging stations of the Geological Survey.

The width, depth, and velocity corresponding to the
mean discharge are plotted against mean discharge ir
figure 5 for all the gaging stations on all tributaries tc
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FiURE 5.—Width, depth, and velocity in relation to mean annual discharge as discharge increases downstream, Powder River and tributaries, Wyoming and Montana.

the Powder River in Wyoming and Montana for which
adequate data were available. Each gaging station
provides one point in each of the plotted diagrams.
Throughout the figure the abscissa value for each gaging
station is its mean annual discharge.

For purposes of comparison, similar graphs represent-
ing the change of width, depth, and velocity with
average annual discharge downstream are presented
in figures 6-8. These represent the Bighorn River and
tributaries in Wyoming and Montana, the Arikaree,
Republican, Smoky Hill, and Kansas Rivers in the
Kansas-Nebraska region, and gaging stations along
the main trunk of the Missouri and lower Mississippi
Rivers.

Proceeding downstream in a given river, the dis-
charge tends to increase because of the progressively
increasing drainage area, though of course there are
some streams in which discharge decreases downstream,
particularly in arid areas. It can be seen that for all

the rivers plotted, the depth, width, and velocity tend
to increase progressively as power functions of dis-
charge. 'There is again considerable scatter of points
in the graphs. There are reaches of the rivers repre-
sented in figures 5-8 on which either widtl, or depth,
or velocity decreases downstream. The present paper,
however, is concerned with the general trends and
further work will be necessary to explain the details of
deviations from these trends.

The graphs of figures 5-8 are referred to as the
changes in width, depth, and velocity with increasing
discharge in the downstream direction. It will be
understood that a small tributary having a relatively
low mean annual discharge may enter the main trunk far
downstream, but its plotted position on the abscissa
scale will be determined by its mean discharge.

Strictly speaking, the ‘“‘downstream’” grsphs in fig-
ures 5-8 show how width, depth, and velocity change
with discharges of equal frequency. Discharges of
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. Bighorn River at Manderson, Wyo.

. Bighorn River at Thermopolis, Wyo.

. Bighorn River at Kane, Wyo.

. Bighorn River 8t. Xavier, Wyo.

. Bighorn River near Custer (Hardin), Mont.
. Wind River near Dubois, Wyo.

. Wind River near Burris, Wyo.

21962752 3

and Yellowstone River, Montana.

EXPLANATION

. Wind River at Riverton, Wyo.

. Wind River near Crowheart, Wyo.

. Greybull River near Basin, Wyo.

. Greybull River at Meeteestsee, Wyo.

. Popo Agie River near Riverton, Wyo.

. North Fork Owl Creek near Anchor, Wyo.
. Owl Creek near Thermopolis, Wyo.

15. Medicine Lodge Creek near Hyattville, Wyo.
16. Gooseberry Creek near Grass Creek, Wyo.
17. Yellowstone River at Corwin Springs, Mont.
18. Yellowstone River at Billings, Mont.

19. Yellowstone River near Sidney, Mont.
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FIGURE 7.—~Width, depth, and velocity in relation to mean annual discharge as discharge increases downstream, Arikaree, Republican, Smoky Hill, and Kansas Rivers
in the Kansas River system, Kansas and Nebraska.

EXPLANATION
1. Arikaree River at Haigler, Nebr. 7. Smoky Hill River at Russell, Kans. 13. Kansas River at Wamego, Kans.
2. Republican River at Culbertson, Nebr. 8. Smoky Hill River at Ellsworth, Kans. 14. Kansas River at Topeka, Kans.
3. Republican River near Bloomington, Nebr. 9. Smoky Hill River near Langley, Kans. 15. Kansas River at Lecompton, Kans.
4. Republican River at Clay Center, Kans. 10. Smoky Hill River at Linsborg, Kans. 16. Kansas River at Bonner Springs, Kans.
5. Smoky Hill River at Elkader, Kans. 11. Smoky Hill River at Enterprise, Kans.
6. Smoky Hill River at Ellis, Kans. 12. Kansas River at Ogden, Kans.
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EXPLANATION
1. Missouri River at Bismarck, N. Dak. 4. Missouri River at Kansas City, Mo. 7. Mississippi River at $t. Louis, Mo.
2. Missouri River at Pierre, S. Dak. 5. Missouri River at Hermann, Mo. 8. Mississippi River at Mempbhis, Tenn.

3. Missouri River at St. Joseph, Mo. 6. Mississippi River at Alton, Il 9. Mississippi River near Vicksburg, Miss.
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equal frequency tend to increase downstream with.in-
creasing drainage area. The phrase “in the down-
stream direction” is merely used as a short designation
for this conception.

By use of the graph, tributaries can be compared
directly with the trunk stream. On figure 5 the gaging
stations on the main trunk of the Powder River (as an
example, point 7) and a single large headwater fork
(Middle Fork, point 2) are designated by the solid
triangles. Stations on a single tributary, Clear Creek
(point 14), and its headwater tributary, North Fork of
Clear Creek (point 13), are designated by solid circles.
Each of these two sets of points describe a single river
stem and are downstream graphs uncomplicated by
tributaries. It can be seen that were lines to be drawn
through those two sets of points, separately, there
would be a difference from the lines on the graphs
representing the Powder River basin as a whole. Yet
the difference is astonishingly small.

The general alinement of points on the downstream
graphs indicates that in a given river basin where all
cross sections are experiencing the same frequency of
discharge, the corresponding values of depth, width,
and velocity at different cross sections having the same
discharge tend to be similar, regardless of where in
the watershed or on what tributary the cross sections
may be.

The graphs presented are examples chosen from a
large number drawn for various river systems in the
United States. Figure 9, with the plotted points
through which the mean lines were drawn eliminated,
presents similar graphs for selected river basins. Rivers
were chosen to represent a diversity of geographic loca-
tion, and physiographic and geologic types. The basins
are also considerably different in size. To indicate this
diversity of size of drainage area, the stations used to
represent the Tombigbee River in Alabama have mean
annual discharges from 700 to 35,000 cfs, whereas the
Belle Fourche basin in Wyoming has mean annual dis-
charges ranging from 40 to 600 cfs.

The mean lines through the points representing indi-
vidual gaging stations (figures 5-8 are examples) were
fitted by eye. There is considerable scatter of points
about the respective mean lines. Moreover, as dis-
cussed previously, the points on the graphs represent
values of depth, width, and velocity at stream-gaging
stations situated at positions not uniformly representa-
tive of the average river cross sections. Despite the
possible variations that might be introduced by these
considerations, there is a tendency toward parallelism
of the lines on the graphs in figure 9. As a rough gen-
eralization, it may be stated that in a downstream
direction the rates of increase in width, depth, and
velocity relative to discharge are of the same order of
magnitude for rivers of different sized drainage basins
and of widely different physiographic settings.

Some river basins studied have too small a range of

THE HYDRAULIC GEOMETRY OF STREAM CHANNELS

mean annual discharge between small tributaries and
the main stem to allow determination of the slope of
the lines. A few river systems studied provide lines
with slopes quite different from the majority. Figure
9 includes one such anomaly, the Loup River system,
in order to demonstrate the range of slopes of lines
found in the data studied. In the example of the Loup
River, the ground-water contribution from the sand
hills at the headwaters is believed to be partl;” respon-
sible for its anomalous behavior.

The streams chosen to be included in figure 9 differ
markedly in physiographic setting. The Tombigbee
River of Alabama is a coastal-plain stream, narrow and
deep. At a discharge of 1,000 cfs its depth is about 7.5
ft and its width 110 ft. The Republican and Kansas
Rivers are typical streams of the Great Plains. They
are relatively wide and shallow. At 1,000 cfs the lines
representing these streams indicate a mean depth of
2.3 ft and a width of about 250 ft. In other words, the
intercepts of the graphs on figure 9 differ greatly among
rivers but the slopes of the lines are similar in magni-
tude. The rates of increase in depth, width, and
velocity with discharge downstream may b~ similar
among rivers despite marked differences in the width
to depth ratio at any particular discharge.

From the data in figure 9 and other similar data it.
appears that the velocity tends to increase with mean
annual discharge downstream in all the rivers studied.
It must be remembered that this generalization is
restricted to the situation in which discharxe at all
points along the river is of similar frequency.

Most geomorphologists are under the impression that
the velocity of a stream is greater in the hesdwaters
than in the lower reaches. The appeararce of #
mountain stream, of course, gives the impression of
greater kineticity than that observed in a large river
downstream. The impression of greater velocity up-
stream stems Iin part from a consideration of river
slopes which obviously are steeper in the upper than in
the lower reaches. It will be recalled, however, that
velocity depends on depth as well as on slope, as shown
in the Manning equation

1.5 ,,,

?)—*T dist (4)

where depth, d, is approximately equal to hydraulic

radius for natural river sections, » is mean velocity, n is

channel roughness, and s is slope. It is recogrized that

slope, s, in equation (4) is the slope of the energy grade

liner For practical purposes throughout mo-t of the

discussion in the present paper, slope of the river profile

sufficiently approximates the energy gradient for equa-
tion (4) to be used as if the slopes were identic~l.

The fact that velocity increases downstream with
mean annual discharge in the rivers studied indicates
that the increase in depth overcompensates for the
decreasing river slope. The magnitude of this rate of



VARIATION OF HYDRAULIC CHARACTERISTICS IN A DOWNSTREAM DIRECTION

15

Mean annual discharge, in cfs
4000 10 100 1,000 10,000 100,000 1,000,000
' 1T T 11T PO TTITIT FTTTIT T T T T
7
2,000 S S
-
@
1000  |— ]
— E —
500 ©
- | —]
2 - —]
€
< 200
5]
3,00 R R L LI
50 |— FrTT T T T
B ,‘-/". —
— -
/® /"’ ]
20 { @
10 T —
8 5 - : n
£ B L [ fldi L LI
< -y
Q 2 - 2 el T T
a -~ ‘/7%’-""" T TTTT U T TTTTH
./""—‘——.
10 - /,y"—/ 20
- el
osl L @FTIIL | 111l L o =
s T TTITIT T T TITTm T T11] =
R o e @ @
£8 = @ (@) N
_._fg 2 @,-—x———-:}_--—--;"‘.—;—;;rv’:—"" — :__@ —®
25 ——— T
=7 LI LTI Lot [ L PP R
10 100 1,000 10,000 100,000 1,000,000
Mean annual discharge, in cfs
STREAM AND LOCATION
(D) — —— TOMBIGBEE(ALA.) ® REPUBLICAN-KANSAS (KAN)
(2) —-— FRENGH BROAD (N.G.) (§) ~e——e- LOUP(NEBR.)
(3) =*——= BELLE FOURGHE (WYO.) (7) —==-— MISSISSIPPI, MAIN STEM
@ --------- YELLOWSTONE - BIGHORN (WYO ) - v——v- MADRAS IRRIGATION CANALS(INDIA}

FIGURE 9.—Width, depth, and velocity in relation to mean annual discharge as discharge increases downstream in various river systems.

change becomes clear by comparison of the exponents of
depth and slope. In equation (4) the velocity depends
on depth to the power 2 and on slope to the power %.
Increasing depth tends to increase velocity in a down-
stream direction. A variation of roughness in the
downstream direction will also affect the rate of change

of velocity and will be discussed later.

In summary, the rate of increase of depth dovn-
stream tends to overcompensate for the decreasing
slope and tends to provide a net increase of velocity at
mean annual discharge in the downstream direction of
a river.

The straight-line relations on logarithmic paper show,
just as they do for a particular river cross section, th ot
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width, depth, and velocity increase downstream with
discharge in the form of simple power functions,

w=aQ’ 1
d=cQ’ @)
r=kQ" 3)

The coefficients and exponents are assigned the same
letters as for a given cross section of a river, but the
values will be different for points in a downstream
direction from those for the given section. Average
values of the exponents for river basins studied are

b=0.5
f=0.4
m=0.1

To recapitulate, both at a given river cross section
and in the downstream direction at mean annual dis-
charge, width, depth, and velocity increase with dis-
charge. The functions representing these relations are
similar but involve different exponents and numerical
congtants.

RELATION OF CHANNEL SHAPE TO FREQUENCY
OF DISCHARGE

Thus far the changes in hydraulic characteristics
downstream in a river system have been considared only
for a discharge equal to the mean annual rate at each
point. Comparison of the data already presented will
now be made with similar data for infrequent flows.

. Computation of the frequencies of various discharges
at a gaging station has been discussed. The compu-
tation is a somewhat laborious task. Complete cumu-
lative frequency (flow-duration) curves for all stream-
gaging stations in a watershed are available for only a
few localities; one of the best collections of such data is
that by Cross and Bernhagen (1949) for Ohio.

It was desired to avoid choosing streams regulated
by many reservoirs, and the Maumee and Scioto
River basins were selected as being freer of regulation
than most major river systems in Ohio. Duration
(cumulative frequency) curves were available for 19
gaging stations in these two watersheds. Though the
Maumee River flows northeast into Lake Erie and the
Scioto south into the Ohio River, the two basins have a
common divide, and study of the data showed no
significant differences in the hydraulic characteristics
for the purposes of this paper.

At each gaging station discharges that were equalled
or exceeded 1, 4, 10, 30, and 50 percent of the time, as
well as the mean annual discharge, were selected for
study. For each of these discharges, the corresponding
velocity, depth, and width were determined by analysis
of current-meter data, as explained for figure 3. For
each discharge frequency, curves were plotted repre-
senting the change of hydraulic factors with discharge

in the downstream direction. Figure 10 presents the
individual plots of six curves in order to demonstrate
the relative goodness of fit. It will be seen that the
gaging stations available for the Maumee and Scioto
basins did not represent so large a range in discharges
as did some of the rivers discussed earlier, and that the
points did not fall in so good alinement as in some other
basins studied. The width-to-discharge relations are
the best; more scatter of points appears on the depth
and velocity curves.

For the Maumee and Scioto basins combined the
curves of discharge in relation to width, depth, and
velocity for each of five frequencies are shown in
figure 11.

There is a general parallelism within each family of
curves, but this is somewhat more consistert in the
width-to-discharge than in the velocity-to-discharge
relation. In these data it appears that, with less fre-
quent discharges (flood flows), the velocity increases
somewhat faster with discharge dowmnstream than it
does in low flows. A similar study made for flood flows
in some tributaries to the Yellowstone River in Wyo-
ming showed that velocity remained nearly constant
downstream despite a rapid decrease in slope.

It can be seen that there is a pattern of interrelation-
ship of stream characteristics which includes relative
frequency of discharge, and it is now possible to define
important aspects of the hydraulic geometry of stream
channels. An understanding of this geometry is basic
to consideration of the adjustment of channel shape to
carry the sediment load supplied to the streams. The
relation of at-a-station characteristics to the down-
stream characteristics will now be discussed.

In basin A of figure 12 the line A—C shows the increase
of width with increase of discharge at an individual
gaging station near the headwaters of a stream, and
B—D shows the same relationship for a downstream
station. If the discharge A is of the same cumulative
frequency (say 50 percent of the time) at the headwater
gage as discharge B at the downstream gage, then the
line A—B is the increase of width with discharge down-
stream, corresponding to a cumulative frequency of
50 percent. Also if C and D have the same cumulative
frequency (1 percent of the time), then line C—D is the
increase of width downstream at a discharge frequency
of 1 percent. Similarly then, E—G is the increase of
depth with discharge at the upstream gage, and E—F is
the increase of depth downstream for a frequency of
50 percent. In the example under discussion, the
curves are drawn so that at any frequency the width-
to-depth ratio remains constant downstream; that is,
A—B is parallel to E—F.

It was noted earlier that because

Q=wdv

and w=aQ?, d=c@’, and v=£kQ",
then b+f+m=1.0
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If the slope of the width-discharge curve for a given
frequency is 0.5 (exponent b=0.5), a typical value for
many rivers, and if A—B parallels E—F (as in fig. 12,
basin A), then the slope of the velocity-discharge curve
J—K, corresponding to the discharge occurring 50 per-
At that fre-

cent of the time, must be zero (m=0).

quency the velocity does not change downstream. T™e
line J—L is the increase of velocity with discharge at the
upstream gage, and K—M at the downstream gage.
is clear that at the 1 percent frequency, the velocity is
higher at both stations than at the more frequent dis-
charge but does not change downstream.

It
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In figure 12, basin B, the width-to-depth ratio in-
creases downstream at any frequency. This increase
is shown by the fact that A’—B’ slopes more steeply
than E/—F’. If the slope of A’—B’ is again 0.5, the
steepening of the slope of J’—K’ makes the points
J’, K/, L/, and M’ fall nearly in a straight line. Basin
B is nearly identical in its geometry with the compar-
able curves for the Maumee-Scioto basin (fig. 11), and
basin A with the Bighorn basin, presented in figure 6.

. The slopes of the width-discharge curves in a down-
stream direction were made the same in both diagrams.

This is in accord with the data which indicate that the
slope of the width-discharge curve downstream is,
between basins, somewhat more consistent than the
other relations.

The channel characteristics of natural rivers are seen
to constitute, then, an interdependent system which
can be described by a series of graphs having simple
geometric form. The geometric form of the graphs
describing these interactions suggests the term ‘“hy-
draulic geometry.” Channel characteristics of a par-
ticular river system can be described in terrs of the
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slopes and intercepts of the lines in the geometric
patterns discussed in figure 12. Though the listing of
slopes and intercepts of these lines may not provide
any visual picture of a river basin, comparison of the
values of these factors among rivers has useful aspects
which will be discussed.

Thus far, no consideration has been given to either
river slope or bed roughness. The importance of these
factors is recognized by the authors. However, dis-
cussion thus far is, of necessity, descriptive in nature.
Because comparable data for slope and roughness are
not available in so great a quantity as data on width,
depth, velocity, and discharge, the particular data
available for analysis make it desirable to organize
the paper in its present form.

The observed relations of width, depth, and velocity
to discharge in natural rivers have been described. In
the next part the observed relation of width, depth,
velocity, and discharge to measured suspended load
will be presented. Then, the effect of slope and rough-
ness will be discussed in an attempt to provide a
partial explanation for the relations observed in the
other quantities.

219627—52. 4

THE HYDRAULIC GEOMETRY OF STREAM CHANNE"S
IN RELATION TO SEDIMENT LOAD

SUSPENDED SEDIMENT AND DISCHARGE IN £
PARTICULAR CROSS SECTION

This second part of the present paper describes the
interrelations of measured sediment with the other
hydraulic variables. Following a description of the
changes in suspended-sediment load at a station and
then downstream, hydraulic and physiographic inter-
pretation of the observed relationships will be explored.

Sediment transported by a stream may conveniently
be divided into suspended load and bed load, but it
must be understood that, depending on the flow con-
ditions, sediment may at one time be part of the
suspended load and at another time part of the bad
load. Moreover, the capacity of a channel to carry
sediment of one size is at least partially independent
of its capacity to carry another size. For this reason
Einstein (1950, p. 4) prefers to differentiate betwe=n
“wash load” consisting of particles finer than those
making up the stream bed, and ‘‘bed-material load.”

No simple and satisfactory method of sampling bed
load of a natural stream is in use at present. Any
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sampler placed on the stream bed provides an obstruc-
tion to the natural flow and tends to set up turbulent
eddies in the immediate vicinity which so change the
transport near the bed that the resulting sample
becomes nonrepresentative. The data available for
analysis, therefore, consist of suspended sediment
sampled by use of the improved depth-integrating
samplers. The sampled load is made up of particles
moving outside the bed layer. The measured sus-
pended load does not present a fixed percentage of the
total load in motion but varies with a number of factors,
as proposed by Maddock and discussed by Lane and
Borland (1951).

The student of fluvial processes may at this point
seriously question the general applicability of relations
derived only from data on suspended load. An attempt
will now be made to demonstrate that relations between
suspended-sediment load and channel characteristics
which can be derived from the available quantitative
data justify the use made here of the data on suspended
load.

Again for purpose of definition, it is desirable to
discuss a tool in wide use in hydrologic practice, the
graph showing the relation of suspended sediment to
water discharge.

The relation of suspended load to discharge (some-
times called the sediment rating curve) is usually shown
as a plot on logarithmic paper of suspended sediment,
in units of weight per unit of time, against discharge of
the water-sediment mixture at a particular gaging
station (see Linsley, Kohler, and Paulhus 1949, p. 331;
Hembree, Colby, Swenson, and Davis 1952, p. 69).
A typical relation of suspended load to discharge is
presented in figure 13 (after Hembree, Colby, Swenson,
and Davis 1952, fig. 33). The data for such a curve are
obtained by daily, weekly, or other periodic sampling
at the sediment station. Such stations are being
installed and maintained by Federal and State agencies
in increasing numbers in the United States. When
their records encompass a long enough time, the growing
network of stations promises a mass of basic data which
will be of importance to the study of river morphology.

The sediment is sampled by a depth-integrating
suspended-load sampler. No fewer than two samples
are taken at various distances from the stream bank in
a given river cross section. These samples are analysed
in the laboratory to determine concentration of sus-
pended sediment in parts per million by weight. The
samples from a given cross section are combined to
give a mean concentration which is then applied to the
mean discharge for the day to provide an estimate of
tons of suspended load passing the station on the
given day. This figure is then plotted against the
mean discharge for the day as a single point on the
curve showing relation of suspended load to discharge.
Each point on the curve of figure 13 was determined
in this manner,
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F1GURE 13.—Relation of suspended-sediment load to discharge, Pcwder River
at Arvada, Wyo.

The basic data on suspended-sediment load used in
the present study are available to the public, as already
explained, in association with current-meter measure-
ments. Data on suspended sediment will be published
by the Geological Survey, but as yet there is consider-
able delay between collection of data and their publi-
cation.

It will be noted in figure 13 that the curve showing
relation of suspended load to discharge contains a wide
scatter of points, as is characteristic. This scatter
indicates that at a given rate of discharge, the amount
of suspended sediment may vary considerably from one
day to another. It will be shown later that st a given
discharge, increased amounts of suspended load supplied
to a reach tend to promote changes in the channel
characteristics leading to increased capacity to trans-
port, particularly through adjustment of the ratio of
velocity to depth. Thus, scatter of points above and
below the mean line in the graph of suspended load and
discharge implies corresponding compensatory arrange-
ments of points about the mean curves showing relations
of velocity to discharge and depth to discharge.

A straight line has been drawn through the points on
the curve in figure 13. The points are so scattered on
some graphs of suspended load and discharge that a
smooth curve drawn to represent them has little
meaning. When the record is sufficiently long, as it
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is in figure 13 and in the data for 20 stations analysed
in this report and summarized in the appendix, a
straight line on logarithmic paper is a usable approx-
imation. Many graphs of suspended load and dis-
charge may be represented by straight lines in the
middle range of discharge, but by curves or lines of
different slopes in the extremely low and high discharge
ranges.

It is typical that the line approximating the data on a
graph of this type slopes steeply, as in figure 13. At
a station suspended load usually increases more rapidly
than does water discharge. It will be noted that if
water and suspended sediment increase at equal rates,
the sediment concentration is constant. Constant con-
centration of suspended sediment would be represented
in figure 13 by a line sloping upward to the right at 45°.
The fact that the line slopes more steeply indicates
that suspended-sediment concentration increases rapidly
with discharge at a station.

This usual rapid increase of suspended load with
discharge is interpreted by the authors as indicating
that conditions of rainfall and run-off on the watershed
combine to furnish to the major stream channels a large
increment of debris for each increment of water. In
other words, it is believed that the slope of the curve
showing the relation of suspended sediment to dis-
charge is the result of the process of sheet, rill, and gully
erosion on the watershed and represents sediment im-
posed on the major stream channels which must earry
it away.

No detailed hydraulic theory is available to explain
why sediment increases at a faster rate than discharge
at a given station. However, a number of widely
known facts make this relation seem logical. Large
discharges imply greater raiufalls than small ones.
Great rains are characterized by a larger percentage of
surface run-off than small rains, for many reasons.
Three reasons are:

First, the initial rain must fill surface detention and
depression storage before surface run-off can begin.
Infiltration rate decreases rapidly during the initial
period of a rainstorm.

Second, as the soil surface becomes wetted, areas
poorly protected by vegetation are subjected to the
churning effect of raindrop impact (Ellison, 1944)
which increases with rainfall intensity. Puddling of
the soil surface, if it occurs, probably increases with
the duration and intensity of rainfall.

Third, moreover, large runoff rates imply greater
depths and velocities of water flowing in eroding rills.
These factors tend toward a greater efficiency of erosion
with the increase in duration and intensity of rain.
Thus, it might be expected that at a given river cross
section sediment production increases faster than dis-
charge.

It might be presumed that because the bed of an
alluvial river tends to be scoured during high discharges,

the observed increase of suspended-sediment concentra-
tion with increased discharge results from the suspen-
sion of the additional material scoured out of the bed
by concomitant high velocity.

It will be shown later that at certain river measurirg
stations deposition on the bed occurs under the condi-
tions of high velocities accompanying the rapidly
increasing suspended loads of flood rises. Thero
velocities are higher than those accompanying scour
of the bed during the decreasing suspended loads of
flood recessions.

This occurrence is sufficiently common to support
the contention that the changes in velocity and depth
during a flood passage are caused by changes in con-
centration of suspended sediment introduced into tke
particular reach. Suspended-sediment concentration
may generally be considered an independent variable,
with velocity and depth dependent. _

It is observed that the relation of suspended sedi-
ment to discharge at a given river cross section may ke
approximated, through at least a major part of the
range of discharge, by a straight line on logarithmic
paper. Such a line is defined by the expression

L=pQ?

in which L is sediment load in tons per day, p and j are
numerical constants. In the data analyzed, there is a
tendency for the suspended sediment at a, station to
increase faster than discharge, or the slope, 7, of the
suspended sediment-discharge curve is greater than
unity. Valuesofjtypicallyliein the range 2.0 to 3.0.

In summary, it is typical at a given cross section of
an alluvial stream for the suspended-sediment load to
increase with increase in discharge, and at a mors rapid
rate. That is, the concentration of suspended sedi-
ment increases with discharge. Consideration of the
physical characteristics of surface run-off and observe.-
tions of bed scour lead to the tentative conclusion that
the observed increase in sediment concentration results
primarily from erosion of the watershed rather than
from scour of the bed of the main stream in the reach
where the measurement is made.

RELATIONS OF SUSPENDED SEDIMENT TO
DISCHARGE IN A DOWNSTREAM DIRECTION

Stations where suspended sediment is sampled are
still too few to provide data for a direct analysis cf
change in the concentration of suspended sediment in a
downstream direction, as was done for the other hydrau-
lic factors.

In long reaches of a river through more or less homc-
geneous topography the entrance of various tributaries
does not appear to the eye to have any great effect on
the turbidity of the water. Even over great distance«
the changes in sediment concentration downstream are
are not sufficient to be distinguished without actual
sampling.
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The change in sediment concentration downstream
through homogeneous topography and lithology would
seem to be small. However, the percentage of area of
lesser surface slope increases with drainage area. Areas
of little slope probably contribute less sediment per unit
of water run-off than areas of steep slope. Ground-
water contributes a larger percentage of flow to a stream
draining a large area than to one draining a small area.

Inasmuch as the percent of land not contributing
sediment and, therefore, the percent of sediment-free
water tend to increase somewhat with drainage area,
it would be logical to suppose that the average sediment
concentration should decrease slightly in the down-
stream direction. Rubey (1933, p. 505) reached the
same general conclusion. It should be understood,
however, that individual rivers may differ in this respect
(Mackin, 1948, p. 480).

Strong support for this conclusion is provided by the
observation that the average annual production of sedi-
ment per square mile of drainage area decreases with
increasing drainage area. In other words, sediment
production per unit of area is greater for small than for
large drainage areas. This conclusion has been reached
by the study of erosion of sample upland areas and

 valley cross sections in Illinois (Brune, 1950), by the
analysis of sediment trapped in small reservoirs in
Wyoming (Hadley, in preparation, and open file), and
from similar data on reservoirs in Iowa and Nebraska
(Glymph, 1951, p. 6). If sediment contribution per
unit of area decreases with increasing area, on the aver-
age there should be a tendency toward smaller concen-
trations of suspended sediment downstream.

The relation of suspended sediment to discharge both
at a station and downstream can now be considered in
the hydraulic geometry of stream channels. In figure
14 the curves of width, depth, and velocity in relation
to discharge are similar to those discussed in figure 12.
In the diagrammatic plotting of suspended-sediment
load against discharge in figure 14, the dotted line
A,—C,; is the curve showing the relation of suspended
sediment to discharge for an upstream station, for
which the at-a-station width, depth, and velocity
curves are respectively A—C,, A—C,, and A—C,.
The curves for a downstream station are, respectively,
B—D,, B, and D,;, and B,—D,; and curve B;—D,
shows the relation of suspended load to discharge.

The small number of suspended-sediment stations
arranged along the length of a given river precludes the
construction of curves representing the change of
suspended-sediment load downstream, but such a curve
is a necessary part of the hydraulic geometry. The
general argument in the preceding paragraphs appears
to support the hypothesis that concentration of sus-
pended sediment usually decreases somewhat down-
stream with discharge of equal frequency. As in the
suspended load-discharge curve of figure 13, equal
concentration downstream would be represented bv a
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line sloping upward to the right at 45°. The probable
relation is therefore shown on figure 14 as the solid
lines A;—B; and C;—D; which slope slightly less
steeply than 45°.

A brief summary will explain the purpose of the next
step in the analysis. The shape of the cross-section
at any point on a river may be described by the observed
increase of width, depth, and velocity with increase of
discharge. Considering the river system from head-
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waters downstream, if discharge at all points is com-
parable in percentage of time this discharge is equalled
or exceeded, the width, depth, and velocity are observed
to increase downstream with increased discharge.
These at-a-station and downstream relations can be
expressed by simple graphs having a geometric pattern.
This geometric pattern is an expression of the inter-
relationship of width, depth, velocity, and discharge
expressed by the identity

Discharge =width X depth X velocity

This identity, however, must be only one of a number
of equations which determine the observed relationships.
There probably is a relation between the character-
istics of the channel shape and the measured suspended-
sediment load. The purpose of the next sections is to
define, at least qualitatively, how the suspended load
is observed to vary in different rivers having different
width, depth, and velocity relationships. The analysis
will first be attempted for a given discharge, and then
will be extended to include different discharges.

WIDTH, DEPTH, VELOCITY, AND SUSPENDED SEDI-
MENT AT A GIVEN DISCHARGE

Certain aspects of the effect of suspended sediment
on channel shape are best exemplified by consideration
of the condition of constant discharge. The following
discussion concerns the analysis of measured sediment
load at various gaging stations when the discharge at
the stations is equal.

Data for 20 sediment measuring stations were used
in this study. The data consisted of curves showing
relation of suspended sediment to dischavge; these are
summarized in tabular form in the appendix of this
report. Sediment measurements are being made at
many more stations but insufficient length of record or
absence of simultaneous current-meter discharge meas-
urements precluded their use. A faw records were
discarded because of unnatural cross sections. Particu-
larly, data obtained at dams or in sections where the
channel wals were confined were deemed unsuitable.
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For each station, current-meter measurement data
were used to construct curves relating discharge to
width, depth, and velocity, as shown in figures 3 and 4.
From these data and curves showing the general relation
of suspended sediment and discharge, values of these
four factors corresponding to a discharge of 500 cfs
were tabulated.

For each station, width was plotted against suspended
load in figure 15, and at each point the corresponding
velocity was entered. Isopleths of velocity were then
drawn; these are the lines slanting steeply downward to
the right in the figure.

Because the graph represents data for a fixed dis-
charge, every point in the width-velocity field defines
a particular depth inasmuch as

@=w d v= constant

Thus isopleths of depth can be drawn which are the
lines slanting gently downward to the right.

Figure 15, therefore, is a field showing the relation of
corresponding values of width, suspended load, velocity,
and depth. The graph has many limitations but it is
nevertheless a useful tool for some qualitative analyses.
Among its limitations are, first, the fact that the
velocity field is only roughly defined by the values in
the available data. Second, only the suspended part
of the load is being considered. Third, the scatter of
points on any average curve showing relation of sus-
pended sediment to discharge is large.

Nevertheless, certain general conclusions of apparert
significance may be drawn from figure 15 and they will
be tested against observed changes in the characterie-
tics of river channels.

If a constant discharge is assumed, at constant width
of channel an increase in velocity is accompanied by
an increase in suspended sediment. This requires, at
constant discharge, a decrease in depth.

Conversely, if velocity is constant, an increase in
width is accompanied by a decrease of suspended load.
This is also associated with a decrease in depth.
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In summary, decreasing width at constant velocity
or increasing velocity at constant width each results in
increased capacity for suspended load at constant dis-
charge.

These relationships should be reviewed here in terms
of the basic data from which they were derived. The
basic data consist of 20 cross sections of different rivers
(see appendix). The rivers include the Loup, Rio
Grande, Bighorn, Smoky Hill, Powder, Moreau,
Republican—in other words, rivers in the Great Plains,
Colorado Plateaus, and Rocky Mountain areas. The
data are therefore biased toward Western conditions,
yet the rivers are rather diverse in general appearance.
A station on each river was considered under conditions
when 500 cfs was flowing in the channel. At that par-
ticular discharge, some of the river sections are wide,
others narrow, some shallow, others deep. The
observed suspended load at that discharge has been
correlated with the concurrent width, depth, and
velocity at the particular discharge.

The graphical relation shows that a wide river having
a particular velocity is observed to carry a smaller
suspended load than a narrow river having the same
velocity and discharge.

1t shows also that if two rivers have equal width at
the same discharge, the one which is flowing at the
higher velocity is carrying a larger suspended load.

These .are empiric relations observed in the available
river data. Nothing has been said regarding why one
river is wide and another narrow, or one is deep and
another shallow. Clearly these features depend on
such factors as slope, roughness, and particle size which
have not yet been considered.

In the analysis, the rivers were compared at equal
discharge. It is now logical to examine the same

THE HYDRAULIC GEOMETRY OF STREAM CHANNELS

WIDTH, DEPTH, VELOCITY, AND SUSPENDED LOAD
AT A VARIABLE DISCHARGE

Relations similar to those examined at constant dis-
charge will now be discussed for three other discharge
rates. Using the same 20 suspended-sediment sampling
stations, measurements of depth, width, velcrity, and
suspended load were plotted for discharges of 250,
1,000, and 2,000 cfs in a manner similar to that used for
figure 15. The mean isopleths of velocity for the four
discharges were replotted in figure 16, with the actual
velocity values shown on figure 15 eliminated for the
sake of clarity. .

As in figure 15, when discharge, width, and velocity
are specified, depth also is specified. In other words, a
particular point in the graph of figure 16 specifies
width, depth, and velocity for any of the four dis-
charges.

Any arbitrary straight line drawn on figure 16 will
cross the respective fields of velocity for the four dis-
charges. Any point on that arbitrary line vill repre-
sent simultaneous values of width and of velocity in one
of the four velocity fields. The line may ko drawn,
then, to represent any chosen width-to-discharge rela-
tion and a chosen velocity-to-discharge relation. A
corresponding suspended load-discharge relation be-
comes thereby determined.

An example will help clarify this idea. If one follows
the horizontal line in figure 16 representing a width of
100 ft to the 2-fps velocity line representing a discharge
of 250 cfs, he will see that the point of intersection
represents a suspended load of roughly 1,500 tons per
day. The 2-fps velocity line for 500 cfs intersects the
same horizontal line at a point equal to a load of 3,000
tons per day. The 2-fps velocity line for 1,000 cfs
intersects at 6,500 tons per day, and the same line for a

relations at different discharges. discharge of 2,000 cfs at 15,000 tons per day. It will
400
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be noted that these corresponding values of discharge,
velocity, and suspended load could be used to define
relations between discharge and the separate factors of
velocity and suspended load. These relations have
been plotted in figure 17. This suspended sediment-
discharge curve would represent the mean suspended
sediment-discharge relation for a channel of constant
width. In this hypothetical channel, various dis-
charges would have the same mean velocity, 2 fps.
Because for each of the four discharge points, velocity
and width are specified, depth also would be specified.
Therefore the relation of width, depth, and velocity to
discharge can also be plotted, and these plots also are
shown on figure 17.
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FiGureE 17.—Example of the relation of suspended-sediment load and water
depth to discharge for specified relations of width to discharge and velocity to
discharge (constructed from fig. 16).

In accordance with the procedure used in the example,
any straight line drawn on the width-suspended load-
velocity field of figure 16 defines the rates of increase
of two variables with discharge. The rate of increase
of the other two variables with discharge must be given.
In the previous example, the rate of increase of width
with discharge and the rate of increase of velocity with
discharge were specified. Then the rates of increase of
depth and suspended load with discharge became known.
The slopes of these lines can be measured and are the
exponents b,m,f,and j in the equations

w=a@?®
d=cQ’
v=kQm

L=pQ’
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where the symbols are as defined previously. In the
graphs of figure 17 it will be noted that

b+f+m=0+1.04+0=1.0
as is required by the identity
Q=wdv

By analogy to the example plotted in figure 17, it can
be visualized that for any given assumption of & (the
rate of increase of width with discharge), the slope 7 of
the curve relating suspended load to discharge will de-
pend on the rate of increase of velocity with discharze
defined by the exponent m. And because b-+m+4f=1,
when b and m are specified, f is also specified. If the
ratio of m to f is known and the value of b is knovn
then values of m and f are known. For example,
assume arbitrary straight lines on the field of figure 16
and find the slope j of the suspended load-discharze
relation for various values of & and the ratio m to f.
The results are plotted in figure 18. Each point in the
figure represents a given straight line drawn in the
graph of figure 16. These lines were drawn in such a
way that various values of b were represented. The
resulting relation of velocity and load with discharge
were plotted just as in figure 17, the slopes of the lines
representing values of m and f were measured, and the
ratio of m to f was computed. Values of 7 and the
ratio of m to f were then plotted in figure 18.

From figure 18 a number of useful concepts may he
inferred. The first concerns the interaction of velocity,
depth, and the suspended-sediment load. For any
given rate of increase of width with discharge—that is,
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for any given value of b—the diagram indicates that
the value of j increases with an increase in the m to f
ratio. That is, the rate of increase of suspended-sedi-
ment load with discharge is a function of the ratio:

rate of increase of velocity with discharge
rate of increase of depth with discharge

Slopes of the lines representing depth, width, and
velocity respectively, in relation to discharge are, ac-
cording to the implications contained in figure 18,
functions of the slope of the line representing the rela-
tion of suspended sediment to discharge. For a given
value of b, the steeper the slope of the suspended sedi-
ment-discharge line, the greater will be the slope of
the velocity-discharge line.

It is also possible to observe in figure 18 the points,
or zones, which represent the average river conditions.
The average values of the rates of increase of width,
depth, and velocity with discharge have been listed
separately, and are summarized here.

At a station Downstream
b=.26 b=.5
f=.40 f=.4
m=. 34 m=.1

The suspended sediment-discharge relations pro-
viding the basic data from which figure 18 was derived,
represent a number of different stations. Earlier dis-
cussion of typical relations of suspended sediment to
discharge brought out the fact that the slope, j, of
typical curves is of the order of 2.0 to 3.0. As pre-
viously indicated, at a typical river cross section, width
increases only slightly with discharge until the bankful
stage is reached. This rate of increase is described
by the average value b which is provided by the avail-
able data, 5=.26. For the average cross section

(at a station) ?=.85. In figure 18 where an-=.85,and

b=.26, j=2.3. Thus the value read on the curves
of figure 18 compares favorably with the observed aver-
age slope of suspended sediment-discharge curves.

It was brought out in the discussion of the relations
of suspended sediment to successive points in the down-
stream direction that suspended-sediment concentra-
tion should decrease slightly downstream. A value of
7=1.0 means that suspended load is increasing at the
same rate as discharge and represents equal sediment
concentration. It is to be expected, therefore, that
the observed value for rivers should be somewhat less
than 1.0. Referring to the mean values of m, f, and b
in the downstream direction where b=.5, and %=.25,
it can be seen on figure 18 that j=0.8. Thus figure 18
indicates that concentration of suspended sediment
decreases slightly in a downstream direction for a
given frequency of discharge, as the earlier argument
indicated.

THE HYDRAULIC GEOMETRY OF STREAM CHANNELS

Figure 18 appears to apply to average conditions
both at a station and downstream. For any particu-
lar cross section of a given river or for any particular
flood hydrograph, it should not be expected that figure
18 would define the relations because it will be recalled
that figure 15, from which type of data figur: 18 was
derived, represents a series of smooth lines drawn
through data having considerable scatter in the plot.
Nevertheless, figure 18 is a useful guide in summarizing
a large volume of data on suspended load of rivers.

It is presumed that as additional data on suspended
load become available, it will be possible to refine the
graph of figure 16 by adjustment of the slope and
position of the velocity isopleths. From available
data, the relations in figure 16 may be summarized as
follows: When cross sections of different rivers having
different channel characteristics are compared, the
observed suspended-sediment load will vary directly
as a function of the velocity, directly as a function
of the depth, and inversely as a function of the width
of water surface. The suspended load varies £s a large
power of velocity, and as small powers of depth and
width.

The preceding discussion may now be summarized by
indicating the relation which the curves of figure 18
bear to the hydraulic geometry of river systemr charac-
terized by figure 14. To facilitate reading, figure 14 has
been reproduced in essentially the same form in figure
19 with the addition of simple block diagrams to allow
easy visualization of the at-a-station and dovrnstream
relations constituting the hydraulic geometry.

Figure 19 summarizes the average conditions observed
in the numerous rivers studied. Cross section A repre-
sents the conditions at a headwater station during low
flow. TIts position will be noted in the uppe~ physio-
graphic diagram of a watershed in which low flow
prevails. Cross section C represents the same head-
water station under conditions of high discharge.
Similarly, B is a downstream section at low flow, and D
the same section at high discharge.

The slopes of the lines in the graphs of figure 19
represent the average conditions observed in rivers.
In the width-discharge graph, line A;—B, ha< a slope
upward to the right equal to 0.5, or in the expression
w=afP®, b=0.5, which is representative of the increase
of width with discharge downstream.

Similarly, in the width-discharge graph, the line
A—C, represents the increase of width with discharge
at a station and has a slope 6=0.26.

In the depth-discharge graph line, A;—B; has a slope
f=0.4, and A,—C, has a slope f=0.4. In the velocity-
discharge graph, line m=0.1 for the downstream direc-
tion, and m=0.34 at a station.

Lines in the suspended load-discharge grephs also
have slopes equal to average values for rivers, j=0.8
downstream (line A;—B;) and j=2.5 at a station (line
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It is now possible to interpret the relation between

?; b, and j shown in figure 18 and the diagrams in

figure 19. Figure 18 shows the observed relationship
between suspended load in rivers and the channel-
shape factors. The figure shows that for a given value

of b, the value j increases with the ratio %}— The river

data indicate that for given a rate of increase of width
with discharge (a given slope of line A—B,), the steeper
the slope of the suspended load-discharge line A,—B;,
the steeper must be the slope of the velocity-discharge
line A;—B,. This would require a smaller slope of the
depth-discharge line A,—B; in order to preserve the
relation of slopes required by

b+f+m=1.0

Another way to look at the geometry of figure 19
would be as follows: For a given width, end at a given
discharge, an increase in suspended sediment requires an
increase n velocity and a reduction in depth. Exactly
this interpretation was drawn from figure 15.

This set of interrelationships provides a visual
picture of how the channel system of a river is carved
to carry the water and sediment provided by the
drainage basin. The at-a-station and downstream
relations between discharge and suspended load shown
by the geometrical pattern A;B;C;D; may be considered
essentially independent of the channel system, but are
functions of the drainage basm. The relations of
width, depth, and velocity to discharge tend to bhe
adjusted to conform to the load-discharge function
according to the principles just outlined.

The geometrical relations describe another typical
relationship in rivers—that of the upstream and down-
stream station at a given discharge, represented along
a given vertical line in figure 19. As an example,
a particular discharge is represented by the dashed
vertical line representing the discharge @’. The A—C
lines represent changes at the upstream station and the
B—D lines at the downstream station. At the same
discharge, @', note that the suspended load at
the downstream station (ordinate where Bs;—Dj crosses
the dashed line) is less than the suspended load at the
upstream station (ordinate where A;—C; crosses the
dashed line). This is reasonable because a given dis-
charge at the downstream station may represent a
frequent flow or a low flow condition, whereas to attain
that same discharge the upstream station must expe-
rience a flood flow. A given discharge is equalled or
exceeded more often at a downstream than at an up-
stream station, and common experience teaches that
the frequent, or low, flow is likely to carry a small
concentration of suspended sediment, and a flood flow
a large concentration. The given discharge, then,
seldom occurs in nature simultaneously at the head-
water and downstream station.

THE HYDRAULIC GEOMETRY OF STREAM CHANNELS

It may now be asked how the channels at tl'e various
stations are shaped to promote the equilibrium required
by this comparison. At that given discharge, the
downstream station has a larger width and a lower
velocity, as can be seen in the diagram. This is exactly
what figure 15 suggests; that is, at a given discharge,
a smaller suspended-sediment load requires fcr equilib-
rium a larger width or lower velocity or both.

Inasmuch as the diagrammatic relations in figure 19
show the actual average slopes of the various lines
derived from river data, the comparison at constant
discharge again confirms the principles of channel-
shape adjustment postulated.

The diagram also includes observed aversge varia-
tions of roughness and slope which will be discussed
later.

It is emphasized that these relations are those derived
by comparing a large number of river data. The rela-
tions are those existing in natural rivers. Flumes
could be constructed in which relations of slope, rough-
ness, and the channel-shape factors are different from
those existing in rivers. In such flumes the relations
described above would not necessarily hold.

It is now desirable to observe what kinds of similar
relations seem to hold for bed load.

INTERRELATIONS OF WIDTH, DEPTH, VI'LOCITY,
AND BED LOAD AT A GIVEN DISCHARGE

The experimental flume data of Gilbert (1914) have
an advantage, for present purposes, over sny other
comparable experimental data. Gilbert used flumes
of various widths under conditions of constant dis-
charge. These data allow an analysis, thevefore, of
the relation of width, velocity, and load at constant
discharge. The Gilbert sands were such that the load
was carried primarily near the bed, and for present
purposes his results may be considered to represent
primarily the transport of sediment as bed load.

The Gilbert data used here were taken from the sum-
mary by Johnson (1943, pp. 58-63), in which the data
are presented in centimeter-gram-second unite.

For “sand B” of Gilbert, four widths of flume were
used at a discharge of 15,433 cu cm per sec and five
widths at a discharge of 5,154 cu cm per sec.

Figure 20 presents the relation of the bed load
carried in the full width of the flume to width and
observed mean velocity at constant discharge. Thus
the graphs of figure 20 are for bed load and are analogous
to figure 15 for measured suspended load in natural
rivers. Isopleths of velocity are drawn through the
observed velocity values appearing in the graph.

It is clear that the isopleths of velocity slope upward
to the right in contrast to those in figure 15 which
slope upward to the left. These graphs provide, then,
the following tentative interpretation, which, if sus-
tained by further work, may provide important assist-

"ance in the understanding of fluvial morpholoyy.



HYDRAULIC FACTORS AND BED LOAD AT A GIVEN DISCHARGE 29

At constant discharge, an increased velocity at constant
width vs associated with an increase of both suspended load
and bed load in transport. At constant velocity and dis-
charge, an increase in width is associaied with a decrease
of suspended load and an increase in bed load in transport.

It is unfortunate that the lack of data on bed load for
rivers dictates reliance on flume observations. How-
ever, some general arguments and observation support
the conclusions reached by analysis of flume data.
Lane (1937 p. 138) observes,

If a channelis supplied with a heavy bed load, in order to be stable
it must move this load along. * * * To be stable, the channel
carrying bed loads, therefore, should have a higher velocity along
the bed, but the same velocity along the banks, and this could
only occur with a wider, shallower section.

This statement by Lane is significant because it
applies to the interpretation of river channels as they
are observed to exist. That is, an alluvial river channel
which is relatively wide and shallow probably carries a
relatively large bed load.

Griffith (1927, p. 246) notes that the “* * * large
rivers flowing through the alluvial plains of India, which
in flood are heavily charged with silt, have in all cases a
tendency to adopt a broad, shallow section * * *”
Mackin (1948, p. 484) concludes from the British and
Indian literature that “* * * the broad, shallow
channel is the type of cross section best adapted for the
transportation of heavy bed load.”

Though these general observations are of interest in
this paper, they imply rather than assert that a constant
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FIGURE 20.—Relation of bed load to channel-shape factors at constant discharge,
showing two discharges, same sediment material (sand B), from Gilbert data.

discharge is assumed. A constant discharge and con-
stant velocity are specified in the present discussion of
the effect of width on bed load and suspended load.

Further indication of the effect of width on bed load
is provided by computations made using the Einstein
(1950) equation. In a study for the Bureau of Recla-
mation, Lara and Miller (1951) computed by the Em-
stein equation the bed load which would be transported
in a channel of variable width, under different condi-
tions of discharge. The computations involved in tle
equation require that a value be assumed for river slope
and bed-material size. Computations were made bty
Lara and Miller for different sized fractions of the load
separately, and combined to provide the computed bed
load having a size distribution characteristic of Rio
Grande sediments. Lara and Miller assumed slope
comparable to that of the Rio Grande.

The computed values of bed load for a constant di--
charge of 500 cfs were plotted by the writers against
width and mean velocity provided by the computation,
in a manner similar to figures 15 and 20. In the graph,
not included here, isopleths of velocity sloped upward
to the right as in figure 20. Thus, bed load computerl
by the Einstein equation appears to increase with
increased width at constant discharge and velocity—at
least for the assumptions of slope and sediment size
made by Lara and Miller.

In the preceding sections some relations have been
developed among suspended load, bed load, and chan-
nel characteristics. By far the majority of data avail-
able on sediment load are restricted to measurements
of suspended load only, and further detailed analysis -
of necessity depends on the measured fraction. Mackin
(1948, p. 469) emphasizes that the size-distribution of
the load of a given segment of a stream depends ¢
«x * * tlye lithologic characteristics, relief, ard
erosional processes in its drainage basin, and on proe-
esses in operation within the stream itself (as sorting.)”
The sizes and quantities of available load determine, in
part, whether the stream carries the load as suspended
or as bed load.

A large part of the total sediment transported Ly
natural rivers is carried as suspended load. This is
recognized by some geologists (Mackin, 1948, p. 468),
but because bed load measuremeénts are few, the rela-
tive proportions of bed and suspended load in natural
rivers are not generally known:

Both suspended and bed load are being measured in
the Niobrara River near Cody, Nebr. (Serr, 1950).
The data already published show that for discharges
between 200 and 1,000 cfs bed load constitutes sn
average of about 50 percent of the total load. Tle
percentage of the total carried as bed load varied from
24 to 68 percent. No significant correlation existed
between this percentage and either the water discharge
or the rate of sediment transport (Serr, 1950, p. 15).
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This comparison of bed load and suspended load in
the measurements of the Niobrara River led the Bureau
of Reclamation and the Geological Survey to begin a
joint investigation for the purpose of extending this
experimental work (Serr, 1951). The Middle Loup
River has a sandy bed and the water appears clear and
free of suspended load. The engineers of these agencies
selected the Middle Loup River near Dunning as an
example of a stream which carried most of its load as
bed load. The junior author, at that time head of the
Sedimentation Section, Bureau of Reclamation, repre-
sented that Bureau in the studies which led to the
establishment of the measurement program on the
Middle Loup River.

The measurements showed, however, that the bed
load constituted an average of only 55 per cent of the
total load even on the Middle Loup River (Vice and
Serr, 1950, fig. 14).

Before regulation of the Colorado River by Boulder
Dam, measurements were made in the overflow nappe
on the spillway of Laguna Dam where presumably the
total sediment would be caught by a suspended-load
sampler. These measurements, when compared with
suspended-load data at a normal section, indicated that
before regulation and, at least at low flow, the Colorado
River in the lower reaches transported almost all of its
sediment load in suspension (Lane 1937, p. 190).

The 1948 survey of the sediment deposition in Lake
Mead showed that 49 per cent by weight (978 million
tons) of the total sediment deposited in the reservoir
consisted of material fine enough to be transported in
_density currents (Gould, 1951, p. 48).

It might be argued, however, that despite a large sus-
pended load in a river only the bed load is of real signifi-
cance in fluvial morphology assuming it places the great-
est tax on the energy of the stream. .

It is possible that owing to the influence of the engi-
neer, one may tend to place too much emphasis on bed
load and to underrate the role of suspended load in
determining the observed characteristics of natural
streams. In the present discussion, an attempt is made
to demonstrate that data on suspended load may pro-
vide an insight into the mechanisms by which river
characteristics are determined.

The following detailed consideration of the effect of
suspended load on river channel characteristics does not
deny the importance of bed load. But if the measure-
ments of suspended load allow the development of a
meaningful picture of river channel characteristics, the
importance of the suspended load in fluvial morphology
can hardly be denied.

CHANNEL-SHAPE ADJUSTMENT DURING INDIVIDUAL
FLOODS

It is known that during the passage of a flood, the
channel of an alluvial stream is scoured and filled with
considerable rapidity. Though such changes may be

THE HYDRAULIC GEOMETRY OF STREAM CHANNELS

fortuitous, the foregoing discussion implies that there
might be a definite pattern of channel changes directly
related to the suspended-sediment load provided to the
river by the drainage basin. If this were trne, these
changes should be of the type required by the principles
derived from a study of figures 15 and 16.

The gaging station on the San Juan River at Bluff,
Utah, might first be considered. This river generally
has a bed consisting of sand, silt, and some gravel, which
characteristically shifts during a flood. At high stages
the stream at the Bluff station is confined by ro~k walls,
but some changes in width are possible at low stages.
The control at the station is a reach of gravel and
boulders downstream from the gaging section, and this
control is subject to shift under flood conditions. Cur-
rent-meter measurements are made from a cable car.

Daily current-meter data and daily suspended load
samples are available for a few years. These daily
data are used in figure 21 to show the changes that
occurred during a river rise between September 9 and
December 9, 1941. A measurement on a particular
day is indicated in figure 21 by a point in each of six
graphs. For example, during the first day of the rising
stage the discharge was 635 cfs, width 171 ft, depth
1.20 ft, velocity 3.08 fps, and suspended loed 2,140
tons per day. To simplify the picture, an intermediate
rise and fall in discharge between September 16 and 29
are omitted.

The rising discharge was accompanied by a slight
rise in width up to the peak discharge of 60,000 cfs, and
the falling discharge retraces nearly the same path in
the curve showing relation of width to discharge.

Suspended load, in contrast, increased at a very
rapid rate as the discharge rose from 600 to 5,000 cfs,
but then load increased at a less rapid rate while the
discharge continued up to 60,000 cfs.

Depth rose uniformly with discharge until a discharge
of about 5,000 cfs was reached. Then the slope of the
depth-discharge curve increased as the discharge rvose
from 5,000 to 60,000 cfs. In the falling stage, a new
slope of the depth-discharge curve was esteblished,
which was intermediate between the two slopes in the
rising stage. At a discharge of 5,000 cfs, the depth was
about 3.2 ft in the rising stage and 4.4 in the falling
stage.

A corresponding adjustment in the velocity-discharge
curve is apparent. In the rising stage at 5,000 cfs the
velocity was 8.6 fps; at the same discharge in the falling
stage it was about 6.0 fps.

The graph of stream-bed elevation in relation to
discharge is shown in figure 21. Bed elevation, as
plotted, is a relative value which was derived by sub-
tracting the depth from the gage height (water-surface
elevation). This difference is a satisfactory estimate
of bed elevation in the examples discussed here because
width varied but little with discharge. Detailed river
cross sections at various intervals during the flood

~
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FIGURE 22.—Channel cross sections during progress of flood, September-
December 1941, San Juan River near Bluff, Utah.

have been plotted from original current-meter measure-
ments.

The bed eclevation rose during the first part of the
flood rise. Deposition of material on the stream bed
at the measuring section during the early period of the
flood can be seen by comparing the cross sections in
figure 22 for September 9 (635 cfs) and September 15
(6,560 cfs). This deposition continued progressively as
long as the slope of the suspended sediment-discharge
curve was steep. At a discharge of about 5,000 cfs
the suspended sediment-discharge curve assumed a
different, less steep slope, and this smaller slope of the
line was maintained as the discharge continued to rise
to the peak flow of almost 60,000 cfs.

At discharges between roughly 5,000 and 60,000 cfs
the suspended-sediment concentration increased less
rapidly per increment of discharge than in the range
below 5,000 cfs. The smaller rate of increase of sus-
pended-sediment concentration was associated with
bed scour. After the peak flow, the falling discharge
was accompanied by a stable bed elevation.

This flood is one in which the slope of the width-
discharge curve was about the same throughout the
flood passage, and, therefore, the mutual adjustment
among suspended load, velocity, and depth is quite
evident. At 5,000 cfs the suspended load was about
1,000,000 tons per day in the rising stage. In the
falling stage at the same discharge and the same width
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the suspended load was only 100,000 tons per day.
The lower suspended load was accompanied by a lower
velocity and a correspondingly higher depth. This is
indeed in accord with the relation already noted in
figure 15; that is, at constant discharge and width,
- decrease in suspended-sediment load is accompanied
by a decrease in velocity and an increase in depth.

The observed relations during this flood are in ac-
cordance with the ideas explained in association with
figure 18. For the same value of b (slope of the width-
discharge line), a decrease in the value of 5 (slope of
the suspended load-discharge line) is associated with a
decrease in the m to f ratio; that is, the slope of the
velocity-discharge line (m) decreased while the slope
of the depth-discharge line (f) increased.

A second example of the day-to-day adjustments of
channel shape and suspended load is the spring rise of
1941 on the Colorado River at Grand Canyon (fig. 23).

In this flood passage, at a discharge of 20,000 cfs
there is a break in the slope of the width-discharge
curve, as well as in the load, velocity, and depth
curves. At 20,000 cfs, in the rising stage, the load was
about 1,000,000 tons per day, whereas in the falling
stage the load was about 120,000 tons. This lowered
load was accompanied by a definite increase in depth
and lowered velocity while the width remained the
same.

The bed elevation rose during the first part of the
flood rise, then lowered as the discharge continued to
increase toward the peak flow, it continued to lower
during the falling stage. At 20,000 cfs, the bed eleva-
tion was 8.5 ft lower on the falling than on the rising
stage. The gage height, plotted against discharge,
showed that the water-surface elevation was the
same in both rising and falling stages at each discharge.
At the measuring section, therefore, the difference in
channel shape was taken care of by changes in bed,
but the control downstream, a bar of heavy gravel,
did not shift.

The reality of deposition on the bed during the first
part of the flood rise can be observed in the successive
cross sections in figure 24. The river bed was lower
on January 12, (5,210 cfs) than on March 6 (23,400 cfs).
These cross sections demonstrate that the bed was
filled during the first part of the flood rise and then
was scoured as the discharge rose above 20,000 cfs.

A further example which illustrates another type of
adjustment to changing suspended load is provided by
the spring rise of 1948 on the Rio Grande at Bernalillo,
presented in figure 25. There was some decrease in
suspended load at a discharge of 11,000 cfs as the peak
flow passed the station. The curve of bed elevation
shows that the river scoured its bed during the rising
stage when the sediment concentration was high and
filled the bed during the falling stage when the con-

centrations were lower. The San Juan at Bluff and
the Colorado at Grand Canyon deposited during a
part of the rising stage, then scoured during the re-
mainder of the rise and continued to scour during the
falling stage.

Figure 26 presents three cross sections of the Rio
Grande channel at the gaging station during the
passage of the 1948 spring freshet. The scour of the
bed was irregularly distributed across the section but
on the whole, scour progressively occurred up to the
peak discharge and deposition occurred during the
falling stage.

The foregoing analyses of scour and fill of a river bed
during flood demonstrate that the changes in the bed
occurred simultaneously with changes in the rate cf
change of suspended-sediment concentration.

Tt is the thesis of this paper that the observed changes
in the stream bed resulted from changes in the sedimert
load brought into the measuring reach from upstream.
It is postulated that the hydrodynamic factors involved
tend to promote a mutual adjustment between channel
shape and the sediment load carried into the reack.
The change in sediment load which results in a change
of channel shape involves both bed load and suspended
load. However, because only the suspended load is
measured, it is necessary to use the data on the sus-
pended fraction of the load as an index to how the totel
sediment load interacts with the hydraulic variables.
That the suspended fraction is a meaningful index is
demonstrated by the fact that the relations between
the channel-shape factors and suspended load, which are
derived from measurements of a number of different
rivers, appear to apply in principle to channel changes
at a given station during an individual flood. Specifi-
cally, with no change of channel width, a decrease cf
suspended load at a given discharge was accompanie-l
by an increase in depth by bed scour that resulted in a
decrease in velocity. This is the type of change indi-
cated by figure 15. The decrease in velocity provides
the adjustment of capacity for carrying the load of the
particular size-distribution supplied by the watershed.
In response to a decrease in load, the channel shape
became adjusted through scour to the lower capacity
required for quasi equilibrium.

In the hypothesis stated it was postulated that the
changes in channel shape occurred in response to a
change in sediment load brought into the reach. Thi<
postulate requires proof that the observed change in
suspended-sediment load was not the result of the
observed change of velocity in the reach rather than
the cause. This is just the question faced by Mackin
(1948, p. 471) when he observed that

As set up in an equation * * * Joad is a function of

velocity. In answer to a query as to which is the cause, and
which is the effect, the ayerage engineer will assert that velocity
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controls or determines the load carried by a stream. * * *
[The equation as a] method of expression is inadequate for
present purposes because the terms of an equation are trans-
posable.

If the high suspended-sediment concentrations re-
sulted from the scouring action of high velocities, it is
implied that high velocity in a given reach scours the
channel in that reach. The increase in sediment in
transport resulting from the local bed scour should then
account for the observed increase in sediment concen-

THE HYDRAULIC GEOMETRY OF STREAM CHANNELS

tration. Under such an assumption, increasing veloc-
ity should be associated with bed scour and decreasing
velocity with bed fill.

During the rising flood stage in both the San Juan
River at Bluff (fig. 21) and in the Colorade River at
Grand Canyon (fig. 23) the beds were filling during
a period of rapidly increasing velocity concomitant
with a rapidly increasing suspended-sediment load.
The material deposited on the bed obviously came
from upstream. How far upstream is unknown. It

Distance, in feet
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FIGURE 24.—Channel cross sections during progress of flood, December 1940-June 1941, Colorado River at Grand Canyon, Ariz.
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is presumed that the bulk of the sediment carried past
Bluff and Grand Canyon during spring flood was derived
originally from erosion in ephemeral gullies, rills, and
by sheet wash rather than from the channels of the
larger perennial tributaries and trunk streams.
Concerning the seasonal sequences of scour and fill,
the three rivers discussed in the preceding examples
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il e

Gage height, in feet

FIGURE 26.—Channel cross sections during progress of flood, May-June 1948,
Rio Grande near Bernalillo, N. Mex.

are typical of a number of streams in western United
States. The spring floods are derived primarily from
snow melt in the mountains. Much sediment must be
carried into the major stream channels by the melt
water, but this load is augmented by the transport of
readily available material deposited in the channe
system during the local summer floods.

The spring flood leaves the river bed of the trunk
river at a lower elevation than had obtained before
the flood, but the succession of summer floods tends tc
aggrade the bed to the level observed preceding the
spring snow melt. The succession of events appears
from available data to be approximately the same eack
year.

It can be said in summary that the scour and fill
of the bed of the main stem of an alluvial river during
flood appears to be an adjustment of channel shape
in response to a varying sediment load. The adjust-
ment takes place rapidly. This should not be inter-
preted as implying a complete absence of a time lag.
In the long-continued flood passages typical of spring
snow-melt contribution to Western streams, the
progressive adjustment of channel to load is easily
observed from the data, as has been shown. However,
similar graphs for small irregular changes in discharge
even for the same stations show that the adjustment
is not so nearly complete as this. A time lag measured
in days and perhaps weeks is required for adjustments
to take place, as might be expected.

THE ROLE OF CHANNEL ROUGHNESS AND SLOPF
IN THE ADJUSTMENT OF CHANNEL SHAPE TC
SEDIMENT LOAD

It has been shown earlier that, at constant discharge.
suspended-sediment load is related to the shape fac-
tors—width, velocity, and depth. It was noted that
at constant width and discharge, increased suspended-
sediment load would be associated with increased
velocity. But because ) and w are constant, then
the product ¢Xd must be constant. Any increase in
velocity, therefore, must require a decrease of depth.

As the Manning formula states:

2,=1_5><d%><%; (4)

in which »=velocity
d==depth =hydraulic radius
s=slope of the energy grade line
n=roughness parameter

It is clear that an increase in velocity and a decrease
1

. . . ST, .
of depth requires an increase in the factor 7 or,in other

terms, increased velocity and decreased depth would
require an increase in channel slope or a decrease of
roughness or both.
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Under the condition of a varying discharge a similar
result is obtained. The relations of depth and velocity
to discharge have been expressed by the equations

d=c@Q’ (2)
v=~kqQ" (3)

kQm=1.5(c Q) %—* 4)

The coefficients ¢ and % are numerical constants for a
given set of conditions.
Thus

m (s%)
Qe oy

Under the condition that s and » do not change with
discharge, then

2
m=z f (5)
or
m_2
f 3
where
st . . m_ 2
- increases with discharge, 7>§
and when

3
% decreases with discharge, %<§

The average values of m and f for rivers studied were
shown to be

At a station Downstream
m=.34 m=.1
f=.40 F=A4
m m
—=.85 —=.25
f f

It appears, then, that for the rivers studied, the
L . .
factor % increases with discharge at a station and

decreases downstream. In the following discussion
the separate effects of slope and roughness will be
considered. It will be shown that slope of the water
surface tends to remain about constant at a station
while the increase in the concentration of suspended
load with discharge is associated with a decreasing

. 3

roughness. Thus, the at-a-station value of 2= tends
n

to increase with discharge, a fact which explains why

. 2
the mean at-a-station value of? exceeds §

It will further be shown that in the downstream
direction the value of roughmess, n, tends to be con-
servative, or remain about constant, while slope de-

This leads to an explanation of the observed

value of _@<2,

3

Because the present paper deals with the suspended-
sediment load of streams, the general effect of sediment
load on channel roughness will be considered. Vanoni
(1941, p. 618-619; 1946, pp. 96 and 127) showed that
an increase in suspended load tends to decrease channel
resistance and thus causes an increase in velocity. He
explains this effect as a result of decreased turbulence.
Buckley (1922) found similar results in meassurements
of the Nile River.

The effect of suspended-sediment concentration on
chamnel roughness was discussed by Thomas (1946,
pp. 43-45) who also concluded that increased concen-
tration was associated with decreased values of Manning
roughness factor n.

It should be expected, then, that when a given river
cross section is considered, the large changes in sus-
pended-sediment concentration which o~cur with
changes in discharge should be reflected in important
changes in chanmel roughness. In a given cross section
(at a station), an adjustment of water-surface slope
does not appear adequate to account for tke observed
variations in the velocity-depth relations; so, important
changes in roughness must occur.

During the passage of a flood through a given river
cross section, the slope of the water surface does change.
In any given reach slope tends to be steeper during a
flood rise than a recession. The steeper slope on the flood
rise is due to the fact that the rise at a given cross
section precedes the rise at any section downstream. It
will be noted, however, that the normal shape of a flood
hydrograph tends to make the most marked change
of slope coincide closely with the passage of the flood
crest in a given reach.

In the Colorado and San Juan River examples
however, it is observed that there was a change in
velocity-depth relations which coincided with a change
in suspended load-discharge relations at a discharge
well below the peak. There is no a priori reason that
any change of the slope-discharge relation should have
occurred at that discharge. These facts irdicate that
such at-a-station adjustments in velocity-depth rela-
tions result primarily from changes in roughness
associated with changes in sediment load, rather than
from changes in slope of the water surface. Moreover,
during the passage of a flood lasting several months,
conditions approach steady flow and therefore changes
in water-surface slope as a result of the passage of a
flood wave are minimized.

The velocity-depth changes and their relation to
suspended load observed at a single cross section in the
Colorado River, Rio Grande, and San Juan River are
typical of all the cross sections studied for which
adequate data are available. This appears to support
the idea that such changes are typical of fairly long

creases,
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reaches of channel, measured in tens of miles rather
than in tens of yards.

Changes in velocity-depth relations typified by the
individual floods measured at Grand Canyon, Bluff, and
Bernalillo must primarily represent, therefore, changes
in roughness rather than in slope. If observed changes
in velocity-depth relations can be attributed to changes
in roughness, then lower wvalues of roughness are
associated with larger suspended-sediment concentra-
tions, and this is just the effect found by Vanoni,
Buckley, and Thomas.

The changes which have occurred in the lower reaches
of the Colorado River after the construction of Hoover
Dam, appear to confirm these observations, as will now
be shown. When the sediment load of the Colorado
River was stored in Lake Mead, clear water released
from the reservoir caused degradation in the channel
reach below Hoover Dam. The main degradation
occurred in the reach of about 100 miles between
Hoover and Parker Dams. The gaging station at
Yuma, Ariz., is about 350 miles below Hoover Dam.
A record of observations before and after the construc-
tion of Hoover Dam allows a comparison to be made of
the channel characteristics at Yuma between a period
when the river carried a large suspended load and a
period when the load was markedly reduced. The
current-meter measurements for that gaging station
used in the present analysis are available in the offices
of the Geological Survey.

In addition to the data on width, depth, velocity,
and discharge included in the current-meter data, sum-
mary data on river slopes and on suspended-sediment
load at Yuma are contained in a detailed report by the
Bureau of Reclamation (1949).! These data provide
the basis for the present analysis.

The Yuma gaging records are obtained from a
cablecar. The river at this point flows in a flat alluvial
valley bounded by low scarps probably representing
pediment remnants. The channel conditions before
the changes brought about by the construction of
Hoover Dam were described by the Geological Survey
as follows: 2

Channel at all stages composed of sand and silt. Brush and
trees growing on both banks, * * * Channel is straight for
about 1,400 ft above and a mile below the cable.

In figure 27 the width, depth, velocity, gage height,
and stream-bed elevation are plotted against discharge
for the Colorado River at Yuma. The figure includes
graphs of these relations for the period 1927—34 before
the construction of Hoover Dam and similar graphs
for 1945-46 to represent measurements after the con-
struction of the dam. It will be noted that the relations
of these factors to discharge are similar to at-a-station

1 The river-slope data used in the following paragraphs appear in figures 5 and 9 in
tt:glfsurzal;aof Reclamation report, and the suspended-load data are tabulated in

3 Contained in description of the Yuma gaging station, dated June 3, 1938, in the
files of the Geological Survey, Washington, D. C.
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periods before and after construction of Hoover Dam are shown.

curves presented for other river cross sections. The
relations at Yuma changed, however, after construction
of Hoover Dam.

Figure 28 presents the progressive change of the same
factors with time. The width, depth, velocity, gage
height, bed elevation, and roughness representing the
average values for each of five discharges are plotted
against time, in years.

Figure 28 includes the annual suspended-sediment
load and annual discharge at Yuma gaging station
plotted against time. Also included are graphs of
the median size of bed material and river slope. The
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bed-material size was measured at Bureau of Reclama-
tion section 7-S (1949, fig. 15), situated about 3 miles
above Yuma. River slope was obtained as follows:

Successive measurements of particular cross sections
were made by the Bureau of Reclamation to observe
the degradation of the channel following building of
the dam. These measurements permitted the con-
struction of successive profiles of different reaches of
the river. The profiles of the reach from Laguna Dam
to the Mexican boundary, published by the Bureau of
Reclamation (1949, fig. 5), are presented as figure 29
of the present report. The average slope in the 7-mile
reach (Reclamation sections 7-S to 10-8) which in-
cludes Yuma gaging station, is plotted against time in
figure 28.

The conclusions to be drawn from figure 28 will now
bepresented. Following the construction of Hoover Dam
the annual suspended load passing Yuma decreased
from an average of nearly 150 million tons to less than
25 million tons. The water discharge fluctuated from
one period to another, depending on the releases from
the dam and the contribution of tributaries entering
the Colorado below the dam. In the period analyzed
here there was, however, no large, consistent and sus-
tained decrease in water passing Yuma after the dam
was built.

This great decrease in suspended load supplied to
the reach near Yuma caused the channel at Yuma to
change markedly. Simultaneous with the reduction
in suspended load, the channel at Yuma was degraded.
The gage height, or water-surface elevation, decreased
5 to 6 ft but the elevation of the river bed decreased
about 9 ft. The difference represents the increase
in mean depth, this increase was particularly great at
high discharges. Despite a decrease in width from 510
to 430 ft accompanying the degradation, the mean
velocity decreased considerably. This decrease of
velocity resulted from a considerable increase in rough-
ness. The changes in slope were small and there was
no progressive change during the period of record.
The consistency in slope in the reach near Yuma can
be seen in the river profiles of figure 29,

The strong increase in bed roughness was not caused
by a corresponding, consistent change in the size of
bed material, at least the correlation of the roughness
and the median size of bed material is poor. It appears
more likely that the increase in roughness was an
effect of the decreased concentration of suspended
sediment,

The explanation for the decrease in channel width
at Yuma probably lies in the cessation of large floods
after construction of Hoover Dam. The channel was
degraded. The large floods formerly characteristic of
the reach had resulted in the development of a wide
original channel to provide a balance among the re-
quirements of width, depth, and velocity for transpor-
tation of the load which was supplied to the stream,
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FIGURE 29.—River profiles in reach of Colorado River near Yuma, Ariz., com-
paring conditions in 1902 before the construction of engineering works upstream
with conditions in 1940 and 1942 (after Bureau of Reclamation).

and the relative erodibility of bed and banks. The
new discharge regime lacked the high floods to provide
such widening, and new width-depth-velocity require-
ments for transportation are balanced by the relative
erodibility of bed and bank now existing.

The reduction in width implies a larger capacity for
suspended load at a given velocity and discharge, and
a smaller capacity for bed load. However, because
velocity has decreased, the new channel can be con-
sidered to have a lowered capacity for both types cf
load at a given discharge.

In summary, in this example for which considerable
data are available, a decrease in sediment load—which
originally, at least, was carried primarily in suspension—
was accompanied by an important increase in bed
roughness. Slope remained essentially constant. Un-
doubtedly, a different proportion of the load is carried
as bed load in the present than in the original channe',
and may be in part responsible for the observed increasa
of roughness.

It is possible that changes in slope which have
occurred in upstream reaches near the dams may in
time affect the Yuma reach. In the years since tha
construction upstream began, however, a quasi equi-
librium has been established at Yuma by change in
channel characteristics and not by changes in slope.

The example demonstrates that even during a’period
of years adjustment of a channel reach in response to &
change in suspended load may be made primarily by
changes in channel shape through changes in roughness
rather than in channel slope.

The longitudinal profile of most rivers is concave to
the sky, or the slope tends to decrease downstream.
The change in velocity-depth relations in the dowr-
stream direction, as discussed earlier, must be related,
in part, to this progressive change of slope. The role



40

of roughness, as compared with slope, in the mainte-
nance of the observed ;ﬁ ratio for the downstream

direction can now be analyzed.

At least three factors affect bed roughness: the
particle size, the bed configuration, and the sediment
load. The effect of sediment load on roughness is in
itself partly determined by particle size and is intri-
cately related to bed movement, as well as to the sus-
pended fraction. The Einstein equation (1950) provides
a method of determining bed roughness when certain
other factors are given, particularly the slope and the
size distribution of bed material. The Einstein equa-
tion, however, allows width of the channel to be
assumed, and therefore does not specify what width-
depth ratio will be developed under natural conditions.

The present analysis is concerned with relations
among width, depth, and velocity as they are observed
to exist in natural rivers and is, furthermore, restricted
in dealing with sediment load to its easily measured
fraction, or suspended load.

The present discussion of the effect of the three
factors of size, bed configuration, and suspended load
on roughness aims at a general qualitative under-
standing of how the values of roughness observed in
rivers appear to be related to the average characteristics
of rivers.

A characteristic of most natural rivers is a decrease
in particle size of the bed material in the downstream
direction, due primarily to abrasion. The authors are
in agreement with Mackin’s (1948, p. 482) rejection of
the oversimplified explanation that the downstream
decrease in river slope is caused directly by the de-
creased caliber of load downstream.

A change in caliber of load must have an effect on bed
roughness and, through roughness, may affect ogher
stream characteristics. This effect will now be exam-
ined.

In the present paper a distinction is made between
roughness resulting from ripples or dunes on the channel
bed and roughness due to the individual particles of bed
material. A nearly identical distinction was made by
Einstein and Barbarossa (1951). It is assumed in the
present discussion that the roughness due to channel
irregularities includes not merely semipermanent ob-
structions such as rocks and bars but transitory
conditions of bed ripples and waves which change with
discharge.

The Manning roughness factor in pipes represents a
more or less permanent characteristic of the boundary
surface. This is also true for certain open channels,
drainage canals, and even irrigation canals where the
banks and bed are fixed. However, in most sediment-
laden channels the roughness is not a permanent char-
acteristic but must change with the configuration of the
bed. It is logical to suppose that when the bed of an
alluvial river is smooth, the roughness as described by
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the Manning 7 is different from and probably lower than
that which applies to the same reach at a different
discharge when the bed is molded into dunes or anti-
dunes. This idea was clearly stated by Rubey (1952,
p. 131). .

In figure 30 the relation of bed roughness measured by
Manning’s n is plotted against discharge for four sizes
of sediment in transport. The data were collected by
the U. S. Waterways Experiment Station and were sum-
marized by Johnson (1943, pp. 80-84). From Johnson’s
summary, data for figure 30 were taken. The experi-
ment concerned the transport of natural river sand by
water in a flume.

It will be noted in figure 30 that a constant slope was
maintained. When sand 1, the coarsest of the four
sizes discussed here was used, an increase of discharge
was accompanied by a slightly increasing roughness.
At low discharge, the roughness associated with sand 3
was only slightly higher than that for sand 1, but when
the configuration of the bed changed from a “smooth”
condition to one of ‘general riffles’” (term<« used by
Waterways Experiment Station), the roughness increased
markedly. With further increase of discharge, rough-
ness decreased gradually.

The importance of these relations may be summarized
as follows. An increase in bed roughness is one type of
change that will result in the decrease of velocity with
respect to depth. Because changes in the velocity-
depth relation constitute a part of the adjustment of
channel shape to load, variations in roughness affect
capacity for load.

Decreasing sediment size results in a decrease of
roughness due to the individual particle. But in hydro-
dynamically rough channels, the roughness due to bed
configuration may be much more important than that
due to particle size, and sometimes decreased particle
size may result in larger or more effective bed ripples or
waves and thus in increased roughness.

It will be noted in figure 30 that the values of rough-
ness representing “general waves’ are markedly differ-
ent among sizes of sand. Larger values of roughness are
associated with smaller sand sizes. This implies,
therefore, that among the four experimental runs using
different sands, even when the configuration of the bed
looks similar, for a given discharge and slop~ the sedi-
meut particles of smaller size may arrange themselves
in such a manner that effective roughness is greater
than for larger particles.

At a station with a specific bed configuration, an
increase in discharge may be accompanied by either a
slight decrease in roughness, as in sands 3, 6, and 7, or
a slight increase. However, with increasing discharge
the bed may change successively through conditions
described as smooth, riffles, bars, dunes, end finally
antidunes. As indicated by Langbein (1942), antidunes
form when the Froude number approaches a valueof
1.0, critical flow. Also, the finer the material, the lower
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FIGURE 30.—Channel roughness (Manning »n) in relation to discharge for various sizes of sediment (from flume data).

will be the value of the Froude number at which the
transition occurs from a smooth bed to dunes and from
dunes to antidunes.

At a given discharge, the change in bed conﬁfrur&tlon
may increase the value of n more than does a consider-
able increase in discharge during which the bed conﬁgu—
ration remains the same.

Two general conclusions may be derived from figure
30. First, for the same slope and discharge, the effect
of decreasing particle size is a tendency to increase the
roughness even when the condition of the bed is observed
to remain the same. Second, with no change in particle

size, a change in bed configuration may violently changs
bed roughness and its effect may be of the same or
greater order than the effect of differences in particle
size.

Headwater tributaries flowing on gravel or boulders
obviously move the large bed debris only in exceptional
flows. The channel roughness in such streams must b=
determined by the sizes of the individual rocks or cob-
bles, because the bed material is not ordinarily in
movement and is not thrown up into transitory ripples
and waves in the sense used in describing the bed of an
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alluvial stream. The downstream decrease in the size
of the gravel or pebble bed therefore results generally ina
downstream decrease in the value of channel roughness.
This can be seen in the data tracing the change from a

THE HYDRAULIC GEOMETRY OF STREAM CHANNELS

headwater trihutary down to the Powder River,
Wyoming, listed below. The data apply to the condi-
tions of velocity, depth, and width, prevailing at a
discharge equal to the mean annual rate.

|
Mean -
Station annual dis- Slope Rou;g:h)ness Bed material
charge (cfs) "
Upstream. Red Forknear Barnum . ___ . _____________________ 50 0. 0057 0. 058 | Gravel.
Middle Fork above Kaycee_______________________ 73 . 0038 . 087 | Gravel.
Middle Fork near Kaycee _ . _________.____________ 115 . 0019 . 039 | Sand and silt.
Downstream. Powder Rivernear Arvada_ ______________________ 430 . 0009 . 017 | Silt.

The decrease in value of roughness n is interpreted as
the result of decreasing particle size, but may also be
influenced somewhat by a downstream increase in
suspended-sediment concentration in that particular
reach of river.

However, in the Arikaree, Republican, and Kansas
Rivers in the Kansas River system in which the bed is

largely fine sand, there is a progressive diminution of
slope but a nearly constant value of channel roughness.
Though the particle size decreases downstrsam in this
river system, from coarse sand to fine sand snd silt, the
values of roughness are sufficiently large for it to be
assumed that bed configuration rather than size of
individual particles controls the roughness.

Mean
Station annual dis- Slope Rou(grgness
charge (cfs)
Upstream. Arikaree River at Haigler___ ___ R 29 0. 0031 0. 040
Republican River at Culbertson_ _ . ____ __ . ____________________.__ 205 . 0015 . 023
Republican River at Bloomington_ _ _ _ _ . ___ __ ____ . _______________._ 670 . 0010 . 036
Republican Riverat Clay Center_ . __ ______________._______________ 1, 000 . 0004 . 023
Kansas Riverat Ogden_______ ___ .. 2, 300 . 0004 . 035
Downstream. Kansas River at LeCompton_____ _ ___ . _._____ 6, 200 . 0004 . 034

Though the slope decreased downstream, the rough-
ness showed only a modest decrease that was nearly
masked by its variability.

As a generalization, it may be said that the value of
channel roughmness is controlled by the size of individual
particles when this size is large; that is, gravel, cobbles,
or even coarse sand. When the size of sediment is
large, channel roughness tends to decrease downstream
as the size of the particles decreases. In streams whose
beds are composed primarily of fine material, there is a
tendency for the bed configuration (ripples, waves or
dunes) to control the channel roughness. In streams
like these roughness tends to change but little in the
downstream direction when discharge of equal frequency

" obtains along the river length.

The average changes of roughness and slope at a
station and downstream are part of the hydraulic
geometry of the channel system. For alluvial streams
in which roughness tends to be determined by bed con-
figuration and, therefore, decreases downstream only
slightly, figure 19 indicates the average relations with
discharge. The line A—B, representing the down-
stream change of roughness for a rate of discharge that
occurs frequently or for a low discharge, is nearly
horizontal. For flood.flow, the roughness is lower,

presumably in part because of the greater suspended-
sediment concentration, as indicated by the lower
ordinate position of line C,—Dj,.

The river slope decreases downstream as indicated by
the slant downward to the right of line A;,—B;. In
flood flow the river slope is probably very slightly
greater than at low flow, in part, because of the tendency
for the main thread of water to eliminate some of the
minor contortions of the low water channel. Thus the
line Ay—C; representing the at-a-station change of river
slope is drawn so that it slopes slightly upward to the
right.

In summary, the observed relations of velocity to
depth in the downstream direction are considered to be
those required for the transportation of the supplied
load. It is postulated that these velocity-depth rela-
tions are provided by the concomitant change down-
stream of roughness and slope. Roughness is governed
by the sediment size, the suspended-sediment concentra-
tion, and the bed configuration, all of which are inde-
pendent of the channel or nearly so. That part of the
required relation of velocity to depth not provided by
the downstream change in roughness is provided by
change in slope, because slope is the dependent
factor which can be adjusted by stream processes.
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The characteristically rapid increase of suspended
load with discharge at a station requires for transporta-
tion of that load a relatively rapid increase of velocity
in comparison with depth, or a relatively large value of

— For the cross sections studied this was equal to .85.

I
3
This value, being larger than %, requires that s_n_ increase

with increasing discharge. This is accomplished pri-
marily by the decrease of roughness, n, resulting from
the increase of concentration of suspended load with
discharge.

In the downstream direction, however, load increases
not quite so fast as discharge; this means that the con-
centration of suspended sediment decreases slightly
downstream. The transportation of this load requires
that the depth increase with discharge much faster than

. m \
does the velocity, or the 7 ratio must be small. For
the rivers studied its mean value was .25.

1

. . . 8T
To provide that velocity-depth relation, -, must de-

crease downstream. Because of the nearly constant
concentration of suspended sediment and the effect of
bed configuration, roughness n tends to remain about
m

constant downstream. Thus the required 7 ratio is

provided primarily by the decrease of slope downstream.
SOME PHYSIOGRAPHIC IMPLICATIONS

THE STABLE IRRIGATION CANAL—AN
TO A GRADED RIVER

ANALOGY

An irrigation canal constructed in alluvial material
tends gradually to scour or fill its bed and banks until a
cross section is achieved that remains in equilibrium
with the water and sediment flowing through it. En-
gineers designing canals to carry sediment-laden water
have faced many of the same problems that face the
geologist attempting to understand the grading of rivers.
A large literature exists, particularly in India, on the
subject of “regime’”’ channels; that is, channels that are
neither scoured nor filled.

Early work by Kennedy (1895) and Lindley (1919)
laid the foundation for the research of Lacey who in
two papers (1930, 1939) presented a detailed analvsis
of stable canals studied in India. Important addition
to this literature have been provided by Lane (1937),
Das (1950), Blench (1951a, b), and others.

In figure 31 data on regime canals published by Lacey
(1939, pp. 41, 49) have been plotted in the same manner
as the river data shown in figures 5-8. There is indeed
considerable similarity between the graphs for regime
canals and those for rivers.

Lacey utilized measurements of channel character-
istics made on reaches of Indian canals that, through
time, had achieved a stable cross section. He proposed
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a number of empirical equations that were derived from
these data. From these equations, which he considered
“basic,” are derivable many other correlative relation-
ships. Included in his basic equations (1939, p. 24) are

P=2670%
V=1.15F*R?

where P=wetted perimeter
@ =discharge
V=mean velocity
R =hydraulic radius =mean depth
F=a sediment factor

The equation relating wetted perimeter to discharge
is identical in form to the relation found in the present
study for river data, inasmuch as the wetted perimeter,
P, is nearly equal to width, w, in wide channels. T e
comparable equations are

Lacey Present study

w=afP®
where 5=0.5 in downstream direction

Lacey recogni-ed that his equation relating wetted
perimeter to discharge applied to many natural streams,
but having few river data he could not explore the
limits of its applicability.

Lacey’s data provided him with only a small range
of intercepts, so that his width coefficients, ranging
from 2.50 to 2.80 and averaging 2.6, included a much
smaller range than corresponding coefficients for Amer-
ican rivers. Because of the small range of intercepts
in the canal data and the fact that the few individual
measurements on rivers also happened to plot with
nearly the same intercept as the canal data, Lacey
concluded that his width-discharge equation was funda-
mental and that it was independent of sediment size.

The second Lacey equation expresses the relation of

* velocity to depth,

Vo R?

Because R, the hydraulic radius, is essentially equal to
mean depth, d, of wide rivers this equation is directly
comparable to the 7 relation for rivers discussed earlier.

Equations (2) and (3) of the present study can be
combined as follows,

d=cQ’ (2)
and
p=kQ™ (3)
then
AT 0
, p\m
(5)=e=(z
or
pocd’
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FIGURE 31.—Relation of width, depth, and velocity to discharge for stable (regime) irrigation canals in India (Lacey data).

In the downstream direction for river data —7?=0.25,

whereas the comparable Lacey exponeunt is 0.5. The
difference between the numerical values of the exponent
in these equations probably can be attributed to the
difference in the downstream change in suspended-
sediment concentration. It was shown in figure 18
that for any given value of b (the rate of increase of
width with discharge), the larger the value of the ratio

m . .

¥i the larger is the value of j. In terms of the com-

narison of the canal and river data, the regime canals
m .

show a larger K value and must experience a rate of

increase of suspended-sediment load with discharge

along the canal length different from that of the average
river in the downstream direction.

A canal system begins with the largest discharge at
the intake where river water is diverted. Downstream
the flow is gradually divided into successively smaller
lateral canals. A regime canal is by definition one that
neither scours nor fills its channel.

To preserve a condition of neither scour nor fill, as
much sediment must be taken out of the system at the
final points of diversion to the irrigated fields as was
introduced at the head of the canal system. This is
accomplished in practice by dividing, at each point of
diversion, the sediment load in the same proportion as
the water. That is, if at a given point of lateral
diversion 10 percent of the flow of the mair canal is
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diverted, then 10 percent of the sediment being carried
in the canal is also diverted. Blench (1951b, p. 5)
implies that this is the practice in handling regime-
canal systems when he says:

One [canal] exhibited serious sediment trouble on one branch

but not on another because engineers did not understand regula-
tor designs that could divide sediment suitably.

Blench makes a similar statement elsewhere (1951a,
paragraph 2.17): '

* % % The Lower Shelum Canal gave trouble [by progressive
filling of its bed] because the regulator for the two Branches
divided sedimeny unfairly.

Equality of division of water and sediment is tanta-
mount to the maintenance of a constant sediment
concentration throughout the regime system.

If the suspended-sediment concentration remains
equal at all discharges, then the slope of the line repre-
senting the relation of suspended load to discharge
would equal 1.0. This slope is, by definition, the value
j. Now, in figure 18, if in the downstream direction
for both canals and rivers, the exponent b in the width-
discharge relation equals 0.5 as has been demonstrated,

then the Z}l— ratio (corresponding to j=1.0 in fig. 18)

The % ratio at the

value of $=0.5 and j=1.0 in figure 18 is seen to be
about .43, or slightly less than 0.5. Tentatively this
appears to be a satisfactory agreement.

should apply to regime canals.

. As indicated previously, the smaller value of —7}?’— ob-

tained from the river data analyzed here indicates that
J<1.0, or that the sediment concentration in the rivers
studied decreases slightly in the downstream direction.

It can be seen that the general relation shown in
figure 18 applies to regime canals, as well as to natural
rivers. In fact, the Lacey equations for regime canals
become a particular condition in the general relation

involving b, 5 and 7. The particular condition is

merely that of constant suspended-sediment concen-
tration in the downstream direction.

The comparison of regime canals and natural rivers
is valid only in the downstream direction. Canals
carrying water high insediment concentration would not
normally be expected to maintain the reginie condition
except at the discharge for which they were designed.
The lack of a varying discharge at any particular canal
cross section precludes a proper comparison with the
at-a-station relation of rivers. Failure to recognize
this would lead to fallacious reasoning, as in a discussion
by Stevens (see Lane 1937, p. 147) in which he compared
the width-discharge formula of a particular river gaging
station with the Lacey width-discharge formula for
canals.

Another fact that demonstrates the anatogy between
regime canals and rivers in the downstream direction
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lies in a consideration of slope. In the design of canals,
it has usually been found necessary to provide greater
stope in the small laterals than in the large trunk canals.
Thus canals in regime have a longitudinal profile convex
upward because the flow is reversed as compared vith
natural rivers—that is, the discharge in a canal sys‘em
decreases downstream. This is analogous except for
the direction of flow to the condition in natural rivers,
which are steeper in the headwaters where the discharge
is small than downstream where the flow is great.

The rate of increase of width with discharge is ap-
parently independent of the size of the sediment parti-
cles. Not only is this rate similar for headwater reaches
and lower reaches, but is is similar for rivers and canals
which carry sediment of quite different sizes. Inter-
cepts represented by a, ¢, and k, in equations (1) to (3)
are probably related to sediment size. Lacey found so
little variation of ¢ in Indian regime canals that he
considered it to be a constant for all streams. Inspec-
tion of the large differences in intercept of the lines in
figure 9 representing natural rivers indicates that the
value of @ is not a constant. Das (1950, p. 160), re-
analyzing the data on Indian canals, concluded that
this coefficient is “* * * a function of the natur> of
the periphery of the stream, i.e., it represents the nature
of the soil surface forming the margin of the stream.”
He stated that values of @ for canals and rivers in delta
areas where sediment sizes are small are less than for
canals and rivers where sediment sizes are larger. It
will be recognized from common experience that sandy
channels are wide compared with silty or clayey
channels.

A regime canal is a system in equilibrium. By
definition it is a canal which over a period of years
neither scours nor fills. It is a system in which slope
and channel characteristics are adjusted over a period
of time to carry the load supplied to it at the upstream
end. In this respect a regime canal fits perfectly the
definition of a graded stream (Mackin, 1948, p. 471).

Mackin’s definition is:

A graded stream isone in which, over a period of years, clope
is delicately adjusted to provide, with available discharge and
with prevailing channel characteristics, just the velocity required
for the transportation of the load supplied from the drainage
basin. The graded stream is a system in equilibrium; its diag-
nostic characteristic is that any change in any of the contro'ling

factors will cause a displacement of the equilibrium in a direction
that will tend to absorb the effect of the change.

The discharge is provided to the canal system bty a
source independent of the channel itself, just as Mackin
visualizes a graded river. Load also is supplied by an
exterior source. In the regime canal the water and sodi-
ment are diverted into the canal system from a river,
whereas in a graded stream, the load and dicharge are
supplied from the watershed. In both, however, the
source is independent of the stream.

The regime canal is in equilibrium. Although local
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or temporary scour and fill may oceur to 2 minor degree,
it is a diagnostic characteristic of regime that a change
in any controlling factor causes a displacement of the
equilibrium in a direction that will tend to absorb the
effect of the change. Were this not true, local and
temporary fill or scour would have an accumulative
effect and the system would have, over a period of years,
changed sufficiently for the term ‘‘regime” to be inap-
plicable.

It is logical to suppose, then, that the point in figure
18 which describes regime canals, represents values of

b, lf@, and J which apply to a graded channel system in

the sense used by Mackin in his definition of a graded
river.

It has been demonstrated by the concurrent changes
in m, f, and j during individual floods that the general
relations in figure 18 define, at least in general, the
mutual adjustments which occur at a station when
suspended-sediment concentration changes. Because
figure 18 describes relations both at a station and down-
stream for average values of the factors observed in
rivers, and approximately fits regime canals, any point
in the graph is considered by the authors to represent
concurrent values of m, f, and j required for equilibrium.
It is understood, however, that the exact form and
positions of the lines in figure 18 must be considered
subject to adjustment as more data become available.

In practice, the suspended load-discharge relations
vary within definite limits. At-a-station values of j
probably vary between 2 and 3 and downstream values
between 0.5 and 1.3. Values of b appear to remain
close to 0.5 downstream and 0.1-0.3 at a station.

Therefore, actual values of the variables occur in
only a limited part of the field of values shown in
figure 18. _

The conception of adjustment of the cross section
of a channel in response to changes in the load-discharge
relationships has not been stressed in the geologic
literature. Only Mackin (1948) and Rubey (1952) give
this the prominence it deserves. As shown by the
Yuma data, @ change in the governing factors may result
in changes in channel characteristics without a change in
river slope.

The present analysis adds weight to the importance
of adjustment in channel cross section, and the writers
would support the alternate wording of the definition
of a graded river which Mackin considered but, ap-
parently for the sake of brevity, discarded. Mackin
says (1948, p. 484):

The question arises * * * as to whether the foregoing
definition [of a graded river] which describes the graded stream
as one “in which slope is delicately adjusted,” ete., should not

be revised to read, “in which slope and channel characteristics
are delicately adjusted,” ete.

The latter phraseology would be preferred by the
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writers, and in principle is the conclusion reached
independently by Rubey (1952, p. 130).

Because the data in figure 31 represent canal sections
chosen as examples of regime conditions, the figure
may be considered to represent the relations of width,
depth, and velocity to discharge in a channel system
graded in the sense used by Mackin. The graded
channel system represented in the graph is a spe-ific one
in that the graphs apply only to the conditions of
sediment size and constitution of bed and bank existing
in those canals. It has been noted, however, that the
intercepts of these lines are the factors whiclh would
change with the type of sediment.

The relative slopes of the depth-discharge and
velocity-discharge lines are considered to be functions
of suspended-sediment concentration at differant dis-
charge.

There might be some logic in postulating, that if
data from a particular river plotted with as little
scatter of points on these graphs as do the data on
regime canals, the river could be considered in regime
and therefore graded. River data discussed in this
report plot in graphs similar to those for regime canals,
and the differences in slope and intercept appear to be
explicable by differences in sediment size and in
sediment concentration.

In practical terms, however, a particular graded reach
of a stream is generally too short to include a large
enough number of gaging stations to allow a develop-
ment of graphs adequate to describe in definitive manner
the slope and intercepts of the downstream relations.
Moreover, the slopes of the graphs depend for clear
definition on a considerable range in discharge in the
downstream direction. A stream segment may be
graded when there is no increase in discharge down-
stream. ’

The downstream graphs presented in figures 5-8 do
not mnecessarily represent river systems which are
graded throughout their length. For exarple, if
two graded reaches are separated by a canyon reach
within which the river flows in a rock-lined gcrge, the
canyon section may be steep and may include waterfalls
and would obviously not be called graded. If the
gaging stations available for analysis were all located
in the two graded reaches, it is possible that downstream
graphs comparable to figure 5-8 could be plotted in
which there might be a very good alinement of points.
Figure 6 representing the Bighorn River system
includes two canyon sections, the Wind River Canyon
through the Owl Creek Mountain, in the reach between
Riverton and Thermopolis, and the Bighorn Canyon
between St. Xavier and Custer. Figure 6 shows a
considerable scatter of points about the mean line
and at least part of this scatter is due to the nongraded
conditions of some of the reaches where gaging stations

‘are located.
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Figure 5 presents data for the Powder River system.
The Powder River, at least in the reach from Kaycee,
Wyo., to Locate, Mont., has many of the characteristics
used by Mackin (1948, p. 472-474) to support his choice
of specific reaches of certain streams as examples of
graded reaches. Terrace remnants indicate that the
Powder River once flowed at a high level. The terrace
surfaces exhibit smooth, longitudinal profiles concave-
upward, similar to the profile of the present flood-plain.
As in Mackin’s Columbia River example, downcutting
during a period of planation was not prevented by
bedrock resistance. The underlying material in the
Powder River Valley is unconsolidated alluvium.

This graded reach is represented in figure 5 by the
six solid triangles labeled points 2, 3, 7, 12, 22, and 23.
These points have considerable alinement, and deviate
from the mean lines drawn on the graph very little
more than the scatter seen in the regime canal data of
figure 31. But the recognition of the graded reach
from the alinement of points would obviously be
impossible.

It appears that the available data do not allow
identification of a graded reach from reaches which are
not definitely known to be graded. It folows that the

gaging-station data taken at points distributed over a’

drainage system without regard to the existence of or
lack of grade, define a change of width, depth, and
velocity downstream with change in discharge as con-
sistent as the changes observed in the same type of
data within a graded reach. The same factors which
tend to maintain equilibrium when a reach becomes
graded are acting also on reaches not in complete equi-
librium and this action is sufficiently potent to produce
consistent patterns in the relation among the hydraulic
factors of channel shape.

Stations on the upstream reaches and minor tribu-
taries, many of which are probably not graded but have
been downcut over a period of time, have width-depth-
velocity relations similar to those of the graded reach
of the same river system. One of the primary criteria
for recognizing a graded reach is the lateral planation
of a stream during a period when the longitudinal profile
maintains stability (as discussed by Mackin, 1948,
pp. 472-474). The same factors which operate to
maintain grade are also acting during the period of
downcutting.

When a stream in the process of downcutting has
developed a smooth longitudinal profile through a given
reach, the interaction of the hydraulic variables provides
an approach to the condition of grade. That the over-
all longitudinal profile of a stream is in general concave
upward and more or less smooth, even where only a
few reaches are actually graded, is the result of the
interaction of these variables. The tendency toward
the condition of grade provides a tendency toward
continuity in the change of width, depth, velocity,
roughness, and slope in the downstream direction.

The data presented here lend quantitative support
to the idea expressed by Mackin (1948, p. 506) thst
“*x % * even in the aggrading stream the declivity
of each segment is approrimately adjusted to the load
in transit through that segment.”” The quantitative
data show that the approximate adjustment involves
not only slope but width, depth, and velocity, as
Mackin’s statemant obviously implies. The quantita-
tive data not only demonstrate the existence of approxi-
mate adjustment but, more importantly, describe it.

Lest the reader conclude from the consistency in the
hydraulic geometry defined by the available data he-
tween graded reaches and reaches not known to be
graded, that there is no difference or that the graded

condition does not exist in nature, it is emphasized

hers that the present study is not aimed at the quanti-
tative differentiation of graded from nongraded reaches.
A graded stream by definition (Mackin, 1948) is one
which is in equilibrium through a period of years. The
hydraulic geometry as defined here does not demon-
strate whether gradual changes are in process, though
when a stream is sufficiently lacking in equilibrium to
be suffering rapid degradation or aggradation, changes
in the values of factors in hydraulic geometry can be
measured, as was demonstrated for Yuma.

The present study is an attempt to define in qusn-
titative terms, insofar as available measurements per-
mit, how the factors operate 'which lead to stresm
grading, which maintain the graded condition, and
which cause adjustment when the equilibrium condition
is upset. Mackin (1948) discussed these same factors
in qualitative terms, and this study is an attempt to
extend his reasoning by quantitative consideration of
the hydraulic factors.

In summary, regime irrigation canals that over a
period of years neither scour nor fill are observed to
have a hydraulic geometry similar to that for natural
rivers. Differences in the average slopes and intercepts
of the lines representing width, depth, velocity, and
discharge relations in canals and rivers can be qualita-
tively explained. One important difference lies in the
load-discharge relations. The analogy of regime-canal
data to those for rivers leads to the hypothesis that the
m, f, b, and j relations in figure 18 represent require-
ments for equilibrium.

Graded reaches of a river are shown to have width,
depth, velocity, and discharge relations similar to those
of reaches not known to be graded. This similarity
indicates that the same factors which operate to main-
tain equilibrium in a graded river are also sufficiently
active in nongraded reaches to provide specific and con-
sistent patterns in the hydraulic variables both at a
station and in a downstream direction. Stream-gaging
data, however, are not available in sufficient quantity,
in a sufficiently close geographic network, and over a
long enough period to allow differentiation betwe=n
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graded and nongraded reaches by hydraulic geometry
alone, though this might theoretically be possible.

The hydraulic geometry of rivers is useful in improv-
ing our understanding of the quantitative values of
hydraulic factors which characterize rivers, and in
understanding better the nature of the interaction of
factors that lead to the condition of equilibrium or
grade.

SEDIMENT AND THE LONGITUDINAL PROFILE

The longitudinal profile of a stream might be con-
sidered primarily a product of the change in size of bed
material in a downstream direction. The bed of a
mountain stream is usually covered with gravel or
boulders and has a steep slope. Some distance down-
stream the bed may be sandy, and still closer to the
mouth silt or clay may predominate. At the same
time, the slope progressively decreases downstream.
One tends to associate the particle size and slope in a
direct cause-and-effect relation. Shulits (1941) de-
rived an equation for the stream profile from a consider-
ation of decrease of particle size as a result of abrasion.
He made the assumption that the slope was propor-
tional to the size of the bed-load material.

To assume that slope is proportional to size of bed
material requires the operation of certain other hy-
draulic factors. It could be argued that a given slope
is required to provide the particular velocity necessary
to carry the particle size present at each point. This
reasoning implies that the decreasing particle size
downstream requires a decreasing velocity which,
turn, is provided by a decreasing slope in the down
stream dirvection.

Mackin (1948, p. 482) argues correctly that a simi-
larity in curves representing the longitudinal profile
and the change in particle size does not prove any direct
cause-effect relationship. He (p. 481) believes the
relationship to be as follows:

Graded profiles usually decrease in slope in a downvalley di-
rection between tributary junctions, chiefly because of a down-
valley decrease in caliber of load due to processes within the
stream. The principle involved is that the velocity (and, other
things being equal, the declivity) required for the transportation
of the coarser fractions of the stream’s load decreases with de-
crease in grain size, the total amount of the load remaining the
same.

This explanation again implies a downstream decrease
in velocity. The present study allows some further
explanation of the mechanism implied in the phrase,
“velocity required for the transportation of the coarser
fractions of the stream’s load.” It has been pointed
out that the velocity can be changed by a change in
slope and a change in bed roughness or by either. One
might suppose from Mackin’s description that the effect
of particle size on velocity is offset entirely by slope
despite his qualification of “other things being equal.”
Examples of natural stream reaches can be found in

THE HYDRAULIC GEOMETRY OF STREAM CHANNELS

which neither discharge nor load changes appreciably
downstream. Mackin (1948, p. 482) cites a reach of
the Greybull River as an example. He states that in
this reach slope decreases downstream markedly and
attributes this“* * * largely to a decrease in caliber
of load in transit; pebbles of the valley floor and terrace
gravel sheets decrease notably in size in a downvalley
direction.”

This observed decrease in particle size can be £ssumed
to result in a decrease in channel roughness (value of
Manning n) because the bed material being gravelly or
pebbly is no doubt so large that the size of the indivi-
dual particles rather than bed configuration determines
the value of n. Consider the Manning equation

dist

n

r=1.5 (4)

If load and discharge are assumed to remain equal, as
Mackin specifies in his Greybull example, then accord-
ing to the relations shown in figure 15 the velocity-
depth relations required for transportation of the sus-
pended part of the load remain constant. Let it be
assumed that this is the condition which prevails
through the reach of river cited. Such an assumption
rests again on the premise that the suspended load is a
usable index to the poorly understood load conditions
which affect channel shape. One could argue that the
diminishing size downstream of the channel gravel in-
creases the percentage of load carried in suspension,
but no data are available to support such a contention
and it is not unreasonable to suppose that suspended
load remains essentially constant in this reach, as does
the total load. If constant velocity and deptl down-
stream are required to carry the constant suspended
load, an observed decrease in slope downstream results
from a decrease in roughness downstream caused by the
reduction in particle size.

In a stream having relatively fine bed material, sand
and silt, the roughness due to particle size usually does
not control. The flow may be hydrodynsmically
“smooth”; with this kind of flow in which the thickness
of its laminar film exceeds the roughness projections of
the individual particles, as in some Indian canals
(Blench, 1951a, fig. 4.1), or the effective roughness is
controlled by bed configuration rather than particle
size.

The analysis of figure 30 indicates that in fine-grained
materials, a decreasing particle size tends to increase
bed roughness under conditions of constant slope and
discharge. Roughness, where it is not controlled by the
size of individual particles, is affected by the concentra-
tion of suspended sediment, larger concentrations being
associated with smaller values of roughness, as }'as been
discussed. Bed load affects roughness but its effect
is not distinguishable from that of suspended loed in the
river data available.



SOME PHYSIOGRAPHIC IMPLICATIONS

The tendency for particle size to decrease downstream
leads to a tendency for roughness to decrease down-
stream. As the particles in transit become small
enough, the configuration of the bed finally tends to
govern, and a further decrease in particle size promotes
a tendency for increased roughness. This increased
roughness is also partly caused by the tendency toward
decreased concentration of suspended sediment down-
stream.

Though the relative importance of these three factors
cannot be determined from the river data available, the
net result is a remarkable conservatism in the values of
roughness. Particularly in streams handling fine-
grained material, the roughness varies between narrow
limits in the downstream direction.

The relation between velocity and depth to slope,
roughness remaining constant, can now be considered in
the downstream direction.

1t is obvious that streams having an infinite number
of longitudinal channel profiles could carry the water
furnished by the watershed. It will now be shown,
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however, that different longitudinal profiles differ in
their rates of change of velocity and depth in a down-
stream direction. '

For example, in a hypothetical stream in which sedi-
ment is not a factor, it is assuned that the only require-
ment of the channel system is that it carry a specified
amount of water between two fixed altitudes. More
specifically, it is assumed that the watershed is of such
shape and hydrologic characteristics that, in the stream
being considered, the discharge in the main channel
increases linearly from zero at the headwater divide to
10 cfs at a point 1,000 ft downstream from the divide.

Three completely arbitrary profiles of the stream
thalweg having different concavity, as shown in figure
32 lower right, are now assumed. Profile A is a straight
line. Each profile is drawn between the headwater
divide and a point of the channel 10 ft lower and 1,000
ft distant horizontally.

It is desired to show the change of velocity and depth
downstream for each of two arbitrarily assumed rele-
tions of width. The two conditions of width for which
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computations have been made are:
discharge relation is

(1) the width-

w=2.75Q*
and (2)
w=1

Diagram A1l has an exponent 6=0.44, which is of the
order of magnitude of the 0.5 already shown for natural
rivers. In diagram A2 the width is assumed constant
downstream. Because discharge is assumed to be
directly proportional to length along the channel,
diagram A2 has a width-discharge relation

w= (P

It has been assumed in the example that the rough-
ness, using Manning n as a measure, is constant through-
out and has the value 0.025. At any position along the
profile, the slope can be measured from the assumed
profile curve. By assuming a depth, velocity can be
computed. The discharge is given for each position
by reading from the discharge curve. Width, being
a function of discharge, is specified. Therefore, for
each position along the stream length, two independent
equations relating velocity to depth are available:

1

p—10 g1gh
n

Also

in which s and n are known.
=wdp

in which @ and w are known. The equations can be
solved simultaneously to compute velocity and depth.
Velocity, depth, and width have been plotted against
discharge to show the changes in these factors in the
downstream direction.

Inspection of the six sets of curves shows that, regard-
less of the manner in which width changes downstream,
increase in concavity of the stream profile decreases
the rate at which velocity increases downstream, and
increases the rate of deepening downstream. The

profiles differ, therefore, primarily in the 2 ratio.

7

A channel that does not increase in width downstream
obviously must accommodate the increase in discharge
by increase in velocity or depth.

It will be noted that in diagram A1, for which the
profile is a straight line but in which the width increases
downstream at approximately the natural rate, veloc-
ity increases downstream at a rate greater than for
normal rivers. In diagram B1 of a profile of moderate
concavity, the wvelocity decreases downstream. A
concavity intermediate between profiles Al and Bl
would provide a combination of depth and velocity
curves that would approximate conditions in a natural
stream having other characteristics similar to those
assumed in the example.

The longitudinal profiles postulated in the example
are but samples of an infinite number, each of which
would be associated with particular channel character-
istics necessary for fulfillment of the hydraulic laws.
Any of these infinite number of combinations would be
quite capable of carrying the discharge of water postu-
lated. However, it may be presumed that only one of
the possible combinations would obtain in nature. The
equilibrium profile differs from other possible profiles in
the relative rates of increase of velocity and depth in the
downstream direction.

The longitudinal profile of a stream represents the
simultaneous solution of eight equations involving eight
unknowns. No attempt is made to indicate the nature
of the relations or the hydrodynamics behird them.
But, according to the reasoning in this paper the way
in which the variables are dependent may be summar-
ized as follows:

The first equation represents continuity:

Q=wdv (The flow equation.) (A)
The second is independent of the stream channel itself
and represents the independent characteristics of the

drainage basin:

L=F@Q)
the characteristics of the drainage area.)

(The load-discharge relation result'ng from
(B)

The next equations represent relations in which the
values of the factors and the specific relations among
them depend on processes or action in the stream;
that is, processes not independent of the stream itself:

g=F Q)

w=F(d) (A width-depth relation that invclves
the relative erodibility of bed and bank.)

(The particle size changes downstream.) (C)

)
m
!

n=F(d,7,Q,s) (Where g is the size of the sediment (F)
particles; this relates sediment size to roughness n.)

j=F (%, b> (The relation of — 7, and b.) (E)

dn dL . . .
HQ——F (m) (There is a line on the roughness-dis-
charge diagram corresponding to a particular rate
of change of sediment concentration.)

@)

The final equation is purely hydraulic and represents
the equality between energy losses in friction and the
decrease of energy potential, or head:

v=1.5d % (H)

In equation (H) slope is the dependent factor and is
adjusted by the stream to satisfy the equation; velocity,
depth, and roughness n were determined by equations

(C) to (G).
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The primary determinant of the slope of a stream is
the past physiographic history which determines the
differences in altitude and the distance between the
mouth and the watershed divide. The problem dis-
cussed here concerns the form of the longitudinal profile
which will be cut between these two points. It has
been demonstrated that conditions of approximate
equilibrium tend to be established in a reach of the
stream as soon as a more or less smooth longitudinal
profile has been established in that reach even though
downcutting may continue. Within the limits of the
conditions determined by the physiographic history,
the interactions which determine the form of the longi-
tudinal profile can be summarized:

Channels of different shapes have -characteristic
distributions of velocity in the cross section. With
the same discharge a very shallow and wide channel
tends to have a greater average shear in the vertical
plane than in the horizontal. Conversely a very deep
and narrow channel tends to have greater average
shear on the bank than on the bed. The relative
erodibility of bed and bank allows the channel shape
to develop a velocity distribution which is in approxi-
mate equilibrium with the particular erodibility charac-
teristics. In this manner the increase of width with
discharge (value of b) probably is determined. Why
this exponent b should so consistently be nearly equal
to 0.5 in the downstream direction for widely different
rivers is not known and constitutes an important
unsolved problem.

Different concavities of longitudinal profile are
associated with different relations of velocity and depth
to discharge, as required by the hydraulics of open
channels. However, a particular rate of increase of
both velocity and depth downstream is necessary for
maintenance of approximate equilibrium in a channel,
inasmuch as the drainage area produces sediment and
water in a characteristic manner,

Roughness varies with sediment load and with
particle size but the interaction of opposing tendencies
results in a small range of values of roughness down-
stream in most rivers. The suspended load and its
change downstream characteristic of natural rivers
require a particular rate of increase of velocity and
depth downstream. Under the conditions of a nearly
constant roughness, to provide the required velocity-
depth relations slope must generally decrease down-
stream; it is for this reason that the longitudinal profile
of nearly all natural streams carrying sediment is
concave to the sky.

SUMMARY AND INTERPRETATION

Rivers play a major role in the geographic cycle. As
explained by Davis (1899), the successive stages of
geomorphic development of a region begin ideally with
uplift. Surface rocks are attacked by weathering, and

rainfall washes the loosened waste down the initial
slopes to incipient streams.

“The machinery of the destructive processes is thus
put in motion,” Davis says, “and the destructive de-
velopment of the region is begun.”

Larger rivers quickly deepen’ their valleys; the rela-
tively brief period of youth is characterized by rapidly
increasing relief. The mature stage that follows is the
period of maximum relief and greatest variety of fcrm.
After a transition period of slowly decreasing relief is
an indefinitely long old age of faint relief in which
further changes are exceedingly slow.

Throughout the cycle rivers are both the routes over
which the erosion products are carried to the sea, and
the mechanism for effecting the transportation.

Davis (1902) not only defined stages in the develop-
ment of land forms through the cycle, but described a
complete cycle of river life consisting of succes-ive
stages of youth, adolescence, maturity, and old ag-.

At the stage of maturity, a river attains the condi-
tion of grade which connotes the existence of equilib-
rium in the river system. Mackin (1948, pp. 471,
484) says: .

A graded stream is one in which, over a period of years, slope
[and channel characteristics are] delicately adjusted to provide,
with available discharge * * * just the velocity required
for the transportation of the load supplied from the drai~age
basin.

Equilibrium, or grade, is attained by the larger
streams relatively early in the geomorphic cycle, and
by those of medium and smaller size at progressively
later stages. But even in the youthful topography of
the headlands where streams are gradually downcutting
and are therefore not graded, the stream-channel char-
acteristics and slope tend to be adjusted to the discharge
and sediment load. Even the ungraded parts cf a
channel system exhibit a neat pattern characterized by
a tendency toward a regular increase of width and
depth downstream with increasing discharge and vrith
a concomitant decrease in slope.

The present paper describes in quantitative terms
the manner in which width, depth, and velocity change
with discharge downstream and at a given river cvoss
section. It is demonstrated that these factors tend
to change progressively downstream in all natural
stream channels studied in so nearly the same way as
graded reaches change that quantitative data available
from the existing network of stream gaging stations
are not adequate in volume or geographic coverage to
differentiate graded from ungraded reaches. This dem-
onstrates the strong tendency toward establishment of
a quasi equilibrium operating in channels carrying water
and sediment. \

The mechanism of the interaction which promotes
the development of at least quasi equilibrium may be
summarized as follows:

Load and discharge are characteristics of the hydrol-
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ogy, geology, and physiognomy of the drainage basin.
They are furnished to the trunk stream channels and
are essentially independent of the trunk channel system:.
Flood flows are characterized by large sediment loads,
and in terms of the suspended-load data available for
analysis, are characterized by relatively large suspended-
sediment concentrations. Low flows are characterized
by low concentrations of suspended load.

Slope is the one hydraulic factor which can be ad-
justed over a period of time by processes within the
stream and may be considered the factor which makes
the final adjustment, as may be required for quasi
equilibrium, after the interaction of alt the other factors
has resulted in establishment of mutually adjusted
values of those factors.

The factors which are semidependent—that is,
neither independent as are load and discharge, nor de-
pendent as is slope—are width, depth, velocity, bed
roughness, and size of sediment particles. The nature
of the interdependence of these factors appears to be
as follows:

The shape of the river cross section, roughly de-
seribed by its width-to-depth ratio, determines the
distribution of velocity and shear in the cross section.
The mean veloeity in an open channel usually is equalled
at a position 0.6 of the distance from the surface to the
bed. In two channels having the same mean velocity
and discharge, the deeper one will have a smaller average
shear between the bed and the position in the vertical
where a velocity equal to the mean value exists. This
may partly explain, at least qualitatively, why for the
same discharge and mean velocity, a greater bed load
characterizes a wide shallow section than a deep narrow
one. Even less well understood is the observed fact that
a wide, shallow stream carries less suspended load than
a deep narrow one of the same velocity and discharge.
It may be that more of the total load will be carried as
bed load in a wide shallow reach than in a deep narrow
reach of a strean if the velocity and discharge are equal.
In reality, however, changes in cross section in different
reaches of the same stream are usually accompanied by
some change in velocity even though the discharge may
be equal.

The increased bed shear in a wide shallow reach hav-
ing a given velocity promotes a tendency to scour. A
narrow deep reach of the same velocity is apparently
characterized by less shear on the bed but greater shear
on the bank. Thus there is a tendency to adjust the
cross-sectional shape in accordance with the relative
erodibility of bed and bank.

For a given width and discharge however, the total
load depends on the velocity, and any change in velocity
requires a concomitant change in depth to satisfy
continuity expressed by the equation

Q=wdv

Thus for a given width and discharge, the total load
depends on the ratio of velocity to depth.

The velocity-depth relations required for tran<norta-
tion of the supplied load are provided in part by adjust-
ment of bed roughness which is a function of the bed
material size and the suspended-sediment concentra-
tion. With the roughness so determined, slope tends
to be adjusted to provide the velocity-depth relations
necessary to carry the load in quasi equilibrium.

During the passage of a flood through a given cross
section of a river channel, a larger velocity is ne-essary
to carry in quasi equilibrium the relatively great
suspended-sediment concentration of the high discharge
than the small concentrations of low flow. This in-
crease in velocity at a cross section is not provided by
a marked change in slope because there is insufficient
time for such an adjustment to be made, and because
there must be some continuity of slope downstream in
order that any cross section may generally be as close
to equilibrium as any other.

The changes in velocity-depth relations required for
quasi equilibrium with load are brought about primarily
by changes in bed roughness associated with the
changes in suspended-sediment concentration.

In the downstream direction, however, susponded-
sediment concentration decreases only slightl~ with
discharge. The average decrease in the particle size
downstream tends to decrease bed roughness, but this
is counteracted by the effect of decreasing sediment
concentration and of changing configuration of the bed.
The result is that roughness changes but little down-
stream. The particular rates of increase of velocity
and depth with increase of discharge downstream re-
quired for transport of the load are, therefore, main-
tained by the downstream decrease of slope.

The interactions just summarized operate in both
ungraded and graded reaches. They account for the
maintenance of grade once the condition of equilibrium
is achieved, but their influence is sufficiently potent,
even in reaches not yet graded. to cause the drainage
system to develop in a highly coordinated and syste-
matic manner. Because of these interactions rivers
tend to increase in width and depth downstream with
increase of discharge in a remarkably consistent manner.

Each branch in the channel system of a river tends
to occupy a valley proportioned to its size. This inter-
relationship is so similar in rivers widely different in
physiographic setting that its importance to the under-
standing of land forms was recognized more than a
century ago. Geomorphology cannot move ahead,
however, if we remain content to describe proc-sses of
land sculpture only in qualitative terms. When viewed
quantitatively, the interactions of the various hydraulic
factors are found to be more complex than the qualita-
tive analyses have led us to believe, but the unravelling
of their complexities constitutes advance of knowledge.
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APPENDIX

AprPENDIX A.—Channel-shape characteristics of rivers at stage corresponding to mean annual discharge

[Data on width, area, mean velocity, and mean depth represent approximations to the average and vary somewhat, depending on the particular section where measurements
are made

Mean annual Area of cross . Drainage
Y;ggf;gf discharge | Width (feet) section Mﬁan(};fsl;m Me?flé ggpth area (square
(cfs) (square feet) y miles)
Mobile River Basin
Tombigbee River at Aberdeen, Miss______________.___ _____._____ B 19 2,863 142 1, 633 1.8 1.5 2,210
Buttahatchee River near Caledonia, Miss_ 11 1,066 152 1,973 0.5 13.0 823
Tombigbee River at Columbus, Miss_ ____ 30 5,791 270 3,220 1.8 11.9 4,490
Sipsey River near Elrod, Ala______________ 11 715 93 650 1.1 7.0 515
Tombigbee River near Coatopa, Ala___ ___ 19 21, 450 458 10, 240 2.2 22.3 15, 500
Tombighee River near Leroy, Ala..___________ I 19 26, 250 513 13, 360 2.0 26.0 19, 100
Scioto River Basin
Scioto River at LaRue, Ohio_________________. e e 18 198 90 342 .6 3.8 255
Scioto River near Prospect, Ohio s 15 452 125 300 L5 2.4 571
Scioto River near Dublin, Ohiot._.________ . 26 743 200 860 .9 4.3 988
Scioto River at Columbus, Ohio._____________.___ ___________________ 26 1, 308 280 1,093 1.2 3.9 1, 624
Scioto River near Circleville, Ohio. . 8 1, 815 280 3,030 .6 10.8 2, 635
Scioto River at Chillicothe, Ohio ____________.________________ . 26 3,289 200 1,840 1.8 9.2 3,847
Tennessee River Basin
French Broad River at Rosman, N. C.________ _____ _________ . 12 229 77 151 1.5 2.0 67.9
French Broad River at Calvert, N. C_____________________________._ 23 335 92 168 2.0 1.8 103
Catheys Creek near Brevard, N. C._________________________._______. 4 34 25.3 22.7 1.5 .9 1.7
Davidson River near Brevard, N.C__________ . ________ 26 125 55 88.0 1.4 1.6 40. 4
French Broad River at Bent Creek, N. C_______.__________._.__.__._ 13 1, 589 296 828 1.9 2.8 676
French Broad River at Hot Springs, N. C. _______ __________________ 13 2, 511 190 1,115 2.2 5.9 1, 567
French Broad River near Newport, Term ___ . _________________.____ 26 2, 764 346 1,833 1.5 5.3 1,858
‘Watauga River near Sugar Grove, N. C_______________________..__.. 6 154 64 115 1.3 1.8 90.8
Noland Creek near Bryson City, N, C.2.___._________________________ 12 42.8 30.1 57.2 .8 1.9 13.8
Tennessee River at Knoxville, Tenn________________________________ 48 12, 820 933 13, 450 1.0 14.4 8,934
St. Lawrence River Basin
St. Joseph River near Blakeslee, Ohio____________________________. 6 292 95 266 1.1 2.8 369
Maumee River at Antwerp, Ohio.___________________________________ 22 1, 547 245 1,078 1.4 4.4 2, 049
Tiffin River at Stryker, Ohio._______ 14 292 72 348 .8 4.8 444
Tiffin River near Brunersburg, Ohio_____ R 7 448 85 332 1.4 3.9 766
Auglaize River near Fort Jennings, Ohio._______________._ _ _______ 21 278 . 100 285 1.0 2.8 333
Ottawa River at Allentown, Ohio___________________________________ 16 119 61 97 1.2 1.6 168
Ottawa River at Kalida, Ohio____________ _________________________. 5 141 80 128 11 1.6 315
Blanchard River near Findlay, Ohio____ _____________________.______ 18 219 65 114 1.9 1.8 343
Blanchard River at Glendorf, Ohio ___ e 7 548 80 304 1.8 3.8 643
Blanchard River near Dupont, Ohio ____________ . _____________..____ 7 452 120 646 .7 5.4 749
Auglaize River near Defiance, Ohio _____________________________._.__ 27 1, 598 285 1,054 L5 3.7 2,329
Maumee River near Defiance, Ohio_________________________________ 19 3,612 440 1, 826 2.0 4.2 5, 530
Maumee River at Waterville, Ohio___________________ . ____________ 22 4,269 730 1,644 2.6 2.2 6,314
Yellowstone River Basin

Yellowstone River at Corwin Springs, Mont________________________ 37 2, 969 242 813 3.6 3.4
Yellowstone River at Billings, Mont _________________.____________. 16 6, 331 253 1,343 4.8 5.3
‘Wind River near Dubois, Wyo______________________________________ 3 177 68 97 1.8 1.4
Wind River near Burris, Wyo ___________ . _____ 3 828 134 335 2.5 2.8
Wind River near Crowheart, Wyo. e 3 1,315 155 372 3.5 2.4
‘Wind River at Riverton, Wyo_ ___________ .. 3 1, 106 159 318 35 2.0
Popo Agie River near Riverfon, Wyo_ ______________________________ 6 683 123 406 1.7 3.3
Bighorn River at Thermopolis, Wyo_____.__________________________. 42 1, 908 218 543 3.5 2.5
North Fork Owl Creek near Anchor, Wyo. I 5 16.2 17 9.3 1.7 .6
Owl Creek near Thermopolis, Wyo.________________________..._.____ 10 45.5 26 24.1 1.9 .9
Gooseberry Creek near Grass Creek, Wyo___ . 4 20.8 19.5 10.9 1.9 0.6
Bighorn River at Manderson, Wyo.________________________._____ . 6 1,950 258 650 3.0 2.5
Medicine Lodge Creek near Hyattville, Wyo_...___ _____._..._.____ 5 38 24 21 1.8 .9
Greybull River at Meeteetse, Wyo.___.... .. I 27 364 87 122 3.0 1.4
Greybull River near Basin, Wyo_. - 17 200 7 100 2.0 1.3
Bighorn River at Kane, Wyo________ . 19 2,383 175 627 3.8 3.6
Bighorn River near St. Xavier, Mont . 13 3,676 264 1,296 2.8 4.9
Bighorn River near Hardin, Mont.____________________________.  ___ 14 4,535 371 1,855 2.4 5.0
Little Bighorn River at Stateline, near Wyola, [ 5 154 41 68 2.3 1.6
Little Bighorn Rjver below Pass Creek, near Wyola, Mol - 5 202 57 86 2.4 15
Little Bighorn River near Crow Agency, Mont___.._.___ - 8 204 96 116 2.5 1.2
Bighorn River near Custer, Mont ___ ... . _ 4 4,390 420 1,850 2.4 4.4
Yellowstone River near Sidney, Mont .. . ... 13 11, 860 308 3,750 3.2 11.9
Red Fork near Barnum, Wyo0 ________ ... _____________.____ 1 50 25 26 1.9 L0
Middle Fork Powder River above Kayeee, Wyo_____ . ... ________ 1 74 41 56 1.3 1.4
Middle Fork Powder River near Kaycee, Wyo_________ ____________ 11 157 54 77 2.0 1.4
North Fork Powder River near Hazelton, Wyo.._______._._._________ 2 13 16 15 .9 .9
North Fork Powder River near Mayoworth, Wyo._____ . ___ 8 39 22 26 1.5 1.2
South Fork Powder River near Kaycee, Wyo. . _ - 2 48 57 27 1.8 .5
Powder River at Sussex, Wyo ____________ ... 1 136 84 75 1.8 .9
Middle Fork Crazy Woman Creek near Greub, Wyo _ 6 20 19 15 1.3 .8
North Fork Crazy Woman Creek near Buffalo, Wyo.__ 3 21 19 19 1.1 1.0
North Fork Crazy Woman Creek near Greub, Wyo 1 22 24 18 1.2 7
Crazy Woman Creek near Arvada, Wyo___________.___ . ___________ 3 63 33 38 1.7 1.1
Powder River at Arvada, Wyo__._______ _______________._______.____. 31 434 112 138 3.2 1.2
North Fork Clear Creek near Buffalo, Wyo__ _._.__.___.._.____.__._. 1 16 23 19 .8 .8
Clear Creek near Buffalo, Wyo..___.___ ____._...______.__._ _ ____._ 3 70 42 39 1.8 .9
South Fork Rock Creek near Buffalo, Wyo__ - 1 17 20 19 10 .9
Rock Creek near Buffalo, Wyo_ . __________________ _ ... ._._._._.__ 5 37 19 23 1.6 1.2
South Piney Creek at Willow Park, Wyo__.____ 3 47 33 33 1.4 L0
Piney Creek at Kearney, Wyo.__________ 9 101 45 69 1.5 1.5
Piney Creek at Ucross, Wyo __ 1 70 55 63 1.2 1.1
Clear Creek near Arvada, Wyo_ .._.______ ) 12 222 9 124 1.8 1.3
Little Powder River near Broadus, Mont._ . _________.________________ 2 56 24 29 1.9 1.2
Powder River at Moorhead, Mont__________________ . ___________.____. 17 526 124 211 2.5 L7
Powder River near Locate, Mont . _________________._______... . ; 12 763 168 273 2.8 16

See footnotes at end of table
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AprpENDIX A.—Channel-shape characteristics of rivers at stage corresponding to mean annual discharge— Continued

[Data on width, area, mean velocity, and mean depth represent approximations to the average and vary somewhat, depending on the particular section where measurerients

are made
. Mean annual Area of cross . | Drainage
Years of ; : Mean veloce- | Mean depth
a y | Wik feet section : area (square
record is@cl}sa;ge dth (feet) (square feet) ity (fps) (feet) mglgs)
Belle Fourche River Basin
Belle Fourche River helow Mooreroft, Wyo._ . ... ________________ 7 79 39 47 1.7 1
Belle Fourche River at Hulett, Wyo_______________ N 12 69.5 50 40 1.8
Belle Fourche River at Wyo.-8. Dak. State line 3. 2 150 59 B 2.3 1
Belle Fourche River near Fruitdale, S. Dak_ - 3 250 66 112 2.2 1
Belle Fourche River near Sturgis. S. Dak_____ R 2 500 134 2.2 1
Belle Fourche River near Elm Springs, S. Dak_ ... _____ ... _________ 16 447 112 168 2.7 1
Kansas River Basin
Arikaree River at Haigler, Nebr___________________________________._.. 15 3.7 45 23.4 1.4 .5 41,460
Republican River at Culbertson, Nebr__.____________. _ 16 226 120 101 2.2 .8 410 600
Republican River near Bloomington, Nebr _ 18 724 230 390 1.8 1.7 420 800
Republican River at Clay Center, Kans..________ - 30 1,093 272 544 2.0 2.0 424 570
Smoky Hill River at Elkader, Kans______ . 5 36 41 24.6 1.5 6 3 555
Smoky Hill River near Ellis, Kans. - 5 66. 3 60 48 1.4 .8 5 630
Smoky Hill River near Russell, Kans_ - 4 104 114 2.0 1.1 6 965
Smoky Hill River at Ellsworth, Kans__ - 34 215 90 126 1.7 1.4 7,580
Smoky Hill River near Langley, Kans.. _ 4 362 92 193 1.9 2.1 7,857
Smoky Hill River at Lindsborg, Kans.. . 17 292 80 192 1.5 2.4 8 110
Smoky Hill River at Enterprise, Kans._ _ 13 1,419 102 736 1.9 7.2 19 200
Kansas River at Ogden, Kans____ _ 30 2, 514 342 1, 300 1.9 3.8 45 240
Kansas River at Wamego, Kans__________________ _ 28 4,114 525 2,150 1.9 4.1 55 240
Kansas River at Topeka, Kans___._______________ - 4,655 481 2,210 2.1 4.6 56 710
Kansas River at Lecompton, Kans_________._______ ~ 17 57,838 728 3,352 2.3 4.6 58 420
Kansas River at Bonner Springs, Kans.__.___________________________ 30 5,874 563 3,320 1.8 5.9 59 890
Missouri River Basin
Missouri River at Bismarek, N. Dak.____________________._______._____ 21 20, 320 1,202 7,323 2.9 6.1 186,400
Missouri River at Pierre, S. Dak_ - 20 , 080 962 8,718 2.5 9.1 243 500
Missouri River at St. Joseph, Mo_ _ 20 35,440 863 9,927 3.6 11.5 424 300
Missouri River at Kansas City, M _ 20 43,710 1,003 12,750 3.4 11.7 489, 200
Missouri River at Hermann, Mo________._____________.______________ 20 69,170 1,578 22, 950 3.0 14.5 528 200
Mississippi River Basin

Mississippi River at Alton, T0_____________________ ... 12 96, 670 1,750 32, 500 3.0 18.6 171. 500
Mississippi River at St. Louis, Mo___ 14 186, 700 1, 586 44, 440 3.8 28.0 701,000
Mississippi River at Memphis, Tenn_._ 13 454, 900 1,950 99, 400 4.6 51.0 932. 800
Mississippi River near Vicksburg, Miss. 16 554, 600 2,610 105, 650 5.3 40.1 1,144.500

1 Located at & dam.

2 Concrete walls on side.

3 Poor records.

4 Includes some noncontributing area.

5 Long-term mean should be ahont 5,200 efs.
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APPENDIX B.— Average channel characteristics and average suspended-sediment load at fired discharges

[Data on width, average depth, velocity, and suspended load represent approximations to mean values of their respective factors at the discharge specified. Exronents d, /,
and m are defined by the equations on p. 8]

Rate of increase with discharge ()

* Dis- : Average . Suspended
Station charge Vg,égg)h depth V%ggl)ty load (tons
(cfs) (feet) per day) b ! m Remarks
Cheyenne River near Hot Springs, 8. Dak. ... 250 107 11 2.2 3,100 .
§ 8 20 1 11 22| 34900 om0 | 025 0.25 For 0 belovr 800 cfs.
1, 000 200 1.7 3.1 46, 000
2, 000 215 2.5 3.9 155, 000
Middle Loup River at St. Paul, Nebr_________ ... _____.___. 250 192 0.8 1.6 120
500 253 1.0 2.0 500 32 31 37
1, 000 302 1.3 2.5 3,100 . : -
2, 000 384 1. 57 3.3 22, 000
Rio Grande at San Acacia, N. Mex____ _______ . _________._.___ 250 94 1.0 2.6 3, 000
, 20 - 1 28 10,000 } | 13| .28 | For 0 below 700 cfs.
1,000 182 1.4 3.8 30, 000
2, 000 218 2.0 4.6 80, 000
Rio Grande at San Felipe, N. Mex_ ________ . _____._______._ 250 175 0.8 1.7 400 l
500 205 1.1 2.1 1.400 ({ o0 18 30
1, 000 235 1.6 2.6 5, 500 ] re : :
2,000 2713 2.3 3.2 21,000
Middle Loup River at Arcadia, Nebr_____________________________ 250 181 0.9 1.5 150
500 189 1.3 20 650 13 52 35
1, 000 203 1.9 2.6 4, 800 N ° :
2, 000 217 2.7 3.3 26. 000
Smoky Hill River near Ellis, Kans_._____._____________._____.___. 250 115 1.2 1.8 1, 000 .36 .48 .16 | For O below 400 cfs.
500 148 1.6 2.1 3,900
Powder River at Arvada, Wyo.______._________________ ... 250 105 1.0 2.3 8, 000
500 116 1.5 2.8 26, 000
1, 000 125 2.3 3.5 90, 000 .10 .50 .31 | For © above 200 cfs.
2,000 135 3.4 4.3 320, 000
Moreau River near Faith, 8, Dak_.____ ... __________________. 250 118 1.3 1.6 1, 200
500 129 1.9 2.0 3, 400
1, 000 135 2.8 2.6 9, 000 .10 . 56 .34 | For @ above 400 cfs.
2. 000 140 4.1 3.5 24, 000
White River near Oglala, S. Dak_._ ____ _________ e I 250 39 3.6 1.R 2, 600
500 48 5.6 1.9 6. 000 30 63 or
1, 000 59 8.8 1.9 13, 200 . : :
2, 000 72 13.6 2.1 30, 000
Belle Fourche River below Mooreroft, Wyo.______________________ 250 59 2.1 2.0 1, 700
. 500 74 2.9 2.3 6, 500 31 4“4 2
1, 000 92 4.0 2.7 28, 000 ) ) :
2, 000 115 5.5 3.2 110, 000
Virgin River at Virgin, Utah___________________________ .. __. 250 92 1.0 2.7 15, 000
500 11 1.2 3.7 90, 000
1,000 134 L5 51 400, 000 .26 .20 .45 | Curves poorly defined.
2,000 160 1.8 6.9 1, 600, 000
Rio Puerco at Rio Puerco, N. Mex____ ... __________.___ 250 66 1.2 3.1 57, 000
500 89 L4 41 140,00 3 16 "
1,000 122 1.5 5.4 360, 000 : . .
2, 000 133 2.2 6.8 | 1,000, 000
Rio Grande near Bernalillo, N. Mex.______.__.____________.______ 250 95 1.5 1.7 200
500 . 156 1.6 2.0 1, 000
1, 000 260 1.7 2.3 4, 500
2000 265 234 33 15, 000 } .03 .46 .51 | For Q above 1,000 cfs.
Saline River near Russell, Kans___________________________________ 250 66 1.8 - 2.0 1,350
500 85 2.4 2.4 6,100 37 38 25
1,000 112 3.1 2.9 15,100 ° : "
2, 000 145 4.2 3.4 29, 200
Smoky Hill Riverat Ellsworth, Kans_.____...._.__.______________ 250 92 1.4 1.9 1,620 .
500 100 2.2 2.2 4,700 14 60 %
1, 000 111 3.4 2.6 12, 400 N . :
2, 000 122 5.1 3.1 32, 400
Republican River near Bloomington, Nebr___________ ___________. 250 92 1.8 1.5 940
0 2 L8 Ls g } 80| 06| .44 | For Q below 1,000 cfs.
1, 000 200 2.0 2.7 12, 700
2,000 210 3.2 2.9 43, 70¢
Bighorn River at Kane, Wyo____________________________________. 250 152 1.3 .31 ...
500 160 1.8 1.7 300
1,000 168 25 23 2,600 } 06 L8y .8
2, 000 175 3.6 3.2 14, 000
Bighorn River at Thermopolis, Wyo. .__._________________________ 500 179 1.7 1.6 150
1, 000 195 2.1 2.4 3,700 .14 .31 .55
2, 000 215 2.7 3.5 20, 000
Bighorn River at Manderson, Wyo._ ... _________________. 250 130 1.e 1.9 70
500 150 1.4 2.3 800 2 50 28
1,000 179 ’ 2.0 2.8 9, 000 : : °
2, 000 210 2.8 3.4 30, 0600
Grand River at Shadehill, S. Dak.___.________________________.____ 250 80 2.0 1.6 2, 430
500 105 2.2 2.2 5, 700 2 36 39
1,000 125 2.8 2.8 12,200 ' : "
2,000 140 3.8 3.4 26, 500
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