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SEDIMENT TRANSPORT IN ALLUVIAL CHANNELS

AN ANALYSIS OF SOME STORM-PERIOD VARIABLES AFFECTING STREAM
SEDIMENT TRANSPORT

By H. P. Guy

ABSTRACT

This study of the effect of some natural factors on storm-period
fluvial-sediment transport is a part of the development of
techniques for utilization of sediment reconnaissance data. In
more general terms, this report presents a study of the time and
space variation of sediment transport in streams.

A review of the theory of sediment yield and transport indicates
that for most streams the bulk of the suspended sediment
transport occurs during the relatively brief storm periods when
the drainage basin collects and routes precipitation excess to a
specificsite. Therefore, a description of the quantity of sediment
moved during the storm runoff periods at a stream location must
be based principally on the active and passive forces of erosion.

The investigation of these forces was accomplished by using a
combination of graphical and analytical multiple correlation
techniques. Graphical correlation was employed on data for
seven stream locations in the Atlantic coast area; first, to deter-
mine which climatie, hydrologic, and sedimentologic variables
might be used; second, to determine the required transformation
of data; and third, to note any unusual elements of data or wild
points for specific variables. An analytical method using the
general multiple regression model on the electronic computer
was then employed to develop and indicate the accuracy of
optimum equations for predicting sediment movement with
surface runoff. Several combinations of variables for each
stream location were used to show the effect of interdependence
among the variables.

In regard to a choice of the dependent variable for defining
sediment variation, the mean concentration of sediment in
streamflow was found to be somewhat superior to sediment
discharge due to the high degrec of intercorrelation between
water discharge and sediment discharge.

Some of the storm-to-storm variation of sediment concentra-
tion in streamflow was found to be associated with storm
magnitude, the time during a period of record, the season of
the year, the antecedent condition of the basin, and the storm
intensity. The sediment moving in streams tends to increase
with measures of storm magnitude such as surface runoff
quantity or rainfall quantity. An apparent trend of decreasing
sediment with time was indicated for the records of all seven
locations, but was statistically significant only for the locations
on the Brandywine Creek and the James River basins. With
respect to seasonal change, sediment concentration tends to
increase as mean air temperature increases. With respect to
antecedent condition, sediment concentration tends to decrease
as ground-water runoff increases. Ground-water runoff is
generally high during the cool season for the Atlantic coast

area; therefore, intercorrelation with mean air temperature
reduces the importance of this variable. Sediment concentration
was found to increase with storm intensity. The measures of
storm intensity used were peakedness index, peak flow, and
rainfall intensity; however, only peakedness index was tested
for all streams.

The standard error of estimate of the dependent variable (the
storm-period sediment concentration) ranged from 0.14 to 0.30
log units for most combinations of the independent or causative
variables mentioned above. The range of this error was greater
among the different streams than among the different combina~-
tions of variables for a given stream. This is attributed to
variance of hydrologic and environmental factors that are not
evaluated by the data, or possibly by the effect of some measure-
ment errors in the basic data.

Three of the regression formulas derived in the above analysis
were tested for extrapolation to other areas using observed data
from the Shenandoah and Potomac Rivers. The results showed
that these formulas can and must be modified to give a satis-
factory comparison with the observed data.

INTRODUCTION

The development of methods for more effective use,
and understanding, of available and future fluvial-
sediment data is considered to be the principal objective
of this study. Sediment stations on streams are widely
scattered or nonexistent in many areas because of (1)
the high cost of sediment-measuring programs, (2)
inadequate interpretation of the data, and (3) rather
poor recognition of the need for sediment knowledge.
Knowledge of stream-sediment conditions is so meager
in many places that effective fluvial-sediment measure-
ment programs cannot be designed satisfactorily
without first making some reconnaissance measurements.
Kind and intensity of such required reconnaissance
observations must be based on knowledge of sediment
conditions in distant as well as nearby streams and of
the applicable techniques for interpreting the data.
The study should also advance progress toward develop-
ment of a “universal equation” for computing the
magnitude of stream sediment transport by application
of observations to specific variables.
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Sediment transport in a stream depends on such a
great variety of circumstances that it is not considered
practical to define fixed laws that would indicate the
rate and amount of such sediment transport in the
stream at any specific location. More specifically, the
effects of widely varying climate, vegetation, and soils
cause sediment conditions in streams to vary widely in
time and space. Therefore, the task of describing and
interpreting the yield, character, transport, and deposi-
tion of fluvial sediment seems almost insurmountable.
In the past the most common method for describing
fluvial sediment has been to collect a body of seemingly
basic data representing the conditions of the problem
requiring solution. Nearly all these data have been
interpreted only so far as required for solution of the
problem at hand, leaving the broader implications
untouched. These programs have resulted in the basic
data being widely scattered or even nonexistent in
most parts of the country. This widely scattered
information, however, could be a reservoir of data that
if properly interpreted would increase general knowledge
of fluvial sediment characteristics.

Therefore, the purpose of the project was to develop
principles and methods for better understanding and
use of sediment data. Experience has shown that it
is not practical to describe sediment conditions in
time and space with a comprehensive sampling program
involving vast quantities of basic-sediment data. It
may be practical, however, to use a limited amount
of basic data and a program of data analysis and
interpretation based on knowledge from adjacent
areas. It is expected that the principles and methods
will indicate the kind of measurements of environ-
mental factors that can reasonably be obtained for
interpretation of the sediment data.

The author acknowledges with warm appreciation
the helpful suggestions and criticisms from colleagues
who assisted in the formulation of the project, pro-
vided technical guidance, and read an early draft of
the manuscript. Particular thanks are extended to
W. F. White, W. B. Langbein, R. B. Vice, P. C.
Benedict, B. R. Colby, B. C. Colby, and D. W. Hubbell.
Messrs. F. J. Keller and H. E. Reeder assisted in
assembly of data and correlation of variables for the
Scantic and James River basins, respectively.

SCOPE OF WORK AND AVAILABLE INFORMATION

The scope of the work involved to meet the ob-
jective of developing principles and methods for
better understanding and use of sediment data is
limited to a considerable extent by the availability of
sediment and environmental data. Hence, it is neces-
sary to determine what correlative, mathematical,
and “intuitive” techniques can be developed to give
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substance and understanding to this limited supply
of available data.

The analysis of the available data for this report is
limited to the Atlantic coast area. The bulk of the
sediment data consists of daily mean concentration and
daily suspended-sediment discharge at 39 sites in
several river basins as indicated by the records listed in
table 1. These records of sediment data were deter-
mined from the results of depth-integriated samples
mostly taken at a single fixed stream vertical and
adjusted, if necessary, by use of more complete defini-
tion of concentration in the stream cross section.
Samples generally were taken once per day, except
during periods of rapidly changing water discharge or
sediment concentration. During these changing con-
ditions the aim was to make several observations per
day. When sufficient samples could not be obtained
during the changing conditions to define the nature of
concentration variation during the storm-runoff event,
simple statistical methods were used to arrive at a
computed or estimated value of the concentration.

TasLE 1.—Daily suspended-sediment records to September 1960
{S"" streams draining to the Atlantic Ocean from the United
tates

[Dates marked with an asterisk indicate record still in progress September 1960)

Drainage Month
Stream and location area and year
(sq mi) of record
Scantic River at Broad Brook, Conn.._..__. .. _...._.__ 98.4 | *11/52
Kayaderosseras Creek near West Milton, N.Y.._____._._. 90 3/53-7/56
Mohawk River at Cohoes, N.Y - oo ooooomcceaee 3,456 1/54-6/59
Stoney Brook at Princeton, N.J 4.5 *1/56
Delaware River at Port Jervis, N.Y . ___ o oocue.- 3,076 2/57-9/58
Lehigh River at Walnutport, Pa._ ... 889 5/48-3/53
Delaware River at I'renton, N.J...._. 6, 780 *9/49
Schuylkill River at Port Carbon, Pa.. 27.1 2/49-6/51
Schuylkill River at Landingsville, Pa. 133 0/47-3/53
Schuylkill River at Auburn, Pa.._. 160 9/47-6/51
Schuylkill River at Berne, Pa.________ 355 *9/47
Schuylkill River at Pottstown, Pa- . ._._......_ 1,147 3/48-9/51
Little Schuylkill River at South Tamaqua, Pa.. 69. 4/50-4/53
Little Schuylkill River at Drehersville, Pa. .. 122 9/47-6/51
Perkiomen Creek at Gratersford, Pa______. - 279 4/48-3(53
Schuylkill River at Manayunk, Philadelphia, Pa. 1,893 *10/47
Brandywine Creek at Wilmington, Del. ... ... 314 *12/46
Corey Creek near Mainesburg, Pa. .. ccomomoeaaao 12.2 *5(54
Elk Run near Mainesburg, Pa. . 10.2 *5/54
Susquehanna River at Towanda, Pa. ..o oommoaaoo 7,797 1/51-7/54
North Bald Eagle Creek at Milesburg, Pa_...___._...... 265 12/55-3/58
Bald Eagle Creek at Blanchard, Pa- oo cmuunnan 339 12/55-3/58
Marsh Creek at Blanchard, Pa.__ - 44,1 11/55-3/58
Juniata River at Newport, Pa. 3,354 1/51
Bixler Run near Loysville, Pa____ 15.0 *2/54
Swatara Creek at Harper Tavern, 333 *5/59
Shenandoah River at Front Royal, Va__________ ... 1,638 4/53-9/56
North Fork Shenandoah River near Strausburg, Va. 772 10/55-9/56
Hazel River at Rixeyville, Va_ ... 286 10/51-9/55
Rappahannock River at Remington, Va. 616 *4/51
Rapidan River near Culpepper, Va. .. 465 5/51-9/66
James River at Buchanan, Va._.....__ 2,084 5/51-9/56
James River at Scottsville, V&. o« omimaeaes 4,571 12/50-9/56
Roanoke River at Altavista, Va... 1,802 2/53-9/56
Roanoke River at Randolph, Va. 3,000 1/54-6/57
Dan River at Paces, Va__________ 2, 550 '1/54—6/57
Tar River at Tarboro, N.C_._._._ 2,140 ‘1/58
Yadkin River at Yadkin College, N.C..___ - 2,280 '1/51
South Yadkin River near Mocksville, N.C_..___.._.__.... 313 1/58

The variation found in sediment conditions, among
sites and with time, indicates that most records of less
than 4 years do not define the sedimentologic conditions
of the stream within acceptable limits. This is caused



STORM-PERIOD VARIABLES AFFECTING STREAM SEDIMENT TRANSPORT

by the highly variable meteorologic and cultural pat-
terns acting on the drainage basin which affects the
sediment transported in the surface runoff. Thus
when sediment data are collected only for a few storms
in one season, the results are considered to be recon-
naissance information.

Table 1 shows that most of the data for the Atlantic
coast area are from a few States; thus, further indicating
the need for developing techniques to extend available
sediment data. Furthermore, even though Pennsyl-
vania has the greatest number of station-years of record,
the data represents only a small percentage of the
drainage area in this particular State. Also, the
special sediment studies in the Schuylkill River basin are
demonstrative of the fact that stations on large drainage
basins do not give information as to the various con-
ditions in that particular basin. On the other hand,
the small area stations represent only some of the
environmental conditions. The overall result is that,
although the 39 stations listed in table 1 seem to represent
a lot of information, the deficiency of sediment knowl-
edge is still very great.

The development of the principles and methods used
in this report is based on aspects of hydrology and
sedimentology discussed in the following sections, en-
titled “Theory of sediment yield and transport” and
“Storm characteristics.”

THEORY OF SEDIMENT YIELD AND TRANSPORT

The two principal components of natural streamflow
for eroding and transporting sediment are the surface
or overland flow resulting from precipitation excess and
the base flow from springs and other ground-water
seepage. The sedimentological aspects of these seg-
ments of hydrology stem from the erosion and trans-
portation capacity of the overland flow as it makes its
way to stream channels by way of sheet and rill flow
and (or) from the transporting and bank-eroding power
of high streamflow which may be derived from large
quantities of ground-water flow.

Overland runoff, as determined from precipitation
excess, is the most active agent causing erosion and
sediment transport. Thus rainfall intensity and in-
filtration capacity at the land-surface are important
factors affecting the amount of sediment movement.
Both these factors are known to vary greatly with time
and location within a drainage basin. The precipita-
tion generally ranges from a light drizzle during the
cool season to a heavy downpour during the warm
summer months. The infiltration ranges from zero
through impermeable surfaces to several inches per
hour through a forest floor with good duff and a very
permeable subsoil.

E3

FINE SEDIMENT
SPLASH, SHEET, AND RILL EROSION

On land surfaces of erodible sediment, the kinetic
energy of the raindrops causes a large amount of
splashing of the soil and water and, hence, transport of
fine sediment in two ways. First, is the net movement
in a downslope direction by gravity and (or) in the
leeward direction by wind as it is briefly airborne.
Second, is that the impact of rainfall and dispersion of
soll particles cause a sealing of the soil surface thereby
reducing the infiltration. The reduced infiltration
increases the amount of precipitation excess that must
make its way to stream channels carrying its load of
eroded sediment. This movement of flow over the
land before collecting in the rills is called sheet flow.
The reduced infiltration is effective in increasing the
amount of flow in the rills and stream channels and
thereby the erosive power in these channels is also
increased. ‘

The way in which sheet flow differs from rill and
channel flow in eroding and transporting sediment is
considerable. Sheet flow moves rather slowly owing
to the small amount of tractive force (small depth)
and owing to the large amount of resistance (relative
roughness) offered by the land surface. The rill and
channel flow, on the other hand, is confined to a small
area of resistance; and with its relatively great depths
and hence large tractive force or gravity potential,
the energy of flow concentrated in a small area can be
sufficient to move sand, gravel, or even boulders.
Sheet flow therefore erodes and transports fine-grained
sediment, the silts and clays, whereas the rill and other
types of concentrated channel flow will carry all the
fine-grained load derived from this sheet flow in addi-
tion to both fine and coarse sediments that may be
eroded from the bed and walls of the channels.

Thus, it is evident that the quantity of fine sediment
moved by the stream at a given time is nearly equal to
that released by the environmental factors causing
erosion within the drainage basin; whereas, the quan-
tity of the various coarser sizes in transport is closely
related to the magnitude of the fluid forces. For
coarse material, Lane (1955) reported that if the supply
is not equal to the carrying capacity through a stream
reach, the stream will aggrade or degrade to establish
approximate equilibrium between capacity and dis-
charge of coarse sediment within the reach.

ENVIRONMENTAL FACTORS

Only small and generally unrelated segments of the
relation of environmental factors to fluvial sediment
have been studied by hydrologists and sedimentologists
because of the diversity of climatic conditions, geo-
graphic areas, and segmented problem-solving objec-
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SUBJECT CLASS MAJOR FACTORS ELEMENTS
RAINFALL-RUNOFF
(Intensity and
duration)
ACTIVE
LIMATE
FORCES
TEMPERATURE
FACTORS
AFFECTING
EROSION AND
TRANSPORT
OF SEDIMENT
FROM LAND
PROPERTIES OF
SURFACE THE SOIL MASS

SoIL
CHARACTER

PROPERTIES OF
SOIL CONSTITUENTS

SEDIMENT TRANSPORT IN ALLUVIAL CHANNELS

INFLUENCE OF ELEMENTS ON SOIL EROSION

Raindrop Splash Erosion.—Breaks down aggregates, dislodges and disperses soil,
thereby sealing the surface and increasing precipitation excess.

Flow Erosion.—Physical force due to pressure difference and impact of water
dislodges, disperses, and transports. Intensity and duration affect rate of
runoff after infiltration capacity is reached.

Alternate Freezing and Thawing.—Expands soil, increases moisture content and
decreases cohesion thus facilitating dislodgement, dispersion, and transport.

Pressure Difference and Impact.—Dislodges by force due to pressure difference
and (or) impact.

Granulation.—Affects force required for dislodgement and transport.

Stratification.—Stratum of lowest porosity and permeability controls infiltration
rate through overlying layers.

Porosity.—Determines waterholding capacity. Affects infiltration and runoff rates.

Permeabi/rty.—Determines percolation rate. Affects infiltration and runoff rates.

Volume Change and Dispersion Properties.—S0il swelling loosens and disperses soil
thereby reducing cohesion and facilitating dislodgement and transport.

Morsture Content.—Moisture reduces cohesion and lengthens erosion period by increasing
the period of precipitation excess.

Frost Susceptibility.—Determines intensity of ice formation and affects porosity,
moisture content, and reduction in strength.

Grain Size, Shape, and Specific Gravity.—Determines force needed for dislodgement
and transport.

Orentation.—Determines effectiveness of climatic forces.
Degree of Slope.—Affects energy of flow.

SLOPE
mc‘g TOPOGRAPHY (Orientation,
degree, and length)

Length of Slope.—Affects quantity or depth of flow. Depth and velocity affect
turbul Both velocity and turbulence markedly affect erosion and transport.

SOIL VEGETATIVE AND
COVER NONVEGETATIVE

[ Vegetative.—Grasses, legumes, vines, shrubs and trees give protection of land
surface in proportion to interception of raindrops by canopy and retardation of
flow erosion through decreasing velocity of runoff, increasing soil porosity, and
increasing soil moisture holding capacity (transpiration).

Nonvegerative.—0pen surfaces result in a minimum of surface protection and therefore
maximum splash erosion, reduced infiltration, increased runoff, and maximum
erosion. A paved surface affords maximum surface protection with zero erosion and
highly efficient runoff and transport characteristics.

F16URE 1.—Chart of the principal factors affecting erosion and transport of sediment from the land surface. Modified from Johnson (1961).

tives. Interpretation of this relation, using limited
data for some specific climatic and drainage basin
characteristics are reported by Glymph (1954), Maner
(1958), Langbein and Schumm (1958), and Stall and
Bartelli (1959). The sum of these and other works
compose a meager knowledge of the total relation of
environment to fluvial sediment.

Sayre, Guy, and Chamberlain (1962) listed five
factors affecting the supply of sediment moved into
and through a stream channel and, most applicable,
the fine material contributed from the drainage area.
This list, which follows, expands on the broad terms of
climate and physical characteristics:

The nature, amount, and intensity of precipitation.
The orientation, degree, and length of slopes.

The geology and soil types.

The land use.

. The condition and density of the channel system.

o 0N

They noted also that these factors can operate either,
or both, to resist or to advance the rate of erosion and
transport. Precipitation, for example, if occurring at
a low intensity and at ideal intervals, may advance the
growth of vegetation and thereby the resisting force.
Precipitation, if intense and following a drought, or
occurring on an area without vegetative cover, is likely
to cause a large amount of erosion. Because of the
large variance and interrelation associated with the
preceding list of factors, the definition of erosion and
transport in drainage areas is difficult to attain.

One important factor resulting from the integrated
effect of the above five factors is that the sediment
yield of a large basin is generally found to be less than
the sum of its subbasins. For example, the yield from
a drainage area of 5 square miles generally ranges from
400 to 4,000 tons per square mile; whereas, for 500
square miles the range is 100 to 2,000 tons per square
mile (Glymph, 1951). Though the deviation of yield
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for a given size of basin is very great, the trend implies
that sediment yield decreases as drainage area increases.
For streams in equilibrium and having a fixed base
level at the mouth, this loss of sediment in a stream
system may be temporary. On the other hand, if the
oceans are gradually rising with respect to the stream
system, or a system of manmade base levels is imposed,
the loss of sediment may be accounted for by the
aggradation of the streams. Such sediment loss or
aggradation also occurs when accelerated erosion in a
drainage basin supplies more sediment than can be
transported by the channel system. An index of the
phenomenon of decreasing sediment in the downstream
direction may at some future time be evaluated through
some index of the condition and density of the channel
system.

The interrelations of the active and passive forces
that influence erosion are summarized in figure 1, as
modified from Johnson (1961). Climate is considered
the important active force as determined by rainfall,
temperature, and wind. The important passive forces
are the soil character (properties of soil mass and
constituents), the topography (orientation, degree of
slope, and length of slope), and the soil cover (vegeta-
tive and nonvegetative). Each of the active and pas-
sive forces are further described by refined factors in
the illustration. For example, rainfall has a double
action—first is that of falling raindrops as described
in a preceding paragraph and second is that of flowing
water, which in broad terms is of either laminar or
turbulent flow. The type of flow is a function of the
velocity and depth of the water and the roughness of
the surface over which it flows. Erosion and transport
of sediment are negligible under the condition of laminar
flow but, as the water from such laminar flow collects
in rivulets and larger channels, the resulting energy
of flow with increased scale and intensity of turbulence
can be sufficient to carry heavy loads of sediment,
especially fine particles. The important passive forces,
therefore, tend to alter the depth and velocity patterns
of overland or surface flow by keeping the flow spread
thinly or by increasing the resistance to flow.

COARSE SEDIMENT
EFFECT OF VELOCITY

B. R. Colby (written communication) showed that
the discharge of sand in a sand-bed stream is closely
related to the mean velocity of flow for rivers of a wide
range of sizes. Many investigators had previously
used the supposedly logical parameter of stage or depth
as the independent variable for determining sand
transport. The fallacy of the depth-transport concept
is that the relation between velocity and depth has
been demonstrated by Dawdy (1961) to be poorly

716-824 0—64—-2
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defined both for an individual stream and among
streams. Colby (1961) illustrated the complexity of
the depth-transport concept by showing that the trans-
port decreases with increasing depth at low velocity
(less than about 3 fps (feet per second) and increases
with increasing depth at high velocity.

Einstein (1950) treated the beginning of movement
and the pickup of the sand grains from the bed as a
probability for the individual grains to move. Thus
a specific critical velocity is probably arbitrary and
inexact as a measure of bed movement because of the
arrangement of the grains on the bed and on local
variations of velocity. At a velocity greater than the
so-called critical value, movement in a very thin
layer occurs by rolling, sliding, or skipping along the
bed.

Sand swept up from the bed of a natural stream or
suspended in a stream may be supported and trans-
ported downstream a considerable distance by the
vertical components of currents in turbulent low. The
magnitude of these currents is largely a function of the
horizontal velocity, the bed roughness, and the distance
above the streambed. Hence, the suspended load of
sand in a stream vertical can be considered to be
associated with the mean velocity of flow.

EFFECT OF PARTICLE SIZE

The settling rate of a particle is a measure of its
resistance to transport. Fine sediment particles in
a dispersed state having a slow settling rate are easily
carried in complete suspension by the fluid forces in
natural streams, and, hence, have a tendency to move
out of the drainage basin with the flow in which they
are suspended. In contrast, coarse sediment particles
with a fast settling rate may move by suspension for
only short distances, or more probably, by rolling and
bounding along the streambed. The smaller of these
coarse particles move at a faster mean velocity than do
the larger particles. The largest particles in a given
stream would be transported only a short distance in
a given period of movement and then only when the
stream is experiencing a great flood. The coarse sedi-
ments on or near a streambed are being continuously
sorted by the selective transport capacities of the
stream.

Equilibrium of the concentration gradient of sus-
pended sediment at a stream vertical requires that
particles settling through a plane be balanced with a
net upward movement of particles through this plane
from a zone of heavier concentration. Particle fall
velocity is then considered to be an indication of the
rate of change of sediment concentration with distance
abeve the streambed for a given scale and intensity of
turbulence. An increase in turbulence, considered to
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mean an increase in the vertical movements of flow,
causes more uniformity of concentration for a specific
size of sediment with respect to distance above the bed.
Therefore, high values of velocity and (or) low values of
particle size tend toward a uniform vertical concentra-
tion of sediment. If mean velocity is an indication of
the scale and intensity of turbulence and the vertical
variation of sediment concentration, then the discharge
of coarse sediment is related to both stream velocity
and particle size.

Colby (1961) showed that for a given mean velocity
and a roughly equal bed roughness, a stream at a section
of shallow depth will result in greater turbulence and
hence contain a higher concentration of suspended
coarse particles in a vertical than will be found in a deep
section of the stream. Averaged over a long period of
time, the sediment transported at the two sections,
even though several hundred feet apart, is likely to be
equal. With a substantial change of flow characteris-
tics, such as greater depth and velocity, the transport
through the two sections may temporarily be different,
causing aggradation or degradation of the streambed.

The laboratory studies by Simons, Richardson, and
Haushild (1962) showed inconclusive results regarding
the effect of increasing concentration of fine material
on the transport of coarse sediment. The data support
the conclusion, however, that if bed roughness were
the same, increasing fine sediment concentration will
increase the transport of coarse sediment because the
mean velocity of flow may be increased and the fall
velocity of sediment particles may be decreased due
to changes in the apparent viscosity and density of the
suspending fluid.

Water temperature is an important environmental
factor affecting the transport of sediment through its
effect on viscosity of the fluid and the resulting changes
in the fall velocity of the particles and changes in the
turbulence of the streamflow. The effect of change in
water temperature on particle fall velocity is greatest
for fine sediment because these sizes settle more nearly
in accordance with Stokes’ law. For example, particles
in a size class of 0.016-0.062 mm have a fall velocity
of about 0.0017 fps at 32°F and 0.0038 fps at 90°F;
whereas, particles in a class of 1.00-2.00 mm have a fall
velocity of 0.59 fps at 32°F and 0.74 fps at 90°F
(Hubbell and Matejka, 1959). Temperature change,
however, does not affect the transport of fine material
(less than 0.062 mm) because it is limited by the
amount supplied to the stream system; that is, the
stream will readily carry all available fine sediment
at either a high or a low temperature. The temperature
effect is probably most important for fine and medium
sizes of sand.

SEDIMENT TRANSPORT IN ALLUVIAL CHANNELS

STORM CHARACTERISTICS

Precipitation is undoubtedly one of the most
important and yet most complex factors associated with
the erosion and transport of fluvial sediment. A
wealth of data concerning precipitation characteristics
has been obtained by the U.S. Weather Bureau since
1891. The basic precipitation data, daily quantity
for nonrecording gages and hourly quantity for recording
gages, is published in “Climatological data” by the
Bureau. This data has been recorded for 40 to 50
years. The density of the gages in the Atlantic coast
area averages about 2.5 per 1,000 square miles for the
nonrecording gages and 0.9 per 1,000 square miles for
the recording gages. This seemingly large number of
gages gives a fair representation of precipitation over
large river basins, especially for storms of large aereal
extent but are very inadequate when correlation with
small basins is necessary, especially for the small
convection storms.

Wischmeier and Smith (1958), in a correlation of
rainfall characteristics with erosion and soil loss data,
showed that an index consisting of the product of
rainfall energy and the maximum 30-minute intensity
of the storm is the most important measurable precipita-
tion variable to explain storm-to-storm variation of soil
loss from field plots. This concept is based on the fact
that large fast-falling raindrops with a large amount
of kinetic energy will cause much splash erosion, thereby
sealing the surface and increasing the amount of
surface runoff. The maximum 30-minute intensity is
also proportional to both the total quantity of rainfall
and the average intensity.

THE RUNOFF HYDROGRAPH

Storm runoff is defined as the part of total runoff
derived from storm rainfall or rapid snowmelt which
reaches an observation point within a relatively short
period of time. The time of runoff depends on the
drainage basin characteristics, especially that of area,
and requires only a few minutes for areas of a few acres
but 5-12 days for drainage areas of 10,000 square
miles. The ground water runoff or base flow part of
a streamflow hydrograph lags the causative precipita-
tion by a distinguishably longer period of time than
does the surface runoff. Oftentimes, storm runoff
may include subsurface ground-water flow which has
infiltrated the surface of the ground but causes an
increase in ground-water flow to the surface channel
sufficiently soon to be classed as storm runoff. Such
rapid transit of the subsurface storm flow results from
the relatively short underground path through perched
water tables, through flowing saturated zones, or
through semichannels beneath the surface. The true
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FIGURE 2—Components of a streamflow hydrograph.

surface runoff, or that amount of precipitation in excess
of infiltration and surface storage, reaches a surface
channel with its path on and above the ground surface.
Except for ephemeral streams and small plots or fields,
the physical measurement of these separate components
of flow is practically impossible.

Attempts to separate storm runoff into the com-
ponents of surface and underground runoff are made
primarily through empirical analysis of runoff hydro-
graphs. The general concepts of such an analysis are
illustrated by figure 2, showing a typical hydrograph
where ABCDE represents the total runoff, where
AFDE represents the amount of ground-water runoff,
and where AGC is the estimated division line between
true surface runoff and subsurface runoff. The area
between curves AGC and AFD represents the volume
of subsurface flow effected by the storm. The division
line AGQC, separating the surface and underground
runoff, is of greatest significance in this study since
the amount of sediment erosion in the upland areas
should logically be directly related to only the amount
of surface runoff. The transport rate of the coarser
sizes of sediment in the stream channels is affected by
the total flow.

Since water discharge generally varies directly with
gage height at a given stream site, it is feasible to use

the trace of the gage-height recorder instead of plotting
the water discharge against time to separate the
components of surface and underground runoff. In
fact, more sensitive results are possible by use of the
gage-height chart because the line represents nearly
instantaneous conditions, whereas most discharge
data are averages for discrete elements of time. The
writer has not found it convenient, however, to obtain
and use the gage-height records in most instances.

The most convenient hydrographic data source for
investigating records of considerable length is the
series of Water-Supply Papers, ““Surface Water Supply
of the U.S.,” which give the mean flow for each day of
all streams gaged. With the exception of the low-
yield storms, the author has also found that a tabular
system using these daily values is quite adequate to
separate the components of surface and underground
runoff. Fortunately, the errors involved in estimating
the volume of underground runoff are generally small
in comparison with the volume of total surface runoff.
For low-yield storms, where the amount of underground
flow is more significant relative to the total flow, the
number of days involved in the hydrograph will be
fewer and hence the chance of significant cumulative
error will be less.
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SEASONAL CHARACTERISTICS

PRECIPITATION

The air always contains some water vapor, but rain
or snow occurs only a small part of the time. Precipi-
tation requires, in addition to moist air, and atmos-
pheric disturbance in the air mass through lifting of
large volumes of warm moist air to higher altitudes
where it is cooled to a temperature below the dew point.
Although the lifting is the decisive factor, strong con-
vergence is also necessary to produce heavy precipi-
tation. On the basis of the meteorological phenomena
that cause and accompany precipitation, the causative
storms may be divided into three types, namely,
cyclonie, convectional, and orographic.

The contrast of the largeland and water masses of the
earth causes differential heating from the sun and
therefore a great impetus for circulation of air. For
example, in the winter the landmass cools more rapidly
and may be covered with snow which reflects much of
the sun’s heat rather than absorbing it. High pressure
cells of cold then push the polar front toward the south
in North America. Low pressure cells of warm air
are formed over adjacent ocean areas at this time. In
the summer this situation is reversed.

Cyclonic storms are atmospheric waves, formed along
the polar front by the interaction of the cold and warm
airmasses. The general circulation pattern caused by
the earth’s rotation, or the terrestrial winds, pushes
these storms from west to east in the latitude of the
United States. Such cyclonic storms are characterized
by a warm moist air sector on the south side which,
being lighter than the existing cool air it meets, rides
up over the wedge of cool heavy air. This causes con-
densation and a broad belt of rather low-intensity and
long-duration precipitation when a warm front is ex-
perienced and a belt of rather high-intensity and short-
duration precipitation when a cold front is experienced.
The cold front moves more rapidly and has a steeper
gradient of cold air than does the warm front.

The convectional type of storm is caused by uneven
heating over a relatively small area and occurs only in
areas of the large low pressure cells of warm air. For
example, convection may be triggered by excessive
heating of the air over a city when the streets and roofs
are warmer than the surrounding countryside. The
ascending warm air expands and cools as it rises, and if
sufficient moisture is present, precipitation is formed.
Such storms affect a relatively small area and at times
cause heavy downpours; however, when the conditions
of high temperature and moisture are present, the re-
sult is generally one of numerous cells of precipitation.
The multiplicity of sucb convection cells and their
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movement with the larger patterns of circulation tend
to cause precipitation over relatively large areas,
although the amount at points within the area may be
highly variable.

Orographic precipitation occurs wherever mountain
ranges, highlands, or ridges rise above the surrounding
country in the path of the moisture-bearing airmasses.
An example of this is found on the southwesterly slope
of the Appalachian Mountains to which the moisture-
laden air is brought by tropical maritime airmasses
from the ocean. As a result of the way warm moist
air moves from the Atlantic Ocean with the terrestrial
air movements and due to the relatively small change
in altitude of the terrain, the orographic precipitation
is not an important factor in producing storm runoff in
the rivers draining the Atlantic coast area States.

It is evident that most of the above types of storms
would vary considerably with the months and seasons
of the year by the general northward and southward
migrations of the planetary wind systems and by varia-
tions in convectional activity. Although the annual
distribution of precipitation, by months, is rather uni-
form in the Eastern United States, the winter precipi-
tation is mainly of cyclonic origin resulting from the
interaction of moist tropical air from the south and
dry polar air from the north. In summer, precipitation
is mainly of the convectional and frontal thunderstorm
variety. Tbe total quantity of precipitation on an
annual basis tends to increase in a southerly direction.

The statistics of storm precipitation are summarized
by the U.S. Weather Bureau’s Technical Paper 40
(1961). The maximum total amount of rainfall to be
expected in a given length of time, at a given location,
and for a given return period can be determined. The
durations of rainfall are for %, 1, 2, 3, 6, 12, and 24
hours. The return periods are for 1, 2, 5, 10, 25, 50,
and 100 years. The publication also gives the seasonal
probability of intense 1-, 6-, and 24-hour rainfalls for
eight subareas of the United States east of 105°W.
Figure 3 shows a chart from this reference for the
seasonal variation of the 6-hour storms in the central
Atlantic coast area. This illustration shows, for
example, that a storm of an intensity likely to occur
on an annual basis has a probability of 1 percent of
happening in January and 23 percent of happening in
August. This and other charts show that storms of
greater intensity and return period are also likelyto
oceur in July and August.

INFILTRATION

In addition to precipitation variation, seasonal
variation in infiltration capacity is also an important
cause of seasonal variation in stormrunoff. The effects
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FIGURE 3.—Seasonal probability in percent of an intense 6-hour rainfall
for the central Atlantic coast area. (After U.S. Dept. of Commerce,
1961.)

of season and temperature on infiltration were discussed
by the author (1951), as follows:

* * * While resembling the mean temperature curve, the
season infiltration capacity eurves have a more marked rise in
the spring and a more rapid recession in the fall. With respect
to actual water temperature, sprinkling from a height of about
six feet with water ranging from 40° to 110°F showed no signifi-
cant differences of infiltration rates. Free, Browning, and
Musgrave (1940) found that the contribution of tempera-
ture * * * was not a dominant factor in a study of 68 soils.
There must then be other factors which largely over-balance the
effect of change in viscosity due to change of water temperature.
Water at the higher temperatures may eause swelling in the soil
which will oppose the effects of decreased viscosity.

—and—

Since changes in water temperature cannot aceount for seasonal
infiltration changes, it is believed that biologic factors are the
principal causes. These include soil fungae, earth worms, ants,
and beetles. The activity of these biota is largely dependent
upon proper moisture conditions which may account for some of
the increased variability of infiltration capacity under mid-sum-
mer conditions as compared to other seasons of the year.

The rate of storm infiltration would be at a minimum
if the soil were frozen. In drainage areas of the
central Atlantic area States, soil freezing may occur in
varying degrees during part of the year. Topsoil in a
wooded area having a good layer of duff and snow
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cover is protected against freezing at very cold tem-
peratures. The areal extent, depth, and duration of
freezing, however, do increase in a northerly direction.

Seasonal variation in infiltration is also a product
of several changes in land use during a year. Under
agricultural use, the state of cultivation is likely to
cause a high infiltration rate under a firmly aggregated
soil with a cloddy surface condition and a low rate
under a fine-textured soil with an easily dispersed
surface condition. The varying condition of the
vegetative cover during the season is a critical element
in reducing the impact of the raindrop and hence
splashing and sealing of the soil pores. Other activities
of man and animals tend to compact the soil surface
or disrupt vegetative cover in varying amounts during
the season.

RUNOFF

The runoff characteristics of a storm depend on the
integrated precipitation and infiltration characteristics
over a drainage basin and the routing of the resulting
precipitation excess to the site on the stream in question.
Splash, sheet, and rill erosion, with subsequent trans-
port of fine sediment, is dominant for storms having a
great deal of surface or overland runoff. Channel
erosion, with subsequent transport of the coarser
material found lining the channels, is dominant for
storms carrying a great deal of underground runoff.
Movement of the coarse material is largely a function
of stream hydraulic and roughness characteristics and
is therefore more readily correlated with the stage of the
stream. This is not so for the fine material since its
movement at a stream site is determined largely by
erosion of the land surface and the routing with
waterflow.

A study of stream sediment movement then should
have close correlation with the geographic and seasonal
distribution of rainfall erosion potential as determined
by Wischmeier (1962). For a specific storm, the most
applicable erosion potential was found to be the product
of two rainstorm parameters; the kinetic energy of the
rainfall in hundreds of foot-tons per acre times the maxi-
mum 30-minute intensity in inches per hour. The
average of these values for the storms during the year
is called the annual erosion index where all factors con-
tributing to soil erosion other than rainfall are held
constant. The index is directly proportional to-
or closely approximates, the annual soil loss from open
cultivated areas. Figure 4 shows a map of the mean
annual erosion index for the area of the United States
east of 105° W. The approximate seasonal values of
the erosion index are shown in figure 5 for central
Vermont, central Pennsylvania, central North Carolina,
and central Georgia. The increase in magnitude and
peakedness of the seasonal indexes from north to south
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FIGURE 5.—Seasonal distribution of erosion index values at four locations in the Atlantic coast area.
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in the Atlantic coast area indicates the need for giving
greater attention to the passive forces in the south than
in the north. The seasonal effect of the erosion index
of the important active forces (rainfall parameters)
must be integrated with the seasonal effect of the passive
forces such as the changes in soil properties and cover if
the relative amount of sediment transport in streams
is to be evaluated.

Information in the literature on the seasonal variation
of surface or overland runoff in streams is lacking.
Therefore, the storm-by-storm surface runoff of Rock
Creek at Washington, D.C., and the Northwest Branch
Anacostia River near Colesville, Md., was computed for
the years 1949-60. The land use in these basins,
though adjacent to each other, is quite different in that
the Anacostia is largely rural in character; whereas
Rock Creek is about ¥ rural, % urban, and % in various
stages of becoming urban. Figure 6 shows the varia-
tion of the monthly average surface runoff as well as
the total flow for this 12-year period of flow. The same

chart also shows the monthly average precipitation to
1950 for a 60-year period.

As expected, the proportion of surface runoff to total
runoff was somewhat greater for Rock Creek than for
the Anacostia River due to the greater amount of
impervious surface in the Rock Creek basin. The effect
of impervious surface is also shown by the fact that
Rock Creek has the greatest flow (both surface and
total) during the warm season, whereas the Anacostia
has the greatest total flow during the cool or low inten-
sity precipitation season. Greater losses by evapo-
transpiration during the warm season are likely in the
Anacostia basin. The seasonal effect of evapotranspira-
tion is very evident when the decreasing total flow of
May, June, and July is contrasted with increasing
precipitation of these months. The reverse occurs in
the fall when the mean flow (both surface and total)
increases nearly 100 percent from October to November
while precipitation decreases somewhat.
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A GRAPHICAL SEARCH FOR VARIABLES
THE STORM EVENT TECHNIQUE

The task of selecting useful correlative, mathematical,
and “intuitive” techniques to explain the storm-to-
storm wvariation of sediment moved by a stream is made
difficult by the complexity of hydrologic and sedi-
mentologic conditions resulting from the active and
passive forces of erosion and from the streamflow charac-
teristics which route the sediment through the channel
system. Readiy available hydrologic and sedimen-
tologic data, however, will be assembled and tested by
correlative techniques. The investigations are limited
to the Atlantic coast area and to streams selected from
those listed in table 1.

The graphical technique is used to search for suitable
variables to explain the nature and cause of sediment
discharge variation. Mathematical analysis was avoided
at this searching stage because it is more cumbersome
to use, and the variance of individual bits of data would
be obscured. The graphical technique of multiple
correlation using the method of deviations is most
adaptable to the ‘“trial and error” and ‘‘intuitive”
methods for selecting optimum measures for reducing
the data scatter and for determining the type of con-
versions necessary for normalization of the data. In
other words, graphical regression is less restrictive than
analytical regression in that the model need not be
completely specified in advance.

WATER-SEDIMENT DISCHARGE RELATIONS

Of all the data available for streams in the Atlantic
coast area, the principle bivariate system for a specific
stream location is generally considered to be that of the
relation of sediment discharge to water discharge. The
sediment-water discharge relation has been used by
several investigators to solve specific problems. Camp-
bell and Bauder (1940) used it for comparing discharges
in the Red River Basin of Oklahoma and Texas; Miller
(1951) for extrapolation of records for the San Jusn
River of Utah using flow-duration curves, and Leopold
and Maddock (1953) for describing the interrelations of
measured sediment with other hydraulic variables.
One of the most comprehensive reports summarizing the
applications of the sediment-water discharge curves is
that of Colby (1956).

The sediment-water curves used by these investiga-
tors were derived from instantaneous, mean daily, mean
monthly, or mean yearly sediment and water discharge
data. There are four severe limitations to the curves
derived by the instantaneous approach: (1) The sample
data may be biased with respect to either time or water
discharge because generally measurements are made
more frequently at times of high flow and high concen-
tration of sediment, especially during the recession of
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the runoff hydrograph, than at other times. (2) The
sediment concentration of instantaneous samples for a
given stream tends to fluctuate about a mean value due
to variation in the amount of fine material eroded and
transported from upstream tributaries and due to
changes in suspension of coarse material at the sampling
vertical. (3) The sediment load for small drainage
areas is generally, and for large streams is often, much
greater for a given water discharge during the rising leg
of a storm hydrograph than for the falling leg. (4)
Under conditions of relatively high base flow and sedi-
ment originating at a considerable distance upstream,
it has repeatedly been found that the sediment move-
ment lags behind the flood wave so that the peak sedi-
ment concentration may occur after the flood crest.

Figure 7 illustrates the third and fourth concepts.
Data from Leopold and Maddock (1953) showed the
hysteresis effect for the San Juan River and illustrated
that the sediment load for a water discharge of 5,000 cfs
(cubic feet per second) is 10 times greater on the rising
leg than on the falling leg of the hydrograph. The
effect of the progressive lag of sediment movement with
respect to the downstream movement of the flood wave
is demonstrated by data from Heidel (1956) for the Big-
horn River at Manderson and Kane, Wyo.

Water-sediment discharge data plotted from mean
daily data, although very convenient because most data
are published in this form, have some of the short-
comings exhibited by the instantaneous data; especially
the previously mentioned concepts three and four. The
small