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~.The SPUR 'model. is %
“simulation model developed to provide information
_for research and management...It is-composed . of.
. five basic components: . (1) climate;”(2) 73735
- hydrology: (3)_ plant; (4) animal;: and (5)-%
economic. ;. The model is driven by daily maximum -
and minimum air temperatures;’ precipitationy solarg:
= radiation, and wind run.. SPUR simulates the daily:
. growth of individual plant species or functional .
" gpecies groups and uses preference vectors based -
: on forage palatability, location,” and abundance to.'--.
“ control plant utilization::} Animal growth is Ly
“simulated on ‘a steer-equivalent basis.. and’ net™
"gain is used to calculate’ economic -benefits.3-The
hydrology component calculates upland surface’
runoff volumes, peak.flow, snowmelt, streamflow
and upland and channel sediment yields... This
publication contains the model documentation and a
* user, guide with complete instructions for model’ F4%
" operation, resource materials for determining the
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PREFACE

A proposal entitled "Improved Management and
Production of Western Rangelands Using Predicting
Models and Remotely Acquired Data," submitted by
C.H. Herbel and W.0. Willis, was perhaps the first
formal step toward the development of a range
modeling effort by the Agricultural Research
Service (ARS). Subsequently, a research planning
workshop on range modeling was held in Fort
Collins, CO, April 20-21, 1978. The participants
of this workshop recommended that an ARS range
modeling effort be started immediately. The major
goals stated were to (1) increase use of modeling
among range scientists as a research technique to
guide and improve ongoing research and provide
data bases and submodels for use in more
comprehensive models and (2) develop comprehensive
models that could be used effectively as planning
and decisionmaking tools in the management of
rangeland resources and administrative and
research programs.

On September 18, 1980, Dr. T.B. Kinney, Jr., ARS
Administrator, stated that "ARS can and should act
as the catalyst for a coordinated national effort

to develop a model(s) for rangeland ecosystems."
According to Dr. Kinney, the general purpose of
this model would be to (1) predict range produc-
tivity, (2) evaluate the effects of various
management practices, (3) help transfer research
results among different range ecosystems, and (4)
determine range research needs.

The SPUR modeling effort was started in September
1980 with the organization of a coordinating
committee composed of R.A. Evans, R.H. Hart, G.B.
Hewitt, C.L. Hanson, L.J. Koong, K.G. Renard,
P.L. Sims, J.R. Wight, and G.E. Carlson and J.C.
Ritchie of the ARS National Program Staff. At
coordinating committee meetings in November 1980
and February 1981, objectives, organization, and
procedures were established. A range modeling
workshop was held in May 1981 to (1) review,
refine. and adopt the modeling approach, (2)
establish lines of action and time tables, (3)
organize model component work groups and assign
specific tasks within each work group, and (4)
identify data sets for model testing and vali-
dation. Following the workshop, the climate,
hydrology, plant, animal, and economic components
of the model were developed independently at the
locations of the respective lead scientists.
Interfacing the components into a comprehensive
rangeland model was the responsibility of project
modelers located at Boise, ID.

In February 1983, a SPUR model symposium was held
in conjunction with the annual meeting of the
Society for Range Management. At this symposium.
a publication containing a narrative description

of the SPUR model components was presented. From
1983 to 1986, the SPUR model was tested, modified,
refined, validated. and analyzed, and the
manuscript of the model documentation and user
guide prepared.

SPUR is a comprehensive rangeland ecosystem model
developed as a tool for both research and
management and represents the combined efforts of
many scientists. It includes a pasture or field -
scale version that emphasizes the plant and animal
processes and interactions and a basin-scale
version that emphasizes the hydrology of small
basins. Model components were developed using
state-of-the-art technology drawing from models
such as ELM (Grassland Simulation Model), and
SWRRB (Simulator for Water Resources in Rural :
Basins). No new field research was conducted as a
basis for its development. SPUR is a physically
based mode! but includes some empirical functions.
Because of the unavailability of complete data
sets, only a limited amount of validation has been
possible and usually on a component basis.

Bringing the components together and making SP UR
more than a collage of functions and subroutines
was a major task for E.P. Springer and J.W.
Skiles, the project modelers.

This publication contains the complete model
documentation (Part I) and a user guide (Part II)
for both the field-scale and basin-scale versions
of the model.. The complexity of SPUR and the
quantity of information required to run it are
reflected in Part II. This section was prepared
under the direction of J.W. Skiles and includes
detailed instructions and diagrams that should
significantly enhance understanding and operation
of the model.

The code for SPUR was developed on a VAX 11/750
using an enhanced FORTRAN IV language. The code
can be furnished to anyone interested in using the
model. Transfer of the model code and sample data
file can be done on magnetic tape or 5 1/4-inch,
double-density "diskettes. Requests for copies of
the SPUR code should be sent to the project
coordinator along with a blank magnetic tape with
the user's tape-reading specifications or with two
blank diskezttes.

gt

J. Ross Wight

Project Coordinator
USDA-Agricultural Research Service
Northwest Watershed Research Center
270 South Orchard )

Boise, ID 83705
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5. HYDROLOGY COMPONENT: WATER ROUTING

AND SEDIMENTATION

L.J. Lane

INTRODUCTION

Recent developments have led to the formulation
of simulation models for cultivated agricultural
systems on upland areas (Stewart et al. 1975,
Knisel 1980) and for models that incorporate water
balance and forage-yield relations for upland
areas on rangelands (Wight and Hanks 1981).
However, extension of these concepts for general
application on rangelands requires the development
of pasture-scale and basin-scale models for
rangelands incorporating special features to
accurately reflect hydrologic and erosion and
sediment yield processes as they occur on larger,
uncultivated drainage areas. Special features of

rangeland hydrology are discussed by Renard (1970)

and Branson et al. (1981).

Inasmuch as hydrologic processes are complex and
highly variable in time and space, it is impos-
sible to monitor or gage hydrologic processes on
each watershed where information is rieeded.
Therefore, simulation models are needed to mimic
or represent the processes of runoff and sediment
yield on rangeland watersheds representing a wide
variety of climatic, soil, topographic, and land
use situations. As the area of interest extends
from the upland areas to larger downstream areas,
the relative importance of processes occurring in
stream channels increases. Features of the
channel network, or system, can influence the
rates and amounts of runoff, as well as sediment
yield.

As streamflow occurs in the channel system, it
varies in the downstream direction as a result of
channel features controlling flow hydraulics;: as a
result of the delivery of water and sediment to
the channel system; and as a result of processes
such as infiltration in the channel ‘beds and banks
(transmission losses) and sediment ‘being eroded,
transported, and deposited within the channel
system. The purpose of this chapter is to
describe the development and application of a
model to simulate hydrologic, hydraulic, and
sedimentation processes in alluvial stream
channels on rangeland watersheds.

OBJECTIVES

The objective of the hydrologic component is to
simulate the rates and amounts of runoff ecccurring
in stream channels on rangeland watersheds and to
develop procedures to estimate parameters of the
model from established relationships and physical
features of the watershed.

The objective of the sediment component is to
simulate open-channel flow hydraulics and the
resulting sediment transport rates and sediment

yield. This objective includes estimating param-
eters of the model from established relationships
and physical features of the channel system.

The overall objective of the channel component is
to couple the hydrologic and sediment components
to predict rates and amounts of runoff and
sediment yield.

ASSUMPTIONS

The model described herein is intended for
application on small rangeland watersheds. up to
a few tens-of-square-miles, with well-defined
channel systems. Because the sediment yield
calculations are based on computed transport
capacity,. the procedures are designed to compute
sediment transport capacity in alluvial channels
with noncohesive sediments. Since many of the
basic relationships incorporated in the model were
developed using data from semiarid rangelands in
the Western United States, the emphasis, there-
fore, is on streamflow occurring in ephemeral
stream channels as a result of rainfall events.

DESCRIPTION

Operation of the channel component is summarized
in figure 5.1. The hydrologic-simulation program
estimates (based on such estimates as climatic
inputs, watershed characteristics, and land use)
the delivery of runoff and sediment to the channel
system from the upland and lateral flow areas.
The streamflow routing procedure computes (based
on the upland and lateral inputs and features of
the channel system) estimates of runoff volume,
peak rate of runoff, and flow duration at any
position in the channel system. Based on features
of the stream channel and an approximate shape for
the runoff hydrograph, the hydraulic component
computes velocity, depth of flow, hydraulic
radius, and shear stress for nine discrete
intervals over the duration of flow in the

channel. Using features of the channel and the
hydraulic variables, the sediment component
computes transport capacity for sediment particles
in up to 10 discrete size classes, including
suspended and bed load. Finally, sediment
transport rates are integrated over the nine
intervals used to approximate the hydrograph to
estimate sediment yield at any point in the
channel system.

Unique features of the model include the ability
of the streamflow routing procedure to incorporate
reductions in runoff volume and peak rate as a
result of transmission losses and the ability of

the hydraulic component to approximate spatially
variable and unsteady flow through the hydrograph
approximation technique. The purpose of the
hydrograph approximation is to include some
aspects of runoff variations in space and time
without using the complete dynamic equations for
spatially varied. unsteady flow. The hydrograph
approximation technique enables use of total storm
rainfall, rather than time-intensity data, and the
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Figure 5.1 .
Logic diagram for computation of
runoff and sediment.yield from
rangeland watersheds.

resulting computations for runoff volume, peak
rate, and flow duration are much simpler than
dynamic flood routing.

By changing runoff volume, peak rate, and
duration, and thus the approximating hydrograph in
the downstream direction, spatial variability due
to changes in channel geometry, transmission
losses, and lateral inflow is approximated. By
changing the flow rate, depth, velocity, and shear
stress for each time interval on the approximating
hydrograph, unsteady flow at a channel cross
section is approximated. The assumption of
uniform and steady, or normal flow during each of
nine intervals on the approximating hydrograph
allows application of the Manning equation to
compute flow varjables and application of sediment
transport equations based on the normal-flow
assumption.

Background material by process or component is
summarized in table 5.1. The references in table
5.1 provide the scientific basis for the channel
component described herein.

STREAMFLOW ROUTING

Although the procedures described herein were
derived for ephemeral stream channels with
transmission losses, they can be applied,
resulting in somewhat coarser approximations, in
alluvial channels without significant transmission
losses. -

42

Transmission Losses

Many semiarid watersheds have broad, alluvium-
filled channels which abstract large quantities of
streamflow (Babcock and Cushing 1941; Burkham
1970a, 1970b; Renard 1970). These abstractijons,
which are called transmission losses, are
important because water is lost as the flood wave
travels downstream, and thus, runoff volumes are
reduced. They are an important part of the water
balance because they support riparian vegetation
and recharge local aquifers and regional ground
water (Renard 1870). Procedures are needed to
estimate runoff and transmission losses in
ephemeral streams.

Several procedures have been developed to estimate
transmission losses. These procedures range from
inflow-loss-rate equations (Burkham 1970a, 1970b;
SCS 1972), to simple regression equations (Lane et
al. 1971), to simplified differential equations

for loss rate (Jordan 1977: Lane 1983), to storage
routing as a cascade of leaky reservoirs (Wu 1972;
Peebles 1975), and to kinematic wave models
Incorporating infiltration (Smith 1972).

Therefore, procedures range in complexity for
estimating runoff in ephemeral streams with
transmission losses. As a rule, the simplified
procedures require less information about physical
features of the watersheds but are less general in
their application. The more complex procedures
may be more physically based, but they require
correspondingly more data and more-complex
computations.

The simulation model presented herein was
developed as a procedure for practical
applications. The model represents a compromise
between the more physically based, deterministic
models and the more simplified procedures
described earlier. The resulting model is
constructed to require a minimum of observed data
for calibration and to provide a means of making
predictions on ungaged watersheds.

Generally, runoff from semiarid watersheds follows
periods of thunderstorm rainfall; at other times,
the stream channels are normally dry. Runoff is
accompanied by substantial infiltration losses in
the stream channels. These losses, and the
usually steep slopes of the channels, tend to
produce sharply peaked runoff hydrographs. The
resulting shape of the hydrographs, which starts
from and ends in a condition of no flow, consists
of a fairly narrow triangular peak followed by a
relatively longer recession of low flow. The time
to peak (time from beginning of runoff to the
hydrograph peak) is usually shorter than the
recession time. This characteristic shape of the
runoff hydrographs indicates that they can be
fairly well approximated if the runoff volume,
peak rate, time to peak, and duration of flow are
known. Moreover, if the ratio of time to peak and
flow duration is relatively constant, then the
relation between runoff volume and peak rate is
nearly linear. Based on these observations, the
model described herein simulates a runoff volume
and flow duration and peak rate of flow as a
function of runoff volume and flow duration.
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To route flow through the channel network, peak
discharge as well as runoff volume from the upland
and lateral flow areas must be known. Peak
discharge is assumed to be a function of runoff
volume and time characteristics of the runoff
hydrograph. Peak discharge of a unit hydrograph
from small areas can be estimated from runoff
volume and time to peak (SCS 1972) as:

- 484 VA (1)

Q T,

where. in English units, the variables are:

Q = peak rate, f13/s,
v = runoff volume, in
A = drainage area, mi“, and
Tp = time to peak, h.

The factor 484 converts the flow derived from a
triangular unit hydrograph from square miles-
inches per hour to cubic feet per second. If time
to peak, T,, is assumed to be a constant propor-
tion of flow duration, D, and discharge is
expressed in inches per hour, then equation 1
becomes:

- 484cy 2)
Q="gicD ; :

where: . -

peak discharge, in/h,

flow duration, h,

D/c, and

the ratio of flow duration to time
to peak.

o300

wounu

The conversion factor 640 is the number of acres
per square mile. For a constant c, equation 2 is
of the form:

\'
Q=Csp N (3)

where Cg is a dimensionless parameter expressing
hydrograph shape.

The use of a double-triangle unit hydrograph as a
model for unit hydrographs of small watersheds has
been proposed by Ardis (1972, 1973) with results
for 2 number of watersheds published in a report
by TVA (1973). These procedures were applied to a
small semiarid watershed by Diskin and Lane
(1976). Based on analysis of 10 hydrographs from
a 1.6 ha (4-acre) watershed, they found for a
one-mjnute hydrograph:

u=6.6

OI|<

where u is the peak of the unit hydrograph. V is
runoff volume in inches. and D is the duration of
the mean unit hydrograph in hours. By convoluting

(4).

the unit hydrograph with observed rainfall excess
patterns, the relation between runoff volume, mean
duration of flow, and peak rate of runoff is:

N
Q=482—= (5)
D

or:
Cs = 4.82

Using data from 15 semiarid watersheds in Arizona
with 10 to 35 years of record, Murphey et al.
(1977) found that mean flow duration is related to
drainage area as:

B =c,A%2= 2.53A% (6
where:
) = mean duration of flow, h,
A = drainage area, mi®, and
Cy. Cy = parameters.

The coefficient of determination for equation 6

was 0.78, with a standard error of estimate of 21
percent. They also found that mean runoff volume
per runoff event was related to drainage area as:

¥ = C3A% = 0.0547%* (7)
where:
v = mean runoff volume, in,
A = drainage area, mi“, and
Cs. Cq = parameters.

The coefficient of determination for equation 7
was 0.61, with a standard error of estimate of 28
percent.

A similar equation for mean peak discharge is:

(8)

8 =010a"""
where:
Q = mean peak discha&ge. in/h, and
A = drainage area, mi®.

Combining equations 6, 7, and 8, from Murphey
et al. (1977), the equation corresponding to
equation 3 is approximately:

Q=506 (9)

c|| <l

or Cc = 5.06, which is close to the value of 4.82
founa by Diskin and Lane (1976) in an independent

analysis.

The procedure used is to compute runoff volume
from the upland and lateral flow areas using the
hydrologic model for uplands. Next, mean flow
duration, using equation 6, and peak discharge,
using equation 3, are calculated. The runoff
volumes are then taken as upland or lateral input
into & channel segment for the routing
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Table 5.1
Selected references forming the basis of the channel component model
Process
or Comment References
component
STREAMFLOW
ROUTING: Overview of model Lane (1982a).
Transmission Background, routing Babcock and Cushing (1941), Renard
losses. equations, parameter {1970), Lane et al. (1971), Smith
estimation. (1972), Jordan (1977}, Lane (1983).
Hydrograph Influence of basin SCS (1972), Murphey et al. (1977).
shape. characteristics
Approximating Double-triangle Ardis (1972, 1873), Diskin and Lane
hydrograph. approximation (1976).
Piecewise approximation Lane (1982b).
Hydraulics Chow (1959}.
SEDIMENT -
ROUTING: Overview of model Lase (1982b).
Transport *
capacity. Suspended, load Bagnold (1956, 1966).
Bed load - Straub (1935), Graf (1971).
Sediment Yield by size fractions Lane (1982b).
yield. and total yield.

calculations. As will be shown in the next
section, estimates of mean runoff volume and mean
flow duration are also used to compute trans-
mission loss parameters for a channel segment.

In the absence of lateral inflow, if observed
inflow-outflow data for a channel reach are
related by regression analysis (Lane et.al. 1971),
then an equation of the form: .

0 Vo & V,(x,w)
Vixw) = (10)
o(x.w) + b(x.W) Vip Vi > Vo(x.w)
results, where:
a(x,w) = regression intercept (acre-{t or m3),
b(x.w) = regression slope,
V_(x.w) = threshold volume (acre-ft or m3),
V?x.w] = putflow volume (acre-ft or m’),
V,p = inflow volume (acre-ft or m3),
)P = length of channel reach (mi or km),
and
w = average width of flow (ft or m).
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By setting V(x,w) = 0.0 and solving for Vup: the
threshold volume is:

V(x,w) = %%E:"—w";l (11)

This is the volume of inflow required before
outflow begins. Inflow volumes less than V (x,w)
will all be lost or infiltrated into the channel
alluvium.

Based on the preceding empirical observations and
the work of Jordan (1977). using an ordinary
differential equation. Lane (1983) approximated
the rate of change in runoff volume with distance
as:

%l;’. = —w[c + k V(x,w)] (12)

where ¢ and k are parameters and the other
variables are as described above. The solution to
equation 12 is:

TO & <
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where Vup = V(x = 0,w) = the upstream inflow
volume. ' By letting x = w = 1, Lane (1983)
defined a unit channel where a(1,1) = a,b(1,1) =

b, and ¢ = -k -l—_’-‘-s. so that equation 13 becomes:

ocw

Vixw) = 722 (1 =€) + V€ (14)

Notice that if the fcllowing equivalence is made:

b(x.w) = e (15)
and:
o(x.w) = 3 - =(1 - e™™)
- 9 _ (16)
=0 b(x.w)]

then equation 14 is identical to the regression
model described by equation 10. Therefore, given
observed inflow-outflow data for a channel reach,
least squares analysis can be used to estimate
parameters in the differential equation,, equation
12, or its solution, equation 14. .o

If lateral flow areas contribute inflow dlong the
channel reach, and if this flow can be considered
approximately uniform with distance along the
channel reach, then equation 12 becomes:

& Vug
I wlc + kV(x.w)] + > (17)

where V[ o is the volume of lateral inflow. The
solution to equation 17 is:

V(x,w) = O(X.W) + b(x-w) vup + -

Vi (18)
m [l - b(X,W)]

where a(x,w) and b(x.w) are defined by equations
15 and 16. If the quantity (1-b(x,w))/kw is
denoted F(x.w), then equation 18 becomes:

V(x,w) = o{x.w) + b(x,w) V,, + F(x,w) % (19)

where a(x.w). b(x.w), and F(x,w) are parameters to
be determined for a particular channel reach.

The basic equation for the transmission loss model
(equation 19) involves upstream input (Vup),
lateral inflow along the channel reach (Vpar).
length of the stream segment (x), width o the
channel (w), and the parameters a(x.w)., b{x.w).
and F(x.w). Given a runoff volume from equation
19, and an estimate of the hydrograph-shape
parameter and a mean flow duration, then equation
3 is used to estimate peak discharge at the end of
the channel segment. The procedure is repeated
for each channel segment used to represent the

channel system in a watershed. Each exterior

channel segment receives input from an upland area

and lateral inflow along its reach from two »
lateral contributing areas. Each interior channel

segment receives upstream inflow from one cr two

tributary channels and lateral inflow along its

reach from two lateral contributing areas. The

channel network and its contributing areas are

used to represent the entire drainage basin or

watershed.

Data representing 139 events from 14 channel
reaches in Arizona, Texas, Kansas, and Nebraska
were analyzed. Based on these data, the unit
channel parameters were estimated as:

o= -0.00465K D (20)
and:
= ~1.09 In(i — 0.00545 K 3-) (21)
where:
a = unit channel intercept (acre/ft),
K = effective hydraulic conductivity
- (in/h),
D = mean duration of flow (h),
v = mean volume of flow (acre/ft), and
3 = decay factor (ft/mi)”1-

Given these parameter values, the transmission
loss parameters are:

b=e (22)

blxw) =e (23)
a(x.w) = ‘—ﬂ—bo - e_m)

(24)

1—33 [ - b(x.w)]
and:

Flow) = L=plaw) (25)

kw

Equations 20 through 25 define the transmission
loss parameters to be used in the basic trans-
mission loss model described by equation 18.

In addition to these analyses, data were obtained
from 14 other channel reaches in Arizona (Wilson
et al. 1980) and from seepage rates in unlined
canals (Kraatz 1977). This information was used
to derive estimates of effective hydraulic
conductivity from alluvial characteristics as
summarized in table 5.2.

The transmission loss component (as part of a :
basin-scale simulation model) was tested using :
data representing 222 runoff events from eight
experimental watersheds on the Santa Rita
Experimental Range near Tucson, Arizona. The
model was also applied to predict annual flood
series from 13 years of data on a small watershed
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Table 5.2 1/
Elfective hydraulic conductivity for transmission losses in channe! alluviuml
Bed material Characteristics Effective hydra}xlic
group of bed material conductivityl
(in/h)
1--Very high loss rate Very clean gravel and large sand > 5.0
. median particle size dsg > 2 mm.
2--High loss rate Clean sand and gravel under field 2.0 - 5.0
conditions dgg > 2mm.
3--Moderately high Sand and gravel mixture with less 1.0 - 3.0
loss rate than a few percent silt-clay.
4--Mcderate loss rate Mixture of sand and gravel with 0.25 - 1.0
significant amounts of silt-clay.
5--Very low loss rate Consolidated bed material with high 0.001 - 0.1

silt-clay content.

1/Based on analysis of data from 14 channel reaches in Arizona. Texas,
Kansas, and Nebraska, data from 14 other channel reaches in Arizona,

and canal seepage rates in unlined canals.

2/values of effective hydraulic conductivity reflect the flashy, sediment-

laden character of many ephemeral streams, and thus,

clear-water infiltration rates at steady ,state.

near Tombstone, Arizona and for 30 years of annual
flood series on a small watershed near Safford,
Arizona. The results of these analyses are
summarized by Lane (1982a), wherein the model
produced reasonable estimates of mean runoff
volumes and peak rates and accurately simulated
flood frequency distributions.

Parameter Estimation

Parameter estimation techniques are summarized in
table 5.3. These techniques are based on the
transmission loss analyses previously summarized,
the hydrograph analysis for semiarid watersheds
(Murphey et al. 1877), and for subhumid watersheds
(Lane et al. 13975) and established hydrologic
relationships (SCS 1972).

The parameter values shown in table 5.3 should
produce reasonable estimates for small rangeland
watersheds where streamflow is intermittent or
ephemeral. However, if hydrologic data are
available, hydrograph and regression analysis
can be used to estimate values of effective
hydraulic conductivity, K, and the hydrograph
parameters C; to Cg.

In the absence of observed hydrologic data, table
5.3 can be used to estimate parameters for the
hydrologic portion of the channel component.
However, engineering judgment should be used to
make sure the parameter estimates are reasonable,
so that the model will produce reasonable
estimates of runoff rates and amounts. While it
is impossible to anticipate all circumstances,

some general rules of applicability can be stated.
The model is not intended for application in
perennial streams or on watersheds where the
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do not represent

runoff is dominated by snowmelt runoff. This

includes watersheds with significant base flow

regime where the ground water component dominates

the streamflow. As a general rule. the model

probably does not apply to watersheds where the

mean annual precipitation is in excess of 20 in,

or where the mean annual runoff is much in :
excess of 1 in. i

The model is intended for application on small N -
watersheds up to a few tens-of-square-miles. For i -
larger watersheds, it is difficult to include ¥
sufficient channel segments to accurately
represent the drainage network. The model is
intended to simulate runoff over a large range in
storm size. For large storms, however. out-of-
bank flow may occur, which would necessitate
adjusting estimates of channel width and effective
hydraulic conductivity for out-of-bank flow.

Example Hydrographs

The routing procedure used herein assumes a
characteristic hydrograph shape where the time to
peak is 20 percent of the flow duration: the time
to the inflection point on the recession is 40
percent of the flow duration: and the discharge at
the inflection point is 20 percent of the peak
discharge. The equations describing the
double-triangle approximating hydrograph are:

(26)

Lagd
fl
(=]

q=0 (27)
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Table 5.3

Parameters in the transmission loss and streamflow routing procedures

Parameter or Range in Source of estimate and comments
variable values
Watershed - Topographic map: drainage area contributing
Area A to the channel segment.
Channel
Length (x) -- Topographic map and field observations.
Width (w)
Hydraulic , Table 5.2 or runoff data:; function of channel
conductivity (K) 0.001 - 5.0 alluvium, antecedent moisture, and so forth.
Hydrograph
parameters:
C, 2.0 - 5.5 Murphey et al. (1977) or hydrograph analysis.
.2 semiarid Murphey et al. (1977) or hydrograph analysis.
Cz to
.5 subhumid
Cy .03 - .07 Murphey et al. (1977) or hydrograph analysis.

semiarid

-.2 semiarid
Cy to
0 subhugnid

Murphey et al. (1977) or hydrograph analysis.

Cg 2.8 - 6.0 Murphey et al. (1977), SCS (1972), or
) hydrograph analysis.
D > 0.0 D = Cy AC2 pean duration of flow (h).
v > 0.0 V = C, AC4, mean runoff volume (in), must convert
to“acre-ft.
B = c,A%
t=t,=02D (28) =4 (34)
Q ] and the estimated peak discharge is:
t= 'y (29) .
\
Q, =Cs= (35)
t, = 2t, = 0.4D (30) D
= 0.2Q The quantity A, in equation 34, is the drainage
O T (31) area, in square miles, above the channel segment;
values of t are in hours; values of q are in
inches per hour; and the quantity V, in equation
t=0 (32) 35, is the runoff volume, in inches, from the
transmission loss equation {equation 19).
0 Integrating straight line segments through the
Q= (33) points described by equations 26 through 33, the

where D is the equivalent duration for the
standard hydrograph shape (equations 26 through

. 33). The mean duration for the transmission loss

equatjon is:

volume of runoff under the standard approximating
hydrograph is:

7 =
V=§'5‘090"‘ 1.4 thp (36)
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which means that the equivalent duration is given
by:

0=%9,"7¢Cs (37)
where D is given by equation 34 and C¢ is a
parameter value as shown in table 5.3.° Equation

37 means that, when Cg is less than 25.0/7.0 =
3.57. the equivalent duration for the_standard
approximating shape is greater than D, and

when Cg is greater than 25.0/7.0, the equivalent
duration is less than D. By using D. from
equation 37 in the standard approximating
hydrograph, the volume, V. from equation 18, and
the peak discharge. Q. from equation 35, and v
from equation 36, are %reserved or matched, but
the hydrograph duration, D, is more or less than
D, depending on the ratio of 25.0/7.0 to Cg.
Since Cg varies from 6.0 to 2.8 (table 5.3), the
equivalent duration, D, is always in the range of
0.6 D to 1.3 D. The reason for adopting a
standard approximating hydrograph for sediment
routing in the channel is to facilitate use of a
single piecewise normal approximating hydrograph.
as discussed later.

To summarize, the mean volume of runoff for a
channel reach (V in equation 7) and "the mean
duration of flow (D in equation 34) are used in
equation 19 to predict runoff volume, and in
equation 35, t0 predict peak discharge. Equation
37 is then used to compute an equivalent duration
of flow for the standard approximating hydrograph
(equations 26 through 33). The standard approxi-
mating hydrograph is then used to approximate the
runoff hydregraph at the end of the channel
segment. Values of effective hydraulic conduc-
tivity are selected from table 5.2 and the
parameters Cy through Cg are selected from

table 5.3. T%lis parameter set and the appropriate
equations are used to compute runoff volume, peak
discharge, and an approximate hydrograph shape.

OPEN-CHANNEL FLOW HYDRAULICS

The sediment transport calculations are based on
two major hydraulic assumptions. These are the
assumptions, for simplicity in the calculations,
of rectangular channel cross sections and of
normal flow.

Under these conditions, the average velocity of
flow is given by an empirical equation, called the
Manning equation, as:

1
v= 14953 RS (38)
:
where: '

\Y = average velocity, ft/s,

S = slope of the channel bottom,

R = hydraulic radius, ft, and

n = Manning's roughness coefficient,

s/ft1/3]
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The hydraulic radius for a rectangular channel is:

- A __WD
R=WF =W+ 2D (39)
where:
A = cross-sectional area, ft2,
P = wetted perimeter, ft,
W = channel width, ft, and
D = depth of flow, ft.
The continuity equation is of the form:
Q=AV=WODV (30)
where:
Q = discharge rate, ft3/s,
A = WD = cross-sectional area, ft2, and
v = average velocity. ft/s.

The depth of flow, which satisfies equations 38
and 40, is called normal depth. Flow, where the
depth is normal, is called normal flow.

Hydraulic Roughness

The roughness coefficient, n. in equation 38, has
been tabulated for a number of chdnnel types
(Barnes 1967) and represents the resistance to
flow provided by the channel bed and banks. This

resistance, or roughness, is called the total

roughness. Values of total roughness coef-
ficients. np, for various channel types are
shown in table 5.4.

Correction for Wall or Bank Roughness

Since the flow resistance contributed by the
channel banks (wall roughness) is not directly
involved in transporting sediment near the channel
bed, it is possible to separate its influence from
the influence of the bed. Following Einstein
(1942, 1944, 1950), the total cross-sectional
area, Ar. is divided into an area pertaining to
the wall, A, and an area pertaining to the bed,
Ab. as:

Ar=Agt Ay (a1)
Now, if the energy gradient, S, and the velocity,
V. are the same for the wall and bed, and the area
is defined as the product of hydraulic radius and
wetted perimeter, A = RWP, then eguation 41
becomes:

By the Manning equation, hydraulic radius is:

3
R = [_"‘_’__‘]z
1.4952

where V is velocity and S is slope. Substituting
equation 43 into equation 42, where V and § are

common to all terms, produces:

(43)

——
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Table 5.4

Approximate hydraulic roughness coefficients for open-channel flow/

Total
Manning's n

nt

Description of channel

(0.02 - 0.10)

Excavated or dredged channels

0.022 1. Earth, straight, uniform, and clean.
.027 2. Same, but with some short grass or weeds.
.025 3. Earth, winding and sluggish, with no vegetation.
.030 4. Same, but with some grass or weeds.
.080 5. Channels not maintained; weeds and some brush.

(0.03 - 0.10)

Natural streams

.030 1. Clean and straight; no rifts or deep pools.

.040 2. Clean and winding: some pools and shoals.

.048 3. Clean and winding: some weeds, stones, and pools.
.070 4. Sluggish reaches with weeds and deep pools.

(0.012 - 0.040)

Wide alluvial channels

.018 - .030 1. Ripples bed form, sediments finer than 0.6 mm, Froude Nos. < 0.37.
.020 - .040 2. Dunes bed form, Froude Nos. 0.28 to 0.65.

.014 - .030 3. Transitional bed form, Froude Nos. 0.55 to 0.92.

.012 - .030 4. Antidunes bed form, Froude Nos. > 1.0.

1/ values are for total roughness coefficient, np.

Source: Data for excavated or drédged channels and natural streams from
Chow (1959); for wide alluvial channels, from ASCE (1969) and Richardson (1971).

3 ' 3 3
ny?2 (W + 2D) = ny2 (2D) + ny2 W (44)

with solution for the hydraulic roughness of the
bed, n,, as:

3 3 3 42
s .20, 5 $+13
Ny = [nr2 W {(ne2 — nwz)] 45)

Geometric considerations suggest that the least

value of Rb is 1/2 Rr. which means, as a minimum:

175
Ny 2 [7] ny (46)
and at a maximum:
w+ 4p78
Ny = [—40— ny (47)

Equation 45 is evaluated for n,, subject to
equation 46, as a 3%straint that is, n, is
nr)

greater than (1/2) ., which means that the
hydraulic radius of the bed is:
3
v T3
R = [—"'—,] 2 (48)
1.4952

Table 5.5 can be used to estimate N and ny
subject to the constraints on ny as:

2
W+ 4D3
4D nr (49)

nTSan[

The procedure is to select a value of ny from
table 5.4, or the second column in table 5.5, and
to select a value of ny > nq from the third column
of table 5.5. The computer program is written so
that ny must satisfy the constraint given by
equation 47.

Correction for Grain Resistance

The grain, or particle resistance coefficient, n
is related to a representative grain size to the
1/6 power (Strickler 1923). This can be
approximated as:

ng = 0.0132 [dgo] § (50)

g’

The hydraulic radius for grain resistance can then
be estimated as:

3
n,12

where Ry is obtained from equation 48, and ny is
obtained from eguation 45, subject to the
constraints given by equations 46 and 47.
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Table 5.5

Approximate hydraulic roughness coefficients for total and bank or

wall roughness in natural, alluvial channels

Description of channel

Total Wall

Dt Ny

Upland streams

Sand and gravel bed: bare, exposed banks. 0.030

Sand and gravel bed; exposed banks with
vegetation; grass and weeds.

Sand and gravel bed, vegetated banks:
grass and weeds, with some brush.

Wide, alluvial channels

Sand bed; bare, exposed banks.
Sand bed, vegetated banks.

Gravel bed, vegetated banks.

- 0.040 0.030 - 0.045
- 045 .035 - .050
- .048 .045 - .060
- 035 .030 - .040
- .040 .035 - .050
- >.040 .035 - >.050

Note--See tsble 5.4 for values of ng. In natural alluvial channels,

ny is usually greater than ny. o

Effective Shear Stress for Sediment Tran;portation

The effective shear stress for sediment
transportation is given by:

T=7YR,S {52)
where:
u = effective shear stress (lb/ft2)3
4 = specific weight of water (Ib/ft°),
Rg = hydraulic radius for grain resistance
(f1), and -
S = energy gradient, slope of the channel

bed for normal flow.

The effective shear stress, given by equation 52,
will be less than the total shear stress averaged
over the cross section, 1 = YRS, because some of
the total available energy is expended on the
banks due to bank roughness and because some is
expended on the bed due to form roughness.

Piecewise Normal Approximation

Hydrographs in natural channels typically consist
of a period of increasing discharge until the
maximum, or peak discharge, is reached: a period
of recession, or decreasing discharge from the
peak: and then a longer period of gradually
decreasing discharge. If the hydrograph is in an
ephemeral stream, or if base flow is subtracted
from the hydrograph, then the resulting flood
hydrograph starts at zero. rises to the peak, and
then returns to zero. Throughout this chapter.
the term hydrograph refers to flood hydrographs of
this type. -
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Double-Triangle Approximation

A continuous approximation to hydrographs is the
double-triangle approximation, consisting of
straight line segments between the points given by
equations 26 through 33. The equation describing
this standard, double-triangle hydrograph is:

%, 0stst,
tP
) = Q Lap- 4+ t,stgat, (53)
5 St
dg,-1%
LT t,t 2t, st 25,
where:
q(t) = runoff rate (in/h),
Q, = peak runoff rate (in/h).
tp = time to peak = D/5 (h),
t = time (h).

Piecewise Normal Approximation

The double-triangle hydrograph can be approximated
by a series of step functions over the duration of
flow. If normal flow is assumed (equations 38 and
40) during each interval on the stepwise approx-
imation, the result is a piecewise normal hydro-
graph approximation. Let t; be the dimensionless
time to midpoint of an interval; let Z be the
length of the interval: and let u; be the
dimensionless ordinate for each ihterval. Using
nine intervals and the double-triangle hydrograph
described by equation 53, the dimensionless
hydrograph described in table 5.6 results.
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Table 5.6
values of the dimensionless, piecewise

approximating hydregraph for 8
intervals and the standard double-
triangle hydrograph

Distance to Dimensionless
interval Length of hydrograph
Index midpoint interval ordinate

() (lj] (Zj) (Uj)
1 0.050 0.10 0.250
2 .125 .05 .625
3 .175 .05 875
4 -225 .05 .900
5 .275 .05 .700
6 .350 .10 .400
7 .500 .20 .167
8 700 .20 .100
9 .900 .20 .033

_Or erosion may occur.
‘:channels with noncohesive sediments, it is common

1f each z; is multiplied by the effective

duration,’ D, and each u; is multiplied by the peak
discharge, Qp. the result will be a piecewise
approximatiorP to the double-triangle hydrograph.
with duration equal to D and runoff volume

equal to V. That is, the plecewise approximating
hydrograph matches the given runoff-volume and
effective duration exactly and approximates the
peak discharge as 0.9 Q,. Each intérval on the
piecewise approximation Ras a length equal to 2 D
and a discharge equal to u; Q,. Within each
interval, flow is assumed t!) b8 normal (and thus
satisfies equations 38 and 40 through a numerical
approximation subroutine), and equations 38
through 40, 45, 48, 51, and §2 are solved to
estimate the hydraulic variables for the sediment
transport calculations.

One final hydrologic-hydraulic calculation routine
is needed to describe flow in some stream
channels. In ephemeral streams the storm runoff
events are separated by periods of no flow.
However, intermittent streams are often charac-
terized by periods of baseflow between storm
events. A logical extension of the channel
routing procedures to calculate flow depths, and
the resulting sediment transport capacity, is to
calculate normal flow depth for each day during
baseflow periods. The procedure is to calculate
total volume of runoff, on a daily time step, for
each day between runoff events. Division by D =
24 h and multiplication by Ce = 1.0 in equation 35
results in an average daily flow rate. Given the
average daily flow rate, equations 38-40, 45, 48,
51 and 52 are solved to estimate the hydraulic
variables for the sediment transport calculations.

SEDIMENT TRANSPORT CALCULATIONS

Sediment transport is assumed to be equal to
sediment transport capacity. If sediment load
exceeds transport capacity, deposition occurs, and
if transport capacity exceeds sediment load, scour
However, for alluvial

to assume that sediment transport rate is equal to
sediment transport capacity. To avoid more
elaborate sediment-deposition models and
channel-erosion models (Foster et al. 1981), we
assume that, as a first approximation, sediment
transport rate is equal to sediment transport
capacity.

Because sediment transport capacity, or transport
capacity, hereafter, is strongly related tc
localized in-channel processes, it is, in large
part, determined by the hydraulic variables
described earlier. Inasmuch as the in-channel
features. such as channe! morphology and sediment
properties. as well as the hydrologic and
hydraulic variables, reflect upland processes,
these upland processes are reflected in the
transport capacity calculations.

The Bed Load Eguation

Following Einstein (1950) and others, a

distinction is made between bed load and suspended
load. If we assume that sediment transport rate
is proportional to the water flow rate, then this
distinction is somewhat arbitrary. This is

because particles that travel as bed load at one
flow rate may be suspended at another. The
relationship between mode of transport and flow
rate is a dynamically complex one and represents a
continuous, rather than distinct, transition.

Nevertheless, it is reasonable to assume that the
“larger" particles travel as bed load and that the
"smaller" particles more easily enter suspension.
Moreover, it is computationally convenient to
assume a sharp distinction based on particle size.
Therefore, we arbitrarily assume that all sediment
larger than 0.062 mm in diameter is transported as
bed load, and that finer materjal is transported

as suspended load. Separate transport equations
were derived for suspended load transport and bed
load transport (of the bed material) based on this
assumption.

Using a modification of the DuBoys-Straub formula
(see Graf (1971) for a complete description),
transport capacity for bed-load-sized particles

can be computed as:

G (di) = afy B, (&) T[T -7 (d)] (54)

where:

gspldj) = transport capacity per unit width for
particles of size d; (Ib/s-ft),

a = a weighting factor to ensure that the
sum of the individual transport
capacities equals the total transport
capacity computed using the median
particle size, ’

f; = proportion of particles in size
class i,

d = diameter of particles in size class i
{mm),

Bs(d{) = sedjment transport coefficient
(ft /lb'S) .

effecfive shear stress (1b/ft?), and
critical shear stress for particles
in size class i (Ib/ft?).
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Values of B, and 7. were determined by Straub
{1935). The total bed load transport capacity is
then found by summing the results from equation 54

over all size fractions.

However, values of B, and 7., as developed by
Straub (1835), were for total°shear stress, rather
than the effective shear stress, corresponding
with grain resistance. For the effective shear
stress, Lane (1382b) derived parameter estimates
as:

40.
B,(d;) = 220 (55)
d
and:
0.0022 + 0.010 &; 0.0625d; £1.0
T(d;) =

(56)

-0.0078 + 0.020d;  1.0<d;

where dj is the representative particle diameter

in millimeters. Equations 55 and 56 were
calibrated with observed sediment transport data
from the Niobrara River in Nebraska (Colby and
Hembree 1955) for particle sizes up.to 2.0 mm.
Therefore, equations 55 and 56 have not been
evaluated for particles larger than 2.0 mm in
diameter. Because the weighting factor, e, in
equation 54 ensures that the sum of the individual
transport capacities equals the total transport
capacity computed using the median particle size,
dgp. in equations 54 through 56, the model has not
been’ evaluated for values of dgy in excess of 1.0
mm.

The Suspended Load Equation

Bagnold (1956, 1966} proposed a sediment transport
model based on the concept of stream power as:

h=PIt(1 — ) (s7)
L
where:

ig = suspended sediment transport rate per
unit width (1b/s-ft),

P = 7V = available stream power per unit
area of the bed (lb/s-ft),

eg = suspended load efficiency factor,

€y = bed load efficiency factor,

ug = transport velocity of suspended load
(ft/s}, and

Ve = settling velocity of the particles

(ft/s).
Now, if u; is assumed to be equal to the mean

velocity of the fluid, V, then equation 57 is of
the form:

Gaus = CAS f, Tvz (58)
where:

= suspended sediment transport capacity

g
sus (Ib/s-ft) ,
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foe = proportion of particles smaller than
0.062 mm in the channe! bed material,

T = effective shear stress (Ib/ft?),

v = average velocity (ft/s}), and

CAS = suspended sediment transport

coefficient (s/ft).

The suspended sediment transport coefficient, CAS,
incorporates the efficiency parameters and the
settling velocity of the suspended particles.
Values of CAS have been determined by calibration
with observed data. However, because of the
scarcity of observed data and the interaction of
the efficiency parameters and settling velocity,
and their interaction with flow dynamics, values
of CAS are not well specified by measurable
physical characteristics.

Calculation of Sediment Transport and Yield

Typical applications of the sediment transport
component of the model include predicting sediment
discharge rates for steady flow and predicting
sediment yields using the piecewise normal
hydrograph approximation. The sediment transport
model was fitted to data representing 27
observations at the Niobrara River in Nebraska,
USA (Colby and Hembree 1955). These data
represent nearly steady state conditions.

Observed and computed sediment discharge rates
are shown in figure 5.2A. The fitted and measured
sediment discharge rates agree very well.

The sediment yield model, using the piecewise
normal approximation, was used to predict sediment
yields for 47 runoff events from five small
watersheds in southern and southeastern Arizona.
These small (4.0 to 10.0 acre) watersheds are
described in more detail by Lane et ai. (1978).
Predicted and observed sediment yields for these
watersheds are shown in figure 5.2B. Notice that
there is more variation in the sediment yield data
than in the sediment discharge data, and that the
observed and computed data are in closer agreement
when the model was calibrated (figure 5.2A) than
when it was used to predict (figure 5.2B).

Parameter Estimation

Parameter estimation techniques are summarized in
table 5.7 based on the sediment transport model
summarized above, (Lane 1982a, 1982b and Lane and
Hakonson 1981), the suspended-transport model
{Bagnold 1956, 1966), open channel flow hydraulics
(Chow 1959), and established sediment transport
theory (Graf 1971).

The channel width is not the mean width used to
represent average segment width in the trans-
mission loss equations but is the actual channel
width at the particular cross section where the :
sediment transport calculations are made. To meet
the normal flow assumptions and the assumption ;
that the channel bed material represents the
sediment-size distribution available for

transport, the crdss section should be selected 3$
representative of the assumptions and the
particular channel reach. As much as possible.
the representative cross section should reflect




S LAt
RO AR A

o

[ .
i )

TR ;.‘?:

qg Observed Sedimeat Discharge (kg/s-m)

- -
- 107 10”7 10° 10’ £
] 1
L0 e o
~ E . . d10'
» Niobrara River E o
a r E =
= | Line of ] ~
Equol Volues — 4 ™
© - 4 o
o -
- - o
2 10° - S
£ 3 M
u E Jige @
" F 3 —
ols I ° 3 o
o i .
< 95=0.902q,%" ] g,
£ o /s R?=0.97 | =
S 107 ° M
-4 3
o E 410~ (%}
- 3 o
h-} o o ©
s i ] é-
Ed L ;
3 o
3 107 MEPErETTTY B SENPETYH NPT ©
107 10~ 10° 10' "
L o
o

Qs Observed Sediment Discharge (lbs/s—ft)

A

Figure 5.2

Q; Obdscrved Sediment Yield (tonnes)

107 10~ 10° -
-~ 10 v g —rrrrr ”

o 7
c Arizono Wotersheds N 3 c
© r e i c
Z [ Line of ° J o
. | €qual Volues —s o | ~
- ©
v ° ° -—
- 10° = o o0 S5 © 3 10 et
[ g o 8 3 >
€ s ° ] -
b4 0.9 c
E ° .o Gy=0.91Q, E ]
o . ° °R¥=0.78 1 3
° o
[ ° ° .
v 107 o q1o7 @
v F © [ 3 o
- L ° v
3 3 1 -
a L 1 F)
& L L a
o ° E
o | 4 o
o

L

© e o2t it 10w
10 -2 - ° |° ©

10 10 10 10

Q; Obscrved Sediment Yield (tons)

Observed and computed sediment data for (A) Niobrara River and

(B) the Arizona watersheds (from Lane 1982b).

.

a straight reach with uniform flow conditions,
uniform channel slope and a representative
distribution. The channel slope is the slope of
the bed and should represent a uniform reach, as
described above.

The sediment particle-size distribution (£, dll
should represent the sediment available for
transport’ at the particular cross section and
should not be biased by nonrepresentative samples.
Particles larger than those expected to be
transported under anticipated flow conditions
should not be included in samples used to compute
particle-size distributions. The median particle
size, dgq. is a critical parameter and-should be
based 6n a sufficient number of representative
samples to accurately reflect the median size.

The proportion of silt-clay in the bed material,
foc. is an equally important parameter, subject to
the same sampling restrictions. Moreover, high
values of f. . will result in unrealistic

Proportions of silt-clay particles in transport.

As the proportion of silt-clay in the bed

material, f_., exceeds a few percent, the
character of the channel alluvium may change from
noncohesive to cohesive and violate the model
assumptions. In the absence of better infor-
mation, the sediment model described herein should
not be used if fo_ is greater than 0.10.

DISCUSSION AND SUMMARY

This chapter describes the development and
application of a model to simulate hydrologic.
hydraulic, and sedimentation processes in stream
channels on rangeland watersheds. The model is
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simplified in that it approximates these

processes. The complex processes of transmission
losses are approximated through a linear differ-
ential equation, including length and width of the
channel, effective hydraulic conductivity of the
channel alluvium, and mean values of runoff volume
and flow duration. All these runoff variables and
hydrograph features are represented based on their
average relation to the watershed and channel
features, and the average relations are then used
to compute values for individual runoff events.

Because average relationships are used,
predictions for individual events may be in error.
especially for the extreme events associated with
very large or very small storms, and with unusual
antecedent conditions. For example, flow duration
is usually a function of antecedent conditions and
storm size. However, the use of an average or
representative flow duration is useful in
predicting the expected value of transmission
losses and in predicting average peak discharge-
runoff volume relationships.

Runoff in natural stream channels is spatially
varied and unsteady. These variations in space
and time are approximated by the piecewise normal
hydrograph approximation. Dynamic interactions
between the flowing water and the channel bed and
banks produce complex open-channel-flow
relationships. These are approximated by
considering bed, bank, and grain resistance to
flow in channels with rectangular cross section.
These simplifications, together with the
assumption of piecewise normal flow, allow
application of sediment transport equations to
estimate sediment transport and yield.
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Table 5.7

Parameters used in the sediment transport and sediment yield procedures

Parameter or

variable Range in values Source of estimate and comments
Channel: 7
Width w > 0.0 Cross-section data. This width is
not the mean reach width as used in
the transmission loss equations; it
is the actual width at the cross
section of interest.
Slope s > 0.0 Topographic map; field observations.
Sediment:
Particle-size tfij =1 - fec Bed material samples. Distribution
distribution of bed sediments larger than 0.062
(fj, d;) mm. Up to 10 size fractions.
dsp 0.062 < dgg € 2.0 mm Bed material samples. Median particle
size.
tse 0.0 < fg. < 0.10 Bed material samples. Proportion of

Hydraulics:

Total roughness ny 0.012 - 0.048" -
Wall roughness ny 0.030 - 0.060"
Transport parameters:
Bg(dy) , > 0.0
ro(d)) > 0.0028
CAS 1.0 - 10.0

bed material finer than 0.062 mm.
Values of fge > 0.10 may indicate
cohesive material.

Tables 5.4 and 5.5; field observations.

Table 5.5; field observations.

Equation 55
Equation $6

Suspended-transport parameter.
Complex function of particle dynamics.
Estimate from calibration using observed
data. Default value, corresponding to
medium-sized silt, of CAS = 5.0
recommended in the absence of better
estimates.
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Particle sorting and enrichment process, as a
result of selective erosion, transport, and
deposition, are approximated by sediment transport
equations for suspended particles and those up 1o
10 size fractions in the bed load size range. By
including variations in discharge throughout the
hydrograph, and variations in transport capacity
through the range of particle sizes, the transport
calculations approximate the particle sorting
processes. Through use of the piecewise normal
approximating hydrograph and the particle-size
distribution for bed sediments, the sediment yield
calculations approximate the influence of particle
sorting processes upon sediment yield.

Given information from the upland component of the
hydrologic model and characteristics of watershed
channel system, information presented in this
chapter can be used to estimate runoff and
sediment yield from rangeland watersheds.
Observed data can be used to determine parameter
values or to improve the accuracy of their
estimates. However, in the absence of observed
data, the relationships presented in this chapter
can be used to estimate the model parameters
within the limitations described earlier.

Once the model is applied to a particular
watershed channel system, it can be used, via
simulation, to derive statistical relationships

such as sediment rating curves, delivery ratios,
and enrichment ratios. These relationships,

in turn, can be used to predict sediment yield to
characterize the particular watershed dnd to
compare it with other watersheds.
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