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ABSTRACT

A physically based, distributed parameter, event oriented, non-

linear, numerical model of watershed response is developed to accommodate

the spatial changes in topography, surface roughness, soil properties,

concentrated flow patterns and geometry, and land use conditions. The

Green and Ampt equation with the ponding time calculation for an unsteady

rain is used to compute rainfall excess rates. The kinematic wave equa-

tions are used to describe the unsteady one-dimensional overland and

channel flow. The unsteady and spatially varying erosion/deposition pro-

cess on hillslopes and channel systems is described dynamically using

simultaneous rates of sediment entrainment and deposition rather than the

conventional approach using steady state sediment transport functions. To

apply the model the watershed is represented by a simplified geometry

consisting of discrete overland flow planes and channel elements. Each

plane or channel is characterized by a length, width, and a roughness

parameter. For channel elements, a cross-section geometry is also needed.

A modular computer program called WESP (Watershed Erosion Simulation Pro-

gram) is developed to provide the vehicle for performing the computer

simulations.

Rainfall simulator plots are used to estimate infiltration param-

eters, hydraulic roughness, and soil erodibility parameters for raindrop

impact and overland flow.

The ability of the model to simulate watershed response (hydro-

graph and sedigraph) to a variety of rainfall inputs and antecedent soil

moisture conditions is verified using data collected on two small water-

sheds.

xii



xiii

The good agreement between the simulated watershed response and

the observed watershed response indicates that the governing equations,

initial and upper boundary conditions, and structural framework of the

model can describe satisfactorily the physical processes controlling

watershed response.



CHAPTER 1

INTRODUCTION

Problem Statement

Soil erosion is the removal of soil particles from the land sur-

face by the action of water and wind, and refers to the dynamic processes

of entrainment (detachment) and transport of sediments in watersheds.

The erosion process is controlled by hydrodynamic, gravitational,

and inter-particle electrochemical forces. The hydrodynamic forces are

the principal external agents of soil water erosion and are essentially

due to rainfall impact and shear by running water. The electrochemical

forces act in opposition to the erosive forces and characterize the

soil's resistance to the erosive action of the external agents.

The erosion process begins on hillslopes with detachment of soil

particles through raindrop impact and subsequent entrainment (detachment)

by overland flow as soon as the excess water exceeds the static surface

storage. As overland flow concentrates in gullies and stream channels,

entrainment, transport, and deposition by concentrated flow occur.

Entrainment and transport of noncohesive sediment particles by running

water is controlled by slope length, slope steepness, particle size and

weight distribution, and the forces exerted on the sediment particles by

the flow. Entrainment and transport of fine, cohesive sediment particles

will also be controlled by electrochemical inter-particle forces which

make the erosion process even more complicated. When the external forces

are diminished the settling process predominates and net deposition oc-

curs.

1
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The harmful effects of erosion and sediment on the physical en-

vironment are well documented in the literature. Soil erosion degrades

the soil's resources by loss of soil water storage capacity, decreased

infiltration rate (surface sealing) and thus increased opportunity for

runoff and evaporation, loss of soil nutrients, and to a lesser extent,

by increased weed production, reduced seed germination, and decreased

root development. Sediment has great capacity for absorption of plant

nutrients, pesticides, and other chemicals and therefore is a major car-

rier of pollutants.

Soil and water conservation planning requires improved under-

standing of the physical and chemical properties of sediment in respect

to specific erosion sites. The ability to predict soil erosion and sedi-

ment yield under current and alternative land and water management

schemes is an important step in identifying the underlying causes of

sediment damages, determining the sources of sediment causing such

damages, and formulating feasible control measures.

There is a current perspective in soil erosion science that

process-based mathematical models provide an approach to improved under-

standing of the fundamental erosion and deposition processes and to

improved erosion assessment and control technology (ARS,1983). However,

any attempt to model the erosion and deposition processes as they occur

in watersheds is seriously constrained by the complexity of an open sys-

tem with component processes and state variables that may change rapidly

In space and time. Therefore, a simplified representation must be used to

model the complex erosion and deposition processes. For simplicity, the

erosion process has been modeled under steady state assumptions (Meyer

and Wischmeier, 1969; Foster and Meyer, 1972; Komura, 1976; Meyer et al.,

1983; and Rose, 1985) even though the erosion process is clearly unsteady
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because of the variation of rainfall intensity during a storm. Unsteady

systems have been modeled using the kinematic wave equations with analyt-

ical solutions to the governing equations (Hjelmfelt et al.,1975, Shirley

and Lane, 1978; Lane and Shirley, 1982; Singh and Prasad, 1982; Croley,

1982; Singh, 1983; Croley and Foster, 1984). However, the results with

these models have been limited because of the simplifying assumptions

required to solve the equations. Their application has been restricted to

• modeling uniform overland flow over plane surfaces. Watershed erosion and

sediment yield models with the kinematic approximation of the unsteady,

spatially varied overland and channel flow equations and with erosion

functions for detachment, transport and deposition of sediment have been

developed (Bennett, 1974; Simons et al.,1975, Smith, 1976; Li,1979; Borah

et al., 1981; Smith, 1981; and Alonso and DeCoursey, 1983). However, most

of these models use empirical functions of sediment transport capacity

developed in recirculating flumes for steady state and equilibrium condi-

tions of sediment transport which can be a poor representation of the

unsteady, nonuniform erosion and deposition processes occurring on

hillslope and channel systems in small watersheds.

Objectives

The goal of this study is to accomplish the following three ob-

jectives:

1. Develop a numerical model for watershed erosion and sediment

yield based on infiltration processes, unsteady surface runoff

hydraulics, and fundamental erosion and deposition mechanics;

2. Develop a computer program (Watershed Erosion Simulation

Program - WESP) and methodology for applying the model.

3. Describe parameter estimation techniques and model testing

procedures using data from runoff-erosion plots and small watersheds.
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Approach

To address the first objective a numerical model is presented

which accommodates the spatial changes in topography, surface roughness,

soil properties, concentrated flow patterns, concentrated flow geometry,

and land use conditions. The model consists of an infiltration component

based on the Green-Ampt equation as modified by Mein and Larson (1973)

with the ponding time calculation presented by Chu (1978), a runoff com-

ponent based on the kinematic approximation to the dynamic equations of

unsteady, nonuniform free-surface flow (Woolhiser and Liggett, 1967;

Kibler and Woolhiser, 1970; and Rovey et al., 1977) and an uncoupled

physically-based erosion-deposition component for simulating the dynamic

processes of entrainment (detachment), transport, and deposition of sedi-

ment on hillslopes and channel systems (Meyer and Wischmeier, 1969;

Bennett, 1974; Croley, 1982; and Rose, 1985). The model is capable of

simulating the watershed erosion and deposition processes under current

and modified land use conditions.

To apply the model, the watershed is segmented into a sequence

(cascade) of discrete overland flow planes and channel segments in which

the fluid flow is assumed one-dimensional, and the kinematic equations

are used to describe the unsteady flow. A four-point implicit finite dif-

ference scheme (Rovey et al., 1977) is used to solve the flow equations.

A four-point implicit finite difference scheme was developed to solve the

continuity equations for advective sediment transport (dispersion

neglected) on 'hillslopes and stream channels.

The computer program WESP (Watershed Erosion Simulation Program)

in objective two is described. Methods used to apply the model are il-

lustrated with examples.
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Parameter estimation techniques and model testing procedures, as

stated in objective three, are described using data from runoff-erosion

plot studies and two small watersheds located on the U.S. Department of

Agriculture, Agricultural Research Service Walnut Gulch Experimental

Watershed.

Benefits

This dissertation and the research leading to it will be helpful

in contributing directly to the development of the mathematical models

proposed as part of the USDA Water Erosion Prediction Project (WEPP).

Specifically, this research will contribute to the conceptual structure,

mathematical formulation, computer algorithm, initial evaluation, and

related applications of the proposed WEPP models. A major benefit of the

research reported herein will be a modular and documented computer

program describing watershed erosion and sediment yield. The modular

structure is designed to facilitate substitution of different components

and subroutines as research improves understanding of the processes con-

trolling erosion and sediment yield on small watersheds. Moreover, the

computer program WESP will serve as a "benchmark" or "standard" for

evaluation of alternative and simplified models representing erosion and

sediment yield on small watersheds.



CHAPTER 2

LITERATURE REVIEW

Estimation of soil erosion and sediment yield from watersheds is

necessary for developing plans to control erosion and sediment damages.

The relationships among rainfall, runoff, soil properties, land use and

management practices, erosion, deposition, and sediment yield have been

studied by many researchers for many years. This review of literature

presents briefly the information most relevant to this dissertation on

erosion modeling; from the early soil loss equations to more recent

process-based hillslope erosion modeling, on infiltration and rainfall

excess modeling, kinematic wave modeling, and on USLE-based and phys-

ically-based watershed erosion models.

Rainfall Excess Modeling

The first major component needed in constructing an event-based

soil erosion and deposition model is rainfall excess or direct surface

runoff. Rainfall excess is computed by subtracting the hydrologic

abstractions or losses from input rainfall. The losses to be abstracted

are: 1) interception losses, 2) evapotranspiration losses, 3) depression

storage, and 4) infiltration losses. There are three basic approaches to

modeling rainfall excess: 1) each of the four losses described above are

modeled separately and linked together to generate rainfall excess,

2) the hydrologic abstractions are lumped in a single model, and

3) interception losses, evapotranspiration losses, and depression storage

6
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are ignored and only infiltration losses are used to compute rainfall

excess. In this study the last approach is used.

Infiltration and Rainfall Excess

Rainfall excess has been represented as the positive difference

between instantaneous rates of rainfall and infiltration, or zero if in-

filtration capacity rate exceeds rainfall rate.

Physically-based watershed erosion simulation models use the

infiltration theory and equations to compute rainfall excess. Infiltra-

tion is the term commonly applied to the physical process of water entry

into the soil through the surface or through a shallow hole or pit dug in

the soil. Excellent reviews of the infiltration process have been presen-

ted by Philip (1969), Morel-Seytoux (1973), and Hillel (1980). Much prog-

ress has been made in soil physics and porous media flow for theoreti-

cally describing unsaturated soil water movement. Some of this recent

progress has been associated with rapid developments in digital computers

which has facilitated numerical solutions of the partial differential

equations describing the infiltration process.

If the soil surface is sprinkled at a steadily increasing rate

i(t) sooner or later the supply rate will exceed the soil limited rate of

absorption which has been defined by Hillel (1971) as the infiltrability.

This corresponds to the infiltration flux or infiltration capacity f(t)

resulting when water at atmospheric pressure is freely available at the

soil surface. The infiltration process can be described as follows:

i) As long as i(t) < f(t), water infiltrates as fast as it ar-

rives and the actual rate of infiltration fo (t) is equal to i(t). The

process is called supply-or flux-controlled. In case of constant supply

rate i(t) i
o
, a uniform moisture profile develops, and is termed non-

ponding infiltration by Rubin (1966).
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ii) When i(t) exceeds f(t), the soil-infiltrability determines

the actual infiltration rate f
o
(t) f(t) and thus the process becomes

profile-controlled. The soil surface becomes saturated and the excess of

water i(t) - f(t) will accrue over the surface or run off. Rubin (1966)

divided this into two phases: pre-ponding and post-ponding infiltration

and called the instant at which the surface is saturated (under steady

supply flux) the ponding time. Figure 2.1 summarizes the different fea-

tures of the infiltration process under a steady supply rate 1. 0 .

Soil infiltrability (or infiltration capacity) and its variations

with time depend on: 1) time from the beginning of rain, 2) the initial

moisture content (or pressure head): the wetter the soil is initially the

lower the infiltrability will be and the faster the steady-state infil-

trability will be reached, 3) hydraulic conductivity: the higher the sat-

urated hydraulic conductivity of the soil will be, the higher its infil-

trability will be, 4) surface conditions, and 5) the presence of impeding

layers inside the soil profile. Land use and management practices can

affect all but the first of these factors.

Empirical formulas were historically developed to analyze the

results of infiltrometer tests, and the resulting equations were applied

to describe a rate of infiltration decreasing from an initial maximum to

a final minimum rate (for instance, Kostiakov, 1932; Horton, 1940). These

empirical formulas present some important limitations: 1) the parameters

have little or no physical meaning and they cannot be determined or es-

timated from knowledge of the soil, 2) they are selected to provide the

correct qualitative shape of the infiltration curve, 3) they cannot ac-

count for changes in initial and boundary conditions, and 4) most of them

cannot accurately predict the ponding time and thus are poor models for

rainfall excess pattern.
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Physically-based infiltration models seem to constitute a more

realistic representation of infiltration and much research on the flow

phenomenon has been done in the last two decades. There are numerous in-

filtration models which have either been derived from soil physics con-

sideration for certain simplifying assumptions such as the Richard's

equation, or have been conceptually derived such as the Green and Ampt

(Green and Ampt, 1911) and Philip (Philip, 1969) equations. These models

may be more appropriate for rainfall excess modeling than the empirical

models. However, they have been derived for particular cases and must be

modified to account for more general situations.

The Green and Ampt model has been the subject of considerable

developments in the literature because of its simplicity and its satis-

factory performance for a great variety of hydrologic problems. It has

been extended to soils of nonuniform initial moisture content (Van Duin,

1955; Bouwer, 1969), to layered soils (Childs and Bybordi, 1969), and to

crust-topped soils (Hillel and Gardner, 1970; Ahuja, 1974). It has been

applied to infiltration into homogeneous soils from constant rainfall

(Mein and Larson, 1973; Swartzendruber, 1974), as well as from unsteady

rainfall (James and Larson, 1976; Chu, 1978). Also lumped parameter forms

of the Green and Ampt model have been used to represent the infiltration

component of the rainfall-runoff process on watershed modeling (Dawdy et

al., 1972; Brakensiek and Ostad, 1977). Finally, recent research has

focused on relating Green-Ampt equation parameters to measurable soil

properties (Brakensiek, 1977; Brakensiek et al., 1981; Brakensiek and

Rawls, 1982; Rawls et al., 1982; Rawls et al., 1983; and Brakensiek and

Rawls, 1983).

All the infiltration models presently available have been devel-

oped either from data of limited area, runoff plots or from physical and
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computer models where some uniformity of soil properties was implicitly

assumed. The difficulties with the application of these models to

watershed erosion modeling arise from spatial variability of model

parameters or soil properties and initial and boundary conditions at the

watershed level. In addition, the problem of computing rainfall excess

becomes even more complex due to temporal and spatial variability of

rainfall. Therefore, more research is needed to consider spatial

variability of soil properties, initial conditions and temporal and

spatial variability of rainfall input to model rainfall excess.

Unsteady Surface Runoff Modeling

Whenever and wherever the rate of rainfall exceeds the soil in-

filtrability at the soil surface, the excess water begins to accumulate

in static surface storage. The capacity of this storage is governed by

the extent to which geometrical surface irregularities and surface ten-

sion can develop forces to balance the increasing gravitational forces.

When the local static storage capacity is exceeded and surface tension

forces are overcome, the excess water flows downhill under the influence

of gravity, and surface runoff begins as a thin sheet flow from very

small areas having little topographic relief. The next flow type is rill

flow which is found in microchannels which gather the sheet flow from

adjacent interrill contributing areas in a continuous fashion along their

path. The rills merge to form larger concentrated flow channels which in

turn merge to form even larger concentrated flow paths called stream

channels. This complex spectrum of flow geometries and flow types is com-

monly called surface runoff.

Surface runoff from a watershed is a nonlinear process which has

been modeled through two general approaches: 1) systems approach (for
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example, Amorocho and Orlob, 1961), and 2) hydrodynamic approach (for

example, Woolhiser and Liggett, 1967; Chow and Ben-Zvi, 1973; Singh and

Woolhiser, 1976). The systems approach develops input-output relation-

ships without making any explicit assumptions regarding the internal

structure of the system. The hydrodynamic approach requires the assump-

tion that certain general laws of physics hold and further requires a

geometrical representation of the actual watershed (Singh and Woolhiser,

1976).

The physical laws required in the hydrodynamic approach are the

equations of continuity of mass and momentum (Chow, 1959). Woolhiser and

Liggett (1967) have shown that the simplified hydrodynamic approach based

on the kinematic wave theory is applicable to many overland flow situa-

tions. Several researchers have applied the kinematic wave theory to

model surface runoff from natural watersheds (for example see Brakensiek,

1967a,b; Kibler and Woolhiser, 1970; Eagleson, 1972; Li et al., 1975;

Borah et al., 1980; Alonso and DeCoursey, 1983).

Several alternate geometric representations (Wooding, 1965;

Brakensiek, 1967a,b; Harley et al., 1970; Kibler and Woolhiser, 1970; Li

et al.,1975; Alonso and DeCoursey, 1983) have been hypothesized and in-

corporate varying degrees of geometric abstraction. In general, one geo-

metric representation that has been made by several researchers is that a

watershed may be represented by a network of overland flow planes and

channel segments (Kibler and Woolhiser, 1970).

Kinematic-Wave Modeling

Kinematic wave modeling is one of a number of approximations of

dynamic wave modeling. The dynamic wave model describes one-dimensional

shallow-water waves (unsteady, gradually varied free-surface flow) and
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consists of the continuity equation and the equation of motion with ap-

propriately prescribed initial and upper boundary conditions.

In the kinematic wave approximation, a number of terms in the

equation of motion are neglected, and the equation of motion simply

states that the friction slope is equal to the bed slope. Thus, the kine-

matic wave model is described by the continuity equation, a uniform flow

equation, such as the Chezy or Manning equation, and the usually imposed

initial and upper boundary conditions.

The development of kinematic wave theory occurred late in the

development of the theory of free-surface flow in open channels. It is

based on the early developments in the study of steady varied surface

flow and the late developments in the study of unsteady surface flow.

The equation of motion and the water continuity equation were

presented by Barre de Saint Venant in 1871. These equations are known as

De Saint Venant partial differential equations of unsteady flow. Saint

Venant attempted to integrate the continuity equation and the equation of

motion by setting the channel slope equal to the energy friction line.

This approach is similar to kinematic wave theory.

The principal theoretical work on kinematic waves was done by

Lighthill and Whitham (1955). They named the theory "kinematic wave" and

investigated the general properties of waves and shock waves based on the

theory.

A large amount of work has been done on kinematic wave since the

work by Lighthill and Whitham (1955). Work has been done on applying the

kinematic wave theory to channel and overland flow, determining when the

theory is applicable, and describing the properties of waves and solution

techniques to the continuity equation.
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Application of kinematic wave theory to channel routing has been

described by Henderson (1963), Brakensiek (1967a,b), and Weinmann and

Laurenson (1979).

Application of kinematic wave theory to overland flow routing

has been reported through a large number of papers presented in profes-

sional journals, technical reports, and symposia. Some relevant examples

are those presented by Henderson and Wooding (1964), Woolhiser and

Liggett (1967), Kibler and Woolhiser (1970), Schaake (1970), Li et. al

(1975), and Borah et. al (1980).

Application of kinematic wave theory to watershed modeling has

been attempted with success by many researchers. The most relevant ex-

amples are those by Wooding (1965), Bennett (1974), Simons et. al (1975),

Rovey et. al (1977), and Alonso and DeCoursey (1983).

Analytical solutions of the kinematic wave model can be obtained

for many simple cases and considerable insight into the phenomenon can be

obtained from them. However, in many cases numerical techniques such as

finite difference methods or finite element methods are employed. The

details involved in applying these techniques are described by Liggett

and Gunge (1975).

Numerical methods using the method of characteristics may be

used when the lateral inflow rate changes rapidly, when the rating func-

tion changes with distance in a manner that renders analytical solutions

difficult or impossible or when shocks are present.

Both implicit and explicit techniques have been used for numeri-

cal solutions of the kinematic wave model. Kibler and Woolhiser (1970)

used a very accurate (second order) Lax-Wendroff scheme for overland flow

problems and compared its accuracy with solutions by characteristics and
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an implicit scheme. Several implicit methods have appeared in the litera-

ture, such as those by Brakensiek (1967a,b), Cunge (1969), Li et al.

(1975), and Rovey et al. (1977).

Erosion and Deposition Modeling

The Universal Soil Loss Equation (Wischmeier and Smith, 1960,

1965, and 1978) has been the most widely applied erosion model since the

late 1960's, particularly in the USA. Despite its widespread use and the

breadth of experience which it incorporates, the equation suffers from

the conceptual defect that rainfall and soil factors (among others) can-

not simply be multiplied together because of effects such as the subtrac-

tive effect of infiltration on overland flow from a given rainfall. A

fuller understanding of the soil erosion process must therefore be based

on more fundamental principles.

Recent research on hillslope erosion modeling has concentrated

on three main aspects: 1) the rates of sediment detachment and transport

by raindrop impact, 2) the rates of transport and detachment by overland

flow, either under ruled or unrilled conditions, and 3) the interaction

between transport versus detachment in determining actual transport and

erosion rates. All recent erosion modeling efforts implicitly or explic-

itly work within the constraints of a mass balance framework, which forms

a common link between short and long term erosion models.

Early Soil Loss Equations

The basis for mathematical relationships to describe the soil

erosion process began with efforts such as those by Cook (1936) to iden-

tify the major variables involved. Cook listed three major soil erosion

factors: 1) the susceptibility of soil to erosion (soil erodibility), 2)

the potential erosivity of rainfall and runoff including the influence of
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degree and length of slope, and 3) the protective action of vegetative

cover.

The use of equations to estimate field soil loss began when

Zingg (1940) published the results of his comprehensive study on the ef-

fect of degree of slope (S) and slope length (L) on soil loss. Using data

from other researchers and his own experiments, Zingg recommended the

relationship:

A — CS137 L
0.60 (2.1)

where A is the average soil loss per unit area from a land slope of unit

width, and C is a constant.

Smith (1941) evaluated the effects of mechanical conservation

practices for four combinations of crop rotation and soil treatment on

one soil and added crop (C) and supporting practice (P) factors to the

Zingg equation:

A — CS 7/5L315P (2.2)

A graphical method was developed for selecting the necessary conservation

practices on soils in the Midwest. The C-factor included the effects of

weather and soil as well as cropping system. Smith also introduced the

concept of a specific annual soil loss limit for Midwestern soils.

Ellison (1947) showed experimentally the effect of raindrop kinetic

energy on soil particle detachment which he described by the following

equation:

E — KV
433

D107065
	

(2.3)

where, E is the soil in tercepted in splash samplers, during a 30-min.

period (grams), K is a constant, V is the velocity of drops (fps), D is
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the diameter of drops (mm), I is the rainfall intensity (in/hr.). Ellison

defined the detaching force, for a given rainfall, as the product of the

kinetic energy and the rainfall duration.

Musgrave (1947) reported the results of analysis of soil loss

measurements for several stations in the United States. Although not

stated explicitly, the equation proposed by Musgrave was:

E = IRS135L035P
30

1 '75 (2.4)

where E is the soil loss in acre-in., I is the inherent erodibility of

the soil (in), R is a cover factor, S is the degree of slope (percent), L

is the length of slope (ft), and P30 is the maximum 30-min. amount of

rainfall, 2-year frequency,(in). The Musgrave equation was widely used

for estimating gross erosion from watersheds, primarily because its

highly generalized factor values were more easily assigned than were fac-

tors based on more specific conditions.

Smith and Whitt (1948) proposed a "rational" equation for es-

timating soil loss (A, Equation 2.5) for the claypan soils of Missouri

using the effects of slope steepness, length of slope, crop rotations,

conservation practices, and soil groups. The equation presented was:

A = CSLKP (2.5)

The C-factor was the average annual soil loss from claypan soils for a

specific rotation on a 3% slope, 90 feet long, and farmed up and down

slope. The other factors for slope (S), length (L), soil group (K), and

supporting practice (P), were dimensionless multipliers to adjust the

value of C to other conditions. The need for adding a rainfall factor to

satisfactorily apply this equation over several states was acknowledged.

Lloyd and Eley (1952) presented a graphical alternative to the
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Musgrave (1947) equation for use "on a specific set of conditions". They

tabulated values for major conditions found in the Northeastern United

States. They stressed the need for practical methods of applying research

findings to field conditions.

Van Doren and Bartelli (1956) evaluated the faptors affecting

soil loss for Illinois soils and cropping conditions. They proposed the

following relationship:

A= f(T,S,L,P,K,I,E,R,M) (2.6)

where, A is the annual estimated soil loss, T is the measured soil loss,

S is the steepness of slope, L is the length of slope, P is the practice

effectiveness, K is the soil erodibility, I is the intensity and fre-

quency of 30-min. rainfall, E is the previous erosion, R is the rotation

effectiveness, and M is the management. The reference value for T was 3.5

tons per acre from Flanagan silt loam on 2% slope of 180-ft. length crop-

ped continuously to corn. Estimates for other conditions were made using

s1.50 , L0.38 (L<200 ft.) and 0 .6° ( 1 >200 ft.). Other factor values were

given in tables and graphs.

The USLE Approach

The "Universal Soil Loss Equation" (USLE) (Wischmeier and Smith,

1960) was introduced in its present form at a series of Regional Soil

Loss Prediction Workshops in 1959-62. The complete presentation of the

USLE was in Agriculture Handbook 282 (Wischmeier and Smith, 1965), which

has been revised (Wischmeier and Smith, 1978).

The Universal Soil Loss Equation is:

A = RKLSCP	 (2.7)
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where, A is the computed mean annual soil loss per unit of area (metric

ton/hectare), R is the rainfall erosivity factor for a specific location

(megajoule-cm/hectare-hour), K is the soil erodibility factor for a

specific soil horizon (metric ton-hour/megajoule-cm), L is the dimension-

less slope-length factor, S is the dimensionless slope-steepness factor,

C is the dimensionless cover and management factor, and P is the dimen-

sionless supporting erosion-control practice factor.

The USLE includes the six major factors that affect upland soil

erosion by water: rainfall erosiveness, soil erodibility, slope length,

slope steepness, cropping and management techniques, and supporting con-

servation practices. It is the result of methodical statistical analyses

of erosion studies conducted at many locations in the United States dur-

ing a half century of research.

The USLE was developed as a method to predict long-term average

annual soil loss from interrill and rill field areas. It was designed to

meet the need for a convenient working tool for conservationists, tech-

nicians, and planners. The primary need was a relatively simple technique

for predicting soil loss rates for specific situations.

To overcome the situations where the USLE is not applicable,

several modifications have been proposed. All the modifications presented

so far, however are preliminary and regional because of limited data.

Therefore, caution is recommended when trying to apply the modified equa-

tions to conditions different from which they were developed.

Renard et al. (1974) modified the USLE to estimate sediment

yield from semiarid rangelands of the Southwest United States. They in-

troduced a channel erosion factor into the original USLE equation. The

channel erosion factor is similar to the sediment delivery ratio used to

predict sediment yield at an outlet.
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Williams (1975) modified the USLE by replacing the rainfall ero-

sivity factor with a runoff factor (volume of runoff x peak runoff rate)

for an individual storm. The new equation, commonly referred to as the

Modified USLE or MUSLE, eliminates the need for a sediment delivery ratio

and allows estimation of sediment yields for individual storm events.

Onstad and Foster (1975) modified the USLE by changing the rain-

fall erosivity factor to account for rainfall and runoff separately. This

modification allowed estimation of sediment yield for single storm

events. They also presented a method for estimating the relative propor-

tions of interrill and rill sediment in the total sediment yield.

Process-based Hillslope Erosion modeling

In spite of the complexity of the soil erosion and deposition

processes, process-based mathematical modeling promises to be the most

viable way to estimate the time-dependent and spatially varying erosion

response to various land use and management programs.

A process-based model, as defined here, is a symbolic mathemati-

cal representation of an idealized situation that has the important phys-

ical properties of the real system. The real system is the process as it

actually is. In the present study the real system is the erosion-deposi-

tion process and all its facets.

Foster (1982) listed some advantages of the process-based model-

ing approach over regression analysis when estimating time-dependent

erosion/deposition rates and sediment yields: 1) it can be extrapolated

more accurately to different land use conditions, 2) it represents the

erosion/deposition process more accurately, 3) it can be applied to more

complex conditions (spatial variability of surface characteristics and
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soil properties can be included), 4) it is more accurate for estimating

erosion/deposition and sediment yield on a single storm event basis.

Research on process-based hillslope erosion and deposition

modeling has taken two basic approaches. The first assumes for simplicity

steady state erosion even though the erosion/deposition process is un-

steady. Major models using this type of approach are those developed by

Meyer and Wischmeier (1969), Foster and Meyer (1972), Komura (1976),

Meyer et al. (1983), and Rose (1985).

Meyer and Wischmeier (1969) presented relationships for the

major erosion subprocesses which formed the conceptual basis of most sub-

sequent erosion models.

Foster and Meyer (1972) published a paper on a closed-form solu-

tion to the equation for steady-state overland soil erosion, which demon-

strated the ability of models in this class to provide insight into the

spatial variability of the erosion process on hillslopes and into the

separable interrill and rill erosion process.

Komura (1976) used the Kalinske equation of motion for sediment

transport and the dynamic equation for spatially varied flow with lateral

inflow to derive general equations for the estimation of soil erosion

rates on uniform slopes by overland flow.

Meyer et al. (1983) presented a quasi-steady one-dimensional

mathematical model to simulate soil losses and sediment size distribu-

tions from cropped flatland fields. The authors used the kinematic-wave

approximation for water movement and sediment transport. The resulting

equations were solved by the method of characteristics to yield steady-

state relationships.

Rose (1985) described the processes of sediment detachment by

rainfall impact, sediment entrainment (detachment) by overland flow, and
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sediment deposition as simultaneously occurring at different rates during

a storm event. The resultant sediment concentration is determined by the

relative magnitude of these different rates. Rose presented a first-order

partial differential equation expressing mass conservation of sediment in

an overland-flow, which he reduced to an ordinary differential equation

by assuming steady-state conditions, obtaining an analytic model of the

erosion/deposition process on a plane surface.

The second type of approach to modeling soil erosion and deposi-

tion on hillslopes has its focus in attempting to mathematically describe

the major significant features of the erosion/deposition process without

steady state assumptions. The kinematic-wave approximation to the dynamic

flow equations has been largely used to drive the hydraulics of the

erosion/deposition process, which has been modeled using the continuity

equation for advective sediment transport plus some empirical relation-

ships for detachment by rainfall impact and shear stress and a steady

state sediment transport capacity function. In general the flow and

(coupled) sediment equations have been solved analytically using the

method of characteristics or numerically by finite difference methods.

Analytical kinematic-wave runoff models have been restricted in applica-

tion because of the simplifying assumptions required to solve the equa-

tions (constant rainfall intensity and constant infiltration rate, for

instance). Major contributions to the development of analytical kine-

matic-wave models are those presented by Hjelmfelt et al. (1975), Shirley

and Lane (1978), Lane and Shirley, (1982), Singh and Prasad (1982),

Croley (1982), Singh (1983).

Hjelmfelt et al. (1975) presented a mathematical model of the

hillslope erosion/deposition process based on the sediment continuity

equation and relationships for interrill erosion and rill erosion, using
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the kinematic wave equations to describe overland flow. They solved the

coupled partial differential equations for overland flow with interrill

and rill erosion with constant and uniform rainfall excess for the rising

and steady state portions of the flow hydrograph.

Shirley and Lane (1978) and Lane and Shirley (1982) used the

same approach presented by Hjelmfelt et al. (1975) for modeling hillslope

erosion process but solved the coupled overland flow-erosion equations

over the entire flow hydrograph using the method of characteristics, and

then integrated the equations to produce a sediment yield equation for

the entire runoff event.

Singh and Prasad (1982) modified the modeling approach used by

Hjelmfelt et al. (1975), and Shirley and Lane (1978) by formulating the

partial differential equations for overland flow and erosion on an in-

filtrating plane. They used the method of characteristics to solve the

special case of constant and uniform rainfall and infiltration (or con-

stant and uniform rainfall excess) on a sloping plane.

Croley (1982) modeled sediment flux to fluid flow in a rill sys-

tem by assuming directly simultaneous sediment entrainment (detachment),

deposition (settling), and lateral inflow, instead of representing their

difference (net erosion or net deposition). Croley used the kinematic

flow equations and the continuity equation for sediment to derive erosion

equations for a rilled surface by assuming prismatic rill development in

which the rills are identical and have a triangular shape. The method of

characteristics was used to solve these equations for the unsteady flow

case with uniform rainfall excess. Sediment concentration was given by

steady-state sediment transport capacity equations.

Singh (1983) derived analytical solutions to kinematic equations

for erosion from a sloping plane subject to rainfall of finite duration.
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Singh presented complete solutions for both equilibrium and partial equi-

librium cases, and discussed briefly the properties of these solutions.

In spite of the great effort in attempting to present analytical

solutions to coupled unsteady runoff-erosion models, the simplifying as-

sumptions necessary to analytically solve the kinematic wave equations

for overland flow restrict the formulation and application of the erosion

model. In general, the erosion equations are presented with simplified

formulations to describe the complex erosion process. Therefore, aside

from the problem of establishing the appropriate upper boundary condi-

tion, initial condition, and stability criterion, numerical solutions

seem to be less restrictive in allowing more sophisticated formulations

of the erosion model. Li (1979) described several numerical methodologies

for water and sediment routing on hillslopes and stream channels.

Watershed Erosion Models

Many watershed erosion and deposition models have been developed

to date. They can be loosely divided into two types: 1) models based on

the USLE that utilize the USLE, extended USLE (such as MUSLE) or its

parameters; and 2) models that attempt to represent the physical system

through physically-based mathematical relationships. They can be divided

into continuous simulation models or event-based oriented models. They

also can be divided into distributed parameter or lumped parameter

models.

USLE-based Watershed Erosion Models

Crawford and Donigian (1973) developed the Pesticide Transport

and Runoff (PTR) computer model to estimate runoff, erosion, and pesti-

cide losses from field-sized areas. The hydrologic component of the PTR

model is the Stanford Watershed model (Crawford and Linsley, 1962). The
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erosion component of PTR was developed by Negev (1967) and consists of

relationships for sheet and rill erosion which include the detachment and

transport of soil particles by overland flow. The Stanford Watershed

Model was one of the first computer-based models of hydrologic simulation

developed for basin-size areas. Donigian and - Crawford (1976) incorporated

a plant nutrient component with the basic PTR computer model to develop

the Agricultural Runoff Model (ARM).

Frere et al. (1975) developed the Agricultural Chemical Trans-

port model (ACTMO) to estimate runoff, sediment yield, and plant nutri-

ents from field- and basin-sized areas. The hydrology component is based

on the USDAHL computer model (Holtan and Lopez, 1971). The erosion/sedi-

ment transport component of ACTMO is a modification of the USLE to

reflect both rainfall and runoff detachment and transport processes

(Foster et.al, 1977). The erosion component estimates the contribution of

rill and interrill sources to total sediment load. ACTMO includes a chem-

ical component and was developed for small watershed areas.

Bruce et al., (1975) developed a storm event-based parametric

computer model for water, sediment, and chemicals, called WASCH. The

hydrologic component of WASCH consists of a retention function, a charac-

teristic function, and a variable state function. Two-stage convolution

is used to produce nonlinear watershed response. The sediment component

of WASCH uses the rill-interrill erosion model developed by Foster and

Meyer (1975). Sediment transport capacity in the WASCH computer model is

a function of overland flow discharge rather than velocity.

Beasley et al. (1980) developed a distributed deterministic com-

puter model referred to as ANSWERS which was designed to simulate runoff

and erosion from large watersheds having agriculture as their primary

land use. The hydrologic component of ANSWERS is the model developed by
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Huggins and Monke (1966). The erosion component of ANSWERS consists of a

modification of the USLE. Two soil detachment processes were included: 1)

rainfall detachment, described by Meyer and Wischmeier (1969), and 2)

overland flow detachment, described by Foster (1976). Sediment transport

of both overland and channel flow is based on the sediment transport

capacity. Channel erosion is assumed to be negligible, and only deposi-

tion is allowed in channel flow. In order to use the ANSWERS computer

model, the watershed is divided into square uniform elements. The hydro-

logic response of each element is computed by an explicit backwater solu-

tion of a storage form of the continuity equation.

The CREAMS computer model (Knisel, 1980) consists of three major

components: hydrology, erosion, and chemistry. The hydrology component

estimates storm runoff when only daily rainfall data is available by

using the SCS curve numbers, or estimates runoff by the Green and Ampt

equation when infiltration parameters are available. The erosion com-

ponent considers the basic processes of soil detachment, transport, and

deposition. Interrill detachment is described by a modification of the

USLE for a single storm event. The sediment transport capacity of the

overland and channel flow is derived from Yalin's equation (Yalin, 1963).

Khanbilvardi et al.(1983) used the USLE parameters and factors

to compute soil loss from interrill areas in an erosion model with sepa-

rated rill and interrill components. Rill erosion was assumed to be the

result of balancing the rill flow detachment and rill flow sediment

transport capacity.

Williams and Nicks (1983) described a computer model called

SWRRB (Simulator for Water Resources in Rural Basins) which was developed

for simulating water and sediment yields from large ungaged rural water-

sheds throughout the United States. The computer model includes three
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general components: 1) a hydrology component for predicting surface run-

off for daily rainfall (using the SCS curve number), peak runoff rates (a

modification of the Rational Formula), percolation, return flow, evapo-

transpiration (Ritchie, 1972), and water balance for ponds and reser-

voirs. The computer model uses a short-cut flood routing method based on

travel time at the peak flow rate and at a low flow rate, 2) a weather

component for generating precipitation (Nicks, 1974), maximum and minimum

air temperature, and solar radiation, and 3) a sediment yield component

(Williams and Berndt, 1977) for computing sediment yield and routing sed-

iment through ponds, reservoirs, flood plains, and stream channels.

Williams (1983) presented an overview of the EPIC computer model

(Erosion-Productivity Impact Calculator). The EPIC model is a comprehen-

sive computer model, including several components: 1) hydrology, 2)

weather generator, 3) erosion and sediment yield, 4) nutrients, 5) soil

temperature, 6) crop growth, 7) tillage, and 8) plant environment con-

trol. The hydrology, weather generator, and erosion and sediment yield

components of the EPIC computer model are very similar to those in the

SWRRB model (Williams and Nicks, 1983) and CREAMS model (Knisel, 1980).

The erosion component includes a wind erosion equation (Woodruff and

Siddoway, 1965).

Physically-based Watershed Erosion Models

Physically-based mathematical models are formal models of real

systems in which the governing physical laws are well-known and can be

described by ordinary or partial differential equations. Watershed ero-

sion and deposition can be simulated by using the equations of continuity

and momentum for unsteady free surface flow, and the continuity equation
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for advective sediment transport (dispersion neglected). The kinematic

wave theory has provided the basis for the development of several

physically-based watershed erosion-deposition models with potential for

assessing erosion and sediment problems from disturbed watersheds.

Some significant contributions to physically-based watershed

erosion-deposition modeling are those described by Bennett (1974), Simons

et al. (1975), Smith (1976), Li (1979), Borah et al., (1981), Smith

(1981), and Alonso and Decoursey (1983). There are no analytical solu-

tions for the flow and erosion equations as applied to watersheds and

therefore numerical techniques are required. Li (1979) described several

of these and discussed the efforts at Colorado State University in the

computer-based numerical modeling of watershed response.

Bennett (1974) divided the watershed erosion process into upland

erosion and lowland or channel erosion, and used the concepts of water

continuity, momentum, and sediment continuity to formulate an erosion and

sediment yield model.

Simons et al.(1975) developed a computer model to simulate the

processes of interception, evaporation, infiltration, detachment by rain-

drop impact, and erosion by overland flow and channel flow. The effect of

particle size distribution on flow detachment rate and flow transporting

capacity, and the processes of degradation and aggradation in the channel

system were also considered in the model. The governing equations were

the water continuity, the momentum, and the sediment continuity equa-

tions. The kinematic wave approximation with numerical solution was used

to solve the overland flow and concentrated flow equations. The Meyer-

Peter and Muller's equation for bed load and the Einstein equation for

suspended load were used in computing the sediment transport capacity.
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Simons et al. (1977) presented a simplified version of their

early watershed erosion simulation model to be used on a single plane and

which they called "a physical process model". In the simplified version,

instead of routing flow over time and space using a finite difference

scheme, they averaged the physical processes over both time and space to

obtain an approximation of the more complex model.

Smith (1976) described an erosion simulation model in which the

differential equation for continuity of suspended sediment was incorpo-

rated into a numerical kinematic model for hydraulic response of a water-

shed surface. Smith used several examples from hypothetical watersheds to

demonstrate the model sensitivities relative to choices of empirical

functions for soil detachment rates from rainfall and flowing water,

choice of sediment transport functions, and accuracy of numerical hydrau-

lic simulation.

Borah et al.,(1981) described a physically-based, distributed

parameter computer model called SEDLAB for simulation of runoff response

to precipitation. The model uses the continuity equation, the momentum

equation, and equations for flow resistance to describe water routing for

channel flow and overland flow planes. The kinematic approximation is

used to solve the general equations of motion for flow routing. Van Liew

and Saxton (1984) revised the SEDLAB simulation model to include overland

and channel flow resistance, new infiltration methods, and improved sedi-

ment transport equations.

KINEROS (KINematic EROsion Simulation) (Smith, 1981) is a com-

puter-based watershed erosion model which incorporates erosion, sediment

transport and pondage components into a previous computer model called

KINGEN, described by Rovey et al.,(1977). KINEROS is a physically- based,

nonlinear, distributed-parameter model that may be used in designing,
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analyzing and managing small urban and agricultural watersheds (Smith,

1981). Watersheds up to several square kilometers in size are simulated

with KINEROS by geometric simplification of the topography into a network

of rectangular planes, channels and storage elements. In the distortion

required to produce a rectangular area, the main features preserved are

slope and the mean length of overland flow path. Rovey et al., (1977)

give a detailed description of the geometric representation used in

KINEROS. The major hydraulic processes, infiltration, and unsteady sur-

face water flow, are simulated by solving numerically the differential

equations representing those processes. KINEROS predicts rainfall excess

using the Smith and Parlange infiltration equation (Smith and Parlange,

1978). The unsteady, free surface flow resulting from the rainfall excess

pattern is simulated by using the kinematic approximation to the free

surface flow equations (Woolhiser and Liggett, 1967). The erosion com-

ponent of KINEROS uses the sediment continuity equation presented by

Bennett (1974) for advective sediment transport (dispersion neglected).

The model computes detachment by rainfall impact using an equation pre-

sented by Meyer and Wischmeier (1969). Channel flow erosion rate is es-

timated to be proportional to transport capacity deficit and deposition

rate is approximately equal to excess. One of six steady flow sediment

transport capacity functions may be selected by the user of KINEROS, in-

cluding a tractive force relation, a function by Bagnold (Kilinc and

Richardson, 1973), the "unit stream power" function of Yang (1973), and

the sediment transport functions of Yalin (1963), Ackers and White

(1973), and Engelund and Hansen (1967). All the sediment transport func-

tions use a representative particle size and particle density.

The hydraulic component of program KINEROS contributed directly

to the development of the runoff component of program WESP (Watershed
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Erosion Simulation Program) by providing the conceptual structure and

mathematical formulation.

Alonso and DeCoursey (1983) described a computer model called

SWAM (Small Watershed Model) which was developed to simulate the effect

of changes in land use and management on the hydrologic, sediment, and

chemical response of agricultural areas not greater than 10 Km2 in size.

The model simulates a watershed by subdividing the prototype into inter-

connected segments, each segment characterized by a uniform distribution

of physical properties and model parameters. Four distinct types of seg-

ments are identified in SWAM: 1) source areas, 2) channels, 3) reser-

voirs, and 4) groundwater. The source area field simulates both surface

and subsurface processes and is described in detail by Smith and Knisel

(1983).

Although the scientific study of watershed runoff, erosion and

deposition processes has a relatively short history, significant advances

have been made in developing physically based watershed erosion models.

The continuity and momentum equations may be simplified to the kinematic

equations for most overland flow cases and many open channel flow situa-

tions. To apply the kinematic equations to practical situations, one must

first decide on the method of spatial representation of a watershed and

level of geometric detail to be preserved. Then an appropriate infiltra-

tion model must be selected and linked to the overland flow model. Ero-

sion equations with process based components for detachment by raindrop

impact, detachment by shear, sediment transport and deposition can be

formulated and driven by hydraulics of unsteady, spatially varied surface

flow with the kinematic approximation.



CHAPTER 3

MATHEMATICAL MODEL

This Chapter presents the governing equations and the appropri-

ate initial and upper boundary conditions used to describe the runoff-

erosion-deposition processes in this study.

Infiltration Component 

The first major component needed in building an event-based

watershed erosion and deposition model is rainfall excess, which is some-

times called direct runoff. In general, abstractions or losses are sub-

tracted from input rainfall resulting in rainfall excess which is routed

to the watershed outlet. Hydrologic abstractions from rainfall are: 1)

interception losses, 2) evapotranspiration, 3) depression storage, and

4) infiltration losses. In this model development only infiltration

losses will be considered as abstractions from rainfall input.

There are two distinct stages of infiltration during a rainfall

event: 1) a stage in which the rainfall intensity is heavy and ground

surface is ponded with water, and 2) a stage in which the rainfall in-

tensity is light and there is no surface ponding. Under a ponded surface

the infiltration process is independent of the effect of the time dis-

tribution of rainfall and the infiltration occurs at the infiltration

capacity rate. Under unponded surface conditions, the infiltration occurs

at the rainfall rate and all of the rainfall infiltrates into the soil.

These two distinct stages of infiltration are well defined for a

steady rain in which infiltration starts with an unponded surface and

32
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later changes to a stage with surface ponding, which lasts until the end

of the rainfall event. There is at most one ponding time in a steady

rain. However, for an unsteady rainfall event, there may be several

periods when the rainfall intensity exceeds the infiltration rate and the

infiltration process may change from one stage to another and shift back

to the original stage in a recurrent fashion.

Equations for Infiltration

A conceptual infiltration model utilizing Darcy's law was pro-

posed by Green and Ampt (1911). The Green and Ampt equation is a simpli-

fied representation of the infiltration process and assumes that: 1)

there exists a distinct and precisely definable wetting front, 2) suction

or soil water potential at this wetting front remains constant regardless

of time and position, 3) the soil profile is homogeneous, and 4) the dis-

tribution of antecedent soil moisture is uniform in the soil profile.

It can be written as (Mein and Larson, 1973):

f(t) = dF/dt	 Ks (1 + Ns/F(t))	 (3.1)

where, f(t) is the infiltration rate (m/s), F(t) is the cumulative depth

of infiltrated water (m), t is the time variable, in seconds, Ks is the

effective soil hydraulic conductivity (m/s), and Ns is the soil moisture-

tension parameter (m). The suction term, Ns , in equation (3.1) can be

computed as:

N
s	

(1 - Se )pS
	

(3.2)

where, S e is the relative effective saturation = 8./0 (0 �S :51)
'
 wheres	 e 

O. is the initial soil moisture content, s 
is the soil moisture content

1
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at saturation, p is the effective porosity (0 -sp-� 1), and S is the aver-

age suction at the wetting front (m).

Mein and Larson (1973) used the Green and Ampt equation to model

infiltration during a steady rain. Chu (1978) developed two time parame-

ters to modify the Green and Ampt equation to describe infiltration dur-

ing an unsteady rain. Chu reported good agreement between the calculated

result and the measured data.

The infiltration process during an unsteady rain was modeled by

Chu as follows:

1) Without surface ponding for the period from t' to t:

R(t)	 R(t')
	

(3.3)

F(t)	 P(t) - R(t')
	

(3.4)

f(t)	 i(t)
	

(3.5)

r(t)	 0
	

(3.6)

where R(t) is the cumulative rainfall excess (m), P(t) is the cumulative

rainfall (m) and is a continuous function of time when recorded by a

weighting-type raingage, i(t) is the rainfall intensity (m/s), r(t) is

the rainfall excess rate (m/s), t is the time in seconds measured from

the beginning of rainfall, and t' is the time prior to the time t without

surface ponding in seconds.

2) With surface ponding for the period from t' to t:

P(t)	 -	 F (t) - D	 for P - F - D > R(t) (3.7)
R(t) R(t,)	 p for P - F - D � R(t') (3.8)

F(t) F (t) (3.9)

f(t) Ks (1 + Ns/Fp ) (3.10)

Ii(t)	 -	 f(t) for G — D and i > f (3.11)
r(t) fo for G < D or i � f (3.12)
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where G is the depth of surface pondage (m), D is the depth of water

retained on the surface without causing runoff (m), and Fp(t) is the cum-

ulative infiltration because the surface is ponded (m) and which can

be computed by the implicit function (Chu, 1978):

F(t)/Ns - ln(1 + F(t)/N)	 Ks (t - tp + ts )/Ns 	(3.13)

where t is the ponding time in seconds and can be computed by the

implicit function (Chu, 1978):

P(t ) - R(t') - K N /(i(t ) - K ) = 0	 (3.14)s s

where ts is a shift of the time scale due to the effect of cumulative

infiltration at the ponding time (referred to as the pseudotime, by Chu

(1978)) in seconds. When t has been computed by equation (3.14) t s is

solved by (Chu, 1978):

Ksts/Ns 	(P(tp) - R(t'))/Ns - ln(1 + (P(tp) - R(t'))/Ns )	 (3.15)

Surface Runoff Component 

The second basic component in process-based watershed erosion and

deposition modeling is the runoff component. The kinematic wave equations

have been used as a simplified one-dimensional flow approximation to the

full equations of motion under almost all conditions of overland flow and

for many conditions associated with stormwater in open channels.

Equations for Overland Flow

The equations of spatially-varied, unsteady and one-dimensional

flow over a plane were described by Woolhiser and Liggett (1967). The

definition of the overland flow system under consideration is shown in
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Figure 3.1. A plane of unit width, length Lo and slope S o is receiving

rainfall at a rate i(x,t).

The one-dimensional continuity equation with lateral inflow on a

plane is:

ah/at + a(uh)/ax	 r	 (3.16)

and the momentum equation is:

au/at + uau/a x + gah/ax g(S 0 - S f) - ru/h (3.17)

where, h(x,t) is the local depth of flow (m), u(x,t) is the local mean

flow velocity (m/s), t is the time in seconds, x is the distance in the

direction of flow (m), r(x,t) is the lateral inflow rate per unit area

(m/s), g is the acceleration of gravity (m/s 2 ), S
o 

is the slope of the

plane, and S
f 
is the friction slope.

Equation (3.17) assumes that over pressure introduced by rainfall is

negligible, that the velocity component of the rainfall in the x direc-

tion is zero, that the sine of the slope angle, 0, is approximately equal

to the slope, and that the velocity distribution coefficient fi is equal

to one. Modeling overland flow with one-dimensional equations represents

significant abstraction and simplification. Actual overland flow occurs

in complex mixes of sheet flow and small concentrated flow areas. The

routes of concentrated flow are often determined by irregular

microtopographic features which vary in the downstream direction (x) and

in the lateral direction (y).

The lateral inflow, r(x,t), in equations (3.16) and (3.17), is

often represented as the positive difference between instantaneous rates

of rainfall and infiltration, or as zero if infiltration capacity rate

exceeds rainfall rate. This positive difference is called rainfall
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Lc)

Figure 3.1. Definition sketch of overland flow system (after Woolhiser
and Liggett, 1967).
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excess. In solving equations (3.16) and (3.17), a typical assumption is

that a block of rainfall can be partitioned into infiltration and rain-

fall excess. Rainfall excess is then routed as if the surface were imper-

vious, which is a significant simplification (Smith and Woolhiser, 1971).

Moreover, infiltration is usually assumed to be uniform over the overland

flow surface, while in reality, infiltration rates vary significantly.

The assumption of spatially uniform infiltration, and thus rainfall

excess is a serious limitation in most current modeling approaches.

The kinematic approximation

The assumption of the kinematic approximation is that the fric-

tion slope is equal to the plane slope. That is, the gradients due to

gravity and friction components dominate the other terms of the momentum

equation and the water surface slope is assumed to be equal to the plane

slope (Lighthill and Whitham, 1955; Henderson, 1963; Woolhiser and

Liggett, 1967). Then the simplified momentum equation is:

S o	 S f
	 (3.18)

Equation (3.18) can be used to write a parametric equation for

the local velocity as:

u — m-1ah 	(3.19)

where a and m are parameters related to surface roughness and geometry.

Equation (3.19) can be substituted into equation (3.16) to yield:

ah/at + amh
m-1811/8x r
	 (3.20)

The relevant upper boundary and initial conditions are of the

form:



h(0,t) = 0	 for	 t	 0

h(x,0) — 0	 for x	 0

Manning's turbulent flow formula is:

u	 (1/n)RH2/3 S f 2
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(3.21)

(3.22)

(3.23)

where RH (x,t) is the hydraulic radius (m) and n is the Manning friction

factor of flow resistance. For planes and wide channels RH — h. This ap-

proximation and the substitution of equation (3.18) into equation (3.23)

1/2
results in equation (3.19) with a — (1/n)S o	 and m 5/3.

Woolhiser and Liggett (1967) showed that solutions to the

kinematic wave equations are good approximation to the solutions to the

shallow water equations, provided the kinematic flow number is larger

than about 20. However, the kinematic flow number refers to the accuracy

with which the kinematic wave solutions approximate solutions to the

shallow water equations for sheet flow on a plane. The kinematic flow

number is not a measure of how well the shallow water equations, with

one-dimensional flow and spatially uniform parameters, approximate

overland flow on natural surfaces.

Numerical Solution

Equation (3.20) can be solved analytically for many initial and

boundary conditions, if shocks are not present. However, in most of the

cases it is necessary to use numerical solutions. Kibler and Woolhiser

(1970) investigated several different methods of numerical solutions of

equation (3.20). In this study, the numerical procedure proposed for

solving equation (3.20) subject to (3.21) and (3.22) uses a second order

nonlinear finite-difference scheme (Rovey et al., 1977). The Taylor ser-

ies expansion was applied to linearize the nonlinear equations obtained



40

by the discretization of the flow continuity equation 'based on the four

point implicit finite-difference scheme. The scheme is unconditionally

stable with respect to choice of values for the time step At and the dis-

tance step Ax. However, values for these variables must be carefully

chosen to ensure satisfactory accuracy.

Using a four-point implicit scheme, equation (3.20) can be

expressed as:

	O rhi+1_ hi ]	 (1_0) r	 (ma r(hi+i)m -
At L j+1	 At L j	 jj	 Ax L j+1

+ (115'1)11 r(hi \In _	 wri+1 + (1-w)ri\ j	 Ax	 j+1,	 j

(3.24)

in which 0 is the weighting factor for distance, and w is the weighting

factor for time. For a definition sketch of the notation in equation

(3.24), see Figure 3.2.

Rovey et al. (1977) described the following approximate stability

criterion for this finite difference scheme:

amhm-1At/Ax < 1
	

(3.25)

so that for a fixed length increment, Ax, and the maximum depth hmax

occurring at time t,

At < Ax/(amhm-1 )	 (3.26)

insures that stability exists at all points on the surface.

Equations for channel flow

Equations (3.16) and (3.17) written for a stream channel are:

3A/3t + a(uA)/ax	 qA 	(3.27)

and

au/at + uau/ax + gah/ax g(S 0 - S f) - qAu/A
	

(3.28)
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Figure 3.2. Definition sketch of finite difference scheme.
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where all variables are the same as those for equations (3.16) and

(3.17), A(x,t) is the cross-sectional area of flow (m2 ), and qA is the

lateral inflow per unit length of channel. Notice that upstream inflow

will be described as a upper boundary condition.

The kinematic approximation:

Free surface concentrated flow in stream channels can be computed

using the kinematic approximation to the equations of unsteady, gradually

varied flow (Henderson, 1963; Brakensiek, 1967a,b; Rovey, et al., 1977;

Weinmann and Laurenson, 1979). The difference between routing runoff over

planes and through channels is that upstream inflow to a plane is given

in discharge per meter of width of the plane, while upstream inflow to a

channel is the total discharge from the upstream channel. For watershed

computations, a channel is assumed to have negligible width and, there-

fore, rainfall does not contribute directly to the channel. The lateral

inflow to a channel is the discharge per meter of width received from an

adjacent plane.

With the kinematic approximation, equation (3.28) can be written

for a stream channel as:

Q aARHm - 1	 (3.29)

Assuming that Q(x,t) can be expressed as a function of A(x,t),

equation (3.27) can be rewritten as:

m/at + dQ/dA8A/8x qA	 (3.30)

subject to the upper boundary and initial conditions:

Q(0,t)	 Q0(t)	 for	 t	 0	 (3.31)
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and,

Q(x,0) = 0
	

for	 x > 0	 (3.32)

Substituting RH (x,t) = A(x,t)/WP(x,t), where WP(x,t) is the

wetted perimeter, Q(x,t) can be related to A(x,t) by equation (3.29) as:

Q = aAm/wPm-1 	(3.33)

The functional relationships of dQ/dA terms in equation (3.30) for trape-

zoidal channels can be found from the set of geometrical relationships in

Table 3.1 presented by Rovey et al. (1977), from geometry of Figure 3.3.

Numerical Solution

The finite-difference form of equation (3.30) subject to (3.31)

and (3.32) was presented by Rovey et al.	 (1977):

0 i +1	 Ai	 ][16, i+1 w i+1 (3.34)
At Atj+1	 j+1 Aj	 Aj dA Aj+1

J

where

+ 1(-1-Q1 1-40. 	- A. 1 - w- i+1+ (1- )qL j +1	 j i	 4AAx	 udAj

(12 - a [(A)m - 1dA + Ad	 H 1 ] (3.35)
dA dA dA

where 0 and w are weighting factors for space and time respectively. The

i+1
value of the unknown, Aj+1 , must be solved by an iterative technique and

the terms dQ/dA must be evaluated before equation (3.34) can be solved.

Erosion-Deposition Component 

The third component in a process-based erosion and deposition

model is the erosion-deposition component itself. Soil erosion is the
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Table 3.1. Elements of a trapezoidal channel (after Rovey et al., 1977).

Geometric or Hydraulic	 Variable
	 Relationship

Element	 Name

Wetted perimeter at
depth H

Discharge at
depth H

Area at depth H

dQ/dH

Depth at area A

dQ/dA

Top width at area A

WP(H)	 B.001 + CO2

CO1	 1/ZL + 1/ZR

CO2	 .11 + 1/ZL
2 

• J1 + 1/ZR2

Q(H)	 a(H.001.(B+H/2))
N
/(B.001+CO2)

N-1

A(H)	 H.001.(B+H/2)

H(H)	 (H.001.(B+H/2))
N+1

/(B.001)+H.0O2)
N

DQH(H)	 a H(H).[C01.(B+H).N-(B.001

+ H•CO2)-(N-1).0O2.(H.001.

(B+H/2)]

H(A) 	-B+ B 2 + (2.A/C01)

DQA(H)	 DQH(H)/(C01.(B+H))

TW(A)	 1.1112 + 2A/C01 ) • CO1
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Figure 3.3. Trapezoidal channel geometry (looking downstream).
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removal of soil particles (sediment) from their environment. Within the

context of this study, it refers to the processes of entrainment (detach-

ment) and transport of sediment by water. Due to the extremely complex

nature of the erosion and deposition processes any attempt to model ero-

sion and deposition must first break down the overall erosion and deposi-

tion process into several subprocesses that can be studied individually.

In the present modeling approach the erosion and deposition process is

conceptually divided into two phases: 1) hillslope erosion and deposi-

tion, and 2) channel erosion and deposition. The development of erosion

and deposition equations for hillslope and channel systems is based upon

the development of flow equations for unsteady and spatially

varying overland flow and channel flow.

Equations for Hillslope Erosion and Deposition

To develop a mathematical model of erosion and deposition on

hillslopes, expressions are needed to describe the rate at which each

separate source and sink contributes to sediment concentration in the

overland flow. Despite imperfect knowledge concerning the phenomenon and

rate of ruling, this study assumes that sediment flux can be represented

approximately without explicit description of rill features when those

are present. The definition of the hillslope erosion/deposition system

under consideration is shown in Figure 3.4. A control volume of the over-

land flow system is receiving sediment inflow at rates e i (x,t) and

eR (x,t) and losing sediment at a rate d(x,t).

Sediment Continuity Equation

The continuity equation for sediment transport normally used for

one-dimensional flow on hillslopes is (Bennett, 1974; Foster 1982):
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Figure 3.4. Definition sketch of hillslope erosion/deposition system.
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a(ch)/at + a(cq)/ax — 0	 (3.36)

Dispersion terms have been neglected in equation (3.36). The term

a(cq)/ax is the buildup or loss of the sediment load with distance;

a(ch)/at is the storage rate of sediment within the flow depth; c(x,t) is

the sediment concentration (Kg/m
3
); and 0(x,t) is the sediment flux to

the flow (Kg/m2/s). The other variables are as defined earlier.

The hillslope erosion/deposition process, can be represented by

two different processes during a storm: 1) sediment entrainment (detach-

ment) and 2) sediment deposition (settlement). Sediment entrainment on

hillslopes is accomplished by two different subprocesses. These are: 1)

sediment entrainment (detachment) by rainfall, and 2) sediment entrain-

ment (detachment) by shear stress. Entrainment and deposition may occur

simultaneously at different rates. The resultant sediment concentration

is determined by the relative magnitude of these processes. Entrainment

increases sediment concentration by upward flux of sediment from the soil

surface into the overland flow. Deposition (settling) reduces sediment

concentration by downward flux of sediment from the overland flow. It

will be shown below that the rate of operation of each of these processes

depends on different factors, and thus they should be separately repre-

sented in a mathematical model. This dynamic representation of the ero-

sional system allows the system behavior to emerge automatically from the

quantitative representation of the processes. The sediment flux to the

flow, 0(x,t), for a single overland-flow plane might be written as:

0	 eR - d + eI
	 (3.37)

in which eR (x ' t) is the rate of 
sediment entrainment (detachment) by

shear stress (Kg/m
2/s), d(x,t) is the rate of sediment deposition
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(settling) (Kg/m
2
/s), and eI (x,t) is the rate of 

sediment entrainment by

rainfall impact (Kg/m
2/s).

Equation (3.36) describes flow, erosion and deposition which are

uniformly distributed across the slope. Therefore, variables such as

h(x,t) are averages and q(x,t) and (x,t) are expressed on a per width or

per area basis, although the processes may actually occur on a limited

area (Foster, 1982). Equation (3.36) also reflects an important concept,

that entrainment is not the same thing as net erosion, and settling is

not the same thing as net deposition. Entrainment (upward flux) is the

actual rate at which detached sediment particles lying on the soil sur-

face are picked up and carried into the flow region. Settling (downward

flux) is the actual rate at which suspended sediment particles fall to

the soil surface. In many turbulent flows that carry sediment, there is a

continuous exchange of particles between the flow and the soil surface at

any given location (Croley, 1982; Meyer, et al., 1983; Rose, 1985). Con-

sequently, entrainment and settling can both take place simultaneously at

a location in those cases when net deposition or net detachment do not

occur along the soil surface. However, if settling exceeds entrainment,

then net deposition occurs, and, conversely, when entrainment exceeds

settling, net erosion takes place. If settling is equal to entrainment,

then the transport process is in equilibrium at that point.

Sediment Entrainment rate by Shear Stress

Entrainment and transport of sediment occurs when the forces

tending to entrain and transport sediment exceed those tending to resist

removal. Water flowing over the soil surface exerts forces on the soil

particles that tend to move or entrain them. On bare soil and stream

beds, the forces that resist the entraining action of the flowing water



50

differ according to the particle size and particle size distribution of

the sediment. For coarse sediment, the forces resisting entrainment are

caused mainly by the weight of the particles. Finer sediments that con-

tain appreciable fractions of silt or clay, or both, tend to be cohesive

and resist entrainment mainly by cohesion rather than by the weight of

the individual particles. Also, in fine sediments groups of particles

(aggregates) are entrained as units whereas coarse noncohesive sediments

are moved as individual particles.

Sediment entrained (detached) by shear stress can be represented

by a relationship expressing the entrainment rate as proportional to a

power of the average shear stress acting on the soil surface (Croley,

1982; Foster, 1982):

eR KR(T)15 
(3.38)

where, KR is a soil detachability factor for shear stress (Kg.m/N
1.5 . ․ ),

and r(x,t) is the average "effective" shear stress assuming broad shallow

flow (N/m2 ).

In most hillslope erosion modeling developments, the entrainment

function has a critical shear stress component which represents the mini-

mum requirement for initiation of motion of sediment. Although test

results conducted in a single rill support the hypothesis of a threshold

for initiation of particle motion in rill erosion (Foster, 1982), it is

difficult to evaluate critical shear stress on a field scale or for small

watershed applications. Also values suggested for critical shear stress

from studies conducted in single rills are not applicable to the broad

sheet-flow approach in overland flow erosion modeling (Foster, 1982).

Furthermore, there are always fine particles of sediment detached by the

action of wind or other elements between storm events, which will be
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available to be transported by sheet flow as soon as rainfall exceeds

infiltrability on the soil surface, without any resistance to removal.

Therefore, it seems that Equation (3.38) may be a physically based and

adequate function to represent entrainment rate by shear stress on

hillslope erosion and deposition processes. Equation (3.38) says that the

amount of sediment entrained by shear stress is related to the magnitude

of an "effective" shear stress only and not to a "critical" shear stress.

Sediment deposition rate

The mass rate of sediment deposition (downward flux) can be

expressed (Einstein, 1968) as:

d — EVSCa
	 (3.39)

where e is a coefficient depending on the soil and fluid properties (di-

mensionless), Vs is the particle fall velocity (m/s), and Ca (x,t) is the

actual near-to-the-bottom sediment concentration (Kg/m
3 ).

After multiplying and dividing equation (3.39) by C(x,t), the

sediment concentration in transport, the deposition rate is given by:

d — EVS RC C
	

(3.40)

where R	 Ca (x '
t)/C(x,t) is the concentration profile ratio. Assuming

that the sediment concentration distribution is uniform with flow depth

above the soil surface, or that R — 1.0 (no distinction between near-to-

the-bottom load and suspended load), the mass of sediment deposition

(downward flux) on an overland-flow plane can be expressed as:

d — EV C
	

(3.41)

The particle fall velocity in Equation (3.41) can be computed

using Rubey's equation:
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	 36v 2 36v2+	 -
o	 3 7gd3 (lis- 1)	 gd3(& 1)s 7	 s 7

(3.43)

where 7 and 7s are the specific weight of water and sediment respectively

(N/m 3 ), v is the kinematic viscosity 	
2

ty of water (m /s), and d S
 is a repre-

sentative particle size (m).

Sediment entrainment rate by rainfall

Sediment entrainment rate by rainfall, e i (x,t), is a function of

the rate of detachment by raindrop impact and the rate of transport of

sediment particles by shallow flow (Foster and Meyer, 1972). On steep

slopes, the rate of detachment by raindrop impact limits entrainment by

rainfall, whereas the rate of transport of sediment particles by shallow

flow limits the rate of sediment entrainment by rainfall on flat slopes

(Foster et al., 1977).

A simple functional form of detachment by raindrop impact incor-

porates rainfall intensity, i(x,t), as a measure of the erosivity of

raindrop impact (Foster, 1982). If the rainfall intensity is uniform over

the region of interest then i(x,t) i(t) and then:

eI ai2 (3.44)

where a is a coefficient to be determined experimentally. Lane and

Shirley (1985) included rainfall excess in equation (3.44) to reflect

rate of sediment transport by shallow flow on hillslopes. They assumed a
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simple equation for sediment entrainment rate on hillslopes:

.2	 .e I = KI 1 (r/i)	 K ir
(3.45)

where KI 
is a coefficient to measure soil detachability by rainfall im-

pact (Kg-s/m
4
). The ratio of rainfall excess rate, r(x,t), to rainfall

intensity, i(x,t), can be interpreted as a measure of normalized runoff

intensity for sediment transport by shallow flow. Notice that when

r(x,t) 0 (pre-rainfall excess phase), or when i(x,t) 0 (post-rainfall

phase) there is no sediment entrainment by rainfall, and when r(x,t) =

i(x,t), sediment entrainment rate by rainfall is not limited by rainfall

excess.

Numerical Solution

Analytical solutions have been proposed to solve equation (3.36).

However, the results have been limited by the simplifying assumptions

required to solve the overland flow equations. In general, in attempting

to describe the erosion/deposition processes in the field, equation

(3.36) should be less restrictive with respect to the formulations of the

functions in equation (3.37). In general, for most of the formulations of

the functions in equation (3.37) , there is no analytical solution for

equation (3.36). Therefore, numerical techniques are required.

The relevant upper boundary and initial conditions of equation

(3.36) are:

C(0,t)	 Kii(t)r(t)/(eVs + r(t))	 for t ^ tp
	 (3.46)

and,

C(x,tp )	 KI i(tp )r(tp)/(as + r(tp)) for x	 0
	

(3.47)

where t is the time of ponding.
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The numerical procedure proposed for solving equation (3.36)

subject to the above upper boundary and initial conditions uses a four-

point implicit finite difference scheme. The strategy of solving equation

(3.36) is to find the sediment concentration at the advanced time and

i+1
distance step C 	 in terms of known values. The finite difference formu-

lation of equation (3.36) is as follows:

1	 (1-6)O 	[(ch) 1-4-1 - (ch)1.	 +	 )-	 [(ch 1.-4-1 - (ch)1 +
At	 j+1	 j+lj	 At	

.1
J

w F„i+1 (	 ) i+11 (1-)1- (c+ ) i	 _	 (co il =
Ax Ax-	 cgL cg 'j -1-1 	j	 _I L	 g j+1 	JJ

	1+1	 1 + (1-0)e- i] -w [0e 	 + (1 - 0)e i+1] + (1 -0[0e
	R

j+1	
R.	 Rj+1	 K.

	J 	 J

40c1111:14-0.-0c1 1]-(1-w)[0d1+1 + (1-0)dl +
J	 J

we i+1 + (1-w)e 1

(3.48)

where 0 is the weighting factor for distance, and w is the weighting fac-

tor for time. This scheme can be either explicit or implicit, depending

on the values of the weighting factors 0 and w. If 0 = 1 and w - 0, the

numerical scheme becomes an explicit scheme, and is subject to the Cou-

rant condition to maintain stability (Kibler and Woolhiser, 1970). If

0 = 0.5 and w > 0.5, the scheme is unconditionally stable; however, for

accuracy, it has been recommended to maintain the Courant condition. For

a definition sketch of the notation in equation (3.48), see Figure 3.2.

i+1
Rearranging equation (3.48), the unknown Cj i can be computed explicitly

as:
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C +1 —	 w[0eRi. +1 + (1-0) (eR 1:4-1 - d14-1) + ell +j+1	3+1	 J

(1-0[0(e i - d 1 ) + (1-0) (eRi. - dl) + efl +Rj4.1	
J

j+1

[8(ch)14.1 - (1-0) ((ch)1 1-1 - (ch)1)]/At +

/Pcq)11-1 - (1-w) ( (cq)141. - (cq)1)]/Ax /

l e 	i+1	 wi+1
i At hj+1 + Ax clj+1 4- whys)

(3.49)

Equations for Channel Erosion and Deposition

Erosion and deposition in channel systems are very difficult to

model due to complex interactions between independent variables. The com-

plex interrelationships involve not only the available sediment supply

from hillslopes but also flow velocities, flow depths, slope and energy

gradient, density, temperature, chemical composition of the water-sedi-

ment mixture, particle size distribution, shape, density of bed load and

bed material, bank roughness and bed forms of the deformable stream bot-

toms, and transmission losses into the stream beds. Most factors affect-

ing channel erosion and deposition change not only with time and with

distance along a channel segment but also with flow depth and with

lateral distance at an individual cross-section. These complex inter-

relationships have not been well understood and the literature is crowded

with empirical relationships, most of them based on experimental observa-

tions conducted in recirculating flumes under steady state conditions.

The total sediment load of a stream is usually divided into two

parts. One part is the bed load, which consists of the sediment that
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moves by skipping, sliding, or rolling and that always remains very close

(generally within a few grain diameters for uniform sediment) to the

stream bed. The other part is the suspended sediment load, which may be

anywhere within the turbulent flow and is maintained in the flow by the

upward components of the turbulent flow or by colloidal suspension if the

sediment particles are very small. In the present model development no

distinction is made regarding the mode of sediment transportation. The

channel flow erosion-deposition equations estimate the total sediment

concentration in transport during a flow event. The sediment flux to

fluid flow in a channel is represented with physically-based mathematical

functions for simultaneous sediment entrainment (detachment), deposition

(settlement), and sediment lateral inflow from hillslopes.

For a detailed discussion of the mechanics of erosion and deposi-

tion processes in stream channels refer to Graf (1971), Shen (1971),

Bogardi (1978), ASCE (1977), and Vanoni (1984). For a more recent

reference on the state-of-art of erosion and deposition modeling

in alluvial streams refer to Dawdy and Vanoni (1986).

Sediment Continuity Equation

The continuity equation for sediment transport in one-dimensional

flow in a single channel element is (Bennett, 1974):

aAc/at + 8CQ/8x e r - d + q s (3.50)

where er (x,t) is the rate of sediment entrainment (detachment) by channel

flow (Kg/m/s), d(x,t) is the rate of sediment deposition (settling)

(Kg/m/s), and qs is the lateral sediment inflow from adjacent overland

flow planes (Kg/m/s). The other variables are the same as defined ear-

lier. Equation (3.50) is subject to the following upper boundary and
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initial conditions:

C(0,t)	 Co(t)	 for	 t	 0	 (3.51)

and,

C(x,0) — 0	 for	 x	 0	 (3.52)

where Co(t) is the incoming sediment concentration from above the chan-

nel. In the channel erosion/deposition phase, the bed profiles of the

lowland stream channels are assumed to be relatively stable as opposed to

the longitudinal profiles of gullies on upland areas, which can change

rapidly in short time periods. The bed material in lowland streams is

assumed to be predominantly coarser than silt size (0.062 mm) and

deposited by the stream in the recent geologic past.

Sediment entrainment by channel flow

A general equation, initially developed for bed-load transport

capacity, has been used to model entrainment (e r
) by channel flow

(Croley, 1982; Foster, 1982):

in which,

T	 7RHSf 	(3.54)

and,

r c	 6(7s - 7)d
	

(3.55)
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where a is a coefficient for sediment entrainment (Kg-m
2
/N

1.5
-s), r(x,t)

is the average shear stress (N/m2 ), r c is the average critical shear

stress for the representative particl size (N/m 2 ), n is an exponent, and

is a coefficient depending on the sediment and fluid properties (dimen-

sionless). The other variables are as defined earlier. When the average

shear stress, acting on a particle or aggregate of sediment has reached a

value that, if increased even slightly, will put the particle or aggrega-

te into motion, critical or threshold conditions are said to have been

reached. The problem of determining critical conditions for entrainment

of sediment is one of the many complicated erosion/deposition problems

faced when applying watershed erosion/deposition models.

Sediment Deposition Rate

The rate of sediment deposition (downward flux) is proportional

to the sediment concentration and an effective particle fall velocity

(Mehta, 1983). The deposition rate in kilograms per second per meter of

channel width can be computed as:

d = eTWVsC
	

(3.56)

in which TW(x,t) is the flow top width (m) and the other variables are as

defined before.

Numerical Solution

There is no analytical solution to solve equation (3.50) and

therefore numerical solution must be used. The numerical solution

proposed to solve equation (3.50) subject to (3.51) and (3.52) uses the

same scheme and procedure used for solving equation (3.36). Again, the

i+1finite difference scheme is formulated implicitly with C 	 as the only

unknown at the advanced time and distance step. Equation (3.50) can be
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written in terms of finite differences as:

[
(CA)

i+1
+ - (CA)	

1•4_ (1-0) pAi.--1-1 _ (CA) ] ..._
At	 j1	 j+1 j	 At	 )j	 J

i+1 (CQ) i+1 +	
. i(±)— [ (CQ	 -	 .	 ]	 (1:A.0 [(CQ) 1
+1 	Q)]- (C . —

Ax	 )j+1	 j	 Ax	 jj

i+1	 i	 i
4 Oe	 + (1-0)e i+1] + (1-0 [0e

 r.	
+ (1-0)e 

r. ] -r.rj+1	
3	 j+1	 J

40(11:1 + ( 1 - 0)dll - (1-0[0d1+1 + (1-0)431] +

i+1
wq
	
+ (1-w)q

(3.57)

where 0 is the weighting factor for distance step, and w is the weighting

factor for time step. Equation (3.57) can be rearranged to give:

ci+1 =	 wi p e i+1 4. (1-8) le i+1 -	 i+1)	 i+1]
j+1	 r.	 6.7s(TW .	

+ .4
s) j 	+	 (3.58)

rj+1	 J

(1 -0[0(e 
r i
	- eV5 (TWC)114) + (1 - 0)(e 

r
i - a5 (TWC)1) + q is]
ij+1

+ [0(CA)1+1 - (1-0) [(CA)14-1 - (CA)1)]/At +

[w(CQ)14-1 - (1- ) [(CQ1+1 - (CQ)1)]/Axl/

0 i+1 w i+1 + w007 1+1 )
07 TW. 1 )

(-A7E Aj+1 + Z7c Qj+1	 s j+



CHAPTER 4

DESCRIPTION OF WESP SYSTEM

This Chapter describes the computer program WESP (Watershed

Erosion Simulation Program) and the methodology for applying the model.

General Description

WESP (Watershed Erosion Simulation Program) is a computer-based

watershed model developed for use in soil erosion research. The source

code was written in standard FORTRAN 77 for portability and consists of a

main program and eleven subroutines.

WESP is a physically-based, event-oriented, numerical model

developed to simulate the dynamic erosional and depositional behavior of

small watersheds. Watershed geometry is represented by a simplified con-

figuration consisting of sequences Of discrete overland flow planes and

channel segments. Figure 4.1 shows a schematic representation of an n-

plane cascade receiving lateral inflow r and discharging into a channel

segment. The kinematic wave equations are used to describe the unsteady

overland and channel flow. The continuity equations for overland and

channel flow are solved numerically using a four-point implicit finite

difference scheme. The continuity equations for sediment on the overland

flow planes (hillslope erosion component) and channel elements (channel

erosion component) are solved numerically using a four-point implicit

finite difference scheme.

WESP was developed with the general purpose of being used in soil

erosion research on small watersheds. The two specific purposes of the

60
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model are: 1) to understand and simulate the dynamic erosion/deposition

system on small watersheds, and 2) to provide a "benchmark" program to

verify and test the accuracy of subsequent model simplifications for ap-

plication purposes.

To run program WESP the user has first to complete the following

steps: 1) set up a segmented representation of the watershed geometry,

and 2) generate an input file. The following is a brief description of

these steps.

Watershed Segmentation

To use program WESP the watershed has to be first segmented into

a cascade of elements represented by rectangular planes and channel ele-

ments. Each element is characterized by a uniform distribution of

physical properties and model parameters.

The delineation of plane and channel elements is conducted using

topographic maps. The degree of geometric distortion introduced by the

simplified geometric representation is a function of the size and number

of elements used in the representation (Lane and Woolhiser, 1977).

Once the watershed boundaries have been defined the user must

proceed with the delineation of the overland flow planes. The definition

of planes should be based on soil, slopes and surface cover characteris-

tics. The plane boundaries should be either streamlines or contour lines.

Figure 4.2 shows the U.S. Department of Agriculture, Agricultural Re-

search Service Walnut Gulch Experimental Watershed 63.011 with the delin-

eation of overland flow planes and channel elements. During the discreti-

zation process an attempt is made to minimize geometric distortion by

preserving the areas and lengths of flow paths for each plane element.

Figure 4.3 shows a plane representation for a portion of Watershed

63.011.



63



I.

-J

os to 0
00w Olommr
Ci	 ci PI 6 6 6

••••• —•c—'—oc

0.

o

6 4



65

Channel elements are selected such that they may be treated as

prismatic elements having uniform hydraulic properties. Each channel ele-

ment is assigned a trapezoidal or triangular cross-section. Outflows from

other elements can enter a channel in two ways: 1) as uniformly dis-

tributed lateral inflow from adjacent overland flow planes, and 2) as

point inflow from upstream channels or plane elements (see Figure 4.1).

Figure 4.4 shows the schematic representation of Watershed 63.011 for

WESP.

Input File Generator

This is the entry point for every new watershed simulation.

Program INPUT was developed to generate input files containing all data

other than rainfall input needed to run a given watershed simulation.

Rainfall data are stored in separate files.

The watershed data are entered interactively. The user is led

step by step through the input file building process by messages gener-

ated on the monitor's display. The input consists of data subsets

comprising the computational sequence and model parameters. Program INPUT

augments the input data by internally computing all secondary parameters

and initial values that can be derived from primary input data.

Once the input file is completed, it can be used to perform

repeated simulation runs under different rainfall inputs. The user can

use another program called WESPAR to make changes in any data entry

contained in an already existing WESP input file.

WESP System

The program WESP has three major components: 1) hydrology com-

ponent to process rainfall input (histograms) and to compute rainfall

excess rates using the Green and Ampt equation, 2) surface runoff
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component to route rainfall excess through overland flow planes and chan-

nel elements using the kinematic wave equations with numerical solution,

and 3) erosion and deposition component to compute entrainment rates by

rainfall impact and by runoff, and sediment deposition rates on overland

flow planes and in channel elements. Sediment is routed through plane and

channel elements using the sediment continuity equation with numerical

solution. Surface runoff is considered in the "Hortonian" overland flow

sense. Dispersion is neglected in the sediment transport equations.

The name of each subroutine and its principal function in the

program is indicated below:

PROGRAM WESP routes water and sediment on small watersheds. It

calls SUBROUTINES READER, RAIN, INFIL, CLERK, PLNFLOW, CHNFLOW, and

WRITER.

SUBROUTINE READER reads data describing plane and channel charac-

teristics. It is called from PROGRAM WESP several times according to the

execution order of each element.

SUBROUTINE RAIN reads rainfall data and places them in arrays

TPRECP and PRECP as time-intensity breakpoint pairs. This subroutine is

called from PROGRAM WESP.

SUBROUTINE INFIL computes infiltration rates on the planes using

the Green and Ampt equation and generates rainfall excess patterns. It is

called from PROGRAM WESP.

SUBROUTINE CLERK performs the bookkeeping in the temporary

storage location. It is called from WESP.

SUBROUTINE ITER solves general nonlinear implicit equations using

the Newton-Rapson iteration scheme. It is called from SUBROUTINES INFIL,

PLNFLOW, and CHNFLOW.
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SUBROUTINE IMPLCT computes residuals for ITER through EQN1 (for

overland flow equation), EQN2 (for channel flow equation), EQN3 (for dis-

charge equations), and EQN4 (for infiltration equation). It is called

from ITER.

SUBROUTINE PLNFLOW routes overland flow through the planes using

a four-point implicit finite difference scheme. It is called from PROGRAM

WESP.

SUBROUTINE PLNSED computes entrainment rates by rainfall impact

and shear stress from overland flow and sediment deposition rates on the

planes and routes sediment through the planes using a four-point implicit

finite difference scheme. It is called from SUBROUTINE PLNFLOW.

SUBROUTINE CHNFLOW routes concentrated flow through channels with

trapezoidal and triangular cross sections using a four-point implicit

finite difference scheme. It is called from PROGRAM WESP.

SUBROUTINE CHNSED computes entrainment rates by shear stress due

to concentrated flow and sediment deposition rates in the channels and

routes sediment through the channel network using a four-point implicit

finite difference scheme. It is called from SUBROUTINE CHNFLOW.

SUBROUTINE WRITER writes out the output file. It is called from

PROGRAM WESP.

FUNCTION ABSTRACT (to be developed) supplies abstraction rates

from channel beds (transmission losses) to EQN2 in SUBROUTINE IMPLCT.

Figure 4.5 shows the information flow in program WESP.

Computational Sequence 

The computational order of WESP is such that all inflows required

by any element at any stage of the simulation come from elements pre-

viously processed. This sequence is determined by the user during the



CHNFLOW 1

Y 
CHNSED 1

( START )

YES

I
 — PROCESS CHANNEL–

* 
r –PROCESS PLANE —1

PLNFLOW

1

1

1
1	 PLNSED

1

( END )

OBTAIN CONTROL

PARAMETERS

Y
LOAD RAINFALL

DATA

READ INFORMATION

ON ELEMENT

COMPUTE RAINFALL
EXCESS RATES

NO

ADD INFLOW AND

SEDIMENT DISCHARGE
FROM CONTRIBUTING

ELEMENTS

PRINT OUT
HYDROGRAPH /

SEDIGRAPH

69

Figure 4.5. Information flow in program WESP.
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watershed segmentation process by following the flow path through the

cascade of elements. The order in which the elements appear in the flow

path defines the computational sequence. As a general rule to establish

the computational order, the number "one" element is assigned to one of

the most upstream elements in the cascade and then the flow path is fol-

lowed down to assign the computational order of other elements. If the

next element is not on a tributary branch, it is assigned the next con-

secutive execution number; if the next element is on a tributary branch,

the next consecutive element number is assigned to the most upstream con-

tributing element on the tributary. This process is repeated until the

watershed outlet is reached and all elements have been assigned an execu-

tion order number.

During a simulation run the outflows from some elements are

retained in temporary storage location, while other elements are

processed until the junction between converging channels is reached. At

this point the outflows in temporary storage location are combined and

the storage location is released to be used in subsequent calculations.



CHAPTER 5

PARAMETER ESTIMATION AND MODEL TESTING

This Chapter describes parameter estimation techniques and model

testing procedures used to verify the proposed watershed runoff-erosion

model. Two sets of data were used: 1) data from rainfall simulator plots,

and 2) data from two small experimental watersheds. The rainfall simula-

tor plots and the two small watersheds are located on the U.S. Department

of Agriculture, Agriculture Research Service Walnut Gulch Experimental

Watershed near Tombstone, in Southeastern Arizona (Figure 5.1) which is

operated by the Aridland Watershed Management Research Unit of the USDA-

ARS in Tucson, Arizona.

The details on input data, parameter estimation procedures, and

model testing results are presented below.

Input Data

Three types of data are required to run program WESP. They are:

1) watershed characteristics, 2) erosion and deposition parameters, and

3) storm characteristics.

The watershed characteristics include information on:

1) watershed geometry (surface area, elevations, and surface roughness),

2) channel network (slopes, cross-sectional areas, and hydraulic

roughness), 3) soils (saturated hydraulic conductivity, antecedent soil

moisture condition, and effective porosity), and 4) land uses.

The erosion and deposition parameters are:

1) soil detachability parameters for raindrop impact and shear stress

71
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Figure 5.1. Location of Walnut Gulch Experimental Watershed.
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(overland and concentrated flow), 2) particle size (sediment) character-

istics: distribution, shape, and density, and 3) parameters for critical

shear stress (in stream channels) and sediment deposition (on hillslopes

and stream beds).

The storm characteristics include:

1) rainfall intensities (histogram), and 2) areal distribution.

The storm characteristic data and the antecedent soil moisture

conditions change from storm to storm. The watershed characteristic data

and the erosion and deposition parameters are assumed to be time-invar-

iant unless land use conditions change on the watershed.

Most of the input data are measured directly from topographic

maps, for example, surface areas, flow lengths, and slopes. Hydraulic

roughness and most of the erosion/deposition parameters must be estimated

experimentally or by optimization when data on storm hydrographs and

sedigraphs are available.

Parameter Estimation

The model parameters were estimated in two stages. In the first

stage rainfall simulator plot data were used to estimate: 1) the

saturated hydraulic conductivity and the moisture-tension parameter of

the Green and Ampt infiltration equation, 2) hydraulic roughness, and 3)

the soil erodibility parameters for raindrop impact and runoff. In the

second stage, data from two small experimental watersheds were used to:

1) verify the applicability of the erosion parameters estimated from

rainfall simulator plots to overland flow on a watershed scale, and 2)

estimate channel erodibility parameters for concentrated flow.

Rainfall simulator Studies

The rainfall simulator plots and the rainfall simulator operated

on the Walnut Gulch Experimental Watershed were described in detail by
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Simanton and Renard (1982). The rainfall simulator plots are 3.1 x 10.7

m, and have slopes of 9-12%. A diagram of the experimental setup is shown

in Figure 5.2.

Simulator runs were begun in the Spring of 1981 and have been

repeated during the Spring and Fall seasons of each year. Three rainfall

simulator plots were used in this study. The plot data were selected from

the simulator runs made in the Fall of 1982. The three selected plots had

the same type of soil (Bernardino series) but were treated differently:

1) with natural vegetation (natural), 2) with vegetation removed

(clipped), and 3) with erosion pavement and vegetation removed (bare).

Each plot was subjected to an initial 60-min rainfall simulation (dry

run), followed 24 hours latter by a 30-min application (wet run), which

was then followed 30 min later by another 30-min application (very wet

run). A constant rainfall rate was applied in all simulations.

Rainfall amount and intensity were measured with a recording gage

placed between each plot pair (see Figure 5.2). Runoff was collected at

the lower end of the plots in flumes with water-level recorders for

measuring runoff rates. Sediment samples were collected manually in liter

sample bottles at the flume exit during the simulation period. Sampling

intervals were dependent on changes in the runoff rate, with frequent

sampling when runoff discharge was changing rapidly. The time when the

sediment sample was collected was recorded for later relation to the

runoff hydrograph and development of the sedigraph and calculation of

sediment yield.

Sediment samples were analyzed for total sediment concentration.

Sediment discharge and sediment yield were calculated using sediment con-

centration values and the runoff hydrograph.
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Figure 5.2. Schematic diagram of rainfall simulator plot (after Simanton
and Renard, 1982).
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Although the flumes used to measure runoff at the plot exit were

designed to minimize sediment deposition, a significant amount of sedi-

ment was trapped in the flumes. This experimental error was most evident

on the clipped and natural plots.

Estimation of Infiltration Parameters

The saturated hydraulic conductivity, Ksat, and the moisture-

tension parameter, Ns, in the Green and Ampt infiltration equation were

estimated from plot data using the following procedure (L. J. Lane, per-

sonal communication):

The saturated hydraulic conductivity, Ksat (Ks as shown in Column

5 in Table 5.1) was estimated from the very wet run plot data as the

final infiltration rate.

Using Ksat, the soil moisture-tension parameter (Ns as shown in

Column 6 in Table 5.1) was estimated by optimization using the dry run

plot data and a program called INFPAR which calculates rainfall excess

using the Green and Ampt infiltration equation. The Ns value was op-

timized by trial and error to fit the measured runoff volume. Using the

soil moisture data, the average suction at the wetting front, S, was

estimated using the equation below:

Ns — (1 - Se)pS (5.1)

where Se is the relative effective saturation, and p is the effective

porosity. The wet run was used to verify estimates of Ksat and S

comparing the calculated rainfall excess and measured runoff volumes.

Estimation of Overland Flow Resistance Parameter

Once the infiltration parameters were estimated, the overland

flow resistance parameter, a, was optimized to fit the measured
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hydrograph. The optimization program SIMPLEX developed by Nelder and Mead

(1965) was used with a least square objective function. The Manning's

roughness parameter (Column 7 in Table 5.1) was found using:

n	 jSo/a	 (5.2)

where a is the overland flow resistance parameter and So is the slope of

the overland flow plane.

Estimation of Erosion Parameters

The hillslope erosion and deposition component of WESP has three

unknown parameters: a soil erodibility parameter for overland flow, KR ,

a soil erodibility parameter for rainfall impact, Kr and a parameter

for sediment settling, e . There are no theoretical or experimental ref-

erences on KR and K1 from the literature at the present time. Information

exists on e values for overland flow (Davis, 1978) and channel flow

(Einstein, 1968). Although the reported values of e — 0.5 for overland

flow and e — 1.0 for channel flow were obtained for steady state condi-

tions, these values were used in this study. The values of K1 and KR in

Table 5.2 were optimized by trial and error to fit measured sediment

yields. The starting values of the erosion parameters were chosen as fol-

lows:

At an equilibrium condition the rate of sediment entrainment

(upward flux) is equal to the rate of sediment deposition (downward flux)

such that:

0	 eR - d + eI — 0
	

(5.3)

At the time the rainfall simulator is turned off e I — 0 because

i(t)	 0. At that instant, it can be assumed that eR is approximately
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equal to d. From Equation (5.3):

e
R - d = 0

or, that

KR (r) 1.5 — eVsCe

80

(5.4)

(5.6)

with r iheSo, and he — (qe/a) 0. where he is the overland flow depth

at the plot exit corresponding to qe, which is the water discharge at

equilibrium, and Ce is the sediment concentration at equilibrium. The

solution of Equation (5.6) provided a starting estimate for KR .

Starting with K1 — 0 and KR estimated as above, the values of K I

and KR were adjusted by trial and error to obtain the measured sediment

yield. Values of K1 and KR in Table 5.2 are the final estimates from the

optimization.

Table 5.3 shows the range of variability of erosion parameters

estimated from rainfall simulator plots and mean values of K1 and KR for

bare, clipped, and natural plots.

Small Watershed Studies

The studies on small watersheds had two objectives: 1) to verify

the applicability of the erosion parameters estimated from rainfall

simulator plots when applied to a watershed scale, and 2) to estimate

channel erodibility parameters.

Two small watersheds were selected on Walnut Gulch Experimental

Watershed for this study: Watershed 63.105 (2344.7 square meters) and

Watershed 63.103 (34792.2 square meters). These subwatersheds have

similar physical characteristics, and are typical of the many thousands

of hectares of semiarid rangeland with mixed grass and brush cover in
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Southeastern Arizona, Southwestern New Mexico, and Northern Sonora, in

Mexico. The soils are a well-drained, gravelly loam formed in calcareous

old alluvium. The soil surface has minimal vegetative basal cover, with

up to 60% gravelly erosion pavement. Grazing has been eliminated on the

studied watersheds since 1963. Precipitation and runoff characteristics

on these watersheds were studied in detail by Simanton and Osborn (1983).

Figures 5.3 and 5.4 show watersheds 63.105 and 63.103 respectively.

Three storm events in Watershed 63.105 (WS 105) and seven storm

events in Watershed 63.103 (WS 103) were used in this study. Most of the

sediment samples on WS 105 and WS 103 were collected by a modified

Chickasha pump sampler with an intake system having slots on an arm

suspended from the flume floor to a float at the water surface. Openings

in the arm were constructed at five vertical positions to obtain an ali-

quot of the water-sediment mixture from several flow depths. The residual

sediment trapped in the flume was added to the measured sediment

load to give an estimate of the total sediment load. In late 1977, the

Chickasha pump sampler on Watershed 63.103 was replaced by an automatic

total-load sediment sampler. The total load sampling apparatus was

described in detail by Renard et al. (1986).

Geometric Representation of Watersheds

Watershed 63.105 was represented by 10 overland flow planes and

2 channel elements. Watershed 63.103 was represented by 16 overland flow

planes and 6 channel segments. Schematic representations of watersheds

63.105 and 63.103 for WESP are shown in Figures 5.5 and 5.6 respectively.

Typical channel cross-sections for WS 103 are shown in Figure 5.7.

Tables 5.4 and 5.5 provide summaries of the geometric repre-

sentation of WS 105 and WS 103 respectively. The parameters ZL and
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Figure 5.5. Schematic representation of WS 63.105 for WESP.
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Figure 5.6. Schematic representation of WS 63.103 for WESP.



Figure 5.7. Location of cross sections between flume 103 and weir 101
and selected cross sections (after Osborn and Simanton,
1985).
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Table 5.4 Geometry of Watershed 63.105.

ZR

ELEM	 Area	 Length	 Width	 Bottom	 and

(m)	 (m)	 (m)	 Slope	 (m)	 ZL

1 180.2 15.5 11.6 0.142 * *

2 220.0 18.6 11.8 0.035 * *

3 222.0 13.7 16.2 0.081 * *

4 284.3 16.5 17.3 0.191 * *

5 205.3 22.9 9.0 0.089 * *

6 295.4 22.5 13.1 0.065 * *

7 267.6 16.5 16.3 0.203 * *

8 207.2 22.9 9.1 0.100 * *

9 * 4.3 * 0.038 0.000 0.250

10 157.9 11.3 14.0 0.158 * *

11 304.7 14.0 21.7 0.099 * *

12 * 18.0 * 0.038 0.000 0.250
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Table 5.5. Geometry of Watershed 63.103.

ELEM

#

Area

(m
2

)

Length

(m)

Width

(m) Slope

Bottom

(m)

ZR
and

ZL

1 2101.8 51.8 40.6 0.034 * *

2 8195.3 101.2 81.0 0.054 * *

3 1969.5 40.5 48.6 0.053 * *

4 2561.2 39.9 64.2 0.089 * *

5 1973.2 78.0 25.3 0.061 * *

6 * 80.1 * 0.036 1.20 10.00

7 2569.9 48.5 53.0 0.056 * *

8 1905.1 44.5 42.8 0.069 * *

9 * 58.8 * 0.043 0.60 1.00

10 2703.3 57.0 47.4 0.053 * *

11 1131.5 44.2 25.6 0.043 * *

12 946.2 42.1 22.5 0.048 * *

13 1050.8 29.0 36.2 0.104 * *

14 * 25.6 * 0.038 0.60 5.00

15 1883.9 33.8 55.7 0.048 * *

16 2773.4 56.7 48.9 0.082 * *

17 * 52.1 * 0.032 1.80 1.00

18 867.5 35.1 24.7 0.052 * *

19 1385.5 51.8 26.7 0.055 * *

20 774.1 34.4 22.5 0.093 * *

21 * 22.9 * 0.036 0.60 0.80

22 * 3.05 * 0.032 1.80 1.00
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ZR given in Tables 5.4 and 5.5 describe the channel cross-sections

defined as shown in Figure 3.3.

Tables 5.6 and 5.7 give the computation sequence for WS 105 and

WS 103 respectively. The computation order of program WESP is such that

all inflows required by any element at any stage of the simulation come

from elements previously processed. The computational sequence shown in

Tables 5.6 and 5.7 is the order for the computation of flow and sediment

routing of the elements shown in Figures 5.5 and 5.6. The numbers in

Columns 2 through 6 in Tables 5.6 and 5.7 indicate the linkage between

elements in the computational sequence (see Appendix A for WESP variable

name list). The symbol "0" is used to indicate there are no upstream in-

flow elements or lateral inflow elements.

Input to the model consisted of measured quantities and estimated

parameters. Areas and lengths of elements were measured directly from

maps. Slopes were estimated by inspecting profiles drawn from topographic

maps.

Infiltration parameters

Lumped infiltration parameters were used during the simulations.

The saturated hydraulic conductivity of the soils (gravelly loams) of

Watersheds 63.105 and 63.103 was assumed to be 2.0 mm/h. The moisture-

pressure term, Ns, was optimized by trial and error for each individual

event to fit the measured runoff volume. Values of Ns in Table 5.8 were

the results of these optimizations.

Surface Flow Resistance Parameters.

Lumped surface roughness parameters for overland and channel flow

were used in the simulations. The average Manning roughness coefficient

for a plane surface with assumed turbulent flow was 0.06. The average

Manning roughness coefficient for stream channels was assumed to be 0.03.



Table 5.6. Computational Sequence for Watershed 63.105

ELEM Contributing Plane

NTOP	 NLEFT NRIGHT

Contributing Channel

NCHN1	 NCHN2

1 0 0 0 0 0

2 0 0 0 0 0

3 2 0 0 0 0

4 3 0 0 0 0

5 4 0 0 0 0

6 0 0 0 0 0

7 6 0 0 0 0

8 7 0 0 0 0

9 5 1 8 0 0

10 0 0 0 0 . 0

11 0 0 0 0 0

12 0 10 11 9 0
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Table 5.7. Computational Sequence for Watershed 63.103.

ELEM Contributing Plane

NTOP1	NLEFT NRIGHT

Contributing Channel

NCHN1	 NCHN2

1 0 0 0 0 0

2 1 0 0 0 0

3 0 0 0 0 0

4 3 0 0 0 0

5 0 0 0 0 0

6 2 5 4 0 0

7 0 0 0 0 0

8 7 0 0 0 0

9 0 0 8 6 0

10 0 0 0 0 0

11 10 0 0 0 0

12 0 0 0 0 0

13 12 0 0 0 0

14 11 13 0 0 0

15 0 0 0 0 0

16 15 0 0 0 0

17 0 16 0 9 14

18 0 0 0 0 0

19 18 0 0 0 0

20 0 0 0 0 0

21 19 0 20 0 0

22 0 0 0 17 21

1See WESP variable name list in Appendix A for explanation of

variable names.
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Estimation of Erosion Parameters

The channel erodibility parameter, a, was optimized by trial and

error to fit the estimated total sediment yield for individual events,

given estimates of KI and KR obtained from optimization studies 
on

runoff-erosion plots (see Table 5.3). A starting estimate for a (a coef-

ficient for sediment entrainment by channel flow) was assumed to be the

same as KR .

 The final estimates of a are shown in Table 5.9. The coeffi-

cient for critical shear stress, 6, and the characteristic particle size,

ds, were assumed to be 0.047 and 0.120 mm, respectively, for all

simulation runs.

Storm Characteristic Data

The rainfall intensities for the 10 storm events used in this

study were obtained from weighing recording raingages located on the sub-

watersheds. Because the watersheds are very small and each watershed had

only one recording raingage, each storm event used in this study was as-

sumed to be uniformly distributed over the entire watershed area.

Antecedent soil moisture conditions were not available.

Test Results 

In the numerical computations, a time increment At of 5 seconds

was chosen for the rainfall simulator plot simulations. For the small

watersheds a 30-sec. time increment was used. These time steps were

chosen using a stability criterion described by Rovey et al. (1977) (see

equations 3.25 and 3.26). The weighting factors 0 — 0.5 and w — 0.6 were

used for the rainfall simulator plots and overland flow planes. The

values 0 — 0.5 and w — 0.8 were used for the channels. Test results on

parameter estimation for rainfall simulator plots and small watersheds

are presented in the following sections.
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Simulation Results on Rainfall Simulator Plots

The comparisons of the simulated and the measured hydrographs are

shown in Figures 5.8(a) through 5.16(a) and sedigraphs for all rainfall

simulations on the rainfall simulator plots used in this study are shown

in Figures 5.8(b) through 5.16(b).

As mentioned before, an experimental error resulted in sediment

trapped in the flumes located at the end of the plots. The residual sedi-

ment trapped in the flumes was added to the sediment measured through the

exit of the flume to give the total sediment yield. The effect of this

experimental error was most evident on the clipped and natural plots as

shown in Figures 5.11(b), 5.12(b), 5.13(b), and 5.16(b).

The agreement between the measured hydrographs and sedigraphs was

satisfactory. The variability of the entrainment (source) and deposition

(sink) terms with time for different cover conditions is shown in Figures

5.17 through 5.25. The fact that the entrainment by rainfall term (e I )

has a similar behavior as the entrainment by shear stress term (eR) makes

it evident that unique parameter identification may not be possible with

the rainfall simulator data set used in this study. Table 5.3 shows es-

timated mean values of parameters for bare, clipped, and natural surface

treatments, respectively. It is alsmost certain that the parameter values

obtained by trial and error until the computed sediment yield equals the

measured sediment yield are not unique. An appropriate objective function

incorporating possibly the sum of square of deviations of observed and

computed sediment concentrations and squared deviations of total sediment

yield should be formulated and minimized. Furthermore, it should be

recognized that the goodness of fit of the model to the observed data is

also a function of the structure of the mathematical model, the accuracy

of the data used, and the method of fitting the model to the data.
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Figure 5.15. Wet run on natural plot: (a) hydrograph; (b) sedigraph.
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Figure 5.24. Entrainment and deposition rates for wet run on natural
plot.
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Simulation Results on Small Experimental Watersheds

The verification of the proposed watershed runoff-erosion model

is demonstrated by comparing simulated and measured hydrographs and sedi-

graphs for individual rainfall events on Watersheds 63.105 and 63.103.

The comparisons of the simulated and the measured hydrograph and sedi-

graph for all storm events used in the analysis are given in Figures 5.26

through 5.35. The agreement between the measured hydrographs and the

simulated hydrographs was satisfactory. For the sedigraphs, the simula-

tions were made to fit total estimated sediment yield rather then the

sedigraphs which were obtained from sampled sediment by the Chickasha

pump sampler. As mentioned in earlier sections, the Chickasha pump sam-

pler does not measure total sediment load. The agreement between the

observed pattern of sediment concentration and the simulated pattern of

sediment concentration per event was surprising given that parameter op-

timization was designed to fit estimated total sediment loads and not the

measured sediment concentrations from the Chickasha pump sampler.

The mean values of KI' KR' and a for the three events used 
in

this study on Watershed 63.105, and for the seven events used in this

study on Watershed 63.103, with the respective estimates of sediment

yield are given in Table 5.10. The error in Column 9 of Table 5.10 indi-

cates the percentage of error on the estimates of sediment yield when

using the mean values instead of the optimized parameter values per

event. Figure 5.36 shows comparisons between estimated and measured sedi-

ment yields for WS 63.103 using the mean values of erosion parameters

from Table 5.10.

Discussion of Test Results

The applicability of the proposed watershed runoff-erosion model

to simulate storm event hydrographs and sedigraphs in small runoff-
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erosion plots and small watersheds was demonstrated by comparing simu-

lated and measured storm event hydrographs and sedigraphs. Satisfactory

results were obtained for different size storms and different surface

treatment conditions. This verifies that the model can be used for

runoff-erosion research as well as for synthesizing missing data, and

predicting the response of watersheds to various types of watershed

management practices.

The data shown in Table 5.10 suggest the order of simulation er-

ror introduced by using mean values of the erosion parameters (K1 , KR , a)

rather than individual, and optimal values for each event. Sediment yield

data from Table 5.10 are shown for seven events on Watershed 63.103 in

Figure 5.36. Notice that except for the first event (Figure 5.29 and row

4 in Tables 5.9 and 5.10) the simulated yields follow the estimated

yields quite well. Moreover, for the last two events where sediment con-

centration data on total load was measured, the simulated and measured

sediment yields are in close agreement.

The data shown in Table 5.9 illustrate the magnitude of

variability in erosion parameter estimates required to match the es-

timated sediment yield. The soil erodibility parameter for rainfall

impact, K1 , varies by about a factor of 2. The soil erodibility parameter

for shear stress, KR , varies by about a factor of 7, and the channel ero-

sion parameter, a, varies by about a factor of 16. Again, notice that the

erosion parameter values for the last two events (last row in Table 5.9)

are quite comparable. The corresponding parameter estimates from the

rainfall simulator plots (see Table 5.3) suggest that KI varies by about

a factor of about 1.3 to 2 within the treatments and by about a factor of

as much as 3 between the treatments. The soil erodibility parameter for

shear stress varies by about a factor of 2 to 7 within treatments and by
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about a factor of as much as 66 between treatments. Therefore the

parameter variability shown in Table 5.10 for the small watersheds is

consistent with parameter variability found for rainfall simulator plots.

Finally, notice that K1 and KR for the bare plot (Table 5.3) are about an

order of magnitude larger than those estimated for the clipped and

natural plots.

While the sample sizes used to represent erosion parameter es-

timates and their variability are too small for statistical interpreta-

tions, they do suggest the following: 1) The variation in K1 and KR is

consistent from the natural and clipped plots to the small watersheds, 2)

values of KI and KR are an order of magnitude 
larger on the bare plots

than on the clipped and natural plots and than on the two small water-

sheds, 3) the entrainment ratio (e i/(ei-FeR)) was 0.21, 0.17, and 0.36 on

bare, clipped, and natural plots, respectively, showing that entrainment

by rainfall represented 21%, 17%, and 36% of the total entrainment on

bare, clipped, and natural plots, respectively, 4) It is almost certain

that the erosion parameter values obtained by trial and error until the

computed sediment yield equals the measured sediment yield are not

unique, 5) sensitivity analysis will be necessary to look at model sen-

sitivity to parameter estimation, 6) a large number of events will prob-

ably be required to quantify the mean values and the variability of the

erosion parameters. In the absence of these large sample sizes, the

treatments imposed on experimental plots and small watersheds will have

to be severe and not subtle to reflect statistically significant differ-

ences in erosion parameters.



CHAPTER 6

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Summary

This study was concerned with the development and testing of a

physically based mathematical model for simulating watershed response

(surface runoff, erosion, and sediment yield) from field-sized areas and

small watersheds. A distributed parameter, event-based, numerical model

of watershed response was developed to accommodate the spatial changes in

topography, surface roughness, soil properties, concentrated flow pat-

terns, concentrated flow geometry, and land use conditions. The Green and

Ampt equation with the ponding time calculation for an unsteady rain was

used to compute rainfall excess rates. The kinematic wave equations were

used to describe the unsteady overland and channel flow on small water-

sheds. This approach further requires a geometrical representation of the

actual watershed which was represented in the model by a simplified con-

figuration consisting of sequences (cascades) of discrete overland flow

planes discharging into channel elements. The unsteady and spatially

varying erosion/deposition process on hillslopes and channel systems was

described dynamically using simultaneous rates of sediment entrainment

and deposition rather than the conventional approach using steady state

sediment transport functions. A modular computer program called WESP

(Watershed Erosion Simulation Program) was written in FORTRAN 77 to

provide the vehicle for performing the computer simulations.

Parameter estimation was first conducted on rainfall simulator

plots to estimate infiltration parameters for the Green and Ampt

126
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equation, hydraulic roughness, and soil erodibility parameters for

raindrop impact and runoff.

The applicability of the erosion parameters estimated from rain-

fall simulator plots when applied to a watershed scale under a variety of

rainfall inputs and antecedent soil moisture conditions was verified

using data collected on two small experimental watersheds. The small

watersheds used in this study are the only scale at which data sets from

real watersheds are available to conduct tests on distributed, physically

based watershed response models.

Finally, the modular structure of the computer program developed

during this study will facilitate substitution of different components

and subroutines in the future as research improves understanding of the

processes controlling hydrologic response on field-sized areas and small

watersheds.

The following sections present the conclusions and recommenda-

tions for further research based on the model development and

model testing procedures conducted during this study.

Conclusions 

The following conclusions can be drawn based on the model

development, parameter estimation, and model testing results:

1. The form of the source (entrainment) and sink terms for the

equations describing conservation of sediment mass on hillslopes and

channel systems are mathematically consistent and incorporate appropriate

initial and upstream boundary sediment concentrations.

2. The watershed response model developed during this study and

described in Chapter 3 simulated the hydrologic response (hydrograph and

sedigraph) of rainfall simulator plots and small upland watersheds very
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well. The good agreement between the simulated response and the observed

response was due to parameter fitting. However, the shape of the simu-

lated and observed responses were not optimized and their agreement

indicates that the governing equations and structural framework of the

model can satisfactorily describe the processes of surface runoff, ero-

sion and deposition on hillslopes and small watersheds.

3. The unsteady and spatially varying erosion and deposition

processes can be described as a system with a continuous exchange of

particles between the flow and the loose boundary (soil surface on

hillslopes and stream beds in stream channels). Simultaneous sediment

entrainment (detachment) rates by shear stress on hillslopes can be

described by a relationship expressing the entrainment rate as propor-

tional to a power of the average shear stress acting on the soil surface.

Simultaneous sediment entrainment rate by rainfall impact can be

described by a relationship including rainfall intensity as a measure of

the erosivity of raindrop impact, and rainfall excess to reflect the

sediment transport rate by shallow flow on hillslopes. Simultaneous sedi-

ment deposition rate (settlement) can be represented by a relationship

including particle fall velocity and the sediment concentration in

transport.

4. Although test results conducted in a single rill support the

hypothesis of a threshold for initiation of particle entrainment by rill

flow, all suggested values are not applicable to hillslope erosion model-

ing when using the broad sheet-flow approach. In this study it was shown

that the threshold for initiation of particle entrainment by sheet-flow

can be neglected when modeling erosion on hillslopes.

5. Water and sediment routing was performed using numerical pro-

cedures. A four-point implicit finite difference scheme was used for
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water and sediment routing. The implicit finite difference schemes used

are unconditionally stable with respect to choice of values for time step

and distance step. However, values for these variables must be carefully

chosen to ensure satisfactory accuracy. The approach described by Rovey

et al. (1977) can be used as an approximate stability criterion for

selecting the time step given the distance step (see equations 3.25 and

3.26).

6. The watershed model produced satisfactory results but the lack

of information on erosion and deposition parameters (they need to be

determined by experiment and optimization) and the current form of the

model limit the application of the model as a design tool. However, the

model does have application in further research and also as a comparative

tool or a "benchmark" for eavlauation of alternative and simplified

models of watershed response.

Recommendations 

Recommendations for future research can be made based upon the

above conclusions and upon experience gained during the model development

and simulation runs.

More research into parameter estimation and model validation is

needed if physically based mathematical models such as the one developed

in this study are to be used to simulate hydrologic response from field-

sized areas or small watersheds. Information is needed to obtain accurate

estimates of parameter values for the infiltration equation using soil

texture, soil profile characteristics, ground cover, and management fac-

tors. The influence of spatial variability on infiltration parameters is

yet to be determined. The infiltration component of the model should be

extensively tested on field data for a variety of soil and cover condi-

tions. Initial soil moisture content should be estimated using a water
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balance model. Development of a technique for disaggregation of daily

rainfall into rainfall intensity patterns would extend the applicability

of this model to a larger number of watersheds for which there are exten-

sive records of daily rainfall but no data on rainfall intensities.

Further information is needed on the hydraulic roughness coeffi-

cient in overland flow routing as related to ground cover and management

effects such as grazing.

More research is needed into the estimation of erosion and

deposition parameters on hillslopes and channel systems. It was obvious

from the simulation runs that accurate values for entrainment and deposi-

tion parameters are crucial to erosion/deposition simulations. Therefore,

it is recommended that a field data collection program be developed to

collect basic erosion/deposition and hydraulic roughness data from rain-

fall simulator plots and small experimental watersheds. A major research

need on field experiments is on how to lump the processes from plot to

hillslope and then to watershed scales.

Extension of the model to particle size distribution rather than

a single characteristic particle size is recommended. This extension

would allow separation of parameter values into the appropriate particle

types rather than using average values.

Finally, more research is necessary to continue the development

of modeling techniques to describe more accurately the hydrologic

response of field-sized areas and small watersheds.
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PARAMETERS in WESP:

PARAMETER (MAXSTOR-5000, MAXSTEP-500, MAXSET-5)

MAXSTOR : The size of dynamic storage arrays QSTORE and QSSTORE,

MAXSTEP : The maximum number of time steps in the simulation,

MAXSET : The maximum number of rainfall intensity patterns per water

shed during an event

VARIABLES in WESP:

Explanation of symbols on "Usage":

I — Input variable (does not change in subroutines),

0 — Output variable (changed in subroutines),

I/O — Computed inside the program given input (changed in subroutines),

INT — INTernal (used for internal control and calculations)

VARIABLES IN COMMON /CONTROL/:

Variable Type Usage Definition

NSIM I*4 INT Number of time steps (Time driven loop),

IFULL

ITOP

I*4

I*4

INT

INT

Maximum number of storage blocks available

in arrays QSTORE and QSSTORE,

Index to outflow from element specified by

ILAT

IOUT

DT

I*4

I*4

R*4

INT

INT

I

NTOP(stored in arrays QSTORE and QSSTORE),

Index for combined lateral inflow (stored in

arrays QSTORE ans QSSTORE),

Index to storage location for computed out-

flow in arrays QSTORE and QSSTORE,

Time step,

DX R*4 I/O Step size,
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NK I*4 I/O Number of step sizes,

ET R*4 I/O Elapsed time for transmission losses,

I,J I*4 INT Loop counters

VARABLES IN COMMON /PARAM/:

Variable Type Usage Definition

DURAT R*4 I Duration (in minutes) of the event simula-

tion

GLEN

XLENGTH

R*4

R*4

I

I

Characteristic length (longest cascade of

planes),

Length of a plane or channel element

WIDTH

SLOPE

R*4

R*4

I

I

Width of a plane (WIDTH-0 indicates a chan-

nel),

Longitudinal slope of a plane or channel,

ALPHA R*4 I/O Slope-resistance coefficient,

POWER R*4 I/O Exponent in discharge equation,

ABASIN R*4 I Area of watershed,

THETA

OMEGA

NTOP

NLEFT

NRIGHT

R*4

R*4

I*4

I*4

I*4

I/O

I/O

I

I

I

Spatial weighting factor in the numerical

equations,

Temporal weighting factor in the numerical

equations,

ID number of the plane contributing to the

top of the current plane or channel,

ID number of the plane contributing to the

left bank of the current channel,

ID number of the plane contributing to the

right bank of the current channel,
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NCHN1

NCHN2

ZL

ZR

BOTTOM

I*4

I*4

R*4

R*4

R*4

I

I

I

I

I

ID number of the contributing upstream

channel segment,

ID number of a second upstream channel

converging with the first,

Slope of left side of channel (COTAN of

angle to horizontal),

Slope of right side of channel (COTAN of

angle to horizontal),

Bottom width of channel.

VARIABLES IN COMMON /STORE/:

Variable Type	 Usage	 Definition

ILIST	 I*4	 INT	 Array for element ID's

QSTORE	 R*4	 0	 Large array partined into blocks for dynamic

storage of all computed outflows,

QSSTORE R*4	 0	 Large array partioned into blocks for dynam-

ic storage of all computed sediment out-

flows.

VARIABLES IN COMMON /PLN/:

Variable Type Usage Definition

NPRECP I*4 I/O Number of rainfall breakpoints,

NSET

M

I*4

I*4

I

I

Number of different rainfall patterns

occurring on the watersherd during an event,

Index for rainfall pattern,

TPRECP R*4 I/O Time corresponding to a given rainfall

intensity,
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PRECP R*4 I/O Rainfall intensity,

RE R*4 0 Rainfall excess rate,

KS R*4 I Saturated hydraulic conductivity,

NS R*4 I Moisture-tension parameter,

FF R*4 0 Infiltration rate,

H1

H2

Ql

Q2

R*4

R*4

R*4

R*4

I/O

I/O

I/O

I/O

Flow depth on the plane at previous time

step,

Flow depth on the plane at current time

step,

Flow rate on the plane or channel at

previous time step,

Flow rate on the plane or channel at current

time step.

VARIABLES IN COMMON /CHN/:

Variable Type Usage Definition

QLAT1 R*4 I/O Lateral inflow at previous time step,

QLAT2 R*4 I/O Lateral inflow at current time step,

QT0P1

QT0P2

Al

A2

CO1

R*4

R*4

R*4

R*4

R*4

I/O

I/O

I/O

I/O

I/O

Inflow from top of channel at previous time

step,

Inflow from top of channel at current time

step,

Flow cross-sectional area at previous time

step,

Flow cross-sectional area at current time

step,

Geometric parameter for channel cross-

sectional area,
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CO2

QSLAT1

QSLAT2

QSTOP

HYRAD1

R*4

R*4

R*4

R*4

R*4

I/O

I/O

I/O

I/O

I/O

Geometric parameter for channel cross-

sectional area,

Sediment lateral inflow at previous time

step,

Sediment lateral inflow at current time

step,

Sediment inflow from the top of element at

current time step,

Hydraulic radius at previous time step,

HYRAD2 R*4 I/O Hydraulic radius at current time step,

TOPWD1 R*4 I/O Top width at previous time step,

TOPWD2 R*4 I/O Top width at current time step.

VARIABLES IN COMMON /SED/:

Variable Type Usage Definition

VISC R*4 I Kinematic viscosity of water,

GRAV R*4 I Acceleration of gravity,

GAMWAT R*4 I Specific weight of water,

GAMSED R*4 I Specific weight of sediment,

SEDSIZE R*4 I Representative particle size,

CLAMBDA R*4 I Parameter for critical shear stress,

RKI

RKR

Cl

C2

R*4

R*4

R*4

R*4

I

I

I/O

I/O

Paramerter for sediment entrainment by

raindrop impact,

Parameters for sediment entrainment by shear

stress,

Sediment concentration at previous time

step,

Sediment concentration at current time step,
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ER1

ER2

SHEAR

R*4

R*4

R*4

I/O

I/O

I/O

Sediment entrainment by overland or channel

flow at previous time step,

Sediment entrainment by overland or channel

flow at current time step,

Shear stress,

SHEARC R*4 I/O Critical shear stress,

FALLVEL R*4 I/O Particle fall velocity (Computed with

El R*4 I/O

Rubey's equation),

Sediment entrainment by rainfall impact.
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STORM EVENT OF 750717 IN WS 63.105

TIME
(MIN)

INFIL
(MM/H)

EXCESS
(MM/H)

RUNOFF
(MM/H)

SEDIMENT
(Kg/m**3)

0.00 26.8428 11.2572 0.0000 0.0000
5.00 7.8291 159.8109 65.7969 12.6406

10.00 6.0332 108.2668 143.0770 12.0977
15.00 5.2172 73.7828 80.6426 9.9383
20.00 4.7276 117.1924 103.2103 11.2996
25.00 4.3930 117.5269 106.3364 11.3239
30.00 4.1464 56.8136 85.2722 9.8412
35.00 3.9551 79.8649 63.8718 9.6330
40.00 3.8014 11.4386 35.0123 8.0941
45.00 3.6745 3.9455 14.3902 6.7484
50.00 3.5675 0.2425 5.9207 5.5368
55.00 2.5400 0.0000 2.4769 4.3143
60.00 0.5410 0.0000 1.2433 3.3702
65.00 0.5410 0.0000 0.7040 2.6757
70.00 0.5410 0.0000 0.4347 2.1753
75.00 0.5410 0.0000 0.2873 1.8148
80.00 0.5410 0.0000 0.2003 1.5506
85.00 0.5410 0.0000 0.1458 1.3523
90.00 0.0000 0.0000 0.1097 1.1998
95.00 0.0000 0.0000 0.0850 1.0799

100.00 0.0000 0.0000 0.0673 0.9836
105.00 0.0000 0.0000 0.0544 0.9047
110.00 1.2700 0.0000 0.0446 0.8392
115.00 1.2700 0.0000 0.0372 0.7838
120.00 0.0000 0.0000 0.0314 0.7365

SEDIMENT YIELD (KG) - 1500.6393

RUNOFF VOLUME (MM) - 59.6531

RUNOFF PEAK (MM/H) - 143.8512
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