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ABSTRACT
In 1985 the USDA - Agricultural Research Service initiated a national project
called Water Erosion Prediction Project (WEPP) to develop a new generation water
erosion prediction technology which will replace the USLE by 1992, the most widely
used technology for estimating soil erosion by water. For simplicity, the WEPP model
was developed assuming quasi-steady state conditions.
An evaluation of the effects of formulating the unsteady state sediment continuity
equation by assuming quasi-steady state conditions is presented. A methodology was
developed to study soil erosion process in rainfall simulator plots treated as a

microwatersheds. This was achieved by explicitly separating interrill and rill areas in
the rainfall simulator plots using areal photographs and microtopographic data. A
detailed analysis was conducted using response surface plots on the model structure of
both formulations of the sediment continuity equation. The shape of the response surface
plots indicated for each formulation whether the soil erosion parameter estimates were
successfully identified. As an additional information, the sediment concentration graphs
and the total sediment yield were used to determine major differences between the two
formulations of the sediment continuity equation. Rainfall simulator plot data collected
in five locations of the US were used for the calibration and validation of the model

WESP.
The unsteady state approach yielded lower values of the objective function than
the quasi-steady state formulation. Using the unsteady state approach, physical
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interpretation may be associated with the soil erosion parameter values K„ Ter , and V e .
The quasi-steady state soil erosion estimates showed a weak and unclear physical
association. The shape of the sediment concentration graphs were similar for both
formulations of the sediment continuity equation. The benefit obtained by using the more
complicated unsteady state approach was a more accurate estimation of the peak, or
maximum, sediment concentration. Total sediment yield estimates from both
formulations were similar. Thus, insignificant benefit was obtained from using the
unsteady state approach. In this study hydrographs reached equilibrium due to the long
duration of simulated rainfall. The two model formulations might perform far differently
under experimental conditions where steady state runoff is not reached.
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CHAPTER ONE

INTRODUCTION

1.1 Problem Statement
Soil erosion and related problems of loss of soil productivity, water quality, and
damage caused by deposition of transported sediment, have been a matter of concern for
scientist and engineers for several decades.
Considerable research has been conducted on empirical methods of analysis of soil
erosion processes together with regression and correlation analysis. The USDA Agricultural Research Service (hereafter ARS) has conducted research from the early

1960's with the idea that erosion prediction technology based on fundamental
hydrological and erosion processes would eventually be developed. Efforts have been
concentrated on process-based models that approximate the fully dynamic sediment
continuity equation by its less complicated steady state equation. Unsteady erosion has
been analyzed using analytical and numerical solutions of the governing equations by
Shirley and Lane, 1978; Lane and Shirley, 1982; Croley, 1982; Singh, 1983; Croley and
Foster, 1984; Lopes, 1987; Lane, Shirley, and Singh, 1988. The ARS and several
Federal agencies, recognized the need to develop improved erosion prediction technology
to replace the Universal Soil Loss Equation (USLE), the most widely used technology
for estimating soil erosion by water (Wischmeier and Smith, 1978). According to Foster
and others (1987), the USLE is mature and restrictive to continual improvement due to
the lack of fundamental or process-based equations within the model structure. In 1985
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the USDA initiated a national project called the USDA Water Erosion Prediction Project

(WEPP) to develop a new generation water erosion prediction technology (Foster and
Lane, 1987). However, for simplicity, WEPP was developed assuming quasi-steady state
conditions, even though erosion is clearly unsteady because of the variation of rainfall
intensity and the rise and fall of runoff during a storm.
The major incentive of this dissertation was recognizing the need to perform an
evaluation of assuming quasi-steady state conditions for the dynamic sediment continuity
equation. Foster et al., 1987 pointed out numerous advantages of using quasi-steady
state conditions. For example, analytical solutions to the governing equations can be
developed when uniform intensity is applied. However, no analytical work has been
carried out to compare the behavior of unsteady and quasi-steady state concentration
graphs in rainfall simulator plots. An additional incentive is the availability of steady and
unsteady runoff and sediment yield data collected in rainfall simulator plots for purpose
of WEPP validation in 1987 and 1988. The WEPP effort developed a comprehensive and
unique data base for a wide range of soils in the continental United States.
This study will focus on the assessment of the effects of approximating the
dynamic sediment continuity equation by the quasi-steady state assumption. A
quantitative comparison between unsteady and quasi-steady state conditions would allow
one to point out drawbacks and benefits of applying either approach to the same site
conditions, so far this has not been done. A firm basis of understanding of this issue will
serve as a foundation for investigation of the dominant factors affecting soil erosion. A
better grasp of soil erosion on rainfall simulator plots as well as more reliable
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mathematical models for soil erosion research and control will ultimately result from this
line of research.

1.2 Objective
The objective of this dissertation is to evaluate the influence of the quasi-steady
state approximation of the dynamic sediment continuity equation on soil erosion and
deposition.

1.3 Approach
The methodology to accomplish the main objective of this dissertation is as
follows. 1) Conceptualization of soil erosion/deposition subprocesses in small and large
rainfall simulator plots. 2) Evaluation of the computer models describing the soil
erosion/deposition subprocesses in small and large rainfall simulator plots for fully
dynamic and quasi-steady state conditions. 3) Comparison between the fully dynamic and
quasi-steady state formulations of the sediment continuity equation.
The soil erosion conceptual model in small rainfall simulator plots is conceived
assuming that detachment and transport by raindrop impact is the major erosive agent and
the only subprocess taking place in overland flow areas. The soil erosion/deposition
conceptual model in large rainfall simulator plots is conceived as three subprocesses
taking place simultaneously in concentrated flow areas. 1) Detachment of soil particles
by hydraulic average shear stress, 2) deposition of soil particles on the bed of the rill,
and 3) transport of soil particles coming into the flow from interrill areas. Following this
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type of hydrologic-erosion element approach gives the model flexibility and allows a
fundamental approach to be taken in overland flow areas and concentrated flow areas.
The conceptual model proposed previously has been implemented in a computer
program named Watershed Erosion and Sediment Yield (WESP) (Lopes, 1987). WESP
is a process-based, event oriented, numerical model developed to simulate the dynamic
erosional and depositional behavior of small watersheds. The computer model WESP
is modified to meet the assumption that deposition in overland flow areas is negligible.
In addition, the concentrated flow erosion component of the program is improved.
Furthermore, WESP is modify to study soil erosion/deposition subprocesses under quasisteady state conditions. Inasmuch as the modified computer programs, fully dynamic and
quasi-steady state, have not been thoroughly tested, it is of paramount importance to
evaluate them using a variety of hydrologic conditions.
The evaluation of the fully dynamic and quasi-steady state models is conducted
according to the areas of the plot where sediment is produced and made available for
transport. The model considers soil erosion in overland flow areas by rainfall impact and
transport by broad sheet flow. In addition, the model considers soil erosion and
deposition in concentrated flow areas. The evaluation of the computer program is
explained further below.

Evaluation of the modified computer program WESP
a) Soil detachment in overland flow areas
Two different models for interrill detachment are evaluated. The rainfall
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simulator interrill plot data are used to identify which of the two models is appropriate.
By analyzing the observed hydrograph and sediment concentration graph from interrill
plots, the steady state discharge rate is identified and the corresponding average quasisteady state sediment concentration is determined from the sediment concentration graph.
At steady state conditions, rainfall excess is assumed equal to the steady state discharge
rate. Solving the dynamic sediment continuity equation under quasi-steady state
conditions provides an analytical solution for the sediment concentration. The interrill
parameter, Ki , is estimated from the quasi-steady sediment concentration solution for
each of the two models as explained below. Consequently, a set of two IÇ values are
obtained for each experimental plot. These are used later as initial value to obtain the
unsteady state sediment concentration solution for each of the two interrill models. To
identify the interrill model, the dynamic sediment continuity equation is solved
numerically utilizing the modified WESP program. The simulated unsteady state
sediment concentration graphs are compared to the observed interrill sediment
concentration graphs. Minimization of the least squares objective function provides a
criterion to identify the optimal interrill erosion model. The verification of the interrill
erosion model is carried out using observed rainfall simulator hydrographs and sediment
concentration graphs on interrill plots collected in 1987. Similarly, the validation process
is performed using rainfall simulator hydrographs and sediment concentration graphs
measured in 1988.
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b) Soil detachment and deposition in concentrated flow areas.
The processes of detachment and deposition in concentrated flow areas are
described by the sediment continuity equation for channels. The application of this
equation requires the estimation of erosion parameters such as rill erodibility coefficient,
Kr , critical shear stress, Ter , and a fall velocity parameter, 13. To accomplish the
evaluation of the rill erosion component, synthetic sediment concentration graphs and
observed sediment concentration graphs from large rainfall simulator plots are used. For
each rainfall simulator plot concentrated and overland flow areas are identified based on
microtopography and three dimensional areal photographs. Using the synthetic sediment
concentration graphs, the model's structural behavior is examined using response surface
plots. The shape of the response surfaces gives information related to the identification
of nuisance parameters in the model. The identification of a nuisance parameter allows
the model user to modify the model either by changing the mathematical formulation of
the conceptual model or by omitting the parameter. The response surface plots are
obtained by minimizing the least squares objective function. The verification of the rill
erosion model is conducted using observed rainfall simulator hydrographs and sediment
concentration graphs on the large plots measured in 1987. The validation is
accomplished using an independent set of rainfall simulator hydrographs and sediment
concentration graphs.
The sediment continuity equation along a channel is solved numerically for quasisteady state conditions using the Runge-Kutta algorithm. The evaluation of the computer
program under quasi-steady state conditions is conducted following the same methodology
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outlined above.
The comparison between the fully dynamic and the quasi-steady state formulations
of the sediment continuity equation is conducted as follows. Difference in structure
model behavior is assessed by analyzing the shape of the response surface plots for each
formulation of the sediment continuity equation. The soil erosion parameter estimates
provide additional information about the differences between the fully dynamic and the
quasi-steady state formulations of the sediment continuity equation. Discrepancies among
observed, simulated quasi-steady state, and simulated unsteady state sediment
concentration graphs and total sediment yield estimates provide a frame of reference to
evaluate the quasi-steady state assumption being used in some existent erosion models in
the literature.

1.4 Contribution
The results reported in this dissertation will contribute to erosion modeling by
providing guidelines and answers to some of the questions posed by researchers in the
past. This work will provide insight as to whether the quasi-steady state assumption that
has been applied in recent state-of-the-art soil erosion models is a faithful representation
of the dynamic soil erosion processes. In addition, results presented here will answer
questions such as the one raised by Lane, et al., (1987) in the 1987 International Winter
Meeting of the ASAE. They stated that the influence of the approximation made in
formulating the dynamic sediment continuity equation to determine soil erosion by its
quasi-steady state equation was still unknown.
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Data bases are of paramount importance in modeling. The closer the modeler
wants to approximate the real world the more data are required. Consequently, unsteady
state soil erosion modeling will require a greater effort to collect data, whereas steady
state simulation requires less effort. Therefore, based on the discrepancies between
unsteady and quasi-steady soil erosion modeling, researches and practitioners may
consider different means of collecting data using rainfall simulators.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction
This review of literature presents the information on the mathematical modeling
of soil erosion by water most relevant to this dissertation.
To model soil erosion subprocesses, one needs to recognize that simplifications
to the real world are required. In this study, the real world is soil erosion and deposition
on rainfall simulator plots. A representation or a hypothesis of the real world, is a
"Conceptual Model". This survey of literature concentrates on the characterization of
the Conceptual Model by mathematical models that incorporate laws of physics to
describe soil erosion subprocesses. This type of models are called process-based models.
According to Woolhiser (1973), models that are not based on laws of physics are called
empirical models. The empirical model is merely a representation of the data and should
not be applied outside the range of data from which they were obtained. A brief review
is conducted here about empirical models; inasmuch as, at the present time, the most
widely used model to estimate water erosion is the Universal Soil Loss Equation (USLE)

(Wischmeier and Smith, 1978). According to Foster (1987) and Lane et al., (1987), this
technology is somewhat restrictive to continual improvement due the lack of fundamental
process-based equations within the model structures. Fundamental erosion subprocesses
were described as early as the 1940s (ie, Ellison, 1947 and others) and represented in
form of useful equations by the 1960s (Meyer and Wischmeier, 1969). Recent advances
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in hydrology, computer science, and erosion science have provided the means of
developing improved erosion prediction technology based on infiltration theory,
hydrodynamics of overland flow and channel flow, and interrill and rill erosion
subprocesses. Recently the USDA formulated a national project to develop an improved
erosion prediction technology to replace the USLE. The USDA Water Erosion
Prediction Project (WEPP) is designed to produce a computer-based erosion prediction
technology with a fully developed and implemented version in use by 1992 (Foster et al.,
1987).

This literature review includes a brief description on the work related to empirical
models, and a more detailed overview of the work that has been conducted on processbased models. The literature review on process-based models is conducted as follows.
Models using the fully dynamic sediment continuity equation (Bennett, 1974; Hjelmfelt,
Piest and Saxton, 1975; Smith, 1976; Shirley and Lane, 1978; Croley, 1982; Singh and
Regl, 1983; Rose and Freebairn, 1983; Lu, Foster, and Smith, 1987; Lopes, 1987; Lane,

Shirley, and Singh, 1988) and models applying the dynamic sediment continuity equation
assuming steady state conditions (Foster and Meyer, 1972) are discussed. In addition,
emphasis is placed on the terms of the right hand side of the sediment continuity
equation. These terms represent the input flux of soil erosion by raindrop impact in
overland flow areas and/or, soil erosion and soil deposition fluxes in concentrated flow
areas. Soil erosion by raindrop impact and soil erosion by concentrated flow have been
studied extensively by Meyer and Monke, 1964; Meyer, Foster and Romkens, 1975 b;
Foster and Meyer, 1972; Alonso, Neibling and Foster, 1981; Foster, Lombardi and
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Moldenhauer, 1982; Gilley, 1982; Gilley, Woolhiser, and McWhorter, 1985; Gilley and
Finkner, 1985. Further description of this issue is provided in a later section. A

thorough overview is included on soil parameter identification related to subprocesses of
soil erosion by raindrop impact and soil erosion in concentrated flow areas (Blau,
Woolhiser and Lane, 1988; Nearing, Page, Simanton and Lane; 1989; Page, 1988).

2.2 Empirical Models
As reported by Meyer (1984) and Nyhan and Lane (1986), the evolution of soil
erosion research is divided into four historical periods.
The first period (1890 - 1940) is described as a period where most of the factors
affecting erosion were obtained in a qualitative sense (Cook, 1936). The earliest
quantitative erosion measurements in the U. S. were begun in 1912 on overgrazed
rangeland in Central Utah (Sampson and Weyl, 1918). Miller and colleagues at the
Missouri Agricultural Experiment Station are credited with the concept of erosion plot
research such as is used today (Duley and Miller, 1923). These early plots, which were
90.75 feet long and 6.0 feet wide, are now a national historic monument on the

University of Missouri campus in Columbia.
Most of the empirical erosion prediction equations began during the second
period (1941 - 1954) with analysis of the plot data from the experiment stations
developed in the 1930's. Research conducted in the Corn Belt of the United States
resulted in a soil loss estimation procedure incorporating the influence of slope length and
steepness (Zingg, 1940), conservation practices (Smith, 1941; Smith and Whitt, 1947),
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and soil and management factors (Browning et al., 1947). In 1946, a national committee
assessed the Corn Belt factor values, included a rainfall factor, and produced the
resulting Musgrave equation (Musgrave, 1947). The National Runoff and Soil Loss Data
Center was established by the USDA-ARS at the Purdue University in 1954, under the
direction of W. H. Wischmeier, with the intention of developing an erosion prediction
equation compatible with data available throughout the nation.
During the third period (1955 - 1965), the Universal Soil Loss Equation (USLE)
(Wischmeier and Smith, 1965) was developed by the United States Department of

Agriculture (USDA), Agricultural Research Service (ARS) in cooperation with the USDA
- Soil Conservation Service and state agricultural experiment stations. The USLE is the

most complete and widely used technique currently available for estimating average
annual interrill plus rill erosion from rainstorms on plots and hillslope segments in upland
areas. It does not include erosion from gullies or streambanks, snowmelt erosion, or
wind erosion. It includes the six major factors that affect upland soil erosion by water:
rainfall erosivity, soil erodibility, slope length, slope steepness, cropping and
management techniques, and supporting conservation practices. It is the result of
methodical statistical analyses of erosion studies conducted at many locations in the
United States during a half century of research. The USLE has been used as a working
tool by conservationists, technicians, and planners. To overcome the situations where
the USLE is not applicable, several modifications have been proposed. Renard et al.,
(1974) modified the USLE to estimate sediment yield from semiarid rangelands of the

Southwest United States. They incorporated a channel erosion factor into the original
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USLE equation. Williams (1975) modified the USLE by replacing the rainfall erosivity
factor with a runoff factor (volume of runoff times peak runoff rate) for an individual
storm. The new equation, commonly referred to as the Modified USLE or MUSLE,
allows estimation of sediment yields for individual storm events.
During the four period (1965 -1989) additional and experimental results were
incorporated, resulting in the current USLE (Wischmeier and Smith, 1978), and remains
the most widely used tool in predicting upland erosion.
Concurrent with the USLE technology, Meyer and Wischmeier (1969) presented
relationships for the major erosion subprocesses and incorporated them in a model of
overland flow erosion which formed the fundamental basis of process-based erosion
models.
The following section deals with process-based erosion models resulting from
research results cited above.

2.3 Process-Based Models
A process-based erosion model as defined here is a model that incorporates laws
of physics to describe soil erosion subprocesses.
Research on process-based erosion and deposition modeling has taken two basic
approaches. 1) The first assumes, for simplicity, steady state erosion even though the
erosion/deposition process is unsteady. 2) The second type of approach to modeling soil
erosion and deposition assumes unsteady state or dynamic conditions.
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2.3.1 Steady State Soil Erosion Modeling

This section concentrates on the work that has been conducted on steady state soil
erosion modeling. Major models using this approach are those developed by Mayer and
Wischmeier (1969), Foster and Meyer (1972), Komura (1976), Meyer et al. (1983) and

Rose et al., (1983).
Meyer and Wischmeier (1969) presented a mathematical erosion model to describe
the process of soil erosion by water. The main objective of the study was to evaluate the
feasibility of separating the soil erosion process into several subprocesses. Four major
subprocesses were identified: a) detachment by rainfall, b) transport by rainfall, c)
detachment by runoff, and d) transport by runoff. Results showed that the model was
able to simulate soil erosion for several combinations of slope shape, slope steepness and
length, rainfall intensity, infiltration rate and soil detachability. However, the authors
recognized the need to incorporate into the model the additional components of the time
required for soil and water to move downslope and the manner in which some of the soil
properties that affect detachment and transport change with time.
Foster and Meyer (1972) obtained a closed-form solution to the sediment
continuity equation assuming steady state conditions and constant rainfall excess. The
continuity equation for mass transport and an interrelationship between deposition and
sediment load formed the basis of the model. The erosion subprocess was separated into
interrill and rill erosion areas. They defined interrill erosion area as the area where

raindrop impact is the major source of soil detachment. Rill erosion area was defined
as the area where concentrated flow was the major source of soil erosion. They used a
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kinematic overland flow model to compute the hydraulics for the erosion simulation
model.
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 distribution from cropped 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 et al. (1983) developed a quasi-steady state mathematical model of sediment
concentration. They assumed that slopes were not steep and that the channel or gully
processes of rapid mass transport involving gravity were not significant causes of
sediment transport. In addition, they assumed that sediment flux can be represented
approximately without explicit description of rill features when these were present in an
erosion event. The soil erosion subprocesses represented in the model were: 1) rainfall
detachment, in which raindrops splash sediment from the soil surface into the water of
overland flow; 2) sediment deposition, which is the result of sediment settling out under
the action of gravity; 3) entrainment of sediment, the subprocess whereby overland flow
picks up sediment from the soil surface, whether in rills, between rills, or in sheet flow
without rills. The time component from the first-order partial differential equation
expressing conservation of mass of sediment was canceled to obtain a quasi-steady state
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solution for sediment concentration analytically. The solution gives sediment
concentration as a function of distance down the plane in terms of four defined soil
factors: the slope of the land, two separate cover factors, and the rainfall and runoff
rates. The solution for the sediment concentration is calculated repeatedly at some
relatively small time interval. In each calculation, the time-dependent parameters were
taken to have their mean value for the time interval.

2.3.2 Unsteady State Soil Erosion Modeling

In general, the unsteady state flow and sediment equations have been solved
analytically using the method of characteristics or numerically by finite difference
methods.
This section presents major contributions to the development of both analytical,
and numerical models.

Analytical Models
Major contributions to the development of analytical models are those presented
by Hjelmfelt et al. (1975), Shirley and Lane (1978), Lane and Shirley (1982), Croley
(1982), Singh (1983) and others.
Hjelmfelt et al. (1975) developed a model to simulate erosion due to rainfall on

upland areas based on the sediment continuity equation and relationships for interrill
sediment detachment and the interaction between flow detachment and sediment load.
The fluid flow was described by the kinematic wave equations. They solved the coupled
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partial differential equations applying the method of characteristics. Major assumptions
made to obtain an analytical solution for the sediment concentration were: 1) constant and
uniform rainfall excess and 2) the soil material was treated as if it was traveling in a
sheet across the land surface. This incorrect hypothesis was accounted for in various
coefficients which were determined experimentally. The resulting two differential
equations described the time-space distribution of sediment concentration and transport
rate for the rising limb and steady state portion of the runoff 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.
Croley (1982) applied the kinematic flow equations and the continuity equation
for sediment flow for a single rill in overland flow. In the sediment continuity equation,
entrainment (temporary detachment) and deposition (temporary settlement) were modeled
directly instead of representing their difference (erosion or net deposition) as a single
term. The method of characteristics was used to solve the unsteady flow equation with
uniform rainfall excess. As a result, three analytical expressions describing sediment
concentration were obtained: the first for the rising limb of the hydrograph, the second
for the first portion of the steady state part of the hydrograph, and the third for the
remaining portion of the steady state part of the hydrograph. An important contribution

in this work was that equations describing both fluid and sediment movement were
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derived for a rifled surface by assuming a prismatic rill development in which the rills
were identical and had a triangular shape, thus avoiding a sheet flow approximation.

Croley compared the sheet flow approximation with the rill hydraulic model and found
that either entrainment was overestimated (at large depths) or underestimated (at small
depths) with respect to deposition.
Singh (1983) derived explicit solutions to kinematic equations for erosion on a
plane subject to constant rainfall of finite duration. Singh presented complete solutions
for both equilibrium and potential equilibrium conditions. In his derivation of solutions
two cases were considered. The first case, rainfall and infiltration were treated through
rainfall excess, and the second case, rainfall and infiltration were considered
concurrently.
In spite of the great effort in attempting to present analytical solutions to couple
unsteady runoff-erosion models, the simplifying assumptions necessary to analytically
solve the kinematic wave equations for overland flow restrict the formulation and
application of the erosion model. Numerical solutions seem to be less restrictive in
allowing more sophisticated formulations of the erosion model.

Numerical Solutions
In general, numerical solutions to the sediment continuity equation have been
developed for modeling soil erosion subprocess on small watersheds. The advantage of
numerical techniques in solving the sediment continuity equation is that one need not to
make as many assumptions as is required for the derivation of analytical solutions. The
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disadvantages of numerical techniques compared with analytical solutions is that the
former usually require more computer time, the solutions are approximations of the real
solutions, and the mathematics required for sensitivity analysis and other manipulations
may be unavailable or very complex and difficult (Lane et al. 1988). Major
contributions in this area of soil erosion modeling are those presented by Li, Simons, and
Stevens (1975), Smith (1976), Lopes (1987), and Woolhiser, Smith and Goodrich (1990).
The numerical model presented by Li et al. (1975) simulates the physical
processes by which water and sediment are moved along overland flow planes and down
creeks and rivers in watersheds. Some of the processes modeled are interception and
infiltration from rainfall, overland flow from excess rainfall, sediment production due to
raindrop impact, sheet erosion by overland flow, channel erosion, and the water and
sediment routing through the channel system. The model uses a nonlinear kinematicwave approximation to route water and sediment overland flow planes and in channels.
The overland flow sediment component of the model computes the amount of soil
detachment by raindrop impact and overland flow, the amount of wash load pickup and
transport by surface runoff, and the bed-material load movement. The amount of soil
detachment by raindrop splash is assumed to be a power function of rainfall intensity.
The soil detachment by surface runoff is considered as the result of bed-material load
movement. The local transport capacity of bed-material load is assumed to be a function
of local effective bed shear stress. A combination of Meyer-Peter-Muller (1948) bed
load equation and the Einstein suspended load procedure (Einstein, 1950) is the sediment
transport equation. The computation is carried out utilizing a finite difference numerical
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procedure coupled with the overland surface water routing.
The wash load and bed-material load are routed through the channel system
through the channel sediment routing component. The computation results include the
wash load and bed-material load sedigraphs and the total sediment yield at the watershed
outlet. The procedures of routing wash load and bed-material load are similar to those
used in the overland flow sediment routing. The amount of degradation and aggradation
in the channel system is determined by using the continuity for sediment. Simons et al.
(1975) tested the applicability of their model on the Beaver Creek Watershed, Arizona.
They found a satisfactory agreement between measured and simulated hydrographs.
Because there is no measured sediment hydrograph, no comparison was made. However,
sediment yield from the watershed was within thirty percent error. The authors claimed
that the model can be used to synthesize missing data and to predict the response of
watersheds to various types of watershed management practices. Smith (1976)
incorporated the differential equation for continuity of suspended sediment into the a
kinematic numerical model for hydraulic response of a watershed surface. The model
includes an algebraic infiltration function and has the ability to accept complex rainfall
patterns. Relatively complex watershed shapes may be simulated using a watershed
composed of small branched channels fed by an arrangement of non-rectangular,
converging planes with complex slopes. The model uses empirical functions for rate of
detachment by raindrop impact and transport capacity of flowing water. A linear
erosion-deposition rate model is used so that over an interval (et), average erosion or
deposition rate may be calculated. The results presented by Smith on a hypothetical
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watershed demonstrated the sensitivity of the model to compute soil erosion by raindrop
impact and flowing water using different models.
The Watershed Erosion Simulation Program (WESP) (Lopes, 1987) is a processbased, event-oriented, numerical model developed to simulate the dynamic erosional and
depositional behavior of small watersheds. According to Lopes, the two specific
purposes of the 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 application purposes. Further
details on Lopes work will be given in subsequent sections of this dissertation.

Woolhiser, Smith and Goodrich (1990) developed a distributed, event-oriented,
process-based model (KINEROS) describing the process of surface runoff and erosion
from small agricultural and urban watersheds. It is a distributed model because the
watershed surface and the channel network are represented by a cascade of planes and
channels. Each plane may be described by its unique parameters, initial conditions and
precipitation inputs, and each channel may be described by unique parameters. It is an
event oriented model because it does not have components describing evapotranspiration
and soil water movement between storms and therefore cannot maintain a hydrologic
water balance between storms. It is process-based because the mathematical models used
to describe the components are based upon physical principles such as conservation of
mass and momentum.

KINEROS accounts separately for erosion caused by raindrop energy and erosion
caused by concentrated flow. The general equation used in KINEROS to describe the

38
sediment dynamics at any point along a surface flow path is a mass balance equation
similar to that for kinematic water flow (Bennett, 1974). The approach to sediment
transport simulation for channels is nearly the same as for upland areas. The major
difference is that erosion by raindrop impact is neglected in channel flow, and the rate
of lateral sediment inflow becomes important. The choice of transport capacity relation
may be different for the two conditions; however, for upland areas the lateral sediment
rate inflow is zero, whereas for channels it is the important addition that comes with
lateral inflow from surface elements. The close similarity of the treatment of the two
types of elements allows the program to use the same algorithms for both types of
elements.

2.4 Conceptualization of Erosion and Deposition Processes

An important aspect in this part of the literature review is the treatment of the
right hand side of the sediment continuity equation. The right hand side of the sediment
continuity equation represents the contribution of soil loss by raindrop impact and water
flowing in broad sheet flow areas. Similarly, in channel elements, the right hand side
represents soil loss by concentrated flow and/or deposition, and lateral sediment inflow
from lateral broad sheet flow areas.
The erosion/deposition process in broad sheet flow areas and in concentrated flow
areas is discussed below.
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2.4.1 Erosion and Deposition Processes in Broad Sheet Flow Areas

According to Foster (1982), both detachment and transport of soil particles occur
in interrill areas. Detachment is almost entirely by raindrop impact. The detached soil
particles are transported to the rills by the combined action of the thin, interrill sheet
flow and raindrop impact.
Many equations have been proposed for relating soil detachment to various
rainfall characteristics. Raindrop diameter and velocity were used as variables in
empirical detachment formulas developed by Ellison (1944) and Bisai (1960). The effect
of a rainfall erosivity factor, ET, on soil detachment was evaluated by Free (1960).
Equations relating detachment to rainfall intensity have been presented (Meyer and
Wischmeier, 1969; Foster and Meyer, 1972, and 1975; Foster et al., 1977; Gilley and
Finkner, 1985). Kinetic energy was used in detachment formulas proposed by Ekerri
(1950), Rose (1960), Bubenzer and Jones (1971), and Quansah (1981). A set of raindrop

impact soil detachment equations as a function of rainfall intensity and rainfall excess are
studied further in this dissertation.
Transport on interrill areas is difficult to model. In most models, any transport
effect on interrill areas is included with the detachment relationship. The transport
capacity of interrill flow is greatly enhanced by impacting raindrops that lift and splash
particles up into the flow so that the flow can more easily move them toward a rill.
Although extensive literature exists on the transport of sands by stream flows,
very little information is available on the transport of aggregates and very fine primary
particles by overland flow. No widely accepted transport formula has been developed
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for this range of flow conditions, mostly because of the scarcity of pertinent data. The
result is that sediment transport formulas are often used indiscriminately. Alonso et al.,
1981 evaluated a number of sediment transport formulas suitable for watershed modeling.
They concluded that the Yalin formula can be used to compute sediment transport
capacities for overland flows. It gave satisfactory results for the range of sizes and
densities characteristic of field situations and can also be used with confidence to predict
transport rates of light materials in concentrated flows.

2.4.2 Erosion and Deposition Processes in Concentrated Flow Areas
There are two basic approaches to conceptualize the erosion/deposition process
in concentrated flow areas (Rose, 1985). The first approach uses the concept of "potential
sediment load". The second approach uses the knowledge of instantaneous
erosion/deposition rates. These two approaches are further explained below.
According to Rose (1985), the first approach combines the entrainment and
deposition subprocesses. Thus, use of terms such as "rill erosion rate" or "deposition
rate" must be interpreted as net quantities. A model of this nature was presented by
Foster and Meyer (1972). Foster and Meyer (1972) introduced the concept of "potential
sediment load" to decide if net deposition will occur in the plane. In the model of Foster
and Meyer (1972), potential sediment load is the combination of the amount of sediment
brought to the rill by the interrill flow and the sediment entrained within the rill. Net
deposition will occur if the potential sediment load exceeds the transport capacity of the
flow. Conversely, detachment by flow may occur when transport capacity exceeds
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potential sediment load.
In the second approach, two subprocesses affecting sediment concentration are
conceived as acting continuously and therefore simultaneously. The first, sediment
entrainment by concentrated flow is the subprocess whereby flow picks up sediment from
the soil surface by stresses that exist between the soil surface and water flowing. The
second, sediment deposition is a continually occurring subprocess owing to sediment
settling out under gravity. The rate of deposition depends on sediment size and fall
velocity. The resultant sediment concentration is determined by the relative magnitude
of these different rates and the lateral sediment inflow from overland flow areas. The
work by Rose and Freebairn (1983), Croley and Foster (1984), and Lopes (1987) are
examples of the application of the second approach to handle the right hand side of the
sediment continuity equation. This representation of entrainment and deposition as
separate subprocesses marks an important conceptual difference between methods of
representing the right hand side of the sediment continuity equation.
In this work, the right hand side of the sediment continuity equation is approached
by instantaneous rates of soil detachment by concentrated flow and instantaneous rates
of sediment deposition. A brief survey on the concept of transport capacity of the flow
is given next.
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2.4.3 Transport Capacity of Concentrated Flow
A basic erosion modeling concept, using the first approach, is that sediment load
in flow is limited by either the sediment available for transport or by the flow's transport
capacity (Foster, 1982). The equation for transport capacity is a fundamental part of an
erosion model. Whether or not deposition is calculated depends on the amount of
transport capacity relative to the sediment load made available by the detachment process.
Most commonly, sediment transport capacity is computed assuming that the sediment is
uniform in size and density. However, in problems where calculation of segregation of
sediment during deposition is important, the transport capacity equation must be modified
to allow for nonuniform sediment. Various relationships have been used in erosion
models to describe transport capacity in concentrated flow areas. These include simple
relationships like that of Meyer and Wischmeier (1969). Other equations that have been
used are the DuBoys (Young and Mutchler, 1969b; Foster and Huggins, 1977); the
Meyer-Peter and Muller (Li, 1977); the Einstein (Li, 1977; Barfield et al., 1977); the
Yang (Smith, 1977); the Yalin (Foster and Meyer, 1972); and the stream power model
of bed-load transport by Bagnold (1977). Loch et al. (1989) presented a thoroughly
review on sediment transport capacity equations.
Modeling soil erosion applying the second approach requires explicit equations
of soil detachment and soil deposition rates.
A general equation, initially developed for bed-load transport capacity by
researchers working with channel sedimentation, expresses bed-load transport as
proportional to a power of the difference between actual shear stress, and a "critical"
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shear stress (Graf, 1971). This class of equation is classified as a DuBoys type equation,
considering a shear stress relationship. Other class of equation is the Schoklitsch type
equations, which consider a discharge relationship.
Soil deposition is calculated from particle size and density. Particle fall velocity
may be calculated from particle density and size by assuming the particles have drag
characteristics and terminal fall velocities similar to those of spheres (Fair and Geyer,

1954). The magnitude of the fall velocity reflects a balance between the downward force
due to the submerged particle weight and opposing forces due to viscous fluid resistance
and inertia effects. When Reynols number is less than 0.1, for small particles in the siltclay range ( < 0.0625 mm diameter), viscous resistance dominates and inertia is
negligible (Rubey, 1933a). The fall velocity varies as the square of the particle diameter.
For gravels ( > 2mm), the particle Reynols number exceeds 1000, the fall velocity is
controlled by inertia rather than by viscous resistance. Sand grains, however, in the
intermediate 0.0625 - 2 mm size range, are influenced by a combination of viscous and
inertial forces. The fall velocity of silts and clays is defined by Stokes' Law (Stokes,

1851), which balances a downward force due to the submerged particle weight and
viscous resistance force. The viscous resistance depends on the surface area, the
dynamic viscosity, the relative velocity of water passing the particle (the fall velocity),
and a drag coefficient which varies with the Reynolds number.
Some existing erosion models using fall velocity relationships for soil deposition
are CREAMS (Knisel, 1980), WESP (Lopes, 1987), KINEROS (Woolhiser et al., 1990),
and WEPP (Lane and Nearing, 1989).
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2.5 Soil Erosion Parameter Identification
Existing process-based erosion simulation models have no established parameter
values for a variety of situations. In most studies, parameters values are estimated by
physical reasoning, or are found by fitting observed data using optimization techniques
(Blau et al., 1988).
Laflen et al. (1987) outlined a procedure for determining soil erodibility

parameters in cropland soils from field rainfall simulation experiments. The method
involved adding clear water inflow at different discharge rates to the upper end of
preformed rills and making flow measurements within the rill to calculate an average
hydraulic shear stress for each inflow rate. They used regression analysis to determine
the slope of the relationship between rill detachment rate and hydraulic shear. The slope
of the regression line is the rill erodibility rate parameter and the intercept is the
threshold parameter, r„.
Blau et al. (1988) used an optimization procedure to identify erosion model
parameters for the dynamic erosion model of Shirley and Lane (1978). They optimized
two parameters, a sediment transport term and a rill detachment rate term. The model
did not include a threshold term for rill detachment. In that study, the model was
relatively insensitive to the rill detachment rate term.
Nearing et al. 1989 developed and evaluated an optimization method for
determining erodibility parameters from field data for the WEPP profile model. The
model uses a steady state sediment continuity equation as a basis for calculating sediment
loads, hence the parameters evaluated in this study are for the steady state equation. The
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method was used to optimize simultaneously for the interrill erodibility parameter, the
rill erodibility parameter, and the critical shear stress. The objective function used in
their investigation was a least square difference between predicted and measured field
values of sediment load. The method used to optimize the objective function was as
follows: 1) obtain initial values of the erodibility parameters and critical shear stress as
an input, 2) use the erosion model to calculate sediment loads for an array of the
parameters to be optimized, 3) evaluate for each point on the array the least squares
objective function, 4) determine the minimum of the function, 5) reset to correspond to
the minimum point of the array the central value of the parameters. Then the program
calculates a new central values with a finer grid mesh and finds the minimum. The
process was repeated for successively finer grids. Nearing et al. (1989) concluded that
the response surfaces of the model were well behaved. Local minima on the response
surfaces were not found. Some interdependence of parameters was evident, but the
dependence was not found to cause problems in identifying the erodibility parameters.
Page (1988) evaluated the effect on the erodibility parameters of calculating rill
shear from overland sheet flow compared with flow partitioned into rills. The erodibility
parameters were found by applying an optimization technique and with two different
versions of the erosion model. The optimization for the two versions differed in the
parameter values obtained. Values for the rill detachment parameters were generally
found to be lower for the model that estimated shear stress from sheet flow. Page
concluded that shear stress estimates based on partitioned flow were more accurate than
those based on sheet flow; therefore, erodibility parameter values should be estimated
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with a model that uses partitioned flow to calculate shear stress. Another reason to use
partitioned flow for parameter estimation, based on Page's work, is that when flow is
partitioned and rill spacing increased, flow into rills is increased so that parameter values
need not be adjusted as rill spacing changes. However, if shear stress is estimated using
the sheet flow assumption, parameter values must be adjusted every time rill spacing
changes.

2.6 Summary
The purpose of this section is to present a brief summary of the literature review,
but most importantly to couple the ideas already developed in the literature with the main
ideas outlined in this work.
At the present time there are two main model classification to simulate soil
erosion by water: 1) empirical models, and 2) process-based models. The most widely
used model is the USLE, which belongs to the empirical model classification. However,
it is in the process of being replaced by a new erosion technology called WEPP. WEPP
is a process-based model which it is being developed by the USDA-ARS. Among
process-based models, there are two main approaches to formulate the sediment
continuity equation. One approach is to consider the sediment continuity equation time
invariant, and the second approach is to consider it as time variant. Analytical and
numerical solutions have been found for the sediment continuity equation, these solutions
depend upon whether the sediment continuity equation is time-variant or otherwise and
whether the rainfall excess rate is constant or otherwise. The right hand side of the
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sediment continuity equation has been formulated in two ways. The first approach uses
the concept of potential sediment load. This term is used to determine whether
detachment or deposition occur. That is, net deposition will occur if the potential
sediment load exceeds the transport capacity of the flow. Conversely, net detachment
by flow will occur when transport capacity exceeds potential sediment load. The second
approach assumes that sediment detachment by concentrated flow and sediment deposition
occur simultaneously. Therefore, the resultant sediment concentration is determined by
the relative magnitude of these different rates, and the lateral sediment inflow rate from
overland flow areas.
Most of the research on soil erosion by water in rainfall simulator plots has been
conducted either treating the plot with no predefined rill areas, assuming broad sheet
flow, or as a plot with predefined rill areas. In the first case, the interrill and rill soil
erosion processes are lumped in a single sediment continuity equation. That is, soil
erosion processes taking place in these hydraulically different elements are driven by the
flow continuity equation for overland flow. As a result, sediment concentration is
computed based on an average flow depth across the plane. In the second case, when
predefined rill areas exist, soil erosion processes in rills are coupled with the flow
continuity equation describing flow characteristics in concentrated flow areas. In the
latter case, the lateral sediment inflow is treated as an explicit source term in the right
hand side of the sediment continuity equation. The main disadvantages using the first
method are 1) underestimation of soil erosion in rill areas, and 2) interrill and rill
parameter identification problems. The second method is valid only for computation of
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sediment concentration in rill areas.
The problem of soil parameter identification is severe when the interrill and rill
erosion processes are lumped.
The parameter identification problem in soil erosion modeling has not been studied in
detail. Most of the work in this area has been carried out lumping interrill and rill areas,
assuming quasi-steady state conditions, and/or constant rainfall intensity rates. As a
result, response surfaces between interrill and rill parameters show a large
interdependence between parameters.
Considering previous research results, in this study, the rainfall simulator plot is
considered as a microwatershed. Consequently, soil erosion processes in interrill and rill
areas are expected to occur simultaneously. Furthermore, to avoid severe soil parameter
identification problems between interrill and rill areas, these areas are treated as
hydraulically separate. Therefore, a set of two flow continuity equations is used in the
simulation of soil erosion in the simulator plots. One equation is used to describe flow
in interrill areas and to drive the sediment continuity equation for erosion processes in

interrill areas. The other equation is used to describe flow in concentrated flow areas
and to drive the sediment continuity equation for erosion processes in rill areas.
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CHAPTER THREE
MODEL DESCRIPTION

3.1 Introduction
The first step in any modeling effort involves the construction of a conceptual
model. The construction of a conceptual model is largely a subjective process. The
modeler develops a mental picture of the system and determines the most important
natural or man-induced processes that drive it. A set of models controlling these
processes is prepared and equations describing these models are written and programmed
for the computer. If the resulting model fails to properly mimic the real system, the
underlying concept and mathematics may have to be modified. In practice, such
modification is usually accomplished by trial and error.
In this chapter, I shall depict the conceptual model, which is a representation of
soil erosion and soil deposition in rainfall simulator plots, and describe the appropriate
flow, and erosion equations for unsteady and steady state conditions.

3.2 Conceptual Model
The conceptual model conceived herein is the description of soil erosion and
deposition on rainfall simulator plots. The rainfall simulator plot is hydraulically treated
as a microwatershed; consequently, processes that occur in large watersheds are observed
also at small scale such as overland and concentrated flow. Soil erosion processes on
small watersheds may occur differently, or may not even occur at all. For instance, soil
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detachment by raindrop impact, detachment by broad sheet flow, and deposition of
suspended soil particles in the flow are commonly observed to occur simultaneously in
overland flow areas in large watersheds. Conversely, at the microwatershed scale, the
deposition process of soil particles in overland flow areas is difficult to observe and
quantify. Consequently, it can be neglected if field data support this observation.
As will be seen, a well defined conceptual model will simplify the task of defining
the appropriate governing equations to describe the processes in question.
The task to conceive the conceptual model is difficult because soil erosion and
deposition processes are driven by hydrologic processes. The major hydrologic and
erosive processes identified in a microwatershed are broad sheet flow, concentrated flow,
detachment and transport by raindrop impact, transport of soil particles by broad sheet
flow, detachment by hydraulic shear stress of the flow, and deposition of soil particles
in concentrated flow areas. The rainfall simulator plot treated as a microwatershed is
depicted in Figure. 3.1.

3.2.1 Soil Erosion in Interrill Areas

The main soil erosion subprocesses taking place in interrill areas are detachment
and transport by raindrop impact and transport by broad sheet flow. Thus, an
understanding of the interrill soil erosion processes requires knowledge of the mechanics
of the soil particle detachment and transport by raindrop impact and transport by sheet
flow. In this study two equations to obtain soil detachment and transport by raindrop
impact as a function of rainfall intensity and rainfall excess are evaluated. These
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equations have been widely accepted. However, the evaluation will provide the equation
that best mimics the actual conditions measured on the experimental plots. The
evaluation of the two equations is carried out in Chapter four. The water depth plays an
important role in the detachment and transport of soil particles in broad sheet flow areas.
The flow continuity equation and the flow momentum equation have been used to
describe this hydrologic process. It has been found that in most hydrologic
circumstances the momentum equation can be very accurately approximated by the
kinematic wave equation (Woolhiser and Liggett, 1967). Figure 3.2 depicts the interrill
soil erosion and flow models as conceived in this work.

3.2.2 Soil Erosion in Concentrated Flow Areas

The major soil erosion processes involved in concentrated flow areas are
detachment by flow, deposition of suspended soil particles in the flow, transport of
detached soil particles by concentrated flow, and lateral sediment inflow from interrill
areas. In Chapter two, two different approaches were presented to describe soil
detachment and deposition processes in concentrated flow areas. The second approach
(simultaneous soil detachment and deposition processes) is chosen to describe soil erosion
and deposition processes in the rainfall simulator plots. The second approach was chosen
based on the statement outlined by Rose (1985). Rose (1985) claimed that the first
approach (Foster and Meyer, 1972, 1975) uses the concepts of transport capacity and
detachment capacity which are outcomes of the conceptualization process of Foster and
Meyers' model rather than a conceptual input as it is in his model.
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Soil detachment by concentrated flow is computed in terms of the difference
between average shear stress and an average critical shear stress of the soil. The average
critical shear stress is the minimum requirement for initiation of motion of the sediment
grains in the bed. The shear stress is computed as a product of the hydraulic radius of
the rill and the slope of the flow's energy gradeline times the weight density of water.
As an approximation, the rill geometry is assumed to be trapezoidal. The flow hydraulics
in the rills are computed by applying the kinematic flood routing approximation of the
momentum equation for one-dimensional gradually varied unsteady flow and the
continuity equation.
Deposition rate is described in the model as a relation between the effective fall
velocity of a particle and sediment concentration. The effective fall velocity is computed
as a product of a coefficient, that may be a function of flow characteristics, and the
settling fall velocity of a particle, which is defined as the velocity of a particle falling in
quiescent, distilled water of infinite extent, and at a temperature of 24 C° (Simons and
Senturk, 1976).
Sediment coming into the rill from interrill areas is transported by concentrated
flow. Consequently, lateral sediment is treated as a source term in the sediment
continuity equation for concentrated flow areas. Detachment by raindrop impact in the
rill is assumed to be negligible. Figure 3.3 depicts the hydrologic, erosion, and
deposition processes involved in concentrated flow areas.
The next section presents a brief description of the mathematical formulation of
the hydrologic processes, and a detailed mathematical formulation of the soil erosion and

55

CONCEPTUAL MODEL FOR
RILL AREAS

spatially uniform
rainfall distribution

upper boundary
h(0,0=Ho
c(0,0=Co
inflow from
upper elements

response at
lower boundary

Q
t
hydrograph
rill area
lateral inflow

t
concentration graph
shear stress
deposition
lateral sediment

Figure 3.3 Conceptual model for rill areas

56
deposition processes in interrill and rill areas.

3.3 Mathematical Formulation of the Conceptual Model
The conceptual model described herein has been implemented in a computer
program named Watershed Erosion Simulation Program (WESP) (Lopes, 1987). To
meet the assumption that deposition in interrill areas is negligible, the interrill erosion
component of WESP was modified. In addition, the rill erosion component of the
program was improved. The following sections describe the main components of WESP,
and a brief review of previous results obtained using WESP.

3.3.1 Hydrology Component
The hydrology component is discussed briefly because it contains material that has
been treated exhaustively elsewhere (Woolhiser and Ligget, 1967; Kibler and Woolhiser,

1970).

Overland Flow Areas
The movement of water over a plane was described using the kinematic
approximation of the spatially-varied, unsteady and one-dimensional flow equations,
which were described by Woolhiser and Ligget (1967) using the following equations:

an + a g
at ax

-

_

R

(3.1)
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Where h is the local depth of flow [L], q is the discharge per unit width [12/T], R is the
rainfall excess rate [LIT], x is the distance [I.], and t is the time [T], and
(3.2)

q ch m
-

Where a and m are parameters related to surface roughness, geometry, and flow regime.
If flow is assumed turbulent, and the Chezy resistance law is used, then m = 3/2 and
a=

C IT. Where C is the Chezy coefficient and S. is the bed slope. If the Manning

resistance law is used then m = 5/2 and a = 1/n

TS7,. Where n is the Manning's
-

coefficient. Equation (3.2) is substituted into equation (3.1) to yield.

an + cunh.-1 an ...re
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(3.3)

The depth at the upstream boundary must be specified to solve the kinematic wave
equations. If the plane is the uppermost one, the appropriate upper boundary condition
is
h(0, t) =0

t 0

for

(3.4)

If another plane is contributing runoff to the upper boundary of the plane in question, the
boundary condition is (Woolhiser et al., 1990)

h (0 ,
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W

-

(3.5)
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Where h. is the depth at the lower boundary of the contributing plane at time t, W. is the
width of the contributing plane, a. is the slope roughness parameter for the contributing
plane, m. is the exponent for the contributing plane, and a, m, and W refer to the lower
or receiving plane. The initial condition is
h (x, 0)

-

0

for x 0

(3.6)

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 20. The kinematic approximation is that the
friction 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 Ligget, 1967).

Numerical Solution.Equation (3.3) 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 (3.3). They concluded that the four point
implicit finite difference scheme was the most accurate of the methods tested.
Using a four - point implicit scheme, equation (3.3) is expressed as:
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Where 0 is the weighting factor for distance and 0 is the weighting factor for time. The
computer program WESP uses the stability criterion known as the Courant condition for
the finite difference scheme.
Œ m h in-1t < 1

(3.8)

AX

This criterion insures that stability exists at all points on the surface for a fixed length
increment, AX.

Concentrated Flow Areas
Equations (3.1) and (3.2) written for concentrated flow areas are:

aA + a (uA)

at

ax v

(3.9)
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Where A is the cross - sectional area of flow [LI and y is the lateral inflow per unit
length of channel [L2 /1]. Notice that the upstream inflow will be described as upper
boundary condition.
Q-

Rh is

(3.10)

a A (Rh)m - 1

the hydraulic radius [L]. The discharge Q is expressed as a function of A, thus

equation [3.9] is rewritten as

aA + dQ aA -17

at

ciA

(3.11)
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subject to the upper boundary and initial conditions:
(
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for
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t 0

x 0
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Numerical Solution.The finite-difference form of equation (3.11) subject to (3.12) and (3.13) is
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0 and (.0 are weighting factors for space and time,
i+1
respectively. The value of the unknown, Ai+1 , is solved by an

iterative technique and the term dQ/dA is evaluated before equation (3.11) is solved.

3.3.2 Erosion Component

The erosion processes conceived in the conceptual model are analyzed separately
in the computer program WESP. That is, sediment concentration in broad sheet flow
areas, where detachment by raindrop impact is the main source of sediment, is calculated
by applying the sediment continuity equation and coupled with the overland flow
hydraulic equations. Similarly, sediment concentration in concentrated flow areas, where
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hydraulic shear stress is the main erosive agent, is determined by the sediment continuity
equation driven by the concentrated flow equations. Here, it is important to point out
that the sediment continuity equation, for both broad sheet flow and concentrated flow
areas, is driven separately by different flow condition equations. This explicit method
of driving the sediment continuity equation to obtain sediment concentration from rainfall
simulator plots has not been carried out elsewhere. The previous chapter outlined
detailed information about the approaches followed elsewhere to obtain sediment
concentration.

Broad Sheet Flow Areas
The continuity equation for sediment transport on broad sheet flow areas is,
(Bennett, 1974)
a(ch)a(cg)

at

ax

_

E

(3.16)

Where, c is the sediment concentration [M/12] and Et, is the input sediment flux to the
flow [M/12/1], and p is the index identify the model that best describes entrainment by
rainfall raindrop impact, two models are evaluated in this dissertation.
Notice that dispersion processes have been neglected in equation (3.16). The first
term in equation (3.16) represents the storage rate of sediment within the flow depth; the
second term represents the change of sediment load with distance. In this work it is
assumed that raindrop impact is the only source of detachment in broad sheet flow areas.
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Therefore, sediment deposition is neglected.

Erosion by Raindrop Impact.Two models describing sediment entrainment by raindrop impact are evaluated
in this study. The first model was presented by Lane et al., (1988).
12 ( 4 )

-

1(1 1 IR

(3.17)

Where E1 1 is the interrill erosion rate computed using model one [M/(L2 T)], KA is the
interrill erodibility coefficient [(MT)1L4 ], and I is the rainfall intensity [LIT]. This

expression relates two interacting factors that govern the rate of interrill erosion. 1) the
erosivity of the rainfall and the erodibility of the soil and 2) the transport of detached soil
particles to concentrated flow areas by broad sheet flow. Rainfall intensity is a
commonly used measure of erosivity (Wischmeier and Smith, 1978). The soil erodibility
coefficient is mainly a function of physical and chemical soil properties. The transport
of detached soil particles is related to the ratio of the rainfall excess to rainfall intensity.
The ratio can be interpreted as a measure of normalized runoff intensity for sediment
transport by broad sheet flow (Lopes et al., 1988).
The second model describing entrainment by raindrop impact (E,2 ) relates the rate
of soil detachment to the square of rainfall intensity and the interrill erodibility coefficient
[(MT 2 )/L 5 ]. The transport capacity of broad sheet flow is related to the rainfall

excess. Thus, the second alternative interrill erosion rate is as follows,
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(3.18)

12 R

The K's coefficients may take different values according to the transport capacity
mechanism of broad sheet flow used to compute entrainment by raindrop impact. The
evaluation of the two models describing entrainment by raindrop impact (Ep) on broad
sheet flow areas is presented in Chapter four.

Numerical Solution.A four point finite difference scheme is used to solve equation (3.16),
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Where O is the weighting factor for distance, co is the weighting factor for time, and tp
is the time of ponding. This scheme is either explicit or implicit, depending on the values
of the weighting factors 8 and w. If O = 1 and co = 0, the numerical scheme becomes
an explicit scheme, and is subject to the Courant condition to maintain stability (Kibler
and Woolhiser, 1970). If O = 0.5 and co > 0.5, the scheme is unconditionally stable.
i+1
Rearranging equation (3.19), the unknown Ci+1 is determined explicitly by,
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Concentrated Flow Areas
The total sediment load of a rill is usually divided into two parts. One is the bed
load, which consists of the sediment that moves by rolling or saltation and that always
remains very close to the stream bed. The other part is the suspended sediment load,

66
which is composed of very small sediment particles in suspension in the flow. In WESP
no distinction is made regarding the mode of sediment transportation. The rill flow
erosion-deposition equations estimate the total sediment concentration in transport during
a flow event. The sediment flux is incorporated into the fluid flow in a rill by
mathematical relationships for simultaneous sediment entrainment, deposition, and
sediment lateral inflow from broad sheet flow.
The continuity equation for sediment transport in one-dimensional flow in a single
concentrated flow element is, (Bennett, 1974)

a (cA ) + a(cQ)atax

(3.23)

D+

Where, E r is the rate of sediment entrainment by concentrated flow [M/L/T], D is the
rate of sediment deposition [M/L/T], and q s is the lateral sediment inflow from adjacent
overland flow areas [M/L/TJ
Equation (3.23) is subject to the following initial and upper boundary conditions.

c(x,0)- 0
c(0, t) c o (t)
-

for

for

x0
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(3.24)

(3.25)

Where c o (t) is the incoming sediment concentration from upper rill or interrill flow
elements.
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Sediment Entrainment by Concentrated Flow.The rate of soil entrainment by concentrated flow is computed in WESP as a
function of the difference between the average flow shear stress, 7, and the average
critical shear stress, 7„. Thus, soil entrainment by concentrated flow is as follows,
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Where IC, is the rill erosion coefficient [T], when n is equal to one, T is the average flow
shear stress [MLT-2 /12], 7 is the specific weight of water UVILT-2 /1,3 ), Rh is the hydraulic
„ i.s the average critical
radius of concentrated flow area [L], Sf is the friction slope, T

shear stress for the representative effective particle size [MLT-2 /12], n is a coefficient that
varies from 1 to 1.5, 4) is a coefficient depending on the sediment and fluid properties,

a, specific weight of soil particles [MLT-2/L3], and d, is the representative effective
particle diameter [L].
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Sediment Deposition.In WESP, sediment deposition is determined using a relationship presented by

Mehta (1983). The rate of sediment deposition is a linear function of the sediment
concentration and an effective particle fall velocity. The deposition rate is calculated as

D

-

p T,,, vs c

(3.29)

Where V, is the particle settling fall velocity [LIT], 0 is a dimensionless constant, Ts„ is
the flow top width [L].

Numerical Solution.The computer program VVESP uses the four point implicit finite difference scheme
(Liggett and Woolhiser) to solve equation (3.23). The finite difference scheme is
formulated explicitly with the sediment concentration as the only unknown at the
advanced time and distance step. Equation (3.23) is written in finite difference as,
(Lopes, 1987)
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Where 0 is the weighting factor for the distance step and Zo is the weighting factor for the
time step. Equation (3.30) can be rearranged to yield,
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3.3.3. Review of Early Results
The WESP program has been applied to analyze field data collected by the

USDA-ARS. The main purpose was to simulate and study the dynamic
erosion/deposition system on small watersheds. In addition, the program has been
applied to study the mechanics of soil erosion and deposition in rainfall simulator plots.
The results showed that further research is needed into the problem of soil
erosion/deposition parameter identification (Lopes, 1987).
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3.4 Development of Erosion Equations Assuming
Ouasi-Steady State Conditions
To meet the major purpose of this dissertation, the mathematical formulation of
the conceptual model is developed under quasi-steady state conditions. It is quasi- steady
because the flow characteristics in both interrill and rill areas are time variant; whereas
the governing equations to obtain sediment concentration in both interrill and rill areas
are time invariant or steady state. Inasmuch as the flow governing equations vary with
time, the hydrograph can be determined at the lower end of the rainfall simulator plot.
In fact, the hydrograph can be obtained at any point along the plot. However, observed
discharge rates are available only at the outlet of the plot. To obtain the sediment
concentration at the outlet of the plot, the sediment continuity equation is solved for
steady state conditions along the entire hydrograph at very small time intervals (At = 1
sec). By this means, the simulated sediment concentration graph is calculated under
quasi-steady state conditions. An interesting comparison to carry out would be between
fully steady state and full dynamic conditions. However, observed sediment yield is
available only for three different application rates for each plot. Therefore, sufficient
points do not exist to conduct such a comparison.
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3.4.1. Interrill Areas
For steady state conditions, the continuity equation for sediment transport has the
form,
a(cq) - E

ax

(3.32)

subject to the upper boundary conditions,

q(0) - 0

(3.33)

An analytical solution to the sediment concentration is

(3.34)

3.4.2. Concentrated Flow Areas
The sediment continuity equation for concentrated flow areas and steady state
conditions is

3(c(?)E - D +

(3.35)

ax

subject to the boundary conditions

Q(0) - 0

(3.36)
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The Runge - Kutta method is used to solve equations (3.35), and (3.36). The right hand
side of equation (3.35) is computed assuming trapezoidal cross sections. The finite
difference solution of the flow continuity equation and the numerical solution of equation

(3.35) are coupled with a computer program. As a result, sediment concentration is
obtained at each node along the space - time grid used for solving the flow continuity
equation. The same time and space intervals (in the flow continuity equation) are used
to compute both steady state and fully dynamic sediment concentration graphs.

3.5 Summary and Conclusions
The conceptual model describing soil erosion in rainfall simulator plots, and its
mathematical formulation were presented in this chapter. The conceptual model was
conceived assuming that detachment and transport by raindrop impact is the major
erosive agent and the only process taking place in overland flow areas. The deposition
process was neglected in interrill areas. This assumption was made based on the
hypothesis that deposition does not occur in very small and steep interrill areas. Here,
very small interrill areas are defined as 0.6m by 1.2m., dimensions that correspond to
the interrill rainfall simulator plots, and steep slopes are defined as slopes greater than

5%. The conceptual model in concentrated flow areas was conceived as three processes
taking place simultaneously. The first process occurs when the hydraulic average shear
stress of the flow is greater than the critical average shear stress of the soil. The second
process occurs when the soil particles in suspension deposit on the bed of the rill. The
third process is the transport of soil particles coming into the flow from interrill areas.
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It is important to point out that the soil erosion conceptual model is fully compatible with
the hydraulic conceptual model. That is, soil erosion in interrill areas is driven by flow
governing equations developed for overland flow areas. Similarly, soil erosion in rill
areas is driven by flow equations defined for concentrated flow areas. A modified
computer program (WESP) was used as tool to compute the unsteady state sediment
concentration graph. The program uses an explicit four point finite difference scheme
to solve both the flow and sediment continuity equations. A separate subroutine was
developed to compute the sediment concentration graph for steady state conditions. For

interrill areas an analytical solution was found, and for rill areas a numerical solution was
obtained applying the Runge-Kutta method.
Following this enhanced type of hydrologic - erosion element approach gives the
model flexibility and allows a more fundamental approach to be taken in interrill and rill
areas. However, this is not the case in state-of-the-art erosion models available or being
developed as described in the literature.
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CHAPTER FOUR
MODEL EVALUATION

4.1 Introduction
The conceptualization of soil erosion processes by water in rainfall simulator plots
and the governing equations describing such processes were presented in the preceding

chapter. One hopes that such a simplified conceptual model retains the salient features
of the original system. As it was stated before, in soil erosion mechanics,

conceptualization involves the selection of appropriate mathematical equations, areal and
cross-sectional geometry, identification of initial and boundary conditions, and description
of the forcing functions.
The equations describing the main soil erosion processes contain several

parameters, some of which may not be measured in the field. The values of these
parameters must be estimated by indirect methods.
The purpose of this chapter is to develop a methodology to obtain a set of

parameters that will ensure that the model can be used and interpreted with confidence
under fully dynamic conditions. The same methodology will be used in Chapter five to
obtain a set of parameters for quasi-steady state conditions.

4.2 Criteria to Select Optimization Parameters
4.2.1 Interrill Areas
The major soil erosion processes occurring in interrill areas are detachment by
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raindrop impact and transport of detached soil particles by broad sheet flow, which were
described by equations (3.17) and (3.18). These equations are related to a coefficient K,
which is a measure of the susceptibility of a soil to detachment by raindrop impact. The
K, parameter accounts for the inherit physical, chemical, and mineralogical properties of
the soil known to be affected by raindrop impact. Soil properties known to affect
erodibility of the soil include primary particle size distribution, organic matter content,
initial water content, content of iron and aluminum oxides, and electro-chemical bonds.
The method to determine K, will be discussed below.

4.2.2 Concentrated Flow Areas
Four major soil erosion subprocesses were identified in concentrated flow areas.
These subprocesses are detachment by shear stress of the flow, deposition of sediment
in the rill bed, transport of sediment detached by concentrated flow, and sediment coming
into the flow from interrill areas. The subprocesses were described by equations (3.26)
to (3.29). The parameters K„ r c „ and V, in equations (3.26) and (3.29) are specially
difficult to evaluate because they are functions of soil particle size diameter. A mean soil
particle size diameter will be used to obtain the soil parameter values. A closer analysis
of equation (3.26) suggests that even if the soil had a high critical shear stress, erosion
rate should increase with increases in flow rate once the flow exceeds a critical level.
However, studies in the literature (Alberts et al., 1980) show that if the flow's shear
stress exceeds the soil's critical shear stress, the soil erodes at a rate independent of flow
hydraulics but controlled entirely by the soil itself; ie., by how rapidly the soil releases
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particles.
The sediment deposition process described by equation (3.29) is a function of the
actual sediment concentration in the flow and the effective settling fall velocity (V e) of
the soil particle. Furthermore, the effective settling fall velocity is a function of the
particle settling fall velocity (V s) and a coefficient (3 that accounts for the flow
characteristics in the rill. Values for this coefficient have been obtained based on
experiments conducted either in overland flow planes or in channels. However, values
for 0 have not been reported when interrill and rill erosion processes occur
simultaneously. The )3 coefficient is determined by the ratio between the effective particle
fall velocity and the particle settling fall velocity. Thus (3 may vary from 0 to 1, values
close to zero correspond to turbulent flow conditions, whereas values close to one
correspond to laminar flow conditions. The particle effective fall velocity coefficient will
be determined by using an optimization technique.

4.3 Model Calibration and Validation

4.3.1 Background
The goals of model calibration and validation for the rainfall simulator plots used
in this investigation are 1) to acquire confidence in the model and 2) to make realistic
interpretations regarding the effects of the quasi-steady state simplification to the fully
dynamic sediment continuity equation. The goal is not to find an "optimum" set of
parameters, but a set that is reasonably close to optimum. In fact, because the extremely
complex nature of sediment generation, a true optimum solution may never be achieved.
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Beven and Jakeman (1988) pointed out that in this complex system the modeler must
operate under the concept of unknowability. The unknowability of the spatial and
temporal distribution of rainfall impact in interrill areas, the spatial distribution of shear
stress in concentrated flow areas, and the undersampling of sediment concentration in the
rising limb of the hydrograph often leads to a bias in estimated parameters. The
resulting bias can be so great that the final parameters estimates bear less resemblance
to physically realistic values but act as fitting parameters. Final parameters estimates
from this investigation will be examined to ensure they are realistic.

4.3.2 Calibration and Validation Data
A wide range of rainfall simulator plot scenarios will be employed in the
calibration and validation. There are several reasons for doing so. The first is to ensure
that some degree of generality can be attached to model conclusions and interpretations.
Second, every attempt should be made to activate all components and subroutines of the
model so that the resulting parameter estimates used in the model will be unbiased in
relation to soil class, slope steepness, event size or initial conditions. The calibration and
verification data sets must be independent. By doing so, the model's predictive capability
beyond the calibration range can be assessed.
The USDA-ARS developed a comprehensive rangeland field program to
understand how inherent soil properties and those affected by climate, vegetation, and
land use affect infiltration, soil erodibility and soil loss (Simanton and Weltz, 1989). The
program was carried out in a wide range of geographic location, geomorphic situation,
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climate condition, management, and rock fragment content. ARS and SCS scientists
selected 20 rangeland sites during the summers of 1986, 1987 and 1988, at 14 locations
in the West and Great Plains. Rangeland field data collection for WEPP was a two year
effort which began in the Spring of 1987.
The 'WEPP data base offers excellent resources to reach the goals of this
investigation. The available data are divided in three groups: 1) hydrological, 2) erosive,
and 3) microtopographic. The first group comprises the hydrograph and runoff volume
for three different rainfall simulation runs. The second group deals with the sediment
concentration graph and the sediment yield for the same rainfall simulation runs. The
third group contains the sterephotographs and microtopographic maps for each plot. This
separation is important in this investigation because it follows the description of the soil
erosion conceptual model described in Chapter three.
Dry, wet, and very wet runs were performed. The dry run was conducted for 60
min at a 60 mm/hr rainfall rate. Before the rainfall application, soil water content was
measured for the 0-5 cm and 5-20 cm soil layers. Approximately 24 hours later soil
water content was again determined from the 0-5 cm and 20 cm depth, just prior to the
wet run (30 min at 60 mm/hr rainfall rate). The very wet run was made approximately

30 min after the end of the wet run and included variable rainfall intensity (60 and 120
mm/hr) until equilibrium was reached at each application rate.
The importance of obtaining the best possible runoff and sediment records for
selection of the calibration and validation events cannot be overemphasized.
Minimization of observation errors in these records is a must. If significant data errors
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exist, parameter bias can result in the calibration. After a thorough data checking, it was
decided to use data from the very wet runs, performed for 30 minutes at two different
rates. These data sets will hopefully activate the parameters in the rill erosion equations.
The following section gives a brief description about the rainfall simulator plot
layout. In addition, the hydrological, erosive, and microtopographic data most relevant
to this investigation collected at small and large rainfall simulator plots are described .

Rainfall Simulator Set Up
Rainfall simulator plots have played an important role in erosion research because
they facilitate controlled experiments at known antecedent conditions which permit
accurately evaluation of one or more factors known to affect erosion, infiltration, and
runoff processes.
The rainfall simulator plots used in this study were constructed by the United
States Department of Agriculture's Agricultural Research Service to predict and assess
erosion and sedimentation rates on rangelands.
The rainfall simulator site is composed by two pairs of small plots and large plots.
The plots were arranged in pairs so that two plots were evaluated with the rainfall
simulator simultaneously. The small plots were used to determine interrill erosion rates
as well as effects of raindrop impact on soil crusting and infiltration. The two 0.6 m x

1.2 m metal bordered small plots were installed next to each large plots. The large plots
were used to determine soil erosion by concentrated flow. Each large plot was 3.05 m
by 10.7 m in size with the long axis parallel to the slope. Metal sheets, 15 cm wide,
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were inserted 3 cm into the soil so that 12 cm high border delineated each plot. Runoff
and sediment were diverted into a runoff measuring flume by troughs mounted at the
lower end of the plot. The rotating boom rainfall simulator has 10 - 7.6 m booms
radiating from a central stem. Changes in rainfall intensities were achieved by increasing
or decreasing the number of nozzles; 15 nozzles for 60 mm/hr and 30 nozzles for 120

mm/hr. Figure 4.1 depicts a rainfall simulator set up. A more detailed description of the
rangeland rainfall simulator experiments is provided by Simanton and Weltz (1989).

Small Rainfall Simulator Plot Data
The actual rainfall intensities, the observed average peak runoff, and the total
duration of runoff are listed in Appendix A Table A.1. The corresponding average
sediment concentration values, soil class, and slope steepness for each plot are listed in
Appendix A Table A.2. Observed hydrographs and sediment concentration graphs for
three sites are presented in Appendix A Figures A.1 - A.3. These graphs show three
cases. 1) The flow measurements were affected by weather factors such as wind, as a
result, poorly behaved hydrographs and sediment concentration graphs were obtained.

2) Fairly well behaved hydrographs and sediment concentration graphs, and 3) well
behaved hydrographs and sediment concentration graphs.
The range of values for the observed average peak runoff varied from 20 mm/hr
to 47 mm/hr for the first application rate which varied from 51 mm/hr to 63 mm/hr. For
the second application rate, which varied from 87 mm/hr to 133 mm/hr, the observed
average peak runoff varied from 87 mm/hr to 133 mm/hr. The falling limb of the
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Figure 4.1 Rainfall simulator plot
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hydrograph varied from 10 mm/hr to 55 mm/hr, here the application rate varied from
47 mm/hr to 65 mm/hr. The total duration of the events varied from 23 to 53 minutes.
The range for the sediment concentration values varied from 2.2 kg/m 3 to 25

kg/m 3 for the rising limb of the hydrograph, from 2.2 kg/m 3 to 43 kg/m 3 for the
maximum average peak runoff, and from 0.5 kg/m 3 to 28 kg/m 3 for the falling limb of
the hydrograph. The soil classification varied from gravelly loam to silty clay. The
slope of the plots varied from 3.9% to 12.70%. All the above information was collected
in 17 different sites across the country during the Summer of 1987. Similar information
is available for the Summer of 1988. Although less experiments were conducted during
this period of time.

Large Rainfall Simulator Plot Data
The hydrographs and the sediment concentration graphs are available for the
Summer of 1987. In the Summer of 1988 similar information was only collected for 12
sites. The values for the flow rates at equilibrium for the three different application rates
and the values for the corresponding sediment concentration are listed in Appendix A
Table A.3. The hydrographs and the sediment concentration graphs presented in
Appendix A Figures A.4 - A.6 correspond to the three cases described above (poorly,
fairly, and well behaved) but for large plots.
The discharge at equilibrium varied from 16 mm/hr to 62 mm/hr for the first
application rate, the second discharge at equilibrium varied from 68 mm/hr to 126 mm/hr
for the second application rate, and the discharge at equilibrium for the falling limb of
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the hydrograph varied from 30 mm/hr to 96 mm/hr.
The average sediment concentration varied from 4 kg/m' to 48 kg/m 3 for the first
application rate, from 7 kg/m 3 to 45 kg/m 3 for the second application rate, and from 4
kg/m 3 to 35 kg/m 3 for the third application rate. Notice that in some cases low or high
values of the sediment concentration do not agree with their corresponding discharge
values. This is because sediment concentration is not only a function of flow discharge
but also a function of rill slope, rill geometry, and the erosion/deposition process taking
place simultaneously.

Microtopographic Data
To assess the surface roughness and any changes in the microtopography, very
low-altitude photogrammetry data were collected over each plot. A truck-mounted
camera obtained stereophotographs pairs from 15 m above the plot. The photographs
were analyzed at the University of Georgia by the Center for Remote Sensing and
Mapping Science to obtain the x-y coordinates for a given elevation. Although
photographs were taken before and after all runs, digitized data were only available for
before the dry run and after the very wet run.
Because the detail is precisely what makes the photogrammetric data valuable, a
uniform grid of data points was created to obtain a 5 cm contour interval map for each
plot. The process was carried out using a commercial software package, SURFER
(1990), which has the option for using kriging, inverse distance method, or minimum
curvature. The kriging option was used to create the uniform grid.
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The microtopographic data were used in this investigation to help define the
drainage pattern after the very wet run. It is important in this investigation to accurately
define the drainage pattern because the conceptual model conceived in this investigation
depends upon the explicit separation of interrill and rill areas. Some rainfall simulator
plots did not show any formation of concentrated flow areas. After a thorough analysis
of all the stereophotographs and microtopographic maps five plots were selected, the
selection consisted in well, fairly good, and deficient developed drainage pattern.
The definition of the drainage pattern in the rainfall simulator plots was primarily
arbitrary. That is, in this investigation, a well developed drainage pattern was
characterized by a main deep rill, which did not extend all the way to the upper end of
the rainfall simulator plot. A zone near the upper end of the plot remained essentially
unchanged. In this zone the depth of overland flow was insufficient to develop an
erosive force equal to the forces of cohesion tending to hold the soil particles in place.
In addition, the V - shaped surface contour lines indicated the presence of a component
of flow across the main gradient of the plot. The fairly good developed drainage pattern
description was characterized by less deep rill areas, this was easily visualized by a
closer inspection of the stereophotographs. The presence of few V-shaped surface
contour lines in the microtopographic map also indicated a small occurrence of
concentrated flow areas. The deficient developed drainage pattern was characterized by
very superficial concentrated flow areas and surface contour lines almost parallel across
the plot.
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Three plots showed well developed concentrated flow paths, one plot showed a
fairly good developed drainage pattern, and one plot showed a deficient developed flow
path. A closed examination of the stereo-photographs indicated that a good
approximation to the geometry of the rills was a trapezoidal shape. The width of the rills
varied from 20 cm to 15 cm. In the well developed concentrated flow path plots, the
length of the rill varied from 6 m to 9 m, in the fairly good developed flow path plot the
length of the rill was 7 m, and in the deficient developed flow path plot the length of the
rill was 5 m.
The interrill and rill areas were defined for each plot with the aid of their
corresponding microtopographic map. The representation of each microwatershed with
their corresponding elements are shown in Appendix A Figures A.7 - A.11.

4.3.3 The Search for Acceptable Model Parameters
To reiterate, the parameters in this study are K„ K„ r„, and V. The parameter
space for interrill areas is one-dimensional and for rill areas is three-dimensional. The
purpose of this section is to obtain a set of parameters within this space that will
acceptably reproduce observed sediment concentration estimates.
Numerous algorithms exist to find optimum parameters for a specified objective
function. For nondifferentiable functions, often encountered in rainfall-runoff-erosion
models, a direct search algorithm such as the Simplex method presented by Nelder and
Mead (1965) is commonly employed. The values of final "optimal" parameters obtained
by the algorithm are often a function of the starting location, step size, and stop criteria.
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Many times local, instead of, global minimum (for the objective function used here) are
obtained. Selection of an inappropriate objective function for the error data structure and
poor model structure with significant parameter interactions can also cause great
difficulty for many optimization algorithms (Sorooshian and Dracup, 1980; Sorooshian
and Gupta, 1983).
Recall that the goal of parameter identification in this study is not to find the
optimum set of parameters but to find a near optimum set that will ensure that sediment
concentration results from quasi-steady and fully dynamic models can be interpreted with
confidence.

Interrill Areas
Two equations were presented in Chapter three to compute the rate of soil
detached and transported by raindrop impact. The minimization of the sum of squared
residuals was employed to assess the performance of the models. Residuals between
observed and simulated sediment concentration were used in the selection criterion. The
minimization of the sum of squared residuals has the form,
n

min F

-

E [c (o_c (of
o

s

(4.1)

where F is the sum of squared residuals objective function, C o(t) is the observed sediment
concentration at time t, and C s (t) is the simulated sediment concentration at time t.
Remember that erosion processes are driven primarily by hydrologic processes.
Consequently, to obtain a good fit to the observed sediment concentration graph one first
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needs to obtain a good fit to the observed hydrograph. In this study, the only hydrologic
parameters varied to fit the observed hydrograph were the hydraulic conductivity, soil
matrix potential, and Manning's roughness coefficient. The Infiltration-Runoff
Simulation program (IRS) (Stone et al., 1989) was employed to obtain acceptable sets of
hydrologic parameters. The program IRS solves the overland flow equation for one
plane using the Method of Characteristics. The values of hydrologic parameters for the
23 rainfall simulator plots are listed in Table A.4 (Appendix A).

Two sets of K, values were obtained, one set comprises the K ll values for equation
(3.17) and the second set corresponds to Ki2 values for equation (3.18), both equations

compute the rate of detachment by raindrop impact. The objective function values for
each model are listed in Table 4.1. The results from optimization in Table 4.1 show that
the sum of squared residual values using equation (3.17) are lower than those computed
using equation (3.18). In addition, sediment concentration graphs obtained using
equation (3.17) for the five selected plots are depicted in Figures 4.2 and 4.3. Low
values of the objective function are associated with low sediment concentration values,
whereas, high values of F correspond to high concentration values. The rainfall excess
term in equation (3.17) accounts for transport by broad sheet flow of detached soil
particles by raindrop impact. These results indicate that a relationship between sediment
concentration and the product of rainfall intensity and rainfall excess is a better
alternative than the relationship between concentration and the square of rainfall intensity
for modeling interrill erosion. The set of K il values for the dynamic conditions is listed
in Table 4.2. Based on these results, interrill erosion will be evaluated in this
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Table 4.1 Final objective function values for detachment by raindrop impact equations
plot

Ei=Kil I' (Rh)
F values

Ei = Ki2 12 R
F values

1031

18.38

19.06

1034

22.71

35.07

1051

7.03

29.50

1056

6.59

8.46

1059

6.28

8.24

1063

1.12

1.91

1066

4.15

4.95

1069

9.49

20.64

1072

39.03

75.05

1074

5.80

6.40

1078

4.22

7.72

1079

27.70

58.54

1093

20.25

40.12

1102

10.02

19.90

1105

30.51

60.74

1114

161.79

276.98

1116

123.26

255.49

1120

81.26

130.36

1121

80.41

115.34

1127

5.84

16.20

1130

28.26

50.78

1131

74.00

143.77

1134

21.34

33.95

1138

18.05

19.45
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Concentration Graphs for
Interrill Plot 72

Concentration Graphs for
Interrill Plot 34

Concentration Graphs for
Interrill Plot 93

Figure 4.2 Observed and simulated sediment concentration graphs calculated from the
interrill erosion model E = K 11 I R for small plots 34, 72, and 93
i
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Figure 4.3 Observed and simulated sediment concentration graphs calculated from the
interrill erosion model E. = Kil I R for small plot 102 and 138
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investigation using equation (3.17).
Substituting equation (3.17) in (3.35), the interrill erodibility parameter ICil is
determined for quasi-steady state conditions. Notice that K i is a function of the sediment
concentration and rainfall intensity. In the very wet run there were three different
application rates and for each rainfall intensity corresponded a runoff discharge value at
equilibrium and a sediment concentration value (Figure A.3). However, in some
experiments, equilibrium was not reached when the first rainfall intensity was applied
(Figure A.1). In this case, the interrill erodibility parameter was not calculated. The
reported values in Table 4.2 were computed by averaging the quasi-steady state interrill
erodibility parameter values

Concentrated Flow Areas
Once the interrill erodibility parameter estimates were obtained, the next step was
to obtain estimates for Kr ,

Ter ,

and V e for fully dynamic conditions. The erosion

parameter estimates for quasi-steady state conditions are computed in Chapter five.
The detachment of soil by concentrated flow and the settling of soil particles in
concentrated flow areas are processes that occur simultaneously. As a result, some
interdependence between parameters involved in the equations describing these soil
erosion processes is expected. Furthermore, the presence of a threshold parameter (in
this case Ter ) means that an explicit functional representation of the model output in terms
of the input and the parameters is rather difficult to obtain. As pointed out by
Sorooshian and Gupta, (1983) there are two main effect of this. First, powerful
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Table 4.2 Interrill erodibility parameter values for fully dynamic and quasi-steady state
conditions.
plot

fully dynamic
(kg - s)/(m 4 )

quasi-steady state
(kg - s)/(m4 )

1031

295,480

296,950

1034

284,370

297,705

1051

235,855

245,863

1056

180,000

184,035

1059

200,150

231,523

1063

80,000

97,104

1066

160,144

163,410

1069

190,725

189,497

1072

437,385

511,474

1074

151,034

91,874

1078

160,256

159,343

1093

344,280

374,240

1102

282,810

293,799

1105

440,148

460,207

1114

750,956

912,935

1116

801,075

1,053,027

1120

740,000

791,879

1121

753,970

833,716

1127

200,670

235,569

1131

749,379

767,079

1138

365,630

290,324
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nonlinear optimization techniques cannot be used, as the partial derivatives of the
optimization function with respect to the parameters are not directly attainable. As a
result, one has to resort to less efficient trial and error type search algorithms. Second,
the parameter set that is obtained is not necessarily the optimum parameter set.
To clarify the second point, and before any attempt was made to obtain the
parameter values from observed data, synthetic sediment concentration data were
generated from two hypothetical rainfall simulator plots. To accomplish this task, two
hypotheses were created. The first hypothesis is that the deposition process in very mild
slopes ( < 1%) is efficiently activated in the model and poorly activated in steep slopes
(>10 %). The second hypothesis is that the threshold parameter,

T„,

and the rill

erodibility coefficient, K„ are activated in well developed drainage pattern plots. Both
hypotheses are thoroughly investigated in the following sections.
Response surface plots are used to investigate both hypotheses. Response surface
plots are defined as a two-dimensional contour plots of the objective function used to fit
the mathematical erosion model to synthetic or observed data. Here, the objective
function is the sum of the squared difference between simulated and observed or synthetic
generated sediment concentration, with the objective function as described by equation
(4 . 1).
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Description of the Search
A detailed analysis is made on the shape of the response surface plots to study
both hypotheses. They provide useful information on the presence of deficiencies in
model structure and interdependence between model parameters. Deficiencies in model
structure may be identified when the contour lines of the response surface become
parallel to an axis or when an extended valley exists in the contour lines, an indication
that a non unique optimum value exists. The interdependence between parameters is
identified by examining the inclination of the response surfaces relative to a cartesian
coordinate. The inclination shows which parameter in the pair is more active
(Sorooshian and Arfi, 1982). The response surface contour plots are obtained as follows.

Lets denote the true values of Kr , Ter , and V e as Kr *, r, and V e *, respectively.
Remember that the effective fall velocity of a particle was defined as the product of a
coefficient, 0, which is a function of flow characteristics, and the settling fall velocity
of a soil particle in quiescent, distilled water of infinite extent and at 24° C. When V e
is equal to V s , the 13 coefficient is equal to one. Thus the hydraulic characteristic of the
system is turbulence free. When V, is very small compared to V s , turbulent hydraulic
conditions exist in the system.
Using the true soil erosion parameter values, synthetic sediment concentration data
were generated under fully dynamic conditions for a 1 % and 10 % slope plots. The
hypothetical plots were conceived as a sandy loam soil class with three hydraulic
elements, two overland flow areas and a well defined drainage channel. The hydrology
and true erosion parameter values are listed in Table 4.3.

96
Table 4.3 Hydrologic and true soil erosion parameter values for 1% and 10%
hypothetical plots
Hydrologic parameters for a 1% slope plot
Elements

K,

Matric

Slope

Width

0.02

(%)
1

(m)
1.40

0.02

1

0.20

Manning

n

Pot.

(mm/hr)
plane

2.0

(mm)
10

channel

True soil erosion parameters for a 1% slope plot
Elements
plane

Vs

(s)

Ter
(Pa)

(mm/s)

5.0

0.50

30

Kr

Ki
(Kg-s)/m 4
434380

channel

Hydrologic parameters for a 10% slope plot
Elements

Ks

Matric

plane

2.0

Width

0.02

(%)
5

(m)
1.40

0.02

10

0.20

n

Pot.

(mm/hr)

Slope

Manning

(mm)
10

channel

True soil erosion parameters for a 10% slope plot
Elements
plane
channel

Ki
(Kg-s)1m4

Kr

Vs

(s)

T.(Pa)

(mm/s)

5.0

0.50

6

434380

Having defined the true parameter values and hydrology conditions, the modified

WESP program was used to generate the synthetic sediment concentration data.
Sediment concentration values were generated at every 20 seconds for a total duration
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of 22 minutes. As stated previously, given the difficulties in application of powerful
optimization algorithms, the Simplex algorithm of Nelder and Mead (1965) and a grid
search was undertaken to obtain near optimum acceptable parameters and response
surface contour plots. The lower and upper boundaries of the parameters space were
defined based on soil properties, for instance, settling fall velocity of a sandy loam soil
particle was computed using Stoke's equation, which computes the settling fall velocity
as a function of particle diameter. Thus the effective fall velocity upper limit value was
set equal to the settling fall velocity and the lower limit value was set equal to a very
small value (1.0 mm/s). To obtain the lower and upper boundary limits for the threshold
parameter T er , for the lower limit, the Shield's diagram (Shield, 1936) was used, for the
upper limit, a reasonable high value was selected. The reasonable high value was
selected based upon the number of nodes on the grid. A trial and error process was
conducted to define the size of the final grid. That is, a reasonable high re ,. parameter
value and a large critical shear stress interval were selected. A compromise was made
between computer time and number of nodes in the grid. The final grids varied from

100 to 140 nodes. The values of the objective function were computed at each node.
The response surface plots for each parameter space for the 1% slope plot are shown in
Figure 4.4. The Simplex method was used to search for the values of 1( 1 *, re ,.*, and V:.
The Simplex optimization program converged after 150 iterations, the initial, true, final
parameter values, the error of estimation, and the objective function value are listed in
Table 4.4.
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Response Surface Plots for the
Hypothetical 1% Slope Plot
Unsteady State
Fixed value for V, 29.1
1.0

0.5

01

K

X 10

(s)

Figure 4.4 Response surface plots in the r c,.-Kr , V e -K., and V e Tu spaces generated from
synthetic sediment concentration for unsteady state conditions, plot with well
defined drainage patterns and a 1% slope
-
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Table 4.4 Final parameter values for the 1% slope plot
Parameter

True
Value

Kr
(s)

5.000E-04

TCr

Initial
Value
2.000E-04

Final
Value

Error of
estimation
(%)

4.460E-04

10.79

0.5000

0.8000

0.4804

3.90

0.0300

0.020

0.0291

3.00

(Pa)
Ve
(mis)

6.0307E-06

Objective Function (F)

Notice that the data did not contain any measurement errors, hence the parameter
identification took place under ideal conditions, unaffected by data noise or modeling
uncertainties. This means that any problems encountered during calibration was related
purely to the strengths and weaknesses of the optimization algorithm used and/or to
identifiability issues associated with the structural form of the model. From the results
in Table 4.4, the optimization algorithm converged near the true values. Although the
error of estimation was high for K , different initial parameter values were used to try
T

to reduce the error of estimation. However, no significant improvement was gained.
The errors of estimation were associated to structural form of the model. Based on a
closer examination of the shape of the response surfaces, the structure of the model may
not need to be changed. The value of the objective function is very close to zero. As
stated before, some interdependence between parameters was expected, the greatest
interdependence exist between the effective fall velocity and the rill erodibility parameter.
The response surfaces plotted in the Krre , and r ei.-Ve spaces showed that the model was

1 00

capable of identifying the three erosion parameters.
Synthetic data were generated assuming dynamic conditions for a hypothetical
rainfall simulator plot with a 10% slope. I shall point out that the settling fall velocity
remained unchanged. However, the 0 coefficient was set equal to 0.2 to account for
some of the effects of hydraulic turbulence in the channel. The hydrological parameters
remained unchanged. Table 4.5 shows the initial, true, and final parameter values with
their corresponding error of estimation and the objective function value.

Table 4.5 Final parameter values for the 10% slope plane
Parameter

True
Value

5.000E-04

Kr

Initial
Value

2.000E-04

Final
Value

4.5359E-04

Error of
estimation

(%)
9.28

(s)
Ter

0.5000

0.8000

0.4840

3.20

0.0060

0.0100

0.00583

2.86

(Pa)
V,

(m/s)
Objective Function (F)

1.8578E-04

The optimization program converged after 185 iterations near the true values.
The K r parameter presented the largest error of estimation. The response surface plots
for each parameter space are shown in Figure 4.5. A closer examination of the response
surface plots reveals that interdependence exists between K r and V. In addition, Kr. was
undetermined when it was related to the effective fall velocity. The objective function
computed with the final parameter values for the 10% hypothetical slope was greater than
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Response Surface Plots for the
Hypothetical 10% Slope Plot
Unsteady State

Unsteady State
Fixed value for V. 5.83
15.0

1.0

E
E

10.0

0.5

10

0.1
1 0

X 10

10

10.0

5.0

X 10

(s)

10.0

5.0

(s)

Fixed value for K r = 4.536 E -04 (s)
15.0

Figure 4.5 Response surface plot in the T -1(T , V e -K„. and V e— Tcr spaces generated from
synthetic sediment concentration for unsteady state conditions, plot with well
defined drainage patterns and a 10% slope
1
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the one for the 1% slope. From these results, one can conclude that the model is capable
of identifying the erodibility parameters for a 1% slope plot with reasonable accuracy
using synthetic sediment concentration data with well defined drainage pattern.
However, the response surface plots show that for the 10% slope plot, the deposition
process was not activated in the Kr-V c parameter space.
To test the second hypothesis, that the threshold parameter, Teo and the rill
erodibility coefficient, Kr , are activated on plots with well developed drainage patterns.

A synthetic sediment concentration data set was generated from a one plane element
microwatershed with a 10% slope and then used it as an observed data set. To obtain

the values of the objective function at each node of the grid, the simulated sediment
concentration values were generated from a hypothetical plot with a 10% slope and well
defined drainage pattern. By these means, one shall examine the capability of the model
to identify the rill erosion parameters in question when deficient drainage patterns exist.
Furthermore, by doing this, the model capability to activate the rill erosion parameters
is tested. Clearly, in the original synthetic data set (observed sediment concentration
values), the sediment concentration was only the result of detachment by raindrop impact.
The simulated sediment concentration data set was the result of the combined erosive
processes of detachment by raindrop impact and detachment by concentrated flow.
Figure 4.6 depicts this case. The optimization program did not converge within the three
parameter space. These results support the second hypothesis that the threshold parameter
Ter

and the rill erodibility parameter K r were only activated and identified in plots with

well defined drainage patterns.
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DEFICIENT AND WELL DEFINED
DRAINAGE PATTERN
MICRO WATERSHEDS
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Figure 4.6 Deficient and well defined drainage pattern on a microwatershal
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4.3.4 Model Calibration
The next step in the evaluation of the model is to obtain estimates of the erosion
parameters using observed data. To carry out this task, observed sediment concentration
graphs from the five previous selected plots are used. It is expected that the parameter
identification using observed data will exhibit a more severe interdependence between
parameters than the one displayed by using synthetic data. The synthetic sediment
concentration data used to obtain the response surfaces were generated error free.
Obviously observed or measured sediment concentration graphs were affected by
measurement errors and/or weather conditions.
At this point is necessary to mention that the objective of this dissertation will be
met based on the results from the synthetic data analysis and the five previously selected
plots. The same field identification number assigned to each microwatershed will be
used hereafter. The five microwatersheds are 34, 72, 93, 102, and 138.
The same approach used in the synthetic data analysis was fallowed to obtain the
response surface plots for each microwatershed. Next, the shape of the resulting
response surfaces for the objective function were examined. The main purpose of this
examination, in this chapter, is to see if it is possible to estimate soil erosion parameters
treating the rainfall simulator plot as a microwatershed. Based on the synthetically
generated data analysis results, the soil deposition process in steep slopes is expected to
be inactive. This will result in the poor identifiability of the effective fall velocity
parameter. Moreover, in low slopes and well defined drainage pattern plots, the rill
erodibility parameter K, and the threshold parameter Tc, are expected to be activated.
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The final parameter values are shown in Table 4.6.

Table 4.6 Final parameter values for the five microwatersheds
Plot

Ki

(kg-s)1m 4

Kr

(s)

Ter

V,

(Pa)

(mis)

-

Objective
Function

(F)
159.84

34

284,370

1.130E-03

1.7367

72

437,385

2.604E-04

1.1346

0.00494

54.58

93

344,280

4.849E-03

1.5332

0.00209

15.41

102

282,810

5.310E-04

2.0665

-

31.75

138

365,630

9.990E-04

0.5622

-

52.99

A detailed examination of the response surfaces of plots 34 and 102 (Figures 4.7
and 4.8), which both are characterized as well defined drainage pattern plots with steep
slopes, indicates that there is a strong positive interaction between r

Kr . This is

clearly seen by the direction of the main axes of the ellipses. However, the interaction
between parameters is more severe in plot 34. This interaction may be attributed to
measurement errors or climatic factors affecting the observed sediment concentration.
The model with the final parameter values predicted higher sediment concentration
estimates for the same points. The reported K, estimates in the literature cannot be
compared with the ones obtained in this investigation. The reason K,. cannot be
compared is that K, is model structure dependent. A physical based interpretation to K,
yields that the higher the value the easier it is to detach or to make available soil particles
for transport. In this case, plot 34, the gravelly loam soil plot has a higher value than
plot 102, the silty clay soil plot. The soil deposition process was not activated in these
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Response Surface Plots for
Microwatershed 34

Deposition Process Not Activated

Figure 4.7 Response surface plot in the T„-K . space generated from observed sediment
concentration for unsteady state conditions for microwatershed 34
i
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Response Surface Plots for
Microwatershed 102

Deposition Process Not Activated

Figure 4.8 Response surface plot in the T„-K,, space generated from
observed sediment concentration for unsteady state conditions for
microwatershed 102
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plots.
Plot 72 is characterized as having a well defined drainage pattern with a mild
slope of 5.20%. The strong positive interaction between lea and K,. is depicted by the
shape of the response surfaces in Figure 4.9(a). Similarly, the shape of the response
surfaces in the V e-Ki. space indicates a strong positive interaction (Figure 4.9(b)). Notice
that the rate of change of influence on the objective function increases when K r increases.
This may lead to higher sediment concentration estimates as Kr moves away in the
increasing direction from the optimum. Definitely the critical shear stress can be
estimated with less uncertainty from the Vc re ,. parameter space in plots with well defined
drainage patterns and a mild slope. This is shown by the shape of the response surface
contour lines in Figure 4.9(c). Although the existence of a negative interaction between
parameters, physical based laws such as the Stoke's equation to determine settling fall
velocity of a particle and the Shield's diagram to obtain critical shear stress for

cohesionless soils may help assign initial parameter values. According to the Stoke's
equation, for a mean particle size diameter of 0.0884 mm, the settling fall velocity was

0.0072 m/s. The effective fall velocity obtained from optimization was 0.0049 m/s.
Therefore, the (3 coefficient in equation 3.29, which is a function of flow turbulence, was
calculated as the ratio between the effective fall velocity of a particle and the settling fall
velocity of the particle. Thus the ratio yielded a value of 0.681, the ratio cannot be
greater than 1. The 0 decreases when the Reynold's number increases which indicates
increased turbulence and decreased deposition.
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Response Surface Plots for
Microwatershed 72

(a)

Unsteady State
Fixed value for K r = 2.604 E -04 (s)
10.0

E
E
5.0
s

1.0
02

1.0

2.0

3.0

T„ (Pa)

(c)
Figure 4.9 Response surface plots in the Ter -K r , Ve -K, and V e -Ter spaces generated from
observed sediment concentration for unsteady state conditions for

microwatershed 72
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When fairly defined drainage pattern conditions prevail in the rainfall simulator
plot as is the case illustrated by plot 138, the strong positive interaction between r
Kr persists (Figure 4.10). The rate of change of influence on the objective function
increases evenly away from optimum when Kr decreases or increases. Apparently, the
critical shear stress threshold parameter was not fully activated by the flow conditions
in the plot. A closer examination of Figure 4.10 indicates that the Tc , optimum value
may vary from 0.3 (Pa) to 1.2 (Pa). The mean particle size diameter for this soil is

0.2356 mm which is only 0.1 mm smaller than the mean particle size diameter for plot
34, which has a well defined drainage pattern. In Figure 4.7 the r

value may

vary from 1.3 (Pa) to 1.9 (Pa), thus the lower limit value of 0.3 (Pa) for plot 138 seams
fairly low. The set of optimum parameter values are listed in Table 4.6. The soil
deposition process did not occur in this event.
Finally, the case where inefficient drainage pattern conditions exist with a mild
slope is discussed. Plot 93 shows these characteristics. The interaction between T„ and
are evident, this is shown in Figure 4.11(a). The shape of the response surfaces tend
to follow a parallel pattern along the Ter axis, which may suggest that the parameter is
inactive. In addition, the r„ optimum value was located in a very elongated valley which
extends downward, this may indicate that the optimization algorithm converged in a local
optimum rather than global optimum. Although the slope of the plane is 5.9%, the soil
deposition process was not activated efficiently. This statement is supported by the shape
of the response surfaces in Figures 4.11(b) and 4.11(c). Analyzing the parameter space

V e -K„ Figure 4.11(b), the effective fall velocity was undetermined. Similarly, the
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Response Surface Plots for
Microwatershed 138

Deposition Process Not Activated

Figure 4.10 Response surface plot in the Ter -K r space generated from observed sediment
concentration for unsteady state conditions for microwatershed 138
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Response Surface Plots for

Microwatershed 93

Unsteady State

Unsteady State

Fixed value for V. = 2.09

1;

E..
E

a.

5.0

10
10

5.0

10.0
-3

K

X 10

(s)

(b)

(a)
Unsteady State
Fixed value for K r 4.849 E -03 (s)
10.0

E

5.0

>

1.0
10

2.5

T cr

5.0

(

Pa

)

(c)

space generated from observed
Figure 4.11 Response surface plots in the
conditions for microwatershed 93
unsteady
state
concentration
for
sediment
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effective fall velocity was poorly identify from the parameter space V e -T„, Figure

4.11(c).
The final critical shear stress values for the five microwatersheds are compared
with Shield's dimensionless critical shear stress values using the extended Shields
diagram for non cohesive granular beds by Mantz (1977). In addition, the final critical
shear stress values are compared with critical shear stress values as a function of clay
content reported by Smerdon and Beasley (1961). The different critical shear stress
values are presented in Table 4.7.

Table 4.7 Dimensionless critical shear stress and critical shear stress as a function of
clay content.

Plot

Tc,

T.

Reynolds
Re

Shields

34

16.83

(*)
0.05

72

6.62

-

93

7.21

-

102

17.15

0.05

Clay

Smerdon

(%)

(Pa)

Model
(Pa)

0.334

20.0

1.101

1.737

0.09

0.817

14.4

0.862

1.135

0.09

1.704

14.8

0.862

1.533

0.828

14.8

0.910

2.067

Mantz
-

-

Model

18.1
0.152
0.05
_
.
_.
.
.
•
,...
•
( ) Extended Shields lagram tor Cohesionless ranu ar
138

21.28

1

••-•

I

0.562
1.053
imen s oy Mants
1

l e

.

II 1,,,,,

.

As expected, the dimensionless critical shear stress values are higher than the Shield's
values. That is, the dimensionless critical shear stress values reported by Shield (1936)
are for non cohesive soils. The clay content in the soils on the five microwatersheds
varied from 15% to 20%. Therefore, the dimensionless critical shear stress estimates
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from the microwatersheds indicate that the values are in accordance to the tractive force
theory of cohesive soils. Dealing with cohesive soils, as is the case in this investigation,
initial values for the search of optimial critical shear stress values may be obtained using
the relation based on the clay content provided by Smerdon and Beasley (1961).
A detailed examination of the observed and the predicted unsteady state sediment
concentration graphs is carried out when the comparison between dynamic and quasisteady state conditions are discussed.

4.3.5 Model Validation
The purpose of the validation phase in the model evaluation is to test the model's
predictive capability beyond the calibration range. To achieve this task, an independent
data set of the calibration range was used. To obtain the sediment concentration graphs
for the validation period a new set of erosion parameters was obtained. The rational for
obtaining a new set of soil erosion parameters was based on the fact that soil properties
change with time. For instance, one of the most important soil properties known to
affect the rate of erosion is the content of organic matter (Simanton and Renard, 1985).
Simanton and Weltz (1989) developed an empirical equation to obtain

Tcr

as a function

of sand, organic matter, and bulk density. The method of obtaining the new erosion
parameters was as follows. Critical shear stress estimates for plots 72, 93, and 138 were
computed using Simanton's equation for the Summer of 1987. These values are listed
in Table 4.8.
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Table 4.8 Soil erosion parameter estimates obtained from the validation process
Plot

K,
(s)

711

7.-

V,

from
validation
(Pa)

from
regression*
(Pa)

(mis)

72

2.20E-04

0.900

0.532

0.0050

93

4.50E-03

1.500

1.483

0.0021

138

9.99E-04

0.679
0.562
tical shear stress values obtained1m Simanton et al. ( ) regression equation

As expected, these estimate values were lower than the ones obtained from the
optimization during the summer of 1988. According to Simanton and Renard (1985),
these may be attributed to the decrease in root and residue material in the soil, which in
turn decreased the soil macropore structure. The critical shear stress values computed
using Simanton's relationship were used as lower limit, the values obtained from the
optimization were used as upper limit. Therefore the critical shear stress estimates for
the validation phase were obtained from values within the lower and upper limits. The
trial and error process was initiated from the upper limit value, for a given re , value a
corresponding K, and V, values were chosen from the response surface plots. The wet
run was used instead of the very wet run to obtain the new parameter values. The very
wet run was used to test the model's predictive capability beyond the calibration range.
By doing this, the validation process remained independent of the process of obtaining
new parameter values. The sum of squared difference between observed (wet run) and
simulated sediment concentration estimates was used as a criterion to stop the trial and
error process. The validation results are summarized in Table 4.8 and the scatterplots
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Microwatershed 72
(validation, 1987)
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Figure 4.12 Scatterplot between simulated and observed sediment concentration for

microwatershed 72
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Microwatershed 93
(validation, 1987)
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Figure 4.13 Scatterplot between simulated and observed sediment concentration for
microwatershed 93
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Microwatershed 138
(validation, 1987)
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Figure 4.14 Scatterplot between simulated and observed sediment concentration for
microwatershed 138
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between observed and simulated sediment concentration are shown in Figures 4.12 to

4.14.

4.4 Summary and Conclusions

Model performance analysis was performed on interrill areas to identify the model
that best describe the processes of detachment by raindrop impact and transport of
detached soil particles by broad sheet flow. The minimization of the sum of squared
residuals between observed and simulated sediment concentration values was used as
criterion to identify the interrill model. The analysis was conducted on 24 interrill plots.
The sum of squared residuals for all the plots were smaller when the sediment
concentration in interrill areas was computed as the product of the interrill erodibility
coefficient, squared rainfall intensity, and the ratio to rainfall excess and rainfall
intensity. Therefore, this model, E 1 = Ki1 12 (Rh), was used in this investigation to
compute the sediment concentration from interfill areas in the microwatersheds.
The model's structural behavior was examined by means of the shape of the
response surface plots. It was assumed that the processes of soil erosion by concentrated
flow and deposition of soil particles in rill areas with small slopes were efficiently
activated within the model. Furthermore, it was assumed that the process of deposition
of soil particles in rill areas with steep slopes was inadequately activated and the process
of detachment by concentrated flow in rill areas with steep slopes was efficiently
activated. To further examine the process of detachment by concentrated flow in rill
areas, it was assumed that detachment by concentrated flow was efficiently activated in
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rainfall simulator plots with a well defined drainage pattern. Synthetic sediment
concentration data were generated for three hypothetical rainfall simulator plots. The
results from the analysis showed the presence of a positive interaction between the
critical shear stress and the rill erodibility coefficient. Moreover, the analysis indicated
a negative interdependence between the effective fall velocity of a particle and the critical
shear stress. The response surface plots showed that detachment by concentrated flow
was not activated when poorly defined drainage pattern conditions exist. The Simplex
algorithm was used to obtain near optimum parameters. The Simplex algorithm was
capable of converging near the true parameter values.
Results from the synthetic data analysis were used as the basis to choose the
rainfall simulator plots to be used in this investigation. Stereophotographs and
microtopographic data were used to define the drainage pattern for each rainfall simulator

plot. Five rainfall simulator plots were selected. Model performance was examined
primarily by the shape of the response surface plots and the sum of squared residuals
between observed and simulated sediment concentration graphs. The most difficult
parameter to be activated was the critical shear stress. This is clearly seen by the
elongated shape of the response surfaces along the critical shear stress axes in the Ter-K,
space. However, the Shield's diagram was used to obtain an initial critical shear stress
value. The effective fall velocity was fairly well identified in the Ve r„ space in the
microwatersheds with a 5% slope. The settling fall velocity of a particle was obtained

by applying the Stoke's equation. This value was set equal to the effective fall velocity
upper limit. The rill erodibility parameter is model structure dependent. That is, it's
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value depends on the formulation of the soil erosion conceptual model. In this particular
formulation of the soil erosion conceptual model, K, is the parameter that showed the
largest rate of influence on the objective function. Given the fact that re , and V e initial
parameters values can be obtained from physical based relationships and based on the
shape of the response surface plots, K, final parameter estimates may be associated to
physical properties or characteristics of a soil. According to Table 4.6, the largest Kr
value corresponded to plot 93 which has a poorly defined drainage pattern.
Consequently, K„ performed as a fitting parameter. That is, no physical meaning can be
attached to it. However, within the well defined drainage pattern plots, the largest K,
value corresponded to the gravely loam plot and the smallest value corresponded to the
fine loamy plot. In addition, the K, value for the silty loam plot fell within the gravely
loam and fine loamy range. Notice that the larger the K, estimate the larger the soil
mean particle size diameter of the microwatershed. To support this fact, further rainfall
simulator experiments are required with well defined drainage patterns.
An independent set of sediment concentration events was used for the validation
of the model. Results indicate that critical shear stress might have been affected by the
loss of organic matter. As a result, small differences exist in the soil parameter
estimates.
Given these results, the formulated soil erosion model was shown to identify the
major soil erosion processes occurring in interrill and concentrated flow areas in rainfall
simulator plots with mild slopes and well defined drainage patterns. Overall, the results
are very positive and instill a good sense of confidence in the model for prediction of

122
sediment concentration in rainfall simulator plots with explicit separation of interrill and
concentrated flow areas. In addition, it is concluded that the model can be used with
confidence to asses the effects of the quasi-steady state approximation made in
formulating the fully sediment continuity equation.
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CHAPTER FIVE
COMPARISON BETWEEN FULLY DYNAMIC AND QUASI-STEADY STATE
FORMULATION OF THE SEDIMENT CONTINUITY EQUATION

5.1 Introduction
The quasi-steady state formulation of the sediment continuity equation has been
widely used in state-of-the-art soil erosion models to compute sediment concentration and
sediment yield from hillslopes and small watersheds. Generally, federal agencies, soil
conservationists, and policy-makers are primarily interested in knowing the long- term
amount of soil eroded from farm lands or watersheds. Having knowledge of the amount
of soil eroded from a watershed allows them to better implement soil conservation
management practices to increase soil productivity. The sediment yield concept has been
used to quantify the amount of soil eroded and subsequently leaving a watershed. The
American Society of Civil Engineers (1970) has defined sediment yield as the total
sediment outflow from a watershed or drainage area at a point of reference during a
specified period of time. Frequently, sediment yield evaluations are conducted in a
seasonal basis. A long-term sediment yield evaluation for a small sized watershed using
a process-based quasi-steady state erosion model may require several minutes.
Conversely, if the same sediment yield evaluation is conducted using a dynamic processbased erosion model the time of computation may easily exceeds hours. The Soil
Conservation Service, the federal agency with primary responsibility for soil
conservation, conducts thousands of soil erosion evaluations all across the United States.
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Clearly, the application of a dynamic process-based erosion model to compute sediment
yield for a small size watershed could become very expensive.
With the rapid development of computer technology and enhanced rainfall
simulators, dynamic process-based erosion models have been used to study soil erosion
subprocesses in well controlled field experiments.
Despite the widely application of quasi-steady state process-based erosion models
to quantify soil erosion, the effects of neglecting the time component in formulating the
sediment continuity equation have not been fully evaluated.
The purpose of this chapter is to assess the effects of the quasi-steady state approximation
in formulating the sediment continuity equation.
The effects of the quasi-steady state approximation are evaluated based upon
model structure behavior, sediment concentration graphs, and sediment yield estimates.

5.2 Quasi-Steady State Model Evaluation
To simulate soil erosion and deposition processes under quasi-steady state
conditions, the dynamic soil erosion model WESP was modified to incorporate new

interrill and rill steady state soil erosion subroutines.
The quasi-steady state erosion model was tested following the methodology
outlined in Chapter four.
The two hypotheses outlined in Chapter four were also applied to the evaluation
of the quasi-steady state erosion model. The first hypothesis is that in the model the
deposition process on very mild slopes ( < 1% ) is efficiently activated and poorly
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activated on steep slopes (> 10% ). The second hypothesis, is that the threshold
parameter, 1",„ and the erodibility coefficient, Kr., are activated on plots with well
developed drainage patterns.
Synthetic sediment concentration data were generated assuming quasi-steady state
conditions for a hypothetical rainfall simulator plot with a 1% slope.
The Simplex algorithm of Nelder and Mead (1965) and a grid search were used
to obtain near optimum acceptable parameters and response surface contour plots. The
response surface plots for each parameter space for the 1% slope plot are shown in
Figures 5.1. The optimization program converged after 210 iterations. The initial, true,
final parameter values, the error of estimation, and the objective function value are listed
in Table 5.1.

Table 5.1 Final parameter values for quasi-steady state conditions and 1% slope plot
Parameter

Kr
(s)
ref

True
Value

5.00E-04

Initial
Value

2.00E-04

Final
Value

4.446E-04

Error of
estimation
(%)

11.08

0.500

0.800

0.487

2.56

0.030

0.020

0.028

4.67

(Pa)

Ve
(mis)

Objective Function (F)

0.0146

Certainly, from the results in Table 5.1, the optimization algorithm converged near the
true values. The synthetic sediment concentration data were generated error free.
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Response Surface Plots for the
Hypothetical 1% Slope Plot

Quasi-Steady State

1.0

0.5

0.1

Fixed value for K r = 4.446 E -04 (s)
400

Figure 5.1 Response surface plots in the ref-Kr , Ve -K,. and Ve -r„ spaces generated from
synthetic sediment concentration for quasi-steady state conditions, plot with
well defined drainage patterns and a 1% slope

127
Therefore, the errors of estimation were associated to structural form of the model. The
error of estimation was higher for the Kr parameter, and different initial parameter values
were used to try to reduce the error of estimation. However, no significant improvement
was gained. The value of the objective function is very close to zero. The shape of the
response surfaces gives information related to the identification of inactivated soil erosion
subprocesses in the model. For example, a poorly defined or inactivated soil erosion
subprocess may be identified when the contour lines of the response surface become
parallel to an axis or when an extended valley exist in the contour lines. The interaction
between parameters is identified by examining the inclination of the response surface
0
contour lines relative to a cartesian coordinate. An inclination of 45 , the parameters

have a similar influence on the objective function. A closer examination of the response
surface plots indicates that a severe interdependence among parameters exists. The
quasi-steady state response surface plots show that the model is capable of identifying the
three erosion parameters.
Synthetic sediment concentration data were also generated assuming quasi-steady
state conditions for a hypothetical rainfall simulator plot with a 10% slope. Table 5.2
shows the initial, true, and final parameter values with their corresponding error of
estimation and the objective function value.
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Table 5.2 Final parameter values for quasi-steady state conditions and 10% slope plot
Parameter

True
Value
5.00E-04

Kr
(s)
Ter

Initial
Value
2.00E-04

Final
Value

Error of
estimation
(%)

4.678E-04

6.44

0.500

0.800

0.496

0.80

0.006

0.010

0.0057

5.00

(Pa)
Ve

Objective Function (F)

0.3580

The optimization program converged after 327 iterations near the true values. The
response surface plots are shown in Figure 5.2. The elongated shape of the response
surface along the V e axis in both Ve -K, and Ve -Ter spaces shows that the deposition
process is not efficiently activated. From Figure 5.2, the shape of the response surface
suggests that the quasi-steady state erosion model is capable of identifying the true rill
erodibility parameters.

5.3 Evaluation of the Quasi-Steady State Approximation in
Formulating the Sediment Continuity Equation
Using Response Surface Plots
The purpose of this section is to further test the behavior of the quasi-steady state
model and compute quasi-steady state soil erosion parameter estimates using observed
data. Both response surface plots and soil erosion parameter estimates are used to
address major differences between quasi-steady state and fully dynamic soil erosion
modeling. Hence response surface plots were generated using observed data. To carry
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Response Surface Plots for the
Hypothetical 10% Slope Plot

Fixed value for

T„.

0.4960 (Pa)

Figure 5.2 Response surface plot in the r„-K,., V e-ICT and V e -Ter space generated from
synthetic sediment concentration for quasi-steady state conditions, plot with
well defined drainage patterns and a 10% slope
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out this task, observed sediment concentration graphs from the five previous selected
plots were used. The final parameter values are shown in Table 5.3.

Table 5.3 Final parameter values for the five microwatersheds for fully dynamic and
quasi-steady state conditions
Fully dynamic conditions

Ki

Kr

7,

Ve

(s)

(Pa)

(mis)

Objective
Function
(F)

-

159.84

Plot

(kg-s)/m 4
34

284,370

1.130E-03

1.7367

72

437,385

2.604E-04

1.1346

0.00494

54.58

93

344,280

4.849E-03

1.5332

0.00209

15.41

102

282,810

5.310E-04

2.0665

-

31.75

138

365,630

9.990E-04

0.5622

-

52.99

Ve
(mis)

Objective
Function

Quasi-steady state conditions

K,
(s)

Plot

Ki
(kg-s)1m4

34

297,705

5.675E-04

1.116

-

260.44

72

511,474

5.234E-04

1.268

-

79.69

93

374,240

6.086E-04

2.654

102

293,799

2.240E-04

2.305

-

77.66

138

290,324

5.234E-04

1.268

-

72.25

Ter
(Pa)

0.00150

36.76

Recall that microwatersheds 34 and 102 were characterized as having well defined
drainage patterns with steep slope (>10%) and microwatershed 72 with mild slope

(5.2%). Microwatershed 138 was characterized as having fairly well defined drainage
pattern with steep slope (12.7%). Microwatershed 93 was described as having poorly
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defined drainage patterns with mild slope (5.90%). The quasi-steady state response
surface plots for the five microwatersheds are presented in the following section when
the fully dynamic and the quasi-steady state formulations of the sediment continuity
equation are compared.
The shape of the response surface plots is used as a criterion to identify major
differences in model structure behavior between quasi-steady state and fully dynamic
erosion modeling. The reason for this is that response surface plots provide a qualitative
measure of the effectiveness of activation of major erosion subprocesses occurring in the
microwatersheds and interdependence between erosion parameters. Furthermore, the
objective function value is used as a model performance criterion. The shape of the
response surface may be used to infer conclusions about the physical meaning of the
erosion parameters. That is, the erosion parameter performance was evaluated as to
whether a parameter acts as a fitting value in the parameter identification process or as
a physically based erosion coefficient in the equations describing detachment or
deposition processes.

5.3.1 Synthetic Data Evaluation
The first comparison is conducted between synthetically generated sediment
concentration response surface plots for a microwatershed with a 1% slope. From the
response surface plots in the rer-K, space it is inferred that both unsteady and steady state
approaches converge near the true parameter values (Figure 5.3). Furthermore, the
shape of the response surfaces are similar. However, a major difference exists in the
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Response Surface Plots for the
Hypothetical 1% Slope Plot

Figure 5.3 Comparison between unsteady and quasi-steady state response surface plots
in the Tcr-K, space generated from synthetic sediment concentration data for
a 1% slope plot
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final value of the objective function. The value of the objective function for the fully
dynamic approach is 6.0307E-06 whereas the value for the quasi-steady state approach
is 0.0146. The response surface contour lines can be considered as model performance
contour lines. Recall that the objective function in this investigation is the minimization
of the sum of squared residuals between observed and simulated sediment concentration
estimates. Therefore, the rate of model performance decreases faster in the quasi-steady
state approach per unit parameter increment or decrement from the optimum parameter
values. For instance, for a unit parameter increment along the K, axis and a fixed T cr
parameter value, the difference between iso performance contour lines is smaller for the
fully dynamic approach than for the quasi-steady approach. The critical shear stress
parameter follows a similar behavior. The response surface plots for both quasi-steady
state and fully dynamic in the V c-K, space show a similar pattern and a severe positive
interdependence between parameters (Figure 5.4). Notice that in both approaches the
deposition process is well activated. However, the value of the iso objective contour
lines in the fully dynamic approach are much lower than in the quasi-steady state. This
may lead to overestimation or underestimation of sediment yield. The response surface
contour lines in the V C -Ter space for both approaches show a negative interdependence
between parameters (Figure 5.5).
A similar analysis is performed on the response surface plots for the quasi-steady
and fully dynamic formulation of the sediment continuity equation for a hypothetical plot
with a 10% slope and well defined drainage pattern. The values of the objective function
are 1.8578E-04 for the fully dynamic and 0.358 for the quasi-steady state approach. The
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Response Surface Plots for the
Hypothetical 1% Slope Plot

Fixed value for

Ter

0.4804 (Pa)

Fixed value for Tcr = 0.4870 (Pa)

Figure 5.4 Comparison between unsteady and quasi-steady state response surface plots
in the V e -K, space generated from synthetic sediment concentration data for
a 1% slope plot
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Response Surface Plots for the
Hypothetical 1% Slope Plot

Fixed value for K r = 4.460 E -04 (s)
40.0

Fixed value for K r = 4.446 E -04 (s)
40 0

Figure 5.5 Comparison between unsteady and quasi-steady state response surface plots
in the V e re , space generated from synthetic sediment concentration data for
a 1% slope plot
—
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shape of the response surface contour lines of both quasi-steady state and fully dynamic
are similar. However, surface contour line values are dissimilar. In very steep slopes,
both approaches are capable of activating parameters involved in the equation describing
detachment by concentrated flow. The positive interaction between r e , and Ke is severe
in both approaches (Figure 5.6). Certainly, the deposition process in the quasi-steady
state approach is inefficiently activated. This statement is supported from Figure 5.7 in
which the effective fall velocity coefficient in the quasi-steady state V e-K, space is
undetermined. Furthermore, the effective fall velocity in the quasi-steady state V e-rer
space shown in Figure 5.8 is insensitive to changes along the critical shear stress axis.
Notice that response surface contour line values are high. These results suggest caution
in associating physical meaning to the effective fall velocity parameter when the quasisteady state formulation of the sediment continuity equation is used to obtain sediment
concentration from plots or watersheds with steep slopes. When fully dynamic conditions
are used to compute sediment concentration in steep slopes, the deposition process may
be poorly identified in the V e -r„ space. Despite the severe interaction between the
parameters in question, physical meaning may be attached to the Ve parameter if initial
values to the calibration process are obtained from a physical-based, settling fall velocity
equation. Recall that in this investigation the Stoke's equation was used to compute
settling fall velocity.
Based on the results from the above analysis one can conclude the following: 1)
Both formulations of the sediment continuity equation are capable of identifying the
major erosion subprocesses occurring on mild slopes. 2) The shape of the response
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Response Surface Plots for the
Hypothetical 10% Slope Plot

Figure 5.6 Comparison between unsteady and quasi-steady state response surface plots
in the r cr-K, space generated from synthetic sediment concentration data for
a 10% slope plot
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Response Surface Plots for the
Hypothetical 10% Slope Plot

Fixed value for T cr = 0.4960 (Pa)

Figure 5.7 Comparison between unsteady and quasi-steady state response surface plots
in the V e -K, space generated from synthetic sediment concentration data for
a 10% slope plot
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Response Surface Plots for the
Hypothetical 10% Slope Plot

Fixed value for K r = 4.536 E -04 (s)

Figure 5.8 Comparison between unsteady and quasi-steady state response surface plots
in the V c rer space generated from synthetic sediment concentration data for
a 10% slope plot
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surface plots in the three parameter spaces are similar in both approaches. 3) The
interdependence between erosion parameters exists in both formulations. 4) The primary
difference between response surface plots is the values of the contour lines themselves.

5) Results from the hypothetical microwatershed with steep slope suggest that in both
formulations of the sediment continuity equation the deposition process is not sufficiently
activated. 6) As in the 1% slope case, the major difference between response surface
plots exists in the values of the contour lines.

5.3.2 Observed Data Evaluation
To further pursue the comparison between the quasi-steady state and fully
dynamic formulation of the sediment continuity equation, response surface plots and soil
erosion parameter estimates obtained using observed sediment concentration data are
examined.
Because the deposition process is not activated efficiently in the microwatersheds
with steep slope the response surface plots in the Ve-K, and the V e-rc , spaces for both
approaches are not generated. On microwatershuls with well defined drainage patterns,
the two formulations of the sediment continuity equation reveal a severe interdependence
between the critical shear stress and the rill erodibility coefficients. However, for
instance, response surface plots from microwatershed 34 show that the fully dynamic
approach performs slightly better than the quasi-steady state approach (Figure 5.9).
Here, model performance is measured as a function of the response surface contour line
value around the reasonably acceptable erosion parameter values. Notice that in Figure
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Response Surface Plots for
Microwatershed 34

Deposition Process Not Activated

Deposition Process Not Activated

Figure 5.9 Comparison between unsteady and quasi-steady state response surface plots
in the Tcr -K, space generated from observed sediment concentration data
(plot 34)
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5.10, microwatershed 102, the value of the response surface contour lines from the quasisteady state approach are high compared to the ones from the fully dynamic approach.
The high value of the response surfaces may be attributed to the numerical analysis
procedure used to solve the sediment continuity equation assuming quasi-steady state
conditions and/or error measurements in the observed sediment concentration graph.
An interesting case is the one presented by microwatershed 72, which was
described as a plot with well defined drainage patterns and with mild slope. The quasisteady state model is incapable of activating the deposition process in this
microwatershed. Conversely, the fully dynamic formulation is capable of activating the
deposition process, consequently, response surfaces plots involving the effective fall
velocity were generated (Figure 4.9 (b) and (c) in Chapter four). Furthermore, in the
quasi-steady state r 1 -K, space, the sensitiveness of the critical shear stress decreased.
Notice that the principle axis of the ellipsoids is almost parallel to the K r axis (Figure
5.11). The response surface plots in the V e -K, and V e--T„ spaces show a similar shape
as the ones generated from synthetic sediment concentration data. Clearly, the model
structure of the quasi-steady state approximation is more sensitive to error measurements
than the model structure of the fully dynamic formulation.
Next, is the case where fairly defined drainage pattern conditions with steep slope
existed in the microwatershed. This case is represented by microwatershed 138. Both
formulations of the sediment continuity equation show a severe interdependence between
rill erosion parameters. The only benefit gained by using the fully dynamic formulation
is the decrease of the value of the objective function in the parameter space
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Response Surface Plots for

Microwatershed 102

Deposition Process Not Activated

Deposition Process Not Activated

Figure 5.10 Comparison between unsteady and quasi-steady state response
surface plots in the rc ,-K, space generated from observed sediment
concentration data (plot 102)

144

Response Surface Plots for
Microwatershed 72

Deposition process not activated

Figure 5.11 Comparison between unsteady and quasi-steady state response surface plots
in the rcr -K, space generated from observed sediment concentration data
(plot 72)

145
(Figure 5.12).
Finally, the case when poorly defined drainage conditions existed in the

microwatershed with mild slope is studied. This case is characterized by microwatershed
93. Despite the mild slope of the microwatershed, the deposition process is poorly
activated in both formulations of the sediment continuity equation. For instance, Figure

5.13 shows that in the V -Tcr space and following the quasi-steady state approach the
C

effective fall velocity is insensitive on the objective function. Conversely, following the
fully dynamic approach, a reasonable acceptable value for the effective fall velocity is
computed. However, the effective fall velocity estimate should be interpreted with
caution inasmuch as it was associated with a threshold parameter that was not fully
activated by the observed data set. In the Ve-K, space, shown in Figure 5.14, the
unsteady state approach fails to identify the parameters in question. Figures 5.13 and

5.14 suggest that when deposition and erosion occur simultaneously in poorly defined
concentrated flow areas, the most affected parameter is the rill erodibility coefficient.
However, if deposition is negligible, the erosion parameters involved in the equation
describing rill erosion in concentrated flow areas may be attainable in both formulations
of the sediment continuity equation. Although the similarity of the shape of the response
surface plots in the rer- K, space for both quasi-steady state and fully dynamic approaches
(Figure 5.15), the value of the parameters differed greatly. Therefore, caution should
be used in trying to associate any physical interpretation to these parameters.
The physical interpretation of the soil erosion parameters should be associated
with the response surface plots. By doing this, one may assure whether the parameters
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Response Surface Plots for
Microwatershed 138

Deposition Process Not Activated

Deposition Process Not Activated
3.0

Figure 5.12 Comparison between unsteady and quasi-steady state response surface plots
in the r„-K, space generated from observed sediment concentration data
(plot 138)
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Response Surface Plots for
Microwatershed 93

Figure 5.13 Comparison between unsteady and quasi-steady state response
surface plots in the V e Ter space generated from observed sediment
concentration data (plot 93)
—
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Response Surface Plots for

Microwatershed 93

Figure 5.14 Comparison between unsteady and quasi-steady state response surface plots
in the V c -K, space generated from observed sediment concentration data
(plot 93)
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Response Surface Plots for
Microwatershed 93

Figure 5.15 Comparison between unsteady and quasi-steady state response
surface plots in the rer-K, space generated from observed sediment
concentration data (plot 93)
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in the equation describing the process in question performed as an inherent part of the
soil erosion process or as a fitting constant in the calibration process.

5.3.3 Evaluation of Erosion Parameter Estimates
This section examines the effect of the quasi-steady state approximation on the
soil erosion parameter values. The final erosion parameter values obtained using the
fully dynamic and quasi-steady state formulations of the sediment continuity equation are
listed in Table 5.3.
The analysis begins with the examination of microwatershed 72. This

microwatershed was characterized with well defined drainage pattern and mild slope.
The values of the critical shear stress corresponding to both formulations of the sediment
continuity equation are similar (see Table 5.3). A large difference exists between the rill

erodibility parameter values. The quasi-steady state approximation yields larger parameter
values in the equation describing soil erosion by concentrated flow. By applying the
quasi-steady state approach the model fails to activate the deposition process. Therefore,
no value for the effective fall velocity is calculated. However, applying the fully
dynamic approach, the model is capable of activating the deposition process. The value
of the fi coefficient in equation 3.29 was calculated in Chapter four. Recall that the 13
coefficient decreases when the Reynold's number increases which indicates increased
turbulence and decreased deposition. The inefficient performance of the quasi-steady
state model in activating the deposition process may be attributed to large oscillation of
sediment concentration values at the rising limb of the sediment concentration graph.
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Flow conditions cannot be attributed to be the cause of poor model structure behavior in
the sediment continuity equation. The hydraulic conditions in both formulations of the
sediment continuity equation were simulated assuming unsteady state conditions. The
unsteady state solution of the flow continuity equation was used to activate hydrologic
variables in both formulations of the sediment continuity equation. Recall from the
synthetic data analysis, the quasi-steady state erosion model was capable of identifying
the deposition process in a hypothetical low slope plot. Consequently, one can infer that
the numerical solution of the sediment continuity equation is not a dominant factor to
affect the model structure behavior. As a result, the quasi-steady state approach is
assumed to be greatly influenced by measurement errors or unexplained large sediment
concentration oscillations in the rising limb of the sediment concentration graph.
In poorly defined drainage pattern conditions, such as microwatershed 93, the
primary difference on a parameter value basis between quasi-steady state and fully
dynamic approaches is more noticeable on the K, and Ter parameter estimates. The K,
and T er parameter estimates obtained in the calibration process performed as fitting
parameters. The K, parameter estimate calculated by using the fully dynamic approach
is very high compared with the parameter estimate obtained for microwatershed 34. This
has physical significance in that the soil on microwatershed 34 is a gravely loam, while
the soil on microwatershed 93 is a loam. The K, parameter values are expected to be
large for large mean soil particle size diameter. The K parameter estimates for
T

microw atershecl 93 obtained by applying both approaches are larger than those computed

for microwatershed 34. The critical shear stress parameter performed as a fitting
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parameter in equation 3.26 in the calibration process using both approaches in
formulating the sediment continuity equation. Clearly, for rainfall simulator plots with
poorly defined drainage patterns, the concentrated flow erosion parameter values may not
necessarily indicate meaningful physical soil properties in either formulation of the
sediment continuity equation. Settling of soil particles was not measured in any of the
field experiments. Therefore, no attempt is made to associate physical meaning to the
deposition process parameters. However, the 0 coefficient in both formulations of the
sediment continuity equation were between 0 and 1; in the fully dynamic 0 = 0.653, and
in the quasi-steady state 0 = 0.469.
Results in Table 5.3 show that K, estimates obtained by using the quasi-steady
state approach may vary insignificantly among the different microwatersheds, despite the
different soil class. Conversely, the application of the fully dynamic approach apparently
yields parameter values that behave according to their mean soil particle size diameter.
The threshold critical shear stress T. parameter behavior is primarily a function of such
soil properties as mean soil particle size diameter and organic matter content in the soil.
The critical shear stress values shown in Table 5.3 show no evidence of a clear pattern
with differences between quasi-steady state and fully dynamic formulation of the sediment
continuity equation. In both approaches the interdependence between Tu and K, is
severe. A closer examination of the critical shear stress values of plots with well defined
drainage patterns, plots 34, 72, and 102, indicates that parameter estimates are similar.
Major differences may not exist because of the severe interdependence between
K,..

Tc ,

and
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5.4 Evaluation of the Ouasi-Steady State Approximation
in Formulating the Sediment Continuity Equation
by Means of Sediment Concentration Graphs
The comparison between the quasi-steady and the fully dynamic sediment
concentration graphs provide a qualitative measure of the efficiency of each
approximation of the sediment continuity equation in terms of peak sediment
concentration and behavior at the rising and falling limbs of the sediment concentration
graph. The sediment concentration graphs used in this analysis are generated using the
optimum parameter values obtained in the calibration process of the five
microwatersheds.

The primary measure selected to assess model performance on the sediment
concentration graphs is the coefficient of efficiency, E, introduced by Nash and Sutcliffe
(1970). The coefficient is computed as follows:

E-

E

cob , c ob ) 2
-

-

E

1-1

1-1

E
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2

(5.1)
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-
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where C ob , is the observed sediment concentration at time i, C ob is the observed average
sediment concentration, and C the estimated sediment concentration at time i obtained
from the model. This measure was selected because it is dimensionless and is easily
interpreted. If the model exactly predicts observed sediment concentration, E = 1. If
E < 0, the model's predictive power is worse than simply using the average of observed

values. The efficiency coefficient is calculated for the sediment concentration graphs of
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the five microwatersheds and for each model formulation of the sediment continuity
equation. The efficiency coefficients are listed in Table 5.4.

Table 5.4 Efficiency coefficients for the five microwatersheds for fully dynamic and
quasi-steady state conditions
Plot

Dynamic

Quasi-steady

34

0.476

0.224

72

0.840

0.679

93

0.864

0.676

102

0.753

0.292

138

0.826

0.771

The efficiency coefficients must be interpreted in relation with the response surface plots.
The sediment concentration graph from microwatershed 93 is a good representation of
the case of how a high efficiency coefficient may not necessarily indicate a high model
performance. This case is examined later in this section. The efficiency coefficient does
not provide information regarding whether the soil erosion parameters are acting as
fitting parameters in the calibration process or as physically based coefficients in the soil
erosion process.
A closer examination of Table 5.4 shows that, in all five microwatersheds, the
performance of the fully dynamic formulation of the sediment continuity equation is
superior to the quasi-steady state approximation. If the analysis is concentrated on the
watersheds with well defined drainage patterns, the observed data variance is reduced in
the average by 68% and 40% by using the fully dynamic and the quasi-steady state
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formulations, respectively. Consequently, the fully dynamic approach performs in the
average 28% better than the quasi-steady state approach. The efficiency coefficient
values are relatively high in microwatersheds with poorly defined drainage patterns. The
best case for illustration is microwatershed 93 in which the efficiency coefficient is 0.864
for the fully dynamic approach and 0.676 for the quasi-steady state approach. However,
response surface plots for both approaches show that for this particular microwatershed,
deposition and detachment by concentrated flow were poorly activated. Thus the
optimum soil erosion parameters performed as fitting parameters. Similarly, the
efficiency coefficients for the sediment concentration graphs for microwatershed 138 are
relatively high, for instance, 0.826 and 0.770 for the dynamic and quasi-steady state
approaches respectively. It is clearly that the evaluation of the performance of each
formulation of the sediment continuity equation cannot be conducted solely based upon
the differences between observed and simulated sediment concentration graphs. As a
result, physical interpretation of major features of the sediment concentration graph, such
as peak concentration, time to peak, sediment yield, should be associated with other
means of model performance evaluation.
The superior performance of the fully dynamic approach of calculating the
sediment concentration graphs is shown in Figures 5.16 to 5.20. Despite the
interdependence between parameters and the poorly activation of the soil erosion
processes in some of the microwatersheds, the major benefit obtained by using the fully
dynamic approach is reflected on the better approximation of the peak sediment

concentration. The peak sediment concentration values are listed in Table 5.5.
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Concentration Graphs for
Microwatershed 34

observed
unsteady state
quasi-steady state

and quasi-steady state
Figure 5.16 Comparison among observed, unsteady state,
sediment concentration graphs for microwatershed 34
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Concentration Graphs for
Microwatershed 72

observed
unsteady state
quasi-steady state

Figure 5.17 Comparison among observed, unsteady state, and quasi-steady state
sediment concentration graphs for microwatershed 72
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Concentration Graphs for
Microwatershed 93

observed
unsteady state
quasi-steady state

Figure 5.18 Comparison among observed, unsteady state, and quasi-steady
state sediment concentration graphs for microwatershed 93
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Concentration Graphs for

Microwatershed 102

observed
unsteady state
quasi-steady state

Figure 5.19 Comparison among observed, unsteady state, and quasi-steady state
sediment concentration graphs for microwatershed 102
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Concentration Graphs for

Microwatershed 138

observed
unsteady state
quasi-steady state

Figure 5.20 Comparison among observed, unsteady state, and quasi-steady state
sediment concentration graphs for microwatershed 138
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Table 5.5 Peak sediment concentration for the five microwatersheds for fully dynamic
and auasi-steadv state conditions
Plot

Observed

Dynamic

Quasisteady

Error of
estimation

(kg/m 3 )

(kg/m3)

(kg/e)

(%)
Dynamic

Quasi-

34

51.40

45.56

40.95

11.36

20.33

72

25.40

22.11

19.52

12.95

23.15

93

23.10

23.04

18.93

0.26

18.05

102

25.00

20.36

17.38

18.56

30.48

138

35.80

34.06

32.37

4.86

9.58

Notice that the smallest error of estimation corresponds to the microwatershed with
deficient drainage patterns. In this case, the fully dynamic approach is not significantly
superior to the quasi-steady state approach in computing the sediment concentration
graphs. For instance, the behavior of both approaches in the rising and falling limbs of
the sediment concentration graph is similar. The major effect of neglecting the time
component in the formulation of the sediment continuity equation on the sediment
concentration graphs is on the estimation of the peak sediment concentration. That is,
when the storage rate of sediment within the flow area is neglected, the peak sediment
concentration is underestimated. Notice that the five quasi-steady state sediment
concentration graphs show this peculiarity, however, a severe case is presented in
watershed 102 (Figure 5.19). Here, peak sediment concentration and sediment
concentration at the falling limb of the sediment concentration graph are badly estimated.
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Peak sediment concentrations over a specified time period are usually needed for
determining compliance with water quality standards. Thus, by using the quasi-steady
state approach, one may forecast lower sediment concentrations which may greatly affect
water resources and land use planing. The dynamic approach should be used when
information is required about the distribution of sediment concentration with time.
The following section examines the effects of the quasi-steady state approximation
to the sediment continuity equation in terms of total sediment yield.

5.5 Evaluation of the Quasi-Steady State Approximation
of the Sediment Continuity Equation Using
Total Sediment Yield
In the previous section the effects of the quasi-steady state approximation on the
sediment concentration graph were examined, primarily on the peak sediment
concentration. However, researchers, practitioners, and decision-makers may not
necessarily be interested in the distribution of sediment concentration with time but rather
with the total sediment yield from a farm or watershed. For instance, the total sediment
yield from a watershed is required for designing dams, canals, and other structures, and
for evaluating certain land-management practices.
The purpose of this section is to examine and report total sediment yield
calculated using the fully dynamic approach and the quasi-steady state approximation.
The five microwatersheds previously described are used to calculate total sediment yield.
Total sediment yield in this study is calculated as the gross erosion within the
microwatershed that is not deposited. Sediment sources include interrill erosion and rill
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erosion. Total sediment yield is calculated for each microwatershed as follows.
D

Sy A D

E

(5.2)

where, S y is the total sediment yield coming out from the microwatershed [kg] for a
specified period of time, A is the area of the microwatershed [m 2 ], D is the total duration
of runoff [s], C, is the sediment concentration at time t [kg/ml, and v t is the discharge
flow rate per unit area at time t [mis]. The total sediment yield estimates calculated by
using both formulations of the sediment continuity equation are listed in Table 5.6.

Table 5.6 Total sediment yield estimates calculated in the parameter calibration process
for the five microwatersheds (dynamic and quasi-steady state conditions)
Plot

Observed
(kg)

Dynamic
(kg)

Quasisteady
(kg)

Error of
estimation
(%)
Dynamic

Quasi-

34

20.89

21.47

22.87

2.78

9.48

72

9.52

8.87

8.58

6.83

9.87

93

10.32

9.02

8.48

12.60

17.83

102

9.01

7.72

7.43

14.32

17.54

138

13.85

12.78

12.56

7.73

9.31

Results in Table 5.6 indicate that in general there is a small benefit in calculating total
sediment yield applying the more complicated fully dynamic approach. The average
error of estimation obtained by using the fully dynamic approach is 8.85%; whereas the
average error of estimation calculated by using the quasi-steady state approach is
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12.81%. As expected the larger error of estimation was obtained in microwatershed 93
regardless of the approach used. Recall that in the previous section in microwatershed
93, the performance of the simulated sediment concentration graph was relatively high
(0.82 and 0.68 for fully dynamic and quasi-steady state, respectively). As previously
stated, a large efficiency coefficient in the sediment concentration graph and poorly
behaved response surface plots may indicate that the erosion parameters bear meaningless
physical interpretation. Total sediment yield was not used as a criterion to asses model
structure behavior due to insufficient number of events. Consequently, when erosion
parameters perform as fitting parameters and sediment concentration is used as a criterion
to obtain optimum erosion parameters, the error of estimation of total sediment yield is
expected to be large. The lowest error of estimation is obtained in microwatershed 34,
which showed a well defined drainage pattern. Unexpectedly, the error of estimation for
microwatershed 102, with similar characteristics, is large compare to other well defined
drainage pattern microwatersheds (34 and 72).
An independent set of events is used for validation purposes. Total sediment yield
estimates are listed in Table 5.7.
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Table 5.7 Total sediment yield estimates calculated in the validation process for the five
microwatersheds (dynamic and steady state conditions)
Plot

Observed
(kg)

Dynamic
(kg)

Quasisteady
(kg)

Error of
estimation
(%)
Dynamic

Quasi-

72

4.77

4.24

4.62

11.11

3.15

93

6.74

5.95

6.01

11.72

10.93

138

7.35

7.21

6.90

1.91

6.13

In general, the performance of the quasi-steady state formulation of the sediment

continuity equation is similar to the fully dynamic formulation. Furthermore, the quasisteady state formulation performs superior than the fully dynamic approach in
microwatershed 72. In the poorly defined drainage pattern plot, microwatershed 93, the
error of estimation of the total sediment yield obtained by using both formulations of the
sediment continuity equation is large. Here, the quasi-steady state approach performs
very similar to the fully dynamic approach.
The analysis shows that an insignificant improvement is achieved by using the
more complicated fully dynamic formulation of the sediment continuity equation to

calculate total sediment yield. It appears that significant sediment storage within the flow
did not occur in the rainfall simulator plots. The lack of debris dams after the very wet
run indicated that sediment storage was negligible in the flow area. Thus, the
contribution of the storage rate of sediment component in the fully dynamic formulation
of the sediment continuity equation was insignificant. Consequently, sediment yield

estimates calculated from both formulations were very similar. Recall that these results
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were obtained in ten-meter long microwatersheds. It is expected that the storage rate of
sediment within the flow area will play a major roll in larger microwatersheds.

5.6 Summary and Conclusions
The primarily purpose of this chapter was to evaluate the major differences in
formulating the sediment continuity equation assuming quasi-steady soil erosion
conditions in rainfall simulator plots. Advantages and disadvantages of using the quasisteady state formulation were identified. At the present time, state-of-the-art soil erosion
modeling is being conducted by applying process-based models and assuming quasisteady state soil erosion conditions. Consequently, results from this investigation may
set directions regarding the usefulness of employing the fully dynamic formulation of the
sediment continuity equation in soil erosion problems.
The first task was to evaluate the structural behavior of the model under quasisteady state conditions. The evaluation was conducted following the methodology
presented in Chapter four to evaluate the structural behavior of the fully dynamic
formulation of the sediment continuity equation. Results from the evaluation indicated
that the quasi-steady state model could identify deposition parameters using synthetic
sediment concentration estimates in a hypothetical rainfall simulator plot with a 1% slope
but could not identify deposition parameters for a 10% slope plot. In addition, the quasisteady state model was capable of identifying the rill erosion parameters only when well
defined drainage patterns existed in the rainfall simulator plots. Based on the results, it
as concluded that the quasi-steady state model was not robust with respect to identifying
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the major soil erosion processes occurring in rainfall simulator plots described in Chapter
four.

The major difference between both formulations of the sediment continuity
equation was the final objective function value. That is, both formulations converged
near the true parameter values. However, applying the fully dynamic approach, the final
objective function value was lower than the one obtained from the quasi-steady state
approach. The objective function used in this investigation was the minimization of the
sum of squared residuals between observed or synthetically generated sediment
concentration values and simulated sediment concentration estimates. The response
surface plots were envision as iso performance contour plots. The fully dynamic
formulation showed superior structure model performance than the quasi-steady state.
Because a process-based model was used to conduct this investigation, it was
necessary to examine the existence of any physical interpretation associated with the near
optimum parameter values found in the calibration process. For this purpose the final
parameter values and the response surface plots were examined together. Although the
severe interdependence among parameters shown by the elongated shape of the response
surfaces in the 7„-1Ç, V e -K„ and V e -T„ parameter spaces of both formulations, the
greatest interdependence among parameters was exhibited by using the quasi-steady state
formulation.
The final parameter values generated using observed data from well defined
drainage pattern plots suggested that the rill erodibility parameter estimates calculated

from the fully dynamic formulation may be associated with the mean soil particle size
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diameter. That is, the final estimates of KT of each microwatershed are in accordance
with their mean soil particle size diameter. The largest and smallest K r estimates
corresponded to the largest and smallest mean soil particle size diameter of each
microwatershed, respectively. The final rill erodibility estimates calculated using the
quasi-steady state approach did not show the same association with the mean soil particle
size diameter. The final critical shear stress parameter estimates calculated using both
formulations were very similar. The effect of the cancellation of the storage rate of
sediment within the flow in the sediment continuity equation on the critical shear stress
parameter was insignificant. This may be attributed to the fact that the critical shear
stress parameter is primarily a function of soil properties. The deposition process is
clearly dependent upon, among other factors, the storage rate of sediment within the
flow. Although deposition data were not available, the fully dynamic approach was
capable of identifying the effective soil particle fall velocity in the microwatersheds with
well defined drainage patterns and mild slope. The quasi-steady state approach failed to
identify the effective soil particle fall velocity on one microwatershecl with a well defined
drainage pattern and mild slope. On the microwatershed with a poorly defined drainage
pattern, the final effective soil particle fall velocity estimates were very similar. The
lack of deposition data in the microwatersheds prevented further analysis of the effective
soil particle fall velocity estimates.
The efficiency coefficient of Nash and Sutcliffe (1970) was used to asses the
performance of the sediment concentration graphs obtained by using both formulations
of the sediment continuity equation. In general, the performance of the fully dynamic
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approach to fit the observed sediment concentration was superior to the quasi-steady state
approximation. In fact, there was a 28% average reduction of the observed variance
when the fully dynamic approach was used to obtain sediment concentration. The major
effect of the fully dynamic approach on the sediment concentration graph was a better
estimation of the peak sediment concentration. The quasi-steady state approach
underestimated the peak sediment concentration on the five microwatersheds. The
efficiency coefficient values were relatively high (0.864 for the dynamic approach and
0.676 for the quasi-steady state approach) for the microwatershed with poorly defined
drainage pattern. This suggested that the erosion parameters performed as fitting
parameters. The statement was supported by the shape of the response surface plots
corresponded to microwatershed 93 which showed thc inefficient identification of the soil
erosion processes. If the major concern is the accurate estimation of peak sediment
concentration in water quality problems, soil erosion-water quality models based on the
quasi-steady state formulation of the sediment continuity equation may underestimate the
peak sediment concentration.
The effect of the quasi-steady state approximation of the sediment continuity
equation on sediment yield estimates on rainfall simulator plots treated as a
microwatershed was insignificant. The sediment yield estimates calculated using both
approaches were very similar.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1 Introduction and Overview of Methodology
Before proceeding directly to the conclusions and recommendations for future
research, a brief review of the structure of this study and a general overview of the
methodology is presented. Comparing the fully dynamic and quasi-steady state
formulations of the sediment continuity equation, response surface plots, sediment
concentration graphs, and total sediment yield estimates were used as criteria for
comparison.
Chapter 2 provides an overview of soil erosion models based upon the formulation
of the soil erosion equations involved in the model. For instance, models developed
based upon empirical equations and models developed based upon process-based
equations.
Chapter 3 provides the conceptualization of how soil erosion and deposition
processes occur on rainfall simulator plots with their corresponding mathematical
formulations. The conceptual model was conceived assuming that detachment and
transport by raindrop impact is the major erosive agent and the only process taking place
on overland flow areas. A major assumption was to neglect the deposition process in
interrill areas. The conceptual model in concentrated flow areas was conceived as three
processes taking place simultaneously. 1) detachment by average shear stress of the
flow, 2) deposition of suspended soil particles in the flow, 3) transport of soil particles
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coming into the flow from interrill areas by concentrated flow. The soil erosion
conceptual model is compatible with the hydrologic model. For instance, the hydrologic
variables driving the soil erosion processes in interrill areas are obtained by applying the
overland flow equations. Similarly, the hydraulic variables driving the soil erosion
processes in rill areas are obtained by equations developed for concentrated flow areas.
Following this enhanced type of hydrologic-erosion element approach gives the model
flexibility and allows a fundamental approach to be taken in interrill and rill areas.
In chapter 4, two models describing the processes of detachment by raindrop
impact and transport of detached soil particles by overland flow are evaluated. Results
from the interrill analysis lead directly into the full evaluation of the interrill-rill soil
erosion conceptual model. Two hypotheses are created to test the overall performance
of the interrill-rill soil erosion model. The first hypothesis is that the deposition process
in the model is efficiently activated with very mild slopes (< 1%) and poorly activated
in steep slopes (> 10%). The second hypothesis is that the average critical shear stress
of the flow, Tc „ and the rill eralibility coefficient, K , are activated on plots with well
T

developed drainage patterns. To test the two hypotheses, error free synthetic sediment
concentration data are generated for two hypothetical rainfall simulator plots with well
defined drainage patterns with 1% slope and 10% slope, respectively. In addition,
synthetic sediment concentration data were generated for a hypothetical plot with poorly
defined drainage patterns. To further test the two hypotheses, observed sediment
concentration graphs are used. The observed hydrologic and erosion data on rainfall
simulator plots were provided by the USDA-ARS. The USDA-ARS conducted rainfall
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simulator plot experiments all across the United States for calibration and validation

purposes of WEPP in 1987 and 1988. The selection of the rainfall simulator plots for
further data analysis was based upon the effectiveness of developing well defined
drainage patterns on the plot. The identification of the drainage patterns was carried out
by means of areal photos and digitized microtopographic data.
The criteria used to assess the structure model performance was primarily
conducted using response surface plots, sediment concentration graphs, and total sediment
yield. The main reasons for selecting the above criteria is as follows. 1) The shape of
the response surfaces gives information related to the identification of a nuisance
parameter in the model. The identification of a nuisance parameter allows the model
user to modify the model either by changing the mathematical formulation of the
conceptual model or by omitting the parameter. In this investigation, a poorly defined
erosion process can be identified when the contour lines of the response surface become
parallel to an axis or when an extended valley exists in the contour lines, an indication
that a non unique optimum value exists. The interaction between parameters is
identified by examining the inclination of the response surface contours relative to a
cartesian coordinate. The inclination shows which parameter in the pair is more active
(or has more influence on the objective function). An inclination of 45° points to a
similar activity. The sediment concentration data comprised two independent sets; the
first set was used for calibration and the second for validation purposes. The modified

full} dynamic soil erosion computer model WESP was used as a tool to generate
synthetic sediment concentration data, response surface plots, sediment concentration
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graphs, and total sediment yield estimates. The minimization of the sum of squared
residuals was used as the objective function. The Simplex optimization algorithm and
a grid search method was employed to obtain near optimum soil erosion parameters.
In chapter 5, the quasi-steady state soil erosion model was evaluated following the
methodology presented in chapter four. The comparison between the fully dynamic and
the quasi-steady state formulations of the sediment continuity equation was conducted by
analyzing the response surface plots, sediment concentration graphs, and sediment yield
estimates. Difference in structure model behavior was assessed by analyzing the shape
of the response surface plots for each formulation of the sediment continuity equation.
The efficiency coefficient (E) of Nash and Sutcliffe (1970) was used as a criterion to
assess the performance of the simulated sediment concentration graphs. The total
sediment yield estimates were calculated from the sediment concentration graphs.

6.2 Major Conclusions
The hydrologic - erosion element approach used in this study gives the model
flexibility and allows a fundamental approach to be taken in representing the processes
occurring in interrill and rill areas.
Conclusions drawn from this study are presented with the caveat of applicability
to bare rainfall simulator plots treated as microwatersheds.
With this caveat the following conclusions are justified by the analysis and
interpretations performed in this study.
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6.2.1 Conclusions Based upon Analysis of Synthetic Data

1. The fully dynamic soil erosion model is capable of identifying rill erosion and
deposition processes in a plot with well defined drainage patterns and a mild slope
steepness (< 1%). The model is not capable of identifying the deposition process in
plots with well defined drainage patterns and a steep slope (> 10%). The model fails
to identify detachment by concentrated flow in plots with poorly defined drainage
patterns.
2. The quasi-steady state soil erosion model is capable of identifying rill erosion
and deposition processes in a plot with well defined drainage patterns and a mild slope
steepness ( < 1%). The model fails to identify deposition in plots with well defined
drainage patterns and a steep slope and fails to identify detachment by concentrated flow
in poorly defined drainage patterns.
3. The shape of the response surface contour lines are similar for both

formulations of the sediment continuity equation. The primary difference between
response surfaces is the value of the contour lines. The quasi-steady state approach
yields higher values of the sum of squared objective function than the fully dynamic
approach.

6.2.2 Conclusions Based upon Real Experimental Data
1. Entrainment of soil particles by raindrop impact are better described as a
function of the interrill erodibility coefficient, the square of rainfall intensity, and the

ratio of rainfall excess to rainfall intensity (eq. 3.17) than they are by the interrill

175
erodibility coefficient and the square of rainfall intensity, and rainfall excess (eq. 3.18).

The K, values obtained in this investigation depend upon the model used to describe
transport of soil particles by broad sheet flow. Results show that the transport of soil
particles by broad sheet flow is better describe as the ratio of rainfall excess to rainfall
intensity than the rainfall excess itself.
2. The shape of the sediment concentration graphs are similar for both
formulations of the sediment continuity equation. The benefit obtained by using the more
complicated fully dynamic approach is a more accurate estimation of the peak, or
maximum, sediment concentration.
3. Total sediment yield estimates from both formulations of the sediment
continuity equation are similar. Thus, insignificant benefit is obtained from using the
fully dynamic approach to estimate total sediment yield. However, in this study runoff
hydrographs reach steady state due to the long duration of simulated rainfall. The two

model formulations might perform far differently under experimental conditions where
steady state runoff is not reached.
4. Using the fully dynamic approach, physical interpretation may be associated

with the rill erodibility coefficient. The quasi-steady rill erodibility estimates show a
weak and unclear physical association. The critical shear stress parameter estimates
calculated using both formulations are similar. The effect of the cancellation of the
storage rate of sediment within the flow in the sediment continuity equation on the
critical shear stress parameter is insignificant for the microwatersheds used in this study.
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6.3 Discussions and Recommendations
6.3.1 Discussions
This study is unique in comparing the fully dynamic and quasi-steady state
formulations of the sediment continuity equation as a function of model structure
behavior. This was accomplished using response surface plots. The sediment
concentration graphs and total sediment yield data provided additional comparison
between the two model formulations.
An objective methodology was developed to study soil erosion processes in
rainfall simulator plots treated as microwatersheds. This was achieved by explicitly
separating interrill and rill areas in the rainfall simulator plots using areal photographs
and microtopographic data.

6.3.2 Recommendations for Future Research
Based on the above discussion and conclusions, the following future research
objectives are suggested.
1. Develop rainfall simulator field experiments to obtain partial equilibrium
hydrographs (unsteady flow condition throughout the duration of runoff) to provide data
with greater emphasis on unsteady flow and erosion processes.
2. Develop rainfall simulator field experiments to include soil deposition
measurements in interrill areas and concentrated flow areas.
3. The deposition process should be further investigated incorporating particle fall
v elocity models as a function of soil particle size and soil particle shape.
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4. Investigate the applicability of the microwatershed simplification methodology
to larger watersheds.
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APPENDIX A
RAINFALL SIMULATOR PLOT DATA
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Table A.1 Rainfall intensities, peak average flow rate, and total duration for the very
wet run in interrill plots
plot

1

2

Dur.
(min)

Average flow rate
(mm/hr)

Rainfall intensity
(mm/hr)
3

1

2

3

1031

61.20

126.76

56.67

41.00

119.00

52.00

30.85

1034

63.26

126.23

63.56

47.00

104.00

40.00

23.32

1051

53.42

92.08

53.42

46.00

82.00

44.00

42.50

1056

54.33

103.80

53.92

62.00

32.00

30.00

1059

53.22

93.63

52.88

61.00

18.00

43.00

1063

52.57

93.23

52.72

80.00

40.00

29.00

1069

59.85

112.24

60.11

30.00

56.00

53.00

34.00

1072

55.92

107.65

55.27

34.00

100.00

20.00

30.00

1074

51.90

91.67

52.15

10.10

5.25

35.00

1078

58.39

109.48

58.39

36.00

64.00

44.00

35.00

1079

56.14

118.13

57.12

47.00

112.00

55.00

28.00

1093

63.25

126.14

62.29

45.00

90.00

53.00

35.00

1102

51.55

94.18

51.10

81.00

35.00

40.30

1105

52.84

91.45

47.84

77.00

28.00

35.10

1114

53.61

87.36

52.15

80.00

38.00

53.00

1116

53.27

103.35

52.46

64.00

45.00

42.50

1120

56.54

100.86

56.58

46.00

102.00

48.00

39.00

1121

57.77

103.99

55.56

46.00

101.00

53.00

41.50

1127

52.62

107.54

49.90

61.00

35.00

39.00

1130

53.89

107.77

53.89

85.00

42.00

32.50

1131

51.72

113.35

52.59

20.00

50.00

20.00

33.25

1134

52.85

109.70

50.76

29.00

61.00

27.00

31.50

1138

55.29

117.53

58.48

17.80

10.50

33.50
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Table A.2 Observed sediment concentration at equilibrium for the very wet
run in interrill plots
plot

soil
class

slope
(%)

sediment concentration
(kg/m3)

1

2

3

1031

gravely loam

10.20

4.50

13.10

4.00

1034

gravely loam

10.00

6.10

11.20

4.00

1051

silty clay

3.90

3.50

6.80

3.50

1056

clay loam

8.50

5.80

2.50

1059

clay loam

7.10

6.20

3.30

1063

coarse loam

8.60

2.20

1.60

1069

cobbly clay

8.70

4.10

3.50

3.50

1072

fine silty

5.20

11.70

10.70

6.50

1074

silt loam

4.90

3.80

0.50

1078

silt loam

4.50

2.20

4.60

3.10

1079

silt loam

4.40

6.70

11.80

5.70

1093

loamy

5.90

6.40

12.40

7.00

1102

fine loamy

11.20

4.00

8.00

4.00

1105

clay loam

9.80

10.00

7.00

1114

silty clay

7.80

11.00

16.50

16.60

1116

silty clay

8.60

15.00

25.00

18.00

1120

silty clay

11.20

11.10

21.80

14.00

1121

silty clay

11.60

12.10

25.20

13.50

1127

sandy loam

6.00

3.40

6.10

3.70

1130

sandy loam

7.00

12.50

29.00

13.00

1131

loam

6.60

11.50

25.70

10.00

1134

loam

6.60

4.10

7.50

6.70

1138

sandy loam

12.70

6.00

7.30

5.80
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Table A.3 Observed flow rates and sediment concentration in rill plots at
equilibrium
plot

flow rate at
equilibrium
(mm/hr)

1

2

sediment
concentration
(kg/m')
3

1

2

3

31

56.76

113.40

95.87

28.50

38.90

26.10

34

59.75

125.81

56.12

48.69

25.90

34.50

51

44.75

85.02

48.04

6.10

9.90

5.80

56

33.24

80.60

41.86

24.70

45.00

32.50

59

36.09

74.88

39.60

14.30

28.80

16.30

63

57.80

93.45

42.32

11.20

17.80

9.90

69

62.07

107.19

57.83

7.20

7.30

7.10

72

47.07

88.11

51.13

9.90

10.55

7.80

74

35.16

80.29

45.89

9.00

8.40

5.10

78

50.72

99.16

57.83

5.40

6.60

5.60

79

50.10

103.91

54.26

6.20

6.73

4.50

93

54.93

110.90

67.30

9.34

14.10

8.56

102

41.21

82.26

44.77

11.00

20.00

12.00

105

36.01

91.41

44.02

11.00

20.00

10.00

114

49.54

86.00

47.69

21.00

28.20

23.30

116

50.23

95.91

48.08

16.00

20.30

13.40

120

48.61

94.18

47.69

17.32

19.20

11.40

121

50.23

91.62

48.08

16.84

18.50

15.50

127

48.44

92.51

55.09

10.50

15.30

9.50

130

44.97

89.47

47.69

13.00

22.80

13.90

131

42.09

92.51

44.77

4.00

8.60

5.90

134

41.27

99.16

43.09

8.70

12.20

9.70

138

30.46

69.81

24.00

19.39

17.77

20.00
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Table A.4 Hydrologic parameter values
plot

effec.
porosity

matric
poten.
(mm)

Manning's
coeff.

initial
water

hydr.

suction

cond.

(mm)

(mm/hr)
1.50

30

7.6

0.028

1031

30

content
(%)
15

1034

30

15

1.50

100

25.5

0.032

1051

30

15

0.50

300

81.0

0.030

1056

30

15

2.00

1000

155.0

0.026

1059

30

15

1.50

1300

200.0

0.027

1063

30

15

3.40

50

12.8

0.030

1069

30

15

1.50

2000

210.0

0.030

1072

30

15

2.00

30

7.6

0.020

1074

30

15

4.90

1000

255.0

0.025

1078

30

15

4.00

500

127.5

0.028

1079

30

15

2.00

20

5.1

0.030

1093

30

15

4.00

250

63.8

0.035

1102

30

15

1.00

275

70.1

0.030

1105

30

15

1.00

275

70.1

0.027

1114

30

15

0.50

200

51.0

0.028

1116

30

15

1.00

1500

382.5

0.030

1120

30

15

0.10

40

10.2

0.025

1121

30

15

0.10

40

10.2

0.025

1127

30

15

3.60

500

127.5

0.027

1130

30

15

3.00

200

51.0

0.030

1131

30

15

5.70

650

165.0

0.026

1134

30

15

5.00

500

127.5

0.025

1138

30

15

27.00

210

5.3

0.021

(%)
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RANGELAND INTERRILL PLOT 1114
SOIL: Silty Clay
Very Wet Run
Cottonwood, SD (1987)
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Figure A.1 Poorly defined hydrograph and sediment concentration graph from small
rainfall simulator plot
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RANGELAND INTERRILL PLOT 1079
SOIL: Silt Loam
Very Wet Run
Chickasha, OK (1987)
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Figure A.2 Fairly well defined hydrograph and sediment concentration graph from small
rainfall simulator plot
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RANGELAND INTERRILL PLOT 1034
SOIL: Gravely Loam
Very Wet Run
Tombstone, AZ (1987)
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Figure A.3 Well defined hydrograph and sediment concentration graph from small
rainfall simulator plot
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RANGELAND LARGE PLOT 114
SOIL: Silty Clay
Very Wet Run
Cottonwood, SD (1987)
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Figure A.4 Poorly defined hydrograph and sediment concentration graph from large

rainfall simulator plot
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RANGELAND LARGE PLOT 93
SOIL: Silty Loam
Very Wet Run
Chickasha, OK (1987)
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Figure A.5 Fairly well defined hydrograph and sediment concentration graph from large
rainfall simulator plot
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RANGELAND LARGE PLOT 34
SOIL: Gravely Loam
Very Wet Run
Tombstone, AZ (1987)
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Figure A.6 Well defined hydrograph and sediment concentration graph from large
rainfall simulator plot
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MICROTOPOGRAPHIC MAP FOR PLOT 34
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Figure A.7 Microtopographic map and microwatershed representation
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MICROTOPOGRAPHIC MAP FOR PLOT 72
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Figure A.8 Microtopographic map and microwatershed representation for plot 72
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MICROTOPOGRAPHIC MAP FOR PLOT 93
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Figure A.9 Microtopographic map and microwatershed representation for plot 93
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MICROTOPOGRAPHIC MAP FOR PLOT 102
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Figure A.10 Microtopographic map and microwatershed representation for plot 102
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MICROTOPOGRAPHIC MAP FOR PLOT 138
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Figure A.11 Microtopographic map and microwatershed representation for plot 138
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