A DISTRIBUTED SEDIMENT DELIVERY RATIO CONCEPT
FOR SEDIMENT YIELD MODELLING

DAWIT BERHANE HAGOS

BSc Agric (Soil and Water Conservation), University of Asmara

Submitted in fulfilment of the requirement for the degree of

MSc IN HYDROLOGY

School of Bioresources Engineering and Environmental Hydrology
University of KwaZulu-Natal

Pietermaritzburg
South Africa

December 2004



DECLARATION

The research described in this dissertation was carried out within the School of Bioresources
Engineering and Environmental Hydrology, University of KwaZulu-Natal, Pietermaritzburg,
under the supervision of Professor S A Lorentz (School of Bioresources Engineering and

Environmental Hydrology, University of KwaZulu-Natal).

I hereby certify that the research reported in this dissertation is my own original and unaided

work except where specific acknowledgement is made.

Signed il iﬁ ; ,

A
Dawit Berhane Hagos
| ~
Slgned ] NS\~ %

Simon A Lorentz
Associate Research Professor

(Supervisor)



TABLE OF CONTENTS

Page
ABSTRACT v
ACKNOWLEDGMENTS vii
DEDICATION ix
LIST OF FIGURES X
LIST OF TABLES Xii
LIST OF APPENDICES Xiv
LIST OF ABBREVIATIONS AND DEFINITIONS Xv
1. INTRODUCTION 1
1.1 TImpacts of Erosion and Sedimentation 3
1.1.1 Environmental impacts of erosion and sedimentation 3
1.1.2 Economic impacts of erosion and sedimentation 4
1.2 Aim and Motivation of the Research 4
1.3 Structure of the Research 6

2. PROCESSES AND FORMS OF SOIL LOSS AND SEDIMENT YIELD
MODELLING 8
2.1 Processes of Erosion and Sedimentation 8
2.1.1 Soil particle detachment 8
212 Sediment transport 10
2.13 Sediment deposition 13
2.2 Forms of Soil Erosion by Water 15
221 Interrill erosion 15
2.2.2 Rill erosion 16
223 Gully erosion 17
224 Stream bank erosion 18

3. CATCHMENT SCALE SOIL LOSS AND SEDIMENT YIELD MODELLING 20
3.1 Importance of Modelling 20
3.2 Approaches to Modelling Soil Loss and Sediment Yield 22



321
322
323
324

Empirical models
Conceptual models
Physically based models

Delivery ratio models

3.3 GIS Modelling of Soil Loss and Sediment Yield

THE MODEL: COMBINING THE RUSLE, GIS AND DISTRIBUTED
SEDIMENT DELIVERY RATIO CONCEPTS
4.1 Concepts and Theory

4.2 Calculation of Source Erosion

4.2.1
4.2.2
423
424
4.2.5

The rainfall-runoff erosivity factor(R)
The soil erodibility factor(K)

The length and steepness factor (LS)
The cover and management factor (C)

Support practice factor (P)

4.3 Calculation of the Distributed Sediment Delivery Ratio

43.1
432

A morphological estimate criterion of the subcatchment specific parameter (5)

Calculation of travel

4.3.2.1 Calculation of flow length
4.3.2.2  Calculation of overland flow velocity
4.4 Calculation of Sediment Yield

HENLEY CATCHMENT AND INPUT DATA SETS

5.1 Overview

5.2 Topography and Catchment Descretisation
5.3 Input Data Sets

5.3.1
532
533
534

Derivation of rainfall-runoff erosivity factor (R)
Derivation of soil erodibility factor (K)
Cover and management factor (C)

Support practice factor (P)

11

22
25
27
29
33

36
36
38
40
40
41

46
46

53
53
54
54

57
57
59
63
65
65
71
77



6.

7.

RESULTS AND DISCUSSIONS

6.1 Topographic Factors

6.1.1 Slope steepness factor

6.1.2 Flow accumulation

6.1.3 Slope length (LS) calculation
6.2 Calculation of Flow Length
6.3 Calculation of Flow Velocity
6.4 Calculation of Travel Time
6.5 Calculation of Subcatchment Specific Parameter (/3)
6.6 Calculation of the Sediment Delivery Ratio (SDR)
6.7 Calculation of Potential Source Erosion
6.8 Computation of Sediment Yield
6.9 Identification of Sediment Source Areas
6.10 Event Basis Sediment Yield Simulation
6.11 Verification Studies of Sediment Yield

6.11.1  Verification using flow integrated sediment sampling techniques

79
79
79
81
83
84
89
90
93
94
97
101
105
105
106
107

6.11.2  Comparison of results against those from other estimation approaches in South

Africa
6.11.2.1 Comparison of results with Rooseboom et al. (1992) sediment yield Map
6.11.2.2 Comparison of results with the ACRU sediment modelling system in Mgeni
catchment
6.11.2.3 Conclusion
6.12 Sediment Yield Sensitivity Analysis
6.12.1  Sensitivity of sediment yield to overestimation of model variables
6.12.2  Sensitivity of sediment yield to underestimation of model variables
6.12.3  Prediction of SDR
6.12.4  Conclusion

CONCLUSIONS AND RECOMMENDATIONS

REFERENCES

il

110
110

110
111
111
113
114
114
116

118

123



APPENDIX A
APPENDIX B
APPENDIX C
APPENDIX D
APPENDIX E

v

137
138
139
141
143



ABSTRACT

Identifying areas of the hillslope that are most sensitive to soil erosion and contribute
significantly to sediment yield is a primary concern in environmental protection and
conservation. Therefore the ability to predict the magnitude and variability of soil erosion and
sediment yield is important to catchment managers in order to select the appropriate conservation

practices that keep soil erosion and sediment yield within the tolerable limits.

A number of models have been developed for simulating soil erosion and sediment yield from a
catchment. However, none of them are universally applicable and most of them require extensive
data which are extremely costly, time consuming and sometimes not available except in research
catchments. Hence it was concluded that the combined use of an empirically based soil loss
model, RUSLE, Geographic Information Systems (GIS) techniques, and a Sediment Delivery
Ratio (SDR) concept would be a candidate modelling tool, which would be a compromise
between the advantages of simplicity, data availability, the complex spatial variability of
hydrological and geomorphological characteristics of a catchment and the economic limitation of

field data measurements in sediment yield studies.

Such a modelling tool was developed in this research and was able to identify sediment source
areas and predict annual sediment yield from catchments. Data from the Henley catchment, South
Africa have been used for demonstrating the potential use of the model in soil erosion and
sediment yield studies. Arcview GIS grid functions were used to define the flow direction,
accumulation, pathways, and velocity in a catchment as a function of topography and land use
and to describe spatially variable input and output information. In addition the Arcview GIS grid
function was used to discretise the catchment into hydrologically homogeneous grid cells to
capture the catchment heterogeneity. The gross soil erosion in each cell was calculated using the
soil loss model RUSLE while a distributed topography based SDR parameter was used to
determine the mass of eroded sediment that would be transported to the nearest stream and

ultimately to the catchment outlet.



The average annual soil loss and sediment yield values were 26 t. ha'.yr Tand 1.6 t. hal.yr !
respectively. High soil erosion and sediment yield rates are evident in the residential and
agricultural areas, which are characterised by degradation due to overgrazing and traditional and
peri-urban settlements with mixed crops. The average annual SDR value was 0.19 for the Henley
catchment and large SDR values are associated with areas adjacent to the channel system. This
can be explained by recognizing that the SDR is significantly influenced by characteristics of the

drainage system.

Comparison of event based simulations of sediment yields to those estimated from measurements
demonstrated that the proposed mode! predictions ranged between 13 % and 60 % of the
measured estimates, consistently over predicting. This is because the SDR component of the
model is developed as a mean annual parameter, assuming that over a long period a stream
system must intimately transport all the sediments delivered to it. Hence the channel network
sediment delivery parameters would have to be considered at short temporal scales. Comparing
the results of the model prediction against other sediment modelling techniques in South Africa
demonstrated the usefulness of the model as an effective catchment management tool. The model
has advantages over these other techniques since it includes a distributed grid based component,
which enables the identification of sediment source areas in the catchment. The sensitivity
analysis shows that the model was highly sensitive to parameters derived from topography and

land use of the catchment.

Future research with the model should include further testing and analysis of its components on
different catchments. The topography based SDR concept which is a key component in sediment
routing for prediction of either long term average sediment yield or isolated storm event
simulation from a catchment warrants specific attention. Effort in future should focus on
identifying parameters which affect the sediment delivery within a catchment. This may be

achieved by incorporating processes describing the movement of sediments in the channel

network of the catchment.
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Definitions

Erosion defined as the detachment or entrainment of soil particles from a hillslope,
thus distinguishing it from deposition or sedimentation and sediment
transport (Khanbilvardi et al., 1983; Onstad, 1984; Nearing et al., 1994;
Hudson, 1995; Morgan, 1995; Vijay et al., 1996).

Sediment yield defined as the amount of eroded material that passes a designed point at

the outlet of a plot, field, channel, or catchment in a specified period of
time (Khanbilvardi et al., 1983; Onstad, 1984; Nearing et al., 1994,
Hudson, 1995; Morgan, 1995; Vijay et al., 1996).
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1. INTRODUCTION

Annually, soil erosion exacts an enormous toll on catchments, both at the point of soil removal
where erosion destroys agricultural potential, and at the point of deposition, where it limits the
capacity of reservoirs and channels. This has been of concern to hydrologists, agricultural
engineers and agronomists for several decades (Hadley and Mizuyama, 1993). The problem is
not a new phenomenon, but is being taken more serious now than ever before (Lal, 1994,

Morgan, 1995).

As is frequently cited by different researchers, quantities of between 15000-20000 million tonnes
of soil is carried to the ocean each year from all the continents (Walling and Webb, 1996).
Although, data are now available for an increasing number of the major rivers of the world,
which in turn accounts for a substantial proportion of the land surface, uncertainties still exist
regarding the sediment flux from smaller river basins draining to oceans. In addition, where data
are available, uncertainties may exist because of lack of identification of the source of the
information, short record lengths, differing periods of record, non-stationary river behaviour, and
data reliability (Walling and Webb, 1996). Especially, the data reliability is recognised as a
major problem since the measurement programmes employed in many areas of the world are

inadequate for generating accurate assessments of sediment loads (Walling and Webb, 1996).

In the case of southern African, approximately 100-150 million tonnes of soil is carried to
reservoirs each year (Howe, 1999). It is therefore, evident that erosion and sediment transport
constitute a major problem facing development of water resources in southern Africa, which is

predominantly semi-arid and consequently requires optimal management.

One of the main aims of catchment management plans is to develop cost effective practices and
strategies for erosion and sedimentation control. These strategies are required to identify and
reduce the loss of topsoil from the source area. This enables the reduction and maintenance of
erosion from agricultural fields and hence the reduction of sediment delivery and prevention of
the associated degradation of the water quality, reduction of the life span of downstream

reservoirs and channels and flood problems (Kienzle et al., 1997: Ouyang et al., 1997).



Conservation practices rely on adequate prediction models which simulate the sediment yield
consequences of perturbations in catchment land use. Such models are developed from an
understanding of the erosion processes and underlying hydrological responses of catchments. The
difficulty with such model development is that the dynamics of soil erosion and transport of
sediments are relatively well studied at the point, laboratory or plot scale (Khanbilvardi et al.,
1983; Karvonen et al., 1999), but catchment sediment yield modelling is less well developed.
This is as a result of the complexity of the delivery processes at the catchment scale and the vast
amounts of data required for simulating the variability of the parameters which describe these

processes (Fefsgaard and Knudsen, 1996).

The sediment yield from a catchment at any instant in time is governed by the supply of the
sediment available for transport and the capacity of the overland flow to transport the sediment to
the catchment outlet (Nathalie, 1999). However, relatively little is understood about sequential
processes regarding discontinuous erosion and transportation as sediment moves from source
through the conveyance systems with intermittent periods of storage. Therefore, a difficulty
associated with catchment sediment modelling is that the model has to describe spatially variable
sources, sinks, temporary storage and transport processes, which are characterised by the
catchment drainage network, which in turn is a function of the catchment topography (Dietrich et
al., 1999; Picouet et al., 2001). This difficulty was highlighted by a review of the different
environmental and geomorphological factors, the different forms and processes of soil erosion
and sedimentation as currently understood and the various different catchment scale modelling
approaches, which have been attempted. The difficulty is complicated as there is no standard
method of prediction for soil erosion and sediment yield used by the developers of models (Elliot
and Laflen, 1993; Owoputi and Stolte, 1995). The models are often developed with different

purposes in mind or problems to solve and thus make use of different equations, parameters and

assumptions.

Hence, in the light of the above, it was decided to combine a soil loss model, the Revised
Universal Soil Loss Equation (RUSLE), a Geographic Information System (GIS) and a
distributed grid based Sediment Delivery Ratio (SDR) concept for estimating the magnitude and

describing the spatial variability of source erosion and sediment yield throughout the catchment.



More importantly, this technique allows for the determination of the effect of land use change on
soil erosion and sediment yield of a catchment. In addition it allows easy definition of spatial
subunits or grids of relatively uniform properties. Therefore with the aid of GIS, soil loss and
sediment yield modelling can be performed on the individual subunits or grids. The identification
of the spatially distributed source areas for sediment yield within the modelled catchment makes
possible the implementation of special conservation efforts on these source areas. Further reasons
for the value of this form of modelling are illustrated by examining the impacts of erosion and

sedimentation.

1.1 Impacts of Erosion and Sedimentation

Erosion and sedimentation causes both environmental and economic impacts. Both are important,
but, it is often only an economic impact that spurs action. Environmental impacts are difficult to
assess at the initial stages. They tend to build slowly and not produce dramatic results for many
years, by which time it may be too late to correct the problem (Goldman ez al., 1986). Some of

the environmental and economic impacts are mentioned below.
1.1.1 Environmental impacts of erosion and sedimentation

Environmental impacts of erosion and sedimentation include the following;:

. Eroded sediment contains nitrogen, phosphorous and other nutrients. When carried into
water bodies, these nutrients trigger algal bloom that reduce water clarity, deplete oxygen,
lead to fish kill, and create odours (Eck et al., 1995; Gibson and Ford, 1998).

. Erosion of stream banks and adjacent areas destroys streamside vegetation that provides
aquatic and wild life habitats (Goldman ez al., 1986).

. Turbidity from sediments reduces in-stream photosynthesis, which leads to a reduction in
food supply and habitat (Eck ez al., 1995; Gibson and Ford, 1998).

. Suspended sediment abrades and coats aquatic organisms (Rekolainen et al., 1998).

. Erosion removes the smaller and less dense constituents, viz. topsoil. These constituents,

clay and fine silt particles and organic material, hold nutrients that plants require. The



remaining subsoil is often hard, rocky and infertile. Thus re-establishment of vegetation is

difficult and the eroded soil produces less growth (Hudson, 1995).
1.1.2 Economic impacts of erosion and sedimentation

Some of the major economic impacts of erosion and sedimentation include:

o Excessive sediment accumulation results in significant loss of storage of reservoirs and
channels and more frequent sediment removal is required (Walling and Webb, 1996).

o Erosion severely diminishes the ability of the soil to support plant growth. To restore this
ability costs money, although restoration is not always undertaken (Goldman ez al., 1986).

o The associated water quality problems with reservoir siltation, such as eutrophication,
require costly purification procedures (Mandavelle, 1997; Howe, 1999).

. Sediment deposition into streams increases the risk of flooding (Boardman et al., 1990).

Therefore these impacts highlight the need for a simulation tool which can identify local erosion

as well as the source of sediment yield that reaches downstream to water resource projects.
1.2 Aim and Motivation of the Research

During the past few decades, a number of different techniques or approaches have been attempted
in predicting soil loss and sediment yield from a catchment. According to Wu ez al. (1993),
Wicks and Bathurst (1996) and Dietrich et al. (1999), of the different modelling approaches,
physicaily based models are expected to provide the most reliable estimates of sediment yield.
However, these models required the coordinated use of various submodels which describe the
processes of particle detachment, transport and deposition. As a result, the input parameters for
these models are extensive. The practical application of these models is still limited because of
the difficulty in specifying model parameter values particularly in developing countries for which
this research is intended and also because of the different scales of application that exist, for

instance between catchment and field scale, where detailed process description may be

inappropriate.



The solution is to employ a relatively simple tool for modelling soil loss and sediment yield i.e.
to be able to maintain a balance between simplicity, the speed of obtaining results and the
accuracy required for it to be effective. With this in mind, it is necessary to define a few

requirements which need to be satisfied. These include the following:

o The model must provide a useful and efficient tool for predicting long term soil loss
and sediment yield in developing regions where data are scarce or lacking;

) The model must be relatively easy to use, fast and cost-effective in the estimation of
spatially distributed soil loss and sediment delivery, which is better for planning and
management of water resources projects than the traditional method of long term data
collection;

o The model needs to have a sediment delivery ratio function, which addresses the problem
of sediment routing from the hillslopes to the catchment outlet and need to be applicable
to catchments without suitable data for calibration;

. The model must be sufficiently accurate in approach in order to identify the spatial
distribution of soil loss and sediment yield and make possible the implementation of
special conservation effort at different areas in the catchment;

. The input data required by the model must be kept to a minimum and must be easily
obtainable. This may enable the model to be transferable from one catchment to another;
and

. Even though it is impossible to provide absolute values for sediment yield, the model
must be able to provide values within a certain degree of confidence of the values

being predicted.

Generally, the model presented in this research has been developed as the tool most likely to

fulfil the requirements outlined above. A detailed description of the model is outlined in
Chapter 4.

The aim of this research is to develop a modelling tool to estimate soil erosion and sediment yield

in a catchment, based on the combined use of RUSLE, GIS and SDR concepts with the following

specific objectives:



o To present a methodology that combines RUSLE, GIS and SDR concepts to estimate the
magnitude and spatial distribution of soil erosion and sediment yield at a catchment scale.

This was stimulated by recognizing the following:

> The combined use of RUSLE, GIS and SDR would afford a ready means of catchment
planning tool in developing regions where data are scarce and lacking;

» The combined use of RUSLE, GIS and SDR is much faster and less expensive than the
process based models for designing and planning of catchment management;

» The combined use of RUSLE, GIS and SDR is sufficiently accurate technique to

estimate sediment yield.

. To identify the main source of sediment delivered from upland slopes;
L To simulate the effects of land use change on soil erosion and sediment yield of a
catchment;

. To demonstrate the use of this methodology by applying it to the Henley catchment, in the
upper reaches of the Msunduzi River, consisting predominantly of informal traditional
Zulu and peri-urban settlements interspersed with mixed crops, grassland and forestry and

subjected to high mean annual sediment yield.
1.3  Structure of the Research

This research includes seven chapters. Chapter 2 discusses the different forms of soil erosion,
local scale erosion and sediment transport processes and the equations which may be used in

modelling and addressing the various approaches for modelling these processes.

Chapter 3 contains a review of a number of different approaches that have been attempted by
researchers to upscale from the point and laboratory scales to the catchment scale modelling of
soil loss and sediment yield. Owing to the complexity of the sediment delivery processes and the
inherent upscaling difficulties, the models vary from empirical descriptions to attempts at
physically based analysis are reviewed. The chapter places more emphasis on the deterministic
sediment delivery ratio modelling approach (by giving an example of the CALSITE model which

is a distributed delivery ratio based model) than the catchment specific sediment delivery ratio



models. In addition, this chapter discusses the effectiveness of coupling soil loss models with GIS

for estimation of the magnitude and distribution of soil loss and sediment yield in a catchment.

Chapter 4 focuses on the development of a GIS distributed sediment delivery ratio model, which
provides a useful and efficient tool for predicting long term soil erosion and sediment yield in
developing regions where data are scarce and lacking. It also addresses the advantages of
simplicity, and cost effectiveness in the estimation of spatially distributed soil erosion and
sediment delivery over the traditional method of long term data collection on sediment yield. It
argues that empirical sediment delivery ratio equations do not show the spatial variability of soil
erosion and sediment yield. Hence the model developed in this research was motivated by its

consideration of spatial variability of soil loss and sediment yield.

The spatial variation in source erosion and sediment yield is a function of the catchment
topography (slope), land use, overland flow paths and velocity to the channel network and then to
catchment outlet. These processes were considered important with regard to identifying areas of
source erosion and modelling the potential of the eroded soil being transported to the catchment
outlet. The model links the soil loss model RUSLE, GIS grid function and SDR to modelling the

magnitude and spatial distribution of source erosion and sediment yield to the catchment outlet.

Chapter 5 describes the overview of the study area, the format and sources of the different data
sets employed in the model. In Chapter 6, results and discussions of the model output,
accompanied by verification of event basis sediment yields with observed measurements and
comparison against other modelling techniques in South Africa are presented. In addition
Chapter 6 presents the sensitivity of the model. Finally, Chapter 7 concludes the research with a

review of the findings of the research and recommends ideas for future research.



2. PROCESSES AND FORMS OF SOIL LOSS AND SEDIMENT YIELD
MODELLING

Modelling of soil erosion and sediment yield require an understanding of the different physical
processes and forms of erosion and sedimentation that take place by running water. This is done
before addressing the various approaches attempted for modelling theses processes which will be
presented in Chapter 3. The different physical processes include soil particle detachment,
transport and deposition and the different forms of soil erosion by water include interrill, rill,
gully, and stream bank erosion. Modelling all these forms and physical processes would be a
complex process. Hence describing the different forms and processes of soil erosion and
sedimentation helps to identify which of these processes are most significant in contributing
sediment in a catchment. This can be easily modelled with an empirically based soil loss model,
RUSLE, which is shown to give some success in predicting sediment yield on a catchment scale
by combining it with GIS technology and a sediment delivery ratio concept such as that presented
in Chapter 4. Therefore this research is only concerned with modelling the effects of erosion and
sediment transport through a catchment, by water and more specifically only the splash, sheet, rill

erosion, and deposition and reintrainment processes.
2.1  Processes of Erosion and Sedimentation

Soil erosion and sedimentation are essentially a three part process, i.e. detachment, transport and
deposition of soil particles by the erosive forces of raindrops and the overland flow of water
(Novotny, 1980; Khanbilvardi ef al., 1983; Goldman et al., 1986). Detachment and transport are

basic processes occurring on source areas while transport and deposition are basic processes

occurring on sink areas.

2.1.1 Soil particle detachment

Soil detachment rate is one of the most important components of the soil loss and sediment yield
processes. Thus accurate prediction of detachment rates is fundamental to the development of any

reliable soil loss and sediment yield models (Owoputi and Stolte, 1995).



Soil particle detachment is the dislodging of soil particles from the soil mass at a particular
location on the soil surface by erosive forces of raindrops and by overland flow of water
(Owoputi and Stolte, 1995). Owoputi and Stolte (1995) state that the controlling factors
governing detachment are the shear stresses generated by overland flow and raindrops, and the
reciprocal shear strength due to the cohesion of the soil particles and gravity. In order to detach
and transport soil particles, the shear stresses generated by the overland flow and raindrop must
exceed the shear stress of the soil gravity (Zhang et al., 2002). The nature of the soil affects the
critical shear stress for initiation of detachment of soil particles. The mechanism of soil
detachment is a continuous process which ends for each dislodged particle when it either
becomes incorporated into the flowing water or is simply moved from its original location

(Cochrane and Flanagan, 1996).

Raindrop impact breaks the cohesive bonds between soil particles, thereby detaching particles
from the soil mass and making them available for transport by surface water (Beuselinck ez al.,
2002). Soil detachment by raindrop impact can be regarded as a measure of rainfall erosivity and
soil erodibility. The rainfall parameters that are frequently used by many researchers in modelling
of detachment by raindrop impact are rainfall intensity, momentum, kinetic energy, drop size,
shape and velocity (Ghadiri and Payne, 1988). Soil parameters, which were found to be related to
this aspect includes aggregate size and stability, bulk density, matric potential and shear strength
(Francis and Cruse, 1983). Based on past research and the findings of Borah and Ashraf (1990),

the rate of soil detachment due to raindrop impact might be expressed by Equations 2.1 and 2.2

given below.

E, =a,I*(1-D,) —Dg)[l-h+eJ, if (h+e)<3d,, 2.1
S0
E, =0, if (h+e)>3d,, 2.2
where E, = rate of soil detachment due to raindrop impact (kg.s™),
a, = raindrop detachment coefficient (kg.s.m'z),
1 = rainfall intensity (m.s™),



D, = canopy cover density,

D, = ground cover density,

h = water depth (m),

e = thickness of the existing detached soil on the bed (m) and
dso = median raindrop diameter (m).

The detachment of soil particles by overland flow occurs when the shear stress applied by the
overland flow is high enough to dislodge the soil particles from the soil mass. The amount of soil
eroded depends on both the excess shear stress above the critical level for initiation of
detachment, the extent to which the flow transport capacity exceeds the sediment load being
supplied from upstream and the nature of the parent material (Nearing et al., 1990). Models of
erosion and sedimentation processes therefore have to distinguish between vulnerability to
erosion of different soil surfaces, as in areas where mainly sheet flow occurs (interrill areas),
areas where concentrated flow predominates (rill areas) and areas where gully erosion occurs. It
is a reasonable assumption to identify the dominant erosion mechanism in the limited interrill
regions as being rainfall detachment, with entrainment, or runoff detachment, dominating in rills

(Rose et al., 1990).

According to Wicks and Bathurst (1996), a common description of the soil erosion process
involves detachment of soil particles by raindrop impact, transport of this material to rills by
sheet flow, and further detachment and transport of soil particles by the rill flow. Most process
based soil loss and sediment yield models assume a linear relationship for soil detachment in rills
as a function of some hydraulic variables, often either shear stress (Nearing et al., 1990), unit
stream power (Zhang et al., 2002), or stream power (Rose et al., 1983; Hairsine and Rose, 1992).

The parameter best suited to describe soil detachment for erosion prediction is still unclear.
2.1.2 Sediment transport
Most soil loss and sediment yield models rely upon the concept of transport capacity, which is

defined as the maximum amount of sediment that a discharge can carry without net deposition

occurring (Hairsine and Rose, 1992). Sediment transport capacity is very important in predicting
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soil loss on hillslopes, but current understanding generally only allows for an estimate of
transport capacity, to be within an order of magnitude of the correct value (Nearing et al., 1990).
Clearly, significant improvements in soil loss and sediment yield prediction technology will
come as a result of improved sediment transport estimation techniques (Nearing et al., 1990).
Several transport capacity equations have been developed for transport of sediment in large
channels and adapted for use in upland soil loss models. The choice of the best sediment
transport capacity equation is subjective, and opinions vary as to the most appropriate equation to
use (Nearing et al, 1994). Apart from selecting an equation to use, it is important when
modelling fundamental erosion and sedimentation processes, to understand what transport
capacity involves and how it is represented in the model. Transport capacity is basically a balance
between entrainment and deposition rate of the already detached sediment in the flow (Nearing et

al., 1994).

Nearing et al. (1990) stated that there are two explicit assumptions when using a sediment
transport equation in describing soil loss and sediment yield. The first assumption is that the
description of the entrainment process does not include a factor for cohesive soil forces, but
considers only gravity forces of sediment, that must be overcome for the particle to be lifted into
the flow. The implicit assumption, then, for erosion of cohesive soils is that cohesive forces are
negligible, once the soil has been initially detached from the in-situ soil mass. The second
assumption is the description of deposition as a continual process. Detachment refers to the
process of removing in-situ soil particles from the bulk soil and net detachment refers to a
balance between detachment, entrainment of previously detached particles, and deposition for the
case when net movement of particles is from the soil surface into the flow. Some recent soil loss
and sediment yield models have avoided the explicit use of existing sediment transport equations
entirely (Nearing ez al., 1990). These models calculate simultaneously the processes of
detachment by flow, entrainment by flow, detachment by rainfall, entrainment by rainfall and
deposition of sediment. Foster et al. (1981) stated that if the potential accumulative sediment load
along a defined flow path is less than the transport capacity of the flow, further detachment
occurs either at a detachment rate controlled by the flow or at a rate that just fills the transport
capacity. If the rate of detachment is greater than the transport capacity, the sediment is

transported at the carrying capacity of flow.
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The decisive factors governing transport capacity are fluid turbulence, the grain size and settling
velocity of the transported particles (Owoputi and Stolte, 1995). In order to transport detached
particles over a certain distance, the settling of the particles has to be counteracted by vertical,

turbulent flow components within the fluid (Owoputi and Stolte, 1995).

A reliable estimation of the sediment transport capacity of surface flow is essential in developing
sediment yield models which are designed to route sediment (Alonso et al., 1981). Alonso et al.
(1981), state that sediment transport capacity depends on many hydraulic and sediment related
variables that affect the development of an equation where variables are expressed explicitly.
Julien and Simons (1985) concluded that the slope length and gradient, unit discharge rate, which
is a function of flow depth, flow velocity and rainfall intensity, and shear stress acting to detach
soil, were the dominant geometric and flow variables for determining sediment transport

capacity.

Several generalised formulas have been developed for computing sediment transport capacity.
Many of the equations were developed for stream flows, and were later applied to shallow
overland and channel flows. However, Alonso et al. (1981) evaluated nine sediment transport
capacity formulas and concluded that the Yalin, 1963 equation provided reliable estimates of
transport capacity for shallow overland and channel flow. The Yalin, 1963 (Equation 2.3), may
be applied at any point on the hillslope to estimate the transport capacity (T.) of the flow at the

point, provided that estimates of hydraulic and sediment properties are available, and is expressed

as.
T 1
. ‘ =0.6355 | 1——In(1+

(SG) dpwo'STSO'S { y n( 7)} 23
y =245(SG)* (v, )8 . 2.4
5= YL —1 (when Y<Y,, 5 =0) 2.5
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yo,
YV=—Tw
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where T, = sediment transport capacity (kgmt.s™,
SG = particle specific gravity (dimensionless),
Pw = mass density of water (kg.m'3),
= particle diameter (m),
= dimensionless shear stress as defined above in Equation 2.6,
Y., = dimensionless critical shear from shield diagram, a function of the

Re (Reynolds’s number) of the flow,

g = acceleration of gravity (n.s?),
Ts = shear stress acting to detach soil (kg.m'].s'z),
yand d = dimensionless parameters as defined above in Equations 2.4 and

2.5 respectively.

The Yalin, 1963 sediment transport equation or its modification has been used in many sediment
yield models to estimate sediment transport capacity which is applied based on the assumption
that sediment movement begins when the lifting force of the flow exceeds a derived critical
lifting force. Models include the ANSWERS model (Beasley et al., 1980), CREAMS model
(Foster et al., 1981), the upland model (Khanbilvardi et al., 1983), KYERMO model (Hirschi and
Barfield, 1988), RUNOFF model (Borah, 1989) and WEPP model (Nearing et al., 1989) use this
equation. Some of the common modifications made to the equation include sediment transport as
a function of the distance along a complex slope and shear stress acting to detach the soil
particles. When calibrated using the average of the hydraulic shear stresses at the end of a
constant slope reference profile and at the end of the actual profile, the Yalin (1963) equation

provides an accurate approximation (Nearing et al., 1990).

2.1.3 Sediment deposition

Sediment is deposited when the sediment load exceeds the flow’s total transport capacity or flow
loses its capacity to transport coarser sized particles present in the sediment load (Hairsine and
Rose, 1991). Bed load material is deposited immediately when transport capacity decreases
below the sediment load, while suspended load responds more slowly to a reduced transport
capacity (Owoputi and Stolte, 1995). The amount of sediment transported or deposited is the

result of interactions between transport capacity of the flow and the amount of sediment entering,
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and moving along the flow. Imbalances between sediment supply and transport capacity causes
detachment and deposition. These processes are all interrelated and must satisfy locally the

conservation principle of sediment mass (Borah and Ashraf, 1990).

For the sake of simplicity, Borah and Ashraf (1990) assumed, as for detachment, that sediment
deposition is uniform over the overland and the channel beds. The mode of detachment and
deposition depends on the carrying capacity of the flow, the sediment load and the amount of
sediment present in the flow. If the capacity is higher than the sediment load, a detachment mode
is assumed and the flow tends to pick up more materials from the bottom and if it is less, a
deposition mode is assumed and the flow tends to deposit the excess material. Deposition may be
described either as a separate process, as given in Equation 2.7 (Rose, 1985), or as a result of the
difference between the actual sediment load and the transport of the flow as in (Equation 2.8)

(Foster, 1982).

d, =z, 2.7

where d; = mass rate of deposition per unit area of class, i, (a; ¢;) is the
sediment concentration adjacent to the bed (kg. m™),
Ci = mean sediment concentration (mass of sediment per unit volume of
solution) (kg. m™), and

Vi = settling velocity representative of class 7 (m. s™).

Note that the term o; is a coefficient introduced to permit a non-uniform vertical distribution of

sediment in the flow.

DrzKr(Tc—q:) 2.8
where D, = rill detachment or deposition rate (kg.s '.m),
T, = sediment transport capacity (kg.s '.m™),
qs = sediment load (kg. s '1.m'1), and
K, = a first order reaction rate coefficient for deposition (m™).
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Deposition calculations are important for estimating the sediment delivery from a slope profile.
Accurate deposition relationships are critical to providing accurate predictions of off-site
sediment problems. Nearing ef al. (1990) stated that much work has been done in the area of
predicting deposition on complex slope profiles. Generally these studies recommend the

following:

. If a single effective fall-velocity term is to be used to calculate net deposition, improved
methods of calculating an effective fall velocity must be developed;

o Collections of reliable data are required for non-uniform slopes in the field and exact
slope profile descriptions will be essential to interpreting the data. Also the rate of
sediment delivery to the area of net deposition must be accurately measured as a function
of time; and

° More basic, theoretical work needs to be performed to provide better estimates of

transport and deposition rates for mixtures of particle size class.

Therefore the processes of soil erosion and sedimentation mentioned above are applicable in each
of the forms of soil erosion and sedimentation depending on the factors such as topography, soils,

vegetation cover and rainfall-runoff characteristics as detailed in Section 2.2 below.

2.2  Forms of Soil Erosion by Water

According to Kinnell (1993), Morgan (1995) and Schwab ez al. (1995), soil erosion by water is
divided into interrill erosion, rill erosion, gully erosion, and stream bank erosion. The details of

these forms of soil erosion by water are given below.

2.2.1 Interrill erosion
Interrill erosion is sometimes referred to as sheet erosion (Morgan, 1995). The process is such

that thin layers of soil are removed; one after the other, from the surface and the erosion is often

not clearly evident when the soil surface is visually inspected (Owoputi and Stolte, 1995). In the
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interrill areas, the mechanisms of raindrop and overland flow are jointly responsible for the

detachment and transport of sediments (Kinnell, 1993).

Schwab et al. (1995) stated that in the interrill areas, soil detachment is mainly caused by
raindrop impact while the flowing water accomplishes transport. However, these processes are
very much interdependent. In the interrill erosion, the amount of soil detached by the raindrops is
a function of the depth of overland flow with the flow depth being a measure of the erosive action
of the overland flow (Hirschi and Barfield, 1988). The erosion caused by raindrops may also
depend on the amount of sediment being transported per unit time by the overland flow. This
implies that the erosive action of raindrops is not independent of the erosive action of overland
flow. Similarly, the erosive action of overland flow, particularly its capability to transport

sediments, is enhanced by raindrops (Kemper et al., 1985).

Despite the inter-relationships between the erosive actions of raindrops and overland flow, the
roles played by each of these erosive agents, either in the rill or interrill area, are very distinct
(Hairsine and Rose, 1992). Most of the currently available equations for predicting soil
detachment are either developed for overland flow or for raindrop impact; the inter-relationships
between these erosive agents are not usually reflected (Hairsine and Rose, 1991; Schwab et al.,

1995).
2.2.2 Rill erosion

A rill is a small channel that is formed during a runoff event. It is different from a gully in that a
rill is easily removed under normal tillage practice (Owoputi and Stolte, 1995). Different
researchers give different definitions and significance of rill erosion. In the rill, the main causes
of erosion is the shear forces from the overland flow or rill flow, which is a function of
topography, soil properties and runoff rate, while the impact of raindrops on the detachment is
commonly assumed not to be significant (Barfield e al., 1983; Schwab et al., 1995). In addition
to its role in the detachment of soil particles, the rill flow is also the main transporting agent.
Although many studies support the fact that raindrops do aid overland flow in transporting

sediments, most of these studies were conducted in the interrill areas (Kinnell, 1993).
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Some of the fundamental problems associated with the theory of rill erosion can be related to the
prediction of the location and formation of rills, as well as their general behaviour during erosion
events. This is so because of the complexities involved (Owoputi and Stolte, 1995). According to
Moore et al. (1988), the development of rills is associated with the micro relief structures of the
soil surface and the geometry of the slope, but the actual mechanisms responsible for rill

development are generally unknown.

Many different equations have been developed by different researchers to describe the erosive
action of raindrops and overland flow, either in the rill or interrill areas. However, these
equations have various shortcomings, such as being empirically based, consequently requiring
full understanding of all the physical processes involved in soil erosion. There is also a need to
relate the impact of soil moisture and seepage interactions on soil characteristics and behaviour to

soil erodibility (Owoputi and Stolte, 1995).
2.2.3 Gully erosion

A gully is defined as a steep sided channel, often with a steeply sloping and actively eroding head
scarp caused by erosion due to the intermittent flow of water, usually during and immediately
following heavy rains. As distinct from rills, gullies cannot be removed by tillage (Walling and

Webb, 1996). Thus, gully erosion is an advanced stage of rill erosion.

The rate of gully erosion depends primarily on the runoff producing characteristics of the
catchment above the gully, i.e. the drainage area, soil characteristics, the alignment, size and
shape of fhe gully, and the slope of the channel (Schwab et al., 1981). In addition, Morgan (1980)
and Schwab er al. (1981) stated that a gully develops as a result of processes that may take place
either simultaneously or during different periods of its development. These processes are
waterfall erosion at the gully head, channel erosion caused by water flowing through the gully,
raindrop splash on unprotected soil, alternate freezing and thawing of the exposed soil banks, and

slides or mass movement of the soil in the gully.
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According to Morgan (1995) and Walling and Webb (1996) when measuring and modelling
sediment yield due to water erosion most attention has been given to interrill and rill erosion.
However, field observation in the past few decades has indicated that, beside interrill and rill

erosion, gully erosion is often a significant sediment source in a catchment.

Recent research has provided some insight into gully erosion processes and factors which might
help in the modelling of some of these aspects or which, at least, draw attention to particular
processes important for modelling gully erosion. In order to better simulate gully erosion
subprocesses, more detailed monitoring and modelling of the development of gullies is needed.
More precisely, there is a need to better predict the location, the total length and the cross-section
(size and shape) of gullies. It has been recommended that existing concentrated flow soil loss and
sediment yield models need to be refined to incorporate the effects of the resistance of various
soil horizons to concentrated flow erosion, as well as other detaching mechanisms in gullies, such

as soil fall, slumping and head cutting (Poesen et al., 1998).

Models capable of representing these aspects of gully erosion are needed in order to more
accurately predict the effects of environmental changes on soil losses, sediment sources and
sediment volumes in upland areas. These processes operating in upland areas often contribute
significantly to downstream flooding and sedimentation and need to be accounted for when

evaluating the efficiency of gully erosion control measures (Morgan, 1995).
2.2.4 Stream bank erosion

Stream bank erosion consists of soil removal from stream banks or soil movement in the channel.
Stream banks erode either by runoff flowing over the side of the stream bank or by scouring and

undercutting below the water surface (Schwab ez al., 1981).

Sediment in streams is transported by suspension, by saltation, and by bed load movement
(Moore et al., 1988). Sediment loads may be estimated by resurveying reservoir bottoms and by
sampling the flow of streams. According to Troeh et al. (1980) and Walling and Hadley (1980)

variables that affecting sediment movement in streams include velocity of flow, turbulence,
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particle size distribution, diameter, cohesiveness, specific gravity of transported material, channel

roughness, abstraction to flow and availability of material for flow.

Although the actual area damaged by stream bank erosion is small compared to the area affected
by other types of soil erosion by water, it is very important because bottomland soils damaged by
this type of erosion are usually more productive than any other soils in the area, and because soil
picked up by streams is carried completely away, with little or no chance for deposition close to

the original site (Morgan and Davidson, 1986; Elliot and Laflen, 1993).

While the techniques defined above may provide an adequate description of the forms and local
scale soil loss and sediment yield processes, their application at the catchment scale requires a
vast amount of information to describe the morphology of the terrain and channel characteristics.
It has also been debated whether the interacting processes that occur within a catchment can be
represented by the physics included in these techniques. Therefore, a more empirical approach for
these processes may be applicable for large spatial scale modelling of soil loss and sediment

yield.

In the next chapter, the advantages, limitations, scale of simplicity, and effectiveness of the
different modelling approaches are discussed in detail with special emphasise on the sediment
delivery ratio modelling approach, by giving an example of the CALSITE model which is a
distributed delivery ratio based model for estimating erosion and sediment yield. In addition, the

contribution of GIS in modelling the spatial variability of erosion and sediment yield is reviewed.
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3. CATCHMENT SCALE SOIL LOSS AND SEDIMENT YIELD
MODELLING

Modelling soil loss and sediment yield is the process of mathematically describing the different
processes and forms of soil erosion and sediment yield that are presented in Chapter 2. Sediment
delivery at a catchment scale is compounded by a wide range of geomorphological and
environmental factors affecting it, including the nature, extent and location of the sediment
sources, relief and slope characteristics, the drainage pattern and channel conditions, vegetation
cover and land use (Walling, 1983). However, the linkages between upslope soil loss and
downstream sedimentation, including mechanisms of sediment delivery process are poorly
understood (Richards, 1993). Sediment delivery modelling at the catchment scale is, therefore,
limited by the complexity of the delivery processes and the vast amounts of input information
required for simulating the variability of the parameters which describe the processes. Each
modelling approach presented in this chapter is determined by its depth of the various physical
processes try to describe. Hence reviewing of the different modelling approaches helps to identify
which modelling approach is relatively accurate with minimum input data sets. It seems useful
for soil loss and sediment yield models to be linked to GIS, in order to cope with the spatial

variability inherent in modelling these processes.

Soil loss and sediment yield prediction models could be used for erosion control planning, water
resources planning and design, and water quality modelling (Walling and Hadley, 1980). Some of
these problems can be solved with simple models, while others may require more complex
models. However, prediction requirements for each of these problems are largely determined by

the duration of the event, size of area to be simulated and whether or not sediment sources are to
be identified (Borah and Ashraf, 1990).

3.1  Importance of Modelling

Assessing soil erosion helps in identifying the area and extent of an erosion hazard. Such
assessment is not, however, aimed at quantifying the soil erosion accurately instead, it provides

estimation (Lal, 1994; Morgan, 1995). For that reason modelling becomes important. Attaining
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the soil loss threshold is the objective of most conservation programmes. The loss threshold is
defined as “being in equilibrium with the soil formation rate” (Scotney and McPhee, 1992; Wild,

1993; Hudson, 1995; Miller and Gardiner, 1998).

The first step that has to be made in any conservation programme is assessing the extent of soil
erosion (Lal, 1994), which could be quantitative by the use of available technology to process the
existing data, or qualitative by visual observation. Quantitative evaluations of soil erosion and
sediment yield assessment that use different approaches are briefly discussed in Section 3.2, since
these approaches may vary conceptually in the mechanism by which sediment delivery processes
are generated. The importance of models is immense for various reasons. In general, models
simulate the real phenomena by using a small dataset to provide knowledge about the larger
phenomena for the purpose of prediction (Miller and Gardiner, 1998). Lal (1994) and Nearing et

al. (1994) summarised the main reasons for modelling soil loss and sediment yield as follows:

. soil loss and sediment yield models can be used as predictive tools for assessing soil loss
for conservation planning, project planning, soil erosion inventories, and for regulation;

o Physically based soil loss and sediment yield models can predict where and when erosion
is occurring and thus would help the conservation planner target efforts to reduce erosion;

. Models can be used as tools to understand the complex erosion and sedimentation
processes and their interactions; and

o Knowing the similarities and differences between models would be important for users in

applying models and for researchers to setting research priorities.

Covering the whole subject of study of soil erosion and sediment yield is impractical. Therefore,
it becomes necessary that a good representative site be selected and its results extrapolated
(Young, 1994). The other advantage of models is related to recommendations that can be made.
The ultimate goal of soil erosion and sediment yield assessment is to conserve soil in accordance
with the nature and extent of the impact (Lal, 1994; Young, 1994; Hudson, 1995). As soil loss
and sediment yield models require data inputs (which are factors that affect soil erosion and
sediment yield) as separate quantitative parameters, each input is treated for its share in

contributing to the overall soil loss and sediment yield. Consequently, a soil conservation
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programme can give more consideration to factors that have a greater share of the cause of

erosion (Lal, 1994).

3.2  Approaches to Modelling Soil Loss and Sediment Yield

Owing to the complexity of the sediment delivery processes presented in Chapter 2, the
complexity of models developed to simulate soil loss and sediment yield from catchments, varies
considerably. These models ranges from simple empirical (statistical) models and conceptual

models to complex physically based models.

Most current modelling techniques compute the amount of sediment detached as well as the
transport capacity of the overland flow, and then move the lesser of the two quantities
downstream. Figure 3.1 illustrates, by means of an example flow chart, how the sediment
detachment-transport-deposition process would operate in a model which calculates the sediment
flux for a hillslope or channel segment. There is, however, only a limited theoretical
understanding of these complex interactions, which is probably the main cause for the sometimes
poor results obtained with soil loss and sediment yield models (Gerits et al., 1990; De Roo and
Offermans, 1995). Generally sediment yield models have been developed with different purposes
or problems to solve and thus may require different relationships, parameters and assumptions. In
order for a model to be used properly, a clear concept of the soil loss and sediment yield

processes must be understood (Bingner, 1990).

3.2.1 Empirical models

Empirical models belong to “black-box” type relating sediment loss to either rainfall or runoff
(Morgan, 1995). Most of these models are based on multiple regression analysis and usually
predict the total load of suspended sediment carried during a given runoff producing rainfall
event (Picouet et al., 2001). According to Walling and Webb (1996), sediment yield models
derived from statistical analyses have frequently been used to estimate sediment yield. These
types of models usually relate sediment yield to one or more catchment characteristic or climatic

factor, with little or no understanding of the processes involved in its transformation (Lal, 1994).
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Because of their nature, they require relatively large quantities of data both on catchment
characteristics and on sediment discharges. These models are generally applied to problems

requiring sediment averages over long periods of time.
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Figure 3.1 Flow chart for detachment-transport-deposition computations within a segment of

an overflow or channel element (after Foster et al., 1981)

Refsgaard and Knudsen (1996) stated that the great majority of modelling systems used in
practice today belong to the simple empirical or conceptual models and require a modest number
of parameters to be calibrated for their operation. A severe drawback of these models is that their
parameters are not directly related to the physical characteristics of the catchment (Picouet et al.,

2001). Accordingly, it may be expected that their applicability is limited to areas where they
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have been measured for years and where no significant change in the catchment conditions have
occurred (Walling and Webb, 1996; Kienzle et al., 1997). Moreover, criticism of these empirical
modelling approaches has arisen mainly because the observed relationship between water
discharge and sediment concentration is essentially non-linear, time-dependent and varies from
site to site (Muzik, 1996). In addition, theses models cannot give an indication of why soil loss
takes place and cannot be extrapolated beyond their data range with confidence, either to more

extreme events or to other geographical areas (Morgan, 1995).

At different time and space scales, these models exhibit hysteresis with different properties
(Picouet er al., 2001). Good examples of these types of models are those describing the
relationships between sediment load and instantaneous water discharge from the drainage
catchment or those that predict gully or stream bank erosion. The most common relationship is
the rating curve, as given in Equation 3.1 that takes the form of a power function (Picouet et al.,

2001).

C =aQ’ 3.1
where C = suspended sediment concentration (mg. | '1),
0 = water discharge (m®. s H, and
aand b = empirically derived regression coefficients.

Another example of simple empirical models is the Rooseboom Sediment Yield Map of southern
africa, which has been developed by Rooseboom et al. (1992). The model used results from 120
reservoir catchment surveys to determine the spatial variations of sediment yield production in
southern africa and to form a database for the calibration of a revised sediment yield map.
Rooseboom et al. (1992) established a relationship between the observed sediment yields and the
various physical and geographic features of southern african catchments. The relationship
includes sediment yield with sediment delivery potential of different regions, land use, average
slope for defining sediment transport capacities and rainfall erosivity. This method is used for
quick estimation of the annual average potential sediment yield from a catchment in southern

africa as a function of its location and size. However, due to the high degree of variability in
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sediment yields in the region and the simplicity of the technique, it should not be used rigidly

(Rooseboom et al., 1992).
3.2.2 Conceptual models

Conceptual models are the so-called “grey box” models, lying somewhere between physically
based models and empirical models, and representing a partial representation of the hydrological
sediment yield processes (Karvonen et al., 1999). According to Muzik (1996) and Kienzle et al.
(1997), the common feature of all conceptual models is that they ignore or simplify spatial
variations of hydrological processes, and are characterised by spatially averaged inputs, outputs
and parameter values i.e. they tend to be lumped models. Therefore the focus of conceptual
models is to predict sediment yields based on spatially lumped forms of water and sediment

continuity equations.

The advantage of conceptual models is their relative simplicity. Thus, conceptual models are
often used in sediment yield estimation, but their usefulness has been limited by the inability to
account for internal variations of hydrological systems and processes (Muzik, 1996). It might be
argued that the spatial variability is broadly related to a catchment size and therefore a maximum
catchment size could be established up to which in general, conceptual models could be safely
applied (Picouet et al., 2001). Such a generalisation, however, may be possible only in a regional
context, since hydrology is the product of complex climate-catchment interactions, with local
variations superimposed on considerable global variations of both climate and catchment
characteristics (Moore and Clarke, 1983). Some of the limitations of conceptual lumped models

which are given by different researchers are as follows:

° Conceptual models need sufficiently long meteorological and hydrological records for
their calibration, which may not always be available at the location of concern (Muzik,
1996);

o The equations of lumped conceptual models can only be an approximate representation of

the real world, and as a result they introduce some error arising from model structure
(Beven, 1989);
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Spatial heterogeneities in system response may not be well represented by catchment
average parameters (Ferro, 1997);

The accuracy with which a model can be calibrated or validated is very dependent on
errors in the observation of both input and output data (Hornberger et al., 1985);

There is a great danger of overestimation if an attempt has been made to simulate all
hydrological processes thought to be relevant, and fit the relevant parameters by
optimisation against an observed sediment record (Homberger et al., 1985);

The calibrated parameters of such models may be expected to show a degree of
independence, so that equally good results may be obtained with a different set of
parameter values. This may be true even though a model has only a small number of

parameters (Beven, 1989).

Different models have been developed using this modelling approach with different aims and

purposes, in different regions of the world. A good example of this modelling approach is the

ACRU agrohydrological model, a conceptually lumped model which developed by Schulze
(1995). The ACRU sediment yield routine option (Lorentz and Schulze, 1995) uses the Modified
Universal Soil Loss Equation, MUSLE (Williams, 1975), to estimate a daily sediment yield on a

daily basis at a catchment or subcatchment scale. The MUSLE estimate of the sediment yield due

to the interrill and rill erosion at the outlet of the catchment is calculated by the following

expression:
Y, =a, (Q,xq,)" xKxLSxCx P 32
where Y = sediment yield from an individual event (tonnes),
0 = stormflow volume for the event (m°),
qp = peak discharge for the event (m>. s ),
K = soil erodibility factor (tonne. h. N, ha'}),
LS = slope length and gradient factor (dimensionless),
C = cover and management factor (dimensionless),
P = support practice factor (dimensionless), and
asyand f;, = local specific MUSLE coefficients.
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There are various options in the ACRU sediment yield modelling by MUSLE to estimate the soil
erodibility factor (K), slope length and gradient factor (LS), cover and management factor (C) and
support practice factor (P), depending on the level of information available. These options in the
ACRU model were adopted from information contained in the Universal Soil Loss Equation
(USLE) (Wischmeier and Smith, 1978), the Revised Universal Soil Loss Equation (RUSLE)
(Renard et al., 1991) as well as experimental observations from modelling experiences in
southern Africa conducted by local experts (e.g: Lorentz and Schulze, 1995). For general
application of the ACRU model, the RUSLE parameters for soil erodibility, slope steepness,
vegetation cover and management practice may be averaged for each subcatchment by overlaying

the respective GIS grid coverage with the subcatchment boundaries (Lorentz and Schulze, 1995).

In recent years, significant advances in the knowledge of mechanics of soil erosion processes,
and increasing availability of data and software for processing spatial information is changing the
manner in which the hydrological system is assessed (Quimpo, 1993). As a result, greater
emphasis is now being placed on developing physically based or white box models which are

described below.
3.2.3 Physically based models

Physically based models belong to the group of “white box” models, in which the behaviour of
the hydrological system is described in terms of mathematical relationships which outline the
interactions and linkages of the various components of spatially and temporally varying
catchment hydrological processes (Kienzle et al., 1997). According to Wicks and Bathurst ( 1996)
and Dietrich et al. (1999), physically based soil loss and sediment yield models describe the
detachment, transport and deposition processes with equations derived from mechanics and
hydraulic sciences. These models theoretically overcome many of the deficiencies stated earlier
through their use of parameters which have a physical interpretation and through their

representation of spatial variability in the parameter values.

The problems encountered when physically based models are used, include the large number of

parameters and physical properties necessary to describe the phenomena (such as soil erodibility,
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hillslopes and channel slope). The calibration of parameters is always a source of concemn,
especially when they cannot be related to physical characteristics of the study area. The second
difficulty has to do with the application of such models to large catchments because of the
complexity and multiplicity of the equation describing the processes involved. Finally these
models often require catchment scale rainfall intensity data, which are often unknown because of
the high spatial variability (Picouet et al., 2001). In the light of this limitation, it is imperative to
carefully consider the degree of resolution at which a physically based model is useful for a
particular catchment (Karvonen et al., 1999). Nevertheless, a large number of process based

models have become available, but many are still in various stages of testing and development.

As a result of the spatial complexity involved in most physically based models, some degree of
lumping is required. The user must decide on the scale at which the lumping of parameters will
take place. The scale of lumping can vary widely, from distances measured in centimetres to
areas of subcatchment size (Refsgaard and Knudsen, 1996). The choice of scale of distributed
elements in models is generally depend out on the purpose of simulation, the level of accuracy
required and the knowledge, scale and experience of the modeller, as well as the availability of
financial resources, time and technology (Wicks and Bathurst, 1996). As mentioned above,
physically based models require a vast amount of data, and are computationally very demanding
and intensive when compared to empirical and conceptual models. The computational aspects of
physically based modelling are becoming less of a problem nowadays when combined with a GIS
in which sophisticated graphic capabilities are used to visualise spatial prediction to the point

where results can be convincing (Grayson et al., 1993).

Hence, in light of the above modelling approaches, a technique i.e. able to maintain a balance
between simplicity, the speed of obtaining results and accuracy for designing and planning of
catchment management is, needed. This can be achieved using sediment delivery ratio models.
The inclusion, of sediment delivery ratio models in a GIS interface highlights their ability in the
identification and estimation of the spatial distribution of soil erosion and sediment yield and
thereafter the implementation of specific conservation efforts. The following section discusses

the concept behind this modelling approach and its merits linking GIS environment.
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3.2.4 Delivery ratio models

The delivery ratio method of predicting sediment yield is well known and is used regularly in
many countries (Walling, 1983). Novotny (1980) and Ferro (1997) defined the sediment delivery
ratio as the fraction of gross soil erosion by water that is delivered to a particular point in the
drainage system, and it is sometimes referred to as the transmission coefficient. Mathematically it

is expressed as follows:

SDR = S—Y 33
SE
where SDR = sediment delivery ratio, with a value ranging from 0 to 1,
SY = sediment delivered, and
SE = soil erosion over the catchment.

According to Khanbilvardi et al. (1983) and Ferro (1997), a reduction in the erosion rate is
observed within the catchment when comparisons are made between erosion measured on
hillslopes and at the catchment outlet and this is because a wide range of environmental and
geomorphological factors affect the sediment delivery ratio. These factors could be sediment
source and texture, proximity to mainstream, channel density (bifurcation ratio), catchment area

and slope, length of the channels, land use or land cover and rainfall-runoff factors.

The failure to produce a generally applicable prediction equation is mainly due to the complexity
of the sediment delivery processes and their interaction with catchment characteristics, and partly
owing to a lack of definitive assessments of the dependent variables (such as, soil erosion and
sediment yield )(Ferro, 1997). Assessments that have been undertaken are themselves primarily
based on a comparison of measured with simulated sediment yield with an estimate of gross
erosion. In addition, the lack of a generally applicable predictive technique shows that there is no
simple relationship between gross erosion and sediment yield. These problems relate in particular
to the temporal and spatial lumping inherent in the concept (Walling, 1983). Since sediment is

produced from different source areas distributed throughout a catchment, sediment delivery
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processes have to be modelled by a spatially distributed criterion (Novotny, 1980). For modelling
the spatial disaggregating of the sediment delivery processes, the catchment has to be discretised
into morphological units (Ferro, 1997), i.e. to areas of having clearly defined length and

steepness.

Sediment transport on the catchment hillslope is a physical process distinct from transport within
the channel networks. Therefore, hillslope and channel sediment delivery processes have to be
considered and modelled separately (Atkison, 1995). The sediment delivery effects in the channel
system can be neglected for small catchments in which well developed floodplains do not usually
exist. Under this hypothesis, Ferro and Minacapilli (1995) suggested that taking into account the
intra-catchment variability of the sediment delivery processes by calculating the sediment
delivery ratio of each morphological unit into which the catchment is divided, can reduce the

CI1of1.

It seems clear that a more detailed representation of the various algorithms inherent in sediment
delivery require a good understanding of the processes and linkage between source area erosion
and downstream sediment yield. A simple sediment delivery ratio must be replaced by a model
which takes cognisance of, the various processes involved in the movement of sediment from the
source area through the catchment system to the outlet, and which can take account of spatial

variability within the system and the various time constants involved (Walling, 1983).

In the past few decades, several studies have been attempted by different researchers to produce
empirical prediction equations for the delivery ratio, stimulated by the recognition that a reliable
assessment of the sediment delivery ratio would afford a ready means of estimating the sediment
yield of a catchment. Table 3.1 gives some examples of the proposed relationships developed
between sediment delivery ratio and catchment characteristics. Although several such equations
for calculating sediment delivery ratios exist and are all attractive because of their simplicity,
none of them are universally applicable. This is mainly due to the complexity of the sediment
delivery processes and their interactions with the catchment characteristics. These problems
relate in particular to the temporal and spatial lumping inherent in the concept and to its
“blackbox” nature (Walling, 1983).
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In the light of the above problems it was necessary to develop a distributed sediment delivery

ratio model that would account for the spatial distribution of both hydrological and

geomorphological characteristics of a catchment. A good example of such a distributed sediment
delivery ratio model is the CALibrated SImulation of Transported Erosion Model (CALSITE),
developed by Bradbury et al. (1993).

Table 3.1 Examples of proposed relationships between sediment delivery ratios and
catchment characteristics (after Lorentz and Howe, 1995)
Authors Region Equation
Maner (1958)" Kansas, U.S.A. log DR =2.962 + 0.8691ogR - 0.854 log L
Roehl (1962)° South East U.S.A. logDR =4.5-0.23 log A - 0.510 x colog R/L
-2.786 log BR
Williams and Berndt Brushy Creek,
(1972)" Texas, U.S.A. DR =0.627 SLP **

Mutchler and Bowie (1976)

Pigeon Roost Creek,
Mississippi, U.S.A.

DR =0.488 — 0.006A + 0.010RO

Williams (1977)° Texas, U.S.A. DR = 1.366 x 10 " A V1O R/, 933 CN 5
Mou and Meng (1980)" Dali River Basin,

Shaanxi, China DR =129 + 1.37 In Rc - 0.025In A
Hession and  Shanholtz
(1988) Virginia, U.S.A. DR; = 10(R/Lg)
Tim, Mostaghimi, and
Shanholtz (1992) Virginia, U.S.A. DR; = exp (-KSgLg)

CALCITE, Bradbury et al.
(1993)

Wallingford, UK

DI, = min [F °°. Pa ®7.SLPy, "]

DR = sediment delivery ratio;

R = basin relief;

DR; = Delivery Ratio of a grid cell

A = basin area;

K = land cover co-efficient;

Lg = length of flow path between grid cell i and channel outlet;

F = the number of upstream flow paths which cross a given cell;

BR = Bifurcation Ratio;

Rc = gully density;

Pa = total annual rainfall

RO = annual runoff;

SLP = % slope of main stem channel;
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Sg = slope function for grid cell i;
L = basin length;

CN = S.C.S. curve number;

R/L= relief/length ratio;

i = grid cell reference number;

Note: Units vary between equations.

* After Walling (1983)



The CALSITE model uses a combination of the Universal Soil Loss Equation (USLE) and a
delivery ratio function to determine the annual sediment yield from a catchment. The model is
implemented on a raster based IDRISI GIS to enable the combined analysis of different types of
spatial data. The contribution to annual sediment yield made by each of the grid cells within the

catchment is termed “transported erosion” (TFE) and is computed by Equation 3.4.

TE = SE- f(DI ) )-k 3.4
where SE = source erosion (t. grid cell. yr '1),
DI, = delivery index for a given grid cell,
f(DI,) = calibrated delivery ratio, and
k = scaling constant.

The source erosion in this model is calculated on a cell by cell basis using a formula based on the
USLE. A simple physically based delivery index equation was chosen for the 1993 version of
CALSITE and this could be derived solely from the elevation image, without requiring any
runoff information. A delivery index value ranging from 0 to 100 was produced for each cell,

based on Equation 3.5.

DIp:mian 35

where min Xy = minimum sediment concentration transporting capacity
along the flow path from each source cell within the

catchment to defined stream channel.

The sediment transporting capacity is a function of water discharge and slope. The likely scale of
the annual water discharge crossing a cell can be related to the number of cells contributing
runoff from upstream and the amount of rain falling on the catchment. In that case, Equation 3.5

on a per cell basis then becomes:

32



DI, = min [F* - P .5, | 3.6

where F = the number of upstream flowpaths which cross a given cell,
P, = total annual rainfall (mm), and
So% = slope (%) of cell.

The delivery index values for each source cell are converted to delivery ratio (DR,) values in the
range 0 to 1 by using of a delivery look-up table (LUT). The values in the delivery LUT are S-
shaped and characterised by a lower threshold value below which DR, = 0 and an upper
saturation value above which DR, = 1. In order to obtain the calibrated delivery ratio value, the
threshold and saturation levels for the delivery LUT function are set by default to those values

which minimise the variance between observed and predicted sediment yields.

Even though the model is promising for estimating and identifying the spatial distribution of
source erosion and sediment yield, it still requires actual data for its calibration. These are not
always available especially in regions where lack of information on sediment yield data is
evident. Thérefore, a distributed sediment delivery ratio model that is implemented in a raster
Arcview GIS, which is developed only from morphological and land use characteristics of a
catchment as described in Chapter 4, is more applicable when compared to the long term

sediment yield data collection required for model calibration.
3.3  GIS Modelling of Soil Loss and Sediment Yield

In recent years, considerable effort has been devoted to utilising GIS in erosion and sediment
yield studies to extract inputs like soils, land use, topography and rainfall erosivity for
comprehensive simulation models and to spatially displayed model outputs (Mankin et al., 2002).
Many of the initial researches were devoted to linking single event grid models with raster based
GIS (Boardman and Favis-Mortlock, 1998). More recently, an input interface is being developed
to automatically sub-divide a catchment into grid or subcatchment and then extract model input

data from map layers and the associated databases. Soils, land use, climate and topographic data
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are collected and written to appropriate model input files. The output interface allows the user to

display output information (Zhang et al., 1990; Mankin ez al., 2002).

Linkage between GIS and soil loss models depends on both the GIS and the model itself. GIS and
grid cell based models can easily be combined because of the capacity of GIS to analyse raster
data (Mankin et al., 2002). It is easy to interface empirical models such as the RUSLE with GIS
because of the simplicity of the equation (Ferro et al., 1998), whereas physically based models

require detailed data inputs to make multiple layers (Mankin et al., 2002).

The main reasons for using a GIS is that hydrological, geomorphological and soil erosion
processes vary spatially, so that the cell sizes should be selected that allow spatial variations to be
taken into account. Also, the data for the large number of cells required is enormous and cannot
easily be entered by hand, but can be obtained by using a GIS (Hession and Shanholtz, 1988).
Further advantages of using a GIS are the possibilities of rapidly producing modified input maps
with different land use patterns or conservation measures to simulate alternative scenarios, the
ability to use a very large catchment with many pixels, so that the catchment can be simulated
with more details and the facility to display the results as maps (Vijay and Fiorentino, 1996).
Other advantages of incorporating soil loss and sediment yield models in GIS are data accuracy,

data integrity and multiple attributes capability.

Many process based soil loss and sediment yield models have been developed, such as
ANSWERS (Beasley et al., 1980), WEPP (Nearing et al., 1989) and EUROSEM (Morgan et al.,
1992). Although some of these models use spatial variables that are generated with a GIS, only
few are, however, really integrated in a raster GIS (Boardman and Favis-Mortlock, 1998).

This chapter has provided an insight to the main modelling approaches that have been attempted
to simulate soil erosion and sediment yield from catchments. It should be noted that there is no

specific “universally” accepted modelling approach. Each catchment needs then to be considered

uniquely with its own characteristics and an approach adopted accordingly.
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It can generally be concluded that relatively simple but valid prediction models viz. sediment
delivery ratio models can be highly beneficial for most management purposes in regions with
limited hydrological information, mainly because of their simplicity, cost effectiveness and
efficiency for predicting long term water erosion and sediment yield. However, these models are
still in their pioneering stage of development in incorporating the spatial distribution of soil
erosion and sediment yield estimation. Therefore further work may yet yield promising results by
placing these models in a GIS environment in which sophisticated graphic capabilities are used to
visualise spatial predictions to the point where the results can be convincing of the above

mentioned fundamentals.

Finally, all the approaches discussed in this chapter were used to aid the combined use of
RUSLE, GIS and distributed sediment delivery ratio (SDR) concept in modelling soil loss and
sediment yield from a catchment. The abilities of the proposed model are highlighted in the
identification and estimation of the spatial distribution of soil erosion and sediment yield and

thereafter the implementation of a specific conservation effort.

In the chapter which follows, an attempt has been made to develop a technique which accounts

for the combined use of RUSLE, GIS and distributed SDR concept.
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4. THE MODEL: COMBINING THE RUSLE, GIS AND DISTRIBUTED
SEDIMENT DELIVERY RATIO CONCEPTS

4.1  Concepts and Theory

The erosion and sediment delivery processes described in the previous chapters serve to highlight
the problem of using empirical and lumped soil loss and sediment yield models in estimating
erosion and sediment yield. In addition data requirements for physically based models are often
excessive. It has been accepted that soil loss and sediment yield models should be able to predict
the spatial variation in sediment source areas and reflect the effects of routing such source area
erosion on the final distribution of sediment yield in the catchment. It was concluded that in order
to improve the source area sediment yield modelling, it would be necessary to improve the
integration of indicated catchment source area erosion (on site erosion) to the final sediment yield
at the outlet of the catchment with the concept of distributed sediment delivery ratio. Better use
should be made of the state of the art spatial data management and processing technique
development in GIS in regard to developing a more spatial sediment yield model. This should be
a model which accounts for the spatial heterogeneity of rainfall, soil, catchment morphology and
land use and their effects on spatial patterns of soil erosion and sediment yield in a catchment.
Such variability has promoted the use of data intensive distributed models for the estimation of
catchment erosion and sediment yield viz. by discretising a catchment into sub-areas (grid celis)

each having approximately homogeneous characteristics (Young et al., 1987, Wicks and
Bathurst, 1996).

In this research, a comprehensive methodology that integrates the Revised Universal Soil Loss
Equation (RUSLE), Geographic Information System (GIS) techniques, and a Sediment Delivery
Ratio (SDR) concept for estimating water erosion and sediment delivery at the catchment scale is
presented. The RUSLE (Renard ef al., 1991) was used to determine the source erosion. The SDR
was used to route sediment from source areas to the nearest stream reach. The spatial pattern of

source erosion and sediment yield was obtained by integrating RUSLE, SDR, and a raster
Arcview GIS.
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A schematic conceptual diagram (Figure 4.1) shows the integration of all the major procedures in

developing the model for estimating the spatially distributed source erosion, SDR and sediment

yield using GIS.

R-factor DEM - Land use Map
(Section 5.3.1) Scale (1: 50 000) / (INR, 1986)
y

A Flow direction Slope (%) Roughness coeffi.
/ K-factor / Section (6.1.2) (Appendix B) (Table 4.1)
(Section 5.3.2)
Original flow acc.
(Section 6.1.2) Flow lengt Flow velocity
(Appendix A) (Section 6.3)

Slope (°) Modified flow
(Appendix B) acc. (Appendix C) Travel time
(Section 4.3)
A Y
LS CDF or F; of travel time
(Section 6.1.3) —— for each subcatchment
(Section 4.3)

A

B coefficient
(Equation 4.9)

A

Fitted g for each /

subcatchment
(Figure 4.3b)

Figure 4.1 Flow chart illustrating the various calculations and paths available in the model

developed in this research
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The model developed in this research differs from the modelling approaches presented in
Chapter 3 in that the coefficient values used in various equations of the model especially the SDR
component was determined using standard procedures and without any calibration. This is done
because the model is developed under the premise of applying it to ungauged catchments where

there is a lack of sediment yield data for calibration.

The model can be broken down into three components:

° Calculation of source erosion;
. Calculation of the sediment delivery ratio; and
o Calculation of sediment yield.

The output of the proposed model is in the form of digital images of the soil erosion, sediment
delivery ratio and sediment yield, along with tabulated results shows the accuracy of sediment

yield estimates against actual measurements and other modelling techniques in South Africa.
4.2  Calculation of Source Erosion

The term source erosion is defined as the soil erosion occurring at the place of origin within the
catchment. At this stage no transporting activities have occurred on the sediments that have been

generated. The calculation of source erosion in the model was done with the use of the RUSLE.

The RUSLE model is designed to predict the long term average soil losses from specific field-
size areas in specified cropping and management systems. RUSLE combines the erosion factors
covering interrill and rll erosion over a catchment into one equation. RUSLE comprises of five
submodels/model components on rainfall characteristics, soil properties, topography, ground
surface conditions, and erosion conservation measures, each of which is represented by empirical
algorithms. There is ample evidence in the literature, that the RUSLE yields a good estimate of
the amount of detached soill(source erosion) from interrill and rill areas at the cell size which
presumes homogeneity (Renard ez al., 1997). Source erosion is thus computed within the

individual cells using the RUSLE which has been enhanced over the last 10 years of research
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(Renard et al., 1997). RUSLE has been widely accepted and enjoys wide use, is simple and easy

to parameterise, and requires fewer data and time to run than most models dealing with rill and

interrill erosion (Jones et al., 1996).

RUSLE, a functional model derived from the analysis of intensive soil erosion data, has seen
wide application in long term soil erosion prediction (Renard ez al., 1997). Most efforts linking
RUSLE and GIS have been carried out within raster GIS. Raster models are cell based
representations of map features, which offer analytical capabilities for continuous data and allow
fast processing of map layer overlay operations (ESRI, 1996). In a raster GIS, the mean annual

gross soil erosion is calculated at a cell level as the product of the five RUSLE factors as follows:

A=RK, LS C P 4.1
where i = i-th cell
A; = computed soil loss per unit area (t. ha 'l.yr ']),
R; = the rainfall and runoff factor, equal to the sum of the annual or

seasonal energy intensity (EI) interaction factor for all storms

(MJ. ha ' .mm. h 'l.yr hy

K = soil erodibility factor (t. h. MJ J.mm ),

LS; = the length and steepness factor (dimensionless)

C; = the cover and management factor (dimensionless), and
P; = the support practice factor (dimensionless).

As mentioned earlier in Chapter 2, numerous variables and interactions influence interrill and rill
erosion. The RUSLE groups these variables under five major erosion factors (R, K, LS, C, and P),
the product of which, for a particular set of conditions, represents the average annual soil erosion
(Renard et al, 1991). Each of these factors has certain variables applicable to different
conditions. Various researchers have contributed to determining these variables for each of these

factors applicable to the model (e.g: Wischmeier and Smith, 1978; Renard ez al., 1991; 1997).
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4.2.1 The rainfall-runoff erosivity factor (R)

The rainfall-runoff erosivity factor, R, is defined as the long term average annual erosivity of rain
at a specific locality (Renard, et al., 1991). The most commonly used parameter to represent the
R-factor is the rainfall erosivity, Elzp, which is determined from the product of storm kinetic
energy, E, expressed in J .m2, and the maximum 30 minute storm intensity, Isp, expressed in
mm.h’! (Smithen and Schulze, 1982). El3o has been accepted as reliable indicator of rainfall

erosivity (McPhee and Smithen, 1984).

Smithen and Schulze (1982) suggested that the R-factor is a climatic parameter which can only be
determined from local data. To represent the R-factor for an event, an approach initially
developed by these researchers, using data from autographic rainfall records was modified by
Kienzle er al. (1997) and used as a first step. This modified approach recognises that the
estimated average annual erosion potential is significantly different when using average annual
rainfall erosivity applied to average annual crop cover factors compared to using average monthly
rainfall erosivity applied to average monthly crop cover factors and then summing the average
monthly erosion potentials to derive an estimate of the average annual soil erosion potential.
According to Kienzle et al. (1997) using an average monthly El3p analysis generates more
accurate erosion potential estimates since high summer rainfall erosivity associated with
convective rainfall can then be applied to appropriate crop cover factors representing denser rain
season vegetation with greater protection against soil losses. Low winter rainfall erosivity values
can similarly be applied to poorer dry season cover protection indicators. Therefore this average
monthly El3p erosivity value has been found to be suitable for input into the RUSLE’s R-factor in

t_he calculation of source erosion in this research.

4.2.2 The soil erodibility factor (K)

In soil loss and sediment yield studies, soil physical properties are usually represented by a soil
erodibility factor, K, which is defined as the rate of soil loss per rainfall erosion index unit as
measured on a standard plot (Renard ez al., 1991). The standard plot is 22.1 m long and has a 9 %

slope and is continuously in a clean tilled fallow condition with tillage performed up and

downslope (Renard et al., 1991).
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Physical properties of soil affect the infiltration capacity and the extent to which soil particles can
be dispersed and transported (Schwab et al., 1995). The most common soil characteristics that are
important in determining soil erodibility are texture, organic matter content, structure,
permeability, aggregate stability, shear strength and infiltration capacity (Goldman ez al., 1986).
Therefore, the K-factor can be determined in various ways depending on the level of information
available for the soil properties mentioned above. Often however, all the information concerning
the soil properties may not be available for all types of soils. To avoid this problem, alternative

techniques have been derived for different regions.

In South Africa, spatial soil information is fairly limited. The only national data set available with
soils information are the land type maps of the Soil and Irrigation Research Institute (SIRI), now
known as Institute for Soil, Climate and Water (ISCW) of the Agricultural Research Council
Development. MacVicar et al. (1974) define a land type as a class of land over which
macroclimate, terrain form and soil pattern each display a marked degree of uniformity. This
uniformity is such that there would be little advantage in defining, on a countrywide basis,
smaller more uniform landscape entities for the purpose of agricultural potential determination.
These land type maps were thus generated for agricultural purposes rather than for hydrological
purposes; however they have been used with some degree of success in hydrological research
(Schulze ef al., 1991) and sediment yield studies (Lorentz and Schuize, 1995). This information
and assumptions have been found suitable as input to determine the RUSLE’s K-factor in the
calculation of source erosion because there is no data for the above mentioned soil properties in

the study area.
4.2.3 The length and steepness factor (LS)

The length and steepness factor, LS, is defined as the ratio of soil loss per unit area on a site to the
corresponding loss from the unit plot of 22.1 m long at a 9 % slope (Wichmeier and Smith, 1978;
Renard ez al., 1997). The slope length is defined as the distance from the point of origin of
overland flow to the point where either the slope gradient decreases sufficiently for deposition to
take place, or runoff enters a well defined natural or artificial constructed channel (Lorentz and

Schulze, 1995). More questions and concerns have been expressed over the slope length than any
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other of the RUSLE factors particularly in applying it to real landscapes as part of GIS. One
reason is that the choice of a slope length involves judgement, and different users choose
different slope length for similar situations. Hence, more emphasis is given to the LS-factor
because it is a measure of the sediment transport capacity of overland flow (Moore and Wilson,

1992).

Various approaches have been used by different researchers to calculate the LS-factor for the
RUSLE in different conditions. Examples include Renard ef al. (1991); Mc Cool et al. (1993);
Lorentz and Schulze (1995) and Desmet and Govers (1996). In the case of uniform slope
conditions the combined LS-factor of a given segment of land can be calculated by applying

Equation 4.2 (Wischmeier and Smith, 1978; Renard et al., 1997).

LS = (2/22.1)"(0.065+0.045sin s+0.0065sin 5°) 4.2
where LS = the combined length and steepness factor,
A = slope length in (m),
§ = slope gradient (%) and
m = length exponent specified as 0.5 for slopes of 5 % or more, 0.4 for

slopes between 3.5 and 4.5 %, 0.3 if slope is between 1 to 3 %, and
0.2 if slope is less than 1 % (Wischmeier and Smith, 1978).

In complex topographic conditions the RUSLE applies Equation 4.3 of Foster and Wischmeier
(1974).

_ S - a)
4, - 4,.,)22.13)

4.3

where L = slope length factor for the jth segment,
S; = slope factor for the ™ segment,
Aj = distance from the lowest boundary of the ;™ segment to the

upslope field boundary, and
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m = length exponent of the USLE-LS factor.

Later, Desmet and Govers (1996) modified Equation 4.3, to produce Equations 4.4a and 4.4b:

m+1 _ m;!-ll
Lij — Ui.j—oul Ui,j—m . 44a
(Ui,j—out - Ui,j—in ) (22'13>
where L = the slope length factor of the cell with coordinates (i, /),
Ui j—ou = upslope contributing area per unit contour width at the

outlet of the grid cell with coordinates (i, j), (m”)
Ui j-in = upslope contributing area per unit contour width at the inlet
of a grid cell with coordinates (i, ), (m* .m™) and

m = the slope length exponent of the RUSLE S-factor.

S=-15+— 1 4.4b

l+e 2.3-6.1sin 0

where )

the slope angle of the grid cell (°).

In this research, to incorporate the impact of flow convergence, the hillslope length factor was
replaced by the upslope contributing area of Desmet and Govers (1996). The advantage of the
above modification is that it works on the basis of flow accumulation. Mitasova et al. (1996)
further simplified the formula to derive the LS-factor at a point on a hillslope. Their formula is

used in this research, and is given by the GIS executable equation as follows:

LS(r)= (m+1){MT [Si" 0]" 45

where LS = the combined length and steepness factor at a given point r

with coordinates x and y,
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A(r) = upslope contributing area per unit contour width (m), which
is perpendicular to the flow direction (aspect),

6 = the slope (°),

m and n = parameters set as 0.6 and 1.3 respectively. These constant
values are taken because their results conform with slope
length if slope length is less than 100 m and gradient is less
than 14° (Moore and Wilson, 1992),

a, = 22.1 m is the slope length of the standard plot, and

b, = 0.09 = 9 % is the slope of the standard USLE gradient.

The advantage of replacing the slope length by upslope area (length upslope based LS versus area
based LS) is that the upslope area better reflects the impact of concentrated flow on increased

erosion (Mitasova and Mitas, 1999).

The above modified Equation 4.5 can be properly applied only to areas experiencing net erosion.
Depositional areas should be excluded from the study area because the model assumes
that transport capacity exceeds detachment capacity everywhere and that erosion and sediment

transport are detachment limited.
4.2.4 The cover and management factor (C)

The cover and management factor, C, is defined as the ratio of soil loss from land under specified
crop or mulch conditions to the corresponding loss from tilled bare soil (Goldman et al., 1986).
Cover, including plant canopy and materials like mulches, plant residues, or dense growing plants
in direct contact with the soil surface, is the most important phenomenon in erosion because it
represents conditions that can most easily be managed to reduce erosion (Renard et al., 1994).
Thus the cover and management factor reduces the soil loss estimate according to the
effectiveness of the cover by preventing detachment and transport of soil particles (Goldman et

al., 1986). Also the range of C-factor is much greater than that of any other RUSLE factor.

The cover and management factor is possibly the most important factor in the RUSLE equation

as a result of its considerable range, the difficulties in its estimation as well as its variation during
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the year (Lorentz and Schulze, 1995). Therefore, the accurate determination of the cover and
management factor requires careful evaluation. One of the major improvements in the accuracy

of this factor within the RUSLE (Renard et al., 1997) model is the use of subfactors. These

subfactors include:

° Prior land use, PLU;
° Canopy cover, CC;

. Surface vegetation or mulch cover, SC;
° Surface roughness, SR; and
° Soil moisture, SM.

Values for soil cover can vary from near zero for a very well protected soil to greater than one for
a finely tilled ridged surface that produces much runoff and leaves the soil highly susceptible to
erosion (Lal, 1994). Values for this factor are a weighted average of soil loss ratios that represent
the soil loss for a given condition at a given time to that of the standard plot (Renard et al., 1994).
Thus, soil loss ratios vary during the year as soil and cover conditions change. There are different
options in determining the C-factor depending on the level of information available. Lorentz and

Schulze (1995) suggested the following:

. Cover and management factor when only the SCS curve number is known;
° Cover and management factor when limited vegetation information is available; and
® Cover and management factor when comprehensive vegetation information is available.

Undertaking the measurement of the subfactors as outlined in the RUSLE (Renard et al., 1997)
guideline is data demanding and time consuming. For this reason, in the present research the
information for the C-factor is taken from the work of Kienzle er al. (1997) on the Mgeni
catchment which used an annual variation in canopy cover, mulch cover, litter mass and root
mass of the top 100 mm to develop the RUSLE cover factor for the cover class. The cover factors
are then incorporated into a GIS coverage, resulting in a set of monthly C-factors for each

individual grid cell representing the land cover influence on soil loss.
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4.2.5 Support practice factor (P)

The support practice factor, P, is defined as the ratio of soil loss with a specific support practice
to the loss with the up and down slope tillage (Goldman et al., 1986; Lorentz and Schulze, 1995).
The support practice factor is the most uncertain factor both in the USLE and the RUSLE
because different studies show that there is a variation in the outcome of the P-factor for similar
practices (Renard et al., 1994; Hudson, 1995; Renard et al., 1996). However, the P-factor in the
RUSLE considers more variables than it does in the USLE (Renard ef al., 1994; 1996; Miller and
Gardiner, 1998). After evaluating extensive data to assess the effect of contouring on soil erosion,
factors such as slope, ridge height, row grade, and climatic erosivity are identified as decisive
parameters to consider. Strip cropping consideration in the RUSLE includes sediment movement
both to the strips and through the strips (Miller and Gardiner, 1998). Moreover, Lorentz and
Schulze (1995) stated that the support practice factor affects erosion by modifying the flow
pattern, grade and direction of subsurface flow and by reducing the runoff amounts and rates.
There are options for calculating the support practice factor depending on the level of information

available.

In this research, the support practice factor, P, is taken from the work of Kienzle et al. (1997) on
the study of the Mgeni catchment and was determined by combining land cover and slope
information and assessing a set of rules for farming practices across the range of agricultural land
uses in the catchment. The support practice factor is then incorporated into a GIS coverage results
as a P-factor for each individual grid cell, representing the support practice factor influence on

soil erosion.
4.3  Calculation of the Distributed Sediment Delivery Ratio

When considering catchment scale processes, part of the soil eroded in an overland surface is
deposited within the catchment before reaching its outlet. For this reason a concept known as the
sediment delivery ratio has been defined as the fraction of gross soil loss (interrill, rill, gully, and
stream bank erosion) which is delivered to the outlet of the catchment (Ferro and Minacapilli,

1995; Ferro, 1997; Kothyari and Jain, 1997; Ferro et al., 1998; Jain and Kothyari, 2000). There is
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currently no universally applicable prediction technique that may be used to estimate a sediment
delivery ratio in the manner that the RUSLE is used for determination of source erosion. Several
different equations (cf. Table 3.1) resulting from various studies have been developed for
proposed relationships between sediment delivery ratios and catchment and climatic

characteristics; however none are generally applicable (Walling, 1983; Lorentz and Howe, 1995).

The sediment delivery ratio is a spatially lumped concept. However, in reality, sediments are
produced from different sources distributed throughout the catchment. Each catchment is
characterised by its local processes (sediment detachment, transport, deposition) which
emphasises the need to use the spatially distributed approach for modelling this phenomenon
(Ferro and Minacapilli, 1995; Ferro, 1997; Kothyari and Jain, 1997; Ferro et al., 1998; Jain and
Kothyari, 2000). Such a distributed approach allows for within-catchment variability of the

sediment delivery ratio and in particular, takes into account the following circumstances:

. Low slope downstream areas have low sediment delivery ratios (Boyce, 1975),

. Much of the predicted sediment yield is often produced in a small percentage of the total
catchment area (Beven, 1989; Ferro and Minacapilli, 1995); and

J Steep fallow areas near main channels contribute to both erosion and sediment yield while
steep row cropped fields remote from the channel network are characterised by local

erosion but may contribute little to the sediment yield (Ferro and Minacapilli, 1995).

Ferro and Minacapilli (1995) hypothesised that the subcatchment sediment delivery ratio, (SDR)
in a GIS grid cell network is a measurement of the probability that the eroded particles arrive
from all grid cells into the nearest stream reach. The sediment delivery ratio of each grid cell
(SDR;) is a strong function of the travel time (;) of overland flow of the discharge from each grid
cell in a subcatchment. The travel time is also strongly dependent on the topographic and land use
characteristics of an area and therefore its relationship with sediment delivery ratio (SDR) is
justified. In their study Ferro and Minacapilli (1995) assumed that the probability of the eroded
particles arriving from each grid cell into the nearest stream reach is proportional to the
probability of non-exceedence of the travel time, #; of each grid cell. Therefore, in order to specify

the mathematical shape of the relationship between SDR; and travel time the empirical cumulative
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frequency distribution function (CDF) of the variable (travel time) of each grid cell is required.
The CDF comprises the number of occurrences greater than and equal to the given category of
(travel times), #;, divided by the total frequency of the category (travel time) of each grid cell in a

subcatchment.

Based on the above hypothesis a relationship between the cumulative frequency of travel times
and the travel time has been developed by Ferro and Minacapilli (1995) and later used by Ferro
(1997); Jain and Kothyari (2000); Ferro and Porto (2000) and Fernandez et al.(2003) on different
catchments. Ferro and Minacapilli (1995) found that the relationship between the logarithm of the
empirical cumulative frequency of travel time Fj, InF;, and travel time (z;) is linear for a given
subcatchment. Therefore mathematically this argument can be explained by introducing a

constant parameter f for a given subcatchment as follows:

In(F,) = Bt, | 4.6

F; = e_'Bt" _ 4.7

where F; = CDF of the travel time (¢;) of each grid cell to the nearest stream in
a subcatchment, (ranges from 0 to 1),
Jis = catchment specific parameter considered as a constant for a given
subcatchment which depends on the topographic factor slope and

landuse, and
ti = travel time (h) of overland flow from the i-th overland grid to the

nearest channel grid down the drainage path.

For a given i-th grid, the SDR; (a measure of the probability that the eroded particles from each
grid cell arrive into the nearest stream reach) is assumed equal to the empirical cumulative
frequency F; of non-exceedence of the travel time #;, (Ferro and Minacapilli, 1995). According to

this concept the relationship (Equation 4.8) is deduced from Equation 4.7 which can be used for
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calculating the catchment sediment delivery ratio (SDR) for each cell i that defines the fraction of

sediment that actually reaches a continuous stream system from a specific cell,
SDR; = e_'Btf 4.8

where SDR; = the fraction of sediment from i-th cell that actually reaches a
continuous stream system,

b = catchment specific parameter considered as a constant for a
given subcatchment which depends on the topographic
factor slope and landuse, and

L = travel time (h) of overland flow from the i-th overland grid to

the nearest channel grid down the drainage path.

The exponential function in Equation 4.8 describes the deéreasing rate of sediment delivery from
cell i as the travel time increases. The catchment specific parameter (3) which is determined on a
subcatchment basis shows the trapping efficiency of the overland cells and stream network for
the eroded particles in a subcatchment. The simple characteristics of the model are shown in
Figure 4.2. This can be explained in a specific subcatchment, in which the sediment delivery ratio
and travel times are inversely related i.e. the furthest cell, (in terms of travel time); to the nearest
stream reach has the smallest sediment delivery ratio (SDR). This represents the increasing

opportunity for sediment deposition along the travel path.
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Figure 4.2  Schematic relationship of sediment delivery ratio (SDR;), travel time (z;) and the
subcatchment specific parameter f (where f3;> 3,> f33) for typical subcatchments

1,2and 3

4.3.1 A morphological estimate criterion of the subcatchment specific parameter (f)

The subcatchment specific parameter () is a coefficient assumed constant for a given
subcatchment because it was found that the relationship between F;, InF;, and travel time (z;) is
linear in a given subcatchment (Ferro and Minacapilli, 1995). The subcatchment specific
parameter £, which depends primarily on catchment morphological data, can be estimated with
different approaches. In this research, the subcatchment specific parameter f is derived only from
the topographic parameter, slope and land use as they influence travel time of discharge from

each grid cell in a subcatchment as follows:
Step one

Discretise an arbitrary subcatchment into grid cells which presume homogeneity in terms of

topography and roughness characteristic (land use) in a GIS environment (Figure 4.3a).

50



Step two

Calculate the travel times (Figure 4.3a) from each grid cell to the nearest stream reach in a
subcatchment as a function of topography (slope m.m™) and roughness characteristics of each
grid cell as demonstrated in Section 4.3.2. Therefore, the subcatchment specific parameter (f5) can

be deduced from Equation 4.6 as follows:

p=_F 49
z‘i
where l = the travel time (h) of flow from each grid cell to the nearest stream
of a specific subcatchment, and
F; = CDF of the travel time (¢;) of each grid cell to the nearest stream in
a subcatchment which ranges from O to 1.
Step three

The subcatchment specific parameters 3 for each subcatchment were determined by a regression
that fits the relationship between InF;, and travel time (#;) of each grid cell in a given
subcatchment (Figure 4.3b). Once the fitted value £, has been obtained for all grid cells in a given
subcatchment, the individual cell sediment delivery ratios, SDR; can be calculated from Equation

4.8 for each subcatchment in the study area.
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Figure4.3a A schematic of the travel pathways of eroded particles from three typical cells into

the nearest stream reach as a function of travel time #; in a given subcatchment

Original data
— Fitted

Empirical Curnlative Frequency ( Fi)

o
|

Travel time (h) ¢

Figure 4.3b A graph showing the Cumulative Frequency Distribution of travel times, (F;) and

the fitted curve (Equation 4.9) yielding the parameter, S for a given subcatchment

Hence the sediment delivery ratio of the model developed in this research was derived from

readily available morphological and land use data only. This differs from the CALSITE approach
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that was developed by Bradbury er al. (1993), which requires actual sediment yield data for

calibration in its development of the sediment delivery ratio component of the model.

4.3.2 Calculation of travel time

The travel time for runoff water from one point to another in a catchment can be estimated if one
knows the flow distance and velocity along the flow path (USDA-SCS, 1975; Bao ez al., 1997).
In grid based GIS analysis, the direction of flow from one cell to the neighbouring cell is
determined by using an eight direction pour point algorithm (ESRI, 1994; 1996). This algorithm
chooses the direction of steepest descent among the eight permitted choices. Once the pour point
algorithm identifies the flow direction in each cell, a cell to cell flow length is determined to the
nearest stream channel (Maidment, 1994). If the flow path from cell i to the nearest channel cell
traverses N cells and the flow length of the i-th cell is /; (which can be equal to the length of a
square side or to a diagonal, depending on the direction of flow in the i-th cell) with the velocity
of flow in cell i being v;, then the travel time ¢; from cell i to the nearest channel can be calculated
by adding the travel time for each of the N cells located along the flow path (Jain and Kothyari,
2000). This is given by Equation 4.10 below, which is used in this research.

N l
1, = Z—’ 4.10
i=1 Vi
where l; = length of segment i in the flow path (m) and is equal to the length
of the side or diagonal of a grid cell depending on the flow
direction in the grid cell, and
Vi = flow velocity for a given cell (m.s'l).

4.3.2.1 Calculation of flow length

Flow length is defined as the distance from any point in the catchment to the nearest stream. This
distance is measured along the flow direction, not “as the crow flies”. In this research, the flow

length, or distance to the nearest stream channel, is calculated using a syntax algorithm written in
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Arcview avenue script (Appendix A) Moglen (2004) which represents the accumulated flow

length from upslope cells draining down to each downslope cell.
4.3.2.2 Calculation of ovérland [flow velocity

For the present research, the method for the determination of the overland flow velocity proposed
by the USDA-SCS is chosen due to its simplicity and availability of the information required
(USDA-SCS, 1975). The flow velocity is considered to be a function of the land surface slope

and the land cover characteristics as follows:

v, =S’ 4.11
where Vi = overland flow velocity from cell i,
b = a numerical constant normally set to 0.5 (SCS, 1975; Ferro and

Minacapilli, 1995),
Si = the slope of the i-th cell (m.m™) (calculated by slope surface
option in hydrology extension of Arcview (ESRI, 1996)), and

o = a coefficient related to land use, (given in Table 4.1).
4.4  Calculation of Sediment Yield
Once the source erosion (A;) and sediment delivery ratio (SDR;) have been determined within

each grid cell, the final sediment yield (Y;) of the i-th cell of the subcatchment is estimated using
Equation 4.12.

Y, = A, -SDR, -q, 4.12
where Y; = sediment yield from each grid cell i (t.ha.'1 yr'l),
A; = the average annual soil loss per unit area within the cell (thal.yrh),
a; = area of the i-th cell (ha) and
SDR; = the fraction of A, that ultimately reaches the nearest channel.
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Table 4.1 Surface roughness characteristics adopted from Table 3.20 of Haan et al. (1994)

Surface o (m.s™)
Overland flow

Forest 0.76
Contour strip cropped 1.56
Short grass 2.13
Straight row cultivation 2.62
Paved 6.19

Shallow concentrated flow

Alluvial fans 3.08
Grassed waterways 4.91
Small upland gullies 6.19

Since the SDR; of a cell is hypothesised as a function of travel time to the nearest channel, it
implies that the gross soil erosion (A4;) in that cell multiplied by the SDR; value of the cell
becomes the sediment yield contribution of that cell to the nearest stream channel (Jain and
Kothyari, 2000). This hypothesis is accurate at the event scale only if the catchment is small
because there is no well developed stream network for temporary storage of sediments.
Otherwise it is applicable at the mean annual scale in large catchments, according to Playfair’s

law (Boyce, 1975) which states that over a long time, a stream must essentially transport all

sediment delivered to it.

Subcatchment estimation of sediment yields are necessary to show the importance of the
distributed sediment delivery ratio concept that switch from empirical sediment delivery ratio
(Table 3.1) to distributed mode of sediment delivery modelling. This is because distributed mode
accounts the drainage system, topography and land use of each subcatchment which highly affect
the sediment delivery process. In addition this distributed mode allows for the identification of

the spatially varying sediment transport capacity and ultimately the sediment yield from each

subcatchment.

55



Apart from the LS factor which is derived from the Digital Elevation Model (DEM) with the new
concept of upslope area Equation 4.5, the relevant data sets: rainfall erosivity (R-factor), soil
erodibility (K-factor), cover and management (C-factor), support practice (P-factor), land type
and land use map for this research are obtained in digital format (raster image) from the work of
Kienzle et al. (1997) in the Mgeni catchment and Howe (1999) in the Henley catchment. The
detailed descriptions of these data are given in the next chapter. Figure 4.1 illustrates how these
input data sets are used to produce images which are used for the calculation of source erosion,

sediment delivery ratio and sediment yield in the model.

56



5.  HENLEY CATCHMENT AND INPUT DATA SETS

5.1 Overview

The Henley catchment covers an area of approximately 178 km?. It is located in south western
portion (29° 35'-29° 49'S; 30° 02'-30° 18E) of the Mgeni catchment in the KwaZulu-Natal
province, South Africa (Figure 5.1). The mean annual precipitation (MAP) within the catchment
ranges from 800 mm to 1136 mm in accordance with the elevation which varies from 937 to
1601 m. The mean annual runoff coefficient is approximately 21.4 % (Kienzle ef al., 1997). The
Henley catchment comprises the headwaters of the Msunduzi River. The Msunduzi River is the
largest river flowing through the city of Pietermaritzburg, some 15 km downstream of the Henley

weir.

The land use in the catchment consists predominantly of informal traditional Zulu and peri-urban
settlements interspersed with mixed crops, grassland and forestry. The grassland is heavily
grazed and the traditional and peri-urban settlements with mixed crops were identified as

potential non-point sources of sediment yield.

Geologically, the catchment consists of unconsolidated coastal sediment and sands; Ecca shales,
Dyamictite and Natal Group sandstone are found further upstream. Intrusions of dolerites dykes

and sills are found near Pietermaritzburg.

The catchment was selected to verify a comprehensive methodology that integrates the Revised
Universal Soil Loss Equation (RUSLE) a soil loss model, Geographic Information System (GIS)
techniques and distributed Sediment Delivery Ratio (SDR) concept for soil loss and sediment
yield modelling because of its high average annual sediment yield, estimated at 42 t. km™ from a

survey of the Henley dam (Rooseboom et al., 1992).
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Figure 5.1  Location map of the
Henley catchment




5.2  Topography and Catchment Discretisation

Drainage networks describing the process of gravity acting on slopes, the associated channel
links and catchments are fundamental concepts in hydrology which describe the transport of
water and associated material out of a local region (O’Callaghan and Mark, 1984). The catchment
was discretised into a DEM of 50 m x 50 m resolution grid cells which were presumed to exhibit
homogenous properties. The DEM, treated to remove pits and flat areas in order to maintain
continuity of flow to the nearest stream channel. However, these areas are real landscape that
should be handled in a hydrologically meaningful way during drainage analysis (Martz and
Garbecht, 1998). Therefore, consideration of depressions and flat areas may have improved the
accuracy of the sediment yield analysis as the catchment has about 5.8 km? of these areas. The
DEM was developed by line digitisation at 20 m contour intervals and spot heights from a
1: 50 000 scale topographical map. It was fitted to a triangular irregular network (TIN) in
ARC/INFO (version 7.0.3) before establishing a regular elevation grid by Kienzle and Lorentz
(1993). This DEM was used as a primary data set for subsequent calculations on slope, slope

length, flow direction, flow accumulation and flow length.

In this research, the eight pour point algorithm of Jenson and Domingue (1988) was used to
delineate the stream network and subcatchments from a raster DEM in ARC/INFO (version
7.0.3) hydrological grid functions. This algorithm was processed on this DEM to extract the
topographic structure, and identifies the grid cell, out of the eight surrounding cells, towards
which water will flow by gravity. Figure 5.3 illustrates an application of the ARC/INFO’s GIS
grid eight direction pour point algorithm with regards to deriving a drainage network given a
DEM for a catchment. The flow accumulation, which denotes the accumulated upslope
contributing area for a given cell was calculated by summing the cell areas of all upslope cells

draining to it.

Nine subcatchments were identified for the Henley catchment (Figure 5.5). The delineated
channel system (Figure 5.5) shows areas where flow concentrates in the catchment as a function
of topography as derived from the DEM and the GIS techniques described above. The delineated

channel system is checked against the topographic map to ensure that it adequately reflect reality.
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Figure 5.2  Gridded values of elevation (m) for the Henley catchment
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Figure 5.3  ARC/INFO GIS grid techniques used in this research: (a) the eight direction pour

point model, (b) a digital elevation grid required as input, (c) the corresponding

grid of flow directions, and (d) the resulting equivalent flow accumulation

network (after Maidment, 1993)
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Figure 5.4  Henley study area subcatchment configuration to weir U2H011
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Figure 5.5  Stream network and subcatchments for the Henley catchment
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5.3  Input Data Sets

Owing to the complexity of the variables involved in soil loss and sediment yield studies, and
since they interact in a wide spatial domain, simplicity of data management becomes very

important.

According to Renard et al. (1997), the RUSLE model yields a good estimate of the amount of
detached soil from rill and interrill at the cell basis. They suggested that for computational
purposes, a complex catchment must be divided into hydrologically homogenous subunits (grid
cells). They, furthermore, suggested that applying the model to complex catchment by using

overall averages of all the RUSLE parameters would be incorrect.

Based on the above facts, it is preferable to use a raster GIS approach for modelling complex
catchments, as the raster approach allows for uniform delineation of the catchment into regular
grid cell size. Each of these grid cells will be equal in size, and will model the same area on the
earth’s surface, for each of the RUSLE parameters in the model. Therefore, a grid system is an
ideal environment for spatial analysis where a number of different features have to be combined
as is the case in the calculation of soil erosion and the identification of sediment source areas
(Kienzle and Lorentz, 1993). The discretisation of a catchment into many small cells (grids)
makes the application of field scale models, such as RUSLE an attractive option. RUSLE,
(Renard et al., 1991) requires the same input parameters as the well known USLE, viz.
parameters for rainfall erosivity (R-factor), soil erodibility (K-factor), slope length and gradient
(LS-factor), cover and management (C-factor) and conservation practices (P-factor). However,

many significant erosion and deposition mechanisms have been incorporated into the revised

parameters.

It is known that the RUSLE soil loss model refers to a unit plot size. The RUSLE plot size is
arbitrarily defined as 22.1 m long and a uniform lengthwise slope of 9 % in a continuously clean
tilled fallow condition, with tillage performed up and downslope (Renard et al., 1997). Ideally,
therefore, the grid cell size, used in modelling should be of similar size to the standard plots in

order to use this equation as close to its original specifications as possible.
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However, this is not possible, as the cell size used for modelling needs to be determined from the
scale at which the data sets were captured. In this research, the data sets for elevation were
captured at a scale of 1: 50 000. According to Bradbury (1995), the cell size should therefore not
be smaller than 50 m resolution grid because it may cause discrepancy from the original data

values of the data set.

Not all the data sets were, however, captured at this scale. With the exception of the elevation
data, all the RUSLE parameters were captured at a larger scale. The elevation data set consisting
of sampled points derived from modelling techniques (interpolating techniques) are not absolute
data. If the elevation data were re-sampled, the original data would be affected. For example, if
the data from a 50 m resolution is re-sampled to a 30 m resolution grid, the cell sizes would all
have to be re-analysed depending on the techniques chosen for re-sampling. If the cubic re-
sampling technique is used, the new 30 m resolution cell value would be generated from an
average of the nearest sixteen neighbouring cells, thus changing the original data values of the

data set may cause missing of some physical features (Donald, 1997).

The other data sets, rainfall erosivity, soil erodibility, cover and management and support practice
parameters were captured at a larger scale. It can therefore be assumed that re-sampling these
data sets on a smaller scale would not have an extreme effect on the accuracy of the data sets. For
example, the rainfall erosivity data have been captured at a 250 m grid. If the data set is re-
sampled to a 50 m resolution grid, the original grid will be replaced with sixteen grids of 50 m
resolution, each with the same value for rainfall erosivity as the original cell from the 250 m

resolution grid.

In this research, the cover and management factor C and practice factor P are estimated according
to Wischmeier and Smith (1978), while the soil erodibility factor K and slope-length factors LS
are calculated by the new approaches of Renard er al. (1991) and upslope area method of Desmet
and Govers (1996) respectively. The rainfall erosivity factor R, is determined by correlating
average monthly El3o to average monthly rainfall at recording stations by applying an inverse
distance weighted interpolation algorithm to the altitude of the catchment by Kienzle et al.

(1997). The format and sources of information for each of the RUSLE factors are given below.
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5.3.1 Derivation of rainfall-runoff erosivity factor (R)

It should be recalled from Chapter 4 that the most commonly used parameter to represent the
rainfall-runoff erosivity factor R in the RUSLE is rainfall erosivity (Elzp). McPhee and Smithen
(1984) suggested that rainfall erosivity was a reliable indicator for R-factor. Smithen and Schulze
(1982) also reported that following stringent statistical tests of results from experimental plots,

Els could be widely recognised as being sufficiently accurate for soil erosion modelling.

In the past few decades many attempts have been made by different researchers in southern
Affrica. This includes the long term average annual El3g values produced by Smithen and Schulze
(1982) for southern Africa from 55 years of data from 403 stations across the country. These
values were joined by lines of equal rainfall erosivity to form an iso-erodent map for southern
Africa. This map provides a means for obtaining an R-factor value, for use in the RUSLE,

anywhere in southern Africa.

However, in this research, the average monthly Elsg erosivity values that were determined by
correlating average monthly Elzp to average monthly rainfall at recording rainfall stations at
various altitudes from the coast to the highest recording station in the Mgeni catchment, as
described by Kienzle er al. (1997) was used. From the correlation of monthly Elsp and monthly
rainfall at each station, a typical relationship was derived associating El3g to the elevation and
Mean Annual Precipitation (MAP). The relationships were used with the 250 m elevation grid
and the median monthly rainfall coverage to produce coverage of median monthly El;, values for
use in RUSLE, in the Mgeni catchment. This coveragé is later used as input image for the
proposed model in this research. Figure 5.6 shows the annual El;y 50 m grid values for the

Henley catchment clipped from the original 250 m grid map of the Mgeni catchment of Kienzle
et al. (1997).

5.3.2 Derivation of soil erodibility factor (K)

In this research, the soil erodibility factor, K, was used from the original work of Kienzle ef al.

(1997) on the Mgeni catchment. This factor was derived from the values of the land type survey
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which are documented in a land type map for each region at a 1: 250 000 scale and memoirs of
each map, containing tabulated land type information. Land types are presented on the map in
colour with a unique code. Figure 5.7 is a representation taken from the Institute for Soil, Climate
and Water (ISCW) maps of the land types and the various codes for each land type of the Henley

catchment. There are six land types represented in the Henley catchment.

A description of the field methods used and the interpretation of the land type memoirs occurring
in each of the Soil and Irrigation Research Institute (SIRI) Memoirs (1989) are briefly described
using Table 5.1 as an example. In each of the tables a heading referring to the terrain unit can be
determined. This terrain unit is defined as any part of the land surface with homogeneous form
and slope (SIRI, 1989), and is divided into five classes which represent a crest, scarp, midslope,

footslope and valley bottom.

For example, in land type Ab38, only terrain units 1, 3 and 5 occur. These can be identified in the
sketch of the terrain type. The percentages of each terrain unit, area, slope, slope length, and
slope shape are presented in each table. Thus, land type Ab38 is composed of 10 % of unit 1,
85 % of unit 3 and 5 % of unit 5. Unit 1 has a slope of 12-20 %, unit 3 a slope of 6-40 % and unit
5 a slope of 4-20 %. The slope length and shape can be read off in a similar manner from the

table.

The soil series and soil depths are also defined according to the terrain units. These are also
represented as averaged values for the entire land type under the total column. Information on the
soil texture, clay content, and the nature of material which is limiting soil depth is also presented.
For example in Land type Ab38, terrain unit 1 consists of 80 % Farningham Hul7, Balmoral
Hul8, Hutton Hul6, 10 % of Saintfaiths GS19, Robmore Gs18, and 10 % rock. Terrain unit 3 is
composed of a similar soil series. However, terrain unit 5 is composed of 30 % of Farningham
Hul7, Balmoral Hul8, Hutton Hul6, 15 % of Saintfaiths GS19, Robmore Gsl18, 50 % of
Koedoesvlei Oa37 and 5 % rock. In total for the land type the composition is, 77.5 % of
Farningham Hul7, Balmoral Hul8, Hutton Hul6, 10.3 % of Saintfaiths GS19, Robmore Gsl8,
2.5 % of Koedoesvlei Oa37 and 9.8 % rock.
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Figure 5.6  Gridded values of rainfall-runoff erosivity (MJ.mm.ha™ .h™’.yr™") for the Henley catchment
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The textural classes of each of the soil series are also represented. For example; Koedoesvlei
0a37 is classified as me/coSaCILm-Cl, which is medium to coarse sandy, clay loam tending to
clay. The clay percentage of each soil type is also available from the SIRI Memories. For
example, Koedoesvlei Oa37 has 30-45 % clay content. Based on these two variables, viz. textural
class and clay percentage, a percentage of sand, silt and clay for each soil series can be
determined. These can then be used as input into the erodibility hazard rating information derived
for each soil type by Smithers and Schulze (1995) and then the K-values suggested for each of
these classes by Crosby et al (1983), can be used to determine suitable erodibility factor (K) for
use in the USLE and RUSLE.

The methodology used was to list the percentage of each soil series occurring and their respective
percentage occurring in each land type, obtained from the SIRI land type maps. These lisfs of
soils, which may consist of two or more soil series, were represented by a single percentage
value. It was assumed that there was equal representation of each of the soil series. For example,
land type AblO consists of Robmore Gs18, Sainftaiths Gs19 and Hutton Farningham Hul7, all
combined to constitute 27 % of the land type. These three soil series were therefore represented

as making up a composition of 9 % each.

A mean value was derived for each of the erodibility classes (Table 5.2) defined by Crosby et
al. (1983) and listed next to each soil series according to their erodibility class. These erodibility
values were then multiplied by the fraction of each individual soil series occurring within the land
type. The result was a value representing the contribution of that soil series to the total K-value

for the land type. These contributing K-values were then summarised to give a K-value for that

land type.
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Figure 5.7 Gridded values of land type for the Henley catchment (after ISCW, 1993)

69



Table 5.1 Land type Ab38 from SIRI Memoirs number 12 (1989)
Land type Ab38

Climate Zone 9725

Area 5300ha

Estimated area unavailable for agriculture: 20ha
Occurrence (maps)

2430 Pllgrim’s Rest (5120ha) 2530 Barberton (180ha)

Inventory by: JL Schoeman
Modal profiles
None

Terrain unit 1 3 5 Total Clay content Texture Depth limiting material
% of land type 10 85 5 (%)
Area (ha) 530 4505 265
Slope (%) 12-20 6-40 4-20
Slope length (m) 100-300 250-800 10-50
Slope shape Y Y X
MBO (ha) 477 4055 253 S>12% 2544

S<12% 2239
MB2 - MB4 (ha) 53 451 13 517
Soil series/land classes  Depth

(mm) MB % ha % ha % ha ha % A E B21 Horizon  Class
Farningham Hul7,
Balmoral Huls8,
Hutton Hul6 500-1200 O 80 424 80 3604 30 80 4108 77.5 30-55 30-60 B coSaClLm-Cl S0
Saintfaiths GS19,
Robmore Gs18 400-600 0 10 53 10 451 15 40 543 103 3045 A coSaClLm-Cl lc
Koedoesvlei 0a37 >1200 O 50 133 133 2.5 3045 30-50 B me/coSaClLm-Cl
Rock 4 10 53 10 451 5 13 517 9.8
Terrain type : C4
For an explanation of this table, consult LAND TYPE INVENTORY
/"’\ (table of contents)
Geology: Unnamed potassic granite and granodiorite (Archaeosoic)
3
900m
_______________________________________ S

70




Table 5.2 Erodibility factor values for various soil erodibility classes (Crosby et al., 1983)

Soil erodibility Classes Soil K Factor
Very High >0.70
High 0.50-0.70
Moderate 0.25-0.50
Low 0.13-0.25
Very Low <0.13

Based on the above concept, the relevant soil information for this research was obtained from the
land type maps of the former SIRI, now ISCW, as percentages of areas covered by a certain soil
type on a specific terrain unit within the soil associations termed land types (Figure 5.7). In order
to translate land type information into soil properties required to calculate the RUSLE K-factor,
the terrain units of the study area were spatially defined by combining slope and surface
curvature information according to the ISCW’s definition of terrain units. The soil erodibility
grid (Figure 5.8) shows the 250 m grid map of Kienzle et al. (1997), derived the K-values for a
50 m grid for the Henley catchment clipped from the original Mgeni. This was done first by
obtaining a detailed description of the spatial distribution of the different soils’ physical and
hydraulic properties within the catchment. Thereafter it was established by overlaying the terrain
unit coverage of the Henley catchment, derived according to the definition of the terrain units set
out by the ISCW, with the corresponding ISCW land type coverage (Figure 5.7) and associated
database. The soil erodibility factor was calculated for each grid cell using this information and
the RUSLE algorithms (Renard et al., 1991). Values from this soil erodibility grid (Figure 5.8)

are used in this research to calculate the source soil erosion.

5.3.3 Cover and management factor (C)

The cover and management factor, C, is regarded as the most important factor in developing soil
loss and sediment yield models (Crosby et al., 1983). The values for this factor were taken from

the work of Kienzle ez al. (1997) on Mgeni catchment. How they were derived is presented in the

following paragraphs.
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Figure 5.8  Gridded values of soil erodibility (t. h. ha * N'") for the Henley catchment
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For undisturbed land, a methodology by Crosby et al. (1983) proposed that the quantitative
evaluation of C-factors could be derived directly from Wischmeier and Smith (1978) using basic
information on canopy and basal cover percentage. The derivation of the C-factor using this
methodology was further proposed by Lorentz and Schulze (1995) who suggested using the
Wischmeier and Smith (1978) tables to determine C-factor values for uncultivated land, where

limited information on land cover was available.

Tables 5.3 and 5.4 are the Wischmeier and Smith (1978) tables referred to in the above concept
and information from the table was used to calculate the C-factor values for permanent pasture,
veld, woodland and undisturbed forest land. From these tables, it is evident that information
regarding the canopy and ground cover of a region is necessary to determine C-values for that
particular region. In addition, the knowledge and expert opinion of the local condition of the

study area are important in order to generate the C-values for a land cover in that region.

A raster land cover map based on a 1986 SPOT satellite image with a grid size of 250 m was
produced for the Mgeni catchment by the Institute of Natural Resources (INR) (Bromley, 1989).
This map was verified using aerial photography, topographical maps and ground truthing. The
Henley land cover map (Figure 5.9) was clipped out from this map and re-sampled to a 50 m grid
size. Twelve values were calculated, one for each month of the year, for each of the twelve land
uses identified in the Henley catchment. These cover factor grids are a function of the annual
variation in canopy cover and root mass of the top 100 mm of the soil (Howe, 1999). Figure 5.10

illustrates the annually averaged C-factor grid for the Henley catchment.

Table 5.3 C-factor values for undisturbed forest land (after Wischmeier and Smith, 1978)

% of area covered by canopy of % of area covered by duff at
trees and undergrowth Jeast 5 cm deep Factor C'
100-75 100-90 0.0001-0.001
70-45 85-75 0.002-0.004
40-20 70-40 0.003-0.009
1 The ranges in listed C-values are caused by the ranges in the specified forest litter and canopy covers

and by variations in effective canopy heights.
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Table 5.4 C-factor values for permanent pasture, veld and woodland ! (after Wischmeier and

Smith, 1978)
Vegetation canopy Cover that contacts the soil surface

Type and height : % cover ° % Ground cover
Type * 0 20 40 60 80 95+
No appreciable canopy cover G 045 |020 |0.10 | 0.042 |0.013 | 0.003
Y 0.45 1024 |0.15 |0.091 |0.043 | 0.011
Tall weeds or short brush with 25 G 0.36 0.17 |0.09 | 0.038 |0.013 | 0.003
average drop fall height of 0.5m w 036 |020 (013 |0.083 |0.041 [0.011
50 G 026 |0.13 |[0.07 |0.035 |0.012 |0.003
W 026 |0.16 |[0.11 |0.076 |0.039 |0.011
75 G 0.17 |0.10 | 0.06 | 0.032 | 0.011 | 0.003
W 0.17 |0.12 ]0.09 | 0.068 | 0.038 | 0.011
Appreciable brush or bushes, 25 G 040 |0.18 |0.09 |0.040 |0.013 | 0.003
with average drop fall height of w 040 | 022 |0.14 | 0.087 |0.042 | 0.011
2m 50 G 034 |0.16 |0.08 | 0.038 |0.012 | 0.003
w 034 |0.19 |0.13 |0.082 |0.041 |0.011
75 G 0.28 |0.14 |0.08 |0.036 |[0.012 |0.003
w 028 |[0.17 |0.12 | 0.078 | 0.040 | 0.011
Trees, but no appreciable low 25 G 0.42 0.19 0.10 | 0.041 0.013 | 0.003
brush. Average drop fall height w 042 023 |0.14 |0.089 | 0042 |O0.011
of 4m. 50 G 039 |0.18 |0.09 | 0.040 | 0.013 | 0.003
w 039 | 021 |0.14 | 0.087 | 0.042 | 0.011
75 G 036 |0.17 |0.09 |0.039 |0.012 | 0.003
w 036 |020 |0.13 | 0.084 | 0.041 | 0.011

The listed C-values assume that the vegetation and mulch are randomly distributed over the entire area.
2 Canopy height is measured as the average fall height of water drops falling from the canopy to the ground.

Canopy effect is inversely proportional to drop fall height and is negligible if fall height exceeds

10meters.

3 Portion of total area surface that would be hidden from view by canopy in a vertical projection (a birds
eye view).

4 G: cover at surface is grass, grass like plants, decaying compacted duff, or litter at least 50mm deep.

5 W: cover at surface is mostly broadleaf herbaceous plants (as weeds with little lateral root network near the

surface) or undecayed residues or both.
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Figure 5.9 Gridded land use for the Henley catchment (INR, 1986)
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Figure §.10  Gridded values of annually averaged cover and management factor for the Henley catchment




5.3.4 Support practice factor (P)

The support practice factor, P, is the ratio of soil loss with a specific support practice to the soil
loss with the up and downslope tillage. This factor principally affects erosion by modifying the
flow pattern, grade and direction of surface runoff and by reducing the runoff amount and rate

(Lorentz and Schulze, 1995). Therefore, care should be taken to determine this factor.

In this research the values of this factor were taken from the original work of Kienzle et al.
(1997) on the Mgeni catchment. It was determined by combining slope and land cover for
contour tilled and contour banks with grassed waterways using estimated values given by
Wischmeier and Smith (1978) (Table 5.5). For uncultivated lands, the values for P-factor were

generally assumed to be equal to unity.

Table 5.5 P-factor values for contour tilled lands and lands with contour banks (after

Wischmeier and Smith, 1978)

Contour banks with grassed
Land slope (%) Contour tilled waterways
1-2 0.60 0.12
3-8 0.50 0.10
9-12 0.60 0.12
13-16 0.70 0.14
17-20 0.80 0.16
21-25 0.90 0.18

These values of the P-factor were then incorporated into a GIS environment to produce a P-factor
grid (Figure 5.11) which is taken from the original work of Kienzle et al. (1997) in the Mgeni

study. Finally, values from this grid are used in the calculation of potential soil erosion for the

present research.
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Figure §.11 Gridded values of support practice factor for the Henley catchment




6. RESULTS AND DISCUSSIONS

Soil loss and sediment yield models applied to a Geographic Information System (GIS) are a
powerful land use management tool, but the quality of the result matches the quality of the input
data used (Svorin, 2003). When these models are applied to a GIS and used at a catchment scale,
some assumptions, made while developing the models, regarding climate, land use, and slope are
easily broken. In this research, the importance of the selection of methods to generate input data
especially the slope length (LS) factor incorporated into a GIS is examined. The modelling results
are verified using a quantitative comparison with measured data at the catchment outlet and
against other modelling techniques such as mean annual sediment yield modelled by ACRU in the
Mgeni catchment and mean annual sediment yield reported by Rooseboom et al. (1992) for this
region. The results are presented according to the methods followed to generate input data. The
generated input data are presented first and the final results combining all the factors are

presented thereafter.
6.1  Topographic Factors
6.1.1 Slope steepness factor

The slope map (Figure 6.1), which is an indication of steepness, accounts for the effect of slope
angle on soil erosion and sediment yield rates. Generally, higher slope angle values have greater
erosion and sediment yield rates. Nowadays, the slope steepness factor is derived from DEMs.
Calculation of the slope steepness factor from a DEM is relatively simple, but care must be taken
when selecting an algorithm. Today, different GIS packages use different methods of slope angle
calculation and give varying results. In this research, the nearest neighbouring method,
(employed by ARC/INFO grid (ESRI, 1996) (Appendix B)), is used because this algorithm
calculates an average slope across the centre cell using at least four of the surrounding eight cells.
The slope steepness which was derived from the DEM for the Henley catchment ranges from 0 %

(0°) to about 77 % (38°) (Table 6.1). The mean slope of the catchment is about 14.7 % (8.4°) and
the standard deviation is 10 % (5.5°).
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Figure 6.1 Gridded values of slope (%) for the Henley catchment




Table 6.1 Slope classes with their areal coverage for the Henley catchment

Slope in per cent Slope in degrees
Classes % of areal coverage Class % of areal coverage
0-5 304 0-5 22.8
6-10 26.2 6-10 32.1
11-20 18.0 11-15 27.1
21-30 11.9 16-20 10.0
31-40 8.6 21-25 4.8
41-50 33 26-30 2.1
51-60 1.2 31-35 0.8
61-77 0.4 36-38 0.30

6.1.2 Flow accumulation

The first step in determining flow accumulation is identifying the direction of flow from one
pixel to the nearest neighbour(s) (ESRI, 1996). This is based on thé principle that water flows
from one grid cell to the next following the steepest descent as calculated by Equation 6.1 (ESRI,
1996). The flow direction values for the Henley catchment are presented in Figure 6.2. The
steepest descent is the result of elevation comparison of a 3 by 3 matrix of cells whereby the 8

cells surrounding a particular cell releases flow. The cell slopes are calculated from:

Slope = [M] 100 6.1
S
where Z = elevation (m) of the grid cell and
S = distance (m) taken between the centres of neighbouring cells.

Flow accumulation then uses flow direction as input for its derivation and is given as a number of

cells that drain into an output grid cell (ESRI, 1996). Since this output is the network of cells

over which water flows, the number of cells that flow into this “channel” is high.
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Figure 6.2  Gridded values of flow direction for the Henley catchment
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This value should therefore be modified since RUSLE is only suitable for estimating erosion due
to interrill and rill processes (Engel, 2003; Mitasova, 2004). Therefore, a slope length limit
should be imposed to appropriately represent the interrill and rill erosion processes in soil loss
modelling (McCool et al., 1993). In this research, the upper boundary on the slope length from
which flow can be concentrated is taken as 150 m due to the undulating nature of the landscape.
Since the grid cell width (resolution) is 50 m, this translates to an accumulation of a maximum of
3 grid cells whereas the minimum is 1 cell where flow will be initiated. The original flow
accumulation (Figure 6.3) was used as input to calculate the modified flow accumulation (Figure
6.4) which is calculated based on (Appendix C) has a mean value and standard deviation of 1.05
and 0.26 respectively. Almost all of the flow accumulation (99 %) has values ranging from 1 to 2,

i.e. 50 m to 100 m (Table 6.2).

Table 6.2 Modified flow accumulation classes with their areal coverage for the Henley

catchment
Accumulated number of cells Area (km”) % of areal coverage
1-2 175.7 99
2-3 23 1

6.1.3 Slope length (LS) calculation

It should be recalled from Chapter 4 that the slope length calculation is often the most
problematic of the soil loss model using RUSLE parameters. Combining the slope and the flow
accumulation within the Arcview GIS using Equation 4.5 yields the LS factor surface map
(Figure 6.5) with values ranging from 0 to 23. The mean value is 2.24 whereas the standard
deviation is 1.99. The variation of the grid cell LS values is therefore low. The majority of the
catchment area (79.6 %) falls below the mean value. In general, the LS value might appear high,
which is to be expected because of the low resolution of the DEM that tends to miss physical
barriers within the specified grids and which reduces runoff (Hickey et al., 1994). Since the LS-

factor is the product of the slope length (flow accumulation) and slope steepness, its value is

directly proportional.
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Table 6.3 Combined LS values with their areal coverage for the Henley catchment

Classes % of areal coverage
0-5 95.8
6-10 3.5
11-15 0.5
16-20 0.16
21-25 0.04

6.2  Calculation of Flow Length

Flow length has been defined in Chapter 4 as the distance from any point in the catchment to the
nearest stream channel. This distance is measured along the flow direction, not “as the crow
flies”. In this research, the flow length or distance to the nearest stream was calculated from the
DEM by writing syntax in Arcview avenue script (Appendix A) which gives the accumulated
flow length downstream of each cell as shown in Figure 6.6. These values rang from 0 to
11.5 km. The mean value is 3.2 km whereas the standard deviation 1s 2 km, which indicates that

the variation of the grid cells in their value of this factor is high. Table 6.4 shows the flow length

or distance with their respective areal coverage in the catchment.

Table 6.4 Flow length or distance classes with their areal coverage for the Henley catchment

Flow length classes (km) Area (km?) % of areal coverage
0-2 29.5 16.6
2.4 85.6 48.1
4-6 322 18.1
6-8 18.7 10.5
8-10 10.5 5.2
10-11.5 1.4 1.5
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Figure 6.3  Gridded values of original flow accumulation (cells) for the Henley catchment
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Figure 6.4 Gridded values of modified flow accumulation (cells) for the Henley catchment
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Figure 6.5  Gridded values of slope length (LS) for the Henley catchment
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Figure 6.6  Gridded values of flow length (km) for the Henley catchment

88



6.3  Calculation of Flow Velocity

In this research, the average flow velocity of overland flow is estimated from the relationship
developed by Haan et al. (1994) which is based on the information in USDA-SCS-TR-55 (1975)
Table 4.1. Based on this information an average flow velocity is assigned to each land use in the

catchment. This is shown in Table 6.5 for each of the twelve land uses in the Henley catchment.

Table 6.5 Values of surface roughness characteristics a; (m.s'l) for the Henley catchment,

adopted from Table 3.20 of Haan ez al. (1994)

Surface ai (ms ™) % areal coverage
CBD and industrial 6.19 0.19
High density residential 6.19 0.15
Medium density residential 3.08 0.51
Transitional housing 1.56 0.61
Low density residential, schools, parks 1.56 21.29
Woodland 1.56 0.27
Veld in fair condition and open spaces 1.56 55.40
Indigenous forest 0.76 2.50
Mixed crops 2.62 12.58
Wetland grasses 2.13 2.11
Eucalypt plantation 0.76 2.36
Pine plantation 0.76 2.03

After assigning the average surface roughness characteristics to each grid cell in the land cover
image (Figure 5.9), the final flow velocity for the overland flow is calculated from Equation 4.11
i.e. by multiplying the assigned land cover (Figure 5.9) and the square root of slope (m. m™)

(Figure 6.1) for each grid cell. The flow velocity (Figure 6.7) has a mean value and standard

deviation of 0.6 m. s and 0.25 m. s respectively.
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Table 6.6 Flow velocity classes with their areal coverage for the Henley catchment

Flow velocity classes (m.s™) Area (km?) % of areal coverage
0-0.5 26.6 14.9
0.6-1.0 80.3 45.1
1.1-1.5 54.5 30.6
1.6-2.0 14.9 : 8.4
2.1-2.5 1.6 0.9
2.6-2.9 0.1 0.1

6.4 Calculation of Travel Time

Once the stream network (Figure 5.5) from the interpretation of GIS of 1:50 000 scale map had
been defined and the flow lengths (Figure 6.6) from each cell to the outlet calculated, an average
flow velocity is calculated to each cell (Figure 6.7). If both flow direction and velocity are known
and the pathway from each cell to the nearest stream has been specified, then a grid can be
created of the flow travel times (Figure 6.8). This uses Equation 4.10, where the value in each
cell is the time taken for the water from that cell to reach the nearest stream (Maidment, 1993).
The travel time (Figure 6.8) has a mean value and standard deviation of 2.5 h and 2.9 h

respectively. About 67.3 % of the cells have a travel time less than the mean value.

Table 6.7 Travel time classes with their areal coverage for the Henley catchment

Travel time classes (h) Area (km?) % of areal coverage
0-2.5 81.5 45.8
2.6-5 62.5 353
5.1-7.5 23.5 13
7.6-10 7 ' 39
10.1-12.5 3.5 2
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Figure 6.7 Gridded values of flow velocity (m.s™) for the Henley catchment

91




Legend

Travel time (h)

0-25

12.6-5.0

51-7.5

7.6 - 10.0

. 110.1-125

/\/ Stream network
[_] Study area boundary

Figure 6.8 Gridded values of travel time (h) for the Henley catchment
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6.5  Calculation of Subcatchment Specific Parameter (f3)

It should be recalled from Chapter 4 that the subcatchment specific parameter f, is a coefficient
which is assumed to be constant for a given subcatchment because the relationship between, InF;,
and travel time (7;) is linear in a given subcatchment. Thus the subcatchment specific parameter
() for each subcatchment can be determined by a regression that fits the relationship between
InF; and travel time (z;) of all grid cells in a given subcatchment. An example is shown for

subcatchment 1 in Figure 6.9.

1 P
> .
2 0.9 - Fi_eo.3691,i
) 0.8 - 2
g 0.7 4 R™ =1.000
=5
P 0.6
',3 E’ 0.5
2~ 044 Data
g 0.3 Fitted value § = 0.3691
—_ 0.2
£ 0.1 1 -
E 0 T e — = !
0 5 10 15 20 25 30
Travel time (h)

Figure 6.9  Graph showing the Cumulative Frequency Distribution of travel times, (F;) and
the fitted curve (Equation 4.9) yielding the parameter, f for subcatchment 1

From Figure 6.9 above, the fitted value for the constant defining the relationship between InF; and
travel time (¢;) in the form of Equation 4.9 of all the grid cells in subcatchment 1 is § equal to
0.3691. Therefore, this value represents the subcatchment specific parameter f for subcatchment
1. The same procedure was followed for the rest of the subcatchments (cf. Appendix D). Table

6.8 shows the fitted values of S coefficients for each subcatchment in the Henley catchment.
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Table 6.8 The subcatchment specific parameter 8 values for each subcatchment in the

Henley catchment

Subcatchment Area (km®) p
1 10.01 0.3691
2 26.55 0.3821
3 27.59 0.6857
4 29.36 0.2898
5 11.69 0.6789
6 16.49 0.3756
7 19.88 0.3412
8 16.36 0.6901
9 19.14 0.4101

6.6 Calculation of the Sediment Delivery Ratio (SDR)

Table 6.9 shows the sediment delivery ratios (SDR;) with their respective areal coverage in the
Henley catchment. The average SDR; for all grid cells in the catchment was 0.19. About 69 % of
the catchment has an SDR; value less than the average. This value is in a close agreement with the
work of Kienzle et al. (1997) which yielded SDR ranging between 0.1 and 0.2, determined by
comparing erosion and sediment yield data in their Mgeni study. Average sediment delivery ratio
values were also calculated at the outlets for each subcatchment (cf. Table 6.13). The estimation
of sediment delivery ratio in a spatially distributed (cell based) form allows the identification of
critical sediment source and delivery arcas as well as site specific implementation of proper
management practices within a catchment. Dai and Tan (1996) note that the sediment delivery
ratio values imply the integrated capability of a catchment for storing and transporting the eroded

soil. An increase in sediment supply at one location in a certain period may be compensated by a

decline in other places and times and vice versa.
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Table 6.9 Sediment Delivery Ratio (SDR) values for the Henley catchment

SDR Classes Area (km®) % of areal coverage

0-0.10 29.0 16.3
0.11-0.20 94.8 533
0.21-0.30 18.0 10.0
0.31-0.40 11.8 6.6
0.41-0.50 8.0 4.5
0.51-0.60 6.5 3.7
0.61-0.70 4.4 2.5
0.71-0.80 3.0 1.7
0.81-0.90 1.5 0.8
0.91-1.00 1.0 0.6

Equation 4.8 states that the logarithm of SDR; is inversely proportional to travel time, which is a
function of both flow length and velocity. Hence, the further away an area is from the stream the
longer the travel time and the lower the SDR;; the greater the flow velocity along the flow path
the shorter the travel time and the higher the SDR; as reflected in the results (Figure 6.10). It
should also be emphasised that any two locations that are equidistant from the nearest stream
may not have the same travel time, i.e. travel time distribution does not follow concentric zones.
Flow velocity in nature is controlled as in the case of this research by conditions such as surface
vegetation type and roughness, slope and elevation changes over the drainage area. Randhir ez al.
(2001) found from their studies that longer travel times tends to occur in areas with rougher

surfaces (vegetated areas) compared to areas with impervious and open land surfaces.

The sediment delivery ratio (SDR) values obtained for the Henley catchment did not exhibit a
clear relation with land uses. It can be seen from Figure 6.10 that large SDR; values occur
adjacent to channel areas in the catchment and smaller SDR; values are mainly found adjacent to
overland regions surrounding the higher order streams. As expected this may result from the
sediment delivery ratio (SDR) being affected more by the characteristics of the drainage system

than by land use (Novotny and Chesters, 1989).
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6.7 Calculation of Potential Source Erosion

Source erosion is described as the soil eroded at a particular pixel or grid cell under study. This is
opposed to transport erosion which is a term used to describe the eroded material (soil) which
reaches the catchment outlet (Bradbury, 1994). In this research the source erosion estimation for
each grid cell is based on the RUSLE. Multiplying the raster images of the five parameters of
RUSLE Equation 4.1 results in the spatial distribution of the source erosion image (Figure 6.11)
with which the amount of eroded soil within each cell can be estimated. A high value of this term
indicates a high potential of soil erosion in the cell and vice versa. The average soil erosion in the
catchment predicted by RUSLE is 26 t. ha'.yr ', About 64 % of the catchment has a value less
than the average soil loss, (Table 6.10). The information shown in Figure 6.11 may also be used

for the identification of the sediment source areas of the catchment.

In typical RUSLE applications, gullies and net depositional zones, and areas of vertical walls are
eliminated from the study area because RUSLE was not developed for such conditions (Renard et
al., 1997). However, areas of deposition or concentrated flow often generate much higher soil
loss than estimated for regular slopes by RUSLE, and therefore it may be necessary to include
these areas since they reflect considerable increase in erosion (Mitasova et al., 1996). In fact,
these areas were included in this research because in reality a zone of deposition or concentrated
flow would generally occur when slope length becomes 120 m to 150 m (McCool et al., 1993). It

should be recalled that, in Chapter 4 the maximum slope length that flow can be concentrated was

taken as 150 m.
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Figure 6.11 Gridded values of potential source erosion (t.ha™.yr?) for the Henley catchment




Table 6.10  The potential source erosion classes and their areal coverage for the Henley
catchment
Source erosion classes (t. ha™. yr'l) Area (kmz) % of area coverage
0-25 112.54 64.10
26-120 59.02 33.60
120-300 3.90 222
300-580 0.19 0.11

In determining the effect of the erosion control practice, or the P-factor, four hypothetical

scenarios (Table 6.11) were compared to the current land use in the Henley catchment. More

attention was given to residential and agricultural areas of the catchment which exhibit much

higher source erosion rates (Figure 6.11) and sediment yield (Figure 6.12) than the non cultivated

lands.

Table 6.11

practices P for the Henley catchment

Results from four different hypothetical land use scenarios for erosion control

Average sediment

Average annual

Change in sediment

delivery ratio (SDR) sediment yield yield from the

Type of scenario (t. ha.! yr ) current land use (%)
Land use during the study 0.19 1.60 -
Cross-slope farming in
agricultural areas only 0.16 1.12 15.5
Contour farming in
agricultural areas only 0.13 0.98 26.6
Contour banks with grassed
waterways in residential areas
and contour and strip 0.10 0.76 35.5
cropping in agricultural areas
Contour and strip cropping
in agricultural areas only 0.12 0.84 31.1
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Considering the different scenarios (Table 6.11), substantial reduction in soil loss can be achieved
when contour banks with grassed waterways in residential areas and contour and strip cropping in
veld and mixed crops were applied. This scenario leads to an average sediment yield reduction in
the catchment of 35.5 %, resulting in an average sediment yield loss of 0.84 t. ha'l.yr'l. This
reveals the effectiveness and importance of conservation practices, and also suggests that
practices other than the ones evaluated in this research may be incorporated by catchment
managers depending on the economic feasibility in the catchment in order to further reduce
erosion and sediment delivery. Conservation support practices typically affect erosion by

redirecting runoff around the slope (Lorentz and Schulze, 1995; Endale et al., 2000).

GIS techniques which need further investigation are the influence of grid size on slope and LS
calculations. Comparing results from the 250 m, 100 m and the 50 m grids (Table 6.12) reveals
the large influence of the grid size on slope and LS distribution. One of the most evident facts is
that slope (steepness) calculations based on the 250 m grid are not higher than 33 %, whereas the
100 m and 50 m grid based calculations result in slopes exceeding 400 % and 134 % respectively.
The evident smoothing of slopes with coarser grids has a dramatic effect on slope, slope length
factor and resulting soil erosion calculations (Table 6.12). Compared to the 250 m elevation grid
and keeping all other factors the same, soil erosion estimation are more than 50 % higher when

using the 100 m elevation grid and about 70 % higher when using 50 m elevation grid.

Table 6.12  Cell of slope and slope length values and simulated soil erosion for three
different grid sizes for the Henley catchment
mean | min | max | mean | min max mean soil min soil max
slope | slope | slope | slope | slope | slope erosion erosion soil erosion
Grid | (%) |(%) |(%) |length |length |length | (t.ha™. yr™) | (. ha™ yr'y | (. ha™ yr'))
size factor | factor | factor
250m | 8.8 02 | 33.0 1.77 | 0.05 | 5.06 334 0.0 174.0
100m | 134 | 00 | 4859 | 253 | 0.03 | 17.52 47.5 0.0 359.0
50 m 148 | 00 | 773 | 2.24 0.0 23.0 26.0 0.0 579.0
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Therefore soil erosion is very sensitive to slope and slope length values which are a function of
grid size resolution. Hence further research is required to provide information on the optimal grid

size information and the sensitivity of grid size on soil loss in different terrains.
6.8  Computation of Sediment Yield

The RUSLE equation was used for determining the source erosion component of the model in the
Henley catchment. In most developing countries, suitable calibration data are not available for
sediment yield models. A methodology has been described in Chapter 4 in which a suitable
sediment delivery ratio concept could be used for modelling sediment yield in ungauged
catchments without any calibration. The Henley catchment was selected to verify the model as
the catchment has good data and has been modelled by different techniques for relatively long

period of time. The final sediment yield within each grid cell was calculated using Equation 4.12.

The average annual sediment yield for the Henley catchment, calculated as an average of
sediment yields from all the cells, was 1.6 t. ha™.yr" (Table 6.13). Channel erosion was not
included in this research. The spatial variation of the sediment yield across the entire catchment is
shown in Figure 6.12. The higher sediment yield values evident in the residential and agricultural
areas of the catchment are all representative of the higher source erosion depicted by source area
coverage (Figure 6.11), which are characterised by degradation. The degradation is due to
overgrazing and traditional and peri-urban settlements with mixed crops, which tends to produce

higher source erosion and sediment yield.

Similar patterns of soil loss and sediment delivery could be observed from the analysis made on
individual subcatchments (Table 6.13). Note that there exist high variations in the predicted
sediment yield within each subcatchment. Such high variations are a result of the diverse land
uses and the wide range of land slopes and distances to channels within the individual
subcatchment. Those subcatchments in which forest and grass are the principal land uses tend to
produce both low soil erosion and sediment yield, although some of these subcatchments have

relatively high sediment delivery ratio values. For example, in subcatchment 1, a very small non
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Table 6.13

Values of RUSLE parameters, SDR, and predicted soil loss and sediment yield by subcatchment for the Henley

catchment
RUSLE Parameters
Area Soil loss Sediment yield
Subcatchment | (km?) R K LS C P (thalyr™) SDR (thalyr ™
1 10.01 318 041 1.6 0.10 0.68 13.3 0.20 2.4
2 26.55 329 0.29 2.0 0.11 0.68 15.2 0.17 2.3
3 27.59 325 0.29 29 0.16 0.82 30.8 0.28 7.9
4 29.36 321 0.41 1.9 0.17 0.78 30.0 0.11 3.1
5 11.69 325 0.29 2.4 0.16 0.75 26.0 0.25 6.2
6 16.49 318 0.39 2.0 0.12 0.75 20.8 0.18 33
7 19.88 316 0.32 2.0 0.13 0.71 19.5 0.14 2.5
8 16.36 325 0.29 2.8 0.15 0.81 33.8 0.30 9.2
9 19.14 314 0.40 2.2 0.15 0.81 39.7 0.23 8.2
overall 177.07 322 0.35 2.24 0.14 0.77 26.1 0.19 1.6

Note:
SDR =

sediment delivery ratio
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cultivated subcatchment has a sediment delivery ratio as high as 0.2, and consequently 20 % of
the detached material is expected to reach the stream. However, because of its low soil loss rate,
this subcatchment has a sediment yield lower than that of any of the other subcatchments. Small
catchments generally have less area to accommodate sediment deposition compared to large
catchments. FitzHugh and Mackay (2001) distinguish between transport-limited and source-
limited catchments. In the former more material can be detached than can be carried away by
transport processes, while in the latter the opposite is observed. Subcatchment 1, for example,

may be classified as source-limited.

There is also a great difference in sediment yield when comparing sediment yield at the outlet of
each subcatchment and at the outlet of the Henley catchment (Table 6.13). This shows that there
is a probability that the eroded particles will deposit somewhere along the flood plans of channel
system and sediment storage sites en route to the outlet of the Henley catchment. This channel
system itself is a function of branching and configuration of the stream network and total stream
length. Therefore the incorporation of these properties of the river network in the calculation of
the sediment delivery ratio can improve the result of sediment routing to the catchment outlet

(Ferro, 1997).

Among all the factors affecting soil loss, the R, K and P factors have relatively uniform values
across the whole catchment and their impacts are similar between the subcatchments. However,
the LS and C factors vary considerably between the subcatchments and display a positive relation
with soil erosion and sediment yield. The major source areas generating high erosion are
subcatchments 3, 4, 8, and 9 (average 34 t. ha'l.yr'l) for which either the LS or C or both factors
have high values. On the other hand, in contrast to subcatchment 1, subcatchment 4 has a high
soil loss rate and a low sediment delivery ratio (0.20 vs. 0.11). Offsetting of high sediment
delivery ratio with low erosion (or low sediment delivery ratio with high erosion) means that

certain subcatchments produce similar amounts of sediment yield, but have markedly different

erosion rates.
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6.9 Identification of Sediment Source Areas

The gross soil erosion map (Figure 6.11) and sediment delivery ratio map (Figure 6.10) were
overlaid in raster Arcview GIS to identify source areas for sediments reaching the outlet from
within the catchment. Through such overlaying, the areas producing large sediment amounts in
the catchment have been identified and are shown in Figure 6.12 for the Henley catchment. It is
to be emphasised that the areas producing more sediment would need special priority for

implementation of soil erosion control measures.
6.10 Event Basis Sediment Yield Simulation

Event based sediment yield simulation models can be used to estimate sediment yield from
individual stormflow producing rainfall events at the catchment scale. In this research the gross
amount of soil erosion for each grid cell during a stormflow event was generated by multiplying
the terms K, LS and P and the R-factor for the respective stormflow event, given in Table 6.14
with the C-factor for that month. The eroded sediment was routed from each grid cell in the
hillslopes to the nearest stream reach using the sediment delivery ratios developed in the previous

section 4.3.

The R-factor is commonly represented by the Els. In this research, the event based Elz is
calculated by Equation 6.2 (Renard ez al,, 1997) from the two automatic recording raingauge
stations in the Henley catchment. Rainfall measurements are commonly observed at point
locations and these values are required to be converted to a raster format. The same Elzg value
was used when there was only one rainfall record from either of the two raingauges while, when
there is a rainfall record from the two raingauges, the inverse distance weighting interpolation
technique was used to convert point data to continuous surface over the space to be used for
overlaying in a GIS. The technique is relatively accurate for rainfall data interpolation at

unmeasured locations (Lynch, 1998).

El, =0.29 |1 - 0.72 ¢0% | 6.2
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rainfall kinetic energy (MJ. ha'.mm™) and

where El3

the maximum 30 minutes rainfall intensity during the day (mm.h™).

Im

The monthly C-factor was taken from the original work of Kienzle er al. (1997) on the Mgeni
catchment. The factors K, LS and P remain constant throughout the year. The results of event

based sediment yields simulated from the model are given in Table 6.14.

6.11 Verification Studies of Sediment Yield

In recent years, increasing application of spatially distributed models of erosion and sediment
delivery in modelling soil loss and sediment yield from a catchment have been carried out. Use of
a distributed approach permits both the spatial heterogeneity of catchment land use, soil
properties, topography, and the spatial interaction of erosion and sediment transport processes to
be represented. The advantage of this is that spatially distributed prediction of erosion and
sediment yield within a catchment can be carried out. However, verification and application of
such spatially distributed models can be constrained by the lack of spatially distribution sediment
mobilisation and deposition data or observations within a catchment. Therefore verification and
application have commonly been restricted to comparison of the predicted and measured
sediment outputs from a catchment in terms of sedigraphs and sediment yields (He and Walling,
2003). Although close agreement of modelled and measured sediment yields affords some degree
of verification, it can not provide conclusive confirmation of the internal functioning of the model
and thus of the predicted erosion and sediment yield rates. For example, it is possible to conceive
of situations where there is a close agreement between observed and predicted sediment yields
from a catchment, but where both the magnitude and spatial distribution of erosion and sediment
yield rates within the catchment predicted by the models may differ substantially from the actual
values ( Svorin, 2003).

In South Africa there are different approaches to verifying the prediction of sediment loads that

are simulated using different modelling techniques. These includes verification using reservoir

survey studies and estimates, weekly grab samples and integrated sediment sampling techniques.
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In this research conducted between 1994 and 1999, data were measured by an integrated
sediment sampling technique was employed because it uses the continuous automatic ISCO

sampler to establish a frequent representation of suspended solids and discharge data (Howe,

1999).
6.11.1 Verification using flow integrated sediment sampling techniques

In this research, the suspended solids and discharge data collected by the School of Bioresources
Engineering and Environmental Hydrology of the University of KwaZulu-Natal at the Henley
Weir were used for verification studies. The data were collected at frequent, selected intervals
during the course of a number of runoff events in 1994, using an automatic ISCO sediment
sampler (Howe, 1999). An ISCO automatic sampler was programmed to pump a water sample
from the river at an interval related directly to incremental volumes of river discharge. This
resulted in samples being taken more frequently at high flow rates than during lower flows,
allowing for adequate definition of the rapidly changing concentrations during the peak flows of
the event. The sediment loads resulting from these events were estimated by integrating the
incremental sediment fluxes derived from the concentration of suspended solids samples and the
associated streamflow. The incremental sediment fluxes could then be summed for the duration
of the event to yield the total sediment yield. Sediment yield simulations for seven events were
taken during 1994 because successful monitoring of catchment rainfall and sediment yield

occurred during these periods.

A comparison of the simulated sediment loads by the model and a daily time step ACRU
simulation for the period of 1960-1994 and those estimated from concentration measurements
during the automatic monitoring period using an ISCO sampler at weir U2HO11 during 1994 are
given in Table 6.14. The loads estimated from the seven monitored events vary between 13 and
1246 tonnes per event. The proposed model is therefore tested over a wide range of sediment
loadings. As can be seen, the model described herein produced estimates of sediment yield
adequately. Note that the coefficient values used in various equations of the model especially the
sediment delivery ratio was determined using standard procedures and without any calibration.

The reason for this is that the model was developed for purposes of applying it to ungauged
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catchments where there is a lack of sediment yield data, either for calibration or for designing and

planning of water resource projects.

Table 6.14

Comparison of SDR model simulated sediment loads with sediment loads

estimated from automatic ISCO and ACRU simulations at Henley Weir U2HO11

for seven events during 1994 (Howe, 1999)

Date of | estimated sediment load ACRU simulated SDR model
Event No. event from observations (t) sediment load (t) simulated sediment load (t)
1 08/01/94 581 1278 491
2 01/02/94 1246 1586 1453
3 29/03/94 140 10 129
4 25/07/94 105 125 1685
5 15/11/94 13 0 21
6 24/12/94 428 177 472
7 27/12/94 697 369 788
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Figure 6.13  Comparison of observed and estimated sediment loads at Henley Weir U2HO011

for seven events during 1994 (Howe, 1999)
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The prediction accuracy of the proposed model can be rated as satisfactory, particularly
considering the fact that the prediction from some process based models show large differences
between measured and computed sediment yields (Wu er al., 1993). Nevertheless, poor
agreement is found to exist between the observed and computed values of sediment yield for one
storm event in the Henley catchment (Table, 6.14) and (Figure 6.13). An anomaly occurs in
Event 4 on 25/07/94 where the simulated load is more than ten times that estimated from
measurements. This could be related to the poor representation of Elszg which in turn, is
dependent on the rainfall input. The rainfall which was recorded and used in this simulation was
found only from one raingauge in the catchment. Therefore this value exaggerates the calculation

of source erosion and ultimately the sediment yield.

It is evident that a notable difficulty with sediment yield modelling is that adequate sediment
yield simulations are dependent on representative rainfall measurements. It is hypothesised that
the slightly higher values in the estimation of sediment yield in the above events are ascribed to
the likely uncertainties due to the poor representativeness of the two automatic recording
raingauges in the 178 km? catchment to monitor rainfall events. The application of RUSLE, a soil
erosion model designed to predict the long term water erosion for event based simulations, may
be considered to be another source of uncertainty. In addition, the simulated sediment loads were
simply the sum of the sediment yields from all grids in the catchment i.e. no, channel sediment
routing was undertaken. This is so because the hypothesised sediment delivery ratio model is
applicable at the mean annual basis and therefore assumes that over a long period, a stream must
essentially transport all the sediments delivered to it. Hence, the channel network sediment

delivery processes have to be considered at short temporal scales (e.g. event, month).

In conclusion, results of the verification study are encouraging since the simulated sediment
yields compared well with those estimated from the integrated sediment sampling technique. The
ability of the model to predict the magnitude of the estimated sediment loads appears to be good

for loads varying in magnitude in individual events.
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6.11.2 Comparing results against those from other estimation approaches in South Africa

Comparing the results of the model against other sediment yield modelling techniques in South
Africa helps to identify the potential use of the model as an effective catchment management
tool. Thus the result from the model was compared against the Rooseboom et al. (1992) sediment

yield map and ACRU sediment yield modelling.
6.11.2.1 Comparison of results with Rooseboom et al. (1992) sediment yield Map

Rooseboom et al. (1992) derived a regionalised regression technique which allows for the
estimation of long term average sediment yield from ungauged catchments within certain

confidence limits.

The approach followed was to divide the southern Africa region into nine relatively homogenous
regions. Statistical analysis was then performed on each of these regions to overcome the wide
variability observed in the measured sediment yield. The result of the model was standardised
sediment yield values for each of the nine regions (Details in Rooseboom et al., 1992). The
Henley catchment falls within the sediment yield homogenous region 4. The resulting average
annual sediment yield simulated from the model is 1.6 t. ha'l.yr'l, which fall within the values of

0.2 and 7.23 t. ha™ .yr”! reported by Rooseboom ez al. (1992), for this region.

6.11.2.2 Comparison of results with the ACRU sediment modelling system in Mgeni

catchment

The Henley catchment is found in the south western portion of the Mgeni catchment. In their
studies on the Mgeni catchment, Kienzle ez al. (1997) derived the average annual subcatchment
sediment yields by first simulating daily sediment loads for each subcatchment for the period
1960-1993 and then computing annual averages. The mean annual ACRU simulated sediment
yield for the subcatchments ranges from 0.02 to 6.29 t. ha™.yr". The resulting long term average
annual sediment yield from the SDR model is 1.6 t. ha™.yr"" which falls within the range of values
reported by these authors on the Mgeni catchment.
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6.11.2.3 Conclusion

In conclusion, both estimation techniques compared with the SDR model prediction have their
own advantages and disadvantages. The Rooseboom ez al. (1992) method is very easy to use and
may produce results very quickly for specific catchments. The technique is not good in
accounting for well vegetated land cover and small regions as it considers large scale
homogeneity classifications (Donald, 1997). A further problem with this technique is that
although a lumped value for a subcatchment can be determined, the details, often required by

catchment managers, may not be possible.

On the other hand, the ACRU approach is by far the most detailed approach. The ability of ACRU
to predict sediment yields for various events is certainly an advantage. The main problem with
the ACRU model however is that it requires detailed input parameters, especially for event based
modelling, which may not always be available at the location of concern. If required data sets are
not available, then the more generalised models, such as the SDR model applied in this research,

can be used to predict the average annual sediment yields.

Comparing the mean annual sediment yield of the SDR model against alternative sediment yield
modelling techniques in South Africa demonstrated that the results from the SDR model
compared well with the results from these techniques. Therefore the model presented in this
research can be used as a potential tool for predicting long term average annual sediment yield,

especially for regions with a lack of sediment yield data.
6.12 Sediment Yield Sensitivity Analysis

Sensitivity analysis is the study used to ascertain how a given model output depends upon the
information (input data) fed into it, upon its structure and upon the framing assumptions made to
build it (Saltelli et al., 2000). Sensitivity analysis is used to increase the confidence in the model
and its predictions, by providing an understanding of how the model responds to changes in the
input parameters. This is an important method for checking the quality of a given model, as well

as a powerful tool for checking the robustness and dependability of a model on its analysis. The
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topic is acknowledged as essential for good modelling practice, and is an implicit part of any

modelling field (Saltelli et al., 2000).

In this research, the increasing and decreasing of variables (R, K, LS, C, P and SDR) by an
arbitrary percentage of their standard deviation from their mean were used as criteria to measure
the sensitivity of the model prediction to a change in the variable value (Lorentz, 2004). The
point values of each grid cell of the variables of the sediment yield model were extracted from
their respective GIS coverages using the GeoProcessing Wizard in Arcview GIS. Thereafter these
point values of the variables of the model were used as input into the GENESTAT statistical
software. The fitted frequency distribution curve of the different variables of sediment yield and
SDR from which the mean, standard deviation and coefficient of variation can be calculated are

given in Appendix E and the output is summarised in Table 6.15.

Table 6.15  Summary statistics of the different sediment yield model variables

Variable Mean Standard deviation Coefficient of variation
R 320.7 5.10 0.016
K 0.354 0.12 0.332
LS 2.280 2.02 0.887
C 0.144 0.08 0.578
P 0.774 0.22 0.288
SDR 0.190 0.19 1.000

Figure 6.13 shows the results of the sensitivity analysis performed on the sediment yield model
by increasing and decreasing of each of the variables by arbitrary percentages. For the sake of
simplicity it is better to classify the sensitivity analysis into two conditions, i.e. overestimating

and underestimating the variables from their respective mean by fixed percentages of their

standard deviations.
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Figure 6.14 Effects of changes in sediment yield mode] variables value on predicted sediment

yield
6.12.1 Sensitivity of sediment yield to overestimation of model variables

From the results of the sensitivity analysis in Figure 6.13, model prediction of sediment yield was
found to be most sensitive to change in the SDR variable. For example, a 20 % of standard
deviation increase from the mean SDR value resulted in 35 % increase in the sediment yield. This
implies that as the value of SDR increases, the amount of sediment yield that is delivered to the
catchment outlet increases. Therefore, the higher the SDR value the higher the sediment yield and
vice versa. The second most sensitive variable was found to be the variable LS, where a 20 % of
standard deviation increase from the mean in the LS value resulted in 26.6 % increase in the
sediment yield. This implies that, as the LS value increases, the amount of soil eroded from the
land and subsequent sediment yield also increases. This might be due to the fact that an increased
LS produces higher overland flow velocities and correspondingly higher sediment loads (Haan ez

al., 1994). The third most sensitive variable was found to be the cover factor, C, where a 20 % of
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standard deviation increase from the mean in the C value resulted in 17.3 % increase in sediment
yield. This is so since a high C factor implies low vegetation cover in the catchment and thus
there is an increased opportunity for rainfall to detach sediments, overland flow to scour and
transport sediments, ultimately causing an increase in sediment production. The least sensitive
variable is the R variable because a change in its values does not have a significant change in the
sediment yield from the catchment. For example, a 20 % of standard deviation increase from the
mean in the R value caused only a 1.9 % increase in the sediment yield. The variables K and P
are not as sensitive as the variables SDR, LS and C as they show only slightly increased sediment

yield over the wide range of percentage of standard deviation change from their mean.
6.12.2 Sensitivity of sediment yield to underestimation of model variables

The same pattern was also observed when underestimating the variables, i.e. the most sensitive
variable in the model is the SDR. For example, a 20 % of standard deviation decrease from the
mean of the SDR value resulted in 25 % decrease in predicted sediment yield. This implies that as
the value of SDR decreases, the amount of sediment yield that is delivered to the catchment outlet
also decreases. The second most sensitive variable in the model is again the LS. A decrease of
20 % of standard deviation in the value of LS from its mean causes a decrease of 21 % in the
predicted sediment yield. The R variable is again the least sensitive variable in the prediction of
sediment yield. The rest of the variables can be explained in the same manner by observing
Figure 6.13.

From the results of the sensitivity analysis, it can be concluded that the predicted sediment yield
is highly sensitive to SDR, LS and C variables in both overestimating and underestimating the

variable. Comparing the two conditions the predicted sediment yield is more sensitive when

overestimating the variables.
6.12.3 Prediction of SDR

In this research, sediment yield is the product of the RUSLE variables and the sediment delivery
ratio of the catchment. But the sediment delivery ratio (SDR) in turn is a function of slope,
catchment roughness coefficient and travel time of overland flow. Therefore it is expedient to

analyse this variable independently. In the same way as the sediment yield model variables have
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been analysed, the SDR variables were extracted from their respective GIS coverages using the
GeoProcessing Wizard in Arcview GIS. Then these point values of the SDR variable were used
as input into the GENESTAT statistical software from which the mean, standard deviation and

coefficient of variation of the SDR variables can be calculated as shown in Table 6.16.

Table 6.16  Summary statistics of the different sediment delivery ratio (SDR) variables

Variable Mean Standard deviation Coefficient of variation
Roughness coefficient (RC) 1.70 0.48 0.28
Slope (S) 0.15 0.10 0.67
Time () 2.50 2.90 1.16
30
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Figure 6.15  Effects of changes in sediment delivery ratio variables value on predicted

sediment delivery ratio
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From the results of the sensitivity analysis, shown in Figure 6.14, overestimation of the variables
contributing to the SDR was found most sensitive to change in the roughness coefficient (RC).
For example, a 20 % of standard deviation increase from the mean in the RC value resulted in
19 % increase in the SDR of the catchment. This can be explained by noting that the lack of any
physical features like depressions and conservation practices there would result in increased
sediment transport by runoff. The second most sensitive variable for SDR is slope (m.m™). Here,
a 20 % of standard deviation increase from the mean in the § value resulted in 13 % increase in
the SDR of the catchment. This can be justified since an increased slope steepness produces
higher overland flow velocities and correspondingly increased sediment delivery (Haan et al.,

1994).

When underestimating the contributing variables, SDR was found to be most sensitive to travel
time, ¢. For example, a 20 % of standard deviation decrease from the mean in the ¢ value resulted
in 22 % increase in the SDR of the catchment. This implies that SDR and ¢ are inversely related in
this specific catchment and condition sensitivity analysis. This can be explained since, as the
travel time decreases, there is less opportunity for sediment deposition along the travel path. As a

result a large amount of sediment is delivered to the nearest stream reach.
6.12.4 Conclusion

In conclusion, when overestimating the variables, SDR was found highly sensitive to RC and S

and when underestimating the variables, SDR was found most to be sensitive to travel time.

| Generally, from this catchment and condition specific sensitivity analysis, it is shown that the
sediment yield and SDR are highly sensitive to the topography and land use of the catchment and
hence the model should be used for estimating of sediment yield in other such ungauged

catchments with great care given to the accuracy of parameters derived from topography and land

use conditions.

This chapter has presented and discussed the results from the proposed model, verification results
for event based sediment yield modelling, comparison against other sediment yield modelling
techniques in South Africa and the sensitivity of the model. These results allow for the

identification of primary sediment source areas, the spatially varying sediment transport capacity
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and ultimately, the sediment yield from each area. The model’s verification against measured
data and comparison against other modelling techniques in South Africa has demonstrated its
potential for predicting the spatial and temporal variability of sediment yield. The sensitivity
analysis of the model shows that the model is highly sensitive to topography and land use

conditions of the catchment. The following chapter presents concluding remarks on this research.
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7. CONCLUSIONS AND RECOMMENDATIONS

Soil erosion and sediment delivery are subject to highly complex processes that are sometimes
not fully understood by catchment modellers. These processes and their interactions with each
other are often major factors affecting soil loss and sediment yield. Owing to the importance of
these processes a number of models that use these processes to simulate catchment soil loss and
sediment yield have been developed over the years. An attempt was made to group these different
soil loss and sediment yield models according to the approaches they used in modelling the

catchment.

Many published soil loss and sediment yield modelling approaches, operating over a range of
scales were first reviewed to understand the specific motivation behind their development and
processes implied in their techniques. Relative merits and shortcomings of these modelling
approaches were discussed. It was concluded that there is no universally acceptable method or
approach to modelling a catchment’s soil erosion and sediment yield. Based on this review it was
decided to combine RUSLE, GIS and a distributed sediment delivery ratio concept to simulate
the magnitude and variability of soil erosion and sediment yield in a catchment. This was done
because the equations and concepts used in the model are simple and its components have been
researched extensively worldwide, particularly the calculation of source erosion component in the
RUSLE. It was concluded that, the RUSLE was particularly suitable in developing regions where
there is limited or sometimes no sediment yield data either for model calibration or for designing

and planning of water resource projects.

A motivation was presented for the combined use of RUSLE, GIS and a distributed, grid based
sediment delivery ratio concept to estimating the magnitude and describing the spatial variability
of soil erosion and sediment yield through out the catchment. More importantly, it allows easy
definition of spatial subunits or grids of relatively uniform properties. Hence with the aid of GIS,
soil loss and sediment yield modelling can be performed on the individual subunits or grids. The
identification of the spatially distributed erosion source areas within the modelled catchment

makes possible the implementation of focused conservation efforts in these source areas.
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The combined use of RUSLE, GIS and distributed sediment delivery ratio concept was modelled
in an Arcview GIS grid analyst to determine which grid cells in a catchment contribute erosion
and possibly sediment to the nearest stream channel and ultimately to the catchment outlet. The
proposed model was designed with the objective of identifying the primary source erosion areas
and finally the spatially varying sediment yield contribution from each grid cell. The source
erosion generated on any grid cell is routed to the nearest stream reach as a function of travel
time. As opposed to the traditional “black-box” sediment delivery ratio (SDR) for an entire
catchment (cf. Table 3.1), the distributed sediment delivery ratio (SDR;) values, based on the
travel time from individual cells and a catchment specific coefficient which is a function of
topography and land use characteristics, permits identification of those critical areas with high
potential for soil erosion and sediment yield. The integrated approach also facilitates fast and
efficient assessment of different management alternatives, and thus can serve as a useful tool in

natural resource management and planning.

The evaluation of the combined use of RUSLE, GIS and the distributed sediment delivery ratio
concept for estimating and identifying source areas and sediment yield was tested on the Henley
catchment, South Africa. The event based simulations from this model were compared with
observed sediment yields and proved to be suitably accurate. No sediment yield model is likely to
yield absolute results and hence the results achieved by the model which compare well with the
measured sediment yields for the Henley catchment, suggest that the model may be used with
confidence as a catchment management tool. However, careful evaluation of topography (slope)
and land use conditions are required since the model is highly sensitive to these parameters.
Therefore it is concluded that the model’s results for this relatively simple analysis are successful

enough to warrant further time and effort on its testing and verification.

Comparing the results of the model prediction against ACRU sediment yield modelling and the
Rooseboom et al. (1992) sediment yield map in South Africa, demonstrated the usefulness of the
model as an effective catchment management tool. The use of raster GIS technology was an
advantage over the Rooseboom et al. (1992) sediment yield map which does not use a grid based

analysis to identify areas contributing elevated sediment loads. Implementing the model on a GIS
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raster modelling system also allows for suitable identification of primary source areas for

sediments and hence for implementation of focused conservation techniques for these areas.

In the case study of Henley catchment the residential and agricultural areas of the catchment
which are characterised by degradation due to overgrazing and traditional and peri-urban
settlements with mixed crops, exhibit much higher source erosion rates and sediment yield than
the non cultivated lands. A reduction in sediment yield of up to 35.5 % can be expected when
contour banks with grassed waterways in residential areas and contour and strip cropping in the
veld and mixed cropping land use are implemented. This clearly reveals the effectiveness and
importance of conservation practices and also suggests that practices other than those evaluated
in the research may further reduce erosion and sediment delivery. However, care must be taken

when considering the economic effectiveness of the specific conservation practice proposed.

The combined use of RUSLE, GIS and a distributed sediment delivery ratio concept to modelling
source erosion and sediment yield in a catchment requires further testing and development of its
components. Further research with the model should focus on the distributed sediment delivery
ratio concept used in the model. However, there are also opportunities to improve on its use of
GIS techniques, as the model depends solely on these. Based on the results obtained from
verification of event based simulations and comparisons against other modelling techniques in
South Africa, the following paragraphs outline some recommendations for future work with the

model.

. Subcatchment estimation of sediment yield/load is necessary to improve the application
of the distributed sediment delivery ratio concept. These data should also be used to test
the various processes affecting sediment delivery like the branching and configuration of
stream network and stream length. Therefore, further work with the model should test the
advantage of incorporation of the stream network parameters in routing of sediment from
the hillslopes to the catchment outlet. Such a technique would enhance the
distributed sediment delivery ratio concept already used in the model.

. Two forms of erosion and sediment yield processes, namely gully erosion and stream

bank erosion, are currently not modelled by RUSLE because RUSLE is developed only
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for interrill and rill erosion (Renard et al., 1997). Gully erosion refers to the process
responsible for the removal of soil from a rill large enough that it cannot be removed by
normal tillage practices. It incorporates the processes of waterfall erosion at the gully
head, channel erosion caused by water flowing through the gully, raindrop splash on
unprotected soil, alternate freezing and thawing of the exposed soil banks, and slides or
mass movement of the soil in the gully. Stream bank erosion includes the processes of soil
removal from stream banks or soil movement in the channel or stream banks eroded either
by runoff flowing over the side of the stream bank or by scouring and undercutting below
the water surface. It is recommended that equations which are capable of describing the
processes of gully and stream bank erosion be incorporated in the respective soil loss and
sediment yield models. The methodology presented in this research facilitates the
simulation of these processes due to its grid based capabilities which already model flow

path, flow accumulation and velocities as a function of topography and land use.

The GIS techniques which require further investigation are the influence of grid size. The
selection of a grid size is a scale issue and is a function of the size of the catchment being
modelled. For example, coarsening grid size results in missing of some physical features
of the catchment (such as slope) which will affect the calculation of the slope length and
gradient of RUSLE and ultimately the delivery ratio component of the model. Currently
the Arcview GIS used in this research has only a single flow direction algorithm which
routes flow in the steepest downslope direction from any point. Multiple flow direction
algorithms have been developed to proportion flow to more than just one downslope grid
cell as a function of slope (Tarboton, 1997). Therefore it may be better to incorporate such
algorithms to represent the process as it occurs naturally in the field. However, their
application is more complex. Selection of different algorithms for calculations of flow
direction and slope will affect the calculation of the sediment delivery ratio and therefore

the sediment yield through the catchment to the catchment outlet.
It is known that all methods of raster DEM processing for watershed segmentation and

parameterisation ultimately rely on some form of overland flow simulation to define

drainage courses and catchment area (Martz and Garbrecht, 1998). These methods have
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difficulty dealing with closed depressions and flat areas which are normally corrected or
removed prior to drainage analysis on digital models of the land surface. However, closed
depressions and flat areas are real landscape features which are particularly important to
sediment deposition and should be handied in a hydrologically meaningful way during
drainage analysis. In this research, consideration of depression and flat areas may have
improved the precision of the sediment yield analysis as the catchment has about 5.8 km? of

these areas.

To conclude, it is commonly recognised that simple but valid lumped models have historically
been shown to give as good, if not better soil erosion and sediment yield predictions than some of
the more complex distributed models (Howe, 1999). However, the more complex distributed
models provide additional information on the different processes occurring in a catchment and
enhance our understanding or more often than not, highlight our lack of understanding the

different soil erosion and sediment delivery processes.

Finally, the objective of this research was to estimate the magnitude and spatial distribution of
soil erosion and sediment yield by combining RUSLE, GIS and a sediment delivery ratio
concept. Thus a convenient catchment management tool has been developed which may be used
to identify variable source areas and determine quick, yet reasonably accurate, source erosion and
sediment yield for developing countries where there is limited information on sediment yield data
for designing and planning of water resource projects. The methodology has demonstrated that it

can be applied to other regions by focusing on the accuracy of topography and land use

conditions derived parameters.
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APPENDIX A

Calculation of flow length

In this study the flow length or distance to the nearest channel, is calculated using a syntax
algorithm written in Arcview avenue script (Moglen, 2004) in which accumulated flow length

downstream to each cell is calculated as follows:

Overhead operations: Getting the view and grids

theView = av.FindDoc(*ViewlI”)

theshed = theView.FindTheme(“A Watershed’).GetGrid
flowdir = theView.FindTheme(*“Flow Direction”).GetGrid

Calculate the flow lengths within the grid in the downstream direction (stored in “downgrid”)

downgrid = flowdir.FlowLength (NIL, FALSE)

Mask out only the flow lengths within the watershed
downgrid = downgrid * theshed/theshed

Get flow length statistics. The first item in the length_stat list is the minimum distance,
corresponding to the distance to the catchment outlet. We subtract this off the flow length
distance.

length_stat = downgrid.GetStatistics

length_at_outlet = length_stat.Get(0)

downgrid = downgrid - length_at_outlet .AsGrid

Finally, we generate and add the new flow length theme to the view.
theGTheme = GTheme.Make(downgrid)
theGTheme.SetName(“Flow Lengths™)
theView.AddTheme(theGTheme)
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APPENDIX B

Neighbourhood method for calculating slope angle

Slope maps are often used as layers within a GIS and can exhibit major differences depending on
the algorithms used in their derivation. In this study the neighbourhood method was chosen for
calculation of the slope steepness. This is because the neighbourhood method calculates the

average across the centre cell using at least four of the surrounding eight cells.

This method uses a moving three by three mask over a DEM to predict slope for the centre cell
from its eight neighbours. For example the equation for slope (rise/run ratio) of the centre cell

(#9) (per cent slope) is:

S= (NS8Z, +SZ »N* 100 1

East-West slope is given by:

s = (Z,+2Z,+Z,)~(Z,+2Z, + Z, 5
o 4*2%d
North-South slope is given by:
s = (Z, +2Z,+Z,)~(Z, +2Z, + Z,)
" 4*2%d .

where: S = slope ratio in per cent
ZitoZ = elevation of cells 1 to 9 (m)
d = cell resolution (m)
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APPENDIX C

Calculation of modified flow accumulation

It should be recalled from Chapter 4 that Equation 4.5 was used for calculating the RUSLE LS-
factor that was proposed by Mitasova et al. (1996). They derived the equation based on flow

accurmnulation and slope steepness. The GIS executable form of this equation is given as follows:

.. Cell resolution *¢ ['sin slope - *
LS =| FlowAccomulation*® 1.6 1
22.1 0.01745
where: Flow Accumulation is a grid theme of flow accumulation expressed as number of

grid cells (readily derived from hydrologic processing steps in Arcview).
Cell resolution is the length of a cell side (i.e. 50 m).

Slope (degree) is derived from DEM using the drive slope option in Arcview.

Since RUSLE is only suitable for estimating erosion due to interrill and rill processes, it is
necessary to have an upper bound on the slope length that should be used. It is know that the flow
accumulation uses a flow direction theme for its derivation and is given as the number of all cells
that drain into an output cell (ESRI, 1996). Since this output is a network of cells over which
water flows, the number of cells that flow into this channel is high. This value should, therefore,
be modified to comply with the RUSLE threshold values. For example, in this study the upper
bound was taken 150 m due to the undulating nature of the landscape of the catchment. Since the
grid cell width is 50 m, this translates to an accumulation of a maximum of 3 grid cells and a
minimum of 1 grid cell where flow will be initiated. The following steps demonstrate how to

modify the flow accumulation theme in Arcview.
Step one: Create a theme using the map calculator in Arcview that contains 0 if the flow

accumulation is less than or equal to 3 and a 1 if flow accumulation is greater than

3. Then specify this theme as Map Calculator 1.
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Step two: Multiply Map Calculator 1 by 3. This will give a new theme with a 3 in all grid
cells that have a flow accumulation greater than 3.

Step three:  Create a theme using map calculator in Arcview that contains a 1 in areas in
which the flow accumulation is less than or equal to 3. Then using the map
calculator, multiply this theme by the original flow accumulation theme. Then
specify this theme as Map Calculator 2.

Step four: Grid cells with a flow accumulation value of 0 (these are where flow initiates)
should be set to 1 so that the slope length for these cells is not 0. Use the same
procedure to that above to identify these cells and create a map with a value of 1

for these areas. Then specify this theme as Map Calculator 3.

Now add the three themes that contain flow accumulation (i.e. steps one, three and four). This
results a new theme (flow accumulation) that has a maximum flow accumulation value of 3
(cf. Figure 6.4). Use this new flow accumulation theme in Equation 1 above for computing the
RUSLE LS-factor (cf. Figure 6.5). Note that the slope must be converted to radians from the
degrees by multiplying the slope by 3.14, (), and divide it by 180°.
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APPENDIX D

Graphs showing the Cumulative Frequency Distribution of the travel times, (F;) and the fitted

curve (Equation 4.9) yielding the parameter, § for the 9 subcatchments in the Henley catchment:
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Graphs showing the fitted frequency distribution of the different sediment yield and sediment

delivery ratio variables
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