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Abstract 

Models of rainfall erosion provide a capacity to predict the outcomes of current and altemative 
land management on onsite erosion and may also provide the basis for predicting offsite 
impacts. This discourse describes some of the main rainfall erosion modelling approaches that 
have been developed over the past 40 years. Empirical, conceptual and process-based 
approaches are described in relation to the modelling of erosion at scales ranging from less than 
a metre through to the catchment scale. 

Introduction 

Erosion by water is a major factor in producing land degradation in many parts of the world. 
An understanding of the processes involved is beneficial to the development of measures to 
combat erosion and to the development of models capable of examining the impact of 
altemative fanning systems and landuses. In this discourse, descriptions of rainfall erosion 
processes will be provided and some of the approaches to modelling these processes described. 

Forms of Erosion 

Water erosion comprises of a number of forms; sheet, rill and interrill erosion, ephemeral gully 
erosion, gully erosion, bank erosion, snowmelt erosion. Rainfall erosion encompasses all these 
forms but since snowmelt in not a major problem in most parts of the world, little attention is 
given to snowmelt erosion in the literature. The various forms, with the exception of snowmelt 
erosion, can often be seen as a topographic sequence in the landscape. Sheet erosion 
dominating the areas near the top of a watershed, giving way to rill and interrill erosion, and 
perhaps gully erosion, further down the hillslope. Rills are channels that can be eliminated by 
normal cultivation. Gullies are larger channels that cannot. They usually occur in areas where 
flow concentrates laterally. Lateral concentration of flow in a cultivated area may strip wide 
strips of soil down to the bottom of the cultivated layer. These areas are known as ephemeral 
gullies since gullies may develop in these areas if measures are not taken to prevent them. 
Narrow deep ephemeral gullies can also occur on some soils. Stream bank erosion, as its name 
implies, occurs in rivers but soil from banks of gullies can contribute to gully erosion. 
Sidewall collapse can also occur in rills. Each form is usually dominated by particular process 
that may not necessarily appear important to the development of the other forms. The change of 
form down a hillslope reflects the change from erosion processes driven by energy derived 
from raindrops hitting the ground surface to erosion processes driven by flow energy. Because 



water accumulates on the soil surface in both space and time, the erosional form observed a 
point in space may also vary in time. 
Detachment and Transport Processes Associated with Erosion Driven by 
Raindrop Energy. 

Erosion is a process that involves the detachment of soil particles from within the soil surface 
followed by the transport of these detached particles away from the site of detachment. When 
erosion is driven by the energy derived from raindrops impacting the soil surface, raindrop 
energy is used to overcome the bonds that hold particles in the soil surface and may also be 
used in the transport of the detached particles away from the site of drop impact. One 
commonly reported transport mechanism is raindrop splash. Raindrop splash moves detached 
soil particles radially away from the site of detachment. The raindrop detachment - splash 
transport (RD-ST) system often operates at the onset of a storm when little or no surface water 
flow occurs. However, splash transport (ST) is a highly inefficient transport system. If the soil 
has no slope, material splashed away from the point of impact of one drop is replaced by 
material splashed by other drops in the surrounding area. If the soil surface has a slope, then 
material splashed downslope travels further than material splashed upslope resulting in the net 
down slope migration of detached material. That downslope migration increases as the slope 
gradient increases but it takes many drop impacts to cause much material to move down slope 
in most cases. Rainfall erosion is either limited by the detachment or transport capacities 
associated with raindrop impact or surface water flow. RD-ST is a transport limiting process. 

When water flows develop on the soil surface, raindrops penetrate through the flow to detach 
soil particles which may then be splashed as a result of the breakup of the drop or alternatively 
may be lifted into the flow where they move downstream as they fall back to the surface. 
Subsequent drop impacts lift the particles into the flow again and again and they move 
downstream on each occasion. The resulting transport process involves both raindrop impact 
and flowing water and, because of this, has been called Raindrop - Induced Flow Transport 
(RIFT) (Kinnell, 1990). With coarse material, raindrop impact in flowing water may stimulate 
particles to roll rather than saltate. RIFT is a more efficient transport system than ST. RD-RIFT 
plays a major role in moving soil material from interrill areas to rills. Splash can also move 
material from areas not covered by flow to areas where RIFT operates to give RD-ST-RIFT 
systems. While RIFT is more efficient than ST, it still requires numerous drop impacts to move 
material downstream and RD-RIFT systems are transport limiting. 

In many cases, thin surface water flows have a capacity to move loose material sitting on the 
surface but may not have the capacity to detach material from the underlying surface. However, 
raindrops penetrating the flow may be able to do this. As a result, particles detached by drop 
impacts are transported downstream without the need for raindrops to be involved in the 
transport process. This raindrop detachment - flow transport (RD-FT) detachment-transport 
system is more efficient than RD-RIFT. Often, both RD-RIFT and RD-FT occur 
simultaneously in the same flows, coarse material being transported by RIFT, fine by FT. 

Figure 1 provides a schematic representation of how the detachment and transport forms vary 
with raindrop energy (e) and stream power (Q) when raindrop energy and stream power are 
used as measures of erosive forces associated with impacting raindrops and flowing water 
respectively. In Figure 1, the critical energy required for raindrops to detach soil particles held 
in the soil surface by cohesion and inter-particle friction is designated e,. Raindrop detachment 



(RD) does not occur unless e > e,. The critical stream power for flow to detach soil particles 
held in the soil surface by cohesion and inter-particle friction is designate'd Rc(bo,,nd,. Flow 
detachment (FD) does not occur unless R > RC(bound). Stream power is a hydraulic parameter 
that varies with flow discharge and slope gradient. Other parameters such as flow shear stress 
could have been used but the choice of parameter is academic. Consideration of a critical 
condition for FD remains the same irrespective of what parameter is used. 
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Once R > Rqbound,, flows have the capacity to extract particles bound to the soil surface by 
cohesion and inter-particle friction. Since, when this occurs, R > R,,,,), these particles are 
transported by the flow so that both detachment and transport processes are driven by flow 
energy. This is represented as FD - FT in Figure 1. No erosion occurs unless either e > e, or R 
> R,(,ound,. Rills and larger channels are generated only when R > RqhUnd,. 



Factors Influencing the Detachment and Transport Amounts 

Factors injluencing RD-ST 

Splash erosion is the common name given to the RD-ST system. For raindrop detachment (RD) 
to occur when raindrops impact soil surfaces not covered by water, the kinetic energy of an 
impacting raindrop (e) must exceed a critical value (Sharma and Gupta, 1989; Sharma et al., 
1991). This is conceptualised through e, in Figure 1 and the equation 

D = k, (e - e,) for e > e, 
D = O  for e 5 e, 

where D is the weight of soil detached by a raindrop, and k, is the soil detachability 
coefficient. Considering that soils exhibit differing resistances to detachment, e, can be 
expected to vary between soil materials. Loose material sitting on the surface is, in this context, 
essentially predetached but cohesive forces are involved in holding soil particles within the 
surface of the soil matrix. In addition to cohesion and inter-particle friction, soil moisture also 
influences the force holding particles within the soil surface (Trunam and Bradford, 1990). e, 
may also increase during a rainfall event (line A, Figure 1) as a result of surface crusting. 

Although the notion of soil particles being detached and transported by the impact of falling 
raindrops may seem simple, RD-ST involves a series of complex processes. 3 stages have been 
identified for drops impacting soil surfaces not covered by water layers (Terry, 1998): 
1. The collision and deformation of a falling raindrop at the soil surface 
2. The rupture and collapse of the drop into a thin disk of fluid spraying radially outwards 

from the point of impact 
3. The jetting of daughter ejection droplets in parabolic trajectories away from the original 

drop landing position 
Stages 1 and 2 are involved in the detachment process and in modifying the soil surface 
characteristics which influence subsequent detachment. Raindrop impact induced changes in 
the soil surface, such as compaction, may also influence splash trajectories and consequently, 
splash transport. Splash trajectories are also markedly affected by the presence of water layers 
on the soil surface. Splash angles between 50" and 70" occur with thin water films (Allen, 
1987) and tend to become more vertical as the water depth increases. Raindrop kinetic energy 
is also absorbed in disturbing water films leaving less energy available for soil detachment. The 
effect of flow depth on reducing the amount of energy available for detachment is indicated by 
e, increasing as R increases in Figure 1 (line B). 

Small circular containers known as splash cups have been frequently used to study splash 
erosion. The surface areas of these cups are usually sufficiently small that all or nearly all of 
material splashed as a result of a drop impact can leave the confines of the cup. Consequently, 
experiments with splash cups provide data which can be analysed to determine values for 
factors such as e, and k, in Eq.1. However, as the size of the surface increases, a greater 
proportion of the material splashed by a drop impact falls back to the surface without crossing 



the boundary. In a large horizontal area, material splashed away from the point of impact of 
one drop is replaced by material splashed to that point by impacts in the surrounding area and 
very little of the total material detached by impacting raindrops leaves the area. Under these 
conditions, the transport efficiency of the system can be considered to be negligible. However, 
if the soil is sloping, more material is splashed in the down slope direction than the upslope 
direction so that the transport efficiency of the system increases as the slope gradient increases. 
There is however, no guarantee that splash will always move soil material downslope on 
sloping surfaces. Under natural conditions, wind blowing upslope can more than offset the 
slope gradient effect. 

Conceptually, if wind is not a factor that needs to be considered, the concepts incorporated in 
Eq. 1 can be applied to splash erosion on large surfaces if a transport efficiency term that is 
dependent on slope gradient is included to give 

where S is the amount of material transported across the downslope boundary in an element of 
time, k,, is the soil erodibility associated with splash erosion, Ex is the effective rainfall energy 
applied to the surface by the impacting raindrops during that time, and Qs] is a function of 
slope gradient (s). It follows from Eq. 1 that, given n raindrops impacting the surface during the 
element of time, 

n 
Ex = C (e, - e,) for ei > e, 

i= 1 

where e, is the kinetic energy of the ith drop. However, because the pre-detached material 
sitting on the surface provides some protection to the underlaying soil surface and is also 
splashed by a drop impact, k, is not equal to k,. In effect, two extreme values of k, need to be 
considered. The first, kD,,, applies when there are no predetached particles on the surface and 
drops are detaching only material from within the surface of the soil matrix. The second, k,.,, , 
is the value of k, that applies when the layer of predetached material is too deep for the drop to 
penetrate it and detach soil material from within surface of the soil matrix. In this case, only 
predetached material is splashed. If HR is the degree of protection provided by the predetached 
material, then 

HR will vary in time and space. Given a large flat horizontal surface, H effectively becomes 1 
over the whole surface under equilibrium conditions because the transport capacity of the RD- 
ST system is negligible. However, a large flat tilted surface may also exhibit a k,, value equal 
to kD,,, under equilibrium conditions despite the fact that HR is small at the upslope end of the 
surface. Although a drop impact at the upslope end of the surface may impact a surface that 
does not have predetached particles on it, any subsequent drop impact downslope of that area 
will impact a surface which has predetached particles sitting on it. Given that any point in 
space has an equal probability of being impacted, a large number of drop impacts may 
contribute to the layer of predetached material on the surface before a particular point on the 
surface is impacted. Thus, if kD,,, < kD,, , which tends to be the case since the predetached 



particles are held to the surface by essentially nothing more than gravity, upslope drop impacts 
provide increasing amounts of predetached material to downslope drop impacts as one 
progresses down the plane. The rate of increase in HR down the slope depends on the efficiency 
of the splash transport system, the greater the efficiency, the less the change in HR in the 
downslope direction. However, given a long enough slope, HR = 1 will occur in the area close 
to the downslope boundary where the drop impacts that cause splash to pass across the 
downslope boundary occur. It is the value of HR in this downslope zone that controls the rate of 
erosion from the area as a whole. The distance the zone extends upslope from the downslope 
boundary depends on splash travel distance. 

As noted earlier, RD-ST is a transport limiting system. Although kD,,, < k,,, occurs when the 
particle size and density characteristics of the material in the surface of the soil matrix and the 
predetached particles are the same, the size and density characteristics of the predetached 
material tends to vary in time and space. Coarse material tends to be less easily incorporated 
into splash and so tends to become more and more concentrated in the predetached material in 
time. Given sufficient time, the failure to transport coarse material may lead to an erosion 
pavement. Gravel paths are a prime example of this. Most cultivated agricultural soils do not 
contain sufficient quantities of coarse material to cause erosion pavements to occur during their 
productive lifetime. However, erosion pavements occur in some untilled arid and semi-arid 
lands (Abraham and Parsons, 199 1). 

The effect of slope gradient on the net downslope transport of soil material by splash has been 
observed to be linear in some cases (Moeyersons and DePloey, 1976) and non-linear in others 
(Qunasah, 198 1 ; Grosh and Jarrett, 1994). When the effect is modelled by 

where Q,, is the net downslope splashed material, E is the total kinetic energy of the rainfall, G 
is percent slope, and a, b, and c are empirically determined constants, Quansah (1 981) observed 
c to vary from 0.7 to 1.0 for sand and loamy sand, and from 1.1 to 1.4 for silt loam, silty clay, 
clay loam and clay soils. Grosh and Jarrett (1 994) observed a value of 2 for c with a silty clay 
loam. However, considering that HR varies with size of the eroding area and with the efficiency 
of the transport system, the assumption that a does not vary with slope gradient may not be 
correct and uncertainty exists about the reliability of applying Eq. 5 outside the experimental 
situation used to determine the values of the empirical constants. 

RD-ST may be the only detachment and transport system operating for considerable periods of 
time in some parts of the landscape during a rainfall event or series of rainfall events. At the 
onset of a rainstorm, runoff is usually absent, and RD-ST alone operates until runoff becomes 
effective in contributing to the erosion process. Depending on the soil and climate, 
considerable amounts of soil material can be detached and splashed during this time. Under 
these circumstances, RD-ST may be causing modification of the soil surface rather erosion per 
se. Drop impacts cause aggregate breakdown and compaction resulting in the development of 
surface crusts in some soils, particularly silty ones (Moss, 1991a,b). The removal of material 
from and compaction of microtopographic highpoints and the transport of detached material to 
microtopographic lowpoints reduces the roughness of the soil surface. The decline in roughness 
decreases exponentially with the amount of rainfall energy applied to the soil (Romkens and 
Wang,1987). The changes in surface properties generated by RD-ST are important to the 



subsequent erosion that occurs when surface water develops. The development of surface crusts 
encourages runoff but also produces a soil surface that has a greater resistance to detachment. 
Reductions in roughness also encourage runoff to occur through the reduction in the volume of 
the depressions which can store water on the surface. How the surface modified is by RD-ST 
can have a substantial impact of the subsequent development of rills on an eroding surface. 

Factors influencing RD-RIFT 

Raindrop induced flow transport (RIFT) occurs when flows do not have sufficient energy to 
entrain soil material unless raindrops impacting the flow disturb the bed underlying the flow. In 
this situation, the impacting raindrops lift particles up from the bed into the flow and these 
particles then fall in a downstream direction as they return bed. The process is analogous to 
wind blowing splash, the difference being that water rather than air is the fluid involved. Like 
the RD-ST system, the material transported across any given boundary by RIFT results from 
the impact of raindrops that occur within a limited distance of that boundary. Also, like the 
RD-ST system, the RD-RIFT system is a transport limited system and material crossing that 
boundary comes directly from the surface of the soil and loose material detached by previous 
drop impacts. 

Because the material transported across a boundary by RIFT in a unit of time comes from drops 
impacting within a limited distance upslope, the sediment discharge for a particle of size p 
being transported by as a result of the impact of a drop of size d is given by 

where q,,(p,d) is the mass discharged in unit time, M,, is the mass of the p sized material lifted 
into the flow by the drop impact, F, is the spatially averaged impact frequency for drops of size 
d, and X,,, is the effective average particle travel distance. The product of F, and X,,, gives the 
number of drop impacts per unit time that contribute directly to q,, (p,d). X,,, is linearly 
influenced by flow velocity (Kinnell, 1990). As noted earlier, water depth influences the 
amount of the energy of the drop impact that reaches the bed. Thus flow depth influences both 
Mpd and XRpd. When flows are extremely shallow, such as at the onset of runoff, flow depth 
restricts the height to which particles can be lifted. Consequently, although Mpd is high, qsRpd is 
restricted by XRN. As flow depth increase, so does XRd and q,,,,. However, at some stage, 
impacts no longer have the capacity to lift particles up to water surface so that XRpd then. 
declines. This decline, together with the reduction in M,, that occurs as more and more of the 
drop impact energy is absorbed in the flow before particle uplift, causes q,,,, to decline. 
Eventually, once flows are deep enough, drop impact becomes unable to disturb the bed under 
the flow. Experiments with drops travelling at or close to their terminal velocity have shown 
that for loose sand between 0.1 and 0.9 mm (Kinnell, 1993a), 

where a, is a coefficient that is dependent on particle size, I, is intensity of rain of drops of size 
d, u is flow velocity, and Qh,d] is a fbnction that varies with flow depth (h) and drop size (d). 
This function is given by 

Qh,d] = h exp (-0.207h) ,h < h, ( 8 9  



flh,d] = h exp (-0.207h - bd(h - h,)) 

when h is in mm, 

h,= 1.017+4.111 ln(d) (9) 

bd = exp (0.585 - 0.387 d) (1 0) 

when d is in mm. Figure 2 shows how flh,d] for lmm to 6mm drops varies with flow depth. In 
very shallow flows, variations in drop size have negligible influence on the transport of the 
,articles because flow depth restricts X,,,. 

I 

0 5 10 15 20 

flow depth (mm) 

0 5 10 15 20 

flow depth (mm) 

Fig. 2. The effect of drop size and Jow Fig. 3. The effect of drop size and Jow 
depth on f[h. dl ,  the Jow depth-drop depth on the flow depth-drop 
size function in Eq. 6 size function for sediment 

concentrations produced by RIFT 

In some circumstances, it is convenient to model sediment discharge in term of the product of 
flow discharge (q,) and sediment concentration (c,) so that 

Under these circumstances, it follows from Eq. 7 that 

and 

From Eq. 8, it follows that 



flh,d]/h = exp (-0.207h) ,h < h, ( 14a) 

flh,d]/h = exp (-0.207h - bd(h - h,)) ,h 2 hc ( 14b) 

Figure 3 shows how flh,d]/h varies with drop size and flow depth. It follows from these 
equations that a, is the exponent of "Y-axis" intercept value obtained when In (c,,(p,d)lI,) is 
regressed against flow depth when flow depths less than h, are used. Under these 
circumstances, flow depth restricts XRM. However, with cohesive soil material, drop energy 
influences the amount of material detached from the surface of the soil matrix and hence, M,,. 
Consequently, a, and sediment discharge resulting from RD-RIFT systems operating in very 
shallow flows over cohesive soil surfaces will vary with drop size and velocity. 

RD-RIFT systems on natural soil under natural rain involves a range of drops of different size 
impacting flows over material containing a range of particles of different size. Under these 
circumstances, it follows from Eq. 7 that 

and from Eq, 1 3, 

where s represents a soil with given soil characteristics and r represents a rain with given rain 
characteristics, and k,, is the susceptibility of the surface to erosion by the RD-RIFT system. 
Given N drop sizes in the rainfall, flh,r] is given by (Kinnell, 1993b) 

However, in experiments with artificial rainfall and varying rainfall intensities on short inclined 
slopes like those used in ridge tillage, Qh,r] is close to 1.0 so that kYsR in 

lies close to k,,. Because 

Eq. 16 becomes 

Eq. 20 has been shown to apply to a number of field and laboratory experiments where 
raindrop size and velocity characteristics are held constant (Kinnell, 1993b, 2000). 



As noted above, RIFT is a transport-limited system. Like the RD-ST system, material 
transported across the downstream boundary may come from both the surface of the soil matrix 
and predetached material sitting on the soil surface so that 

where k,,, is the value of k,, that occurs when there is no predetached material in the zone 
where drop impact contributes to the sediment discharge, kSR,pD is the value of k,, that occurs 
when predetached material in the zone where drop impact contributes to the sediment discharge 
completely protects particles in the surface of the soil matrix from being detached and HR is the 
degree of protection provided by the layer of predetached material. Modelling of the RD-RIFT 
system with a single value of X,,, and without any input from RD-ST shows that H, increases 
with distance from the point where RD-RIFT begins, and with time, and decreases with X,,, 
and with cohesion in the surface of the soil matrix (Kinnell, 1994). However, in natural soils, a 
number of values of X,,, operate simultaneously so that the composition of the layer of 
predetached material varies in time and space in a dynamic manner depending on rain, flow 
and soil properties. The reason for this lies in the fact that proportion of a given sized material 
discharged across a boundary by RIFT is weighted by X,,,. For example, if 50 % of an eroding 
surface is made up of particles that have an X,,, value of 6 mm and 50 % is made up of 
particles that have an X,,, value of 18 mm, then, in theory, the proportion of the X,,, = 6 mm 
in the sediment discharged will be 

This results in the material in the layer of predetached material coarsening in time until a steady 
state is reached. As a consequence of this, the composition of the sediment discharged by the 
RD-RIFT system also coarsens with time when the particles being transported are stable. 
Aggregate breakdown while particles are being transported by RIFT delays the rate of change 
in the composition of the sediment discharged but, in theory, the sediment discharge will be 
finer than the material being impacted by the raindrops irrespective of the stability of the 
particles involved. Consequently, since as time goes by, the effect of the layer of predetached 
material becomes increasingly significant, k,, varies dynamically in time and space. Also, 
factors such as the development of surface crusts may influence how k,, varies in time. Meyer 
and Harmon (1989) applied series of artificial storms to soil surfaces under laboratory 
conditions using a range of slope lengths (1 50 mm - 600 mm) and gradients (5 % - 30 %). The 
general procedure adopted was to subject the surface to a 60-min storm of about 76 m d h  on 
one day and then, on the following day, apply a 30-min storm at the same intensity followed by 
a series of 15-min storms with very low (e.g. 14 mmlh), low (e.g. 27 mm/h), medium (e.g. 76 
mm/h) and high (e.g. 115 mrn/h) application rates although not necessarily in that order. 
Kinnell (2000) observed that with many of the soils used in these experiments, k',, varied 
considerably during the first 60-min approx 76 mmlh storm and that it often took the additional 
rain produced by the 30-min storm before k',, became relatively stable. However, in some 
cases, k',, also varied during the 15-min storms that followed the 30-min storm. 

For prediction purposes, Eq. 20 may be combined with functions describing the impact of slope 
length (L) and gradient (G)  on q,, assuming that these factors have no impact on k',,; 



However, since rainfall energy level (energy per unit quantity of rain) has an impact on k',, 
when rain-impacted flow operates on cohesive soil material (Meyer and Harmon, 1992), Eq. 23 
should rewritten to include a function describing the impact of rainfall energy level (E,); 

It follows from Eq. 24 that 

A number of experiments where slope length (L) and gradient (G) have been varied when rain- 
impacted flows operate on short slopes have been reported in the literature. Several equations 
have been proposed to describe the effect of slope gradient on short inclined slopes under rain- 
impacted flow: 

flG] = cb (Neal, 1938) (26) 
flG] = 1.05 - 0.85 exp(-4 sin 8 ) (Elliott et al., 1989) (27) 
flG] = a, + b,G (Kinnell, 1993c) (28) 

where G is slope gradient ( d m ) ,  8 is slope angle (degrees) and a, are b, coefficients that vary 
between soils. While Kinnell (1993~) observed that for some soils, flG] varied linearly with 
slope gradient with a positive intercept (Eq.28), he observed that for other soils flG] increased 
non-linearly with slope gradient. The effects Kinnell observed can be expressed by the general 
equation 

where a,, b, and c, are coefficients that vary between soils. The reasons why different soils 
show different forms of response have not been properly identified but must relate to cohesion, 
aggregate stability and the behaviour of the predetached material sitting on the soil surface. 
Given increasing slope gradient and length, flow energy will at some stage have the capacity to 
entrain predetached material by itself so that, at the upslope end of the eroding surface, RD- 
RIFT is dominant but, at the downslope end, RD-FT has a major impact on the discharge of 
sediment. Some of the non-linear responses to slope gradient observed with rain-impacted flow 
result from the development of RD-FT on surfaces where sediment was dominated by RD- 
RIFT at a lower gradient (Kinnell, 2000). 

Factors influencing RD-FT 

In many situations, RD-FT and RD-RIFT operate simultaneously within a rain-impacted flow, 
RD-FT being involved in the discharge of fine material while RD-RIFT controls the discharge 
of the coarser material. In most experiments with rain-impacted flows, no attempt is made to 
distinguish the effect of RD-FT from that of RD-RIFT. However, RD-FT systems do not 
behave exactly like RD-RIFT systems.For sediment discharged by a RD-FT system 



Eq. 30 is similar to Eq. 6 in that the product of Fd and XFpd gives the number of drop impact per 
unit time that contribute directly to q,, (p,d). However, the value of XFpd is not necessarily equal 
to the maximum distance particles travel unaided by drop impact after detachment. If HR = 1 
does not occur on the eroding surface downstream of the point of detachment, X,,, is the 
distance from the downstream end of the eroding surface to the furthest upstream point where 
the relevant sized particle is detached from the surface of the soil matrix by a drop impact and 
transported by the flow without aid to the downstream boundary. For clay sized material, that 
distance is usually the same as the length of flow on the surface. However, if HR = 1 occurs 
downstream of the point of detachment, then XFpd is reduced by the distance travelled over that 
H, = 1 zone. This is because RD only occurs when H does not equal 1. Also, since the material 
being transported does not in part come from the predetached layer sitting on the soil surface, 
M,, results only from raindrops detaching material from the surface of the soil matrix and, as 
such, varies inversely with HR. 

For any given sized particle being transported by RIFT, a change from RD-RIFT to RD-FT 
may occur at some point along a rain-impacted flow because of the increase in flow energy in 
the downslope direction. Since the critical level of flow energy required to entrain predetached 
particles varies with particle size and density, a number of values of XFpd may operate 
simultaneously in a rain-impacted flow. Although the particles moving as a result of RD-FT do 
not become part of the predetached layer, coarser particles will still be discharged through RD- 
RIFT. Consequently, the X,,, values will be controlled by the distance of particle travel from 
the point where the change from RD-RIFT to RD-FT occurs and the presence of any 
predetached material that provides complete protection against raindrop detachment in the area 
downstream of that point. On short inclined slopes where sediment discharge is dominated by 
RD-RIFT, the effect of slope length on sediment concentration is negligible. However, when 
the dominance changes towards RD-FT, sediment concentrations increase with slope length 
(Figure 4). 
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Fig. 4. The effect of slope length on css: the sediment concentration per unit rainfall intensity, 
for (A) the Dubbs and (B) the Attwood soils in the experiments of Meyer and Harmon 
(1989) @om Kinnell, 2000). Small rills influenced sediment discharges @om the Dubbs 
soil when slopes were 20% and more. RD-FT had a major influence on sediment 
discharges@om the Attwood soil when slopes were 20% and more. 



Factors influencing FD-FT 

Flow detachment-flow transport (FD-FT) systems operate when flows exert sufficient force to 
detach soil particles from the soil surface of the soil matrix. Foster and Meyer (1975) proposed 
that the detachment or deposition rate (D,) is related to the difference between the transport 
capacity (TcF) and the sediment load (q,,); 

where a is a rate control coefficient. When stream power (i2)is used as an indicator of flow 
energetics, detachment by clear water (DF(,lear)) is given by 

where h,, is a soil related coefficient associated with using stream power as the independent 
variable in the equation. When shear stress (')is used as an indicator of flow energetics, 
detachment by clear water (DF(,,,,,)) is given by 

where k,,, is the soil related coefficient associated with using shear stress as the independent 
variable in the equation. For water transporting sediment, Eq. 33 becomes 

and Eq. 32 becomes 

The measurement of RD and FD 

There are reports (eg Torri et al. 1987, Parsons et al. 1994) of the use of splashed soil material 
as a measure of raindrop detachment under ponded conditions. This implies that the 
relationship between rainsplash and raindrop detachment is not influenced by factors such as 
water depth. However, this is not supported by observations on the physics of drop impact. As 
noted earlier, splash trajectories are markedly affected by the presence of water on the soil 
surface. The rupture and collapse of the drop into a thin disk of fluid spraying radially outwards 
from the point of impact followed by the jetting of daughter ejection droplets with low 
trajectories observed when drops impact non-ponded soil surfaces gives way to crown like 
structures which produce ejection droplets with much higher trajectories as water depth 
increases (Macklin and Hobbs, 1969; Moss and Green, 1983). The effect of flow depth on 
splash trajectory influences particle travel distance and hence, the proportion of material lifted 



from the bed that is collected in splash traps. Further increases in water depth to beyond a 
critical depth result in the cavity carved by the impact of the drop in the water not reaching the 
underlying bed and a lack of daughter ejection droplets from crown like structures. However, 
the subsequent collapse of the cavity produces a vertical jet with a large daughter drop above it 
and the bed is disturbed when that structure collapses (Moss and Green, 1983). None of the bed 
material lifted by a drop impact is splashed under these conditions but some will be discharged 
with surface water flow. Also, in addition to the effect of flow depth on splash, using splash as 
a surrogate for raindrop detachment in rain impacted flow within large areas ignores the fact 
that splash transported material comes from not just the surface of the soil matrix but also the 
layer of loose particles sitting upon it. Since the proportions coming from these two sources are 
unknown in most experiments, the amount of detached material contained in splash when drops 
impact a water covered soil is uncertain. In addition, the compositions of splashed material and 
sediment discharged by rain-impacted flow have been observed to differ markedly (Wan and 
El-Swaify, 1999) 

In terms of splash erosion, splash cups have been widely used to examine the capacity of 
raindrops to cause splash erosion and the resistances of soil materials to being eroded by 
raindrops impacting surfaces not covered by water. In many experiments, the materials used 
have been non-cohesive and, consequently, the results indicative of role of raindrop impact in 
the transport of predetached material. For cohesive soil materials, experiments using splash 
cups may provide data on raindrop detachment with respect to RD-ST on surfaces not covered 
by water if the cups are small enough that detached material falling back on to the eroding 
surface does not have any significant influence on the amounts being splashed. Although this 
may appear to be often the case, many experiments use rainfall intensities that, in time, lead to 
ponding. Irrespective of the effect of ponding on particle travel distances associated with 
splash, ponding results in some material lifted from the soil surface by a drop impacted 
travelling very short distances within the water layer. Consequently, ponding encourages the 
formation of the predetached layer, which interferes with detachment. Schultz et al. (1985) 
included detached material sitting on the soil surface in 102-mm diameter containers in their 
measurements of loss when ponding occurred but took no account of the effect of this material 
on the detachment rate. 

In terms of the measurement of raindrop detachment on non-ponded cohesive soil, Al-Durrah 
and Bradford (1981) developed an apparatus to collect the splash produced by single drop 
impact under laboratory conditions. This apparatus was central to work showing that a linear 
relationship exists between raindrop detachment and the ratio of drop kinetic energy to soil 
shear strength (as measured by the fall cone method) (Al-Durrah and Bradford , 1982a) and 
that soil shear strength influences splash trajectories (Al-Durrah and Bradford, 1892b). Many 
experiments on raindrop detachment under non-ponded conditions have used splash cups , 
rather than the Al-Durrah and Bradford apparatus, and in many cases, cup size and the height 
of the cup rim relative to the eroding surface have influenced the result. Mathematical 
corrections have been proposed (Farrell, 1974; Torri and Poesen, 1988) to deal with these 
issues but the problem of not taking account of the effect of loose material on detachment rate 
is not considered in the approaches. 

A number of studies have been devoted to determining the soil detachment rate produced by 
unimpacted shallow flow in the laboratory (Nearing et al., 1991; Nearing and Parker, 1991; 
Parker et al., 1995; Ciampalini and Torri, 1998). The objective of these experiments is to 



determine detachment for clear water (DF(,,,,,J. One technique used involves a test section of 
soil embedded in the bed of a flume with non-erodible areas upstream and downstream of the 
test section. Bearing in mind that the clear water condition only occurs within a short distance 
of the point of introduction of clear water in to a section of flow over soil, and that 

Nearing et al. (1991) used a 12.7-cm long soil surface. Ciampalini and Toni (1998) contended 
that a surface 10-cm long was too long and that a surface 2.5-cm long was more appropriate. 
One of the major problems with the technique is that results are influenced by the development 
of a discontinuity at the upstream end of the test section as soil is eroded during the experiment 
(Ciampalini and Torri, 1998). Given a capacity to determine the transport capacity of the flow 
(T,,), an alternative approach is to use surfaces, which are longer and use Eq. 37 to determine 
DF(,,,,,,. This approach is has been used in field experiments with flow in furrows produced by 
ridge-furrows systems and theoretically derived transport capacities (Elliott et al. 1989). 
Uncertainty about theoretically derived transport capacities results in uncertainty in the 
detachment values determined by this approach. Huang et al. (1996) challenge the approached 
based on Eq. 36 and support an earlier model concept, proposed by Meyer and Wischmeier 
(1969), in which detachment and transport processes are modelled separately and sediment 
delivery is limited by the lesser of the two. However, the Meyer-Wischmeier concept was 
designed to deal with an erosion system which included soil detachment from raindrop impact 
and there is nothing about the Meyer -Wischmeier concept that does not allow for an effect of 
transported material on detachment by flow to be considered. 

Process-based Approaches to Modelling Rainfall Erosion 

The Rose and his associates 

Rose et al. (1983) proposed a mathematical framework for modelling erosion by RD-RIFT, 
RD-FT and FD-FT based on the concept that mass conservation of sediment of size class i 
requires that 

where h is flow depth, r is the rate of rainfall detachment, d is the sediment deposition rate and 
f is the sediment entrainment rate. For bare soil surfaces, they proposed that 

where a is a soil related coefficient, C, is the fraction of the soil that is unprotected, p is an 
exponent originally thought to be close to 2 but now considered to be approximately 1 (Proffitt 
et al., 1991), N is the number of sediment size classes being considered. N appears in Eq. 38 as 
a result of the stipulation that ci = c/N. In terms of Eq. 37, 



where vpi is the mean settling velocity in water of particles in size class i, ai ci is the sediment 
concentration close to the bed, and ci is the depth averaged sediment concentration (Hairsine 
and Rose, 1991). According to Rose et al. (1 983), the steady state solution for ci in the ordinary 
differential equations that result from Eqs. 37 to 39 and fi = 0 is 

where q', is the water discharged per unit area. The effect of q', in Ea. 40 is not in anyway 
associated with the effect of flow depth on sediment concentration considered earlier in the 
section on factors influencing RD-RIFT. That is dealt with through the term a (Rose and 
Hairsine, 1988; Hairsine and Rose, 1991). It simply results from the solution to the differential 
equations that result from Eqs. 37 to 39 and, according to Rose et al., the effect of q', is 
frequently extremely small because often vi >> q', . Although that may be so, it is contrary to 
the observations that when flow depth is held constant, sediment concentrations associated with 
RIFT are not influenced by flow discharge because there is a direct relationship between qsR 
and flow velocity (Kinnell, 1 988). 

Recognition of the role of predetached material in the discharge of sediment is included 
through 

where a,, is the value of a when the layer of predetached material completely protects the 
underlying surface against detachment (HR = 1) and a, is the value of a when there is no 
predetached material on the soil surface (HR = 0). According to Hairsine et al. (1999), for 
shallow rain-impacted flows where fi = 0 and a = 1, the time varying solutions to 

d d a, 1 
- (9, ci) + - (h ci) = - (1 - HR) + a,, HR - vici 
ax at N 

such as those developed by Sander et al. (1996) are both complex and computationally 
demanding. Steady state solutions, such as those developed by Hairsine and Rose (1991), are 
less demanding. Although the dynamic nature of the predetached layer is a factor, to some 
large degree, the complexity in applying the Rose et al. approach to unsteady conditions lies in 
the involvement of sediment concentration in calculation of the deposition rate since the 
sediment concentration is a net effect of particle uplift and deposition. The approach adopted . 
by Kinnell(1994) based on XRpd values and HR for an element being given by 

where %R-in,, is the value of discharge of sediment in to the element (q,,,.) required to produce 
HR = 1 provides a less complex and less computationally demanding approach to modelling 



RD-RIFT under unsteady conditions. In this approach, zpDp, the depth of p sized material added 
to the layer of predetached material is given by 

where q,Rp-i, is the sediment being discharged across the upslope boundary of a rain-impacted 
element flow of length &, and p, is particle density. Figure 5 illustrates this assuming that XRp, 
varies directly with flow velocity (u) and the settling velocity of the particle in water (v,). 
Given knowledge of the sediment input giving rise to the HR = 1 condition enables zpD for the 
HR = 1 condition to be determined and compared with zpD value obtained for sediment actually 
entering the element to determine the value of HR for the element. The Hairsine et al. (1999) 
approach to determining HR, 

where mpD, is the mass of predetached material per unit area of the bed and m,,,.,, is the mass 
of predetached material per unit area of the bed when HR = 1, is similar in effect but does not 
consider particle density. 

Fig. 5. Schematic diagram illus- 
trating the effect o f travel 
during deposition on depth 
of predetached material 
( z p ~ )  for two nun-sus- 
pended load materials (nl,  
n2) of different size or 
density. (From Kinnell, 
1994) 

and HR is determined thought the zpD approach, a relatively simple finite difference model of 
RD-RIFT can be produced that does not require any consideration of sediment concentration 
(Kinnell, 1994) because deposition is being considered as a two dimensional rather than a one 
dimensional process. This enables unsteady conditions to be modelled in a less complex and 



less computationally demanding way than considered by Sander et al. (1996) and Hairsine et al. 
(1999). 

The direct effect of flow on entraining soil material from the surface of the soil matrix in the 
Rose et al. approach is considered in terms of excess stream power (Bagnold, 1977), 

where J is the amount of work expended per unit mass of soil in the entrainment process, P is 
the fraction of the excess stream power (SZ - SZO) available for the entrainment process, and HF 
is the degree of protection provided by the predetached material against detachment from the 
surface of the soil matrix (Rose and Hairsine, 1988). In the Rose et al. approach, no distinction 
is made between HR and HF despite the fact that the protective effect of predetached material is 
likely to differ between raindrop-driven erosion and flow-driven erosion. With respect to 
entraining soil material from the layer of predetached material, 

where p, is particle density, p is the density of water, mPDi is the mass of i sized particles in the 
predetached layer and mpD is the mass of the predetached layer (Rose and Hairsine, 1988). 

Eq. 47 is similar to Eq. 35 in that it involves an excess stream power term, and a soil dependent 
term, but differs through the use of H, rather qSF/TcF. In the RD-RIFT system, HR results from 
the fact that RIFT is a transport limiting system and a clearly defined layer of predetached 
material is visible on the soil surface. In a FD-FT system, the uplift, deposition followed by 
uplift sequence.involved in the transport process results in predetached particles sitting on the 
surface of the soil matrix briefly and providing a degree of protection to particles within that 
surface even though the layer of predetached material is not as distinct as in a RD-RIFT system 
unless net deposition is occurring. q,, =TcF when HF = 1 in a similar way to q,, = TCR when H, = 

1. However, if R, = R,,,,,,,, the use of the same value of Q, in Eq. 47 as the threshold stream 
power required to entrain material predetached material is questionable because threshold . 
stream power required to entrain material predetached material is likely to differ from that 
required to entrain material from the surface of the soil matrix. Rose and Hairsine (1988) do 
not consider this issue. They asserted that, in many cases, R >> R, and ignored SZO in obtaining 
a solution to 



to provide an expression for c under equilibrium conditions. Also, Rose and Hairsine gave no 
particular attention to the case where RD-FT operates when RD-RIFT also occurs in the same 
area. Under these circumstances, predetached material resulting from RIFT provides the 
surface upon which material being transported by the RD-FT system is stored briefly. 
Consequently, there are three layers involved, the soil matrix, the layer of predetached material 
associated with RIFT and the layer of predetached material associated with FT. If RD-RIFT 
follows a period of RD-RIFT then the layer associated with RIFT will be coarser than before 
RD-FT occurred. If flow energy increases, a period of FD-FT may then follow with FD 
operating on the layer of predetached material associated with RIFT. In terms of Eq. 50, the 
issues related to f, in these circumstances are not those associated with the original soil but 
those associated with the RIFT associated layer. FD may then cease because (a) coarse material 
remaining in the RIFT associated layer prevents FD from occurring or (b) the forces holding 
the particles within the soil surface are sufficient to prevent FD once the RIFT associated layer 
has been removed. 

According to Rose (1988), the sediment concentration at the end of a plane of length L at time t 
is given by (Rose, 1988) 

N 
c(L,t) = (a C,I/qtWN) C (lIy,)+ p g s KC, (1 -x*/L) , (L>x*)  (51) 

i- 1 

where y = 1 +vi/qtW, C, is the fraction of the soil surface unprotected from entrainment by flow, 
and x* is the distance down the plane beyond which entrainment by flow takes place, but the 
larger the runoff event and the better aggregated the soil, the smaller the term associated with 
raindr6p impact driven erosion. Under these circumstances, Rose suggested that that term be 
neglected to give 

where q is  the efficiency of net entrainment by overland flow. The sediment concentration in 
Eq. 52 is a function of time only because x* is time-dependent through 

Misra and Rose (1996) provide theory and parameter sensitivity when the Rose et al. approach 
for raindrop-driven erosion (Rose et al., 1983; Hakine and Rose, 1991) and flow-driven 
erosion (Rose et al., 1983, Hairsine and Rose, 1992a, b) are modelled under steady-state 
conditions. For erosion on a plane without rills, 



with H, = H, applies (Misra and Rose, 1996). For rills, Eq. 54 is modified to take account of 
rill geometry and sediment inflow from interrill areas. Numerical solutions to these equations 
were provided by Runge-Kutta methods (Gerald and Wheatly, 1984). However, the form of 
sediment concentration to stream power relationship at any value of J can be closely 
approximated by a curve obtained by raising the sediment concentration at the transport limit 
(c,) to a power (x) less than one (Rose, 1993). GUEPS (Griffith University Erosion Prediction 
System) uses this approach to predict soil loss from sloping lands (Yu et al., 1999). According 
to Yu et al. (1 999), the soil loss for a single event (Me) is given by 

where q'w(,o,, (mm) is the runoff amount per unit area for the event, I,, is the peak 10-min 
rainfall intensity, $ is the mean settling velocity of the sediment determined from 

h is a binary number having a value of 1 when flow driven erosion is considered and 0 when it 
is not, and c*, is the event sediment concentration (event soil loss divided by event runoff) at 
the transport limit. $ is considered to provide a measure of the depositability of the sediment. 
For erosion driven by flow only, a = 0, h = 1 .The sediment concentration at the transport limit 
can be calculated with GUEPS given data on runoff rates and sediment characteristics. The 
approach is based on (Rose, 1993) 

with 0 = 0.1. 

X* = - 

In c*, 

where c* is the observed event sediment concentration. In some circumstances, X* increases 
with I,, while in others, X* decreases with peak runoff rate (Yu et al., 1999). According to Rose 
(1993), given data on sediment concentrations from short slopes on low slope gradients (G), a,, 
can be determined from the approximation 



when H, = 0.9, and a, can be determined using 

However, the approximate value of 0.9 for H under steady state conditions is speculative since 
it was estimated from "observations" of the soil surface after runoff had ceased in experiments 
reported by Proffitt et al. (1991). The true value may differ markedly from 0.9 and almost 
certainly varies with flow depth (since a proportion of drop energy is absorbed by the surface 
water) and the composition of the sediment. 

WEPP 

WEPP is a computer model for predicting soil erosion and sediment delivery from fields, 
farms, forests, rangelands, construction sites and urban areas (Laflen et al., 1997). Sediment 
delivery is modelled in WEPP with channels and impoundments on or leading from fields. It is 
a daily simulation model with the hydrologic status of the land computed on a daily basis. Plant 
growth.and its contribution to factors influencing erosion is also modelled. A weather generator 
is used to provide the rainfall input. 

The basic equation used in the WEPP erosion component is a steady state sediment continuity 
equation (Flanagan and Nearing, 1995) 

where Di is the interrill delivery rate (mass per unit area per unit time) to the rills and D, is the 
rill detachment or deposition rate (mass per unit area per unit time). Originally, the interrill 
delivery rate was modelled using 

Di = K, I: C, C, Sf (62)  

where Ki is the interrill soil erodibility, I, is the effective rainfall intensity during the period of 
rainfall excess, C, is the ground cover effect adjustment factor, C, is the canopy cover effect 
adjustment factor and Sf is a function of the interrill slope: 



Sf = 1.05 - 0.85 exp (-4 sin 8 ) (63) 

where 8 is the interrill slope angle. K, values for 18 cropland soils in the western half of the 
USA were determined experimentally using the 1: based approach with data obtained from 
experiments with interrill plots under artificial rainfall (Elliott et al., 1989; Liebenow et al., 
1990). However, Eq. 62 does not account for the effect of variations in interrill runoff and 
consequently, Eq. 62 was replaced by 

Di = K, I, I, C, C, Sf (64) 
in the 1995 version of the model (Flanagan and Nearing, 1995). In Eq. 64, the product of I, and 
I,, the excess rainfall rate, replaces 1'. Since I, and q, are directly related to each other, Eq 64 is 
consistent with Eq.20. However, the interrill delivery function goes beyond Eq.64 to involve 
consideration of sediment characteristics through a term known as the interrill sediment 
delivery ratio (SDR,). SDDRR is computed as a hnction of random roughness of the soil 
surface, the fall velocity of the individual particle size classes, and the particle size distribution 
of the sediment. 

WEPP uses separate equations to simulate rill detachment and deposition. Rill detachment is 
predicted to occur when a soil dependent critical shear stress (T,) is exceeded and the sediment 
transport capacity (TcF ) exceeds the sediment load (q,): 

where K, is the rill soil erodibility. In WEPP, the sediment transport capacity is predicted by 

where k, is the transport coefficient obtained by applying the Yalin equation (Yalin, 1963) at 
the end of the slope profile (Finkner et al., 1989). 7, and K, vary between soils and can be 
evaluated through experiments where sediment discharge data is collected from furrows where 
flow shear stress is varied over a range in a controlled manner ( Elliott et al., 1989). When net 
deposition occurs , i.e when q, > TCF 

where vf is the effective settling velocity of the sediment. - 

Comparison between WEPP and Rose et al. approaches to modelling erosion processes 

In WEPP, interrill erosion is dominated by raindrop detachment. It follows from Eq. 64 that if 
the slope gradient effect on sediment discharged considered in WEPP (SJ is appropriate, 
sediment concentrations for rain-impacted flow on bare soil areas are described in WEPP by 



while, from Eq. 59, the Rose et al. approach yields 

as an approximation. The rainfall intensity parameters used in the two equations (I, and I) are 
effectively the same but the soil effect in WEPP is dealt with through a single empirical 
coefficient (K,) while, in Rose et al. approach, it is dealt with through a measured parameter (4, 
the mean settling velocity of the sediment) and an empirical coefficient (a) which varies 
between two extremes according to Eq. 41 (a = (1 - H,) a, + H, a,,)). 

As noted earlier, rainfall simulator experiments were conducted on some 18 cropland soils in 
the USA to determine WEPP soil erodibility parameters (Elliott et al. 1989; Liebenow et al., 
1990). In these experiments, interrill plots were subjected to about 1 hour of rain at 63 mm/h 
and the data during the latter part of the rainfall event used to determine Ki values for these 
soils when the 1: approach to modelling interrill erosion (Eq. 62) was used. Kinnell (1993b) 
determined the corresponding interrill erodibilities using the flow discharge-rainfall intensity 
approach (Eq. 20). In the experiments, 4 of the interrill plots had slope gradients of about 50- 
60% and were referred to as 'ridged' plots, 2 had slope gradients of 3-8% and were referred to 
as 'flat' plots. The erosion from the flat plots was dominated by RD-RIFT. Since sediment size 
data was collected during the experiments, an estimate of 4 could be obtained so that values of 
a could be estimated for the 18 soils but, since a/$ is as empirical as K,, there appears little 
practical gain in doing so. Rose (1993) suggests that a major deficiency in representing 
detachment processes between rills by Eq. 62 is the inability of the equation to indicate that the 
sediment coming from interrill areas is finer than that coming from the rills. This is an issue 
important to estimating chemical transport associated with sediment. However, $ provides 
insufficient information about the sediment to be of use in this context. When it comes to 
predicting chemical transport , one needs to resort to more detailed modelling of the movement 
of the various sized particles such as provided by Hairsine et al. (1999). WEPP does this in a 
simple way through the interrill sediment delivery ratio (SDR,) which considers 5 particle size 
classes (primary clay, primary silt, primary sand, small aggregate and large aggregate). 

The approach to modelling the discharge of sediment associated with flow detachment and 
transport in Eq. 55 is based on 

where c*, is the sediment associated with flow detachment and transport during and erosion 
event, c*, is calculated from the data obtained from applying Eq. 57 during the erosion event 
and X* is determined from Eq. 58. Since raindrop detachment contributes to the event sediment 
concentration (c*), the link between x and J is not well maintained if raindrop detachment is a 
major contributor to the sediment discharged. Also, as in WEPP, c, is, through X, dependent on 
the ratio of the sediment being carried by the flow to the sediment carried by the flow when 
transport-limiting conditions occur. In fact 

c*,f = c*, (c*/c*,) (7 1) 

so that there is a less complex mathematical approach to determining c*, than adopted by Yu et 
al. (1999). Since J acts as a coefficient in the relationship between fMi and effective stream 



power, it is not surprising that it follows from Eq. 71 that part of the soil effect in the Rose et 
al. approach can be represented by an empirical coefficient (KF, ,) in the equation 

when i-2 is assumed to be zero. 

Modelling Rill Initiation and Growth 

Conceptually, the presence or absence of rills has a major impact on rainfall erosion. The 
WEPP interrill delivery function includes, in addition to the parameters considered in Eq. 64, 
rill spacing and rill width. These values for these parameters can be readily determined in some 
forms of cultivation, for example ridge-tillage systems, but are not in others. Cultivation in 
broadacre small-grain agriculture eliminates existing rills and promotes sheet erosion until rill 
networks develop in a somewhat self-organised way. Lewis et al. (1994a,b) developed the 
model PRORIL to provide deterministic estimates of interrill erosion with stochastic'estimates 
of rill erosion. The rill networks in PRORIL are based on probability distributions of the 
number of rills and the flow rates in rills. The development of probability density functions for 
the number of rills and flow rates in rills requires experimental data such as that obtained from 
observing rill networks obtained in experiments with field plots under artificial rainfall (Lewis 
et al., 1994~).  A more dynamic approach has been adopted in the RillGrow model (Favis- 
Mortlock, 1998). RillGrow is still under development (version 2 is current) and applies simple 
rules at the millimetre scale to govern the interaction between microtopography, runoff routing 
and soil loss. The model applies simple rules to the movement of individual runoff "packets" 
on a grid of microtopographic heights. The model does not discriminate between rill and 
interrill areas and uses the sediment load - stream power relationship derived experimentally 
by Nearing et al. (1997) for flow in actively eroding rills to model transport even though its 
applicability to interrill areas is unproven. Detachment is modelled using the probabilistic 
approach of Nearing (1991). Deposition is not modelled in versions 1 and 2 but the model is 
still being refined. Despite the fact that, at this time, RillGrow does not comprehensively 
consider all the erosion processes at the millimetre scale, the approach provides a reasonable 
representation of rill systems development under artificial rainfall in laboratory experiments 
(Favis-Mortlock, pers. cornm.). 

EUROSEM 

The European Soil Erosion Model (EUROSEM) is designed to simulate sediment transport, 
erosion and deposition over the land surface by rill and interrill processes in both fields and 
small catchments (Morgan et al., 1998). In contrast to WEPP, which is a continuous simulation 
model while EUROSEM is directed towards modelling single events. Morgan et al. claim that 
because of this, the EUROSEM approach simulates the dynamic behaviour of events within a 



storm and is more compatible with the equations used in process-based modelling of erosion 
mechanics. 

The simulation of erosion in EUROSEM is linked to a water and sediment routing structure 
such as that provided in KINEROS (Woolhiser et al., 1990). The KINEROS model represents 
the land surface in a catchment as a series of interlinked uniform sloping planes and channel 
elements. Soil loss is computed through determination of the sediment discharged passing a 
given point in a given time. The computation is based on the mass balance equation 

where C= sediment concentration, A = cross-sectional area of the flow, Q = flow discharge, DR 
= rate of particle detachment by raindrop impact, DF = the net rate of particle detachment by 
flow (positive for detachment, negative for deposition), q, = external input or extraction of 
sediment per unit length of flow, x = horizontal distance and t = time. Traditional concepts of 
rill and interrill processes are not adopted in EUROSEM. Instead, raindrop and flow processes 
are modelled on all areas with the distinction between rill and interrill areas being one of 
geometry. Rills are described as trapezoidal channels, interrill areas as surfaces without 
orientated roughness. If rills are present, EUROSEM assumes interrill areas to slope towards 
the rills rather than straight downslope. Detachment by rainfall is modelled using 

where k = an index of the detachability of the soil for which values must be obtained 
experimentally, p, = particle density, KE = the kinetic energy of the raindrops impacting the 
ground surface, z = an exponent varying with soil texture and h = the mean depth of the water 
layer. Detachment by flow is modelled by 

D F =  P w v, (TC- C) (75) 

where p = flow detachment efficiency factor, w = flow width, v, =particle settling velocity, and 
TC is the transport capacity of the flow. TC values for rill flow are calculated from 
relationships developed for the work of Govers (1990)- and for interrill flow from the work of 
Everaert (1991). With detachment by raindrop impact and flow considered to operate together 
in the same space, changes in dominance of DR and DF occur with the stream power of the 
flow, because this determines TC in rill flow, and flow depth because DR decreases with flow 
depth. 

Like most so-called process-based models, the process equations used in EUROSEM can be 
seen to inadequately represent the processes involved in some cases. For example, the transport 
capacity of interrill flow is determined without direct consideration of rainfall characteristics 
when rainfall characteristics are known to influence interrill flow transport capacity ( K i n d  
1990). Also, the coefficients used in Eq. 74 result from measurement of soil material 
transported by splash under ponded conditions in the experiments of Torri et al. (1987)- AS 



noted in the section on the measurement of RD and FD, there is a water depth dependent 
relationship between splash and RD. Consequently, the approach used in EUROSEM 
underestimates the amount of material detached by raindrops impacting the soil under the water 
layer. The resulting bias towards DF means that EUROSEM almost certainly under represents 
the influence of raindrop impact in the areas where raindrop impact is, in reality, an important 
contributor to erosion. 

The Hillslope Erosion Model 

The Hillslope Erosion Model developed by Lane and associates (Shirley and Lane 
(1978); Lane et al. 1988, 1995) is based on the kinematic wave equations for a plane and the 
sediment continuity equation 

where c is the total sediment concentration resulting from raindrop impact and surface flow, h 
is flow depth, q is the runoff rate, ei is the interrill (raindrop impact dominated) erosion rate and 
e, is the rill (flow dominated ) erosion rate. Lane and associates consider that the transport 
capacity of shallow flow is simply related to the rainfall excess (RJ and they assume that ei is 
directly related to this transport capacity. Consequently they assume that 

where b is a coefficient. Also, the rate of detachment by flow is assumed depend simply on the 
difference between the transport capacity (T,) and the transport rate. These assumptions, and 
the assumption that Tc = ~ h ~ " ,  lead to the equation 

where K = CS'/*. Here C is the Chezy coefficient for turbulent flow and S is slope gradient. The 
initial boundary conditions are 

C, , the limit of c(t,x) as t approaches infinity at any given x, is given by 



The Hillslope Erosion Model is essentially a simplification of the WEPP model. The 
simplification ignores the effect of shear stress on detachment by flow and ignores the effect of 
rainfall intensity on interrill erosion. 

Empirical and Conceptual Models 

The Universal Soil Loss Equation 

Originally developed by the US Department of Agriculture in the 1960s, the Universal Soil 
Loss Equation (Wischmeier and Smith, 1978) 

where A = the annual average soil loss, R = the rainfall-runoff (erosivity) factor, K is the soil 
(erodibility) factor, L = slope length factor, S = slope gradient factor, C = crop and crop 
management factor, and P = conservation practice factor, in the most widely known and 
applied erosion prediction equation. The R factor is the average annual sum of the rainfall 
event EI,, values, EI,, being the product of event rainfall kinetic energy (E), and I,, twice the 
maximum amount of rain falling a 30-min period during the event. Originally, K was 
determined experimentally by dividing the average annual soil loss from a 22.13-m long, bare 
fallow plot on a 9% slope by the R factor. Data obtained this way led to the development of an 
equation for soils where silt + very fine sand is 70% and less (Wischmeier et al., 1971). For K 
in SI units, the equation is 

where M = (% silt + % very fine sand) (100 - % clay). OM = % organic matter, SS = soil 
structure code, and PP profile permeability class. Other equations have been developed for 
volcanic soils (El-Swaify and Dangler, 1976) and Australian soils (Loch et al., 1998). 

L, S, C and P are ratios of the annual average soil losses from plots where conditions differ 
from the control conditions (slope length 22-13 m, gradient 9%, bare fallow and cultivation up 
and down the slope) to the average annual soil loss from plots where those control conditions 
occur. Thus 

m varies with slope gradient. In the USLE, m = 0.6 when the slope is > lo%, 0.5 when the 
slope is 5 - lo%, 0.4 when 3 - 5%, 0.3 when 1 - 3%, and 0.2 when < 1%. The USLE was 
revised in the 1990s and in the revised version (RUSLE) 

m = P / ( 1  + P )  (84) 

where p is the ratio of rill to interrill erosion. For soils moderately susceptible to rill erosion, P 
is given by 
p = (sin 8 10.0896) ! [3.0 (sin 8)0.8 + 0.561 (85) 

where 8 = angle to horizontal (Renard et al., 1997). 



In the USLE, 

S = 65.4 sin2 8 + 4.56 sin 8 + 0.654 

where as in the RUSLE, 

S = 10.8 sin 8 + 0.03 
S = 16.8 sin 8 - 0.50 

Originally, C values were obtained by direct comparison of the soil losses from cropped plots 
and bare fallow plots on the same soils. However, the cost in time and resources of doing these 
experiments on all crops and all soils in any country is prohibitive. Consequently, more 
conceptual means of obtaining C values were developed. The approach adopted involves 
multiplying short term values of C by short term values of R to take account of the temporal 
interaction between vegetation and erosive rain during the year. These short term values of C 
are referred to as soil loss ratios and they depend on prior land use, canopy cover, surface cover 
and roughness. The P factor was originally used to demonstrate the advantage of changing 
from cultivation up and down the slope to across the slope. In the RUSLE, P depends on ridge 
height and furrow grade. Strip cropping, buffer strips, filter strips and subsurface drains have 
impacts on P values. 

. The USLE was developed as a tool to help in making management decisions and has been 
criticised because it is seen an empirical rather than process-based model. The problem with so 
called process-based models is that often they are require data that is difficult to obtain and this 
is one of the reasons why the USLE remains, particularly with recent and ongoing revision, a 
valuable tool. 

The USLE-M 

The USLE was developed to predict the average annual soil loss. While the long term soil loss 
is the sum of many individual events, the USLE was not designed to predict erosion produced 
by individual events and in not well suited to doing so. Figure 6A shows the relationship 
between event soil losses and EI,, values at a site in the USA that was part of the USLE data 
base. As can be seen from this figure, the EI,, index does not perform well with events that 
produce small ,soil losses. Foster et al. (1982) observed that using an erosivity index that 
includes runoff terms with rainfall terms in a product reduced large overestimates of soil loss 
when runoff is negligible and rainfall amount and rates are great. However, little attention was 
given to this until more recently when Kinnell and Risse (1998) showed (Figure 6B) the 
advantage of multiplying the EI,, index by the runoff ratio (Q,). This advantage increases as 
infiltration capacity of the soil increases (Figure 7). The USLE-M is the name given to the , 

version of USLE that is based on the product of EI,, index and QR. 

While the QREI,, index is an empirical factor, it has some physical basis. The QREI,, index is 
based on the assumption that the maximum 30-minute intensity (I,,) parameter used in the 
USLE provides a useful measure of the impact of the peak rainfall intensity on the sediment 
concentration for an event, and the assumption that the effect of raindrop energy can be 
accounted for by the average kinetic energy per unit quantity of rain which is obtained by 



dividing the total kinetic energy for the rainfall event (E) by the rainfall amount (B.). The 
QRE13, index is a short form of 
k.UM = Qe I30 

that results from the runoff ratio (QJ being given by 

QR = QJBe 

where Q, is the runoff for the event. 

Fig 6. The relationships between event soil loss and the EI30 index (A) and lhe Q R E I ~ o  index 
(B) on a bare fallow erosion plot at Arnot (Ithaca), NY. 
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Because the sediment concentration for an event is given (ce) by 
Ce = AefQe 

where A, is the event soil loss, the K, L, S, C and P factors associated with the USLE-M are 



directed towards the effects of soil, topography, cropping and conservation practice on 
sediment concentration alone rather than on both runoff and sediment concentration as in the 
USLE. Also, while long term average values for these factors exist (eg. KuM, CUM, P,,), the 
model is event based and can be expressed as 

where Kern, Gem, and PeuM account for the effect of soil, cropping and conservation practice on 
sediment concentration during the event and the topographic effects remain as in the USLE. 
Foster and Wischrneier (1974) considered that the slope could be divided into a number of 
segments which could be assumed to have uniform slope gradient and soil properties. As a 
result of this, they developed an equation for calculating the L factor for the ith segment: 

where hi is the distance from the upslope boundary of the field or hillslope to the lower 
boundary of the ith segment. One of the assumptions used in the USLE is that runoff is 
generated uniformly over a hillslope so that, in the calculation of L,, the segment values of K, 
S, C and P are considered to apply to the upslope area as well as the segment. However, in 
many cases runoff is not generated uniformly. For example, soil characteristics may vary down 
a hillslope in such a way that one part of the hill may yield more runoff than another but Eq. 92 
does not have the capacity to deal with this. Eq. 92 was developed by subtracting the sediment 
yield (proportional to the product of soil loss and slope length) for the hillslope to the bottom 
of a segment from the sediment yield for the hillslope to the top of the segment assuming the 
same values for the K,C and P factors as for the segment in both cases, and dividing the result 
by the area of the segment. Applying a similar approach with the USLE-M gives 

where 

Q,,, is the runoff coefficient (volume of runoff/volume of rain when rain and runoff volumes , 

are associated with the same area) for the hillslope to the bottom of the segment, QeCi is the 
runoff coefficient for the hillslope to the top of the segment, and Q,, is the runoff ratio for the 
cell. The runoff ratio in this case is the runoff volume discharged fiom the bottom of the 
segment divided by the area of the segment. Since this runoff volume includes any runoff fiom 
above the segment, Q,, can have values greater than 1.0 as opposed to Qeci and QeCi-, which 



have values of 1.0 or less. Like the other USLE-M parameters, Li,Mi varies between rainfall 
events while Li does not. 

While the USLE-M provides an approach that can predict event erosion better than the USLE 
and also has the capacity to better deal with issues associated with more complex hillslopes, 
methods for obtaining event parameter values are not widely available yet. Given data on 
parameters such GIK,, (the gross infiltration rate for runoff producing events) , it is possible to 
convert USLE K, C, and P values to K,,, CUM, and P,, values (Kinnell and Risse, 1998). KuM, 
CUM and P,, values differ from USLE K, C and P values because they are directed at 
comparisons of sediment concentrations rather than soil losses. Procedures for determining 
K m ,  Cem, PC,, values have yet to be properly developed. 

Other empirical models 

The USLE type models (USLE, RUSLE, MUSLE, USLE-M) encapsulate the effect of climate, 
soil, topography, crops and crop management in the R, K, L, S ,C, and P factors. In the 
MUSLE and the USLE-M, the R-factor includes runoff so that it depends on an interaction 
between climate and soil. In the USLE and the RUSLE, R is climate based and the effect of 
runoff is taken into account through the other terms in the model. That type of approach is not 
confined to the USLE and the RUSLE. A number of other empirical models use various 
climate-, soil-, topographic- and vegetation-based indices to estimate erosion. This type of 
approach may operate at a large scale or a small scale depending on the need. At the hillslope 
scale, one alternative to the USLE was proposed for use in Southern Africa. The Soil Loss 
Estimator for Southern Africa (SLEMSA) uses the kinetic energy of rain greater than 25 mrnh 
(ICE-25) in the calculation of R (Elwell and Stocking, 1982). The KE>25 index was originally 
proposed by Hudson (1965). Hudson observed that when splash cups containing sand were 
exposed to natural rainfall, the regression between rate of splash loss and rainfall intensity 
produced a value of zero when the intensity was about 25 mmlh. Following this observation, 
Hudson suggested that the intensity of 25 m m h  was critical in determining erosion from field 
plots in tropical Africa despite the fact that came from experiments at a very small scale and 
with sand, not soil. Kinnell(1978) suggested that the critical intensity should be linked with the 
infiltration characteristics of the soil, whereas Morgan (1986) considered a critical intensity of 
10 mm/h to be more appropriate in temperate areas. However, Kinnell (1983) observed that if 
one considered rainfall energy as the driving force, the sum of the short-term values of rainfall 
kinetic energy and the excess rainfall rate (rainfall rate in excess of the infiltration rate) 
provided a useful storm erosivity index. As the runoff rate is directly linked to the excess 
rainfall rate at the plot scale, this product can be viewed as indicating that short-term sediment 
concentrations vary directly with short-term variations in rainfall kinetic energy. Since this 
view is consistent with field observation, Kinnell et al. (1994) proposed that the sum of the 
product of short-term values of the excess rainfall rate (I,) and the rainfall kinetic energy rate 
(E,) could be used as an alternative to the EI,, index as a storm erosivity index. However, often 
data on short-term kinetic energies and excess rainfall rates are difficult to obtain and 
consequently, Kinnell (1997) proposed the Q,EI,, index, the storm erosivity index used in the 
USLE-M, as an alternative. 

One of the major problems that frequently arises in rainfall erosion modelling is the lack of 
data in relation to running a particular model. This gives rise to the use of alternative indices. 



The use of the Q,EI,, index rather than the IxEA index mentioned above is a case in point. 
However, the use of USLE-M, which uses the Q,EI,, index, is constrained by the necessity to 
obtain different values for the soil, crop and erosion protection factors from those used in the 
USLE. In some areas, even the data necessary to run the USLE is not directly available. In 
particular, rainfall intensity data is often lacking and alternative approaches to determining R 
have to be used. These approaches usually involve correlating USLE R values to some other 
parameter such as annual precipitation; some monthly weighted value of annual precipitation, 
or power functions of daily rainfall etc. Obviously, the value of these aproaches needs to be 
considered in the context of how well they are likely of estimate the value of the particular 
factor involved and if they actually continue to account for the effects and interactions assigned 
to the parameter in the original model. 

Catchment Scale Models 

The MUSLE 

Runoff and soil loss plots are small watersheds or catchments. However, as catchment size 
increases, areas of deposition within the catchment tend to reduce the sediment yield below that 
predicted from erosion models like the USLE. Under these circumstances, a delivery ratio is 
used to convert estimates o f  gross erosion to sediment yield (Williams et al., 1971). The 
sediment delivery ratio is the ratio of the sediment yield at a specific location in the watershed 
and the gross erosion upstream of that point. While a sediment delivery ratio is considered 
necessary to determine sediment delivery from erosion estimated using the USLE in 
catchmentsv, Williams (1975) contended that the delivery ratio is not necessary if the rainfall 
energy factor in the USLE is replaced by a runoff rate factor because watershed characteristics 
such as drainage area, stream slope, and watershed shape influence runoff rates and delivery 
ratios in a similar manner. As a consequence of this, Williams proposed an equation that can be 
written as 

SY, = X, K L S C, P, 

where SY, is the event sediment yield, 

where a is an empirical coefficient, Q, is runoff amount and q, is the peak runoff rate obtained 
during the erosion event, and K, L, S, are as defined for the USLE with C, and P, being event C 
and P values. This model has become known as the Modified Universal Soil Loss Equation 

The sediment delivery ratio is the ratio of the amount of transported to the amount of material 
available for transport. It varies from 1.0 only when transport limiting conditions occur. In this 
context, the USLE is considered to provide an estimate of the amount of material available for 
transport and a sediment transport model provides an estimate of the sediment transport 
capacity. Because the sediment delivery ratio is, in this case, based on the values generated by 
two models, it is an artificial parameter and may not apply if either of the two models is 
changed. 



(MUSLE). The K, L, S, C, and P, factors are calculated using weighting factors that are 
dependent on the drainage area (Williams, 1975). In a comparison on 11 3-acre (1.2 ha) 
watersheds where delivery ratios were considered to be 1.0, Williams observed that, with the 
C,, and PC set to their average annual values ( C, P), Eq. 95 explained 82 % of the variation 
while the USLE explained 47 %. However, Foster et al. (1982) noted that a major advantage of 
an erosivity index that includes runoff terms is the elimination of large overestimates of soil 
loss when runoff is negligible and rainfall amounts and rates are great. The advantage of the 
Williams index over the USLE is probably more related to the failure of the USLE to consider 
runoff explicitly as a factor in determining R, than anything else. 

EPIC 

In the MUSLE, R, in the USLE, the EI,, index, is replaced by a (Q, q,)0.5%hile all the other 
parameters remain as defined for the USLE. In the EPIC model (originally the 
Erosion/Productivity Impact Calculator but now Environmental Policy Integrated Climate), a 
continuous simulation model developed by Williams et al. (1984), 

SY, = X, K L S C, P, ROKF (97) 

where ROKF is the coarse fragment factor as defined by Simanton et al. (1984), X, is selected 
from one of the following: 

X, = 1.586 (Q, qp)0.56 DA'.'~ (98b) 

X,= 0.65 EI,, + 0.45 (Q, qp)'.,, (984 

where DA is drainage area expressed in ha, Q, is expressed in mm, q, in mmlh, E13, in 
MJ.mm/ha.h and SY, in t/ha (Williams and Arnold, 1997). Values of K, L, S, C,, P, and ROKF 
are determined independently of the index used for X,. However, in the USLE, K is, for 
example, calculated by 

when L = S = C = P = 1.0. Thus it follows that, for EPIC, 



when L = S = C = P = 1.0, so that the value of K should vary depending which erosivity index 
is used in EPIC. As the USLE K, C and P factor values are usually used irrespective of which 
erosivity index is used, concern exists about validity of the MUSLE and EPIC models. 

AGNPS 

The MUSLE is directed towards the prediction of sediment yield considering a watershed or 
catchment as essentially a single bulk entity. This does not enable areas of high erosion risk 
within a catchment to be readily identified. One approach used to overcome this is to use a 
grid-cell approach to modelling erosion in catchments. The Agricultural Non-Point Source 
Pollution (AGNPS) (Young et al., 1987) model is an example of this. In AGNPS, the 
catchment is divided into a number of square primary cells in which factors like soil, slope 
gradient and land use are considered to be uniform. Erosion is determined by applying the 
USLE to each cell and a sediment transport model applied to move the sediment from cell to 
cell giving due consideration to factors such as particle size and deposition. The primary cell 
can be divided into subcells to deal with nonhomogeniety if necessary. The objective of this 
approach is to provide a capacity to determine the spatial distribution of erosion risk and 
sediment sources in addition to the modelling of sediment yield and the impact of pollutants on 
water quality. However, - while the outputs of AGNPS have great potential with respect to 
providing information to aid in decision making processes related to land and water 
management, the manner in which the model operates leads to some concern about the validity 
of those outputs. Firstly, AGNPS is an event model but the USLE is not well suited to 
predicting erosion caused by individual events. Secondly, with respect to erosion, AGNPS 
treats each primary cell as a separate hydrologic unit but this approach has serious 
shortcomings. Naturally occurring hydrologic units are not usually of the same size or square in 
shape. Consequently, rather than use the primary cell - subcell approach, it is more appropriate 
to use small grid cells so that the number of cells allocated to a hydrologic unit depends only 
on the size of the hydrologic unit and the size of the grid cells used. The manner in which data 
are stored and retrieved in modern Geographic Information Systems (GIs) facilitates the 
adoption of this approach. 

In AGNPS, slope lengths are restricted to a maximum that does not exceed the length of the 
primary cell or 1000 feet whichever is the least. This rule was developed on the basis that (a), 
as mentioned earlier, primary cells were separate hydrologic units, and (b), channels or 
depositions zones which mark the end of slope with respect to the USLE occur within 1000 
feet of the upslope boundary of a hillslope. No formal rules were originally set for determining 
the slope lengths for the subcells. However, Desmet and Govers (1996) extended the method . 

for determining the topographic effect of irregular hillslopes presented in Eq. 92 to the 
determination of slope length for grid cells that are not independent hydrologic units. For the 
grid cell with co-ordinates i, j, Desmet and Govers consider the L-factor to be described by 



where Aijc is the area contributing to flow into the cell with co-ordinates i j, D is the length of 
the sides of the grid cell, and xij is the width of the contour over which the flow is discharged. 
xij is dependent on flow direction relative to grid cell orientation. The approach used to 
develop Eq. 10 1 involves replacing h in Eq. 92 by the specific catchment area, the contributing 
area divided by the width of flow. While applying this approach in AGNPS provides a formal 
mechanism to determining slope length in the subcells, erosion in a subcell is dependent on the 
surface water flow that occurs in the subcell. That flow depends not only on the slope length 
but also on the hydraulic characteristics of the hillslope. The Desmet and Govers method does 
not account for changes in, for example, variations in runoff from upslope caused by variations 
in soil hydraulic properties or conditions. In theory, this deficiency, and the problem of the 
USLE not being suited to predicting event erosion, can be overcome by replacing the USLE by 
the USLE-M. 

AGNPS-UM 

AGNPS-UM (Kinnell, 2000) uses the USLE-M rather than the USLE to predict erosion in the 
grid-cells for an event. As in the case when the USLE-M is applied to hillslope segments, the L 
factor for the USLE-M differs from that used with the USLE. As noted above, Desmet and 
Govers (1996) extended Eq. 92 to determine L when the USLE is applied to grid cells. The 
approach used to develop Eq. 101 involved replacing h by the specific catchment area, the 
contributing area divided by the width of flow. Applying a similar approach to give the L factor 
for applying the USLE-M to grid cells, it follows from Eq. 93 that 

with 

(1 - Qeci j-in) 
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AGNPS-UM uses this approach. In comparison with AGNPS, cell erosion produced by 
AGNPS-UM is highly dependent on initial soil moisture conditions and position in the 
landscape. For example, when rain falls on a dry catchment, cell erosion and sediment delivery 
predicted by the AGNPS-UM is considerably less than that predicted using the AGNPS but the 
difference diminishes as soil moisture increases (Kinnell, 2000). Cell erosion predicted by 
AGNPS does not vary with initial soil moisture conditions even though, in reality, it should. 

As noted earlier, despite the USLE not being designed to predict event soil loss, it was used for 
that purpose in AGNPS. In order to overcome that shortcoming, and take advantage of the new 
developments associated with the RUSLE, a continuous simulation version of AGNPS called 



AGNPS98 was released in 1998. Being a continuous simulation model it uses a weather 
generator together with plant growth and soil moisture accounting systems but the erosion 
model still does not explicitly consider the impact of runoff on cell erosion. 

Process-based models 

As noted earlier, so-called process-based models such as WEPP and EUROSEM can be applied 
at the small catchment scale but are less applicable in large catchments because of their high 
data and computational requirements. Both EUROSEM-KINEROS and the WEPP small 
catchment model use water and sediment routing structures that represent the land surface in a 
catchment as a series of interlinked uniform sloping planes and channel elements. LISEM (De 
Roo et al., 1996) uses a EUROSEM based approach in grid cells using dedicated software 
within a GIs (PCRaster). However, it does not necessarily follow that just because a model is 
perceived to be process-based, it will predict erosion any better than more empirical one. So- 
called process-based models include empirical parameters, particularly when modelling the 
effects of soil on erosion. In relation to an exercise where a number of models were compared 
in common catchments, Boardman and Favis Mortlock (1996) concluded that it appears that 
calibration is still essential (or at least desirable) for all current models. They also concluded 
that runoff was always better simulated than soil loss and consequently, these is a need to 
improve the conceptual linkages of runoff to soil loss within current models. In addition, more 
stringent data requirements of event-based models (particularly with regard to initial 
conditions) render them less able to compete with continuous models when data sets have 
missing or dubious values. 

Where to Now ? 

The various modelling approaches described above cover three model types; empirical, 
conceptual and process-based. The original USLE is considered to be an empirical model since 
it was developed from experimental data. Process-based models model subprocesses in some 
detail. WEPP and EUROSEM are considered to be process-based models even though they 
contain some empirical parameters. The RUSLE is more of a conceptual model than the USLE 
in that while it includes some of the original empirical formulations, it use conceptual 
approaches to deal with issues where experimental data does not exist. The C factor is an 
example. A subfactor approach considering prior land use, canopy cover, surface cover and 
surface roughness provides a mechanism for determining C factor values for crops and 
cropping systems for which no plot data exists. The RUSLE 2 goes a step further in modelling 
deposition by including a sediment transport model. 

Each of these types of model has its strengths and weaknesses. Empirical models are usually 
not seen as being useful outside the data set on which they are based. The USLE was based on 
data collected largely in the eastern USA and under soil and climate conditions which differ 
from many other parts of the world where is has been subsequently applied without any 
particular attempt to validate it. As noted earlier, the USLE was designed to predict the average 
annual soil loss for a particular crop. Prediction of mean annual values is useful and permitted 
in areas where annual rainfall tends to follow a normal probability distribution but in arid and 
semi-arid zones, annual rainfall distributions are often skewed to a large extent. Consequently, 
averaging techniques, based on normal event probability, are of limited value for describing 



rainfall recurrences in semiarid areas (Mannaerts and Gabriels, 2000). In view of this, 
Mannaerts and Gabriels have proposed a probability-based approach where the maximum 
annual storm, and its associated erosivity, is used as a core element in'the assessment of annual 
rill and interrill erosion rates. Frequency and cumulative soil loss distributions are obtained by 
combining verified annual and maximum daily rainfall frequency distributions with an erosion 
algorithm, 

where A,, is the annual soil loss, EI,,,,, is the annual maximum 24-h storm erosivity, R is the 
annual erosivity, K is the soil erodibility and Rat is the soil loss ratios for topographic, surface 
cover and soil management effects normally involved in determining C is the RUSLE, to 
provide a statistical representation of erosion. Mannaerts and Gabriels suggest that the method 
seems applicable to arid and semiarid ecosystems with a high seasonal concentration of 
precipitation and with rainfall limited to only a few major storm events. 

The Mannaerts-Gabriels approach is an attempt to modify the USLE approach towards 
conditions that prevail in semi-arid and arid areas more than wetter areas. Approaches using 
more event orientated models, such as the USLE-M, WEPP and EUROSEM, can also be used 
to better deal with seasonal or low frequency, high impact events. A considerable effort has 
been made in developing models that are more process based than the USLE. However, lack of 
data often provides constraints as to what approach can be used. Event based approaches by 
and large involve runoff prediction which is seen by some to be difficult. However, as noted 
above, Boardman and Favis Mortlock (1996) observed that many recent models predict runoff 
better than they do soil loss. Event based models appear to fail more readily than those directed 
towards predicting long term averages because it is easier to predict that average than the 
individual values which contribute to the average. Also, models which poorly predict event-: 
values may do a very reasonable job in predicting the average. However, models which predict 
event values well have the potential to predict the long term average well. Even so, lack of -. 

good data may be the primary constraint to achieving this. 

There are a large number of rainfall erosion models covering the hillslope, catchment and 
regional scales. The more process-based models operate at the hillslope scale. Empirical and 
conceptual models operate at all three scales. Regional scale models usually have to work with . 
relatively poor data and produce crude results. However, they are useful for identifying areas 
where more detailed approaches should be applied. Usually, catchment scale models are, as 
illustrated by AGNPS (Young et al., 1987), extensions of hillslope models. Different catchment 
models use different approaches to the modelling of hillslope erosion or landscape hydrology. 
For example, SWAT (Soil and Water Assessment Tool, Arnold et al, 1995) uses the MUSLE 
(Williams et al., 1971) while AGNPS uses the USLE to predict erosion. The two models also 
differ in respect to how they deal with landscape hydrology. SWAT uses a water balance 
equation while AGNPS uses the Curve Number technique. AGNPS is an event model but 
AGNPS98 and SWAT are continuous-time models designed to predict longer term values. 
Given differences in the approaches to modelling erosion and landscape hydrology, applying a 
number of models in the same situation will, be it a hillslope or a catchment, an event or longer 
time period, generate a number of differing results. Some testing of models usually occurs 
during development but many models are applied elsewhere without proper checks on their 



performance. A lack of distributed runoff and sediment yield data exists and this is a problem 
that limits all distributed simulation models (Lane et al, 1997). As noted earlier, Boardman and 
Favis Mortlock (1996) concluded that it appears that calibration is still essential (or at least 
desirable) for all current models even though most have been developkd to produce results 
without calibration. Uncertainty about the value of results obtained when calibration has not 
taken place is often ignored when the results are used. The credibility of a model usually results 
from confidence in the operation of the model components irrespective of whether that 
confidence is misplaced or not. 

Obviously, the current state of rainfall erosion modelling results from a suite of historical 
events. In the 1960's and 70's, the objective was to provide an approach that would illustrate 
the impact of land management and land management change on a hillslope within the 
boundaries of a given farm. The USLE has been an extremely powerful tool in this context. 
However, its incapacity model event erosion reasonably well and to deal with deposition on 
non-uniform slopes led to a call for more process-based approaches that had the capacity to 
overcame such inadequacies. This spawned the USDA Water Erosion Prediction Project 
(WEPP) in the USA and the development of EUROSEM in Europe. However, from a 
management decision point of view, these models are too complex and require too much data 
so that, despite their development, the USLE approach has been, and is being upgraded through 
the RUSLE (RUSLE 2) and the USLE-M. That upgrade has also been spawned by the need to 
model erosion and its offsite impacts within catchments (watersheds in US terms) and large 
basins. However, the distributed modelling approaches, particularly the event base ones, that 
have resulted at the catchmenthasin scale are virtually impossible to validate because of a lack 
of appropriate data. Some testing of the performance of distributed models producing long term 
results has occurred using presence of radioisotopes associated with atmospheric nuclear 
testing as indicators of erosion and deposition but that has not been particularly widespread. 
Techniques involving radioisotopes are being developed that facilitate the determination of 
short- and medium-term rates of water erosion on agricultural land (Walling and Blake, 1999) 
and these could provide useful data for testing event-based distributed models in the future. 

Distributed modelling systems tend to deal with erosion and sediment transport through a 
detachment and transport approach with the amount of soil leaving an area being limited by 
either detachment or transport capacity. This applies to both empirical-conceptual models and 
process-based models. In AGNPS, the USLE is used to provide the estimate of the amount of 
detached soil material that is available to be transported and a sediment transport equation is 
used to determine the sediment transport capacity of the flow leaving the area of interest. In 
general, this approach produces a detachment limiting conditions at the top of a hillslope 
leading to transport limiting conditions at the bottom of a hillslope, particularly where, as is 
often the case, the lower slopes have a lower slope gradient. Under these conditions, it is the 
sediment transport model and not the USLE that controls the estimate of the sediment leaving 
the hillslope. Internally, both models are important in the context of modelling the movement 
of pollutants. Once again, how the movement of pollutants is modelled in models like AGNPS 
relies heavily on often not well validated theory. There is considerable scope for improvement 
in this area. 

The sediment-pollutant issue adds a complication in that predicting amounts of soil lost or 
deposited per se is insufficient since particles of different sizes move at different rates and are 
not deposited in the same place. Fine material is much more mobile than coarse material. Fine 



material also tends to be more chemically active than coarse material and thus its movement is 
of great importance with regard to pollutant movement. While some concern may exits with 
regard to modelling the movement of sediment of various sizes at the catchment/basin scale, 
the approaches of Hairsine and et a1 (1999) and Kinnell (1994) which model the movement of 
particles at the fine scale provide mechanisms for predicting the movement of pollutants from 
their initial position on the soil surface to lines of concentrated flow. At this scale, it should be 
possible to link theory and experiment together better than at larger scales. 

Apart from the European effort put into the development of EUROSEM, the USA has been the 
most active area for water erosion model. development. Most other areas do not have sufficient 
resources to match the US effort. Consequently, US based modelling systems dominate outside 
the USA. However, since the US effort is directed, as it should be, towards the erosion issues 
that are dominant in the USA, it will produce approaches which are seen to be less appropriate 
and less applicable elsewhere. Adaptation and modification of US based technology to operate 
better outside the USA will continue for the foreseeable future. 
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