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Abstract:

Numerical simulation experiments of water erosion at the local scale (20 x 5 m) using a process-based model [Plot Soil
Erosion Model 2D (PSEM_2D)] were carried out to test the effects of various environmental factors (soil type, meteorological
forcing and slope gradient) on the runoff and erosion response and to determine the dominant processes that control the
sediment yield at various slope lengths. The selected environmental factors corresponded to conditions for which the model
had been fully tested beforehand. The use of a Green and Ampt model for infiltration explained the dominant role played
by rainfall intensity in the runoff response. Sediment yield at the outlet of the simulated area was correlated positively with
rainfall intensity and slope gradient, but was less sensitive to soil type. The relationship between sediment yield (soil loss
per unit area) and slope length was greatly influenced by all environmental factors, but there was a general tendency towards
higher sediment yield when the slope was longer. Contribution of rainfall erosion to gross erosion was dominant for all
surfaces with slope lengths ranging from 4 to 20 m. The highest sediment yields corresponded to cases where flow erosion
was activated. An increase in slope gradient resulted in flow detachment starting upstream. Sediment exported at the outlet of
the simulated area came predominantly from the zone located near the outlet. The microrelief helped in the development of a
rill network that controlled both the ratio between rainfall and flow erosion and the relationship between sediment yield and

slope length. Copyright © 2010 John Wiley & Sons, Ltd.
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INTRODUCTION

The predictive capacities of process-based soil erosion
models have been questioned in the literature (Favis-
Mortlock, 1995; Jetten et al., 1999, 2003; Nearing et al.,
2005). The main conclusions of these studies are that cal-
ibration is imperative for both field-scale and catchment
scale models and that runoff is always better simulated
than soil loss. Parsons et al. (2006) and Wainwright et al.
(2008a) emphasize that the results of existing approaches
remain incompatible with rates of long-term landscape
evolution and with estimations over large spatial scales.
They attribute this weak predictive capability to a fun-
damental misconception of the component processes that
make up soil erosion. Wainwright et al. (2008a) criticize
the assumption underlying many process-based erosion
models that all movement occurs in suspension and ques-
tion the flow detachment component proposed by Fos-
ter and Meyer (1972). Alternatively, Wainwright et al.
(2008a) suggest an approach based on a transport dis-
tance concept; and Hairsine and Rose (1992) propose
a continuous deposition approach recently implemented
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in a numerical model by Heng ef al. (2009). Sander
et al. (2007), Wainwright et al. (2008a) and Hairsine and
Sander (2009) argue that the use of a transport capac-
ity approach is not appropriate in the case of sediment
transport on hill slopes. The debate about whether trans-
port capacity, continuous deposition or transport distance
is the best approach is not closed. There is probably no
single approach valid for the whole range of particle size
and density and the whole range of flow conditions on hill
slopes (Nord et al., 2009). Spatiotemporal observations at
high resolution of the hydraulics, erosion and morphology
of the soil surface are needed to advance this subject.
An additional explanation for the weak predictive capa-
bility of process-based erosion models might be the
limited understanding of the interaction between inter-
nal processes of overland flow and erosion at the local
scale and the determination of dominant processes as
a function of soil length and changing environmental
conditions. The development of the Plot Soil Erosion
Model 2D (PSEM_2D), which is a fully coupled phys-
ically based process model (infiltration-runoff-erosion),
was an attempt to address this issue. The first version of
the model was presented by Nord and Esteves (2005).
Soil cohesion and the formation of a covering cohesion-
less layer as a result of sediment deposition and action of
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rainfall impact before runoff are represented explicitly.
The erosion processes represented are rainfall and over-
land flow detachment of original soil, rainfall redetach-
ment, overland flow entrainment of sediment from the
covering cohesionless layer and deposition. This model
allows modelling of Hortonian overland flow, infiltration
and erosion during complex rainfall events over an irreg-
ular microtopography. The model also includes feedback
between erosion and surface topography. Esteves et al.
(2000) and Nord and Esteves (2005) gave the explicit
finite difference schemes for coupling and solving the
various equations. PSEM_2D was designed for applica-
tions at the plot scale (typically 100 m?), with cell size
characteristically 0-25 x 0-25 m. The application of the
submodels for erosion processes at this spatial resolution
is particularly appropriate, as it corresponds to the scale
at which these submodels were developed and fitted with
experimental dataset and thus have the greatest physical
meaning (Knapen et al., 2007b; Gumiere et al., 2009).
The performance of the hydrological component of the
model was tested by Esteves et al. (2000) by comparing
the simulated discharges with hydrographs measured at
the outlet of a 14-25-m long by 5-m wide plot based
on the calibration of the infiltration parameters and the
friction factor. The hydrology and hydraulics estimates
were evaluated by Tatard et al. (2008) and compared with
the results of MAHLERAN (Wainwright et al., 2008a)
and Rillgrow?2 (Favis-Mortlock et al., 2000). The com-
parison of simulated and observed flow velocity field
measured over a 10 x 4 m experimental plot with a 1%
slope showed that PSEM_2D was the most satisfac-
tory model, at the cost of longer computational time.
Nord and Esteves (2005) tested the first version of the
erosion model on plane soil surfaces of 3 x 0-55 m
and 4-58 x 1.52 m against observed data and analyti-
cal results on the basis of calibrated hydrological and
erosion parameters and completed a sensitivity analy-
sis of the model parameters using the linear method.
Nord and Esteves (2005) found that the dominant ero-
sion process in these conditions was runoff detachment.
Nord and Esteves (2007) evaluated an improved ver-
sion of the erosion model that enables the comparison
of four transport capacity formulae. The performance of
the detachment-transport coupling model for erosion by
runoff and four transport capacity formulae was tested
in rill eroding conditions for five different textured soils
without calibration of the erosion parameters, using the
data collected by Elliot e al. (1989) in rills 9 m long by
0-5 m wide. The infiltration parameters were calibrated
using flow discharge measurements; and the friction fac-
tor, using independent measurements of velocity. This
constraining evaluation of the model showed that the
Govers Unit Stream Power formula (Govers, 1992) gave
the best results for cohesive soils. However, none of the
equations performed well for non-cohesive soils.
Various studies (Sander et al., 2007; Wainwright et al.,
2008a; Hairsine and Sander, 2009) criticize the use of the
detachment-transport coupling model for entrainment and
detachment by overland flow and deposition, as it is a
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discontinuous model, it was initially defined for steady-
state conditions and it is based on the assumption that
a specific flow possesses a specific capacity to transport
sediment. We recognize part of these arguments, but we
respond that there have been very few studies to apply
this submodel at a scale that is really appropriate to evalu-
ation. Nord and Esteves (2007) carried out such an evalu-
ation and showed that the submodel gave acceptable spa-
tial patterns of erosion and sediment loads for cohesive
soils and was flawed for non-cohesive soils, but it was not
clear whether this was because of numerical instabilities
or inappropriate physical concepts. Recently, Heng et al.
(2009) commented that the numerical problems associ-
ated with solving the Saint-Venant equations with varying
topography are well known and that spurious waves can
arise because of an imbalance between the flux gradient
and the source terms in the momentum equation. Regard-
ing the use of a transport capacity approach, Nord and
Esteves (2007) and Nord et al. (2009) investigated the
applicability of various transport capacity formulae for
different conditions of size and density of particles and
different modes of transport (suspension and bed load).
Nord et al. (2009) observed that bed load transport capac-
ity is independent of the suspended load transported by
the flow and concluded that it was preferable to use dif-
ferent transport capacity equations and assumptions for
each mode of transport. Therefore, we agree with the
idea that model formalisms that are based on an overall
transport capacity approach may be in error.

A complete evaluation of the PSEM_2D model at the
plot scale would require a broad dataset, including mea-
surements of soil moisture, soil properties, flow velocity
field, flow discharge and sediment concentration at vari-
ous locations, sediment properties and sediment tracing,
which is not available at the moment. Wainwright et al.
(2008c) recognize that there are significant difficulties
in obtaining the spatial patterns of runoff and erosion
data, which makes the evaluation of such models difficult.
Recent applications of sediment tracing in the laboratory
or in the field (Song et al., 2003; Polyakov and Nearing,
2004; Polyakov et al., 2004; Michaelides et al., 2010)
offer an interesting perspective for determining the spatial
patterns of erosion, but these articles generally disregard
the spatial patterns of flow hydraulics and are therefore
not directly comparable with modelling results.

This study proposed to carry out numerical simulation
experiments of water erosion at the local scale (20 m long
by 5 m wide) on an irregular surface, using PSEM_2D
in a range of conditions for which the model had been
fully tested beforehand. The conditions are limited to the
case of cohesive soils in which suspended sediment is
dominant. The limitations of the model, such as the use
of a single particle size class, the absence of specific
evaluation of the submodel for rainfall erosion, the
absence of explicit representation of sediment transport
by splash or raindrop-induced flow and disaggregation
process, are recognized and taken into account in the
Section on Discussion. The first objective is to test
the effect of changing environmental factors (soil type,
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meteorological forcing and slope gradient) on infiltration,
runoff and sediment yield simulated by PSEM_2D at
the outlet of a 20 x 5 m surface. The second objective
is to analyse the changes in internal erosion processes
simulated by PSEM_2D in response to the changes in
these environmental factors. The third objective is to test
the effect of microrelief, compared to a plane surface, on
the internal erosion processes simulated by PSEM_2D.
The final objective is to discuss the implications of the
equations, concepts and parameterizations employed by
PSEM_2D for the results given in this study.

MATERIAL AND METHODS

Description of the model

A detailed presentation of PSEM_2D was given by
Esteves er al. (2000) and Nord and Esteves (2005).
Infiltration is computed using a Green and Ampt
model; overland flow is computed using depth-averaged
two-dimensional unsteady flow equations (Saint-Venant
equations); and soil erosion is computed by combining
the equation of mass conservation of suspended sediment
and a detachment-transport coupling model for erosion
by runoff. Soil surface roughness is represented by the
Darcy—Weisbach friction factor.

The structure of the erosion model is briefly described
here. The mathematical basis for modelling of non-
equilibrium sediment transport requires a mass balance
equation for suspended sediment (Bennett, 1974):

a(h a(uh a(vh
(he) n (uhc) n (vhe)
ot ox ay
_ (Drdd + Drd vd + Dsa_d + Dra )
Ps

(D
and a mass conservation for the deposited layer of loose
sediment /4, expressed in its most general form as:

alg
a

where 4 is the mean depth of flow, u and v the local
depth-averaged velocities in the x- and y-directions, c is

1
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the volumetric sediment concentration, ps the sediment
particle density, D;q_q the detachment rate of sediment by
rainfall from original soil, Dyq 4 the redetachment rate of
sediment by rainfall from the deposited layer, D¢ _q the
detachment/deposition rate of sediment from original soil
by overland flow and Dy . the entrainment/deposition
rate of sediment from the deposited layer by overland
flow.

Eroded sediment is transported as suspension only
under the assumptions that the velocity of sediment is
the same as flow velocity and that sediment concentra-
tions are small enough so as not to appreciably influence
the mechanisms of runoff (Bennett, 1974). The erosion
processes and the detachment conditions are shown in
Figure 1. First, at times or in locations where the shear
stress of the flow is lower than the critical shear stress of
the particle (t < t.), the model does not represent explic-
itly the processes of raindrop detachment—splash trans-
port (RD-ST) in the absence of runoff and of raindrop
detachment—raindrop-induced flow transport (RD—RIFT)
(Kinnell, 2005). As an alternative, we assume that bed
elevation does not change during this phase and that the
sediment concentration in flow remains zero, but that
breakdown of aggregates, raindrop impact, rain splash
and subsequent deposition contribute to filling up the

buffer layer /4:
alq 1

., = _(Drd)

o o 3)

where D,q is the rate of aggregate breakdown and rainfall
redistribution of sediment by splash and is expressed as:

h+1
Dy = aR (1— + ")
Zm

“)

where R is the rainfall intensity, z; the maximum
penetration depth of raindrop splash and « the rainfall
erodibility for original soil.

Secondly, at times or in locations where the shear stress
of the flow overcomes the critical shear stress of the
particle (t > ), the flow has a transport capacity and is
able to entrain sediment from the layer of loose sediment.
This phase, referred to as raindrop detachment—flow
transport (RD—FT) by Kinnell (2005), explains an initial

When t=1,

.
¥ [y y+Dy

Figure 1. Erosion processes when the flow shear stress is (a) below the critical shear stress of the particle and (b) above the critical shear stress of

the particle. Dyq is the rate of disaggregation and redistribution of sediment by rain splash, Dq_q the sediment detachment rate from original soil by

rainfall, Dyq_rq the sediment redetachment rate from the deposited layer by rainfall, Dgq_q the detachment/deposition rate of sediment from original
soil by runoff and Dyq_e the entrainment/deposition rate of sediment from the deposited layer by runoff

Copyright © 2010 John Wiley & Sons, Ltd. Hydrol. Process. 24, 1766—1780 (2010)
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peak of sediment concentration due to the flushing of
the layer of loose sediment. The variable defined as
&= Dl—d enables us to differentiate between the rainfall

detachment and rainfall redetachment rates at the sub-grid
scale:

Detachment:
h
Drd_d =aR|1— — (1 — 8) (5)
Zm
Redetachment:
h
Dyw=aqR|1——|¢ (6)
Zm

where o4 is the rainfall erodibility for the layer of loose
sediment.

The conceptualization of the model implies that the
transport of sediment by rainfall-driven erosion processes
(which occur when t < t.) is delayed and controlled by
the energy of overland flow. In the current version of
the model, as transport by rain splash is not explicitly
represented, we recognized that it is a limitation of the
model that makes it inappropriate to applications at the
very local scale (~1 m?). Once the flow shear stress
is higher than the critical shear stress of the soil 7y,
runoff detachment of original soil is initiated. This situ-
ation is referred to as flow detachment—flow transport
(FD-FT) by Kinnell (2005). Entrainment and detach-
ment by overland flow and deposition are ruled by the
detachment-transport coupling model proposed by Fos-
ter et al. (1995). Net erosion takes place when sediment
discharge is less than sediment transport capacity:

Detachment:

(M

q
Dra_g = K+ (T — Tooit) (1 - ;) (1—¢)
C

2 % slope
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Entrainment:

Dige = Kot — 10) (1 - q) e ®)

T,
where K is the flow erodibility parameter, 7 the critical
shear stress of original soil, g5 the sediment discharge per
unit flow width in the flow direction and T the sediment
transport capacity formula.
Net deposition occurs when sediment discharge is
higher than sediment transport capacity:

YV
Dig_q + Dgg_e = 7(Tc —qs)

)
where ¢ is a raindrop-induced turbulence coefficient, V¢
the particle settling velocity and g the flow discharge per
unit width in the flow direction.

In this study, we decided to work with cohesive soils
for which suspended sediment transport is dominant and
we selected the Govers Unit Stream Power formula
(Govers, 1992) that gave the best results for such
conditions (see Nord and Esteves, 2007):

S _ 867(SV — 0-005)
= q
¢ v Dsg

where S is the energy slope and V is the depth-averaged
flow velocity in the flow direction.

10)

Numerical experiment

The simulated area was 20 m long and 5 m wide
(100 m?). Several environmental factors, including slope,
meteorological forcing and soil properties, were tested.

Topography. The digital elevation model (DEM) used
in this study was originally derived from a plot in
Niger surveyed by Esteves efal. (2000) on 0-25 m

10 % slope
6 % slope

Figure 2. Simulated areas of 20 x 5 m employed in the numerical experiment. Mean longitudinal slope gradients are respectively 2, 6 and 10%. The
microrelief is the same in the three cases. Measurements are in meters

Copyright © 2010 John Wiley & Sons, Ltd.
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grids. This plot had a mean longitudinal slope of 5-1%.
The microrelief was extracted by subtraction between
the DEM of the natural surface and the DEM of a
plane surface with a longitudinal slope of 5-1%. A
correction was applied to account for the projection of
the microrelief on a horizontal plane. The microrelief
was lightly modified at the base slope to enhance the
concentration of overland flow into a main rill. The
choice of an observed microrelief was preferred to
a statistically generated one to allow simulation of a
realistic hydrographic network. The coefficient of random
roughness of the microrelief, defined as the standard
deviation of the measured height at regular intervals,
was 0-032 m. The minimum height was —0-036 m, the
maximum height was 0-142 m and the averaged height
was 0-037 m. The microrelief was then projected on three
surfaces of 20 x 5 m with mean longitudinal slopes of 2,
6 and 10% to be tested in this numerical experiment,
as illustrated in Figure 2. The mean longitudinal slope
gradients were selected as being within the range of
slopes currently studied in erosion experiments, where
inter-rill and rill erosion are commonly observed (Govers
and Poesen, 1988; Elliot et al., 1989; Parsons et al., 1991;
Brunton and Bryan, 2000; Chaplot and Le Bissonnais,
2000; Planchon ef al., 2005; Cerdan et al., 2006).

It is questionable to use the same microrelief with
different environmental settings, inasmuch as other feed-
backs such as climate, geology and vegetation are
expected to control the way the soils, slope surface and
microtopography develop. However, these feedbacks are
not supposed to be significant at the time scale of the
storm event. Furthermore, this study does not aim to
reproduce observed results, but rather to estimate the

G. NORD AND M. ESTEVES

sensitivity of the model to changes in environmental
conditions and to discuss the validity of the equations,
concepts and parameterizations based on spatially dis-
tributed results.

Meteorological forcing. The rainfall hyetographs of
the four events selected in this study are shown in
Figure 3 and the main descriptive statistics are given
in Table I. The two storms of the temperate climate
(storm 1 and storm 2) were selected from the Ganspoel
dataset (Van Oost et al., 2005) and were also previously
chosen by Nearing et al. (2005), who investigated the
response of seven soil erosion models to a few basic
precipitation- and vegetation-related parameters. The data
were available at 1-min resolution. Storm 1 was a
short thunderstorm with a significant amount of rainfall
typical of the summer period. Storm 2 was a long
rainfall event with a major amount of rainfall and a
low rainfall intensity associated with an oceanic front.
Storm 3 was measured in Nimes (France) and was seen
as a major Mediterranean summer thunderstorm. The
data were available at 5-min resolution. The event had
a relatively short duration but a high rainfall amount
and very high rainfall intensities. The event consisted
of a first strong rain shower followed by longer and
less intense rain (Figure 3). It was decided to invert
the rainfall hyetographs of this event to produce the
reversed 12 September 2004 storm (storm 4) and so test
the effect of the delayed occurrence of a strong rain
shower on the production of runoff and erosion. In terms
of recurrence period, these events were all classified as
extreme events, since their recurrence periods, calculated
on the basis of the intensity-duration-frequency curves

160 7 0.00
P =—slorm 2
T = storm 1 T 20.00
£ 120- r mbanr g ta000 £
E storm 4 E
z i 78000 2
§ 80 ) 1 80.00 _;z"
5 60 1 100.00 5
= B =
2 a0+ + 12000 B
20 T 140,00
aQ L — + — — 160.00
0 100 200 300 400 500
time (min)
Figure 3. Hyetograms of the four rainfall events used in the numerical experiments
Table 1. Descriptive statistics of the rainfall events
Storm Location Climate Date Precipitation Mean Maximum Maximum  Duration
number amount rainfall 5-min rainfall 30-min rainfall (min)
(mm) intensity ~ intensity intensity
(mm/h) (mm/h) (mm/h)
1 Ganspoel (Belgium) Temperate 11 July 1997 19:5 334 777 35-8 35
2 Ganspoel (Belgium) Temperate 14 September 1998 41 53 24.0 13-6 460
3 Nimes (France) Mediterranean 12 September 2004 44 40-6 137-5 72-9 65

Copyright © 2010 John Wiley & Sons, Ltd.
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of each region, were in the range of 5—10 years. These
observed events representative of two distinct climates
were selected to test the applicability of the equations
used in the model under non-steady conditions and to
evaluate the sensitivity of the model to different structures
of rainstorms.

Soil properties. Three different cohesive soils were
chosen for this numerical experiment: clay loam, silty
clay loam and silt loam. These soils are common among
cultivated soils. They represent a wide range of soil
types and their erodibility has been widely tested in
the laboratory, in the field and numerically (Elliot ef al.,
1989; Nearing et al., 1997; Chaplot and Le Bissonnais,
2000; Hairsine et al., 2002; Leguédois and Le Bissonnais,
2004; Nord and Esteves, 2007). The approach followed
in this study was to propose a combination of realistic
parameters for each type of soil based on various studies
of infiltration, detachment and redetachment by rainfall
impact, detachment by runoff and sediment size and
density. The sets of parameters for each textured soil
are given in Table II. The parameters for infiltration
(Ks, 65 — 6; and hs) were selected on the basis of the
results of Rawls ef al. (1983), Elliot et al. (1989) and
Nord and Esteves (2007). The parameter for detachment
by rainfall impact (o) was selected on the basis of the
findings of Leguédois (2003) and Leguédois and Le
Bissonnais (2004). The parameter for redetachment by
rainfall impact (og) was set one order of magnitude
greater than o, following the observations of Proffitt et al.
(1991), although there are very few references on this
question in the literature. Heng ef al. (2009) calibrated
the detachability parameter of undisturbed soil and the
detachability parameter of deposited sediment and found
that the second parameter was 15 times greater than the
first one. The parameter for detachment by runoff (K,
and t4;) and sediment properties (Dsg and ps) were
selected on the basis of the results of Elliot et al. (1989),
Foster et al. (1995) and Nord and Esteves (2007). The
values of Dsy and ps, were influenced by the property
of the soil type to producing aggregates among eroded
soil fragments. Dsy is lower than 100 pm for the three
soils, which ensures that suspension is dominant. The
erodibility parameters were assumed static in this study,
as we worked on the time scale of the storm event.
Knapen et al. (2007a) demonstrated the need to take into
account the intra-seasonal variations in K, and 7., but
it is more critical to apply this in the case of continuous
erosion modelling.

Parameterization of frictional resistance of overland
flow. So far, except in a very limited number of cases
like Walnut Gulch (Scoging et al., 1992; Abrahams
et al., 1995, 1996), the predetermination of the value
of the friction factor is not feasible, because of the
lack of distributed data of flow velocity. Very little
progress will be made in this area until more research
is undertaken to make the necessary measurements. In
this study, we followed an approach similar to that

Copyright © 2010 John Wiley & Sons, Ltd.
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Table II. Parameterization of infiltration, soil erodibility and
sediment properties in PSEM_2D for the different soil textures

Parameters Dimension Clay loam Silt loam Silty clay loam
Infiltration

K m/s 4.10-7  8.10-7 2.10-7
0 — 6; — 0-2 02 02
hg m 02 03 0-6
Soil erodibility

o kg/m?/ mm 0-008 0-015 0-010
oy kg/m?/ mm 0-08 0-15 0-10
K. s/m 0-005 0-020 0-010
Tsoil Pa 25 6-0 5.0
Sediment properties

Ps kg/m? 2000 2000 2000

described by Hairsine and Sander (2009) for fitting
the friction factor. Some studies have shown that the
friction factor depends on the inundation ratio and varies
with hydraulic conditions (Gilley et al., 1992; Lawrence,
1997). Nearing et al. (1997) demonstrated that predictive
relationships for estimating the friction factor could not
be used unless abundant soil information was obtained.
Nord and Esteves (2007) calibrated the friction factor in
eroding rills for different values of water discharge and
for different textured soils and reported that the friction
factor varied for each soil type. A numerical experiment
by Tatard et al. (2008) using PSEM_2D and distributed
data of flow velocity demonstrated that the friction factor
should be lower in rill than in inter-rill. Based on these
results and the studies by Esteves ef al. (2000) and
Nord and Esteves (2005), we assumed that it was more
important to take into account the distinction between rill
and inter-rill in terms of friction factor parameterization
than the distinction between soil types. A constant value
of 0-4 was applied for the friction factor over the entire
simulated area, excluding the main rill located at the
bottom of the plot, where a value of 0-2 was set. The
same values were used for the three soil types. Such
values are consistent at the grid resolution employed in
this study (cell size of 0-25 x 0-25 m), but would not
make sense at a coarser grid resolution. Wainwright et al.
(2008c) demonstrated that the value of the friction factor
is dependent on the grid resolution.

Data analysis

Combining all the environmental factors, 36 simula-
tions were run (3 slopes x 4 storms x 3 soils). Results
were analysed at the outlet of the 100 m? simulated area
(20 m long by 5 m wide) and at different positions along
the main slope length (4, 8, 12, 16 and 20 m).

Numerical tracing of sediment

The simulated area of 100 m? was divided into five
subplots of 20 m?> (4 m long by 5 m wide). Soil from
each subplot was tagged in a different way, i.e. a number
from 1 to 5 was assigned to each subplot. Source terms

Hydrol. Process. 24, 1766—1780 (2010)
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for erosion processes were also tagged accordingly and
Equation 1 was solved five times at every time step, using
the same scheme as that described by Nord and Esteves
(2005), over the whole simulated area to calculate five
sediment concentrations and calculate the contribution
from each subplot to the sediment yield at the outlet of the
100 m? simulated area. The total sediment concentration
was calculated as the sum of these five concentrations.
These developments were incorporated in another ver-
sion of the model and simulations were run again with
this latter version (36 runs in total). The results simulated
by the two versions of the model were compared. Differ-
ences between the results appeared in a few cases. It was
found that the schemes used for coupling the Saint-Venant
equation and the five equations of mass conservation of
suspended sediment caused local crashes in the calcula-
tion of flow velocity and sediment concentration for three
simulations on the 2% slope. Furthermore, the process of
flow detachment was enhanced for 11 simulations due
to numerical instabilities in the main rill near the slope
base. These 14 simulations were removed and a total of
22 simulations were selected for the analysis.

RESULTS AND DISCUSSION

Effects of environmental factors on the simulated results
of PSEM 2D at the outlet of the 20 x 5 m surface area

The main results of the simulations at the outlet of the
simulated area are shown in Table III. The largest runoff
volumes are simulated for storm 4, followed by storms
3, 1 and 2. In the case of storms 3 and 4, it should
be noted that the reversed rainfall hyetograph gives
significantly more runoff (up to 30%) than the normal
rainfall hyetograph does. The period of low rainfall
intensity that takes place at the beginning of the event
causes progressive saturation of the soil, which enhances
runoff during the final rain shower. Flow discharge is
minimum for storm 2 and maximum for storm 4. The
fact that rainfall intensity is the variable that controls
the magnitude of the runoff response is explained by
the selection of the Green and Ampt model, which
only simulates Hortonian overland flow generation. In
terms of soil type, clay loam gives the largest runoff
volumes, followed by silty clay loam and silt loam. These
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results are directly related to the values of the infiltration
parameters (K, hr) selected in this study.

Storm 4 produces the highest values of sediment
yield, followed by storms 3, 1 and 2. These results
corroborate the results obtained for runoff volumes.
However, sediment yield ranges over more than two
orders of magnitude (from 0-2 to 98.8 kg), whereas
runoff volume ranges over only one order of magnitude
(from 263 to 37391) when all the simulations are
considered. A deeper look at the results shows that an
increase in runoff volume does not always coincide with
an increase in sediment yield and inversely. These results
support the use of a fully coupled model (infiltration-
runoff-erosion) to understand the dominant processes at
the 100 m? scale and the interactions between all the
processes within the simulated area.

Figure 4 shows the results of sediment yield (soil loss
per unit area) versus runoff coefficient for the 100 m?
simulated area. The same results are plotted in three
different ways to assess the effect of environmental fac-
tors on runoff coefficient and sediment yield. Results are
grouped by soil texture in Figure 4(a), storm event in
Figure 4(b) and slope gradient in Figure 4(c). There is
an overall positive relationship between runoff coefficient
and sediment yield, as Parsons ef al. (2006) observed,
although in their case the relationship was much stronger.
Maximum sediment yield reaches approximately 1 kg/m?
and is simulated for the case of clay loam with storm 4
and 10% slope. This is a very high value of sediment
yield, which is the consequence of the combination of
extreme conditions: low infiltrability, a low value of the
critical shear stress of original soil, a severe Mediter-
ranean thunderstorm (period of recurrence in the range
of 5—10 years) and a steep slope. Figure 4(a) shows that
sediment yield is weakly sensitive to soil type in this
study. It may be related to the use of the same friction fac-
tor parameters for the three soil types and the absence of
feedback between flow hydraulics and friction parameter.
Figure 4(b) shows how storms 3 and 4 produce the high-
est runoff coefficients and the highest sediment yields.
Storms 3 and 4 have the greatest maximum 5-min rain-
fall intensity, attaining 137-5 mm/h as seen in Table I. In
Equations (5) and (6), the rainfall detachment and rede-
tachment rates are proportional to rainfall intensity; and
in Equation (10), transport capacity is a function of flow
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Figure 4. Sediment yield versus runoff coefficient for the 100 m? simulated area. Results are grouped by (a) soil texture; (b) storm event and (c) slope
gradient

Copyright © 2010 John Wiley & Sons, Ltd.

Hydrol. Process. 24, 1766—1780 (2010)



1774

discharge. Storm 4 produces more runoff and more sedi-
ment yield than storm 3. The structure of storm 4, with the
highest rainfall intensities at the end of the event, is more
harmful in terms of soil loss than the structure of storm 3.
Storm 2 produces the lowest runoff coefficient and sedi-
ment yield due to low rainfall intensities. Storm 1 gives a
higher runoff coefficient than storm 2, but sediment yield
is of the same order of magnitude. Figure 4(c) shows
that runoff coefficient is not sensitive to slope gradient
in this study. This result may be explained by the choice
of homogeneous infiltration and friction factor parame-
ters over the simulated area, the limited slope length of
the simulated area (20 m) and the use of relatively coarse
time steps for rainfall (1 or 5 min). These conditions may
lead to the underestimation of the runoff response and
the lack of reinfiltration during periods of low rainfall
intensity (Wainwright and Parsons, 2002).

However, sediment yield is positively related to slope
gradient. In Equation (10), transport capacity is a function
of slope energy that depends on slope gradient; and in
Equations (7) and (8), flow detachment and entrainment
rates are functions of shear stress that also depends on
slope gradient. In this study, the friction factor is constant
over time and only accounts for grain roughness. Form
roughness is not taken into account and friction factor
is not a function of flow hydraulics. The experimental
studies carried out by Giménez and Govers (2001)
showed the slope independence of rill flow velocities
on mobile beds where form roughness can develop
due to a feedback between rill bed morphology and
flow conditions. Giménez and Govers (2002) explained
that form shear stress, which is dissipated on bed
irregularities, does contribute to soil detachment, but
does not contribute to sediment transport. The significant
sensitivity of sediment yield to slope gradient in this
study may be caused by the assumptions and choices
made to represent and parameterize surface roughness.

Changes in internal erosion processes simulated by
PSEM 2D in response to changes in environmental
factors

The range of sediment yield versus slope length is
plotted in Figure 5. All the simulations of Table III are
taken into account. Five slope lengths are considered
(4, 8, 12, 16 and 20 m). Sediment yield (in kg/m?)
decreases overall between 4 and 8 m before increasing
further downstream and reaching its highest values at
20 m. Variability is important all over the plot and is
greatest at 20 m. Seventy-five percent of the values of
sediment yield are lower than 0-2 kg/m? for slope lengths
ranging from 4 to 16 m and lower than 0-3 kg/m? for a
slope length of 20 m, which corresponds to an increase
of 50% between 16 and 20 m. The values of sediment
yield simulated in this study are of the same order of
magnitude as those given by Parsons ef al. (2006) for
plots with areas of 21-01, 115-94, 56-84 and 302-19 m?
and lengths of 4-12, 14-48, 18-95 and 27-78 m under
natural storm events.

Copyright © 2010 John Wiley & Sons, Ltd.
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Figure 5. Range of sediment yield versus slope length

Figure 6 shows the range of the contribution of rainfall
erosion processes to gross erosion versus slope length.
Whereas rainfall erosion (in kg) is the sum of rainfall
detachment and rainfall redetachment, flow erosion (in
kg) is the sum of flow entrainment and flow detachment.
Gross erosion (in kg) is the sum of rainfall detachment,
rainfall redetachment, flow entrainment and flow detach-
ment. The contribution of rainfall erosion processes to
gross erosion is calculated as the fraction of rainfall
erosion to gross erosion simulated over five surfaces
of different slope lengths (4, 8, 12, 16 and 20 m) and
constant width (5 m) that all have the same upstream
border and whose areas range from 20 to 100 m?. The
median of the contribution of rainfall erosion processes to
gross erosion varies between 97-5 and 98-2% for surfaces
with slope lengths between 4 and 16 m and decreases to
93-2% for surfaces with a slope length of 20 m. The
contribution of rainfall erosion to gross erosion is dom-
inant for all surfaces with slope lengths ranging from 4
to 20 m. The contribution of rainfall erosion to gross
erosion is particularly high and uniform in the upper
part of the simulated area (for slope length lower or
equal to 12 m) and decreases unevenly for surfaces with
greater slope length. The change that appears for surfaces
whose slope length is between 12 and 16 m is caused
by the activation of flow detachment. High variability
in the results, especially for surfaces with slope lengths
of 16 and 20 m, is because activation of flow detach-
ment is mainly controlled by hydraulic conditions and
soil properties by means of Equation 7, which involves
a threshold on shear stress (7 > 74). Wainwright et al.
(2008b) performed a sensitivity analysis of MAHLERAN
on a uniform, planar 100-m long by 30-m wide slope
and remarked that raindrop detachment was the domi-
nant process of erosion for slope lengths ranging from
0 to 20 m. Concentrated erosion was activated between
20 and 100 m in function of the conditions of rainfall
intensity, rainfall duration, slope angle, particle size and
friction factor. The use of a planar surface explains that
concentrated erosion was activated further downstream
on the slope than in our results. In this study, the erosion
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regime is generally limited by transport capacity up to
12 m. In this zone, rainfall erosion processes prevail, but
flow transport capacity is low, due to the small con-
tributive area and the weak degree of concentration of
overland flow. Transport of sediment off-site is ruled
by overland flow in PSEM_2D. Transport by splash or
raindrop-induced flow is not represented in the model,
which might underestimate sediment export, especially
in the upper part of the simulated area. For slope lengths
greater than 12 m, the erosion regime is either limited
by detachment (if flow detachment remains absent) or
not limited at all (if flow detachment is activated). Acti-
vation of flow detachment often appears between 12 and
16 m. A transport-limited regime on the lower part of the
slope is not simulated in this study. It would take place
further downstream if a larger area or a slope break was
simulated.

Figure 7 gives the results of sediment yield (in kg/m?)
versus slope length for each environmental factor. The
results that were plotted in Figure 5 are at present clas-
sified and averaged by soil type in Figure 7(a), storm
event in Figure 7(b) and slope gradient in Figure 7(c).
This way of plotting does not represent the variability of
the results, but does enable the effect of each environmen-
tal factor on sediment yield along the main slope length
of the simulated area to be assessed. Figure 8 applies
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Figure 6. Range of contribution of rainfall erosion processes to gross
erosion for surfaces of different slope length
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the same approach for the contribution of rainfall ero-
sion processes to gross erosion. All these results were
simulated and do not necessarily represent the behaviour
of erosion on actual soils. Certain processes such as soil
crusting are not included in this study. Figure 7(a) shows
that clay loam has lower sediment yield than silt loam and
silty clay loam in the upper part of the simulated area (up
to a slope length of 12 m) and that this order is reversed
at the base of the slope. Figure 8(a) shows that rainfall
erosion dominates for all surfaces, independently of slope
length and soil texture. Clay loam is the only soil type
for which flow erosion is really activated in the lower
part of the simulated area. The start of flow detachment
explains the rapid increase in sediment yield with slope
length for clay loam after 12 m in Figure 7(a). At 4, 8 and
12 m, sediment yield correlates negatively with median
particle sediment diameter, which illustrates a case of
transport-limited regime. It means that the finer the par-
ticle diameter, the higher the sediment yield. However,
at 20 m, sediment yield correlates negatively with shear
stress of original soil (zs;), which illustrates a case of
detachment-limited regime. In such conditions, the parti-
cle size becomes a secondary factor to explain sediment
yield and the shear stress of original soil (74,) becomes
the dominant factor. The model uses a single represen-
tative class, whereas in reality there is a wide range of
size classes. These results suggest that the representation
of a wide range of size classes in the erosion models is
more justified for the cases where slope length is lower
than 12 m. For longer slopes, the accurate representation
of the start of flow detachment might be more impor-
tant. Studies such as that of Leonard and Richard (2004),
which focused on the direct or indirect measurement of
Tsoil, are therefore essential to the accurate prediction of
erosion by means of process-based models.

As seen in Figure 7(b), storms 3 and 4 have average
values of sediment yield 2-5-5 times greater than storms
1 and 2 at all the positions along the slope. Sediment
yield does not vary significantly with slope length for
storms 1 and 2. For storms 3 and 4, sediment yield
is almost constant up to 12 m and increases rapidly
with slope length downstream to reach average values
of 0-3—0-4 kg/m? for slope length of 20 m. Figure 8(b)
shows that rainfall erosion causes almost 100% of gross
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Figure 7. Sediment yield versus slope length. Results are grouped by (a) soil texture; (b) storm event and (c) slope gradient. Each point is the mean
of 9 or 12 results
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erosion for all surfaces, independently of slope length
for storms 1 and 2. For storms 3 and 4, rainfall erosion
still dominates largely for all surfaces, but flow erosion
becomes significant between 16 and 20 m. The high
runoff volumes and high flow discharges simulated for
these storms 3 and 4, as seen in Table III, are responsible
for activation of flow erosion and high sediment transport
in the main rill located on the lower part of the slope,
which explains the sudden rise of sediment yield with
slope lengths between 16 and 20 m.

Figure 7(c) shows that, for the 2% slope, sediment
yield remains constant all over the simulated area. For
the 6% slope, sediment yield has a minimum at 12 m,
an intermediate maximum at 4 m and a larger maximum
at 20 m. For the 10% slope, sediment yield increases
continuously with slope length. The highest rise takes
place between 12 and 20 m and the average value of
sediment yield reaches 0-4 kg/m? at 20 m. The results
plotted in Figure 8(c) show that, for the 2% slope, rainfall
erosion causes almost 100% of gross erosion for all
surfaces, independently of slope length. For the 6 and
10% slopes, the contribution of rainfall erosion remains
dominant on average for all surfaces, independently of
slope length, but it decreases with slope length and slope
gradient. The start of flow erosion takes place further
upstream as the slope gradient increases. The highest
sediment yields are simulated on the lower part of the
slope and correspond to cases where flow erosion is
well activated (lower contribution of rainfall erosion to
gross erosion). Song et al. (2003) observed that, once
rill erosion began, erosion amounts at the outlet of the
plot increased severely and suddenly. The combination
of high runoff volumes and strong slopes is responsible
for high transport capacity and activation of flow erosion
in this study. The lower value of the friction factor in
the main rill located at the bottom of the simulated
area also causes an acceleration of overland flow in
this zone and increased transport capacity [Equation (10)
is a function of flow velocity], which converts into an
increase in the flow detachment rate by means of the
detachment-transport coupling model [Equation (8)]. The
presence of the main rill at the base of the slope is
probably responsible for the rapid increase in sediment
yield between 16 and 20 m in Figures 5 and 7.

G. NORD AND M. ESTEVES

Figure 9 shows the range of contribution of five slope
segments of 20 m? to the total sediment yield at the outlet
of the simulated area. Fourteen of the 36 simulations
had excessive divergence, in comparison with the results
obtained with the version of the model without numerical
tracing, and were excluded from this analysis. The results
of Figure 9 show that sediment exported at the outlet of
the simulated area comes predominantly from the subplot
located near the outlet. The two slope segments §—12 and
12—16 m contribute less to the total sediment yield at
the outlet; and the two slope segments 0—4 and 4—-8 m
contribute very little to the total sediment yield at the
outlet. In this study, sediment eroded in the upper part of
the simulated area is largely deposited further down over
the surface.

Effect of microtopography on internal erosion processes
simulated by PSEM 2D

The 12 simulations of Table III performed for the 6%
slope were run again with a plane surface of 6% slope
to test the effect of the microrelief on the sediment
yield and the internal erosion response. Figure 10 shows
sediment yield versus slope length for the 6% slope with
microrelief and the 6% plane slope. The results plotted
are the average of 12 simulations. Sediment yield is
overall larger for the plane surface at all positions along

n=122 n=22 n=322 n=322 n=22
— 100+
=
o
8 80
@
&
= +
E 60 +  outliers
g - gt parcentil
E” N 75 percentil
E 40 4 ﬂ median
g T 251 percentil
5 - B
= th
E 20 | 10t percentil
5 H+
c

LE e E I
0-4 4-8 8-12 12-16 16-20

slope sagment (m)

Figure 9. Range of contribution of five slope segments of 20 m? to the
total sediment yield at the outlet of the simulated area

{a) 120.0 1 (b} 1200 {e) 1200
B 1001 EE 1000 5E y000 %
E§ I S S ™ g5 B8 5 5 g 85 2 & 5 8 X
g'g % By . Eg A i =
5 8001 5 800 F5 800
£4 * By By :
E g g E
"5;5;"' 60.0 E% B0-0 1 % starm 1 E% 60.0
5% ¥ CL §E O starm 2 ég P ¥ 2 % slope
gﬁ 901 los EE A A storm 3 gs O 6 % slape

=4 g = A 10 % slope
E € zp{ LASC 5 g 200 gt § E 200

00 — — — 0.0 : : . ! 0.0 . _— ; .
4 8 12 B 2 4 8 12 16 20 4 8 12 16

slope length (m)

slope length {m}) slope length {m)

Figure 8. Contribution of rainfall erosion processes to gross erosion versus slope length. Results are grouped by (a) soil texture; (b) storm event and
(c) slope gradient. Each point is the mean of 9 or 12 results

Copyright © 2010 John Wiley & Sons, Ltd.

Hydrol. Process. 24, 1766—1780 (2010)



SIMULATION OF INTERNAL EROSION PROCESSES AT THE LOCAL SCALE

the slope. Different relationships between sediment yield
and slope length were also simulated. The surface with
microrelief displays a minimum at 8 m, an intermediate
maximum at 4 m and a larger maximum at 20 m.
Sediment transport capacity is low in the upper part of
the simulated area. For a sudden increase in sediment
transport capacity, the slope base, where flow in the
rill network concentrates, has to be reached. However,
the plane surface shows a continuous rise of sediment
yield with slope length, which seems to tend towards
an asymptote at the end of the slope. Such a spatial
pattern is explained by the continuous increase in flow
depth and, therefore, sediment transport capacity from the
upstream border towards the base of the simulated area.
The relationship between sediment yield simulated by the
model and slope length is influenced by the microrelief
of the surface. In this study, we do not reproduce the
decrease in sediment yield with slope length that was
observed by Parsons ef al. (2006) in semi-arid conditions
of Southern Arizona.

In the case of the plane surface, rainfall erosion
produces approximately 100% of gross erosion over the
entire simulated area and flow erosion is not activated.
The regime is transport limited in these conditions.
Figure 11 shows the contribution of five slope segments
of 20 m? to the total sediment yield at the outlet of the
simulated area for the 6% slope with microrelief and the
6% plane slope. Each point is the mean of seven results,
since 5 of the 12 simulations for numerical tracing over
the 6% slope with microrelief were excluded from the
analysis for excessive divergence from the simulations
without numerical tracing. The cause of the excessive
divergence was not clear and could be related to model
solution instability in a number of cases. The two surfaces
show a major contribution of the lower part of the
simulated area. However, in the case of the plane surface,
all the segments contribute to the total sediment yield at
the outlet of the simulated area and there is overall a more
homogenous distribution of the contributions of the five
slope segments. Resistance to sediment transport is very
limited once particles are moved by runoff and conditions
of transport are facilitated. However, for the slope with
microrelief, the presence of rills may enable a threshold
for the start of flow detachment to be overcome, but the
increase in sediment yield with slope length occurs at a
greater distance from the top of the simulated area. This
result is supported by the intersection of the two curves
in Figure 11.

Zhang et al. (2003) and Polyakov and Nearing (2004)
worked with rare earth element oxides for tracing sedi-
ment in a 4 x 4 m laboratory plot set to a 10% slope and
filled with a silty loam soil. The soil surface was gently
packed to remove microrelief with a wood block. The
plot area was subdivided into five 0-8-m strips stretch-
ing across the slope. Rainfall simulations of 1-h dura-
tion with constant rainfall intensity of 60 and 90 mm/h
were performed. The authors found that the net soil loss
was higher in the second and third strips (0-8—1-6 and
1-6—2-4 m). This, therefore, is different from the results

Copyright © 2010 John Wiley & Sons, Ltd.
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plotted in Figures 9 and 11. The smaller length of their
plot could explain the lesser role played by flow erosion
in their case. Moreover, Polyakov and Nearing (2004)
commented that the plot end controlled by the fixed ele-
vation of the outlet funnel caused sediment accumulation
on the lower slope position and therefore less erosion. In
our results, if we exclude the results simulated for storm
2, which only causes runoff in the lower part of the sim-
ulated area, the four lower subplots contribute equally to
the total sediment yield and the upper subplot has a lower
contribution. In another study, Polyakov et al. (2004)
applied a similar methodology at the sub-catchment scale
(0-68 ha) and worked with natural rainfall events. The
highest net soil losses came from the lower channels
located close to the outlet. The channels showed a higher
sediment delivery ratio than the backslopes and shoulder
did, which was related to greater sediment transport effi-
ciency in the channels than on the slopes. Therefore, our
results are consistent with these observations. When slope
length increases and microrelief plays a significant role in
the development of a channel network, the contribution
to total sediment yield of the areas with concentrated
runoff increases. Furthermore, these areas control sedi-
ment export.
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CONCLUSION

This study reports numerical simulation experiments that
used PSEM_2D to investigate the interaction between
internal processes of overland flow and erosion at the
local scale and the determination of dominant processes
as a function of soil length and changing environmental
conditions. The results show that rainfall intensity is
the variable that controls the amplitude of the runoff
response, as explained by the selection of a Green and
Ampt model for infiltration. In contrast, runoff is less
sensitive to soil type and slope gradient in this study.
Sediment yield at the outlet of the 100 m? simulated
area correlates positively with rainfall intensity and slope
gradient, but is less sensitive to soil type. Within the
simulated area, sediment yield (soil loss per unit area)
decreases overall with slope length in the upper part of
the simulated area before increasing further downstream
and reaching the highest values for a slope length of
20 m. On the upper part of the slope, the finer the particle
diameter, the higher the sediment yield. However, at
20 m, shear stress of original soil (7y;) becomes more
significant than particle diameter to explain sediment
yield. Sediment yield is independent of slope length for
the two temperate climate storms, whereas it increases
with slope length for the Mediterranean climate storm.
Higher runoff volume and flow discharge in this latter
case produce higher sediment transport and activation of
flow erosion. The contribution of rainfall erosion to gross
erosion is dominant for all surfaces with slope lengths
ranging from 4 to 20 m. The highest sediment yields
correspond to cases where flow erosion is activated.
Initiation of flow detachment appears more frequently
between 12 and 16 m slope length, but an increase
in slope gradient results in flow detachment starting
upstream and causes an increase in the contribution of
flow erosion. Sediment exported at the outlet of the
simulated area comes predominantly from the subplot
located near the outlet. In this study, microrelief and
plane surface were also compared for the 6% slope. The
results show that sediment yield is larger overall for
the plane surface at all positions along the slope. The
plane surface has different erosion patterns. Sediment
yield increases with slope length and seems to tend
towards an asymptote at the end of the slope. Rainfall
erosion produces approximately 100% of gross erosion
over the entire simulated area. Overall, there is more
homogenous distribution of the contributions of the five
slope segments to the total sediment yield at the outlet of
the simulated area.

This study shows the relevance of using a fully
coupled process-based model (infiltration-runoff-erosion)
to understand the conditions that control sediment yield
at different slope lengths. The role of microrelief in
the development of a rill network that controls both
the ratio between rainfall and flow erosion and the
relationship between sediment yield and slope length is
highlighted. There is a need for experimental, theoretical
and modelling studies of overland flow hydraulics in

Copyright © 2010 John Wiley & Sons, Ltd.
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a wide range of environmental conditions. Evaluation
of the model against hydrology and erosion data with
good spatial and temporal resolution is necessary, as well
as comparison with other modelling approaches such as
continuous deposition and transport distance concept.
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NOTATION LIST

c Volumetric sediment concentration, m3/m?>

D,s Rate of disaggregation and redistribution of sedi-
ment by rain splash, kg/m?/s

Dy4_g Sediment detachment rate from original soil by
rainfall, kg/m?/s

Dy4_q Sediment redetachment rate from the deposited

layer by rainfall, kg/m?/s

Detachment/deposition rate of sediment from orig-

inal soil by runoff, kg/m?/s

Entrainment/deposition rate of sediment from the

deposited layer by runoff, kg/m?/s

Median sediment particle diameter, m

f Darcy—Weisbach friction factor, (—)

h Flow depth, m

hy  Wetting front capillary pressure head, m

K, Flow erodibility parameter, s/m

K  Soil saturated hydraulic conductivity, m/s

L4 Loose soil depth, m

q Flow discharge per unit width in the flow direction,
m3/s/m

qs Sediment discharge per unit flow width in the flow
direction, kg/m/s

R Rainfall intensity, m/s

St Energy slope, (—)

T. Sediment transport capacity of the flow, kg/m/s

u

v

v

Diq_q
Dgq_e

Ds

Flow velocity in the x-direction, m/s
Flow velocity in the y-direction, m/s
Depth-averaged flow velocity in the flow direc-
tion, m/s
V¢ Effective fall velocity, m/s
Zn ~ Maximum penetration depth of raindrop splash, m
o Rainfall erodibility parameter for original soil,
kg/m/mm
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og  Rainfall erodibility parameter for the deposited
layer, kg/m/mm

6; Initial volumetric water content, (—)

O Saturation volumetric water content, (—)

e Percentage of a grid cell covered by a deposited
layer of depth Dsg, (—)

[0 Raindrop-induced turbulence coefficient taken as

0-5 in this study, (—)
Ds Sediment particle density, kg/m?

T Flow shear stress in the flow direction, Pa

T Critical shear stress of a spherical sediment parti-
cle, Pa

Teoii Critical shear stress of original soil, Pa
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