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Abstract

Overland flow is often only a few millimetres deep. Consequently, the potential for raindrop impact to affect flow hydraulics
and sediment transport is high. Furthermore, the relative importance of rainfall impact is highest for shallow low-energy flows
on low slopes. In such flows net sediment deposition may occur. Therefore, laboratory experiments were conducted to study
sediment deposition in the presence of rainfall over a range of hydraulic conditions. In order to investigate the impact of
raindrops on sediment deposition by overland flow, these experimental data were compared to the experimental data collected
in the absence of raindrop impact. Comparison of the experimental data shows that raindrop impact retards the flow velocity and
has a clear positive effect on sediment delivery. Under rainfall significantly more coarse sediment is transported over areas of
net sediment deposition. Subsequently, the experimental results are used to evaluate a multi-class net deposition theory,
describing sediment transport and sediment sorting over areas of net deposition in the presence of both raindrop impact and
flow-driven processes. The multi-class theory is calibrated using part of the experimental data. Evaluation of the model
predictions using the other part of the data shows that the optimised model is able to accurately predict sediment delivery
and sediment sorting over areas of net deposition. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Three different types of sediment transport by water
erosion can be differentiated (Moss et al., 1979). Sedi-
ment can be transported by overland flow, by rain-
splash and by the combination of overland flow and
rainfall impact. Beuselinck et al. (1999a) presented
experimental results on sediment transport by over-
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land flow over an area of net deposition in the absence
of raindrop impact. These experimental data were
used to evaluate the simple settling theory, in which
sediment deposition is described as only settling
based on the settling velocity distribution of the inflow
sediment (Beuselinck et al., 1999b), and the Hairsine
et al. (2001) sediment deposition algorithm (Beuse-
linck et al., 2001a,b).

Sediment transport by raindrop impact in the
absence of an overland flow layer has also been exten-
sively studied (e.g. Moeyersons and De Ploey, 1976;
Savat, 1981; Poesen and Savat, 1981; Moss and
Green, 1983). If a raindrop falls on a horizontal soil
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surface, net raindrop splash transport rate should be
nil (Moss et al., 1979). The effect of slope and wind
results in a net transport direction for the detached
sediment (Moss et al., 1979; Poesen, 1985).

Palmer (1964) first studied the impact of a thin
water layer on soil loss due to raindrop impact. Palmer
stated that the rainfall impact increases until a critical
depth is reached. Once this critical depth is exceeded
the raindrop impact decreases. Experimental studies
showed that the maximum raindrop impact occurs for
water depths of less than one raindrop diameter
(Palmer, 1965; Mutchler and Young, 1975; Ghadiri
and Payne, 1981). Proffitt et al. (1991) showed experi-
mentally that transport rate decreases linearly with
flow depth when flows are deeper than 2—3 mm and
shallower than about three drop diameters. For flow
depths greater than three drop diameters, Proffitt et al.
(1991) showed that the raindrop impact becomes
negligible. The decrease in sediment detachment
with increasing flow depth can be attributed to an
increase in protection of the soil surface by the
water layer (Ferreira and Singer, 1985). The efficiency
of the raindrop detachment also depends on rainfall
intensity and drop diameter (Palmer, 1965; Moss and
Green, 1983). Smaller drops are less efficient in
detaching sediment. Physical explanation of the effi-
ciency of raindrop impact in the presence of a water
layer and visualisation of the water structures formed
is given by Tuong and Painter (1974) and Moss and
Green (1983).

The effect of raindrop splash on air-born sediment
transport is negligible compared to the effect of rain-
fall on sediment detachment and transport by the flow
(Walker et al., 1978; Moss et al., 1979). Raindrops,
impacting shallow flowing water, cause suspension,
saltation and bed load movement (Moss et al.,
1979). Small particles detached by raindrop impact
become suspended in the overland flow. These
suspended particles rapidly acquire the horizontal
velocity of the flow and are transported downslope
(Kinnell, 1991). Transport distance depends on the
settling velocity of the suspended particles. Larger
particles detached by raindrop impact are transported
by saltating or by rolling over the bed (Walker et al.,
1978). Moss et al. (1979) defined this rain-stimulated
transport of sediment ‘rain-flow transportation’. Rain-
flow transportation is relatively important on low
slopes and at low flow conditions, where sediment

entrainment by overland flow is negligible. Rain-
flow transportation is overshadowed by overland
flow entrainment at steeper slopes (Moss et al.,
1979; Proffitt and Rose, 1991; Everaert, 1991; Abra-
hams et al., 1998). Moss (1988), for example, states
that sediment entrainment by overland flow becomes
dominant on slopes greater than 9%. The relative
importance of rain-flow transportation also depends
on the erodibility of the soil, on the energy of the
stream (Quansah, 1985; Hairsine and Rose, 1991)
and on the rainfall intensity (e.g. Kinnell, 1991).
Under the same rainfall conditions, the detachability
of previously deposited sediment is much higher than
the detachability of source material (Hairsine and
Rose, 1991; Proffitt et al., 1991).

Most of the above studies were carried out for
hydraulic conditions at which net soil erosion occurs.
Nevertheless, the relative importance of raindrop
impact is highest at low slopes and at low energy of
the flow (Moss et al., 1979; Proffitt and Rose, 1991;
Everaert, 1991). For these conditions, sediment
deposition may occur. Therefore, the objective of
this paper is to assess how rainfall impact affects over-
land flow hydraulics and sediment deposition of silty
material at low flow energy. In order to test the impact
of rainfall on sediment transport by overland flow,
laboratory experiments were conducted to study the
combined action of overland flow and rainfall impact
on sediment transport over areas of net deposition.
The contribution by raindrop impact is assessed by
comparing these experimental results with the results
obtained in similar experiments conducted in the
absence of rainfall (Beuselinck et al., 1999a). Subse-
quently, the experimental results are used to evaluate
the multi-class solution to the Hairsine et al. (2001)
net deposition theory (Sander et al., 2001), describing
sediment transport and sediment sorting over areas of
net deposition in the presence of both raindrop impact
and flow-driven processes.

2. Experimental set-up

In order to assess the rainfall impact on sediment
transport by overland flow, laboratory experiments
were conducted. The same experimental set-up was
used as the one described by Beuselinck et al. (1999a).
Sediment-laden overland flow was simulated by
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Fig. 1. SDR versus unit discharge (a) for experiments conducted on
a 2% slope with three different inflow sediment classes and (b) for
experiments conducted with a medium inflow sediment concentra-
tion (67-92 kg m ) on a 1 and 2% slope.

introducing a water and sediment mixture at the top of
a lead-in flume. This lead-in flume was connected to
the depositional flume at its lower edge. Simulated
rainfall impacted the sediment-laden water flowing
across the depositional flume.

Rainfall was provided by a single nozzle continu-
ous-spray system (LECHLER, type 460.788). Water
was pumped from a water tank at a nozzle pressure of
20.6 kPa, yielding an average rainfall intensity over
the plot area of 45 mm h~'. The simulated drop-size
distribution is comparable to that of natural rain with a
similar intensity (Poesen et al., 1990). Median drop-
size diameter is ca. 1.47 mm (Salles et al., 1999).

In total, 19 experiments were carried out. During
each experiment all input parameters were kept
constant. Unit flow discharge (flow discharge per
unit width of the flow) ranged from 0.0003 to
0.0014 m®s ™! per metre width and inflow sediment
concentrations ranged from 50 to 170 kg m . As in
the experiments conducted in the absence of rainfall,
the inflow sediment was almost completely dispersed
since most aggregates broke down during pumping in
the mixing tank. All experiments were undertaken
with silty material (type B, Beuselinck et al.,
1999a). For the depositional flume, slopes of 1 and
2% were used.

The same experimental procedure was used as in
the experiments conducted in the absence of rainfall
impact (Beuselinck et al., 1999a). The effect of rain-
drop impact on the flow velocity was evaluated by
comparing surface flow velocities measured by dye
tracing in the presence and absence of rainfall.
Grain-size distributions of the inflow, the outflow
and the deposited sediment were conducted using
laser diffraction (Coulter LS-100, Beuselinck et al.,
1998). All sediment samples were analysed for their
undispersed size distribution.

3. Results
3.1. Overall sediment delivery ratio

Fig. la shows the sediment delivery ratio (=
amount of sediment exported out of the flume divided
by the amount of inflowing sediment; SDR) versus
unit discharge for all rain-impacted flows on a 2%
slope. The SDR increases approximately linearly
with increasing unit discharge. There is no obvious
effect of inflow sediment concentration on overall
SDR. Also for the experiments conducted at a 1%
slope the SDR increases almost linearly with increas-
ing unit discharge (Fig. 1b). However, the SDR
increases less rapidly with increasing unit discharge
at a 1% slope than at a 2% slope. Compared to the
experiments conducted in the absence of raindrop
impact, there is more scatter in the SDR—discharge
plot (Beuselinck et al., 1999a). This might be due to
more experimental variation in the rain-impacted
flows (e.g. spatial distribution of the rainfall, rainfall
intensity). Guy et al. (1990) also concluded that,
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Fig. 2. Outflow sediment concentration of each settling velocity class versus time for an experiment conducted on a 2% slope with a unit
discharge of 0.00080 m* s~ and an inflow sediment concentration of 76 kg m . Settling velocity classes are obtained by dividing the inflow

sediment in 10 classes of equal mass.

although the variability of rainfall intensity was small,
the variety of results they obtained can be explained
by significant spatial variations in intensity and drop
diameter.

Although the slope changes locally during an
experiment due to sediment accumulation, there is
almost no variation in either the outflow sediment
concentration or the grain-size distribution of the
exported sediment during the experiments (Fig. 2).

3.2. Grain-size distribution

Sediment transport over an area of net deposition is
also in the presence of rainfall a very size selective
process. Fine particles (<16 wm) are easily exported
out of the flume (Fig. 3a and b), whereas coarser
particles are not maintained in suspension. At small
unit discharges, about 80% of the coarsest sediment
fractions (>32 pm) is deposited within the flume
reach. Once the critical unit discharge at a 2% slope,
as defined by Beuselinck et al. (1999a) (i.e.
0.00096 mzs_l), is exceeded, there is a rise in SDR
of the coarsest fractions (>32 pwm; Fig. 3b). This rise
is less pronounced than the sharp rise observed in
the experimental data on sediment deposition by
unimpacted overland flow (Beuselinck et al., 1999a).
For the 1% slope a gradual increase in SDR with
increasing discharge is observed for each size fraction
(Fig. 3a).

4. Raindrop impact

In order to test the impact of raindrop on flow
hydraulics and sediment transport, the experimental
data for the impacted flows are compared with the
data collected by Beuselinck et al. (1999a) on unim-
pacted flows.

4.1. Raindrop impact on flow hydraulics

At a 2% slope the regression line fitted to the velo-
city data for unimpacted flows is statistically different
from the slope of the regression line fitted to the velo-
city data (e = 0.05; Fig. 4b) for the unimpacted flows.
Statistical analysis shows that there is no significant
difference between the slope coefficients of the two
regression lines. In contrast, the intercept of the
regression line fitted to the velocity data for the unim-
pacted flows is significantly higher than that for the
impacted flows. This implies that, as stated by Savat
(1977), the relative importance of raindrop impact on
surface flow velocity decreases with increasing
discharge. In contrast, at a 1% slope there is no signif-
icant difference between the two regression lines
obtained in the presence and absence of rainfall (o« =
0.05) (Fig. 4a).

Thus, in our experiments surface flow velocity
retardation due to raindrop impact is rather limited.
Since flow velocity reduction due to raindrop impact
is highest at the surface (Glass and Smerdon, 1967), it
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Fig. 3. SDR versus unit discharge for seven grain-size classes for experiments conducted on (a) a 1% slope and (b) a 2% slope with a medium

inflow sediment concentration (67-92 kg m3).

can be concluded that for our experiments only a
limited reduction in mean flow velocity due to rain-
drop impact took place. Savat (1977) also found that
the effect of rainfall on flow velocity is less important
than measured by other authors. There are two possi-
ble explanations. Firstly, our experiments were
conducted at a relative low rainfall intensity
(45 mmh~") and with relative small raindrop sizes
(median = 1.47 pm) compared to other experimental
studies (e.g. Smerdon, 1964; Kinnell, 1991), and
Yoon and Wenzel (1971) showed that the reduction
in flow velocity is positively related to rainfall inten-
sity. Secondly, in this study, surface flow velocities

were measured by dye tracing, whereas most studies
investigating rainfall impact on shallow flows use
pressure transducers (e.g. Shen and Li, 1973; Kinnell,
1991). In the present case, it was impossible to use
pressure transducers due to the accumulation of sedi-
ment on the flume bed. However, it is doubtful
whether dye tracing is accurate enough to measure
small changes in flow velocity due to raindrop impact.
Guy et al. (1990) also used dye tracing to determine
surface flow velocity in sediment-laden sheet flow.
They measured surface flow velocities for raindrop
impacted flow and found that these velocities were
not significantly different from those predicted by a
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smooth surface, unimpacted, clear-water model. They
attributed this finding to flow retardation by the rain-
fall being compensated for by a reduction in flow
resistance due to high-sediment concentrations and
by the role of the flume surface, which may absorb
the raindrop energy in very shallow flows.

Fig. 5 shows the relative increase in flow discharge
(flow discharge at the end of the flume divided by
discharge at the beginning of the flume) at the end
of the flume for the rainfall intensity used in our
experiments. If rainfall is uniformly distributed over
the flume, flow discharge increases linearly with
distance on the flume. Evidently, the increase is thus
maximal at the flume outlet. Fig. 5 shows that espe-
cially at higher flow conditions, the relative increase
in flow discharge due to rainfall is rather limited for
the rainfall intensity used.

4.2. Raindrop impact on sediment transport

Fig. 6a and b compares the SDR’s of rain-impacted
and unimpacted flows on 1 and 2% slopes. On 2%
slopes, the estimated ratio of flow depth to median
drop diameter is between 1.3 and 2.5, whereas on
1% slopes, the ratio lies between 1.8 and 3.0. Conse-
quently, flow depths for all discharges studied are
smaller than three times the median raindrop
diameter. These results show that, under these circum-
stances, there is a significant increase in sediment
delivery due to raindrop impact. On 2% slopes, rain-
fall has the greatest effect on the SDR at low flow
discharges. At higher discharges, the effect of rainfall
on the SDR diminishes.

These observations can be explained as follows.
Below the threshold value at which there is a sharp
rise in the transport capacity of unimpacted flow
(Beuselinck et al.,, 1999a), the influence of flow
energy on transport capacity is negligible. In this
situation, the flow is unable to re-entrain significant
amounts of previously deposited sediment. Thus, the
SDR of the unimpacted flow depends only on the fall
velocities of the particles and on the velocity of the
flow. In the Hairsine—Rose theory (1991), it is
assumed that previously deposited sediment particles
are lifted into the water layer as a results of raindrop
impact. Hairsine and Rose (1991) label this process
‘rainfall re-detachment’. Re-detached sediment is
mixed within the water layer, and these suspended

particles rapidly acquire the horizontal velocity of
the flow. These particles return to the accumulating
deposited layer, as transport capacity is negligible.
However, not all sediment will immediately be re-
deposited on the flume bed. The rate of sediment
deposition depends both on the sediment fall velocity
and on the horizontal flow velocity. Part of the
previously deposited sediment is thus exported out
of the flume by successive trajectories, which is the
net result of re-detachment by raindrop impact and
deposition by settling. At discharges above the
threshold value, previously deposited sediment is
re-entrained by the flow (Beuselinck et al., 1999a,
2001a,b). At these discharges, sediment re-detach-
ment and re-entrainment occur simultaneously.
Both the sediment that is still into suspension
and the deposited sediment brought in suspension
by flow re-entrainment and rain re-detachment are
continuously settling down at a rate dependent on
the sediment fall velocity. Consequently at all
discharges where net sediment deposition occurs
raindrop impact causes an increase in transported
sediment concentration due to the described lag
period between sediment re-detachment and subse-
quent deposition.

On both 1 and 2% slopes, the net effect of raindrop
impact on SDR stays relatively constant with increas-
ing discharge at low discharges (Fig. 6a and b). Flow
depth increases with increasing discharge. Several
studies showed the negative effect of increasing flow
depth on raindrop detachment (e.g. Palmer, 1965;
Mutchler and Young, 1975; Ghadiri and Payne,
1981; Kinnell, 1991). However, an increase in
discharge not only results in an increase in flow
depth but also in an increase in flow velocity. The
decline in sediment detachment due to the increase
in flow depth is thus (partially) offset by the more
efficient export of the detached sediment due to the
higher flow velocity. Moss (1988) and Kinnell (1991)
showed clearly that at a constant flow depth the trans-
port rate of detached sediment increases linearly with
increasing flow velocity.

At discharges at which most inflow sediment is
exported out of the flume the relative importance of
raindrop impact on sediment transport is smaller. This
suggests that the negative effect of an increase in flow
depth on sediment detachment becomes more impor-
tant at higher flow conditions than the more efficient
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delivery of the detached sediment due to the increase
in flow velocity.

Comparison of Fig. 6a and b indicates that the net
effect of the raindrop impact is more pronounced on a
2% slope than on a 1% slope. An increase in bed slope
causes both a decline in flow depth and an increase in
flow velocity. The positive effect of a reduction in
flow depth on rain detachment is thus amplified by a
more efficient transport of the detached sediment at
higher flow velocities. Therefore, the net raindrop
impact on SDR is more important on higher surface
slopes.

5. Model description
5.1. Model

Hairsine and Rose (1991, 1992) developed a new
model describing the processes of rainfall detach-
ment, entrainment by the flow, sediment deposition,
rainfall re-detachment and sediment re-entrainment
by the flow. Hairsine and Rose (1991) provided and
Proffitt et al. (1991) tested the equilibrium solution to
the mass balance equation describing rainfall detach-
ment and deposition in the absence of flow-driven
processes. Recently, Hairsine et al. (1999) and Sander
et al. (1996) provided the non-equilibrium solution to
this equation, describing the processes of sediment
sorting in the early phases of a runoff event when
the deposited layer is developing.

Hairsine et al. (2001) presented the mass balance
equation describing sediment transport through areas
of net deposition in both presence of raindrop impact
and flow-driven processes. Sander et al. (2001)
provided a multi-class solution to the mass balance
for the case of simultaneous deposition and re-entrain-
ment in the absence of raindrop impact. Beuselinck et
al. (2001b) evaluated this approach using experimen-
tal data collected for a range of hydraulic conditions.
These authors concluded that the multi-class sediment
deposition equation proposed by Hairsine et al. (2001)
accurately predicts sediment sorting during transport
by overland flow over an area of net deposition in the
absence of raindrop impact. Here, we describe the
multi-class solution for the Hairsine et al. (2001)
equation in the presence of both raindrop impact
and flow-driven processes. We selected the appropri-

ate solution to the Hairsine et al. (2001) equation
taking into account the conditions that applied during
the experiments described above.

Hairsine and Rose (1992) described soil erosion of
a cohesive soil by sheet flow as the outcome of the rate
of rainfall detachment (e;), the rate of rainfall re-
detachment (ey;), the rate of entrainment (r.;), and
the rate of re-entrainment (r,;), minus the rate of
deposition (d;) in the presence of sheet flow.

More specifically, if movement of sediment and
water is considered to occur in a strip of unit width
down a plane surface, then mass conservation of the
sediment for this system is given by:

d(ciq) + a(c;D) _

ax ot e; + Vej + €4; + ry — d[, (1)

where ¢ is the water discharge per unit width of the
flow, D is the water depth, c; is the sediment concen-
tration and the subscript i denotes the sediment class.

The following conditions apply for the sediment
deposition experiments:

1. The experiments were conducted with steady
inflowing discharge and sediment input. Although
the mass of the deposit and the spatial pattern of the
deposit vary in time, the experimental data show
that the outflow sediment concentration of each
settling velocity class was time invariant during
the experimental run (Fig. 2). Therefore, water
flux and sediment concentration are taken as time
invariant when solving Eq. (1). This is probably a
simplication as sediment concentrations at other
points on the flume than the outlet may have varied
with time. However, no experimental data are
available to assess this variation.

2. The deposit is continuously accumulating so that in
the area under consideration, entrainment of new
sediment does not occur. For most experiments, the
experimental flume was completely shielded by the
deposited mass. This is consistent with the devel-
opment in Hairsine et al. (2001).

3. Due to the rainfall flow discharge increases with
distance on the depositional flume. However, as
shown in Fig. 5, the increase in flow discharge is
rather limited for the rainfall intensity used in our
experiments. Therefore, we assume that the down-
slope increase in discharge due to rainfall is negli-
gible and that, consequently, flow discharge
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remains constant downslope. This simplification
greatly reduces the complexity of the solution.

For the above conditions the mass conservation (Eq.
(1)) reduces to

dc,-
gy =1y T eq — d; (2)

Both rain detachment and rain re-detachment are
assumed to be non-size-selective (Hairsine and
Rose, 1991).

_ » My
eq = HayP My’ 3
where H is the fractional shielding of the soil by the
deposited layer, aq is the re-detachability of the soil, P
is the rainfall rate, p is an exponent, My, is the mass of
sediment of class 7 in the deposited layer and M, is the
total mass of the deposited layer per unit area. aq is
attenuated by increasing flow depth. This effect is
described by

aqg = ayo forD = D(), (4)

ag = ad(,(E) for D > D,, 4)
where ay is the maximum value of the re-detachabil-
ity, D is the flow depth, D, is the critical flow depth
and b is an exponent.

From Hairsine and Rose (1992), the rate of deposi-
tion per unit bed area is given by

di = o;V;C;, (6)

where «; is the vertical mixing coefficient ( = ratio of
the sediment concentration of class i adjacent to the
bed to the mean sediment concentration of class i), v;
is the representative settling velocity for size class i.

The rate of re-entrainment per unit bed area is given
by

(N

i =

alHF g ( Q - ‘QO ) Mdi
g (@—p D My’

where F is the fraction of stream power used for re-
entrainment, g is the acceleration due to gravity, o is
the sediment density, p is the water density, (2 is the
stream power, (2 is the critical stream power.
Substituting Eq. (5) into Eq. (3) and Egs. (3), (6)

and (7) into Eq. (2) gives

dCi aHF g (Q - Qo) Mdi
q— —
dx g (0—p D My
Dy \? , My,
+ ado(Ho) Pp Mji - Q;V;C;. (8)

As mentioned earlier, the depositional mass is
continuously accumulating on the experimental
flume. Consequently, the flume was totally shielded
by the deposited sediment, so that H = 1. Further-
more, an additional simplification is made in this deri-
vation by assuming that the «;-term (i.e. the vertical
mixing coefficient) is independent of settling velocity
class and that, consequently, « is a fixed constant.

Flow depth is given by the generalised depth-
discharge equation

D:(ﬁ)#, ©)

where K and m are hydraulic constants.
Substituting Eq. (9) into Eq. (8) results in

dc;
a5 = Y0 — av. (10)
where
al o 1 1
Y= — ——Kmg m(Q2 =1
g (cd—p

1o_1\°
+ ado(DoKEqiﬁ) Pp

Eq. (10) is identical in form to the resulting multi-
class equation in the absence of rainfall impact.
Making the simplification that flow discharge is inde-
pendent of distance downslope allows one to solve the
mass continuity equation in the same way in the
presence of rainfall as in the absence of rainfall
(Sander et al., 2001). Consequently, as in the absence
of rainfall, the resulting set of coupled ordinary differ-
ential equations can be solved using the exact analy-
tical closed form solution to Eq. (10) presented by
Sander et al. (2001).
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Table 1
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Experimental and input parameters for the Hairsine et al. net deposition algorithm in the presence of rainfall

Symbol Description Value
Experimental variables q Unit discharge 0.00034-0.00138 m*s '
Cin Inflow sediment concentration 51-171 kg m3
S Slope 0.01-0.02
Input parameters p Water density 1000 kg m~*
o Sediment density 2600 kg m~*
K Hydraulic parameter 10-14
m Exponent 1.66
o Vertical mixing coefficient 1
v; Settling velocity range 43%x1077-32%x10  ms!
(0, Threshold of re-entrainment 0.185-0.20 W m ™2
F Re-entrainment parameter 0.0013
P Rainfall intensity 0.0000125 m s~
P Exponent 1
D, Critical flow depth 0.002 m
b Exponent 0.66
aqo Re-detachability parameter Optimised parameter (kg m™°)

5.2. Input parameters

The input parameters to the net deposition algo-
rithm are listed in Table 1. The K and the m terms
are related to the flow hydraulics. Beuselinck et al.
(2001a) showed that for experiments conducted at
relatively low slopes normal flow depth in unimpacted
flows is described well by Manning’s equation
(Manning’s n = 0.10). This is not necessarily the
case for rain-impacted flows, since rain-impact retards
the flow velocity. In the rain-impacted experiments

presented in this paper, flow retardation due to rain-
drop impact is limited (Fig. 4). As a result, the same
Manning’s n can be used to predict flow velocity (Fig.
7).

Proffitt et al. (1991) assumed that the term «; (the
ratio of the sediment concentration adjacent to the bed
to the mean concentration across the entire depth)
equals unity in rain-impacted flows, since the raindrop
impact and the flow-induced turbulence is likely to
mix the sediment uniformly trough the water layer.
Beuselinck et al. (1999b) showed that even in
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"» 0.300 . e
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£ o A
o Pl
g 0.200 -
o . .«
3 .
=} Phe
a .
2 0.100 s 1% slope
L7 * 2% slope
- --- 1:1 line
0.000 +=
0.000 0.100 0.200 0.300 0.400

Predicted Velocity (m s™)

Fig. 7. Predicted mean velocity (Manning’s equation) versus estimated mean velocity (measured leading edge velocity multiplied by correction

factors proposed by Li et al. (1996)) for all rain impacted experiments.
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Table 2

Parameter ranges of the sediment deposition data used for calibration and validation of the multi-class net deposition equation in the presence of

rainfall (n) = number of experiments)

ny Unit discharge m?s7hH Slope (m mY Inflow sediment conc. (kg ) Material
Data used for calibration 10 0.00034-0.00138 59-167 Silty soil type B
Data used for evaluation 9 0.00045-0.00135 0.01-0.02 51-171 Silty soil type B

unimpacted flows there is no vertical sediment gradi-
ent in the sediment-laden shallow overland flow.
Consequently, the «; term is taken as unity in this
study.

The inflow sediment-size distribution is divided
into 10 size classes of equal mass. For each size
class a characteristic settling velocity is calculated
using the algorithm presented by Dietrich (1982)
using the mean class size, a shape factor of 0.7 and
a roundness value of 3.5.

The threshold value at which there is a sharp rise in
sediment flux as measured by Beuselinck et al.
(1999a) is used as critical stream power ({2;). We
assume that rainfall impact has no effect on the thresh-
old value. Below the threshold value, the model
describes sediment transport by overland flow as the
net outcome of simultaneous deposition at a rate
proportional to the settling velocity of the classes
and raindrop re-detachment of the deposit. At flow
conditions above the threshold value, the model
assumes that sediment deposition, flow re-entrain-
ment and rain re-detachment occur simultaneously.

The optimised F-value (i.e. the fraction of the
stream power available for sediment re-entrainment)
obtained in the calibration run of the unimpacted net
deposition equation (Beuselinck et al., 2001b) is used
for the evaluation of the rain-impacted net deposition
equation. Thus, it is assumed that raindrop impact
does not affect the threshold value at which there is
a sharp rise in transport capacity nor the fraction of the
stream power available for re-entrainment.

Proffitt et al. (1991) experimentally determined a
value of exponent p of 0.88. This value was obtained
using two different soil types, three flow depths and
two rainfall rates. Proffitt et al. (1991) assumed that p
was unity in their determination of the detachability
values, a and ay, since standardisation of the exponent
p simplifies the comparison of the susceptibilities of
various soils to rain (re-)detachment. Therefore, in
this study a p value of 1 is adopted. Based on the

experimental work of Proffitt et al. (1991), Dy, the
critical water depth up to which the detachability
values are at their maximum is taken as 0.002 m.
For flows deeper than this critical depth, the Hair-
sine—Rose model assumes that the relationship
between flow depth and detachability can be
described by a negative power function (Eq. (4)).
The exponent b of this power function is assigned a
value of —0.66 based on the same set of experiments
carried out by Proffitt et al. (1991).

The susceptibility of the soil to rainfall re-detach-
ment (aq)) remains the only unknown in the net
deposition algorithm for rain-impacted overland
flow (Eq. (10)). Consequently, calibration is carried
out by adjusting the aqy value between 0 and
225 000 kg m*. If a4y = 0, the deposited sediment
is not susceptible to re-detachment. In these circum-
stances, the algorithm reduces to the simple settling
theory at discharges below the threshold and to the
solution for unimpacted flows for discharges above
the threshold. If agy = 225000 kg m >, the algorithm
predicts total sediment delivery for each experiment
used in the calibration run.

6. Model testing
6.1. Model calibration and evaluation procedure

The rain-impacted sediment deposition dataset is
divided into two subsets for calibration and evaluation
of the model. Ten experiments conducted on a 2%
slope are selected for calibration. Five experiments
carried out on a 2% slope and four experiments
conducted on a 1% slope are used for evaluation of
the optimised model. Table 2 gives the parameter
ranges for both experimental data sets.

The net deposition algorithm for rain-impacted
flow was calibrated for a4y by minimising the error
in both the overall outflow sediment concentration
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and the settling velocity distribution of the exported
sediment. The same statistical method as was used to
calibrate the unimpacted net deposition theory
(Beuselinck et al., 2001b) was used to calibrate the
rain-impacted net deposition theory. This method
minimises the error in both the total outflow sediment
concentration and the settling velocity distribution of
the exported sediment. The goodness of it was
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Fig. 9. Predicted versus measured overall sediment concentration
using the optimised re-detachability value to predict the sediment
deposition data used for calibration.

measured by the mean square error

7o 10 .. — P.. 2
MSE = © z(zw) (a1

ny j=1 \i=1 ij

where O is the observed outflow sediment concentra-
tion, P is the predicted outflow sediment concentra-
tion, ny is the number of experiments and the
subscripts i and j denote the class number and experi-
ment number, respectively.

The model was evaluated using the second subset
of data by predicting total outflow and the settling
velocity distribution of the delivered sediment using
the optimised re-detachability value obtained in the
calibration run.

6.2. Model calibration

Fig. 8 shows the objective function resulting from
the calibration of the model. The best predictions for
both the overall outflow sediment concentrations and
for the settling velocity distribution of the exported
sediment are obtained when using a detachability
value of 22 500 kg m * (MSE = 5.5). If the raindrop
impact is neglected (a4 = 0 kg m~*) a MSE value of
12.5 is obtained. Assuming, on the other hand, that all
sediment is exported out of the flume (aq) =
225000 kg m ), results in a MSE of 58.3. Conse-
quently, predictions of the overall outflow sediment
concentration and of the settling-velocity distribution
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to predict the sediment deposition data used for calibration.

of the exported sediment can be improved by intro-
duction of the rain re-detachment function if the
appropriate parameter value for the re-detachability
is used. The optimised re-detachability value of
22 500 kg m~* corresponds with the re-detachability
value obtained by Proffitt et al. (1991) for a weakly
structured Aridisol. Proffitt et al. (1991) obtained a
significantly lower re-detachability value for a well-
aggregated Vertisol.

Fig. 9 shows the predicted versus the measured
overall outflow sediment concentration for all
experiments in the calibration run using the opti-
mised re-detachability value. There is good agree-
ment between predicted and measured outflow
sediment concentrations for the experiments
conducted with a low- and a medium-inflow sedi-
ment concentration. However, outflow sediment
concentrations are underpredicted for the experi-
ments carried out with a high-inflow sediment
concentration. For most experiments, the model
predicts reasonably well the outflow sediment
concentration for each size class separately (Fig.
10). MSE’s are highest for the coarsest size frac-
tions (Table 3). However, for experiments
conducted at a high inflow sediment concentration,
outflow sediment concentrations are underpre-
dicted for most size classes.

6.3. Model evaluation

For the experiments employed in the evaluation
process the predicted outflow sediment concentrations
using the optimised model are in agreement with the
observed outflow sediment concentrations (Figs. 11
and 12). The MSE for the sediment deposition data
selected for evaluation is significantly lower than the
MSE obtained for the experiments used for calibration
(Table 3). The optimised model also predicts well the
sediment-size distribution of the exported sediment.
The MSE is highest for the coarsest fraction (Table 3).
The export of the coarsest material is underestimated
by the model, whereas the export of fines is overesti-
mated.

7. Discussion

Fig. 13 shows the predicted (optimised model)
effect of the rainfall on SDR on 1 and 2% slopes.
On the 1% slope flow re-entrainment is negligible at
discharges below 0.002 m” s ~'. The predicted relative
importance of the raindrop impact decreases slightly
with increasing flow discharge. On the 2% slope the
optimised solution predicts that the relative impor-
tance of raindrop impact is much smaller for



L. Beuselinck et al. / Journal of Hydrology 257 (2002) 145-163

158

800 Sv'o ¥T0
L9°0 SLO §To
€ro 890 €0
S9'1 681 001

61°0
120
€0
€L’0

LT°0
120
8C°0
960

cro
S1'o
120
8¢°0

L00
800
S1'o
o

900
S0'0
7o
480

600
91’0
010
(AN0]

€ro 910
€0 geo
SI'o 0co
(440 geo

AV
ASIN  UonEpIfEA

AvVIN
ASIN  uoneIqi[e)

20T XOT'T ¢ OTXE0E ¢ OIXLLT ¢ OIXTTT ,_01X0S'8 , 0TXS9S , OIXPTE , 0IXITT (OIXI8T o 01 X9I'T Anoofoa Jurmos soddp

¢ OTXE0E  OTXLLT ¢ OIXTTT , 01 X0S'8 , 01 XSYS , 01 X+TE , 01X ITT ( OTXI8T ¢ 0T X9I'T

— K10012A 3uIRs 10MO]

[e1I0L o1 6

8

L

9

S

¥

€

[4 !

sse[)

[Tejurer jo aouasaid ayy ur uonenba uonisodap 19u ssepd-nnuw oyl Jo (6 = %u) uonenyead pue (0] = %u) uoneIqIEd
A1) 10J P230[es vep uonisodop JUAWIPIs ) SUISN UONENUIIUOD JUSWIPIS MO[INO [8)0) A} I0J puk SSe[d AJIO0[IA SUIISS OB 10J JOIID N[0S UBW Pue JOLD aIenbs uedA

€ 9lqeL



L. Beuselinck et al. / Journal of Hydrology 257 (2002) 145-163

“e 140 -
o |
= ! — 1:1line /
S 1201771 © 2%slope; 76-90 kg m” / :
b= | ® 2% slope; 171 kg m™
[
Z 100 - O 2% slope; 51 kg m™ o / o
3 | A 1% slope; 70-84 kg m™
5 7
© 80+ - - S e -
5 ‘ ' /
<)

£ e ——
(% |

|
z l &
g 40477 ,774%4777~777 IS N p—
= | )
S5 | a
g 20 14— /,,,,, _—t I
3
@
% 0 T T T T T

0 20 40 60 80 100 120 140

Predicted Outflow Sediment Concentration (kg m'3)

Fig. 11. Predicted versus measured overall sediment concentration
using the optimised re-detachability value to predict the sediment
deposition data used for validation.

conditions where sediment re-entrainment is signifi-
cant than for discharges where sediment re-entrain-
ment is negligible, as was experimentally observed.
For discharges below the threshold value for flow re-
entrainment, rain re-detachment is slightly more
important on the 2% slope than at the 1% slope. A
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comparison of Figs. 6 and 13 reveals that the opti-
mised model predicts well the effect of raindrop
impact on SDR as discharge increases.

Comparison of the experimental data with the
predictions of the multi-class solution indicates that
the optimised model predicts well the effect of varia-
tions in slope and unit discharge on rain-impacted
sediment deposition. This confirms that the slope
dependence of rainfall re-detachment results from
slope steepness affecting flow depth and flow velocity.
Furthermore, it illustrates that the decline in rain re-
detachment at increasing flow depth, resulting from an
increase in flow discharge, is partially offset by the
more efficient export of detached sediment at higher
flow rates. The model is unable to predict accurately
the effect of changes in inflow sediment concentration
on SDR in the presence of rainfall. The optimised re-
detachability value seems to increase with increasing
inflow sediment concentration. This can be explained
by the simplifications made when developing the
theory, as was described by Beuselinck et al
(2001a,b). In developing the multi-class model
normal flow conditions were assumed. However, the
steeper lead-in flume causes transitional flow hydrau-
lics in the beginning of the depositional flume. These
non-normal flow conditions have an impact on the
decline in sediment concentration down-flume.
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Fig. 12. Predicted versus measured sediment concentration for each of the 10 settling velocity class using the optimised re-detachability value

to predict the sediment deposition data used for validation.
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The Hairsine—Rose theory model assumes that
raindrop impact detaches sediment non-selectively
from the previously deposited mass, which is much
coarser than the inflow sediment. This re-detached
sediment is partially re-deposited as a result of the
trajectories of widely varying lengths. Consequently,
the model predicts that part of this mainly coarse sedi-
ment, which would be deposited in the absence of
rainfall, is exported out of the flume due to rain re-
detachment. Also for discharges at which sediment re-
entrainment is significant, rain re-detachment results
in additional export of coarse particles. If rainfall re-
detachment is neglected in the predictions of the
outflow sediment concentrations, the predicted
outflow size distribution is finer than the observed
size distribution. Using the optimised detachability
value significantly improves the prediction of the
outflow sediment concentration for each settling velo-
city class, as is illustrated in Fig. 14. Comparison of
predicted and observed outflow sediment concentra-
tions for each settling velocity class shows that the
assumption of non-selective re-detachment, non-
selective re-entrainment and size-selective deposition
predicts reasonably well the size selectivity of the net
deposition process (Figs. 10 and 12). The term My,/My;
incorporated in the Hairsine—Rose model to describe
the non-selective re-detachment is thus a valuable
term to predict the size-selectivity of the deposition
process in the presence of rainfall.

The multi-class solution for the Hairsine et al.
(2001) rain-impacted net deposition equation under-
predicts the export of the coarsest settling velocity
class and slightly overpredicts export of fines. The
same discrepancies were observed when predicting
sediment export in the absence of rainfall (Beuselinck
et al., 1999b, 2001b). Underestimation of the coarsest
sediment fraction is explained by bedload transport
processes (Beuselinck et al. 1999b). The overpre-
dicted export of fines is attributed to the trapping of
fines in the wake of coarser particles. Both processes
are not incorporated in the Hairsine—Rose model.

The equation describing raindrop impact in the
Hairsine—Rose model (Hairsine and Rose, 1991; Eq.
(2)) is similar to the equation incorporated in the
EUROSEM model (Morgan et al., 1998). In both
equations, sediment detachment by raindrop impact
depends on an erosivity parameter (i.e. rain intensity
in the Hairsine—Rose model, kinetic energy in the

EUROSEM model), on the detachability of the sedi-
ment, and on the depth of water covering the source
sediment. The main difference between these models
is that the EUROSEM equation uses a single charac-
teristic sediment size class, whereas the Hairsine—
Rose equation is a multi-class equation. The main
advantage of the latter model is that it can give infor-
mation on sediment sorting and, hence, on the related
chemical sediment quality.

There is still discussion about which rain erosivity
parameter can best be used to predict soil detachment
by splash (Salles and Poesen, 2000). Some authors use
a power function of the rainfall intensity to predict the
effect of raindrop impact on soil detachment (e.g.
Smith and Wishmeier, 1957; Govers, 1991; Nearing
et al., 1989; Hairsine and Rose, 1991; Eq. (3)). Others
use a function of the kinetic energy (e.g. Young and
Wiersma, 1973; Quansah, 1981; Poesen, 1985;
Morgan et al., 1998; Eq. (5)) or of the rainfall momen-
tum (e.g. Park et al., 1983; Schmidt, 1991). Salles and
Poesen (2000) and Salles et al. (2000) compared these
different erosivity parameters and concluded that rain-
fall momentum multiplied by the raindrop diameter is
the most suitable parameter to predict soil detachment
by splash in the absence of overland flow. An addi-
tional advantage of the using kinetic energy or
momentum of the rain is that these erosivity para-
meters are capable of taking into account the effect
of a vegetation canopy on sediment detachment by
raindrop impact (Brandt, 1988). Larger drop sizes
from leaf drip (Salles and Poesen, 2000) and lower
fall velocities (Young and Wiersma, 1973) influence
the rainfall kinetic energy and the momentum of the
rain, whereas the overall rainfall intensity remains
constant. However, Moss and Green (1983) show
that no simple relationship can exist between kinetic
energy and rain-flow transportation. Kinnell (1991)
also states that kinetic energy is not a good
predictor of rain-impacted sediment transport by
overland flow due to the interactions of drop and
flow energy. Walker et al. (1978) found that sedi-
ment flux due to raindrop impact on overland flow
is closely related to rainfall intensity. Further
research should focus on which erosivity para-
meter best predicts rain detachment in the
presence of a water layer covering the source
material. The best parameter could be simply
incorporated in the presented model.
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8. Conclusions

Rainfall affects both overland flow hydraulics and
sediment transport. In this experiments, only limited
surface flow retardation due to raindrop impact was
measured. This is probably due to the low rainfall
intensity and the small median raindrop size used in
the experiments. A reduction in flow velocity has
negative consequences for sediment delivery. Due to
the flow retardation, the suspended sediment is less
efficiently transported over the area of net deposition.
Additionally, flow depth increases. As a result the
efficiency of raindrop re-detachment also diminishes.

The negative effect of flow retardation on sediment
transport by rain-impacted overland flow is over-
whelmed by the positive effect due to rain re-detach-
ment of previously deposited sediment. The
experimental results clearly show the increase in sedi-
ment delivery due to raindrop impact. In the presence
of rainfall, significantly more coarse material is
exported out of the flume. Raindrop impact re-
detaches sediment from the previously formed
deposit. This sediment is then transported by the
flow, settling at a rate proportional to the sedi-
ment’s fall velocity. Deposited sediment may
subsequently be re-detached by the raindrop
impact. Consequently, the observed increase in
SDR is caused by re-detachment introducing
more sediment into the flow.

Comparison of the experimental data collected
under rainfall conditions with the multi-class model
(Hairsine et al., 2001; Sander et al., 2001) showed that
the solution predicts reasonably well the overall sedi-
ment delivery and the sediment sorting during sedi-
ment transport over areas of net deposition. The
impact of changes in slope and in unit discharge on
rain re-detachment in conditions where sediment
deposition may occur are well described by the model.

As observed in the experimental data, the theory
predicts that considerable amounts of coarse sedi-
ment, which would be deposited in the absence of
rainfall, are transported over an area of net deposition
due to rainfall impact. These results indicate that the
physical approach of non-selective re-detachment and
size-selective sediment re-deposition used in the Hair-
sine—Rose model does accurately describe the impact
of rainfall on the size selectivity of the deposition
process.

Acknowledgements

This research was conducted as part of a research
project funded by the Katholieke Universiteit Leuven
(OT 95/15—PDM/99/062), whose support is grate-
fully acknowledged.

References

Abrahams, A.D., Li, G., Krishan, C., Atkinson, J.F., 1998. Predict-
ing sediment transport by interrill overland flow on rough
surfaces. Earth Surf. Process. Landforms 23 (12), 1087-1099.

Beuselinck, L., Govers, G., Poesen, J., Degraer, G., Froyen, L.,
1998. Grain-size analysis by laser diffractometry: comparison
with the sieve—pipette method. Catena 32, 193—-208.

Beuselinck, L., Govers, G., Steegen, A., Quine, T.A., 1999a. Sedi-
ment transport by overland flow over an area of net deposition.
Hydrol. Process. 13 (17), 2769-2782.

Beuselinck, L., Govers, G., Steegen, A., Hairsine, P.B., Poesen, J.,
1999b. Evaluation of the simple settling theory for predicting
sediment deposition by overland flow. Earth Surf. Process.
Landforms 24 (11), 993-1007.

Beuselinck, L., Hairsine, P.B., Govers, G., 2001a. Evaluating a
single class net deposition equations in overland flow condi-
tions. Water Resour. Res. in press.

Beuselinck, L., Hairsine, P.B., Sander, G.C., Govers, G., 2001b.
Evaluating a multi-class net sediment deposition equation in
overland flow conditions. Water Resour. Res. in press.

Brandt, J., 1988. The transformation of rainfall energy by a tropical
rainforest canopy in relation to soil erosion. J. Biogeography 15,
41-48.

Dietrich, W.E., 1982. Settling velocity of natural particles. Water
Resour. Res. 18 (6), 1615-1626.

Everaert, W., 1991. Empirical relations for the sediment transport
capacity of interrill flow. Earth Surf. Process. Landforms 16,
513-532.

Ferreira, A.G., Singer, M.J., 1985. Energy dissipation for water drop
impact into shallow pools. Soil Sci. Soc. Am. J. 49, 1537-1542.

Ghadiri, H., Payne, D., 1981. Raindrop impact stress. J. Soil Sci. 32,
41-49.

Glass, L.J., Smerdon, E.T., 1967. Effect of rainfall on the velocity
profile in shallow-channel flow. Trans. ASAE 10, 330-336.
Govers, G., 1991. Spatial and temporal variations in splash detach-
ment: a field study. In: Okuda, S., Rapp, A., Linguan, Z. (Eds.).
Loess, Geomorphological Hazards and Processes, Catena

Supplement 20. Catena, Cremlingen, pp. 15-24.

Guy, B.T., Dickinson, W.T., Rudra, R.P., Wall, G.J., 1990. Hydrau-
lics of sediment-laden sheetflow and the influence of simulated
rainfall. Earth Surf. Process. Landforms 15, 101-118.

Hairsine, P.B., Rose, C.W., 1991. Rainfall detachment and deposi-
tion: sediment transport in the absence of flow-driven processes.
Soil Sci. Soc. Am. J. 55, 320-324.

Hairsine, P.B., Rose, C.W., 1992. Modeling water erosion due to
overland flow using physical principles 1. Sheet flow. Water
Resour. Res. 28 (1), 237-243.



L. Beuselinck et al. / Journal of Hydrology 257 (2002) 145-163 163

Hairsine, P.B., Sander, G.C., Rose, C.W., Parlange, J.-Y., Hogarth,
W.L.,, Lisle, 1., Rouhipour, H., 1999. Unsteady soil erosion due
to rainfall impact: a model of sediment sorting on hillslopes. J.
Hydrol. 220, 115-128.

Hairsine, P.B., Beuselinck, L., Sander, G.C., 2001. Sediment trans-
port through an area of net deposition. Water Resour. Res. in
press.

Kinnell, P.I.LA., 1991. The effect of flow depth on sediment transport
induced by raindrops impacting shallow flows. Trans. ASAE 34
(1), 161-168.

Li, G., Abrahams, A.D., Atkinson, J.F., 1996. Correction factors in
the determination of mean velocity of overland flow. Earth
Surface Processes and Landforms, 21, 509-515.

Moeyersons, J., De Ploey, J., 1976. Quantitative data on splash
erosion, simulated on unvegetated slopes. Z. Geomorph. 25,
120-131.

Morgan, R.P.C., Quinton, J.N., Smith, R.E., Govers, G., Poesen,
J.W.A., Auerswald, K., Chisci, G., Torri, D., Styczen, M.E.,
1998. The European soil erosion model (EUROSEM): a dynamic
approach for predicting sediment transport from fields and small
catchments. Earth Surf. Process. Landforms 23, 527-544.

Moss, A.J., 1988. The effects of flow-velocity variations on rain-
driven transportation and the role of raindrop impact in the
movement of solids. Austr. J. Soil Res. 26, 443-450.

Moss, A.J., Green, P., 1983. Movement of solids in air and water by
raindrop impact. Effects of drop-size and water-depth varia-
tions. Austr. J. Soil Res. 21, 257-269.

Moss, A.J., Walker, P.H., Hutka, J., 1979. Raindrop-stimulated
transportation in shallow water flows: an experimental study.
Sediment. Geol. 22, 165-184.

Mutchler, C.K., Young, R.A., 1975. Soil detachment by raindrops.
Present and prospective technology for predicting sediment
yields and sources. Proceedings of sediment yield workshop,
28-30 November 1972. Rep. ARS-S-40, USDA Sediment
Lab, Oxford, pp. 113-117.

Nearing, M.A., Foster, G.R., Lane, L.J., Finkner, S.C., 1989. A
process-based soil erosion model for USDA-water prediction
project technology. Trans. ASAE 32 (5), 1587-1592.

Palmer, R.S., 1964. The influence of a thin water layer on waterdrop
impact forces. IAHS Publ. 65, 141-148.

Palmer, R.S., 1965. Waterdrop impact forces. Trans. ASAE 8 (69/
70), 72.

Park, S.W., Mitchell, J.K., Bubenzer, G.D., 1983. Rainfall charac-
teristics and their relation to splash erosion. Trans. ASAE 26 (3),
795-804.

Poesen, J., 1985. An improved splash transport model. Z.
Geomorph. 29, 193-211.

Poesen, J., Savat, J., 1981. Detachment and transportation of loose
sediments by raindrop splash. Part II: detachability and trans-
portability measurements. Catena 8, 19-41.

Poesen, J., Ingelmo-Sanchez, F., Miicher, H., 1990. The hydrologi-
cal response of soil surfaces to rainfall as affected by cover and
position of rock fragments in the top layer. Earth Surf. Process.
Landforms 15, 653-671.

Proffitt, A.P.B., Rose, C.W., 1991. Soil erosion processes. I. The

relative importance of rainfall detachment and runoff entrain-
ment. Austr. J. Soil Res. 29, 671-683.

Proffitt, A.P.B., Rose, C.W., Hairsine, P.B., 1991. Rainfall detach-
ment and deposition: experiments with low slopes and signifi-
cant water depths. Soil Sci. Soc. Am. J. 55, 325-332.

Quansah, C., 1981. The effect of soil type, slope, rain intensity and
their interactions on splash detachment and transport. J. Soil Sci.
32, 215-224.

Quansah, C., 1985. The effect of soil type, slope, flow rate and their
interactions on detachment by overland flow with and without
rain. Catena 6 (Suppl.), 19-28.

Salles, C., Poesen, J., 2000. Rain properties controlling soil splash
detachment. Hydrol. Process. 14, 271-282.

Salles, C., Poesen, J., Borselli, L., 1999. Measurement of simulated
drop size distribution with an optical spectro pluviometer:
sampling considerations. Earth Surf. Process. Landforms 24
(6), 545-556.

Salles, C., Poesen, J., Govers, G., 2000. Statistical and physical
analysis of soil detachment by raindrop impact: rain erosivity
indices and threshold energy. Water Resour. Res. 36 (9), 2721—
2729.

Sander, G.C., Hairsine, P.B., Rose, C.W., Cassidy, D., Parlange, J.-
Y., Hogarth, W.L., Lisle, I.G., 1996. Unsteady soil erosion
model, analytical solutions and comparison with experimental
results. J. Hydrol. 178 (1-4), 351-367.

Sander, G.C., Hairsine, P.B., Beuselinck, L., Govers, G., 2001.
Sediment transport through an area of net deposition: multi-
class solutions. Water Resour. Res. in press.

Savat, J., 1977. The hydraulics of sheet flow on a smooth surface
and the effect of simulated rainfall. Earth Surf. Process. 2, 125—
140.

Savat, J., 1981. Work done by splash: laboratory experiments. Earth
Surf. Process. Landforms 6, 275-283.

Schmidt, J., 1991. A mathematical model to simulate rainfall
erosion. In: Bork, H.-R., De Ploey, J., Schick, A.P. (Eds.).
Erosion, Transport, Deposition Processes. Catena Supplement
19. Catena, Cremlingen, pp. 101-109.

Shen, HW., Li, R.-M., 1973. Rainfall effect on sheet flow over
smooth surface. J. Hydraul. Div. ASCE 99 (HYS), 771-792.

Smerdon, E.T., 1964. Effect of rainfall on critical tractive forces in
channels with shallow flow. Trans. ASAE 7, 287-290.

Smith, D.D., Wishmeier, W.H., 1957. Factors affecting sheet and
rill erosion. Trans. AGU 38 (6), 889-896.

Tuong, T.P., Painter, D.J., 1974. The interaction between a raindrop
and a shallow body of water. In: Lindley, D., Sutherland, A.J.
(Eds.), Conference Proceedings of the Fifth Australasian
Conference on Hydraulics and Fluid Mechanics, University of
Canterbury, New Zealand, pp. 96—102.

Walker, P.H., Kinnell, P.I.A., Green, P., 1978. Transport of a nonco-
hesive sandy mixture in rainfall and runoff experiments. Soil
Sci. Soc. Am. J. 42, 793-801.

Yoon, Y.N., Wenzel, H.G., 1971. Mechanics of sheet flow under
simulated rainfall. J. Hydraul. Div. ASCE 97 (HY9), 1367-1386.

Young, R.A., Wiersma, J.L., 1973. The role of rainfall impact in soil
detachment and transport. Water Resour. Res. 9 (6), 1629—
1636.



