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ABSTRACT: Recent studies of soil loss by the integrated action of raindrop impact and wind transport have demonstrated the
significance of this mechanism. This paper presents data obtained during wind-tunnel experiments examining the ‘Raindrop
Detachment and Wind-driven Transport’ (RD-WDT) process to investigate average sand particle trajectory and the spatial extent
at which the process operates. In the experimental design, at the same time as the horizontal wind velocities of 6·4, 10, and
12 m s–1 passed through the tunnel, rainfall was simulated falling on very well sorted dune sand. The aspect and slope of the sand bed
was varied to reproduce both windward (Ww) and leeward (Lw) slopes of 4º and 9º with respect to the prevailing wind direction.
The average sand particle trajectories by the RD-WDT process ( ) were estimated by a mass-distribution function, which was
integrated over a 7-m uniform slope segment. The results showed that  depended statistically upon the wind shear
velocity (u*), and the effect of the slope gradient (θ ) was insignificant on . This was different from that of the windless rain
process ( ), ‘Raindrop Detachment and Splash-driven Transport’ (RD-ST), the spatial range of which relies strongly on θ.
Additionally,  was approximately 2·27 ± 2·2 times greater than the average path of a typical saltating sand particle
of the rainless wind ( ), ‘Wind Erosion Saltation Transport’ (WE-ST). Copyright © 2009 John Wiley & Sons, Ltd.
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Introduction

Studies of wind-driven rain erosion processes have considerably
improved the prediction of soil loss by the integrated action
of raindrop impact and wind transport (Erpul and Gabriels,
2006). For example, when rainsplash and saltation sub-
processes are considered, Erpul et al. (2004) reports that the
process of ‘Raindrop Detachment and Wind-driven Transport’
(RD-WDT) under wind-driven rain differs from those under
rain-free wind and wind-free rain. Rainsplash erosion alone
[Raindrop Detachment and Splash Transport (RD-ST)] (Kinnell,
1999, 2005) is considered as a transport limited system since
transporting agents are not strong enough to carry detached
particles. The principal role of splash action by raindrop
impact is therefore in the detachment of soil particles prior to
their removal by existing agents such as overland flow, concen-
trated flow or wind (Morgan, 2007). However, in saltation, a
grain that is small enough to be lifted but not small enough
to stay in the air current is transported by rain-free wind. Of
the three modes of aeolian particle motion, creep (>500 µm),
saltation (50–500 µm) and suspension (<100 µm) (Bagnold,
1941), a saltation mode [Wind Erosion Saltation Transport
(WE-ST)] is the first requirement in any description of aeolian
transport processes (Gillette, 1977; Shao et al., 1993; Raupach

and Lu, 2004). Saltation is a transport limited system if the
supply of sand particles at the surface is infinite (Bagnold,
1941; Raupach and Lu, 2004). In this system, the ejected grain
falls back bombarding the surface with high energy (Gillette,
1977; Shao et al., 1993) and initiating the movement of other
particles.

The RD-WDT process differs from the WE-ST process of
rainless wind because, rather than sand bombardment causing
particle detachment, raindrops hitting the surface initiate the
jumping movement of sand particles, which are subsequently
transported by wind. In addition to its role in particle transport,
wind changes the velocity, frequency, and angle of the raindrop
impact and significantly affects the rainsplash detachment
rate or dislodgement rate, too (Erpul et al., 2003a). Unques-
tionably, the RD-WDT process differs from the RD-ST process
of windless rain in a way that raindrops impacting the surface
set off the jumping movement of sand particles and afterward
the slope gradient determines the distance the sand particle
travels rather than the wind (Riezebos and Epema, 1985; Wright,
1986, 1987; Poesen, 1985).

The RD-WDT process could clearly contribute to soil loss
during storm events when intense rains and strong winds work
together (Pedersen and Hasholt, 1995; Erpul, 2001; Erpul et al.,
2003b). Goossens et al. (2000) reported that spatial variations
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in rainfall during rain events were the major cause of the
differences in splash drift over a field, and that wind caused
oblique rainfall and an extra-displacement of soil particles
in the downwind direction. Vieira et al. (2004) presented
the influence of oblique rainfall on the genesis of coarse sand
accumulations and emphasized the importance of RD-WDT
as a main transportation mechanism. The importance of the
process on blanket peat erosion was signified by Warburton
(2003), Evans and Warburton (2005) and Foulds and Warburton
(2007a). Foulds and Warburton (2007b) found that dust flux
rates by saltation were in general up to two-orders of magnitude
lower than that recorded during periods of sustained wet
weather. Their measurements verified the previously unreported
rapid switch in process regime between wind-driven rainfall
and dry blow deflation in blanket peat environments. Distinction
of the climatic variables for the cases of either rain-free wind
and wind-free rain or wind-driven rain cases is significant for
modeling the sub-processes of wind and water erosion at a
large range of spatial and temporal scales (Visser and Palma,
2004). For instance, Visser and Sterk (2007) stated that either
uphill or downhill transport of sediments could occur by RD-
WDT, depending upon the prevailing wind direction unlike
the downhill only movement of particles by RD-ST. Erpul et al.
(2003b) showed that the sediment transport from interrill
areas was under-predicted considerably when the contribution
of the RD-WDT process to the interrill erosion could not be
accounted for, which suggests that RD-WDT should accurately
be represented in the prediction models for water erosion
under wind-driven rain.

The current paper investigates the average sand particle
trajectory by RD-WDT ( ), being particularly related
to the extent at which the process spatially acts, and aims to
improve the understanding of this transport process by the
integrated action of raindrop impact and wind transport.

Material and Methods

The RD-WDT experiments were performed under laboratory
conditions in the wind tunnel rainfall simulator facility of the
International Center for Eremology (ICE), Ghent University,
Belgium. The details of the wind tunnel were given by Gabriels
et al. (1997), and it was complementarily detailed by Cornelis
et al. (2004a), additionally including particulars of the drop
size distribution, intensity, and energy of the wind-driven rains
of the wind tunnel simulator. In the study, a continuous spraying
system of 10 downward-oriented nozzles simulated rainfall at
the same time as the horizontal wind velocities of 6·4, 10, and
12 m s–1 were generated. Tap water was used with an electrical
conductivity of 0·7 dS m–1 at 25 °C since dispersion could be
ignored. The raindrop size distributions for wind-driven rains
in the facility were described in detail by Erpul (1996) and
Erpul et al. (1998, 2000). In general, the raindrop sizes of

wind-driven rains have a narrow range around the median
raindrop size, and the most dominant raindrop size is 1·8 mm.
Table I shows the resultant impact velocities and the kinetic
energies of wind-driven rains measured by the kinetic energy
sensor (Erpul et al., 2003a).

The wind-driven rainfall intensities intercepted by windward
(Ww) and leeward slopes (Lw) of 7% and 16% (4·0° and 9·0°,
respectively) varied with the angle of the rain incidence
during the simulations (Sharon, 1970, 1980; Sharon et al.,
1983; Sharon et al., 1988; De Lima, 1990; Sharon and Arazi,
1997; Blocken and Carmeliet, 2000, 2002, 2004; Blocken et al.,
2005; Cornelis et al., 2004a; Blocken et al., 2006) and are
given in Table II. There were significant differences in the
wind-driven rainfall intensities between Ww and Lw slopes.
In previous studies, the impact frequency of raindrops with a
given energy determined the sand detachment rate at which
sand particles were supplied into the wind, but wind was the
only factor that transported the particles over some distances.
The RD-WDT in this study was a detachment-limited erosion
system since the capacity of the wind currents was sufficient
to transport detached sand particles.

Details of the experimental set-up which were specially
designed for the wind-driven rain erosion studies have been
reported by Erpul et al. (2002, 2004, 2008a, 2008b) (Figure 1).
Not only the sand pan but also the whole false bottom of the
wind tunnel was adjusted for the slopes of 4° and 9° to
maintain streamlined air currents and avoid edge effects on
the wind velocity profiles.

The sand used in this study was very well sorted dune sand
with a geometric particle diameter of 250 µm (Figure 2).
Calcium carbonate and organic matter content were 3·34%
and 0%, respectively. The electrical conductivity of the sand
was 0·72 dS m–1 at 25 °C and the bulk density was 1·7 Mg m–3

(Cornelis et al., 2004b, 2004c). The sand was placed into a
55-cm long and 20-cm wide pan with a perforated base to
allow free drainage, and it was located at a distance x = 6·45 m
downwind from the entrance of the wind tunnel working
section (Figure 1a) along its centerline with both Ww and Lw
slopes (Figure 1b and 1c, respectively) of 4° and 9°. For each run,
the surface was pre-wetted by spraying before it was exposed

XRD WDT−

Table II. Variation of the wind-driven rainfall intensities with the rain incidence angle during the simulations

θ 
(deg)

Ww Lw

6·4 m s–1 10·0 m s–1 12·0 m s–1 6·4 m s–1 10·0 m s–1 12·0 m s–1

M SD M SD M SD M SD M SD M SD

4 130 6 139 18 148 19 106 5 98 13 95 12
9 145 7 166 22 181 23 91 5 72 10 62 8

Note: Ww, windward slope; Lw, leeward slope; u, horizontal wind velocity (in m s–1); θ, slope gradient; M, mean wind-driven rainfall intensity (in
mm h–1); SD, standard deviation of the wind-driven rainfall intensity.

Table I. Summary of the raindrop impact velocities and kinetic
energies as functions of horizontal wind velocities for 1·8 mm rain-
drop size (Erpul et al., 2003a)

u (m s–1) v (m s–1) KE (J)

6·4 4·64 2·47 × 10–5

10·0 5·51 5·51 × 10–5

12·0 10·48 1·07 × 10–4

Note: u, horizontal wind velocity; v, resultant raindrop impact velo-
city; KE, kinetic energy.



Copyright © 2009 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms (2009)
DOI: 10.1002/esp

AVERAGE SAND PARTICLE TRAJECTORY EXAMINED BY THE RD-WDT PROCESS 3

to the wind-driven rain to prevent sand from lifting off due to
wind, and smoothed exactly on a level with the rim of the
pan. Accordingly, there was only raindrop-induced, no wind-
induced, particle entrainment in the experiment. With three-
wind velocities, two-slope gradients, two-slope aspects, and
six replicates, a total of 72 wind-driven rainfall simulations
were performed.

Wind velocity profiles were measured above the sand pan
up to a 2 m nozzle height with a vane type anemometer and
associated recording equipment (Figure 1a), and characterized
by the Prandtl-von Kármán logarithmic equation:

for z < z0 (1)

where u(z) is the wind speed at height z, z0 is the aero-
dynamic roughness height, u* is the wind shear velocity, and
κ is the von Kármán’s constant. The boundary layer was set
at 0·3 m above the sand tray, and the resulted aerodynamic
roughness height was 0·0006 m. Subsequently, using the
exponential description of Equation 1, ‘u*’ for 6·4, 10·0, and
12·0 m s–1 horizontal winds was derived (Table III). Average
wind velocity profiles did not vary with the slope gradient but
changed with the slope aspect since the experimental sets-up
with a sand pan and traps for the RD-WDT changed with the
slope aspect.

The value of  was evaluated by the amount of
wind-driven sand particles trapped at set distances on a 7-m

Figure 1. Experimental set-up with sand pan and traps for RD-WDT: (a) plan view, (b) side view of windward set-up, and (c) side view of
leeward set-up.

u z
u z

z
( ) ln= *

0

XRD WDT−Figure 2. Cumulative grain size data of the sand used in the RD-
WDT experiments.
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uniform slope segment (Figure 1). The sand particles trapped
in the collecting troughs were washed, oven-dried and weighed,
and mass distribution of sand particles with travel distance (x,
in meters) was acquired for each simulation. These were used
to produce exponential decay curves, and exponentially fitted
curves with parameter values (β and δ coefficients that

depended upon the physical properties of the sand particles)
were integrated over the RD-WDT distance to determine

 (Equation 2) (Savat and Poesen, 1981; Poesen,
1985; van Dijk et al., 2002; Wright, 1987; Mouzai and
Bouhadef, 2003; Erpul et al., 2003a, 2004; Legue’dois et al.,
2005; Legout et al., 2005; Furbish et al., 2007).

(2)

Equation 2 gives an approximation of the average value of the
mass distribution curves over the interval c ≤ x ≤ d, where the
lower limit c = 0.

Results

Scatter plots of the mean values together with the error bars
for the sand amounts trapped at set distances along the
horizontal plane are presented in Figure 3, and the relevant
parameters (β and δ ) of these curves, which were exponen-
tially fitted by Equation 3, are given in Table IV.

Table III. Regression parameters of the exponential wind velocity
profilesa 

u (m s–1) a

Ww Lw

b u* (m s–1) b u* (m s–1)

6·4 0·0006 0·75 0·53 1·18 0·34
10·0 0·62 0·65 0·77 0·52
12·0 0·53 0·76 0·65 0·62

a Note: z = aeb(u), where a = z0 and b = κ /u* and a = 0·0006 m. Ww,
windward slope; Lw, leeward slope; u, horizontal wind velocity (in
m s–1). 

XRD WDT−

X
d c

xx

c

d

RD WDT e−
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−
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Figure 3. The mean sand amounts trapped at set distances on a 7-m uniform slope along the horizontal plane.
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(3)

where, Si (gram) is the sand amount trapped at set distances
(xi, in meters) along the horizontal plane, and β and δ are
the amount of sand trapped at the first trap (y-intercept of the
mass distribution curve) and the decay rate (the slope of the
exponential function), respectively.

The value of β was directly linked to the energy flux of
the wind-driven rainfall (the raindrop energy multiplied by
the raindrop impact frequency), indicating the magnitude
of the sand detachment rate (Ellison, 1947; Heymann, 1967;
Springer, 1976; Gilley et al., 1985; Gilley and Finkner, 1985;
Sharma and Gupta, 1989; Pedersen and Hasholt, 1995), which
is outside the context of this present paper. Related works for
the detachment rates by wind-driven raindrops are given in
detail by Erpul (2001) and Erpul et al. (2003a, 2005, 2008a).
However, the value of δ implicitly signified the effect of the
transporting agent on the trajectory of the sand particles.
From the values of δ, it was obvious that the decay rate of the
mass distribution curves decreased with the increases in u*,
implying that the sand particles travelled longer distances as
u* increased (Table IV).

The mean values of  calculated by Equation 2 are
given in Table V for each θ and u* for the Ww and Lw slopes.

The factorial analysis of variance (SAS, 1995) performed
in order to examine the effect of u* and θ on  is
given in Table VI for the Ww and Lw aspects. Statistical results
showed that θ had no significant effect on , and the
effect of u* was significant at p = 0·0001 for both aspects.
Two-way interactions of θ × u* also appeared statistically
insignificant.

Furthermore, Pearson correlation coefficients separately
evaluated for the Ww and Lw slopes are presented in Table
VII.  had the greatest correlation coefficient with u*
(0·94 and 0·89, respectively for the Ww and Lw slopes),
indicating the significance of wind in predicting the average
path of the sand particles travelled by the process of the RD-
WDT. However,  had very poor coefficients with θ
(0·097 and 0·048, respectively for the Ww and Lw slopes).
Conclusively, wind streams parallel to the surface did
transport the detached sand particles under wind-driven rain,
and evidently, θ had no significant role in determining the
operational scale of the process. This finding confirmed an
approach to the RD-WDT process that sand particles, once
entrained into splash droplets, leave the surface with an initial
lift-off velocity and angle and travel some distance, which
varies directly with the wind velocity gradient (Rutin, 1983;
De Lima, 1989; De Lima et al., 1992; Jungerius and Dekker,
1990; Van Dijk et al., 1996; Goossens et al., 2000).

The value of  is finally fitted into a simple linear
regression model in the form of Equation 4 (Owen, 1980):

(4)

where, b1 is the slope term when the regression line passes
through the origin, and u*2/g shows the momentum loss per
unit time per unit length per unit lateral dimension (Bagnold,
1941; Greeley and Iversen, 1985; Erpul et al., 2002, 2004)
for the sand particles transported by the RD-WDT process.
The intercept term (b0) is dropped from the linear regression
model of a model  with u*2/g because b0 is a
parameter that shows the travel distance when u* = 0, and
representative of  of windless rain and influenced
only by θ (Moeyersons and De Ploey, 1976; Quansah, 1981;
Poesen and Savat, 1981; Moeyersons, 1983; Grosh and Jarrett,
1994; Poesen, 1985, 1986; Wright, 1986, 1987; Kinnell, 2005;
Furbish et al., 2007), rather than  (De Ploey, 1980;
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Jungerius et al., 1981; Rutin, 1983; Jungerius and Dekker,
1990; De Lima et al., 1992; Erpul et al., 2002, 2004; Cornelis
et al., 2004b; Cornelis et al., 2004c) and there were no
windless rain tests.

Linear regression models with b0 = 0 for predicting
 by u*2/g for the Ww and Lw slopes of 4° and 9°

are given in Figures 4(a)–4(d), respectively. The values of b1

were approximately 22·0 and 22·8 for the Ww slopes of 4°
and 9°, respectively (Figures 4a and 4b), and those of the Lw
slopes were 25·5 and 26·6, respectively (Figures 4c and 4d).
For all data irrespective of the slope gradients and aspects,
the statistical fit of this function is shown in Figure 4(e). The
result showed that b1 is equal to 23·4 ± 2·18 for all data

collected in the study, and b1 is approximately 2·27 (= 23·4/
10·3) times greater than  (White and Schulz, 1977;
Owen, 1980).

Discussion

To understand the differences of the RD-WDT process from
the RD-ST and WE-ST processes, it is important to acquire
knowledge on what forces affect the initial vertical velocity of
particle lift-off and how the distance traveled by a particle
depends on the wind velocity profile.

By the numerical studies of raindrop impact on both rigid
case and elastic deformation case, Huang et al. (1982, 1983)
in detail explained the rainsplash phenomena. They showed
that the magnitude of the lateral shear stress of a vertically
impacting raindrop was straightforwardly correlated to that
of the compressive stress, and Al-Durrah and Bradford (1982)
described how compressive stress was transformed to or
compensated by lateral shear stress from the radial splashes.
This compensation is affected by θ, for example Wright
(1986) and Poesen (1985) emphasized the effects of θ on
the direction and magnitude of the splash asymmetry. When
more momentum is transferred in the downslope direction,
the difference between upslope and downslope travel distances
increases. Nearing et al. (1986) calculated average pressures
under impact from the force measurements and an approxima-
tion of water drop contact area as a function of time. They
reported that the compressional wave generated in the water
upon impact is probably an important parameter in determining
the level and time distribution of forces during impact.

Table V. Variation of  ws the slope gradient and the wind shear velocity at the windward and leeward slopes

n

Ww Lw

4º 9º 4º 9º

0·53 0·65 0·76 0·53 0·65 0·76 0·34 0·52 0·62 0·34 0·52 0·62

1 0·53 0·98 1·16 0·61 1·11 1·36 0·45 0·43 1·03 0·50 0·66 1·09
2 0·51 0·90 1·20 0·62 1·11 1·28 0·53 0·52 1·00 0·42 0·66 1·12
3 0·65 1·09 1·18 0·55 1·15 1·28 0·43 0·61 0·96 0·53 0·66 1·05
4 0·70 1·08 1·18 0·60 1·15 1·37 0·49 0·72 1·09 0·43 0·71 0·98
5 0·72 1·11 1·21 0·55 1·10 1·27 0·36 0·64 0·93 0·43 0·62 0·97
6 0·71 1·15 1·31 0·71 1·15 1·38 0·55 0·69 1·15 0·43 0·73 1·02
M 0·64 1·05 1·21 0·61 1·04 1·32 0·47 0·60 1·02 0·46 0·67 1·04
SD 0·09 0·09 0·05 0·06 0·02 0·05 0·07 0·11 0·08 0·05 0·04 0·06

Note: Ww, windward slope; Lw, leeward slope; u*, wind shear velocity (in m s–1); θ, slope gradient; M, mean; SD, standard deviation; n, replicate.
a The values of u* are 0·53, 0·65, and 0·76 m s–1 at the Ww slopes and 0·34, 0·52, and 0·62 m s–1 at the Lw slopes for the horizontal wind velo-
cities (u) of 6·4, 10·0, and 12·0 m s–1, respectively.

XRD WDT−

XRD WDT−

Table VI. Factorial analysis of variance of slope aspect, slope gradi-
ent, and wind shear velocity with 

Source df Ww Lw

MSE F value P > F MSE F value P > F

θ 1 0·027 3·07 0·0892 0·005 0·37 0·5493
u*a 1 2·515 289·60 0·0001** 1·761 125·57 0·0001**
θ × u* 1 0·033 3·76 0·0613 0·002 0·14 0·7084

Note: Ww, windward slope; Lw, leeward slope; u*, wind shear velo-
city (in m s–1); θ, slope gradient; df, degree of freedom; MSE, mean
square error.
a The values of u* are 0·53, 0·65, and 0·76 m s–1 at the Ww slopes
and 0·34, 0·52, and 0·62 m s–1 at the Lw slopes for the horizontal
wind velocities (u) of 6·4, 10·0, and 12·0 m s–1, respectively.
** Statistically significant at the level of p = 0·05.

XRD WDT−

Table VII. Pearson correlation coefficients among slope gradient, wind shear velocity, and  using
the data of windward, leeward slopes and the combined data from two aspectsa

Ww Lw

θ u* N θ u* N

θ  1·0000 0·0000 0·0967 36 1·0000 0·0000 0·0481 36
(0·0000) (1·0000) (0·5747) (0·0000) (1·0000) (0·7804)

u* 1·0000 0·9390 36 1·0000 0·8913 36
(0·0000) (0·0001) (0·0000) (0·0001)

Note: Ww, windward slope; Lw, leeward slope; u*, wind shear velocity (in m s–1); θ, slope gradient (deg); N,
the number of data.
a The values of u* are 0·53, 0·65, and 0·76 m s–1 at the Ww slopes and 0·34, 0·52, and 0·62 m s–1 at the Lw
slopes for the horizontal wind velocities (u) of 6·4, 10·0, and 12·0 m s–1, respectively.

XRD WDT−

XRD WDT− XRD WDT−

XWE ST−
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However, Cruse et al. (2000) reported that the relative importance
of compressive and shear forces in soil detachment was
vague.

At this point there emerge two significant differences between
the splash phenomena of windless and wind-driven rains. Firstly,
the shear forces that cause the particles to lift off with an
initial velocity are associated directly with the compressive
forces in the RD-ST process, which relies on the compensatory
lateral jet development by the compressive pressure build-up
at the raindrop–soil interface, although they are a function of
u* rather than the compressive forces in the RD-WDT process
(Erpul et al., 2005; Erpul et al., 2008a, 2008b). Secondly, as it
is previously stated statistically, the direction and magnitude
of the splash asymmetry is independent of θ, and either upslope
or downslope transport of grains occurs by the RD-WDT process,
depending upon the prevailing wind direction (Erpul, 2001;
Erpul et al., 2002, 2004; Visser and Sterk, 2007). Therefore,

the induced lateral jets by the horizontal wind velocity caused
a longer travel path in the RD-WDT process than that of the
RD-ST process resulting principally from the compensatory
lateral jets produced by the compressive pressure build-up at
the raindrop–sand surface.

However, Bagnold (1941) estimated the initial vertical
velocity of particle lift-off to be of the order of u*, and the
force of transporting particles was expressed with u*.

τw = ρau*2 (5)

where τw is wind shear stress and ρa is air density. If τw is
compared to that of the improved lateral jets of raindrops
induced by horizontal wind (Equation 6), it is not unexpected
that  is 2·27 times less than .

τdss = ρdvx
2 (6)

Figure 4. Linear regression models with b0 = 0 for predicting  by u*2/g for the windward (a and b) and leeward slopes (c and d) of 4°
and 9º and for full data irrespective of the slope aspect (e).

XRD WDT−

XWE ST− XRD WDT−
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where τdss is shear stress of the wind-driven raindrop, ρd is
raindrop density, and vx is raindrop horizontal velocity induced
by wind. From these results of the current study, it is clear
that the ejection velocity of the splash droplets caused by the
wind-driven raindrop impact was greater not only than that
of the splash droplets by the vertically impacting raindrops
of windless rain but also than that of the particles by rolling
or saltating grain colliding with the rainless wind.

Conclusions

This study demonstrated that average trajectory ( ) of
the RD-WDT process was not only different from the average
trajectory of the windless rain process ( ), but also
about 2·27 ± 2·2 times greater than the trajectory of a typical
saltating sand particle of the rainless wind ( ). The RD-
WDT mechanism might have such a considerable operational
extent that it can considerably produce higher net downwind
sediment transport when compared to those of both RD-ST
and WE-ST.
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