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Wind tunnel experiments for ‘Raindrop Detachment and Wind-Driven Transport’ (RD–WDT) process were
conducted under improved lateral jetting induced by wind velocities of 6.4, 10, and 12 m s−1 at nozzle
operating pressures of 75, 100, and 150 kPa. Wind-driven rainfalls were also incident on the windward and
leeward slopes of 4° and 9° to have a broad variation in the angle of incidence. The objective of this
experimental set-up was to distinguish the roles of both impact components of obliquely striking wind-
driven raindrops on RD and wind onWDT. Raindrop impact components and reference horizontal wind were
quantified by normal (Etz) and horizontal (Etx) kinetic energy fluxes and wind shear velocity (u⁎), respectively,
to physically model the process of RD–WDT. The results showed, at each level of u⁎, differential sand
transport rates by RD–WDT (qm(RD–WDT)) occurred depending on the magnitude of raindrop impact
components, and qm(RD–WDT) increased as the relative contribution of Etz increased. Although Etx was more
correlated with qm(RD–WDT) than Etz, the extreme increases in Etx at the expense of Etz brought about no
increases but decreases in qm(RD–WDT). An RD–WDT model was built under the process of examining the
discrete effects of Etz and Etx on RD together with u⁎ and resulted in a better coefficient of determination
(R2=0.89) than only total kinetic energy (Et) did alone with u⁎ (R2=0.84). In this study, Etx was strongly
related to u⁎ and not to Etz, which was the principal difference from the previous rainsplash studies, which
relied on the compensatory lateral jet development by the compressive pressure build-up at the raindrop–
soil interface. Including Etx in the RD–WDT model both separated the distinct role of each raindrop impact
component in RD and improved the performance of u⁎ in WDT by better distinguishing its interaction with
Etx, which was not explicitly separated in previous models of RD–WDT.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Kinnell (1999, 2005) reviewed the modes of raindrop impact-
induced erosion processes and prediction. Of those, the mode of
“Raindrop Detachment and Splash Transport” (RD–ST) takes place
prior to the development of runoff, and clearly, in this case there is no
transport of detached particles other than downslope gradient in the
system. There are many studies of explaining the relationship
between slope gradient and RD–ST (Savat and Poesen, 1981; Poesen
and Savat, 1981; Moeyersons, 1983; Poesen, 1985; Riezebos and
Epema, 1985; Wright, 1986, 1987), and recently, Furbish et al. (2007)
gives the details of the transfer of momentum from raindrops to sand
particles that contribute downslope transport of those for RD–ST. They
described this momentum-transfer process under controlled labora-
tory conditions using high-speed images of drop impacts on sand
targets. The conclusion they arrived at was that, as slope gradient
increased, more sand particles moved downslope and move farther
downslope than upslope. The greatest radial distance that a sand grain
moved was around 20 cm or less in their study. Because of this, RD–ST

is generally described as a transport-limited process, particularly
when it functions on large areas (Kinnell, 1999, 2005).

On the other hand, a transport process in which soil particles are
detached by raindrop impact and afterward carried by wind instead of
slope gradient is known as ‘Splash-Saltation Transport’ (SST) or
described as ‘Raindrop Detachment andWind-Driven Transport’ (RD–
WDT) (De Ploey, 1980; Jungerius et al., 1981; Rutin, 1983; Jungerius
and Dekker, 1990; De Lima et al., 1992; Erpul et al., 2002, 2004;
Cornelis et al., 2004a,b). This system operates until runoff onset during
wind-driven rains, but its transport (WDT) is independent of slope
gradient and aspect (Erpul et al., 2004) as wind is the transporting
agent. Unlike RD–ST, RD–WDT can significantly contribute to the total
sediment transport from interrill areas (Erpul, 2001; Erpul et al.,
2003a) and can transport particles as far as 7 m (Erpul et al., 2002,
2004) compared to the limited travel distance of RD–ST (Furbish et al.,
2007). Depending on the prevailing wind direction, either uphill
or downhill transport of sediments can occur by RD–WDT (Erpul
et al., 2002; Visser and Sterk, 2007). Additionally, in contrast to the
transport-limited system of RD–ST, RD–WDT could be a detachment-
limited system because RD significantly varies with the variations in
raindrop trajectory and frequency due to the changes in the angle of
raindrop incidence (Erpul et al., 2003b).
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Clearly, RD–WDT could contribute to soil losses during storm
events when intense rains and strong winds work together. Goossens
et al. (2000) reported that spatial variations in rainfall during the rain
events were the major cause of the differences in splash drift over the
field and the wind caused oblique rainfall and an extra-displacement
of the soil particles in the downwind direction. Erpul et al. (2003a), by
wind tunnel studies under wind-driven simulated rains, comparing
RD–WDTwith the ‘Raindrop Detachment and Raindrop-Induced Flow
Transport (RD–RIFT) (Kinnell, 1999, 2005), showed that soil loss by
RD–WDTwas a significant process that should be considered to assess
interrill erosion, and the contribution of the process to the total
sediment transport increased as the wind velocity to drive simulated
rains increased from 6 m s−1 to 14 m s−1. Warburton (2003) also
indicated that wind erosion, in the form of RD–WDT, was a significant
process in the UK uplands where winds were strong and persistent
and the rainfall was high. Vieira et al. (2004) presented the influence
of oblique rainfall on the genesis of the coarse sand accumulations and
emphasized the importance of RD–WDT as the main transportation
mechanism. Foulds and Warburton (2007a,b) reported that peat
erosion caused by the integrated action of wind and rain might be a
more important process than hitherto reported in UK upland areas.
Their measurements confirmed that there was a previously unre-
ported rapid switch in process regime between wind-driven rainfall
and dry blow deflation in blanket peat environments.

The process of RD–WDTevidently requires the integrated action of
both rain and wind (Choi, 1993; Blocken and Carmeliet, 2000, 2002,
2004; Blocken et al., 2005, 2006), and it is prompted by raindrop
impacts instead of wind shear stress unless the effects on the velocity,
frequency, and angle of impacting raindrops are considered. In other
terms, the entrainment rate of particles depends on raindrop impacts
and the energy state and the vector of which change with wind
(Pedersen and Hasholt, 1995; Erpul, 2001; Erpul et al., 2003b). The
wind comes into play not only in changing the raindrop impact
parameters but also in transporting already raindrop-detached soil
particles. In RD–WDT, it is now well known that RD is a key mech-
anism; and it is therefore desirable to develop a better approach to the
RD–ST system which was developed for vertical windless rains, and
can no longer be adequate to explain dislodgement rate for RD–WDT.

Kinnell (2005) gives a conceptual basis of RD–ST by the following
equation for the cases in which slope gradient determines the trans-
port efficiency and wind is not a driving factor:

qRD–ST ¼ kRD–STEf f Sð Þ½ %: ð1Þ

Where qRD–ST is the amount of material transported by RD–ST, kRD–ST
is the soil erodibility associated by RD–ST, Ef is the effective kinetic
energy of impacting raindrops, and f(S) is a function that varies with
slope gradient (S). RD and ST can be described by linear or non-linear
functions of rainfall parameters and slope gradient, respectively
(Moeyersons and De Ploey, 1976; Quansah, 1981; Poesen, 1985; Grosh
and Jarrett, 1994; Kinnell, 2005).

On the other hand, the research on RD–WDT has been gradually
building up over the years (Erpul et al., 2002, 2003a, 2004; Cornelis
et al., 2004a,b). Fundamentally, these studies are based on RD and
WDT partitioning to model the process, and RD–WDT is adequately
described by relating it to rainfall impact energy (E) and wind shear
velocity (u⁎) (Erpul et al., 2002, 2003a, 2004; Cornelis et al., 2004a,b):

qRD–WDT ¼ kRD–ST f Eð Þ½ % f uTð Þ½ % ð2Þ

where qRD–WDT is the amount of material transported by RD–WDT,
kRD–WDT is the soil erodibility associated by RD–WDT and represents
confounded reaction of soil to both detachment by wind-driven
raindrops and transport by wind, and f (E) and f (u⁎) are functions
that change with the rainfall energy and wind shear velocity,
respectively. Using the flux of rain energy based on the normal veloc-
ity of wind-driven raindrop impact (Etz, in J m−2 s−1) and wind shear

velocity (u⁎, m s−1), Erpul et al. (2003a) defined the process by
following equation:

qRD–WDT ¼ 119:95 Etzð Þ0:81u2:09
T : ð3Þ

They observed that empirically determined constants “0.81” and
“2.09” were statistically indifferent from 1.00 and 2.00, respectively
for silt loam and loam soils of Belgium. Instead of the resultant energy
flux of the wind-driven rains (Et), Etz was used since the latter resulted
better in modeling than the former. Additionally, Cornelis et al.
(2004a,b) conducted similar experimentation with very well sorted
dune sand collected from the Belgian coast, and they related the
raindrop detachment (DRD) to (Etz−Etzt)a instead of (Etz)a, where Etzt is
the threshold kinetic energy to dislodge sand grains, and the wind
transport (qWDT) to (u⁎)b. Etzt was also derived from the normal
velocity of wind-driven raindrop impact as an intercept of the linear
curve of sand splash and energy relationship (Sharma and Gupta,
1989). The average values of parameters were 1.0 and 0.41 for “a” and
“b”, respectively, for very well sorted dune sand collected from the
Belgian coast (Cornelis et al., 2004a).

Although Etz was directly related to the detachment rates to model
RD in both soil and sand transport studies by RD–WDT, Erpul et al.
(2005) showed that the tangential stress resulted from the lateral
jetting of raindrops had a greater correlation with sand detachment
than the compressive stress related to the normal component of
the raindrop impact in studies of the sand detachment by wind-
driven rain. Later, Erpul et al. (2008) found a relationship between
DRD (g m−2 s−1) and both Etz and Etx (J m−2 s−1), where Etx is the flux of
rain energy based on the horizontal velocity of wind-driven raindrop
impact:

DRD ¼ kRD Etzð Þa1 Etxð Þa2 ð4Þ

where, kRD is the soil erodibility associated by RD of wind-driven
raindrops. Observed values of constants a1 and a2 were 0.83 and 0.87,
respectively. Explicitly, Etx was as good as Etz at the process of RD in
contradiction to the fact that DRD varied only with the normal com-
ponent of impact velocity (Ellison, 1947; Heymann, 1967; Springer,

Fig. 1. Cumulative grain size distribution of the sand used in the RD–WDT experiments.
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1976; Gilley et al., 1985; Gilley and Finkner, 1985; Erpul et al., 2002,
2003b, 2004; Cornelis et al., 2004a,b). Therefore, this article is
specifically intended to quantify the effect of the components of
compressive and shear stresses (Huang et al., 1982, 1983; Al-Durrah
and Bradford, 1982; Cruse et al., 2000; Erpul et al., 2005, 2008)
of obliquely striking wind-driven raindrops on sand detachment
to model RD–WDT. The role of these two stress components in
entraining sand particles into the splash droplets to be subsequently
traveled with the wind is presented in this article.

2. Materials and methods

2.1. Experimental set-up

RD–WDT experiments were performed under laboratory condi-
tions in the wind tunnel rainfall simulator facility of the International

Center for Eremology, 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. (2004c), 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 ten downward-oriented
nozzles simulated rainfalls at the same time as horizontal wind
velocities of 6.4, 10, and 12 m s−1 passed through the tunnel. Three
operating nozzle pressures (75,100, and 150 kPa) were applied to have
different rainfall intensities of the wind-driven rains (Erpul et al.,
1998). Tap water was used with an electrical conductivity at 25 °C of
0.7 dS m−1 since dispersion could be ignored. The sand used in this
study was very well sorted dune sand, the cumulative grain size
distribution of which is given by Fig.1, collected from the Belgian coast
and its geometric mean particle diameter was 250 μm; calcium
carbonate and organic matter content were 3.34% and 0%, respectively.

Fig. 2. 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.
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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., 2004a,b).

The sand was placed into a 55-cm long and 20-cmwide panwith a
perforated bottom 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 along its centerline with both windward and leeward
slopes of 7% and 16% (4.0° and 9.0°, respectively) (Fig. 2). Each rainfall
was performed on a pre-wetted sand surface to prevent sand from
lifting off due to the wind. The surface was pre-wetted by spraying
before it was exposed to thewind-driven rain and smoothed exactly to
a level even with the rim of the pan. Accordingly, there was only
raindrop-induced, no wind-induced, particle entrainment in the
experiment. With three nozzle pressures, three wind velocities, two
slope-gradients, two slope-aspects, and two replicates, a total of 72
wind-driven rainfall simulations were performed.

2.2. Incidence angle and intensity of wind-driven rain

For wind-driven rain intensity, the actual amount of rain inter-
cepted by the sloping surface (Sharon, 1970, 1980; Sharon et al., 1983,
1988; De Lima, 1990; Sharon and Arazi, 1997; Blocken and Carmeliet,
2000, 2002, 2004; Cornelis et al., 2004c; Blocken et al., 2006) at both

windward and leeward slopes of 4.0° and 9.0° was calculated from the
measured wind-driven rain intensities on a horizontal plane for the
nozzle operating pressures of 75, 100, and 150 kPa and the horizontal
wind velocities of 6.4, 10, and 12 m s−1 (Erpul, 1996; Erpul et al., 1998,
2000) by the following equations. (Fig. 3):

cosα ¼ Ii=Iz ð5Þ

cos/ ¼ Ia=Iz ð6Þ

Ii= cosα ¼ Ia= cos/Z Ia ¼ Ii= cosαð Þd cos/ð Þ ð7Þ

Iid cos αFθð Þ= cosαð Þ ¼ Iid cosαd cos θF sinαd sin θ= cosαð Þ ð8Þ

Ia ¼ Iid cos θF tanαd sin θð Þ ð9Þ

where, α, θ, and ϕ are the raindrop inclination from vertical, slope
gradient, and angle of rain incidence; respectively, and Iz, Ii, and Ia are
the intensity with respect to a plane normal to the rain vector (Fig. 3a),
intensity of wind-driven rainfall related to the normal component of Iz
(Fig. 3b), and intensity of rain with a given angle of incidence as the
normal component of Iz (Fig. 3c,d), respectively.

α values of the rains driven by the wind velocities of 6.4, 10.0,
and 12.0 m s−1 were 55°, 68°, and 72°, respectively (Erpul et al., 2005)
(Fig. 4). ϕ values of the rains changed with the rain inclination, slope

Fig. 3. Inclined rain intensity measurements (Ii) on the horizontal plane (a, b) (Erpul, 1996) and the calculation of the actual rain intensity (Ia) from Ii values under a given angle of
incidence (c, d).

Fig. 4. The inclination of rains (α) driven by the wind velocities of 6.4 (a), 10.0 (b), and 12.0 m s−1 (c).
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gradient and slope aspect (Figs. 5 and 6). While Fig. 5 shows the angle
of the incident rain on the sand test surface placed at the windward
slopes of 4.0° and 9.0° and driven by the wind velocities of 6.4, 10.0,
and 12.0 m s−1, Fig. 6 illustrates those at the leeward slopes of 4.0° and
9.0° and driven by the same wind velocities. ϕ values of the former
were 51°, 64° and 68°, and 46°, 59° and 63°, respectively for slopes of
4.0° and 9.0°, and those of the latter were 59°, 72° and 76°, and 64°, 77°
and 81°, respectively for slopes of 4.0° and 9.0°.

2.3. Impact velocity of wind-driven raindrop

Partition of the resultant impact velocity of the wind-driven
raindrop (vt) into horizontal (vx) and vertical (vz) components is
directly related to the ϕ value by vx=vt · sin ϕ and vz=vt · sin ϕ, respec-
tively (Erpul et al., 2005, 2008). Figs. 4–6 signify the degree of
the variation in the lateral jetting of the raindrops associated with vx
in the experiments. For a given median size (d50) (1.63, 1.53, and

Fig. 5. The angle of rains incident on the sand test surface placed at windward slopes (Ww) of 4.0° (a–c) and 9.0° (d–f) and driven by the wind velocities of 6.4 (a, d), 10.0 (b, e), and
12.0 m s−1 (c, f) (ϕ=α−θ).

Fig. 6. The angle of rains incident on the sand test surface placed at leeward slopes (Lw) of 4.0° (a, b, c) and 9.0° (d, e, f) and driven by the wind velocities of 6.4 (a, d), 10.0 (b, e), and
12.0 m s−1 (c, f) (ϕ=α+θ).

195G. Erpul et al. / Geomorphology 104 (2009) 191–202



Author's personal copy

1.55 mm for the rains driven by 6.4, 10.0, and 12.0 m s−1 horizontal
winds, respectively; Erpul et al., 1998, 2000), vt of wind-driven
raindrops (m s−1) is given as an exponential function of the horizontal
wind velocity (u, m s−1) (Erpul, 2001):

vt ¼ ced uð Þ: ð10Þ

Corresponding resultant kinetic energy flux (J m−2 s−1) is esti-
mated by:

Et ¼ Μ f vtð Þ½ % f ηa
! "# $

ð11Þ

where M is equal to 0.5 (m) for a given mass (m, kg) of a median
raindrop size, and ηa is in raindrop numbers per unit surface area of
sand pan per unit time as a function of Ia ( m−2 s−1). The horizontal and
vertical kinetic energy fluxes (Etx and Etz in J m−2 s−1, respectively) are
computed as Et · sin2 ϕ and Et · cos2 ϕ, respectively.

2.4. Wind velocity profiles

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

u zð Þ ¼ uT=κð Þd ln z=z0ð Þ for zb z0 ð12Þ

where u(z) is the wind speed at height z, zo is the aerodynamic rough-
ness height, u⁎ is the wind shear velocity, and κ is the von Kármán's
constant. The boundary layerwas set at 0.3mabove the soil tray, and the
resulted aerodynamic roughness height was 0.0006 m. Subsequently,
“u⁎” for 6.4, 10.0, and 12.0 m s−1 horizontal winds was derived from
Eq. (12). Averagewind velocity profiles did not vary with slope gradient
but aspect since the experimental sets-up with sand pan and traps for
RD–WDT changed with aspect (Fig. 2). For 6.4, 10.0, and 12.0 m s−1

horizontal winds and with the constant “z0” of 0.0006, “κ/u⁎” values
were 0.75, 0.62, and 0.53 in the windward set-up and 1.18, 0.77 and
0.65 in the leeward set-up, respectively, and, in that order, these resulted
in u⁎ (m s−1) values of 0.53, 0.65 and 0.76, and 0.34, 0.52 and 0.62.

2.5. Evaluation of sand transport rates

Sand transport rates (q, g m−1 min−1) by RD–WDT were evaluated
by the amount of wind-driven sand particles trapped at set distances
on a 7-m uniform slope segment. Troughs were placed in upslope and
downslope direction, respectively, for windward and leeward slopes
of 4.0° and 9.0° (Fig. 2b,c). The sand particles trapped in the collecting
troughs were washed, oven-dried, and weighed, and mass distribu-
tion of sand particles with travel distance (x, m) was acquired for each
run (Fig. 7). These were afterward used to produce exponential decay
curves, and exponentially fitted curves with parameter values (β and
σ coefficients that depended upon the physical properties of sand
particles) were integrated over RD–WDT distance to determine q
(Savat and Poesen, 1981; Poesen, 1985; Wright, 1987; Van Dijk et al.,
2002; Mouzai and Bouhadef, 2003; Erpul et al., 2003a, 2004;
Leguédois et al., 2005; Legout et al., 2005; Furbish et al., 2007).

q ¼ β=Atð Þ∫e−σxAx ð13Þ

where, A = the collecting trap area (in our case 0.168 m2 with a length
of 1.20 m and width of 0.14 m), and t = time of sampling (45 min).

Fig. 7. Samplemass distribution of sand particles (g) with travel distance (m) acquired in
the rain simulated with 12 m s−1 wind and 150 kPa nozzle operating pressure and
incident on the windward slope (Ww) of 4°.

Table 1
Angle of rain incidences and intensities of simulated wind-driven rainfalls with 6.4, 10, and 12 m s−1 horizontal winds under different nozzle operating pressures

u (m s−1) α (°) θ (°) P (kPa) d50 (mm) Windward Leeward

u⁎ Ia ηa ϕ (°) sin ϕ cos ϕ u⁎ Ia ηa ϕ (°) sin ϕ cos ϕ

6.4 55 4.0 75 1.62 0.53 125 1.54E+04 51 0.7771 0.6293 0.34 102 1.28E+04 59 0.8572 0.5150
100 1.58 128 1.71E+04 105 1.42E+04
150 1.63 136 1.66E+04 112 1.38E+04

9.0 75 1.64 0.53 139 1.71E+04 46 0.7193 0.6947 0.34 87 1.11E+04 64 0.8988 0.4384
100 1.67 143 1.90E+04 90 1.23E+04
150 1.52 152 1.84E+04 96 1.20E+04

10.0 68 4.0 75 1.61 0.65 127 1.53E+04 64 0.8988 0.4384 0.52 89 1.07E+04 72 0.9511 0.3090
100 1.53 130 1.48E+04 92 1.04E+04
150 1.55 160 2.42E+04 113 1.70E+04

9.0 75 1.62 0.65 151 1.82E+04 59 0.8572 0.5150 0.52 65 7.79E+03 77 0.9744 0.2250
100 1.58 155 1.77E+04 67 7.58E+03
150 1.63 191 2.89E+04 83 1.24E+04

12.0 72 4.0 75 1.64 0.76 134 1.72E+04 68 0.9272 0.3746 0.62 86 1.08E+04 76 0.9703 0.2419
100 1.67 140 2.10E+04 91 1.32E+04
150 1.52 169 2.43E+04 109 1.53E+04

9.0 75 1.61 0.76 164 2.13E+04 63 0.8910 0.4540 0.62 56 6.67E+03 81 0.9877 0.1564
100 1.53 172 2.60E+04 59 8.15E+03
150 1.55 208 3.02E+04 71 9.45E+03

u: horizontal wind velocity (m s−1); α: rain inclination from vertical (°); θ: slope gradient (°); P: nozzle operating pressures (kPa); d50: median drop size (mm); u⁎: wind shear velocity
(m s−1); Ia: actual rainfall intensity (mm h−1); ηa: number of raindrop (# m−2 s−1); ϕ: angle of rainfall incidence (°), ϕ=[α−θ] for windward and ϕ=[α+θ] for leeward.
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Finally, q by the process RD–WDT (qRD–WDT) was described as a non-
linear function of Etz, Etx, and u⁎:

qRD–WDT ¼ kRD–WDT Etzð Þχ1 Etxð Þχ2uχ3
T ð14Þ

where, kRD–WDT is the soil erodibility associated by RD–WDT, and “χ1”,
“χ2”, and “χ3” were the model parameter values that showed the
effectiveness of raindrop compressive stress, raindrop shear stress,
and wind shear velocity on RD–WDT, respectively.

3. Results and discussion

Angle of rain incidences and intensities of the simulated wind-
driven rainfalls with 6.4, 10, and 12 m s−1 horizontal winds under
nozzle operating pressures of 75, 100, and 150 kPa are given in
Table 1. Figs. 5 and 6 give ϕ values as a function of rain inclination
(α, °), slope gradient (θ, °) and slope aspect, for which positive and
negative sign of θ is used for windward and leeward slopes,
respectively, in order to show that different ϕ values occur with
the same values of α and θ (Fig. 2). Noticeably, for each u level, by
changing slope aspect and θ, different values of ϕ were acquired
relative to α values (Table 1 and Figs. 5 and 6). Variations in ϕ
resulted in an opportunity of working with different fluxes of rain
energies based on both normal and horizontal velocities of wind-

driven raindrop impact (Etz and Etx, J m−2 s−1) as they were directly a
function of ϕ. The bounds of ϕ and its normal and horizontal com-
ponents (cos ϕ, and sin ϕ, respectively) were 46≤ϕ≤81°, 0.16≤cos
ϕ≤0.69, and 0.78≤sin ϕ≤0.99, respectively. Since Etz and Etx, varied
respectively with cos ϕ and sin ϕ, Etz attained a low value of 0.16 and
Etx a high value of 0.99 (Table 1).

Fig. 8 shows Ia values of the simulated wind-driven rainfalls as
influenced by ϕ and P. Upper and lower bounds of the vertical axis in
Fig. 8 were set as the highest and lowest Ia values to display variations
in Ia with ϕ and P. Together with wide ranges of ϕ, different Ia values
(208≤ Ia≤56 mm h−1) let the RD–WDT experiments be performed
with broad combinations of Etz and Etx although their vectored sum
(Et, J m−2 s−1) was similar for some cases (Table 2 and Fig. 9).

Et increased as u increased at each level of P, and for a particular u,
Et was greater in the windward slopes than in the leeward slopes as Ia
values were greater in the former case (Table 1, Figs. 8 and 9). Fig. 9
also shows the magnitude of Etx and Etz. There was more noticeable
Etz contribution to Et in the windward slopes than in the leeward
slopes compared to that of Etx, although for the most part, Etx was
much greater than Etz, and RD−WDTwasmeasured with the improved
description of lateral jets of the wind-driven raindrops (Table 2 and
Fig. 9). In other terms, Etx appeared to have more control over RD than
Etz in magnitude, and with this, the study differed from those
previously carried out and only considered Etz in RD.

Fig. 8. Actual intensity values (Ia, mm h−1) of the simulated wind-driven rainfalls as influenced by angle of rain incidence (ϕ=α+θ) and nozzle operating pressure (P, kPa).
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Measured sand transport rates by RD–WDT (=qm(RD–WDT)) are
given in Table 2. Bar graphs of qm(RD–WDT) values versus horizontal
wind velocity (u) at each slope gradient and aspect and versus angle of
rain incidence (ϕ) at eachwind velocity are presented in Fig.10a and b,
respectively. This was irrespective of nozzle operating pressures (P)
since P effect on qm(RD–WDT) was indistinct and neither increasing nor
decreasing qm(RD–WDT) patterns were observed as nozzle operating
pressure changed. On the other hand, at the each slope gradient and
aspect, the sand transport rate increased as the wind velocity
increased (Fig. 10a), and at each wind velocity, it decreased as the
angle of the wind-driven rain incidence increased (Fig. 10b). The
former was because wind-driven raindrops gained a degree of
horizontal velocity, which subsequently increased their resultant
impact velocity and energy. A preceding study, performed for
sand detachment from splash cups, showed that the kinetic energy
flux calculated by the resultant impact velocity of wind-driven
raindrops adequately described the rates (Erpul et al., 2005). Whereas,
the latter was because increase in ϕ values resulted in a decrease in
intensity (Ia= Izcos ϕ) and normal velocity of the wind-driven rains
(vz=vzcos ϕ). Van Heerden (1964) found that sand detachment
decreased under wind-driven rains with appreciable angle of
incidences although the detached particles traveled greater distances
since wind acted as a transporting agent, and Huang et al. (1982)
reported that the compressive pressure build-up at the raindrop–soil
interface by normal raindrop impact was directly related to detach-
ment. Also, Fig.10a shows that, as the slope gradient increased from 4°
to 9°, the greater and lower qm(RD–WDT) values were observed in the
windward (Ww) and leeward (Lw) slopes, respectively. Similarly, the
reason for this was the fact that there was decrease in Ia and Etz with
increasing ϕ since the slope gradient acted inversely on ϕ to the way
which its increment for a particular value of u or α respectively
decreased and increased ϕ in Ww and Lw.

Individual scatter plots of qm(RD–WDT) against Et, Etz, Etx, and u⁎,
and each fitted with a linear line, are shown in Fig. 11a–d, respectively.
The lines are for prediction to indicate a trend in the data. Fig. 11a
shows that the data clustered around the line more tightly at the
higher values of u⁎ and were more scattered away from the line with
greater deviations at lower values, signifying a clearer effect of u⁎ on
qm(RD–WDT) in the former case. While there was a good degree of

association between qm(RD–WDT) and Et since the amount of scatter
above or below the trend line was not very large (Fig. 11b), that
between qm(RD–WDT) and Etz had a very poor relation since the data
points had a lot of scatter (Fig. 11c). Etz had a very narrower interval
compared to Etx (0.009≤Etz≤0.465 and 0.193≤Etx≤2.025, J m−2 s−1,
respectively) in this study, with the increased lateral jetting of wind-
induced raindrops. The data points of Fig. 11c did not show a clear
pattern with a tight cluster around the line, and apparently, there was
no obvious association between qm(RD–WDT) and Etz. However, the
strength of association was high between qm(RD–WDT) and Etx, and
almost the same scatter plot clustering around a straight line as Et had
with qm(RD–WDT) appeared (Fig. 11d).

Further support for a better interpretation of the results can be
seen on a 3D scatter plot of qm(RD–WDT) versus Etz and Etx (Fig. 12a),
and combining the scatter data of bothwith an additional straight line.
When Fig. 12a, which accounted for the distinct effect of Etz and Etx on
qm(RD–WDT), was compared with Fig. 11b, which only explained the
effect of Et on qm(RD–WDT), a more descriptive clustering appeared in
Fig. 12a, extracting potentially useful information from the data set,
which was implicit in Fig. 11b. For example, Fig. 12a provided a better
visualization of the data at the lower and upper values of qm(RD–WDT).
Cruse et al. (2000) reported that the relative importance of Etz and Etx
in soil detachment was indeterminate and on the basis of detachment
and transport processes therewas a need to determine this for a better
erosion prediction technology although the focus was on Etz in the
processes. Under wind-driven rain studies, Erpul et al. (2005, 2008)
compared the partial importance of Etz and Etx with the importance of
Et by power models and the model of kRD(Etz)a1(Etx)a2 explained more
variation in the sand detachment by wind-driven raindrops than that
of kRD(Et)a alone.

Log-linear regression analyses for the predicting sand transport
rate by RD–WDT (qpRD–WDT) by the resultant total energy flux (Et) and
wind shear velocity (u⁎) and by the normal and horizontal partitions
of Et (Etz and Etx, respectively) and u⁎ are presented in Table 3. These
statistics showed that the RD–WDT model constructed under the
modeling process by physically investigating the distinct effect of Etz
and Etx on RD together with u⁎ led to a better coefficient of deter-
mination (R2=0.89) than that only Et did along with u⁎ (R2=0.84). The
latter is graphed by a 3D scatter plot of qm(RD–WDT) versus Et and u⁎ in

Table 2
Resultant total energy flux and its components and measured sand transport rate by RD–WDT for the simulated rains with horizontal winds of 6.4, 10.0, and 12.0 m s−1 and nozzle
operating pressures of 75, 100, and 150 kPa

u (m s−1) α (°) θ (°) P (kPa) Winward Leeward

Et
(J m−2 s−1)

Etz
(J m−2 s−1)

Etx
(J m−2 s−1)

n qm(RD–WDT)

(g m−1 min−1)
Et
(J m−2 s−1)

Etz
(J m−2 s−1)

Etx
(J m−2 s−1)

n qm(RD–WDT)

(g m−1 min−1)

Mean SD Mean SD

6.4 55 4.0 75 0.344 0.148 0.196 2 4.17 0.17 0.285 0.085 0.201 2 2.40 0.01
100 0.381 0.164 0.217 2 7.40 0.10 0.316 0.094 0.222 2 2.88 0.23
150 0.369 0.159 0.210 2 7.71 1.94 0.307 0.091 0.216 2 3.19 0.86

9.0 75 0.381 0.198 0.183 2 4.44 0.09 0.248 0.054 0.193 2 1.95 0.01
100 0.422 0.219 0.203 2 5.66 0.78 0.274 0.060 0.214 2 3.68 0.23
150 0.410 0.213 0.197 2 5.36 0.76 0.266 0.058 0.208 2 2.34 0.52

10.0 68 4.0 75 0.813 0.154 0.659 2 22.93 0.14 0.571 0.053 0.518 2 6.95 0.65
100 0.791 0.150 0.641 2 25.25 0.98 0.555 0.052 0.504 2 5.51 0.04
150 1.292 0.245 1.047 2 27.46 2.61 0.907 0.085 0.823 2 13.99 0.25

9.0 75 0.969 0.255 0.714 2 27.09 0.35 0.415 0.020 0.395 2 3.14 0.13
100 0.942 0.248 0.694 2 29.59 0.27 0.404 0.020 0.384 2 3.52 0.16
150 1.540 0.406 1.134 2 26.54 1.43 0.660 0.032 0.628 2 6.54 0.77

12.0 72 4.0 75 1.417 0.174 1.243 2 29.80 1.12 0.890 0.042 0.848 2 15.71 1.14
100 1.732 0.212 1.520 2 25.98 1.02 1.087 0.051 1.036 2 15.17 0.13
150 2.008 0.246 1.762 2 27.58 1.49 1.261 0.059 1.202 2 16.80 0.45

9.0 75 1.757 0.328 1.429 2 39.51 0.77 0.550 0.009 0.541 2 3.10 0.77
100 2.148 0.401 1.747 2 28.20 0.50 0.672 0.011 0.661 2 6.37 4.30
150 2.490 0.465 2.025 2 30.91 0.81 0.779 0.013 0.766 2 14.45 1.12

u: horizontal wind velocity; α: rain inclination from vertical; θ: slope gradient; Et: total resultant energy flux; Etz: energy flux calculated using vertical component of impact velocity;
Etx: energy flux calculated using horizontal component of impact velocity; qm(RD–WDT): measured sand transport rate by RD–WDT; SD: standard deviation; n: replicate.
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Fig. 12b, and a scatter plot of qm(RD–WDT) versus qp(RD–WDT) with the
model of Eq. (14) given in Fig. 13.

Differentiation of the role of the tangential stress related to Etx
and the compressive stress related to Etz in RD part of RD–WDT
resulted in an apparent improvement to such an extent that Et, by
itself, could not account for all the variation in entraining sand
particles into the splash droplets to be subsequently traveled with
the wind. In the model of qp RD–WDTð Þ ¼ kRD–WDTð ÞEδ1t uδ2

T , the exponent
values to which Et and u⁎ were raised were 1.03 and 0.77, respec-
tively while the model of qp RD–WDTð Þ ¼ kRD–WDTð ÞEχ1

tz E
χ2
tx u

χ3
T produced

exponent values of χ1, χ2, and χ3 equal to 0.31, 0.62, and 1.20,
respectively. When the results of two models were compared, it
appeared that the power of Et (δ1=1.03) was approximately parti-
tioned into 1/3 and 2/3 for Etz and Etx, respectively (χ1=0.31 and
χ2=0.62) for RD in the latter case, with which there was also an
increase for the role of u⁎ in the process of WDT (δ2=0.77 and
χ3=1.20, respectively). Markedly, the partitioning of the resultant
energy flux resulted not only in determining distinctive part of each
energy component in the sand detachment but also in clearing up
the possible inaccuracy in the performance of wind shear velocity in

the sand transport part of RD–WDT. This upgrading was achieved
because u⁎ exerted a dual function on RD–WDT. One was in RD
by changing the magnitude of Etx, and the second was in WDT as a
transporting agent. As a result, the partition of Et into Etz and Etx
caused the model to distinguish the interaction between u⁎ and Etx
and to work better (Table 3).

Additionally, Table 4 presents the Pearson correlation coefficients
between qm(RD–WDT) and Et, Etz, Etx, and u⁎. The results showed that
Etx had a better correlation coefficient with qm(RD–WDT) (0.84) than
Etz (0.55), implying that Etx and Etz accounted for 84% and 55% of the
variation in qm(RD–WDT), respectively, in the experiments of RD–WDT
conducted under improved lateral jetting of raindrops induced by
wind. The coefficients of Et and u⁎ with qm(RD–WDT) were 0.91 and
0.84, respectively.

Huang et al. (1982) showed that the magnitude of the lateral shear
stress of a vertically impacting raindrop was straightforwardly
correlated to that of the compressive stress, and later, Al-Durrah and
Bradford (1982) described the fact how compressive stress was trans-
formed to or compensated by lateral shear stress from the radial
splashes. Finally, Huang et al. (1983) explained the lateral jet

Fig. 9. Et (J m−2 s−1) values with partitions of Etz (J m−2 s−1) and Etx (J m−2 s−1) for the simulated rainfalls with 6.4, 10, and 12 m s−1 horizontal winds under different ϕ and P values.
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development depending on the compressive stress and elasticity or
rigidity of rain-impacted surface. Conversely, in this study, there was
an insignificant correlation between Etz and Etx at the statistical level
of p=0.05 (21%), and instead, Etx was strongly related to u⁎ (82%)

(Table 4). At this connection it is reasoned that induced lateral jets by
the horizontal wind velocity caused the sand detachment rather than
the compensatory lateral jets resulting from the compressive pressure
build-up at the raindrop–sand surface.

Fig. 10.Measured sand transport rate (qm(RD–WDT), g m−1 min−1) versus wind velocity (u, m s−1) at each slope gradient and aspect (a) and versus angle of rain incidence (ϕ, °) at each
wind velocity (b) regardless of nozzle operating pressures.

Fig. 11. Measured sand transport rates (qm(RD–WDT), g m−1 min−1) versus u⁎ (a), Et (b) Etz (c), and Etx (d).
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On the other hand, although Etx was more correlated with
qm(RD–WDT) than Etz, the results of RD–WDT showed that there was
more sand detachment for WDT in the windward slopes (Fig. 10a)
where the magnitude of Etz and Etx was more comparable (Fig. 9)
than that in the leeward slopes where decreases in Etz were very

large (Fig. 9), and thus, extreme increases in Etx at the expense of Etz
did not bring about significant increases in qm(RD–WDT).

4. Conclusions

Sand transport experiments to study the process of RD–WDT were
performed under improved lateral jetting of raindrops driven by wind
velocities of 6.4, 10, and 12 m s−1 at nozzle operating pressures of 75,
100, and 150 kPa. Obliquely falling wind-driven raindrops were
incident to the sand surface on thewindward and leeward slopes at 4°
and 9°, leading to awide range in the angle of incidence. The intention
of the experiment was to distinguish between the roles of both impact
components of obliquely striking wind-driven raindrops on RD and
wind on WDT. Raindrop impact components and reference horizontal
wind were quantified by normal and horizontal kinetic energy fluxes
(Etz and Etx, respectively) and wind shear velocity (u⁎), respectively, to
physically model the process. The results showed, at each level of u⁎,
differential sand transport rates by RD–WDT (qm(RD–WDT)) occurred
depending on the magnitude of raindrop impact components, and qm
(RD–WDT) increased as the relative contribution of Etz increased.
Although Etx was more correlated with qm(RD–WDT) (84%) than Etz
(55%), the extreme increases in Etx at the expense of Etz cause no
increase but a decrease in qm(RD–WDT). An RD–WDTmodel was built by
investigating the distinct effects of Etz and Etx on RD together with u⁎
and resulted in a better coefficient of determination (R2=0.89) than
that only Et did together with u⁎ (R2=0.84). In this study, Etx was
statistically related to u⁎ significantly (82%) and not to the Etz (21%),
which was the primary dissimilarity from earlier detachment studies,
which depended on the compensatory lateral jet development by

Fig.12. 3D scatter plot of measured sand transport rate (qm(RD–WDT), g m−1 min−1) versus
Etz and Etx (a) and Et and u⁎ (b).

Table 3
Statistical analysis for predicting sand transport rate by RD–WDT (qpRD–WDT, g m−1

min−1) by resultant total energy flux (Et, J m−2 s−1) and wind shear velocity (u⁎, m s−1)
and by normal and horizontal partitions of Et (Etz and Etx, J m−2 s−1, respectively) and
wind shear velocity (u⁎, m s−1) by log-linear regression

Model k(RD–WDT) δ1 δ2 R2

qp RD–WDTð Þ ¼ kRD–WDTð ÞEδ1t uδ2
T 22.12 1.03 0.77 0.84

Model k(RD–WDT) χ1 χ2 χ3 R2

qp RD–WDTð Þ ¼ kRD–WDTð ÞEχ1
tz E

χ2
tx u

χ3
T 58.46 0.31 0.62 1.20 0.89

Fig. 13. Scatter plot with a log-linear regression line of measured (qm(RD−WDT), g m−1

min−1) versus predicted sand transport rates (qp(RD–WDT), g m−1 min−1) by RD–WDT.

Table 4
Pearson correlation coefficients between the measured sand transport rate (qmRD–WDT,
g m−1 min−1) and Et, Etz, Etx, and u⁎

Et Etz Etx u⁎ qm
Et 1.00 (0.0000) 0.42 (0.0003) 0.97 (0.0001) 0.87 (0.0001) 0.91 (0.0001)
Etz 1.00 (0.0000) 0.21 (0.0706) 0.32 (0.0067) 0.55 (0.0001)
Etx 1.00 0.82 (0.0001) 0.84 (0.0001)
u⁎ 1.00 0.84 (0.0001)
qm 1.00 (0.0000)
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the compressive pressure build-up at the raindrop–soil interface.
Including Etx in the RD–WDT model both singled out the distinct role
of every raindrop impact component in RD and improved the
performance of u⁎ in WDT by better describing its interaction with
Etx, which was indistinct in previous models of RD–WDT.
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