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ABSTRACT

In wind-driven rains, wind velocity and direction are expected to affect not only energy input of rains but also shallow
flow hydraulics by changing roughness induced by raindrop impacts with an angle on flow and the unidirectional splashes
in the wind direction. A wind-tunnel study under wind-driven rains was conducted to determine the effects of horizontal wind
velocity and direction on sediment transport by the raindrop-impacted shallow flow. Windless rains and the rains driven by
horizontal wind velocities of 6 m s−1, 10 m s−1, and 14 m s−1 were applied to three agricultural soils packed into a 20 by 55 cm
soil pan placed on both windward and leeward slopes of 7 per cent, 15 per cent, and 20 per cent. During each rainfall
application, sediment and runoff samples were collected at 5-min intervals at the bottom edge of the soil pan with wide-
mouth bottles and were determined gravimetrically. Based on the interrill erosion mechanics, kinetic energy flux (Ern) as a
rainfall parameter and product of unit discharge and slope in the form of qbSc

o as a flow parameter were used to explain the
interactions between impact and flow parameters and sediment transport (qs). The differential sediment transport rates
occurred depending on the variation in raindrop trajectory and rain intensity with the wind velocity and direction. Flux of
rain energy computed by combining the effects of wind on the velocity, frequency, and angle of raindrop impact reasonably
explained the characteristics of wind-driven rains and acceptably accounted for the differences in sediment delivery rates to
the shallow flow transport (R2 ≥ 0·78). Further analysis of the Pearson correlation coefficients between Ern and qSo and qs also
showed that wind velocity and direction significantly affected the hydraulics of the shallow flow. Ern had a smaller correlation
coefficient with the qs in windward slopes where not only reverse splashes but also reverse lateral raindrop stress with respect
to the shallow flow direction occurred. However, Ern was as much effective as qSo in the sediment transport in the leeward
slopes where advance splashes and advance lateral raindrop stress on the flow occurred. Copyright © 2004 John Wiley &
Sons, Ltd.
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INTRODUCTION

Wind has long been known as a factor that has important roles in water erosion processes, but very few studies

have been made on the effect of wind on raindrops (Disrud, 1970; De Lima, 1989a, 1990; Pedersen and Hasholt,

1995; Helming, 2001; Erpul et al., 2002, 2003a,b) and overland flow characteristics (De lima, 1989a; Gerits and

De Lima, 1990; De Lima et al., 2003) since the experimental conditions are even now limited. Thus, there still

remain significant aspects that are not well understood in erosion processes in situations where wind and rain

occur at the same time.

Given generally shallow depths of overland flow, detachment by flow is often of minor importance for interrill

erosion (Foster, 1982), and therefore interrill detachment is considered to be mainly due to raindrop impact. As

a result of rainsplash of soil particles within shallow flow, raindrop-impacted overland flow can transport soil

particles in the flow direction even if there is very shallow flow. This process differs from the transport by both

overland flow without raindrop impact and rill flow, which must attain a critical velocity to set soil particles in

motion. Typically, the basic processes of raindrop-impacted shallow flow are detachment by raindrop impact and
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transport by overland flow (Julien and Simons, 1985; Guy et al., 1987; Kinnell, 1993; Parsons et al., 1998;

Zhang et al., 1998).

Results of laboratory experiments on the significance of wind on raindrop impact and rainsplash detachment

have recently been reported by Erpul et al. (2003a). They found differential rates to occur depending on the

changes in raindrop fall trajectory and raindrop frequency with the wind velocity and direction. Energy flux of

rain computed by combining the effects of wind on the velocity, angle, and frequency of raindrop impact

reasonably predicted the mass of sediments detached from the bare soil surface by the impacts of wind-driven

raindrops. Although rainsplash transport falls to a large extent with the flow depth range of 0–2 mm, and beyond

it becomes negligible (Ghadiri and Payne, 1981; Torri et al., 1987), rainsplash detachment can still be active

at greater flow depths (Moss and Green, 1983; Kinnell, 1988, 1990).

A splash corona is created when a raindrop impacts shallow flow covering a soil surface, and soil detachment

results from these splashes (Mutchler, 1967; Mutchler and Larson, 1971; Mutchler and Young, 1975; Ghadiri

and Payne, 1980; Poesen and Savat, 1981). Vertically falling and uniformly distributed raindrop impacts on a

uniform soil surface induce symmetric splashes from the corona edge in all directions that result in a null net

transport of sediments. However, the impact of a wind-driven raindrop causes an asymmetric splash corona,

which is distorted towards the direction of the wind, and in addition to distorting raindrop splash, wind also has

an important role in deviating trajectories of splash droplets towards the direction of wind (De Lima, 1989b).

Therefore, wind velocity and direction are expected to affect not only rainsplash detachment but also shallow

flow hydraulics by changing roughness induced by raindrop impacts on flow with an angle and by their asym-

metric and directional splashes, whether submerged or not, in relation to the downward shallow flow.

The growth of wind-induced waves on the flow is also likely to have a role in shallow flow hydraulics. De

Lima (1989c) explored the effects of raindrops driven by wind velocities of 4·6 and 5·7 m s−1 and wind distur-

bances on overland flow on an impervious surface, and concluded that the effects of tangential wind shear stress

exerted on the flow surface and splashes were smaller than the effect of the lateral stress of impacting wind-

driven raindrops for high intensity rainfalls. Nevertheless, they could be significant when a shallow flow depth

covers the entire soil surface under low intensity rainfalls.

De Lima et al. (2003) have studied how storm velocity and direction influenced water erosion, and the results

showed that the soil loss caused by the downstream-moving rainstorms was greater than that caused by identical

upstream-moving rainfall storms. In the present study, sediment transport rates by raindrop-impacted shallow

flow were measured under wind-driven rain. By comparing the results from windward and leeward slopes, we

aimed to clarify the effects of wind velocity and direction on the transport process.

MATERIALS AND METHODS

The study was conducted in a wind tunnel rainfall simulator facility at Ghent University, Belgium (Gabriels

et al., 1997). The wind tunnel is a closed circuit and low speed type wind tunnel made of sheet metal. An axial

fan, which is 1·5 m in diameter and has 16 adjustable blades driven by a 200 hp electric motor, generates airflow.

Adjusting the pitch angle of the blades by means of a compressor controls the wind speed, and the minimum

free stream wind velocity is 6·0 m s−1 in the tunnel. The air current is streamlined as it passes a screen and a

2·60 m long cross-shaped splitter, and fixed air straightener vanes are placed in front of the fan to remove the

swirl induced by rotation of the blades. Wind streams additionally pass a honeycomb system before entering into

the working area (test section). A particle-settling chamber allows sedimentation of air load and is vented to the

atmosphere by means of a breather to protect drifting of static pressure in the tunnel. Wind velocity profiles

above wind tunnel floor are characterized by the following logarithmic equation:

    

u z
u z

zo

( )  ln
*=

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟κ

 for z > zo (1)

where u(z) is the wind velocity at height z, zo is the aerodynamic roughness height, u* is the wind shear velocity,

and κ is von Karman’s constant. Average wind velocity profiles regardless of slope gradient and aspect with a
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fixed roughness height of 0·0001 m for a bare and smoothed soil surface are 0·0001e1·1148u, 0·0001e0·7480u, and

0·0001e0·5142u, and the corresponding reference shear velocities (u*) are 0·35, 0·53, and 0·77 m s−1 for the reference

wind velocities of 6, 10, and 14 m s−1, respectively. These are the profiles in the form of:

z = aebu (2)

where a = zo and b = κ/u*. It is important here to note that the effect of rain load on the reference wind velocities

was unknown during the wind-driven rain simulations due to the fact that anemometers suitable to work under

rainy conditions were not available during simulations. The logarithmic profile in the air–water interface intro-

duces a flow resistance, which is related to the wind shear velocity, u* = (τw/ρa)
1/2, where τw is the shear stress

exerted on the flow surface by wind, and ρa is the air density. Since the wind disturbances on the flow will be

much less than the flow resistance induced by the raindrop impacts in wind-driven rains (De Lima, 1989c) and

given the size of the soil pan (55 by 20 cm), which has a very limited length to generate waves, we assumed

a minor effect of wave-induced perturbations in our experiments.

All experiments are conducted in the working area, which is 1·20 m wide and 12 m long with the ceiling

adjustable in height from 1·80 m to 3·20 m. The wind tunnel allows study of the combined effect of wind and

rain on soil erosion. This is made possible by the installation of a rainfall simulator at the ceiling of the working

area of the wind tunnel over a length of 12 m. The rainfall simulator consists of a pipeline with spray nozzles.

In this study, we used a continuous spraying system of ten downward-oriented nozzles installed at 2 m high and

1 m intervals. Nozzle pressure was kept at 1·50 bar. Erpul et al. (1998, 2000) give a detailed description of the

raindrop size distribution for simulated rainfall in the wind tunnel. The simulated rainfall in the wind tunnel

consists of rather small raindrops ranging from 0·2 to 1·8 mm for windless rains and up to 3 mm for wind-driven

rains. The nozzles at 1·5 bar operating pressure deliver a median raindrop size (d50) of 1·00, 1·63, 1·53, and

1·55 mm for windless rain and the rains driven by 6, 10, and 14 m s−1, respectively. Values of d25, d50, and d75

of wind-driven rainfalls are greater than those of windless rainfalls. This is attributed either to the raindrop

collisions expected as a result of a greater number of small raindrops per unit volume of air or to the possibility

that small raindrops would drift further away than large drops from the test section of the wind tunnel. There

is no significant difference in d50 of wind-driven rains, which have smaller ‘spreading’ (d25/d75) and ‘sorting’

((d75 − d25)/d50) coefficients compared to the windless rain. In general, the raindrop sizes of wind-driven rainfalls

have a narrow range around d50, and the most dominant raindrop size is 1·8 mm.

The energy of simulated rainfall was measured by a piezoelectric ceramic kinetic energy sensor (Sensit™,

model V04, Sensit Co., Portland, ND, USA; Erpul et al., 2003a). The kinetic energy sensor is a 5 cm ceramic

disc; it works on the piezoelectric effect of a ceramic disc, which produces electric charges proportional to the

kinetic energy of impacting raindrops. The Sensit essentially has two outputs: kinetic energy units and number

of raindrop impacts. The functional relationship obtained by the kinetic energy sensor between the kinetic energy

(KE) and the horizontal wind velocity (u) was in the form of:

KE = 6 × 10−6e0·2184u (3)

where KE is in joules, and u in m s−1. The calculated resultant impact velocities (vr) of median drop sizes for

the windless rains and the rains driven by the reference wind velocities of 6, 10, and 14 m s−1 were 4·38 ± 0·58,

4·64 ± 0·56, 7·64 ± 0·60, and 10·48 ± 0·57 m s−1, respectively. The sensor measurement showed that an exponential

relationship existed between the energy of the simulated rains and the horizontal wind velocity. The increase

in rain energy was mainly ascribed to the increase in the resultant raindrop impact velocity since the raindrop

size distribution did not change significantly, in the rains driven by 6, 10 and 14 m s−1 winds in the wind tunnel

facility (Erpul et al., 1998; 2000, 2003a).

The intensity of simulated rains was directly measured with five small collectors on the inclined plane with

respect to the prevailing wind direction. That is, the collectors were placed next to the soil pan with the same

slope gradient and aspect as the soil pan during each run. In this way, the intensity measurements were made

truly representative for each run without any need for correction due to the rain inclination gained from

horizontal wind velocity and slope gradient and aspect (Sharon, 1980; De Lima, 1990). From the direct intensity
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measurements, the average angle of rain incidence between the wind vector and the plane of the surface

    (   )β θm was calculated using the cosine law of spherical trigonometry (Sellers, 1965):

      
φ     cos(   )= =

I

I

a β θm (4)

where φ is the impact efficiency of wind-driven raindrops, Ia is the actual intensity (mm h−1), I is the rainfall

intensity in respect to a plane normal to the rain vector (mm h−1), β is the raindrop inclination from vertical

(degree), and θ is the slope gradient (degree). The calculated average rain inclination was 53·0 ± 11·5°, 68·2 ± 7·6°,

and 73·5 ± 6·6° for the rains driven by wind velocities of 6, 10, and 14 m s−1, respectively (Erpul et al., 2003a).

The angles refer to the average values generalized over the raindrop size range, and the analysis of variance

showed that at the level of α = 0·05 the means were significantly different from each other.

Three loess-derived agricultural soils, Kemmel1 sandy loam (57·6 per cent sand, 31·1 per cent silt, and

11·3 per cent clay) and Kemmel2 loam (37·8 per cent sand, 44·5 per cent silt, and 17·7 per cent clay) from

the Kemmelbeek watershed (Heuvelland, West Flanders, Belgium) and Nukerke silt loam (32·1 per cent sand,

52·3 per cent silt, and 15·6 per cent clay) from the Maarkebeek watershed (Flemish Ardennes, East Flanders,

Belgium) were used in this study. The soil samples were collected from the Ap horizon and air-dried prior to

the experiment. Soil was sieved into three aggregate fractions: 1·00–2·75, 2·75–4·80, and 4·80–8·00 mm, and

the weighing factors assigned to each fraction were 28, 32, and 40 per cent, respectively to reconstitute the

packing soil. A 5 kg soil sample was then packed loosely into a 55 cm long and 20 cm wide pan after the three

fractions of aggregates were evenly mixed.

Windless rains and the rains driven by horizontal wind velocities of 6, 10, and 14 m s−1 were applied to the

soil pan placed at both windward and leeward slopes of 7, 15, and 20 per cent (Figure 1). For each soil and slope

aspect, there were three replicates, or 36 runs for a total of 216 rainfall simulations.

In the present study, we assumed rainsplash detachment rate under inclined rain is related to the normal

component of raindrop impact velocity (Heymann, 1967; Springer, 1976; Gilley et al., 1985; Gilley and Finkner,

1985; Erpul et al., 2003a). Accordingly, the kinetic energy flux (Ern, W m−2) was described by:

      

E mvrn r  cos (   )=
⎛
⎝⎜

⎞
⎠⎟

Ξ
1

2

2 2 β θm (5)

where m is the mass of the raindrop in kg, and vr is in m s−1, β and θ are in degrees, and Ξ is the number of

raindrops in # m−2 s−1 and calculated by:

    

Ξ =
∀

 
Ia

d50

(6)

where Ia is in m s−1, and
    
∀d50

is the volume of median raindrop size in m3.

Rainfall simulations were conducted under freely drained conditions, and generally steady-state soil loss and

runoff rates were attained within 45 min in windless rains and the wind-driven rains on windward slopes. However,

particularly in the rains driven by wind velocities of 10 and 14 m s−1 on the leeward slopes of 15 and 20 per

cent, time to runoff changed greatly, and overland flow generation was retarded due to the lesser amount of rain

interception. In these cases, an additional 45 min rainfall run was needed to be able to collect sediment and

runoff samples at steady-state rates. During each rainfall application and after runoff started, sediment and runoff

samples were collected at 5 min intervals at the bottom edge of the pan using wide-mouth bottles and were deter-

mined gravimetrically. Total sediment and runoff values, and the total simulated rainfall duration, were used in

calculation of sediment transport rate by rain-impacted shallow flow (qs). The following log-linear model (SAS,

1995) was analysed for the sediment transport by rain-impacted shallow flow based on interrill erosion mechanics

(Julien and Simons, 1985; Gilley et al., 1985; Guy et al., 1987; Zhang et al., 1998; Parsons et al., 1998):

qs = kEa
rnq

bSc
o (7)
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Figure 1. Experimental set-up with soil pan and wide mouth bottle to sample sediment and runoff arranged on the windward and leeward
slopes in the wind tunnel



960 G. ERPUL, D. GABRIELS AND L. D. NORTON

Copyright © 2004 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 29, 955–967 (2004)

where k is the soil transport parameter for sediment transport by raindrop-impacted shallow flow and, a, b, and

c are regression coefficients to which kinetic energy flux, unit discharge and slope are raised, respectively.

RESULTS AND DISCUSSION

Measured rain intensities, angle of rain incidence, and kinetic energy flux for the windless rain and the rains

driven by the reference wind velocities of 6, 10, and 14 m s−1 are presented in Table I, and a summary of the

data used in evaluating sediment transport by rain-impacted shallow flow for three soils is presented in Table II.

Differential sediment transport rates occurred depending on the variation in raindrop trajectory and frequency

with wind velocity and direction (Figure 2). For a given wind velocity, the transport rate regularly increased on

windward slopes due to the greater rain intensities with greater impact angles as the slope gradient increased.

Figure 2. Measured sediment transport rates by raindrop-impacted shallow flow for Nukerke silt loam, Kemmel1 sandy loam, and
Kemmel2 loam
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On the other hand, there were fewer rain intensities with smaller impact angles on leeward slopes as the slope

gradient increased, resulting in lower transport rates. Very significantly, differences in the rates between aspects

increased as the wind velocity and slope gradient increased. For example, the sediment transport rate on the

windward slope was approximately 16 times greater than that on the leeward slope for the rains driven by a

14 m s−1 wind incident on a slope of 11·3° for Nukerke silt loam. For the same simulated rains, the rates were

89 and 31 times greater on the windward slopes than on the leeward slopes for Kemmel1 sandy loam and

Kemmel2 loam, respectively (Table II and Figure 2).

Raindrop impact and flow interactions played a significant role in determining the sediment transport rate by

raindrop-impacted shallow flow under wind-driven rains, and the fluxes of rain energy (Equation 5) and unit

discharge and slope (qSo) satisfactorily explained the rates (R2 ≥ 78) (Figure 3).

The statistical fit of Equation 7, which is based on the interaction between raindrop impact and flow para-

meters, is shown in Table III. All statistical analyses are made with individual data points, although mean values

Figure 3. Sediment transport rate by raindrop-impacted shallow flow as a power function of kinetic energy flux and the product of unit
discharge and slope for Nukerke silt loam (a), Kemmel1 sandy loam (b), and Kemmel2 loam (c)
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Table III. Statistical analyses for the equation* of sediment transport by the raindrop-impacted shallow flow developed by
log-linear regression technique for three soils (reprinted from Erpul et al., 2003b, with permission from Elsevier)

Soil k Prob > |T | a Prob > |T | b Prob > |T | c Prob > |T | R2

Nukerke 3·33 × 10−3 0·0001 0·45 0·0001 0·34 0·0034 0·65 0·0001 0·91
Kemmel1 4·74 × 10−4 0·0001 0·51 0·0002 0·67 0·0009 0·73 0·0001 0·94
Kemmel2 2·27 × 10−3 0·0001 0·55 0·0001 0·39 0·0079 0·31 0·0004 0·91

* Equation 7, qs = kEa
rnqbSc

o.

are given in Tables I and II, and units of variables are as presented in Tables I and II. The analysis of variance

showed that the values of exponents to which the energy flux, unit discharge and slope were raised (a, b and

c, respectively) and the soil transport parameter for a shallow flow-driven process k were significant at the level

of α = 0·05 for Nukerke silt loam, Kemmel1 sandy loam and Kemmel2 loam. The models performed reasonably

well and accounted for ≥91 per cent of the variations in the shallow flow transport rates.

Additionally, analysis of the Pearson correlation coefficient (r) was carried out to provide the strength of the

relation between Ern and qs and between qSo and qs, using the combined data from three soils by:
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Equation (8) exemplifies the r value between Ern and qs, and N = 81 for the analyses performed for windward

and leeward rains (3 soils × 3 slope gradients × 3 wind velocities × 3 replicates × 1 aspect). Partitioning of the

data of wind-driven rains with respect to the slope aspects indicated that qs had poorer correlation with Ern and

much greater correlation with qSo in windward slopes (0·55 and 0·88, respectively), which indicated that flow

parameters, not the impact parameter, reasonably explained the variation in the sediment transport rate (Table IV),

although a larger contribution of raindrop impact was expected due to the greater rain intensities (Table I).

On the other hand, Ern was as much in effect as qSo for sediment transport in the leeward slopes, and the

correlation coefficient between Ern and qs was 0·91 (Table IV). Evidently, a significant difference occurred not

only in the sediment rates but also in flow hydraulics with different aspects under the impact of wind-driven

raindrops. This was ascribed to a roughness induced by the directional splashes of soil particles by the inclined

raindrop impacts and the contrary lateral stress of impacting raindrops to the direction of the shallow flow.

One would expect by instinct that three types of directional splashes, either submerged or not, appear to exist

in our study. First, in the windless rains incident on a slope, particles splashed by raindrop impact flow move

downslope or downslope particle movement is more important than the upslope particle movement irrespective

of the slope aspect (Figure 4a). In other words, the splash asymmetry of the detached soil particles occurs such

that more momentum is transferred in the downslope direction and thus the difference between upslope and

downslope transport increases as the slope gradient increases. In this case, lateral raindrop stress is also in the

same direction as the shallow flow direction. In fact, raindrop-induced flow resistance empirically estimated by

Shen and Li, (1973) and Katz et al. (1995) represents this condition of windless rain incident on a slope. Second,

in wind-driven rains incident on the windward slopes, the particles splashed by the inclined raindrops are

directed upslope, and there is only upslope movement at the threshold, and these particles are captured by the

shallow flow running downslope. Clearly, reverse splashes at impact with respect to the shallow flow direction
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Table IV. Pearson correlation coefficients (r) among the kinetic energy flux, Ern

(W m−2) ) and the product of flow parameters in the form of qSo and the sediment
transport rate by the raindrop-impacted shallow flow, qs (g m−1 min−1), using

combined data from three soils

Ern qSo qs

Windless and wind-driven rains
Ern 1·00 (0·0000)* 0·67 (0·0001) 0·72 (0·0001)
qSo 1·00 (0·0000) 0·89 (0·0001)
qs 1·00 (0·0000)

Wind-driven rains
Ern 1·00 (0·0000) 0·76 (0·0001) 0·86 (0·0001)
qSo 1·00 (0·0000) 0·92 (0·0001)
qs 1·00 (0·0000)

Windward rains
Ern 1·00 (0·0000) 0·45 (0·0001) 0·55 (0·0001)
qSo 1·00 (0·0000) 0·88 (0·0001)
qs 1·00 (0·0000)

Leeward rains
Ern 1·00 (0·0000) 0·75 (0·0001) 0·92 (0·0001)
qSo 1·00 (0·0000) 0·91 (0·0001)
qs 1·00 (0·0000)

* Numbers in parentheses are significance levels.

occur, and this, together with contrary lateral raindrop stress that increases as the horizontal wind velocity

increases, forms such raindrop-induced roughness that greater flow depth could occur, increasing the dissipation

of the raindrop impact energy (Figure 4b). Third, in the wind-driven rains incident on the leeward slopes, the

particles splashed by the inclined raindrops are directed downslope and thus, being in the same direction as the

shallow flow direction (Figure 4c) and similar to the first case, the lateral raindrop stress is also in the same

direction as the shallow flow. The only difference from the first case is the unidirectional downslope particle

movement without any upslope component of particle movement in this case.

As shown in Figure 4, different hydraulics of shallow flow might occur depending on wind velocity and

direction. Our analysis of Pearson correlation coefficients (Equation 8 and Table IV) appeared to reflect these

differences. Ern was poorly correlated with qs, and qSo tended to dominate as flow depth increased in the

windward slopes while Ern performed equally as well as qSo, explaining more than 90 per cent of the variation

of qs on the leeward slopes. Reverse splashes of particles and reverse lateral raindrop stress with respect to the

shallow flow direction worked together to lead to more deepened flow in the windward slopes giving rise to the

decreased contribution of raindrop impact to sediment transport on these slopes.

CONCLUSIONS

Experimental results directly taken on wind effects on sediment transport by raindrop-impacted shallow flow

have been presented in this study, aiming to provide a better insight into the process under wind-driven rains.

Flux of rain energy computed by combining the effects of wind on the velocity, frequency, and angle of raindrop

impact and unit discharge and slope adequately described the characteristics of wind-driven rains and signific-

antly explained the variations in sediment delivery rates to shallow flow transport (R2 ≥ 0·91). Analyses of

the Pearson correlation coefficients additionally showed that a significant difference occurred in shallow flow

hydraulics with different aspects under the impacts of wind-driven raindrops. The reverse/advance particle

splashes and the lateral stress of impacting raindrops at an angle with respect to the shallow flow direction were

concluded to have significant effects on the shallow flow hydraulics under wind-driven rains. However, there

is a need for further experimentation to parameterize these roughness elements, and an understanding of these

mechanisms should facilitate the development of robust models to assess the sediment transport by raindrop-

impacted shallow flow under wind-driven rains.
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Figure 4. Within-flow particle movements under windless rain on a slope (a), wind-driven rain on a windward slope (b), and wind-driven
rain on a leeward slope (c)
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