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A B S T R A C T

Soil erosion is a critical issue that threatens agricultural productivity and long-term sustainability. While the 
effects of wind and rainfall on soil erosion are often studied separately, their combined effects on hydrological 
and erosion processes, under varying soil surface conditions, remain poorly explored. Understanding erosion 
dynamics requires evaluating the interactions between water, wind, and soil properties. Therefore, this study 
investigated the effect of windless rain (WLR) and wind-driven rain (WDR) at varying wind velocities on runoff, 
infiltration, and soil loss (through runoff and splash erosion) on both smooth and rough soil surfaces using a 
novel setup comprising rainfall and wind simulators. The study also quantified the effect of different rainfall 
events on soil surface roughness (SSR). Findings indicate that WDR significantly accelerated runoff generation 
and produced higher runoff volume and soil loss compared to WLR, due to increased rainfall kinetic energy 
caused by wind velocity. On smooth surfaces under the highest wind velocity, WDR increased runoff volume, 
sediment load, and sediment concentration by 74 %, 43 %, and 143 %, respectively, compared to WLR. Rough 
surfaces mitigated these effects at lower wind velocities but were less effective under higher wind speeds, 
resulting in soil and water losses comparable to or exceeding those measured under WLR. Moreover, WDR 
increased SSR on smooth surfaces by up to 172 % but reduced it on rough surfaces by up to 30 %. These results 
demonstrate that wind increases rainfall erosivity, affecting soil erosion processes. However, the magnitude of 
this effect was also influenced by wind velocity and initial SSR. Therefore, incorporating these factors is crucial 
for accurately assessing soil and water losses in erosion studies.

1. Introduction

Soil erosion involves the detachment, entrainment, transport and 
deposition of soil particles, often accelerated by erosive agents such as 
water and wind. Climate change is anticipated to exacerbate soil erosion 
by increasing the frequency and intensity of extreme weather events, 
such as heavy rainfall, droughts and strong winds (Bolan et al., 2024). In 
the case of soil erosion by water, raindrop impact and surface runoff play 
crucial roles as the primary erosive forces (Kinnell, 2005). When soil 
erosion is caused by wind, the erosion rate is influenced by wind velocity 

(Zhang et al., 2019). The simultaneous action of wind and water during 
natural rainstorms can lead to accelerated soil erosion rates, especially 
in arid and semi-arid regions (Visser et al., 2004). However, most 
erosion studies have evaluated the individual effects of erosive agents.

There has been a growing interest in soil erosion arising from the 
combined effects of wind and water (An et al., 2023). A positive rela
tionship was found between wind velocity and soil erosion rates during a 
rainfall event (Erpul et al., 2003a; Mahmoodabadi et al., 2021). Wind 
may enhance detachment and transport of soil particles by increasing 
both the kinetic energy (KE) and incident impact angle of raindrops 
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(Erpul et al., 2005; 2013; Iserloh et al., 2013; Marzen et al., 2016; 
Arshad et al., 2019). These effects are related to wind velocity. Helming 
(2001) found that at the highest wind velocity (10.5 m s−1), rainfall KE 
could be 3.5 times higher than in windless conditions. Furthermore, 
after a raindrop impact detaches and propels soil particles and/or micro- 
aggregates into the airflow, the wind can carry these dislodged particles 
up to 3 m in rain driven by wind velocities of 6 m s−1, and up to 6 m in 
rain driven by wind velocities of 10 and 12 m s−1 (Erpul et al., 2002), but 
these trajectories depend on the mass and density of the soil particle. 
Few studies have measured the vertical profile of entrained soil parti
cles, including the bedload and suspended particles eroded due to wind- 
driven rain (WDR). In addition to that, the simultaneous assessment of 
hydrological responses (i.e. runoff and infiltrate volumes) and soil loss, 
particularly splash erosion, under wind-driven rain conditions received 
little attention in previous erosion studies and represents an important 
research need.

Soil and water losses caused by WDR appear to be influenced not 
only by the wind-imparted modifications to raindrops and shallow 
surface runoff, but also significantly affected by other variables related 
to soil surface attributes (Ries et al., 2014), notably soil surface rough
ness (SSR). In situations where rain is driven by wind, the influence of 
soil properties may be more significant compared to conditions without 
wind, due to the additional effect of profile wind drag (Marzen et al., 
2015).

Bahddou et al. (2023) have shown that SSR affects runoff initiation 
time during a rainfall event, total runoff volume, sediment load and the 
amount of rainsplash erosion. The authors also showed that erosive 
forces altered the roughness of the soil surface. Previous research found 
that SSR of initially rough surfaces decreases due to the rainfall KE 
breaking down soil aggregates and ridges (da Rocha Junior et al., 2016; 
Bahddou et al., 2023). On the other hand, smooth soil surfaces become 
rougher after a rainfall event due to detachment of soil particles caused 
by the raindrop impact (Bahddou et al., 2023) and micro-rill develop
ment on the soil surface (Huang & Bradford, 1992; Römkens et al., 
2001). However, these studies only considered the rainfall event 
although, in reality, wind and rainfall act together on erosion processes.

The aim of this study is to gain a key mechanistic insight into the 
hydrological and erosional responses of soils under windless rain (WLR) 
and WDR. The objectives of this research are to a) compare the effects of 
WLR and WDR (i) on surface runoff and infiltrate volumes, and (ii) on 
soil loss due to runoff and rainsplash erosion; b) compare the effects of 
surface roughness (i.e. smooth and rough surfaces) on soil and water 
losses under WLR and WDR events; and c) study the changes in surface 
roughness (i.e. smooth and rough surfaces) under the different erosive 
events. We hypothesise that the interaction of wind with falling rain
drops would increase rainfall erosivity leading to increased soil 
detachment and transport, as well as a more pronounced change in the 
initial SSR.

2. Materials and methods

2.1. Preparation of erosion trays

Soil erosion trays were prepared following the methodology 
described in Bahddou et al. (2023). An air-dried sandy loam soil (16 % 
clay, 28 % silt and 56 % sand) was sieved through a 4 mm mesh screen 
and packed into soil erosion trays of 50 cm length, 25 cm width and 8.5 
cm depth. Each tray was filled with 15 kg of sieved soil and packed in 
five successive horizontal layers. Each layer was compacted manually 
using a flat soil packer by applying repeated static pressure to achieve a 
uniform bulk density of 1.4 g cm−3 throughout the profile. The trays 
were filled up with soil to the level of a V-shaped runoff outlet from 
which runoff samples (along with any eroded soil in the runoff) would 
be collected during the rainfall event. An additional layer of soil was 
added and graded to the upslope lip of the tray (i.e. opposite the runoff 
outlet) to avoid a windward edge effect during WDR events. This layer 

extended over the full tray width and had a variable thickness along the 
tray length, as required to maintain a continuous soil surface flush with 
both the upslope edge and the runoff outlet, forming a wedge-shaped 
surface layer with a slight slope of 5 %. Each erosion tray was put on 
a base made of a perforated steel sheet covered with voile, which 
allowed any infiltrated water to drain freely and reach the infiltrate 
outlet. The soil erosion trays were then prepared to simulate different 
soil surface conditions: 1) smooth surface and 2) rough surface, with 
mounds and depressions.

The smooth surface was obtained by flattening the upper layer of soil 
using the soil packer. On the other hand, the rough soil surfaces were 
created using a specialised tool that formed offset mounds and de
pressions of 2 cm height and depth, respectively, simulating non- 
directional surface roughness. The roughness was applied uniformly 
across the soil surface, ensuring consistency across replicates.

Soil trays were put in water that reached the trays’ base, allowing the 
soils to wet up by capillary rise for a period of 24 h, after which they 
were removed from the water bath to allow them to drain. This resulted 
in a soil volumetric moisture of 42.66 % ± 0.21 (measured using Delta-T 
HH2/SM150T soil moisture probe), close to the expected saturated 
water content of 0.47 for a soil at this bulk density.

2.2. Calibration of the rainfall and wind simulators

2.2.1. Rainfall simulator
The erosion experiments were run indoors with rainfall and wind 

simulators (section 2.2.2) to avoid interference from external environ
mental factors such as natural wind or rainfall. The targeted rainfall 
intensity (90 mm hr-1) and duration (30 min) were selected to simulate 
natural representative rainfall events. To achieve that, the pressurised 
water rainfall simulator was tested using water pressures ranging be
tween 0.4 and 0.7 bar at a number of locations under the rainfall nozzle. 
The intercepted volume of water was measured using catch cups placed 
on a tilting table (set at the test slope gradient of 11 %). Each test was 
performed in triplicate. Once the approximate area and water pressure 
that delivered the desired rainfall intensity were identified, additional 
tests were carried out placing an empty erosion tray at different posi
tions under the nozzle to determine locations of rainfall intensity uni
formity for the erosion trays during the windless and wind-driven 
rainfall simulations.

The nozzle that produced the desired intensity was a LECHLER 490. 
888.30.CG, placed at 1.5 m above the soil surface, and at a 1-meter 
distance above the pressure gauge. The pressure was maintained at 
0.5 bar. Catch cups were placed next to the erosion trays during each run 
to check for consistent rainfall application over space and time.

The Christiansen's coefficient of uniformity (CU, %) (Christiansen, 
1942) was used to determine the spatial distribution of rainfall on the 
test area (i.e. erosion tray location). It is expressed in Equation (1), 
where x is the water collected in the catch can (mL), and m is the average 
water volume collected (mL). 

CU =

(

1−

∑
|x−m|
∑
x

)

⋅100 (1) 

The Christiansen's coefficient was 98 %, indicating homogeneous dis
tribution of rainfall on the soil surface. The trays were set on a slope 
gradient of 6.5 degrees (~11 %), to be representative of typical arable 
field conditions.

2.2.2. Wind simulator
A portable 3-phase electric wind simulator was used in combination 

with the rainfall simulator, an open-type system, to generate wind- 
driven rain (Fig. 1). The sloped erosion trays were oriented in the 
same direction as the generated wind. The wind simulator was cali
brated to deliver wind velocities of 6 m s−1 and 10 m s−1 to the test area. 
In this study, two levels of wind-driven rain were simulated, hereafter 
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named WDR1 (for the lower wind velocity, 6 m s−1) and WDR2 (for the 
higher wind velocity, 10 m s−1). Wind velocities were measured at 
different locations of the test area, where the erosion tray was placed, 
using a pre-calibrated hot wire anemometer (multicompPRO), consid
ering different positions of the wind simulator. The position that deliv
ered the desired wind characteristics was 2 m (horizontal) between the 
wind outlet and the erosion tray. A smooth wooden board (2.5 m long) 
was placed beneath the wind outlet and extended to the upslope edge of 

the erosion tray acting as a flow straightener by providing a continuous 
surface over which the airflow could stabilize, thereby ensuring a more 
uniform wind flow.

Fig. 2 shows the distribution of wind velocities over the length of the 
erosion tray. Three-dimensional wind velocity profiles (in x, y, z di
rections) were created at the two experimental wind velocities by 
measuring the wind velocity at different points across the width and 
along the length of the tray and at the following heights above the 

Fig. 1. Experimental setup combining wind and rainfall simulators, generating wind-driven rain (WDR) on a soil erosion tray.

Fig. 2. Spatial distribution of the wind velocity (m s−1) over the test area with (A) the lower wind velocity, used to simulate WDR1 and (B) the higher wind velocity, 
used to simulate WDR2.
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erosion tray: 0 cm (at the soil surface), 2.5 cm, 5 cm, 7.5 cm, 10 cm, 12.5 
cm. The number of measured points was 180 points per each wind ve
locity profile. Considering the vertical section of the test area located 
2.05 m beyond the wind simulator’s outlet (Fig. 2), the wind velocities at 
the middle of the section were 6 m s−1 and 10 m s−1 in the two wind 
configurations simulating WDR1 and WDR2, respectively.

The spatial distribution of wind-driven rainfall on the test area was 
measured using the uniformity method described in section 2.2.1., and 
the average Christiansen uniformity coefficients were 97 % for WDR1 
and 96 % for WDR2, indicating that the wind-driven rainfall maintained 
a high level of spatial uniformity across the test area.

2.2.3. Windless (WLR) and wind-driven rainfall (WDR) kinetic energy 
(KE)

Rainfall erosivity refers to the rainfall's ability to detach, entrain and 
transport soil particles, and is crucial for understanding erosion pro
cesses (Nearing et al., 2017). It is quantified through the total cumula
tive KE of an individual rainfall event, which depends on the raindrop 
distribution and raindrop mass and velocity.

The size, frequency (number of detected raindrops per unit time), 
vertical velocity of raindrops and their angle of incidence were 
measured using the high-performance Oxford Laser VisiSize N60 at 
Silsoe Spray Unit Applications (Silsoe, UK). The equipment uses a short 
dual light pulse to illuminate a screen, capturing images where droplets 
are visible as dark spots against a light background. The images are then 
analysed using the VisiSize software (Oxford lasers). The laser, rainfall 
simulator nozzle and wind generator were set up to replicate the same 
distances and heights between the test area and the rainfall/wind 
sources as in the experimental setup described above. The water pres
sure, water flow rate, and wind velocities were also replicated in the 
same way. The laser was positioned at two different sampling locations 
under the rainfall simulator nozzle: i) central (location 1) and ii) at 25 
cm from the vertical line to the nozzle, away from the wind source 
(location 2). The measurements were repeated five times for each of the 
two locations and for each of the three treatments (WLR, WDR1 and 
WDR2).

The resultant velocity (v, m s−1) of windless and wind-driven rain
drops was calculated from the measured vertical velocity (Vv, m s−1) and 
the raindrop angle of incidence (α, deg) in Eq. (2). 

v =
1

cosα⋅Vv (2) 

The resultant kinetic energy (KEr, mJ) of the windless and wind-driven 
raindrops was calculated using Eq. (3), where m is the mass of the 
raindrop (g). 

KEr =
1
2
m⋅v2 (3) 

The kinetic energy (KE, mJ m−2 s−1) is defined in Eq. (4), where ρ is the 
density of water (g cm−3), D is the diameter of the raindrop (cm), and n is 
the number of detected raindrops falling in each drop diameter and 
velocity per unit area per unit time. 

KE =
( π

12

)
⋅ρ⋅D3⋅n⋅v2 (4) 

The total kinetic energy per unit area and time is the sum of all KE 
calculated for each drop diameter (mm) and velocity (m s−1).

2.3. Measurements of erosion and soil surface roughness

2.3.1. Runoff, infiltration, sediment load and concentration
The measurements followed the methodology described in Bahddou 

et al. (2023). For each erosion tray, total volumes of surface runoff and 
infiltrate were collected after 30 min of the experimental run from the 
tray’s outlet and the base’s outlet respectively, via a system of pipes and 

buckets, and measured using measuring cylinders. The time taken for 
runoff and infiltrate initiation (seconds) was recorded. The mass of 
sediments collected in the runoff was also recorded after the 30-minute 
events. When the runoff volume was less than 100 mL, the total collected 
volume was filtered through oven-dried, pre-weighed Whatman Number 
2 filter paper. When the runoff volume was greater than 100 mL, the 
total mixture was thoroughly agitated, and a sub-sample of 100 mL was 
taken and filtered. The sediment-loaded filter papers were oven-dried 
for 24 h at 105 ◦C and weighed using a precision balance with a read
ability of 0.001 g. The sediment concentration in the runoff (g L−1) was 
then calculated.

2.3.2. Rainsplash erosion
Rain-splashed material was collected by placing purpose-designed 

collectors at the downslope end of the erosion tray, right on top of the 
runoff outlet funnel. The collectors covered the whole width of the 
erosion tray and were designed to collect the detached and transported 
soil particles (due to WLR and WDR) at different heights (0–2.7 cm; 
2.7–5.4 cm; 5.4–7.1 cm; 7.1–8.8 cm; 8.8–10.5 cm; and 10.5–12.2 cm) 
above the erosion tray surface (Fig. 3). Plastic bottles were placed at the 
end of each collector to capture any potential soil particle that was 
further transported by wind inside each collector.

The sediment-loaded funnels and bottles were rinsed to collect all the 
soil particles, which were quantified following the sediment processing 
procedure described in section 2.3.1.

2.3.3. Soil surface roughness (SSR)
Soil surface roughness was measured before and after the WLR and 

WDR events to assess the comparative effect of WLR and WDR and 
runoff on the soil surface morphology during the different three events 
(WLR, WDR1 and WDR2). For this, soil surfaces were scanned at 1.5 mm 
resolution using a laser scanner (Creaform EXAscan 3D Handscanner), 
along with VXelements, an integrated 3D scanning software. The scans 
were converted to the appropriate format and processed using Geomagic 
Studio® software, then the 3D surface areas were computed to obtain a 
calculated 3D surface area. The soil surface roughness (SSR, %) was 
calculated using Eq. (5), where A is the plane surface of the soil tray 
(mm2), and S is the actual area of the soil surface with its microtopo
graphic irregularities (mm2). 

SSR =
(S− A)
A

⋅100 (5) 

2.4. Statistical analysis

The simultaneous effect of rainfall and wind on erosion processes 
under different soil surface conditions was investigated. The experiment 
involved three rainfall events (WLR, WDR1, WDR2), each applied to two 
soil surface conditions (smooth and rough), with four replicates per 
combination, resulting in 24 erosion trays. It was a split plot design with 
a factorial treatment structure; the WLR, WDR1 and WDR2 treatments 
were randomised to pairs of trays and smooth vs rough surfaces were 
randomised to individual trays within each pair. The data obtained from 
the measurements was subjected to ANalysis Of VAriance (ANOVA) 
using the statistical software Genstat® (22nd Edition). A pairwise 
comparison of the means was performed for the significant cases (with a 
p-value < 0.05) using the Least Significant Differences (LSDs) at the 5 % 
level of probability. Residual plots were assessed to determine the 
appropriate scale for analysis. To meet statistical assumptions, a LOG 
transformation was applied to the sediment load and splash erosion 
data, while a square root (SQRT) transformation was performed for the 
sediment concentration data.
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3. Results

3.1. Windless (WLR) and wind-driven rainfall (WDR) kinetic energy 
(KE)

As expected, the raindrops’ angle of incidence increased with 
increasing wind velocity (Fig. 4). The angles of incidence > 50◦ corre
spond to raindrops < 0.5 mm in diameter under WDR1, because the 
smaller the raindrop, the more its trajectory is influenced by wind. 
Under the highest wind velocity, WDR2, raindrops of up to 1 mm in 
diameter were inclined at 50◦ to 80◦ from the vertical. This aligns with 
the findings of Sharon (1980) who reported that angles of 40◦ to 70◦

have been recorded in rainfall driven by a wind velocity of 10 m s−1.
The vertical raindrop velocities were higher during WLR than during 

WDR conditions. This is because under WLR, the trajectory of the 
raindrops was vertical (i.e. perpendicular to the test area), whereas 
under WDR conditions, the angle of raindrop incidence increased, hence 
the vertical velocity decreased.

Table 1 depicts the differences between WLR, WDR1 and WDR2 in 
terms of the raindrop velocity and total KE. After considering the rain
drop incidence angle (Equation (2)), the resultant velocity increased in 
WDR conditions compared to WLR, especially for WDR2 where it 
increased by 95 %. The KE also increased in WDR conditions compared 
to WLR, especially for WDR2 where it increased by 43.5 %.

3.2. Time-to-runoff initiation and runoff volume

Time-to-runoff initiation refers to the interval between the onset of 
rainfall and the generation of the initial outflow at the runoff outlet. 
Time-to-runoff initiation (seconds) was recorded for each erosion tray 
during both the windless rainfall (WLR) and wind-driven rainfall (WDR) 
simulations. There was a significant difference in time-to-runoff initia
tion between the three rainfall events (p = 0.003), ranked WDR2 <
WDR1 < WLR for both the smooth and the rough surfaces, suggesting 
that the WDR events significantly reduced time-to-runoff initiation (i.e. 
speeded up the initial generation of runoff) compared to the WLR event.

For the smooth surface, time-to-runoff initiation (mean ± standard 
error) was 51 ± 4 s, 67 ± 5 s, and 103 ± 8 s for WDR2, WDR1 and WLR, 
respectively. For the rough surface, time-to-runoff initiation was 61 ±
10 s, 81 ± 7 s, and 150 ± 17 s for WDR2, WDR1 and WLR, respectively. 
During all events, the rough surface had significantly delayed runoff 
initiation compared with the smooth surface (p = 0.008), due to the 
mounds and depressions that make the path longer for runoff to reach 
the outlet.

Mean runoff volume (mL) varied significantly across the three rain
fall events (p < 0.001). For the smooth surface, the runoff volume was 
ranked WLR < WDR1 < WDR2, while for the rough surface, the ranking 
was WDR1 < WLR < WDR2 (Fig. 5a). For the smooth surface, the runoff 
volume on WDR1 and WDR2 increased by 36 % and 74 % compared to 
the WLR condition, respectively. On the other hand, for the rough sur
face, runoff decreased by 49 % on the WDR1 event and increased by 15 
% on the WDR2 event compared to the WLR condition. However, the 
LSDs at the 5 % level showed that there was no significant difference 
between WLR and WDR2 for the rough surface. The smooth surface 
generated runoff volumes that were 1.5, 4.1 and 2.3 times the volumes 
generated by the rough surface during the WLR, WDR1 and WDR2 
events respectively.

3.3. Time-to-infiltrate initiation and infiltrate volume

Time-to-infiltrate initiation (seconds) is the period between the start 

Fig. 3. An erosion tray with a set of collectors downslope collecting the detached soil particles by rainsplash due to windless and wind-driven rainfall.

Fig. 4. (A) Raindrop incidence angle (deg) and (B) vertical velocity (m s−1) at different raindrop sizes under WLR, WDR1 and WDR2. The data is the mean of both 
VisiSize Laser locations.

Table 1 
Vertical velocities, resultant velocities and resultant kinetic energies of windless 
and wind-driven rainfall measured by the VisiSize Laser positioned at two 
different locations under the nozzle. Mean values are presented.

Windless and Wind-Driven Rainfall events

WLR WDR1 WDR2

Vertical velocity (m s¡1) 2.45 1.97 1.53
Resultant velocity (m s¡1) 2.45 2.74 4.78
Total KE (mJ m¡2 s¡1) 313 360 449
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of the rainfall and the generation of the first outflow at the infiltrate 
outlet. This was recorded for each erosion tray during all rainfall sim
ulations (with and without wind). Infiltrate was always initiated before 
runoff (p < 0.001), where the mean value of time-to-infiltrate initiation 
was 36 ± 2 s, whereas the mean value of time-to-runoff initiation was 86 
± 8 s. Time-to-infiltrate initiation was not significantly influenced by 
rainfall events (p = 0.92), or SSR conditions (p = 0.61).

The infiltrate volume (mL) was significantly different between the 
three rainfall events (p < 0.05). The infiltrate volume was ranked WDR2 
< WDR1 < WLR on the smooth surface. For the smooth surface, the 
infiltrate volume for WDR1 and WDR2 decreased by 7 % and 16 % 
compared to the WLR condition respectively. On the other hand, for the 
rough surface, WDR1 generated the significantly higher infiltrate vol
ume, increasing it by 17 % compared to the WLR condition. There was 
no significant difference in infiltrate volume between WLR and WDR2 
for the rough surface (Fig. 5b).

There was a significant difference in infiltrate volume between the 
different surface conditions (p < 0.001). The rough surface generated 
infiltrate that was 1.1, 1.3 and 1.3 times the volumes generated by the 
smooth surface during the WLR, WDR1 and WDR2 events respectively. 
As expected, there was a strong negative correlation between mean 
runoff volumes and mean infiltrate volumes (r = -0.95).

3.4. Sediment load and concentration in the runoff

Total sediment load in the runoff (mg) was measured under WLR, 
WDR1 and WDR2 for both soil surface conditions. The results indicate 
that WDR2 generated higher sediment loads than the WLR and WDR1, 
where mean values increased by 43 % for WDR2 compared to WLR on 
the smooth surface (Fig. 6a). There was a strong positive correlation 
between runoff volume and sediment load (r = 0.74), as soil particles 
were both detached and then entrained and transported by the runoff.

The sediment concentration in the runoff (g L−1) was significantly 
higher for WDR2 than for the two other events (it increased by 143 % for 
WDR2 compared to WLR). This result is valid only for the smooth sur
face. For the rough surface, there was no significant difference in sedi
ment concentration between WLR, WDR1 and WDR2. The difference in 
sediment concentration between the smooth and rough surfaces was 
significantly different under WDR2 (Fig. 6b).

3.5. Splash erosion by windless (WLR) and wind-driven rainfall (WDR)

The significantly highest mean splash erosion (mg) for all treatments 
was recorded by the sediment collector with the height range 0–2.7 cm 
above the soil surface. Splash erosion at this height range was ranked 
WLR < WDR1 < WDR2 on the smooth surface, and WDR1 < WLR <
WDR2 on the rough surface. There was a significant difference between 

Fig. 5. (A) Mean runoff volumes (mL), and (B) mean infiltrate volumes (mL) generated during the three 30-minute events (WLR, WDR1 and WDR2) on smooth and 
rough surfaces. In both cases, the Event × Surface interactions are significant (P < 0.05); The LSD1 bars apply to comparisons between the three rainfall events, while 
LSD2 bars compare between the smooth and rough soil surfaces within an event.

Fig. 6. (A) Log-transformed mean total sediment load (mg), and (B) Square-root-transformed mean sediment concentration in the runoff (g L−1), generated during 
the three 30-minute events (WLR, WDR1 and WDR2) on smooth and rough surfaces. In (A), the Event × Surface interaction and Surface main effect are not significant 
(P > 0.05); Different lowercase letters above bar pairs indicate significant differences between the Rainfall Event main effect (P < 0.05) based on the LSDEvent =

1.511. In (B), the Event × Surface interaction is significant; The LSD1 bar applies to comparisons between the three rainfall events, while the LSD2 bar compares 
between the smooth and rough soil surfaces within an event.
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the three rainfall events and between the six height ranges for sediment 
collection (p < 0.001). The splash erosion under the WDR2 event was 
significantly greater, at all heights, than that under the WLR and the 
WDR1 (Fig. 7). This was the case for both rough and smooth surfaces.

3.6. Effect of windless (WLR) and wind-driven rainfall (WDR) on initial 
soil surface roughness (SSR)

Table 2 presents the initial and final SSR of the smooth surface 
(hereafter referred to as ‘SS’) and the rough surface (hereafter referred to 
as ‘RS’) after the three different rainfall events (WLR, WDR1 and 
WDR2). The initial SSR of the rough surface was higher than the initial 
SSR measured for the smooth surface (p < 0.001).

As expected, the SSR of the initially smooth surface significantly 
increased after each rainfall event. This increase in SSR was significantly 
different between all three events (p < 0.05) and was ranked WDR2 >
WDR1 > WLR (Fig. 8). On the other hand, the SSR of the initially rough 
surface declined after each rainfall event. This decline was more pro
nounced after the WDR events (WDR2 > WDR1 > WLR). The final SSR 
after the three events remained significantly different between the two 
surface conditions (p < 0.001) and was significantly different from the 
initial SSR for both surface conditions.

For the initial rough surface (prior to rainfall), the mounds and de
pressions created areas of both light and dark (i.e. illumination and 
shadow) as shown in Fig. 9. It is clearly noticeable that the light tone gets 
more extensive, and the dark shadow gets lighter after applying WLR 
and WDR, which indicates the reduction in the magnitude of mounds 
and depressions. For the smooth surface, after the simulated WLR and 
WDR events, small pits were formed due to the raindrop impact that led 
to soil detachment and concomitant compaction. This is represented by 
the contrast of tones (light vs dark) in Fig. 9.

4. Discussion

4.1. Windless (WLR) and wind-driven rainfall (WDR) kinetic energy 
(KE)

An important aspect of wind is that it alters the KE of raindrops 
falling onto the soil. The increase in the KE in WDR conditions, espe
cially for WDR2, compared to WLR (as shown in Table 1), was attributed 
to the increase in the resultant velocity. This aligns with the results of 
Erpul et al. (2003a; 2005; 2008; 2009). The effect of wind on the rainfall 

Fig. 7. Log-transformed mean total splash erosion (mg) generated during the three 30-minute events (WLR, WDR1 and WDR2), collected at different heights above 
the (A) smooth and (B) rough soil surfaces. The Height × Event × Surface interaction is significant (P < 0.05); The LSD bar (= 0.514) compares either different 
rainfall events at a given height, or different heights within the same event, across both panels (A) and (B).

Table 2 
Soil surface roughness (SSR, %) for smooth (SS) and rough (RS) surfaces, before 
(initial SSR) and after (final SSR) the three 30-minute events (WLR, WDR1 and 
WDR2).

Treatments Surface roughness (%)

Before rain After rain

SS-WLR 4.19 7.29
SS-WDR1 3.1 6.72
SS-WDR2 3.33 9.05
RS-WLR 20.19 16.55
RS-WDR1 24.58 19.25
RS-WDR2 24.89 17.48

Fig. 8. Changes in the Soil Surface Roughness (SSR, %) for the two surface 
conditions during the WLR, WDR1 and WDR2 events. The Event × Surface 
interaction is highly significant (P < 0.001); The LSD1 bar applies to compar
isons between the three rainfall events, while the LSD2 bar applies to com
parisons between the smooth and rough soil surfaces within an event.
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KE depends on whether the vertical or the resultant fall velocity is 
considered (Tilg et al., 2020). Tilg et al. (2020) found that rainfall KE 
decreased with increasing wind speed and explained this result by 
considering the vertical fall velocity of raindrops only. This un
derestimates the effect of the wind on raindrop erosivity. Therefore, the 
raindrop incidence angle is important when determining the overall KE. 
Results from other studies may also vary due to the apparatus used. Kim 
and Song (2018) used a Parsivel disdrometer which is not ideal under 
windy conditions because of the dispersion and deviation of raindrops 
which affect drop size distribution and fall velocity. Also, that device 
does not measure raindrop incidence angle and misclassification of 
raindrop characteristics could occur due to raindrops not falling 
perpendicular to the test area (Friedrich et al., 2013).

4.2. Runoff, infiltration, sediment load and concentration

For the initially smooth surface, runoff volumes were positively 
correlated with wind velocity, and sediment load and concentration 
increased under the WDR2 event as compared with WLR and WDR1. 
This is in accordance with the findings of Erpul et al. (2003b) and An 
et al. (2023), where wind-driven runoff detached, entrained and trans
ported more soil particles under higher wind velocities, leading to 
greater soil loss. Compared to windless rainfall, the wind affected the 
characteristics of the incoming rainfall (Erpul et al., 2013; Arshad et al., 
2019) by altering the raindrops’ trajectories, increasing their incidence 
impact (Gao et al., 2021). This alteration resulted in stronger tangential 
shear stress from the inclined rainfall (Erpul et al., 2005) which added 
momentum to the surface runoff, increasing its erosivity (i.e. capability 

Fig. 9. Changes in the soil surface of the initially smooth and rough surfaces before and after windless rain (WLR), wind-driven rain1 (WDR1) and wind-driven rain2 
(WDR2). Images are from a laser scanner with a resolution of 1.5 mm. Each image represents the erosion trays’ dimensions of 50 cm × 25 cm.
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to detach and transport soil material (Iserloh et al., 2013)). Previous 
research reported that because of increased incidence angle and KE due 
to increased drop velocities, wind-driven rainfall may be more erosive, 
enhancing both soil detachment and transport (Erpul et al., 2008; 
Arshad et al., 2019).

Contrary to these findings, for the rough surface in the present study, 
surface runoff volumes significantly decreased under WDR1 compared 
with WLR. Under low wind velocities, it was observed that WDR on 
rough surfaces tended to create a more irregular flow pattern compared 
to windless rain. This can be explained by air turbulence associated with 
the roughness of the soil surface. In addition to that, wind velocities 
decrease near the ground surface when roughness is present (Morgan & 
Rickson, 1995). This decrease in wind velocity is more marked with 
increasing distance away from the air source (Fig. 2). The interception of 
WDR by surface mounds investigated in this study might cause water to 
be diverted or redistributed across the soil surface, leading to a more 
diffuse distribution of water and potentially less concentration of surface 
runoff. Moreover, the presence of mounds and depressions disrupted the 
flow of water, causing it to pool in low-lying areas and infiltrate into the 
soil rather than flowing over the surface as runoff. The interrupted flow 
paths and temporary water storage in depressions decreased both the 
velocity and the volume of surface runoff.

Under WDR2, runoff and soil loss on the rough surface increased 
compared to WDR1, to reach values not significantly different from 
those under WLR. When wind velocity increases to a certain threshold 
(e.g. 9 m s−1 according to Arshad et al. (2019)), the dynamics of soil 
erosion can change, potentially leading to runoff and soil loss levels 
similar to, or even higher than, those observed under windless rain 
conditions. Higher wind velocities during a wind-driven rain event (i.e. 
WDR2) might change the surface roughness by flattening the mounds 
(Fig. 9), leading to increased runoff compared to WDR1, which explains 
the significant difference between these two events. In addition to that, 
the mounds and depressions of the rough surface treatment simulated 
both windward and leeward slopes. Unlike the leeward slope where 
wind increases runoff and soil loss, under windward conditions, wind 
decreases runoff because raindrops fall at an obtuse angle to the slope 
and are incident in the opposite direction to the soil surface overland 
flow (An et al., 2022; 2023). This allows more time for the water to 
infiltrate, reducing runoff generation, so mitigating the erosive impact 
of water flow. The effects of both windward and leeward slopes (i.e. 
mounds and depressions) counterbalanced each other, which might 
explain the non-significant difference between WLR and WDR2 in terms 
of runoff volume and soil loss.

The rough surface (RS) delayed the time-to-runoff initiation and 
generated lower runoff volumes than the smooth surface (SS) for all 
rainfall events, and this decrease in runoff volume due to RS was highly 
significant for WDR1 and WDR2. The depressions on the rough surface 
retained the water during the rainfall event, which increased the infil
trate volume and delayed the time-to-runoff initiation compared to the 
smooth surface. This aligns with the findings of Zhao et al. (2019; 2021). 
Moreover, rough surfaces after tillage disturbance have a reduced bulk 
density in the upper layer of the soil and increased soil porosity, so 
promoting higher infiltration (Sun et al., 2009). At the same time, rough 
surfaces increase the effective slope length compared with smooth sur
faces which delays the arrival of overland flow at the bottom of the slope 
(Zhao and Wu, 2015). This effect is caused by the mounds on the surface 
creating a physical barrier to the downslope movement of the runoff. 
Salem et al. (2014) found that such surfaces could reduce runoff volumes 
by 61 %. Our results demonstrate that surface runoff volume in RS 
decreased by 58 % compared with SS. Sediment load also diminished in 
correlation with runoff volume reduction. In examining the impact of 
surface microrelief on soil erosion, Wu et al. (2016) suggested that the 
spatial structure of the surface microrelief has an important effect on the 
transportability of sediment. This type of surface roughness mimics 
reservoir tillage, which is used in some countries as a method for soil and 
water conservation (Zhao et al., 2021).

4.3. Rainsplash erosion

Soil erosion is a process that starts with the detachment of soil par
ticles mainly due to raindrop impact (Morgan, 2005; Kinnell, 2005). The 
hypothesis being tested was that the interaction of wind with falling 
raindrops would enhance the process of soil detachment and transport 
by increasing raindrops’ momentum, fall velocity and kinetic energy. All 
these properties are associated with higher rainfall erosivity (Arshad 
et al., 2019).

For eroded material collected at the first height (i.e. 0–2.7 cm above 
the soil surface), the hypothesis was accepted for the SS. However, for 
the RS, splash erosion decreased under WDR1 (although not signifi
cantly so). As previously stated, under the WDR1 event, the non-uniform 
flow patterns and temporary storage of surface water within depressions 
may have attenuated the velocity of water flow, so reducing the erosivity 
of surface runoff and associated soil loss. Nevertheless, for splashed 
material collected at all heights from 2.7 to 12.2 cm above the soil 
surface, the hypothesis could be accepted. Indeed, the results show an 
increase in splash erosion during the WDR events compared to the WLR 
event at these collecting heights, for both the SS and the RS. This in
crease was positively correlated with wind velocity. According to Zumr 
et al. (2020), there is a linear relationship between the amount of de
tached soil material and the rainfall KE. Indeed, our results demonstrate 
that the higher wind velocity (WDR2) generated more splashed material 
due to the increase in the erosivity of raindrops. This was also reported 
by Arshad et al. (2019) and Cornelis et al. (2004). Mahmoodabadi et al. 
(2021) noted that raindrops’ size and angle of incidence both increased 
with higher wind velocities which then contributed to a higher 
detachment rate. In the absence of wind during rainfall, raindrops fall
ing vertically result in particle movement in all directions. Conversely, 
in wind-driven rains, particle movement becomes more unidirectional, 
aligning with the prevailing wind direction, as outlined by Erpul et al. 
(2003b). Due to the momentum given to the falling drops by the 
wind, WDR increases the rainfall velocity and thus KE to detach, entrain 
and transport soil particles. Moreover, the wind shear velocity has the 
potential to entrain soil particles into the air flow (de Lima et al., 1992). 
Once the mass of an entrained particle exceeds the transport capacity of 
the airflow, the particle drops to the ground under gravity. As it falls, it 
bombards other soil particles, imparting its kinetic energy to them. In 
turn, those particles are detached and entrained into the airflow (Marzen 
et al., 2017). In the same context, the wind increases the transport of soil 
particles already entrained by this rainsplash-saltation process (Cornelis 
and Gabriëls, 2004).

At all heights > 2.7 cm above the soil surface, the rough surfaces 
generated more splash erosion than the smooth surfaces under both 
WLR and WDR. The differences in splash erosion between these surface 
treatments are probably linked to the spatial configurations of the sur
face microrelief. Rainsplash erosion increases with increasing surface 
microrelief (Bullard et al., 2018). This is attributed to the increased soil 
surface area exposed to raindrops, facilitated by the presence of mounds 
and depressions (Luo et al., 2018). Microrelief on rough surfaces 
increased the effective slope lengths (and the soil surface area subjected 
to the rainfall and wind when present), leading to higher detachment 
rates (Wu et al., 2016).

4.4. Effect of windless (WLR) and wind-driven rainfall (WDR) on initial 
soil surface roughness (SSR)

Post-rainfall changes in SSR are primarily influenced by the initial 
state of the soil surface (Huang and Bradford, 1992; Magunda et al., 
1997; Govers et al., 2000). Rainfall significantly changes soil surface 
morphology (Zhao and Wu, 2015) by decreasing or increasing SSR over 
the rainfall event. Our results indicate that the initially smooth surface 
became rougher after the WLR and WDR events, as raindrop impacts 
detached and (re)deposited soil particles. This aligns with the findings of 
Bahddou et al. (2023) where after detachment, particles were 
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transported and deposited on the soil surface, forming a new microrelief, 
leading to an increase in the SSR for initially SS. In this context, Zhao 
et al. (2014a) observed that on SS, distinct crescent-shaped pits 
formed after rainfall which increased their surface roughness. Likewise, 
Römkens et al. (2001) reported similar changes in surface roughness 
with rainfall, as a result of the development of rills and flow incisions.

Our results also show that there was a decrease in the SSR of the 
initially rough surfaces. This agrees with the findings of Zhao et al. 
(2014b) who found the initial SSR of a rough soil surface decreased by 
23 % after rainfall. Detached soil particles from the mounds on the rough 
surface were transported to and deposited in lower points and surface 
depressions, which reduced the magnitude of mounds and depressions, 
leading to a decrease in the SSR. This was also reported by Kirkby (2001)
and Zhao et al. (2019).

Our findings show that the initially smooth surface SSR increased by 
74 % after WLR and by 117 % and 172 % after WDR1 and WDR2 
respectively. The difference between these changes in SSR was signifi
cant. Although the changes in SSR for the rough surface were not 
significantly different for the three rainfall events, the pattern was the 
same as for the smooth surface, i.e. the decrease in SSR was more notable 
for the WDR events. As wind exerts an additional force on rainfall, 
raindrop erosivity and associated soil detachment, transport and depo
sition are increased. The wind also enhances the momentum and shear 
force of surface runoff. As a result of these two processes, the change in 
SSR during wind-driven events was escalated.

5. Conclusions

This study investigated the combined effect of wind and rainfall on 
soil erosion processes, addressing a key limitation in assessing erosion 
dynamics when both erosion agents operate simultaneously. These ex
periments directly compared windless and wind-driven rainfall events 
(with varying wind velocities) over smooth and rough surfaces, using 
purpose-designed erosion trays to measure surface runoff and infiltrate 
volumes, sediment load and concentration in the runoff, along with a set 
of funnels built as rainsplash sediment collectors. This study was unique 
in evaluating how rainfall erosivity interacts with soil surface roughness 
(SSR) under varying rainfall conditions.

The outcome of this research showed that, on initially smooth sur
faces, wind-driven rainfall, WDR, increased surface runoff and soil losses 
compared to windless rainfall (WLR) with stronger effects at higher 
wind velocity (WDR2). This response reflects the increased rainfall 
erosivity due to increased rainfall resultant velocity and kinetic energy 
generated by the added horizontal wind component, which enhances 
raindrop impact and soil particle detachment. In contrast, initially rough 
surfaces reduced runoff and soil loss under low wind velocity (WDR1), 
but this mitigating effect was cancelled out under WDR2, resulting in 
soil and water losses comparable to or exceeding those observed under 
WLR. On the other hand, wind-driven rain enhanced changes in soil 
surface roughness (i.e. the increase and decrease in the SSR for the 
smooth and rough surfaces respectively), to a greater extent than seen 
for WLR events.

The results show that a rough surface delayed the time-to-runoff 
initiation and generated less runoff and more infiltrate than the 
smooth surface, under the three events: WLR, WDR1 and WDR2. This is 
due to impedance of runoff by surface mounds (associated with the 
rough surface) that created a physical barrier to downslope water 
movement, and depressions that retained surface water. However, rough 
surfaces presented relatively a larger exposed surface area to raindrop 
impact, making it more susceptible to splash erosion compared to the 
smooth surface.

The findings of this study confirm that wind affects the rainfall 
erosivity, soil erosion processes and evolution of SSR. It is important that 
these effects are considered in erosion studies to accurately evaluate soil 
and water losses, especially in regions exposed to wind-driven rainfall.
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