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Abstract
Purpose Severe soil erosion is caused by wind and water
acting separately or in combination or sequentially and is an
important factor affecting dryland ecosystems, especially in
the severely eroded Bwater–wind erosion crisscross region^
on the Loess Plateau. Thus, the aim of the study was to
determine the magnitudes of wind and water erosion under
simulative conditions and explore the mechanisms of their
interactions.
Materials and methods We analyzed the interaction between
these two types of erosion by exposing a sandy loessial soil
with an artificial rill to simulated wind at four speeds (0, 1, 8,
and 15m s−1) and then to simulated rainfall, measuring runoff,
sediment yield, and characterizing changes in rill morphology.
This simulated the transition period between the dry (windy)
and wet seasons.
Results and discussion The time to runoff initiation depended
on both wind speed and rainfall intensity, but rainfall had a
larger impact on runoff. At the 15 m s−1 wind speed, the total
runoff significantly (P < 0.05) increased by 33.3 kg when the
rainfall intensity was increased to 120 from 60mm h−1. Under
the 120 mm h−1 rainfall intensity, the total sediment yields
increased significantly (P < 0.05) with increasing wind speed.

Erosion sediment yields increased by 9.7, 16.3, and 70.4 %
with increasing wind speed under all three rainfall intensities
when compared with a no wind case. Changes in rill morphol-
ogy caused by wind erosion were a factor that affected the
erosion processes of subsequent rainstorms.
Conclusions Our results provide a basis for hypothesizing
trends of wind and water erosion, highlight the importance
of wind and water erosion acting in conjunction in semi-arid
ecosystems, and are conducive for developing amore integrat-
ed perspective of wind–water dynamics on the Loess Plateau.

Keywords Sediment transport . Semi-arid region .Wind
tunnel .Wind–water interaction

1 Introduction

Soil degradation and desertification lead to significant loss of
soils suitable for food production. There are a number of fac-
tors that cause soil degradation and desertification including
water and wind erosion, soil salinization, and soil contamina-
tion by, for example, heavy metals (Breshears et al. 2003;
Ludwig et al. 2005; Amezketa 2006; Chen et al. 2015). Two
of the major factors involved are water and wind erosion,
which can be especially pronounced in arid and semi-arid
environments where the relatively sparse vegetation cover al-
lows wind and water energy to directly impact the soil surface
to a greater degree (Breshears et al. 2003). Together, both
types of erosion account for >85 % of the soil degradation in
dryland areas (Middleton and Thomas 1997). Aeolian trans-
port processes in semi-arid regions have important global im-
plications (Cooke et al. 1993; Goudie 2008) and are perhaps
most evident in major dust storms across regionally degraded
landscapes (Worster 1979; Peters et al. 2007), particularly in
association with the degraded drylands of northern China
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(Chepil 1949; Shao and Shao 2001). The potential for soil
erosion and land degradation due to the synergistic effects of
wind and water erosion may far exceed that of either type
alone (Bullard and Livingstone 2002). The actions of wind
and water can each degrade ecosystems and accelerate desert-
ification, and both processes acting together can contribute
substantially to overall erosion (Schlesinger et al. 1990;
Breshears et al. 2003; Peters et al. 2006; Okin et al. 2009).

Aeolian transport is generally recognized as important, but
our current understanding and focus on aeolian processes are
often in isolation from the other primary driver of land-surface
dynamics: transport by water (Breshears et al. 2003; Visser
et al. 2004). Research on soil erosion generally focuses on
either wind or water erosion. Comparing wind and water ero-
sion should be addressed by considering the aspects that both
have in common (Toy et al. 2002). The redistribution of soil
and other critical resources, such as nutrients, organic debris,
seeds, and water, are driven by different physical forces, but
their processes generally share three critical phases. The first
phase is the detachment of soil particles from the surface by
the movement of water or wind. The second phase is the
transport of the detached particles as either overland flow or
wind-blown suspensions. The third phase is the deposition of
these particles as the wind or water speeds decline (Breshears
et al. 2003). The interaction between the processes of wind
and water can have a large influence on the soil in dryland
environments. For example, sediments can be transported
over long distances by water erosion from dry lakebeds, river
beds, and floodplains and deposited as a potential future
source of aeolian transportable material. Transport by wind
and water can thus further redistribute the deposited sediment,
therefore increasing the potential for interactions between
these processes (Bullard and Livingstone 2002). Gao and
Tang (1995) demonstrated in the field that sediments associ-
ated with water erosion, transport, and accumulation provided
a basis for wind erosion and that material eroded by wind was,
in turn, subsequently acted upon by water. Some studies have
suggested that the erosive energy of wind and water combined
is significantly greater than that of either alone, which could
thus expand the potential area affected by erosion (Gao and
Tang 1995, 1996; Gao et al. 1998).

Even though research on aeolian transport has general-
ly been conducted in isolation from transport by water,
the interrelationships between these processes should be
a research priority (Heathcote 1983; Breshears et al. 2003;
Bullard and Mctainsh 2003; Visser et al. 2004). An in-
creasing number of studies (e.g., Bullard and Mctainsh
2003; Zhang et al. 2012) have demonstrated that wind
and water erosion are interrelated, and that their combina-
tion exhibits clear temporal and spatial characteristics.
The relationship between long-term climate change (over
millennia) and wind–water activity in dryland areas has
been widely recognized, as have oscillations between

periods dominated by wind and water activity (Bullard
and Mctainsh 2003; Clarke and Rendell 1998). The ac-
tions of wind and water can interact at global and regional
scales, where aeolian landforms interact with fluvial–la-
custrine systems in different climatic zones and geomor-
phological regions. Moreover, they can act at the scale of
individual landforms where, for example, wind-created
dunes are a source of material when they interact with
seasonal floods (Thomas et al. 1993). Wind erosion can
be increased dramatically by the abrasive action of wind-
borne sand (Zhang et al. 2012).

Despite the importance of wind and water erosion
processes in semi-arid areas and the application of
conceptual models and limited field measurements in
many similar environments, studies on both types of
erosion in combination are scarce (Valentin 1996;
Breshears et al. 2003; Visser et al. 2004). Erosion and
sediment yield are particularly high in the central Yellow
River basin, especially in the so-called Bwater–wind
erosion crisscross region^ on the Loess Plateau. Soil
erosion and land desertification in this unique region
are associated with dramatic changes of climate (Gao
and Tang 1996). Erosion in the region can be as much
as 10,000 t km–2 year1 and may exceed this rate in some
areas. Gao and Tang (1995) reported that water and wind
erosion often occur alternately with the change in season
in this region, which results in an unusual kind of soil
erosion referred to as Bcomplex erosion by aeolian–flu-
vial interaction.^ Furthermore, in the western part of the
Liudaogou watershed, wind erosion occurs just as often
as water erosion. Consequently, the rate of soil erosion is
the highest occurring on the Loess Plateau and in China
as a whole (Gao and Mu 2004). Episodes of natural
erosion are complex and quite variable and so are diffi-
cult to study, but laboratory trials can use wind tunnels
and rainfall simulators to create controlled conditions
and thereby increase the amount of statistically robust
data. Some laboratory facilities, such as those described
by Lyles et al. (1969), de Lima et al. (1992), Gabriels
et al. (1997), Fister and Schmidt (2008), and Burri et al.
(2011) have the capability of simultaneously simulating
rain and wind for studies of their interactions. The major
advantages of rainfall and wind simulations (e.g., a high
degree of repeatability and the capacity to control
boundary conditions) facilitate studies of the interactions
between wind and water erosion, as well as the develop-
ment of a more integrated perspective of the dynamics of
wind and water. An integrated perspective of the contri-
butions of these processes to total erosion and of their
variations with scale and the degree to which they inter-
act is lacking. The major objective of this study is to
explore interactions of wind and water erosion under
simulative conditions.
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2 Materials and methods

2.1 Equipment

The experiments were conducted in the rainfall simulator
and wind tunnel laboratory of the State Key Laboratory of
Soil Erosion and Dryland Farming on the Loess Plateau of
the Institute of Soil and Water Conservation, Chinese
Academy of Sciences and Ministry of Water Resources,
in Yangling. The rainfall simulator laboratory is 48 m
long by 27 m wide by 23 m high. This study simulated
rainfall from lateral-jets at a height of 16 m, which
projected water droplets horizontally that followed a par-
abolic trajectory to fall vertically and attained a terminal
velocity close to that of natural rainfall over a target area
of 10 m × 10 m.

The simulated rainfall intensities investigated were 60, 90,
and 120 mm h−1. The chosen number of nozzles and the water
pressure at each nozzle, which was set so that the trajectory of
the rainwater from each nozzle intersected that of the rainwa-
ter from the neighboring nozzles, ensured that the rainfall
distribution was uniform over the entire surface of the soil
under investigation.

The wind tunnel had a nominal cross-section of 1.2 m × 1m
and a total length of 19 m that included sections along its
length for the fan (3.55 m), wind regulation (1.5 m) and recti-
fication (10 m), test area (1.28 m), and sand collection
(3.02 m). The height of the tunnel roof was adjusted for each
configuration in order to ensure a pressure gradient of zero in
the direction of flow and to establish a turbulent boundary layer
above a fixed sub-layer in the test section (Clifton et al. 2008;
Walter et al. 2009). The measuring instrumentation in the wind
tunnel consisted of a traversable anemometer and a newly de-
signed segmented sampler for wind tunnel test (Dong et al.
2004). Wind speeds could be adjusted between 0 and 15 m s−1.

The wind tunnel included sand collection chambers,
each 2 cm high and positioned at different heights that
could facilitate the measurement of the vertical profile of
the sediment-mass flux. However, in this study, the focus
was only on the total amount of wind-eroded sediment
material, which was collected from all of the chambers
at different heights and combined. The sampler was con-
structed of steel (0.5 mm thick) with openings of 2 cm ×
10 cm to the sand collection chambers. The sampler was
placed at the far end of the test section to collect the
wind-transported eroded sediment.

2.2 Experimental design and methods

The experiments consisted of four parts: collection and
preparation of the soil under investigation, preparation of the
pre-rill soils for the tests in a tray, and the wind and rainfall
simulations. The wind and rainfall simulations were aimed at

simulating the alternating cycles of winter–spring wind ero-
sion and summer–autumnwater erosion in the study region on
the Loess Plateau, and specifically during the transition be-
tween those two periods.

The investigated soil was a sandy loessial soil collected
from the Liudaogou watershed area in the water–wind erosion
crisscross region in Shenmu County, Shaanxi Province
(Fig. 1). The soil was taken from the upper 50-cm soil layer
in an area without plant cover. The sandy loessial soil was air-
dried and passed through an 8-mm sieve. Visible roots, stones,
and other debris were removed in order to reduce variations in
the erosion processes that occurred during the experiments
that would be caused by their effects on clumping, roughness,
and hardness. Relevant soil properties, including a detailed
particle size distribution that was determined by using the
pipette method (Gee and Or 2002), and classified based on
the USDA system, are given in Table 1. The soil had a rela-
tively high fine sand content (64.9 %) and low clay content
(5.8 %). Hence, the soil had a loose structure with little cohe-
sion and was highly erodible.

A tray to hold the soil was constructed of corrosion-
resistant plate that was 128 cm long, 100 cm wide, and
15 cm deep. The tray was inserted into the test section of the
wind tunnel. In addition, the tray was set at an adjustable slope
during the rainstorms, although it was kept horizontal during
the wind erosion experiments. The base of the tray had holes
(5 mm in diameter at a spacing of 50 mm) to facilitate the
percolation of water. In preparation for the wind and water
erosion experiments, soil was packed uniformly into the trays
to obtain a consistent bulk density of 1.3 g cm−3, which was
similar to the field bulk density. The amount of soil required
was determined from the volume of the soil tray, the water
content of the air-dried soil (about 2 %), and the intended bulk
density (1.3 g cm−3). The base of the tray was first covered
with a layer of filter paper to prevent soil falling through the
drainage holes. To achieve uniform packing of the tray, the
soil was packed, layer by layer, to the desired bulk density in
three 5-cm layers to a total depth of 15 cm. The surfaces of the
lower two layers were roughened before packing the next
layer in order to minimize vertical discontinuities caused by
horizontal stratification.

The soil surface was sprayed evenly with 1000 ml of tap
water before the rainfall simulation began in order tominimize
the differences in the initial conditions. Two artificial rill chan-
nels (100 cm long, 10 cmwide, and 1.5 cm deep) were dug out
along the center of the soil surface, beginning 28 cm from the
upper edge, in each tray using a small shovel in order to
simulate field conditions that can exist after the period of
water erosion in the study region. Since the creation of such
a channel in the loose dry soil would have been difficult, the
addition of water also facilitated this procedure. The water
was sufficient to wet the soil surface to a depth of 1.3 cm,
ensuring that the sidewalls of the rill channels were initially
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stable while the base of the channels were initially dry.
Keeping the base of the channels dry maintained the natural
loose cohesion since the addition of water would increase
cohesion that would have significantly changed the suscepti-
bility of the soil to wind erosion. Hence, the third function of
adding 1000 ml of water was to confine the wind erosion to
the material in the dry rill channels, and to prevent the erosion
of the damp channel sidewalls and of the soil surface.

The experimental wind speeds exceeded the threshold for
sediment transport, and measurements were taken only above
the soil surface. Therefore, the anemometer was positioned at
a height of 30 cm above the soil surface in order to measure
shear stress velocity over the range of wind speeds investigat-
ed. The aeolian sediment-mass flux was measured by a newly
designed segmented sampler that was constructed based on
the description by Dong et al. (2004).

The wind erosion experiments were conducted first. A test
soil tray was placed in the wind tunnel and exposed to wind at
a designated wind speed for 10 min. Four wind speeds (0, 8,
11, and 15 m s−1) were used in the study, and each treatment
was tested three times. As noted above, the soil surface had
been dampened for creating the rill channels such that the

collected wind-borne sediment only originated from within
the rills where the soil remained dry. The following formula
was used to calculate the rate of wind erosion:

Re ¼ 6�We
.

S⋅Tð Þ ð1Þ

where Re (kg m−2 h−1) is the rate of wind erosion (i.e., the
amount of soil erosion per unit time per unit area);We (kg) is
the amount of eroded material; S (m2) is the area of soil ex-
posed to wind erosion; T (h) is the exposure time; and 6 is a
conversion coefficient.

The rainfall simulation experiments were conducted on the
same trays following the wind simulation experiments. The
rainfall intensity and effective area were calibrated before the
simulated rainstorms began. The soil tray was positioned at
the appropriate location under the rainfall simulator, and the
slope was adjusted to 15°, which was typical of the natural
slopes in the study region. Three rainfall intensities (60, 90,
and 120 mm h−1) were investigated. Runoff was collected at
2 min intervals following runoff initiation. The rainfall simu-
lation continued for 40 min after runoff was initiated. The
mass of the runoff with sediment that was collected during
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Fig. 1 The water–wind erosion
crisscross region on the Loess
Plateau

Table 1 Key physical and chemical properties of the investigated sandy loessial soil

Clay
(<0.001 mm)
(%)

Fine silt
(0.005–
0.01 mm) (%)

Medium silt
(0.01–0.05 mm)
(%)

Coarse silt
(0.05–0.01 mm)
(%)

Fine sand
(0.25–
0.05 mm) (%)

Coarse sand
(>0.25 mm)
(%)

Bulk
density (g
cm−3)

Organic
matter
content (%)

Calcium
carbonate
content (%)

5.8 3.2 2.8 22.0 64.9 0.3 1.30 0.46 11.0
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the simulated rainstorm and the mass of the sediment after
oven drying at 105 °C until constant mass were determined
by weighing. The amount of runoff water was determined as
the mass difference before and after drying. All rainfall
simulation experiments were replicated three times, to give
36 data sets.

A two-way analysis of variance (ANOVA) was used to test
the effects of wind speed and rainfall intensity and their inter-
actions on the eroded sediment yields. All statistical analyses
were performed using SPSS v. 18.0 (SPSS Inc.). The signifi-
cance of differences were evaluated at P < 0.05. Values were
reported as the mean ± standard deviation, unless stated
otherwise.

3 Results

3.1 Intensity of wind erosion

We ensured that the rill beds were rough to approximate nat-
ural conditions. Wind erosion rates increased exponentially
and significantly (P < 0.01) with increasing wind speed
(Fig. 2). In particular, the erosion rate was significantly and
obviously higher at the wind speed of 15 m s−1 than at the
lower speeds (Fig. 2).

3.2 Effect of wind speed and rainfall intensity on runoff

The ANOVA results showed that both wind speed and rainfall
intensity affected the time of runoff initiation (Table 2).
Runoff was initiated sooner and in greater quantities as rainfall
intensity increased. These results indicated that rainfall inten-
sity was a major factor affecting runoff from slopes.
Increasing the rainfall intensity led to increasing runoff pro-
duction because more rainwater was supplied per unit time
and the soil surface became saturated sooner; runoff rates were
determined by the rainfall intensity as well as by the limitation
of the soil infiltrability.

Wind speed was also an important factor affecting runoff.
For example, the runoff initiation time increased by 46.1, 4.8,
and 10.3 %with the increase in wind speed from 0 to 15 m s−1

under rainfall intensities of 60, 90, and 120 mm h−1, respec-
tively. However, the effect of wind speed was mostly not
significant (Table 2), except for at a wind speed of 15 m s−1

under a rainfall intensity of 60 mm h−1. As the wind speed
increased, especially at a wind speed of 15 m s−1, incidences
of rill wall collapse increased, resulting in the formation of pits
and dams inside the rill channels, which delayed runoff pro-
duction at the beginning of the rainstorms.

The total runoff amount generally increased as wind speed
increased, and this relationship became more evident as rain-
fall intensity increased (Fig. 3). The increase in runoff with
increasing rainfall duration was similar for the three rainfall

intensities. The amount of runoff was relatively small when
the rainstorm began because the soil was dry and the potential
for infiltration was high. Runoff then increased rapidly as the
rainfall duration increased because: (1) as the soil became
more saturated, the effect of matric suction at the wetting front
was reduced and infiltration declined; and (2) in addition, a
surface seal may have been formed that would further reduce
infiltration. In all cases, the runoff increased more rapidly after
25 to 30 min of rainfall, which represented an inflexion point.
This was due to the changes in the relative importance of
runoff and infiltration, as well as to rill formation, as the rain-
storm progressed. Greater runoff amounts occurred under the
higher rainfall intensities. For example, when the wind speed
was 15 m s−1, the total runoff amount was 33.3 kg greater
under a rainfall intensity of 120mmh−1 than under 60mmh−1.
However, under a fixed rainfall intensity (60, 90, and
120 mm h−1), there were no significant differences (P >
0.05) in total runoff values among the wind speeds. The mean
runoff (24.3 ± 0.4 kg) of the four wind treatments under a
rainfall intensity of 60 mm h−1 was nearly one third of that
under an intensity of 120 mm h−1 (61.8 ± 4.6 kg), and was
lower than under 90 mm h−1 (35.8 ± 1.6 kg).

3.3 Effect of wind speed and rainfall intensity on sediment
yield

Runoff was typically accompanied by the transport of sedi-
ment, and the sediment yield was affected by rainfall intensity
and by rainfall duration (Fig. 4). The changes in sediment
yields with rainfall duration under all the rainfall intensities
was characterized by small initial changes followed by more
rapid increases about 30 min after runoff was initiated. The
changes in sediment yield indicated that different processes
were associated with the production of sediment. In the first
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25 to 30 min, the relatively small increases in sediment yield
(Fig. 4) were associated with steadily increasing runoff
amounts as rainfall duration increased (Fig. 3). Runoff rates
had noticeably increased after about 25 to 30 min (Fig. 3),
while sediment yield increased more rapidly after about
30 min (Fig. 4). Therefore, the more rapid increases in sedi-
ment yields were likely due to the increased amounts of runoff
and an associated onset or accelerated development of rill
formation. Increasing the rainfall intensity increased erosion
throughout a rainstorm and especially increased rill erosion
during the latter part of the rainstorm. For example, when
the preceding wind speed was 15 m s−1, the total sediment
yield was 4.1 kg greater under the subsequent rainfall intensity
of 120 mm h−1 than under 60 mm h−1.

The wind speed used to erode the soil in the rill channels
prior to the rainstorms also affected water erosion such that
sediment yield generally increased with the increase in wind
speed under all rainfall intensities (Fig. 4). The effect of wind
erosion on sediment yield was most pronounced for soil that
had been initially subjected to the highest wind speed
(15 m s−1). Under the simulated rainfall, this soil initially
had the lowest sediment yields, which was especially clear
in the case of the 120 mm h−1 rainfall intensity, but after about
30 min of runoff, the sediment yields were the highest.
Increases in total sediment yield were significant (P < 0.05)
as rainfall intensity increased for the soils subjected to the
15 m s−1 wind speed with the incremental rainfall intensity.
Under the 120 mm h−1 rainfall intensity, the total sediment
yields increased significantly with increases in wind speed
(P < 0.05); the total sediment yields from soils subjected to a
wind speed of 15 m s−1 were 2.8 kg greater than those from
soils that were not exposed to wind. Furthermore, as com-
pared with the soil that was not exposed to wind, the water-
eroded sediment yields increased by 9.7, 16.3, and 70.4 %
with increasing wind speed under rainfall intensities of 60,
90, and 120 mm h−1, respectively.

4 Discussion

4.1 Intensity of wind erosion

The wind tunnel facility did not allow climate control, so air
temperature and humidity varied slightly during the experi-
mental study period as actual weather conditions changed out-
side of the laboratory. The extent to which these slight fluctu-
ations affected the results could not be determined without
further extensive experimentation under different conditions,
which was beyond the scope of this study. However, air hu-
midity has been reported to affect the threshold shear stress for
the entrainment of sediments from certain soil types during
wind erosion (Neuman 2003; Cornelis et al. 2004; Ravi et al.
2006). Even so, because the soil used in this study had a coarseT
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sandy texture with a large fine sand component and exhibited
weak cohesion, the applied wind speeds were above the thresh-
old for particle entrainment. Therefore, it was reasonable to
assume that any differences in air temperature and/or humidity
had only minor effects on the amount of wind erosion (Burri
et al. 2011).

The erosion rate was significantly higher at the wind speed
of 15 m s−1 than at the lower speeds. This was mainly because
grains of sand exposed to stronger winds with higher wind
speeds were more readily dislodged from the bed of the rill
channel in greater quantities, and were more readily transported
suspended in the faster airflows. The sand grains moved at
speeds determined by the wind speed of the airflow and gained
momentum. Sand blowing within the rill channels could retain
considerable momentum due to limited air resistance (Yao et al.
2004). Sand grains colliding with the sidewalls and beds of the
rill channels could dislodge other grains as part of a saltation
process, thereby further increasing the erosion to levels above
that caused by the wind alone (Zhou et al. 1994). Notably, wind
erosion rates (0.12 kg m−2) were less in the study of Farsang
et al. (2012, 2013) than in ours for the same wind speed and
time. The increased development of rill channels could explain
this phenomenon. In our study, sand grains from the walls

created pits and mounds within the rill channel which occurred
slightly under the 8 and 11 m s−1 wind speed treatments. At the
15 m s−1 speed, however, the severity of the wind erosion,
which was enhanced by the abrasive action of wind-borne sand
particles, caused rill channel walls to collapse. Furthermore,
additional rill wall collapses and headward erosion expanded
the rill area and increased wind erosion.

4.2 Effects of wind speed and rainfall intensity
on the morphology of rills

Liu and Coulthard (2015) reported that aeolian- and fluvial-
induced changes to landscape morphology were clearly wide-
spread in the study region. Our results indicate visible changes
of rill morphology after the erosion processes that occurred
under wind and water erosion. These processes included
headward erosion, rill incision, and rill wall collapse that oc-
curred within the rill and affected its development. These pro-
cesses and their interactions caused the rills to lengthen, deep-
en, and widen (Han et al. 2002). Sediment yields associated
with wind and water erosion in some soil structures and sur-
face morphologies should develop steadily before rills begin
to develop, but the formation of a rill affects sediment yield
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depending on its morphology (Han et al. 2003). Changes in
rill morphology at a wind speed of 15 m s−1 and under a
rainfall intensity of 120 mm h−1 are shown in Fig. 5.

Under this treatment combination, severe rill wall collapse
and gravitational erosion occurred, leading to increases in the
mean rill depth and rill width of 5.8 and 3.5 cm, respectively.
Little headway erosion took place in the case of wind erosion.
However, the loose soil particles from the easily disintegrated
aggregates that lacked strong cohesion were readily transported
by wind, but were also deposited and accumulated along the rill
bed. Therefore, the effects of wind erosion on rill morphology
were mainly characterized by rill wall collapse and particle
accumulation at the end of the rill channel. Zhou et al. (1994)
reported that the intensity of wind erosion could be greatly
increased if moving grains struck the soil surface and dislodged
other grains, thus creating a stronger destructive force that could
affect soil surface structure. Our study also demonstrated that
the walls and upper sections of the rill channel were readily
eroded by wind, and that the abrasive action of wind-blown
sand was likely an active agent affecting rill morphology. In
turn, the width, density, and depth of rill channels would be key
factors that affected the amount of sediment produced by wind
erosion (Zhang et al. 2012).

Loose soil particles, resulting from the destruction of the
aggregates exposed to the abrasive wind erosion forces, were
present on the rill beds and had accumulated at the ends of the
rill channels (Fig. 5a). These loose particles provided the main
initial source of transportable material for subsequent water
erosion once runoff commenced and water flowed in the rills.
Midway through the simulated rainstorm, the action of rill
flow had caused slumping and further erosion of the rill banks
exploiting the erosion damage caused by the wind; some de-
position on the rill bed was also evident (Fig. 5b). Later in the
rainstorm, multiple feeder rills that could channel additional
runoff water and sediment into the main rill were apparent;
these features had possibly been initiated by the wind erosion
and developed further under water erosion. A further feature
of the change in rill morphology by the highest wind speed
was the formation of pits and mounds along the rill channel

due to rill wall collapse. Initially, such features impeded the
flow of water causing sediment deposition. The presence of
the mounds may even have forced water flowing in the rills to
erode the channel walls to a greater extent, thereby widening
the rills. Widening the rills could decrease flow velocities that
would lead to larger areas of deposition of sediments as shown
in Fig. 5c. However, overall erosion increased as the rainstorms
continued.

Sankey and Draut (2014) found that aeolian sediment trans-
port processes could enhance or impede the expansion of
gullies. In contrast, El-Baz et al. (2000)) illustrated that the sand
of the Sahara mainly originated from fluvial processes, and was
deposited in inland lacustrine depressions by palaeo-rivers and
streams. In this study, the total eroded sediment yields increased
by 9.7, 16.3, and 70.4 % within rainfall intensity treatments of
60, 90, and 120 mm h−1, respectively, as compared with the
zero wind speed treatment. Fluvial erosion and transport can
concentrate or expose new sediment, increasing availability for
subsequent aeolian transport (Field et al. 2009).

4.3 Applications and implications

Our results may be applicable to other semi-arid ecosystems.
However, many factors can vary among ecosystems. The lim-
itations of our simulations prevent broad inferences across
different types of ecosystems; however, the trends may be
suitable for the water–wind erosion crisscross region on the
Loess Plateau as well as similar regions.

One of the strong features of our study was the ability to
pair measurements and extrapolations of wind and water ero-
sion under conditions simulating those of a semi-arid region.
The magnitudes of wind and water erosion and of sediment
transport can potentially be influenced by several factors
existing in both laboratory simulations and field studies, such
as some climatic drivers (e.g., distributions of rainfall and
wind speed), surface characteristics (e.g., depth and width of
rills), and soil properties (e.g., soil-moisture distributions and,
especially, soil textures) (Breshears et al. 2003). To ensure the
success of our simulations, artificial rill channels were formed,

a b c

10cm

Fig. 5 Changes in rill
morphology due to wind
(15 m s−1) and water
(120 mm h−1) erosion. The flow
direction was from top to bottom.
a After the wind erosion but
before the rainfall, b midway
during the rainstorm, and c
towards the latter stage of the
rainstorm
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and the soil surfaces were wetted before the simulations be-
gan.We conducted wind erosion simulations after forming the
artificial rill channels instead of using rill channels created by
simulated rainfall because a long time may be required before
the rills are formed by water erosion. Furthermore, at the low
wind speeds produced by the small wind tunnel, differences in
wind erosion effects might not be distinct due to crust forma-
tion after or during water erosion. Therefore, these experimen-
tal conditions simulated those during the transition from the
dry wind erosion season to the wet water erosion season on the
Loess Plateau. However, the small size of the soil tray limited
our ability to simulate erosion from upslope runoff, which
would occur under natural conditions. Field monitoring is thus
needed to determine better the larger-scale transport of
sediments.

5 Conclusions

This study examined the effects of simulated wind and water
erosion of a sandy loessial soil during the transition period
from the dry to wet seasons in a semi-arid region. Runoff
and sediment yield of the sandy loess increased with rainfall
duration after runoff initiation, and these changes were signif-
icantly correlated with the rate of wind erosion (a function of
wind speed) and rainfall intensity. The time to runoff initiation
was influenced more by rain intensity than by wind speed and
increased by 46.1, 4.8, and 10 3 % with the overall increase in
wind speed (from 0 to 15m s−1) at rainfall intensities of 60, 90,
and 120 mm h−1, respectively.

Runoff and sediment yield during the first 25 min of
runoff production were lower for soils that had been ex-
posed to a wind speed of 15 m s−1 than to one of 8 m s−1;
however, this trend was reversed after 30 min of runoff. For
soil exposed to 15 m s−1 wind speed, the total runoff under a
rainfall intensity of 120 mm h−1 increased by 33.3 kg over
that produced by the 60 mm h−1 rainstorm. However, under
a rainfall intensity of 60 mm h−1, there were no significant
differences (P > 0.05) in total runoff amounts among the
different wind speeds. Under the 120 mm h−1 rainfall inten-
sity, the total sediment yields increased significantly with
the increasing wind speed (P < 0.05). Similarly, under the
15 m s−1 wind speed treatment, yields increased significant-
ly with increases in rainfall intensity. The total eroded sed-
iment yields increased by 9.7, 16.3, and 70.4 % with in-
creasing wind speed above 0 m s−1 for rainfall intensities
of 60, 90, and 120 mm h−1, respectively.

Wind erosion, along with the abrading action of wind-
borne sand grains, altered rill morphology and disintegrated
soil aggregates, thereby providing loose micro-aggregates and
soil particles to be further transported by water during the
subsequent rainstorm. The rills that developed under the rain-
fall further altered the soil surface that might then lead to

enhanced wind erosion, although this was not measured in
this study. Rain and wind could thus interact synergistically
to increase erosion, each possibly increasing the effect of the
other when they occur sequentially.
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