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Abstract: To identify the key parameters and develop accurate experimental models of detachment
and transport, splash detachment and transport of loess soil were investigated in relation to the rainfall
characteristics and slope. The experiment was conducted under 25 combinations of five rainfall
intensities (60, 84, 108, 132 and 156 mm h−1) and five slope gradients (0◦, 5◦, 10◦, 15◦ and 20◦),
using a custom splash pan. Raindrop characteristics (diameter, velocity and kinetics) and splash
mass were measured in downslope and upslope. The results indicated that rainfall intensity and
slope contributed 94.77% and 0.46%, respectively, to the detachment rate, and 24.39% and 67.82%,
respectively, to the transport rate. From a holistic viewpoint, the positive effect of slope became
more visible on the detachment rate when the rainfall intensity exceeded 108 mm h−1, and on
the transport rate when the slope exceeded 15◦. Based on the rainfall simulator in this study, the
rainfall kinetic energy (KE, J), raindrop median particle size (D50, mm) and raindrop terminal velocity
(V, m s−1) all increased with increasing rainfall intensity (I) within the 60~108 mm h−1 range
but decreased with increasing rainfall intensity within the 132~156 mm h−1 range. The rainfall
intensity and raindrop characteristics (D50/V/KE) are the key parameters of splash detachment (Dr,
g·m−2 min−1), and three detachment models were developed: (1) Dr = 0.1153 I1.09 D50

0.79 (R2 = 0.99,
NSE = 0.98, p < 0.01); (2) Dr = 0.0162 I1.11 V1.22 (R2 = 0.99, NSE = 0.99, p < 0.01); and (3) Dr = 0.0813
I1.10 KE0.18 (R2 = 0.99, NSE = 0.99, p < 0.01). The rainfall intensity and slope are the key parameters
for splash transport (Tr, g·m−2 min−1), and the developed transport models could be expressed
as: (1) Tr = 0.00657 I1.343S0.116 (R2 = 0.914, NSE = 0.874, p < 0.01) (slopes of 0◦, 5◦ and 10◦) and
(2) Tr = 0.00218 I1.165S1.033 (R2 = 0.986, NSE = 0.986, p < 0.01) (slopes of 15◦ and 20◦). The results of
this study could enhance the understanding of soil splash detachment and transport on loess slopes.

Keywords: splash erosion; contribution rate; rainfall intensity; splash model; raindrop energy

1. Introduction

Splash erosion is the first soil erosion process induced by rainfall and notably in-
fluences the overall erosion by removing surface soil material and transporting massive
amounts of soil particles, which provides the material basis for soil erosion [1–3]. This
complex process involves the detachment and transport of soil fragments due to raindrop
impact [4]. At the beginning of a rainfall event, raindrops with a certain kinetic energy (KE)
strike the soil surface. This leads to a breakdown of the soil structure, with soil particles
dispersed and stripped from the soil body, resulting in a reduction or blockage of the soil
surface pore space. This process is referred to as splash detachment [4]. The soil particle
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transport phase is characterized by raindrops with sufficient kinetic energy to move par-
ticles along the slope when soil aggregates reach a certain particle size and weight, after
which splash transport occurs [5,6]. Thus, detachment and transport during splash erosion
are related mainly to the raindrop characteristics and ground slope [2,7–11], along with soil
conditions (soil type, soil texture and structure, void fraction, stiffness and strength) [12].

The rainfall characteristics mainly include factors such as the rainfall intensity, rainfall
kinetic energy, raindrop diameter and raindrop terminal velocity [13,14]. The impact of
raindrops on splash erosion is mainly reflected in the number and energy of raindrops
striking the soil surface. The rainfall intensity represents the number of raindrops received
by the soil surface. The rainfall kinetic energy represents the energy of raindrops striking
the soil surface and is largely determined by the raindrop diameter and velocity. With
increasing rainfall intensity, the number of raindrops striking the surface soil increases,
resulting in more soil particles fragmented and destroyed, producing more loose particulate
matter to provide a basis for splash transport [15,16]. The rainfall kinetic energy acts on the
surface and influences the soil, causing the disruption of soil aggregates and soil particles
to easily leave the soil body, while the raindrop kinetic energy causes soil permeability
changes, thus affecting the stability of runoff and enhancing the transport capacity of
runoff [5,17]. As a significant topographic factor, the influence of the slope on splash
erosion is mainly reflected in the variability of the gravitational action of soil particles on
different surfaces [18,19]. With increasing slope, the gravitational component of the moving
soil particles increases, the tendency of the soil particles to leave the soil body increases,
and accordingly, the slope detachment mass increases. In addition, with increasing slope,
the friction between the soil particles on the slope and the surface soil decreases, and the
bond between the soil particles is reduced, which facilitates transport under the effect of
raindrop splashing [20,21].

Many scholars have obtained constructive modelling results regarding the relation-
ship between splash detachment and transport considering rainfall characteristics and
slopes. The rainfall characteristics (rainfall intensity, raindrop kinetic energy, raindrop
diameter, raindrop terminal velocity, etc.) all positively affected detachment and transport.
However, different rainfall parameters were chosen for different splash detachment and
transport models.

Regarding splash detachment, it has been argued that the most influential factor of
splash erosion is the rainfall intensity, and only the rainfall intensity has been considered
in detachment modelling, ignoring the slope factor [5,9,10,22–25]. Most of the models
developed considering detachment and the rainfall intensity involve linear and power
functions [5,9,10,22,24,25]. Several researchers have suggested that the rainfall intensity
slightly affects detachment, and detachment models have been established based only on
the slope, with both the slope and detachment indicating positive effects [26–28]. However,
some results show that disengagement linearly increases with slope when the slope is
less than 30◦ but decreases when the slope exceeds 30◦ [28]. In addition, it has been
suggested that the rainfall intensity and slope are equally important for detachment, and
the variation in the detachment rate with rainfall intensity and slope has been described by
logarithmic and power function models [11,29]. The rainfall kinetic energy is considered
more appropriate for describing the effect of rainfall on splash detachment. Scholars have
considered only the kinetic energy of rainfall when modelling detachment, and the main
model forms are power and linear functions [22,25,30,31]. Other scholars have combined
the rainfall kinetic energy and slope to develop a power function model, where the index
value of the rainfall kinetic energy is slightly higher than that of the slope [26]. In addition,
the relationship between splash detachment and the kinetic energy of rainfall has been
investigated by considering the raindrop diameter [11,32].

In terms of splash transport, it has been argued that the effect of the slope on trans-
port is not significant, but slope factors have not been considered in transport modelling.
Furbish et al. [33,34] suggested that the slope could contribute to the transport in both
particle quantity and distance, and their proposed formula (raindrop momentum and its
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distribution) reflected the average downslope displacement of grains increased with slopes
as a weakly nonlinear function, although it was effectively linear up to 30◦. Models relating
the rainfall intensity and transport have been developed in power function and logarithmic
forms [10,35]. Some researchers have not considered the rainfall intensity when modelling
transport [27,30]. Very few scholars have considered the effects of both the rainfall intensity
and slope during transport modelling, using sandy loam and silty loam soils for different
ranges of the rainfall intensity and slope, with rainfall intensity index values close to 2 and
slope index values close to 0.9 [36,37]. The effects of the rainfall kinetic energy and rainfall
median particle size on transport have also been considered to model transport [27,34].

In summary, the relationship between rainfall characteristics and slope during splash
detachment has been extensively modelled, but relatively little splash transport modelling
has been performed. Regarding the combined effect of rainfall and slope on splash detach-
ment and transport, different parameters have been selected to construct models. How to
choose more reasonable and appropriate parameters to build a model should be studied
further. In particularly, there is no unified conclusion regarding the contributions of rainfall
and slope to both detachment and transport. The aims of this study were to i) specify the
effects of the rainfall intensity and slope on detachment and transport and their individual
contributions through indoor simulated rainfall tests, and to ii) identify the key param-
eters to establish individual models of detachment and transport as affected by rainfall
characteristics and slope.

2. Materials and Methods
2.1. Sampling Site and Soil

The study site located in Ansai County, Shaanxi Province, China (109◦19′ E, 36◦51′ N),
which is a typical loess hilly gully area. The average altitude of the area is approximately
1200 m. The average annual precipitation is about 500 mm, more than 60% of which occurs
mostly in high-intensity rainstorms and primarily from July to September [11,38]. The
topography of Ansai is characterized by high mountains, steep slopes and deep ditches,
with low terrain in the southeast and high terrain in the northwest. Jungle grassland is
the main vegetation type in the central part of Ansai, while sandy vegetation is the main
vegetation type in the northern part of Ansai. The soil is a typical loess soil commonly
encountered on the Loess Plateau and is relatively erodible [38]. The Loess Plateau hosts a
soil erosion area of approximately 430,000 km2, accounting for approximately 75% of the
total area [39], and the area with a soil erosion modulus above 5000 t·km−2 a−1 amounts
to 156,000 km2.

Test soil was collected at a depth ranging from 0~25 cm in the cultivated layer of
an agricultural field and comprised 32.88% sand (diameter: 0.05~2.0 mm), 61.17% silt
(diameter: 0.002~0.05 mm) and 5.95% clay (diameter: <0.002 mm). Therefore, the test
soil is a silty loam according to the USDA soil texture classification system, and belongs
to Regosols according to World Reference Base for Soil Resources. The soil is poorly
aggregated with an average diameter of 0.039 mm and composed of 0.5% organic matter.
The saturated hydraulic conductivity is 0.59 mm min−1. All the soil samples were pretreated
by passing through a 10-mm sieve to remove debris such as small stones and plant residues,
followed by air-drying.

2.2. Experimental Equipment
2.2.1. Simulated Rainfall Device

The experiments were conducted in the Simulation Rainfall Hall operated by the State
Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau in Yangling,
Shaanxi Province, China. A rainfall simulator system with nozzles on two sides was used
to reproduce simulated rainfall [40]. The rainfall simulator comprises an artificial rainfall
simulator nozzle and a water measuring device. By varying the water pressure and nozzle
size, the rainfall simulator can provide a rainfall intensity ranging from 10~220 mm h−1.
The rainfall intensity in this study ranged from 60~156 mm h−1. The height of the side
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spray simulator is 16 m, a height allowing most raindrops to reach the final velocity. The
raindrop diameters range from 0.125~6.0 mm; moreover, their kinetic energy ranges from
2.63 × 10−10~4.99 × 10−4 J. In addition, the rainfall simulator achieved a uniformity higher
than 80%.

2.2.2. Splash Pan

The splash pan used in this study was modified from the Morgan soil pan [41], which
is constructed of stainless steel and exhibits a radius of 900 mm and a height of 100 mm.
At the center of the pan, there is a soil sample pan with a radius (r) of 100 mm and a
height of 100 mm, with small holes at the bottom for rainwater infiltration. A baffle divides
the designed splash pan into upslope and downslope compartments (Figure 1), allowing
separate measurement of the upslope and downslope splash amounts. Tap water (electrical
conductivity = 0.7 dS m−1) was used in all the experiments. To prevent the soil from
escaping through the small holes in the splash pan, the bottom of the pan was covered with
1~2 layers of gauze before filling. Before test soil packing, the soil moisture content was
adjusted to 14%, which is the typical level during the flood season on the Loess Plateau
when most erosion events occur [38]. A bulk density of 1.2 g cm−3 (measured with a cutting
ring in a compacted state) was adopted in this study, which is consistent with the in situ
values. The samples were scraped flat and placed at the center of the splash pan. At the
bottom of the splash pan, there are several 5-mm holes connected to a pipe for splash
particle collection. Additionally, to ensure that only the source soil is affected by rainfall,
a plastic cover with a 100-mm hole at the center was placed over the device. The slope
gradient of the splash pan could be adjusted between 0% and 35%.

Land 2024, 13, x FOR PEER REVIEW 4 of 17 
 

rainfall simulator nozzle and a water measuring device. By varying the water pressure 
and nozzle size, the rainfall simulator can provide a rainfall intensity ranging from 10~220 
mm h−1. The rainfall intensity in this study ranged from 60~156 mm h−1. The height of the 
side spray simulator is 16 m, a height allowing most raindrops to reach the final velocity. 
The raindrop diameters range from 0.125~6.0 mm; moreover, their kinetic energy ranges 
from 2.63 × 10−10~4.99 × 10−4 J. In addition, the rainfall simulator achieved a uniformity 
higher than 80%. 

2.2.2. Splash Pan 
The splash pan used in this study was modified from the Morgan soil pan [41], which 

is constructed of stainless steel and exhibits a radius of 900 mm and a height of 100 mm. 
At the center of the pan, there is a soil sample pan with a radius (r) of 100 mm and a height 
of 100 mm, with small holes at the boĴom for rainwater infiltration. A baffle divides the 
designed splash pan into upslope and downslope compartments (Figure 1), allowing sep-
arate measurement of the upslope and downslope splash amounts. Tap water (electrical 
conductivity = 0.7 dS m−1) was used in all the experiments. To prevent the soil from escap-
ing through the small holes in the splash pan, the boĴom of the pan was covered with 1~2 
layers of gauze before filling. Before test soil packing, the soil moisture content was ad-
justed to 14%, which is the typical level during the flood season on the Loess Plateau when 
most erosion events occur [38]. A bulk density of 1.2 g cm−3 (measured with a cuĴing ring 
in a compacted state) was adopted in this study, which is consistent with the in situ values. 
The samples were scraped flat and placed at the center of the splash pan. At the boĴom of 
the splash pan, there are several 5-mm holes connected to a pipe for splash particle collec-
tion. Additionally, to ensure that only the source soil is affected by rainfall, a plastic cover 
with a 100-mm hole at the center was placed over the device. The slope gradient of the 
splash pan could be adjusted between 0% and 35%. 

 
Figure 1. (a) An overview of the experimental setup. (b) Schematic of the front view of the splash 
pan. (c) Schematic of the side view of the splash pan. 

2.3. Measurements and Calculations 
Ten years of precipitations collected from a field experimental plot showed that the 

peak rainfall intensities of individual rainfall events ranged from 2.87~148.12 mm h−1, and 
most erosion mainly occurs under high rainfall intensity. Therefore, five slopes (0°, 5°, 10°, 
15° and 20°) and five rainfall intensities (60, 84, 106, 132 and 156 mm h−1) were selected. 
These levels were fully combined and replicated twice, for a total of 50 experiments. The 
rainfall duration (t) is 30 min. 

2.3.1. Detachment Rate and Transport Rate 
After each test, the splash particles were collected separately from the upslope and 

downslope compartments, then dried in an oven at 105 °C for 8 h and weighed. The 
upslope (downslope) splash masses are the total amount of soil particles moving up 
(down) along the slope caused by raindrop splash. In this study, the total amount of soil 
particles collected in the upslope compartments was considered as the upslope splash 
mass (Du); the total amount of soil particles collected in the downslope compartments was 
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2.3. Measurements and Calculations

Ten years of precipitations collected from a field experimental plot showed that the
peak rainfall intensities of individual rainfall events ranged from 2.87~148.12 mm h−1, and
most erosion mainly occurs under high rainfall intensity. Therefore, five slopes (0◦, 5◦, 10◦,
15◦ and 20◦) and five rainfall intensities (60, 84, 106, 132 and 156 mm h−1) were selected.
These levels were fully combined and replicated twice, for a total of 50 experiments. The
rainfall duration (t) is 30 min.

2.3.1. Detachment Rate and Transport Rate

After each test, the splash particles were collected separately from the upslope and
downslope compartments, then dried in an oven at 105 ◦C for 8 h and weighed. The
upslope (downslope) splash masses are the total amount of soil particles moving up (down)
along the slope caused by raindrop splash. In this study, the total amount of soil particles
collected in the upslope compartments was considered as the upslope splash mass (Du);
the total amount of soil particles collected in the downslope compartments was considered
as the downslope splash mass (Dd). In this study, the detachment and transport masses
were calculated as follows:

D = Dd + Du (1)
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T = Dd − Du (2)

where D is the amount of detachment (g), T is the amount of transport (g). The detachment
and transport rates are calculated as follows:

Dr = D/
(

tπr2 × 10−6
)

(3)

Tr = T/
(

tπr2 × 10−6
)

(4)

where Dr is the detachment rate (g·m−2 min−1), Tr is the transport rate (g·m−2 min−1), t is
the rainfall duration (min) and r is the radius of the soil sample pan (mm).

2.3.2. Raindrop Diameter Measurement

The raindrop diameter was measured by the color spot method [40]. A 1:10 mixture
of eosin and talcum powder (w/w basis) was painted on the medium-speed qualitative
filter paper (diameter = 15 cm). When raindrops fell on the filter paper, each raindrop
produced a color spot on the filter paper. The diameter of each raindrop is calculated from
the measured diameter of the colored spots:

Di = 0.356 × d0.712 (5)

where Di is the diameter of the raindrop (mm), d is the diameter of the color spot (mm).
The median raindrop size (D50) is defined as the size of the raindrop that corresponds to
50% of the cumulative particle size distribution of the sample, based on the number of large
and small raindrops formed on the filter paper.

2.3.3. Calculation of Raindrop Terminal Velocity

Assuming that the raindrops are globular, the mass of the raindrops is calculated as:

m =
(

πDi
3 × 10−6

)
/6 (6)

where m is the mass of raindrop (kg), Di is the diameter of raindrop (mm).
The terminal velocity of the raindrops in the windless condition is mainly determined

by the size of the raindrops and is commonly calculated using the modified Shah Yuqing
formula and the modified Newton formula [42].

V =

{
0.496 × 10

√
28.320+6.524log (0.1Di)−log (0.1Di)

2−3.665 Di < 1.9 mm
(17.20 − 0.884Di)

√
0.1Di Di > 1.9 mm

(7)

where V is the terminal velocity of the raindrop (m s−1), Di is the diameter of the raindrop (mm).

2.3.4. Calculation of Rainfall Kinetic Energy

For a single raindrop, the kinetic energy is calculated as:

Ei = miVi
2/2 (8)

where Ei is the kinetic energy of a single raindrop (J), mi is the mass of a single raindrop
(kg), and Vi is the terminal velocity of the raindrop (m s−1). Then, the kinetic energy of all
raindrops is summed to get the kinetic energy of rainfall:

KE =
n

∑
i=1

Ei (9)

where KE is the total kinetic energy of the rainfall (J), n is the total number of raindrops.
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2.3.5. Calculation of Contribution Rate

Calculation of the contribution of rainfall intensity and slope to the effects of detach-
ment and transport can be carried out using the following equation [43].

βi = biσxi/σy (10)

Pi =
(

R2β2
i × 100

)
/∑n

i=1β2
i (11)

where Pi is the contribution of the i-th independent variable (%), R2 is the coefficient
of determination of the multiple regression equation, βi is the standardized regression
coefficient of the i-th independent variable, bi is the regression coefficient of the i-th inde-
pendent variable, σxi is the standard deviation of variable xi, σy is the standard deviation of
variable y.

2.3.6. Data Analysis

The coefficient of determination (R2), and the Nash–Sutcliffe Efficiency Index (NSE) [44]
were used to evaluate the performance of empirical equations based on experimental data.
Formulas for R2 and NSE are as follows:

R2 =
[
∑n

i=1
(
Oi − O

)(
Pi − P

)]2/
[
∑n

i=1
(
Oi − O

)2
∑n

i=1
(

Pi − P
)2
]

(12)

NSE = 1 − ∑(Oi − Pi)
2

∑
(
Oi − Oi

)2 (13)

where Oi are measured values, Pi are calculated values, O is the mean of the measured
values, and P is the mean of the calculated values. NSE reflects the relative magnitude of
the residual variance compared with the variance of the observed data [good (NSE > 0.7),
satisfactory (0.4 < NSE ≤ 0.7) and unsatisfactory (NSE ≤ 0.4)].

3. Results and Discussion
3.1. Effects of the Rainfall Intensity and Slope on Splash Detachment and Transport
3.1.1. Effects of the Rainfall Intensity and the Slope on Detachment Rate

The variations in the detachment rate with rainfall intensity at the different slopes are
shown in Figure 2. The overall trend in the detachment rate increased with increasing rain-
fall intensity at the different slopes. The detachment rate exhibited a negative correlation
with the slope at a rainfall intensity lower than 108 mm h−1, while a positive correlation
was observed at a rainfall intensity higher than 108 mm h−1. Table 1 summarizes the linear
relationships between the detachment rate and rainfall intensity at the different slopes, with
coefficient of determination (R2) values ranging from 0.94~0.99, thus indicating significant
correlations. Table 2 provides the equations for the relationships between the detachment
rate and slope at the different rainfall intensities, with R2 values ranging from 0.08~0.94.

With increasing rainfall intensity, the removal effect of raindrops on the soil surface
increased, resulting in more soil particles being separated from the soil. Thus, the de-
tachment rate generally increased with increasing rainfall intensity [9,10,24,25,32,45–52].
However, this increase was not uniform. At rainfall intensities higher than 84 mm h−1,
the detachment rate increase decreased for low slopes (0◦, 5◦ and 10◦). For high slopes
(15◦ and 20◦), the increase declined at rainfall intensities higher than 132 mm h−1. The
reason for this phenomenon may be that as the rainfall intensity is increased, the higher
induced runoff constrains raindrop splash erosion. Therefore, when the rainfall intensity
increases to a certain level, the detachment rate gradually decreases with increasing rainfall
intensity [53,54]. With increasing slope, the runoff generated by rainfall spends relatively
less time on the soil surface, and the constraint of the runoff depth on splash erosion
decreases. Therefore, the inflection point at which the increase rate of detachment decreases
at high slopes occurs relatively late [55].
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The variations in the detachment rate with the slope exhibited an inflection point at a
rainfall intensity of 108 mm h−1. At a sloping angle, the rainfall-bearing region of the slope
is the horizontal projected area. The steeper the slope is, the smaller the segment projection
area and the less rainfall per unit area. The rain-bearing area on gentle slopes is larger than
that on steep slopes, so the detachment rate on gentle slopes is higher [29,56–58]. However,
simulated rainfall was supplied by a device in this, and the number of droplets increased
but the size decreased at high rainfall intensities (>108 mm h−1) due to the pressure change,
which is examined later. Although the rainfall intensity was increased, the droplet density
decreased, resulting in reduced effects of the rainfall intensity and relatively enhanced
effects of the slope on detachment [49,54,59–61]. The slope could affect the detachment rate
because of the different raindrop impact angles. Raindrop impact gives way to a downslope
drift on an inclined soil surface, and this drift produces a downslope bias in the lateral
spreading of the drop associated with the downslope component of the incident impact
velocity [33,34]. These reasons may lead to a significant increase in downslope detachment,
which in turn affects total splash detachment. Therefore, at a rainfall intensity higher than
108 mm h−1, the detachment rate was higher for high slopes than for low slopes. The effect
of the slope on detachment is complex [28,53,54,62–64].
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Table 1. Relationships between detachment rate (Dr, g·m−2 min−1) and rainfall intensity (I, mm h−1).

Slope (◦) Relationships between Dr and I R2

0 Dr = 0.2074 I + 6.534 0.94
5 Dr = 0.2446 I + 2.7014 0.93
10 Dr = 0.2686 I + 0.6791 0.97
15 Dr = 0.2942 I − 1.6732 0.99
20 Dr = 0.2824 I + 0.113 0.99

Table 2. Relationships between detachment rate (Dr, g·m−2 min−1) and slope (S, ◦).

Rainfall Intensity (mm h−1) Relationships between Dr and S R2

60 Dr = 0.0335 S + 15.154 0.08
84 Dr = −0.1961 S + 26.426 0.87

108 Dr = 0.0517 S + 30.663 0.59
132 Dr = 0.2588 S + 34.358 0.96
156 Dr = 0.2848 S + 37.535 0.94
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3.1.2. Effects of the Rainfall Intensity and Slope on the Transport Rate

Figure 3 shows the variations in the transport rate with rainfall intensity at different
slopes. In general, the transport rate exhibited an increasing trend with increasing rainfall
intensity and slope. With increasing rainfall intensity, the increase rate remained more
stable for low slopes (0◦, 5◦ and 10◦), and the increase rate was higher for high slopes (15◦

and 20◦). Table 3 provides the linear equations for the relationships between the transport
rate and rainfall intensity, with R2 values ranging from 0.76~0.99. Table 4 provides the
equations for the relationships between the transport rate and slope, with R2 values ranging
from 0.98 to 0.99.

The rainfall intensity provide the material basis and power supply for splash trans-
port [15,16,36,50]. A higher rainfall intensity produces more loose soil particles, and more
particles are transported along the slope due to raindrop strikes [2,59,65–70]. Therefore, the
transport rates generally increase with increasing rainfall intensity [30,32,36,50–52,71,72].
An increasing slope could alter the striking angle and striking kinetic energy of raindrops
on the soil surface. When soil particles move downslope, the kinetic energy component of
raindrop striking and the raindrop gravity enhance the initial kinetic energy of soil particle
movement, which facilitates the downslope movement of soil particles. When soil particles
move upslope, gravity functions as a hindrance, which causes differences in the splashed
mass between upslope and downslope regions [10,28,49,73]. Therefore, the transport rate
increases with increasing slope [3,27,30,51,53,63,71,74]. The steeper the slope is, the more
significant the tendency for particles to move downslope; thus, the transport rates increase
more notably with increasing rainfall intensity under high-slope conditions [37,75,76].

The differences in splash mass between the upslope and downslope positions could
also be represented by the ratio, as shown in Figure 4. The ratio significantly decreased
with increasing slope, with values close to 1 at 0◦ and significantly lower than 1 at the
other slopes. At 0◦, the movement of splashed soil particles induced by raindrop striking is
random, with equal chances of splashing upwards and downwards, so the ratio is close
to 1. A ratio lower than 1 indicates that there is more splashing on the downslope than
the upslope. The lower the ratio is, the larger the difference in splashing between the
downslope and upslope regions, and the higher the transport rate. In other words, the
transport rate increases with slope. The effect of the rainfall intensity on the transport rate
is not as significant as that of the slope.
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Table 3. Relationships between transport rate (Tr, g·m−2 min−1) and rainfall intensity (I, mm h−1).

Slope (◦) Relationships between Tr and I R2

0 Tr = 0.0208 I − 1.3535 0.76
5 Tr = 0.0391 I − 0.6287 0.93
10 Tr = 0.0508 I + 0.0593 0.96
15 Tr = 0.0982 I − 2.0908 0.99
20 Tr = 0.1087 I − 0.6044 0.99

Table 4. Relationships between transport rate (Tr, g·m−2 min−1) and slope (S, ◦).

Rainfall Intensity (mm h−1) Relationships between Tr and S R2

60 Tr = 0.3113 S − 0.3819 0.99
84 Tr = 0.3813 S + 0.7962 0.98

108 Tr = 0.4566 S + 1.4564 0.99
132 Tr = 0.6532 S + 0.7817 0.99
156 Tr = 0.7395 S + 1.606 0.99
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3.1.3. Contributions of the Rainfall Intensity and Slope to Detachment and Transport

The contributions of the rainfall intensity and slope to detachment were 94.77% and
0.46%, respectively. This result indicates that the detachment rate is influenced mainly by
the rainfall intensity and that the slope imposes very little effect on the detachment rate.
This suggests that detachment is more sensitive to the rainfall intensity than to the slope,
and many studies have yielded similar conclusions [29,37,72,77,78].

The contributions of rainfall intensity and slope to the transport rate were 23.89% and
67.49%, respectively. The partial correlation coefficient between the transport rate and
slope was higher than that between the transport rate and rainfall intensity, indicating that
the transport rate is more sensitive to slope changes [54]. It has also been shown that the
sediment transport variability always depends on the slope [30,79], which is consistent
with the results of this study. However, it has been noted that the transport rate is more
sensitive to the rainfall intensity than to the slope [36,37]. This difference in results may be
due to variations in experimental design.
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3.2. Rainfall Kinetic Energy

Particle detachment or transport during splash erosion is related to the number of
raindrops striking the surface and the raindrop strike energy. The rainfall intensity is only
a descriptive parameter of the number of raindrops received by soil particles, but does not
represent the kinetic energy of raindrops. The rainfall intensity is influenced mainly by
the raindrop size and raindrop terminal velocity. The kinetic energy of raindrops triggers
soil erosion by breaking up and mobilizing soil particles, causing their splashing. The
raindrop kinetic energy is the main factor contributing to the detachment of soil particles
by splashing [80,81]; it is also the most appropriate way to express the erosive power of
rainfall [82]. Therefore, the rainfall kinetic energy must also be considered when examining
the influence of rainfall on splash erosion.

The variations in D50, V, and KE with I are listed in Table 5. D50, V, and KE all increased
with increasing rainfall intensity at a rainfall intensity ranging from 60~108 mm h−1. How-
ever, when the kinetic energy increased to a certain value, D50, V, and KE no longer
increased with increasing rainfall intensity. This value was even lower than that corre-
sponding to the minimum rainfall intensity of 60 mm h−1 during the period when the
rainfall intensity was increased from 132~156 mm h−1.

Table 5. Variations of D50, V and KE with I.

I (mm/h) D50 (mm) V (m/s) KE (J)

60 1.83 6.65 7.09 × 10−6

84 1.89 6.83 8.24 × 10−6

108 1.96 6.88 9.34 × 10−6

132 1.7 6.25 5.02 × 10−6

156 1.68 6.19 4.75 × 10−6

This phenomenon may be caused by the nozzles of the rainfall simulator, in which
different droplet sizes can produce the same rainfall intensity. For the simulated rainfall
device to achieve high rainfall intensities, the system increases the pressure on the nozzle
and thus emits a larger number of smaller droplets than before. The droplet size is small, but
the number of droplets is sufficiently large enough [82–84] to achieve the rainfall intensity
set by the system. This differs from the natural phenomenon of larger droplets occurring at
higher rainfall intensities [85]. As droplet sizes vary, the decrease rates differ, producing
different kinetic energy levels. A few large droplets exhibit high kinetic energy, while many
small droplets exhibit low kinetic energy [45]. This suggests that even a relatively low
rainfall intensity could produce high kinetic energy, which is consistent with the findings
of other researchers [64,86–88].

Both the rainfall intensity and kinetic energy of raindrops are parameters that describe
the rainfall characteristics. The rainfall intensity is a parameter that describes the number
of raindrops received by soil particles, and the kinetic energy of rainfall is a parameter
that describes the splash energy of raindrops. In Table 5, the kinetic energy, median
particle size and terminal velocity exhibit different trends from that in the rainfall intensity.
Therefore, when modelling detachment and transport, it is important to consider the rainfall
intensity and other physical rainfall parameters, such as kinetic energy, rather than directly
considering a single rainfall characteristic only.

3.3. Key Parameter Selections for Splash Detachment and Transport

As indicated in Table 6, there was a significant correlation between the detachment
rate (Dr) and I, D50, V, and KE, but not between the detachment rate and slope. Therefore,
the slope was not considered in the detachment model. There were significant correlations
between the transport rate (Tr) and I and S. However, there were no statistically significant
correlations between D50, V, or KE. This may be due to the very small range of droplet
sizes, i.e., 1.68 mm–1.96 mm. This represents only a 15% difference between the largest and



Land 2024, 13, 189 11 of 17

smallest raindrops. The difference between the maximum and minimum drop velocities
was even smaller, at approximately 11%. Therefore, only the rainfall intensity and slope
factors were considered in the transport model.

Table 6. Pearson correlation analysis between I, S, D50, V, KE and Dr, Tr.

Parameter
Dr Tr

r p r p

I 0.973 <0.01 0.489 <0.05
S 0.068 >0.05 0.822 <0.01

D50 −0.546 <0.01 −0.302 >0.05
V −0.642 <0.01 −0.346 >0.05

KE −0.529 <0.01 −0.293 >0.05

3.4. Splash Detachment Equation and Transport Equation
3.4.1. Splash Detachment Equation

Since D50, V and KE exhibited different trends from I, multiple regression analysis
was used to analyze the combined response of the detachment rate to I and D50, V, and KE.
The combined effects of the number of raindrops and raindrop energy on detachment were
modelled as follows:

Dr = 0.1153 I1.09 D50
0.79 (R2 = 0.99, NSE = 0.98, p < 0.01) (14)

Dr = 0.0162 I1.11 V1.22 (R2 = 0.99, NSE = 0.99, p < 0.01) (15)

Dr = 0.0813 I1.10 KE0.18 (R2 = 0.99, NSE = 0.99, p < 0.01) (16)

The estimated Dr using Equations (14)–(16) satisfactorily matched the measured Dr
with R2 of 0.99, and NSE of 0.98, 0.99, 0.99, respectively. Figure 5 shows favorable agreement
between the calculated and measured detachment rates. The detachment rate showed
a power function relationship with I and D50, V, and KE. The exponent of the rainfall
intensity remained at a consistent level of approximately 1.10. The D50 exponent in this
model was smaller than the I exponent. Several scholars have reported similar conclusions:
the D50 exponent is 0.545, and the I exponent is 0.913 [11]. However, other scholars have
established models in which the raindrop diameter exponent is greater than the rainfall
intensity exponent [4]. The V exponent in the model developed in this experiment is greater
than the I exponent, and similar conclusions have been reached by scholars suggesting
that detachment is proportional to the 4.33rd power of the velocity and 0.65th power of the
intensity [5]. The exponent of KE in the model established in this experiment is smaller than
that of I, but the opposite conclusion has been obtained by other researchers [22,30,89,90].
This may occur because only three raindrop diameters were simulated in previous ex-
periments using syringes, where low rainfall intensities were related to small raindrops,
and high rainfall intensities were related to large raindrops. Large raindrops correspond
to a higher rainfall kinetic energy. In contrast, in this experiment, the rainfall simula-
tor ejected more but smaller droplets at higher rainfall intensities. The exponents of the
established detachment model differ from those in studies, probably due to differences
in the soil type and experimental design, so further research is warranted for splash
detachment of loess.
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3.4.2. Splash Transport Equation

Multiple regression analysis was employed to analyze the response of the transport
rate to the rainfall intensity and slope, and the following equation was obtained:

Tr = 0.0973 I0.33 S1.14 (R2 = 0.83, NSE = 0.76, p < 0.01) (17)

Tr = 0.00657 I1.343S0.116 (R2 = 0.914, NSE = 0.874, p < 0.01) (18)

Tr = 0.00218 I1.165S1.033 (R2 = 0.986, NSE = 0.986, p < 0.01) (19)

The estimated Tr using Equation (17) matched the measured Tr with R2 = 0.83, and
NSE = 0.76, but shows a significant number of outliers (Figure 6). From Figure 3 and
Table 4, there is a relationship switch between 10◦ and 15◦ (from nonlinear to a more
linear). To exclude these inconsistencies, multiple regression analysis was conducted in
two groups, and Equations (18) (0◦, 5◦ and 10◦) and (19) (15◦ and 20◦) were obtained. The
estimated Tr using Equations (18) and (19) matched the measured Tr well, and the data
points were all distributed closely to the 1:1 line, indicating satisfactory fitting results. In
this study, a power function of the rainfall intensity and slope was developed to estimate
the effects of the rainfall intensity and slope on the transport rate during splash erosion. In
terms of exponents, splash transport was more sensitive to an increase in the slope. The
slope exponent is 0.116 at slopes below 10◦, and 1.033 at slopes of 15◦ and 20◦, indicating
that the effect of the slope is accentuated when the slope is increased to more than 10◦.
Transport heavily depends on the asymmetry in splashed particles between downslope and
upslope directions. This effect is primarily due to the radial variation in the surface-parallel
momentum of the spreading raindrop; as a result, surface-parallel transport increases
approximately linearly with slope [33,34]. Regarding the relationship between splash
transport and slope, several scholars have proposed slope exponents ranging from 1.0
to 2.0 [91], while others have obtained slope exponents of 0.75 and 1.37 [92,93]. Another
model was developed with an exponent for the slope of 0.865 [36], which was modified
to 1.13 [94]; this value is very close to the slope index value in Equation (17). In terms of
the relationship between transport and rainfall intensity, the squared value of the rainfall
intensity can reasonably describe the variation in the transport rate [36,37]. However, the
rainfall intensity exponent in the model developed by some authors is 0.99 [94], which
is almost half the value of the previously developed model [36,37]. The transport of
soil particles is related not only to raindrop characteristics but also soil properties. This
difference in exponents may be due to differences in the test conditions and design as
well as soil properties. Furthermore, the exponent ranges for the rainfall intensity and
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slope were 1.0~1.8 and 0.9~1.8, respectively [74], but there is no convincing support for the
exponent of one variable greatly exceeding that of the other. In our study, the slope, rather
than the rainfall intensity, more significantly affects the transport rate under high slope
values. This may therefore indicate that more attention should be given to soil particle
transport on steep slopes in loess areas.
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4. Conclusions

Relatively little splash transport modelling has been performed, especially regarding
the quantitative contributions of rainfall and slope to detachment and transport, with no
uniform conclusions. In this study, the effects of rainfall characteristics and slope on splash
detachment and transport of soil particles on steep loess hillsides in China were studied
under artificially simulated rainfall.

The rainfall intensity exerted a stronger positive effect on detachment than the slope
considering linear equations. There were positive effects of either rainfall intensity or slope
on the transport rates using linear equations. The rainfall intensity and slope contributed
94.77% and 0.46%, respectively, to the detachment rate and contributed 23.89% and 67.49%,
respectively, to the transport rate. From a holistic viewpoint, the positive effects of slope be-
came more visible on the detachment rate when the rainfall intensity exceeded 108 mm h−1,
and on the transport rate when the slope exceeded 15◦. In this experiment, the rainfall
kinetic energy (KE, J), raindrop median particle size (D50, mm) and raindrop terminal
velocity (V, m s−1) increased with increasing rainfall intensity (I) within 60~108 mm h−1,
but then decreased with increasing rainfall intensity within the 132~156 mm h−1 range,
which was a result of the nozzles used in the simulations experiment. The rainfall intensity
and raindrop kinetic energy characteristics (D50/V/KE) were selected as ideal parameters
for splash detachment (Dr, g·m−2 min−1) modelling, while the rainfall intensity and slope
were the key factors in splash transport (Tr, g·m−2 min−1) modelling. The established
splash detachment models are as follows: (1) Dr = 0.1153 I1.09 D50

0.79 (R2 = 0.99, NSE = 0.98,
p < 0.01); (2) Dr = 0.0162 I1.11 V1.22 (R2 = 0.99, NSE = 0.99, p < 0.01); and (3) Dr = 0.0813
I1.10 KE0.18 (R2 = 0.99, NSE = 0.99, p < 0.01). The splash transport models are as follows:
(1) Tr = 0.00657 I1.343S0.116 (R2 = 0.914, NSE = 0.874, p < 0.01) (slopes of 0◦, 5◦ and 10◦) and
(2) Tr = 0.00218 I1.165S1.033 (R2 = 0.986, NSE = 0.986, p < 0.01) (slopes of 15◦ and 20◦).
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In summary, rainfall characteristics and slope notably influence the splash erosion
process. Special consideration should be given to the effect of rainfall when studying splash
detachment processes and to the effect of the slope when studying transport processes.
Due to the different test conditions, the model developed in this paper must be validated
in areas with different conditions and soil characteristics.
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