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A B S T R A C T

Splash erosion is recognized as an important process of water erosion on agricultural land, but evaluating and
modelling splash detachment capacity on steep slopes using loessial soil were not fully studied. The objectives of
this study are: (1) to evaluate the effects of slope gradient (S) and rainfall intensity (I) on splash detachment
capacity (SDr), (2) to select the key rainfall physical parameters and hydraulic parameters affecting splash
detachment capacity, (3) to establish new and more accurate experimental models between splash detachment
capacity (SDr) and these key parameters on steep slopes for loess regions. The experiment was conducted at
slopes of 12.23%, 17.63%, 26.8%, 36.4%, 40.4% and 46.63% under rainfall intensities of 48, 60, 90, 120, 138
and 150mmh−1, respectively, using simulated rainfall. Results showed that the equation between splash de-
tachment capacity (SDr) with both parameters of rainfall intensity (I) and slope gradient (S) (i.e.
SDr=0.000126 ln (0.36S−0.3I1.3− 14)) could predict SDr well with R2= 0.85 and Nash–Sutcliffe model effi-
ciency (NSE)= 0.71. SDr was more sensitive to rainfall intensity than to slope gradient. The rainfall kinetic
energy (KE) was the key rainfall physical parameter and the mean flow depth (h) was the key hydraulic para-
meter affecting SDr. The equation between SDr with both parameters of KE and h (i.e.
SDr=0.000164 ln (0.0031KE1.13h−0.3− 4.5)) could satisfactorily predict SDr with R2= 0.85 and
Nash–Sutcliffe model efficiency (NSE)=0.81. The new equations (i.e. SDr=0.000126 ln (0.36S−0.3I1.3− 14)
and SDr=0.000164 ln (0.0031KE1.13h−0.3− 4.5)) could help in controlling water erosion in the loess region of
China.

1. Introduction

Soil erosion is a serious ecological and environmental problem, and
the main cause of land degradation and landslides in many ecosystems
worldwide (Nowak and Schneider, 2017; Xu et al., 2017; Xu and Coop,

2017; Mekonnen et al., 2015; Heathcote et al., 2013; Ali et al., 2011;
Karlen et al., 2003; Lal, 1998). According to Morgan (2005), soil ero-
sion is a two-phase process that consists of the detachment of individual
soil particles by raindrop and transport of these particles by sheet flow.
Detachment of soil particles by splash erosion may be considered the
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Abbreviations and symbols: SDr, the splash detachment capacity (kg m−2 s−1); ti, the sampling time (s); ma, the weight of splash detachment by raindrops during
sampling time (kg); md, the weight of the raindrop d (kg); mi, the weight of sediments from runoff during sampling time (kg); L, the length of the test plot (m); W, the
width of the test plot (m); S, the slope gradient (%); I, the rainfall intensity (mm h−1); vd, the fall velocity of raindrop d (m s−1); vr, the raindrop terminal velocity
(m s−1); Vs, the surface flow velocity (m s−1); V, the flow velocity of sheet flow layer (m s−1); Vm, the mean flow velocity of sheet flow layer (m s−1); k, the correction
coefficient; hi, the flow depth (m); h, the mean flow depth (m); Ri, the weight of the runoff during sampling time (kg); ρi, the mass density of the runoff (kg m−3); ρs,
the mass density of the sediments (=2650 kgm−3); Ρ, the water mass density (kgm−3); g, the gravitational constant (m s−2); Si, the sine of the bed slope (mm−1);
KE, the rainfall kinetic energy (J m−2 h−1); D50, the raindrop median volume diameter (mm); NSE, the Nash–Sutcliffe efficiency; RE, the relative error; RME, the
average absolute values of the relative error (%); R2, the coefficient of determination; Oi, the observed values (kgm−2 s−1); Pi, the predicted values (kgm−2 s−1); O ,
the mean of the observed value (kgm−2 s−1); P , the mean of the predicted value (kgm−2 s−1); n, the number of samples
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first step of interrill erosion by sheet flow (Fernández-Raga et al., 2017;
Hu et al., 2016; Kinnell, 2005), which is affected by various factors such
as rainfall intensity (Ellison, 1947; Park et al., 1983), slope gradient
(Fan and Wu, 1993; Meyer and Harmon, 1989), rainfall kinetic energy
(Al-Durrah and Bradford, 1981; Sharma and Gupta, 1989; Morgan
et al., 1998; Hu et al., 2016), flow depth (Torri et al., 1987; Morgan
et al., 1998). Thus, the accurate evaluation of splash detachment ca-
pacity in susceptible areas is necessary to the development of process-
based soil erosion models, because splash erosion is the first key me-
chanism of the soil erosion process.

In past studies, numerous investigations have been conducted to
calculate splash erosion by overland flow. The suitability of different
splash erosion equations has been assessed under different experi-
mental conditions. Ellison (1947) analysed the relationship of splash
erosion with raindrop fall velocity, the raindrop volume diameter and
rainfall intensity and the following equation was established:

=D KV d I20.8 ,s r
4.33 1.07 0.65 (1)

where Ds is the weight of total splash erosion of 30min (g), K is the soil
erodible coefficient, Vr is the raindrop fall velocity (m s−1), d is the
raindrop volume diameter (mm), I is the rainfall intensity (mm h−1). In
this experiment, the raindrop diameters were 3.5mm and 5.1mm, and
the slope gradients were 6%, 10% and 16%, and the rainfall intensities
were 4.8mmh−1 and 8.1mmh−1, respectively. Al-Durrah and
Bradford (1981) analysed the relationship of splash erosion with rain-
fall kinetic energy and shear stress and the following equation was
established:

= +S KE τ0.36 0.007 / ,p (2)

where Sp is the weight of splash erosion by one raindrop (mg), KE is the
rainfall kinetic energy (J), τ is the soil shear stress (kPa). In this ex-
periment, the waterdrop diameters were 3.0, 4.6, and 5.6 mm, and the
slope gradient was 0%. Sharma and Gupta (1989) analysed the re-
lationship of splash erosion with rainfall kinetic energy and critical
rainfall kinetic energy and the following equation was established:

= −D K KE KE( ),0 (3)

where D is the weight of splash erosion by raindrop (mg), K is the soil
erodible coefficient, KE is the rainfall kinetic energy (mJ), KE0 is the
critical rainfall kinetic energy (mJ). In this experiment, the raindrops
diameters varied from 3.6 to 5.0 mm, and the sand was used at 0%
slopes. Morgan et al. (1998) analysed the relationship of splash de-
tachment rate with the rainfall kinetic energy and the flow depth. They
established an equation which was used in EUROSEM (European Soil
Erosion Model), as follows:

= −DR k KEe ,zh (4)

where DR is the splash detachment rate (g m−2 s−1), k is the soil
erodible coefficient, KE is the rainfall kinetic energy (J m−2), z is ex-
ponent from 0.9 to 3.1, h is the flow depth (m). The influence of slope
on soil particle detachment is neglected in EUROSEM. Gabet and Dunne
(2003) analysed the relationship of splash detachment rate with rain
power, flow depth and raindrop diameter and found that a di-
mensionless function, A(h, d), that accounts for the interaction of flow
depths (h) and raindrop diameter (d) in moderating detachment rates.
The following equation was established:

=DR R A h d0.011 ( , ),1.4 (5)

where DR is the splash detachment rate (g m−2 s−1), R is the rain power
(Wm−2), h is the flow depth (cm), d is the raindrop diameter (mm). In
this experiment, the slope gradients were from 6.99% to 30.56%, and
the rainfall intensities were from 50mmh−1 to 130mmh−1. Moreover,
the median drop sizes ranged from 1.9 mm to 3.9 mm in this study. Wu
and Zhou (1991) analysed the relationship of splash erosion with
rainfall intensity, slope gradient and the rainfall kinetic energy and the
following equation was established:

=S KEI S5.985( ) ,T
0.544 0.471 (6)

where ST is the weight of splash erosion of unit area (g), KE is the
rainfall kinetic energy (Jm−2), I is the rainfall intensity (mmmin−1), S
is the slope gradient (°). In this experiment, the slope gradients varied
from 17.62% to 57.70% and the rainfall intensities varied from
49.43mmh−1 to 122.22mmh−1. Moreover, the raindrop diameters
were<4mm. Hu et al. (2016) analysed the relationship of splash
erosion with the rainfall kinetic energy and the raindrop median vo-
lume diameter and derived the following equation:

=S KE D0.14 ,T
2.65

50
0.54 (7)

where ST is total splash erosion (g), KE is raindrop kinetic energy
(J m−2 mm−1), and D50 is the raindrop median volume diameter (mm).
In this experiment, the slope gradient was 17.62% and the rainfall in-
tensities were 50mmh−1 and 100mmh−1. Moreover, the raindrop
diameters varied from 2mm to 3mm.

Although many equations have been derived to evaluate splash
erosion, Govers (1992) determined that no existing formula could
perform efficiently over the entire range of available data. Dunne et al.
(2010) suggested that for rain splash, developing the equation with
theory and with measurements from the laboratory and the field is
needed. The Loess Plateau in northwest China is characterised by steep
slopes and experiences high rain intensities, and the loess soil was
highly erodible. However, the existed equations were established by
many researchers based on different experimental conditions such as
gentle slope gradient, small rainfall intensity, different soil material and
different raindrop diameters. Hence, experimental data for this region
are necessary to enhance the understanding of the soil erosion process
in this region. A laboratory study was conducted under controlled ex-
perimental conditions. The aims of this study was to evaluate the re-
lationship between soil detachment capacity and slope gradient and
rainfall intensity. Moreover, in order to clearly understand the dynamic
mechanism of splash detachment capacity, key rainfall physical para-
meters and hydraulic parameters affecting splash detachment capacity
were determined to establish new and more accurate experimental
models between splash detachment capacity and these key parameters,
as well as to verify the suitability of these models on steep slopes in the
loess region of China. The results can help to deeply understand soil
erosion processes.

2. Methods and materials

2.1. Experiment equipment

2.1.1. 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 at the Institute of Soil and Water
Conservation, Chinese Academy of Sciences and the Ministry of Water
Resources in Yangling, Shaanxi Province, China. A rainfall simulator
system with three nozzles on two sides was used to reproduce simulated
rainfall. The rainfall intensities used for this study ranged from
48mmh−1 to 150mmh−1. The fall height of raindrops sprayed from
the nozzles was approximately 16m above the soil surface in all the
experiments. The raindrop diameter of the simulated rainfall were from
0.125mm to 6.0 mm, moreover, the raindrop median volume diameters
were from 1.52mm to 2.7 mm. Dispersed raindrop with different dia-
meters were precisely created by adjusting the aperture of the nozzle
orifice and the water pressure. The simulated rainfall, with uniformity
higher than 90%, exhibited similar raindrop size and distribution to
those of natural rainfall, which was consistent with those reported by
Shen et al. (2016). The rainfall simulator system used in the study was
same as that utilized in Wu et al. (2017, 2018).
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2.1.2. Experiment soil pan
Each experiment soil pan used in this study was modified from the

soil pan designed by Meyer and Harmon (1989) and Bradford and
Huang (1993). The modified pan could separately measure the splash
detachment capacity on steep slopes. Each experiment soil pan with
metal frames was 140 cm long, 120 cm wide and 25 cm deep. The test
area was 80 cm long, 60 cm wide and 25 cm deep. The splash detach-
ment collecting area on both sides of the test area was 80 cm long and
3.5 cm wide. A 30 cm-wide border area around the test plot was filled
with soil in the same manner as the test area to equalize the opportunity
for splash onto and off the area. The slope gradient for the soil pan
could be adjusted between 0% and 84% (Fig. 1). The three-area soil pan
used in the study was same as that utilized in Wu et al. (2018).

2.1.3. Simulated rainfall characteristic measuring device
The data of the simulated rainfall characteristics (i.e., the raindrop

median volume diameter, the raindrop terminal velocity and rainfall
kinetic energy) obtained by the Laser Rainfall Spectrometer (Thies
Clima, Germany) (Fig. 2). The Laser Rainfall Spectrometer can measure
the total number of raindrops and diameters of the raindrops and fall
velocity of each raindrop per minute passing through the measurement
area and the measurement area of the Laser Rainfall Spectrometer was
46.46 cm2 (23 cm×2.02 cm). The range of the raindrop diameters
measured by the Laser Rainfall Spectrometer were from 0.16mm to

18mm. The range of the raindrops fall velocity measured by the Laser
Rainfall Spectrometer were from 0.16m s−1 to 20m s−1. The measured
data were presented by chart form according to LNM-View program.
The distributions of total number, diameter and fall velocity of rain-
drops through the measurement area in 1min under different rainfall
intensities were shown in Fig. 3.

2.2. Test soil

The test soil was collected from a depth of 0 cm to 25 cm at the
farming layer of cropland. It consisted of 36.21% sand (diameter:
0.05–2.0 mm), 55.30% silt (diameter: 0.002–0.05mm) and 8.49% clay
(diameter: < 0.002mm). Thus, the test soil was silty loam based on the
soil texture classification system of United States Department of
Agriculture (Huang and Zhan, 2002). The average diameter of the test
soil was 0.039mm. The test soil used in the study was same as that
utilized in Wu et al. (2017, 2018).

2.3. Experiment setup

The experimental treatments used in this study included complete
combination of six rainfall intensities (48, 60, 90, 120, 138 and
150mmh−1) and six slope gradients (12.23%, 17.63%, 26.8%, 36.4%,
40.40% and 46.63%), 2 replicates were undertaken.

Fig. 1. The experimental device.

Fig. 2. The Laser Rainfall Spectrometer device.
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In order to assure the soil sample structure in this study is the same
as which in field with similar loess soils, firstly, before packing the soil,
its water content was adjusted to 14%, which was the typical level
during the flood season on the Loess Plateau when most erosion would
occur (Liu et al., 2014) and reflected the cohesiveness of the loess soils;

secondly, A bulk density of 1.2 g cm−3 (measured via a cutting ring in
compacted state in field with similar loess soils), which reflected the
compactness of the soil, was selected for the study.

A 5 cm-thick sand layer was packed at the bottom of the soil pan,
which allowed free drainage of excess water. This sand had a D50 value

Fig. 3. Total number, diameter and velocity of raindrops falling through the test area in 1min.
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of 0.39mm, with 2.58% clay (< 0.002mm), 3.94% silt
(0.002–0.02mm), fine sand 17.31% (0.02–0.2mm) and coarse sand
76.17% (0.2–2mm). Total porosity was 49%, and the saturated hy-
draulic conductivity was 5.91mmmin−1. Then, the test soil was packed
in the soil pan over the sand layer. The soil was packed to a depth of
20 cm. The test soil was packed in four 5 cm layers to uniformly com-
pact the test soil. The splash detachment collecting area on both sides of
the test area allowed the collection of the sediments detached by
raindrops.

2.4. Experiment procedures

After preparing the soil pan, the experimental soil pan was pre-
wetted with 25mmh−1 rainfall intensity, which lasted for approxi-
mately 30min. This pre-rain phase over the soil pan with a nylon net
cover was designed to create uniform soil surface moisture conditions
and reduce variability in soil surface micro relief which developed
during the packing process, which was consistent with the method re-
ported by An et al. (2012). Then, one day (i.e. 24 h) after the pre-rain
phase, the slope gradient and rainfall intensity of the soil pan were
adjusted to the levels required for this study. In the process of simulated
rainfall experiment for each combination of slope gradient and rainfall
intensity, samples of runoff produced by simulated rainfall were first
collected for 1min and 2min after the onset of the runoff, and then for
every 3min until the end of the simulated rainfall experiment. For in-
dividual rainfall experiment under each combination of slope gradient
and rainfall intensity, 15 runoff samples were collected. All experiments
under different combination of rainfall intensities and slope gradients
were undertaken two times. In addition to sampling runoff, flow velo-
city was measured using KMnO4 as a tracer, which was easy to identify
in runoff. The time during which the tracer was required to traverse a
marked distance (50 cm) was determined based on the colour-front
propagation using a stop watch. Surface flow velocity was measured 15
times for each treatment and the surface flow velocities were obtained
from the middle of the test area each time. The splash detachment
samples were weighed and left to sit to allow suspended particles to
settle. The clear supernatant was decanted and the sediments left were
oven-dried at 105 °C for 24 h to determine sediment weight. Splash
detachment capacity was defined as splash detachment rate, which was
the sediment weight of splash detachment per unit area per unit time.

2.5. Determination of date

2.5.1. Splash detachment capacity
For each combination of slope gradient and rainfall intensity, the

formula that 30 splash detachment rate values were used to calculate
the splash detachment capacity (SDr) of individual event is as follows:

∑=SDr m
LWt

1
30

,a

i1

30

(8)

where SDr is the splash detachment capacity, which is equal to the
mean splash detachment rate (kg m−2 s−1), ti is the sampling time (s),
ma is the sediment weight of splash detachment by raindrops during
sampling time (kg), L and W are the length and the width of the test
area (m).

2.5.2. Rainfall kinetic energy
For each rainfall intensity, the rainfall kinetic energy (Table 1) was

calculated using the following formula:

∑=KE m v1
2

,
n

d d1
2

(9)

where KE is the rainfall kinetic energy (J m−2 h−1), md is the weight of
the raindrop d (kg), vd is the raindrop d fall velocity (m s−1).

2.5.3. Raindrop terminal velocity
For each rainfall intensity, the raindrop terminal velocity (vr) de-

termined by measuring the fall velocity of raindrops (vd) and calculated
using the weighted average method (Table 1).

2.5.4. Raindrop median volume diameter
For each rainfall intensity, the raindrop median volume diameter

(D50) determined by corresponding to an ordinate of 50% on a cumu-
lative volume percentage versus drop size curve (Table 1).

2.5.5. Flow velocity
The value of surface flow velocity was used to estimate the flow

velocity of sheet flow layer (V) using the following formula:

=V kV ,S (10)

where Vs is the surface flow velocity (m s−1); V is the flow velocity of
sheet flow layer (m s−1) and k is the correction coefficient. The cor-
rection coefficients for the laminar, transitional and turbulent flows are
0.67, 0.7 and 0.8, respectively (Li and Abrahams, 1999; An et al.,
2012). In this study, the correction coefficient was 0.67.

For each combination of slope gradient and rainfall intensity, 30
flow velocities of sheet flow layer values were used to calculate the
mean flow velocity of sheet flow layer (Vm) of individual event.

2.5.6. Flow depth
The flow depth was obtained using the following formula:

=
−

h
R ρ m ρ

V Wt
/ /

,i
i i i s

m i (11)

where hi is the flow depth (m), Ri is the weight of the runoff during
sampling time (i.e. ti) (kg), ρi is the mass density of the runoff (kg m−3),
ρs is the mass density of the sediments (2650 kgm−3), mi is the weight
of sediments from runoff during sampling time (kg), Vm is the mean
flow velocity of the sheet flow layer (m s−1) and ti is the sampling time
(s).

For each combination of slope gradient and rainfall intensity, thirty
flow depth values were used to calculate the mean flow depth (h).

2.6. Data analysis

The data set was adopted to derive new equations that could de-
scribe the relationship of splash detachment capacity with rainfall in-
tensity, slope gradient, rainfall characteristic and the hydraulic para-
meters via regression analysis, as well as to derive the values of the
statistical parameters R2, RE, RME and NSE, which were used to eval-
uate the performance of new equations. The values of R2, RE, RME and
NSE were calculated as follows:

=
−

×RE O P
O

( ) 100,i i

i (12)

Table 1
The raindrop kinetic energy (KE), raindrop median volume diameter (D50) and
raindrop terminal velocity (Vr) produced by the rainfall simulator system used
in this study.

I KE Vr D50

mmh−1 J m−2 h−1 m s−1 mm

48 201.76 1.5 1.52
60 354.85 2.7 1.6
90 495.92 3.8 1.64
120 848.82 6.5 2
138 907.63 7 2.6
150 1059.95 8.1 2.7
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∑=
−

×
=

RME
n

O P
O

1 ( ) 100%,
i

n
i i

i1 (13)

=
∑ − −

∑ − ∑ −
=

= =

R
O O P P

O O P P
[ ( )( )]

( ) ( )
,i

n
i i

i
n

i i
n

i

2 1
2

1
2

1
2 (14)

= −
∑ −

∑ −
NSE

O P
O O

1
( )
( )

,i i

i

2

2 (15)

where RE is the relative error, RME is the average absolute values of the
relative error, R2 is the coefficient of determination, Oi are the observed
values, Pi are the predicted values, O is the mean of the observed value,
P is the mean of the predicted value and NSE is the Nash–Sutcliffe
model efficiency (Nash and Sutcliffe, 1970). NSE is a normalised sta-
tistic that 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)]
(Moriasi et al., 2007; Ahmad et al., 2011; An et al., 2012). A correlation
matrix of the Pearson correlation coefficient was used to analyse the
correlations between splash detachment capacity with rainfall physical
parameters and hydraulic parameters using SPSS 16.0 software (SPSS
Inc.)

3. Results

3.1. Splash detachment capacity estimated using slope gradient and rainfall
intensity

Fig. 4 shows that splash detachment capacity changes with different
slope gradients and rainfall intensities. Evidently, splash detachment
capacity was strongly influenced by slope gradient and rainfall in-
tensity. Splash detachment capacity increased as the rainfall intensities
increased, but splash detachment capacity decreased as the slope gra-
dients increased.

For the same slope gradient level, splash detachment capacity ob-
viously increased when rainfall intensities changed from 48mmh−1 to
90mmh−1, however, the influence of slope gradient on splash de-
tachment capacity was weakened.

To evaluate the relationship of splash detachment capacity with
slope gradient and rainfall intensity, multivariate regression analyses
were conducted to obtain the following relationship using the data set:

= − = = <

=

−SDr S I R NSE P n0.000126 ln(0.36 14) ( 0.96, 0.88, 0.01,

36);

0.3 1.3 2

(16)

where SDr is the splash detachment capacity (kg m−2 s−1), S is the

slope gradient (%), I is the rainfall intensity (mm h−1) and n is the
number of samples. Logarithmic relationship exists between splash
detachment capacity and slope gradient and rainfall intensity.
Apparently, R2 revealed that SDr was highly correlated with S and I
with R2= 0.96 and this relationship of SDr, S and I is highly significant
with P < 0.01; NSE revealed the relative magnitude of the residual
variance compared with the variance of the observed data and Eq. (16)
was good to predict SDr with NSE=0.88. Overall, Eq. (16) could be
used to predict SDr with R2= 0.96 and NSE=0.88. However, the
predicted splash detachment capacities were slightly greatly than the
measured values when the measured splash detachment capacities<
0.0003 kgm−2 s−1, and the predicted splash detachment capacities
were very close to the measured values when the measured splash de-
tachment capacity > 0.0003 kgm−2 s−1(Fig. 5). The exponents of
slope gradient and rainfall intensity were −0.3 and 1.3, respectively,
and the exponent of slope gradient was lower than that of rainfall in-
tensity. Thus, SDr was more sensitive to rainfall intensity than to slope
gradient.

Fig. 4. SDr changed with slope gradient and rainfall intensity.

Fig. 5. Measured vs. predicted SDr (using Eq. (16)).
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3.2. Correlations between splash detachment capacity with rainfall physical
and hydraulic parameters

A correlation matrix of the Pearson correlation coefficient was used
to analyse the correlations between splash detachment capacities with
each rainfall physical and hydraulic parameter (Table 2). The rainfall
kinetic energy (KE), the raindrop median volume diameter (D50), the
raindrop terminal velocity (Vr), the mean flow velocity of sheet flow
(Vm), the mean flow depth (h) were taken into account. The correlations
between splash detachment capacities with rainfall physical parameters
decreased as follows:

KE > Vr > D50, and the correlations between splash detachment
capacity with hydraulic parameters decreased as follows: h > Vm.
Thus, based on the correlation matrix, KE were the key rainfall physical
parameter for evaluating splash detachment capacity and h was the key
hydraulic parameter for evaluating splash detachment capacity.

3.3. Equation fitting between splash detachment capacity with KE and h

To evaluate the relationship of splash detachment capacity with
rainfall kinetic energy (KE) and the mean flow depth (h), multivariate
regression analyses were conducted to obtain the following relationship
using the data set:

= − =

= < =

−SDr KE h R NSE

P n

0.000164 ln(0.0031 4.5) ( 0.97,

0.94, 0.01, 36);

1.13 0.3 2

(17)

where SDr is the splash detachment capacity (kgm−2 s−1), KE is the
rainfall kinetic energy (J m−2 h−1), h is the mean flow depth (m) and n
is the number of samples. Logarithmic relationship exists between
splash detachment capacity and rainfall kinetic energy and the mean
flow depth. Apparently, R2 revealed that SDr was highly correlated with
KE and h with R2= 0.97 and this relationship of SDr, KE and h is highly
significant with P < 0.01; NSE revealed the relative magnitude of the
residual variance compared with the variance of the observed data and
Eq. (17) was good to predict SDr with NSE=0.94, respectively, The
observed and simulated values of splash detachment capacity were in
close agreement (Fig. 6). Hence, Eq. (17) could be used to predict SDr
well with R2= 0.97 and NSE=0.94. The exponents of rainfall kinetic
energy and the mean flow depth were 1.13 and-0.3, respectively. First,
the exponent of the mean flow depth was lower than that of rainfall
kinetic energy. Thus, SDr was more sensitive to rainfall kinetic energy
than to the mean flow depth. Second, the rainfall kinetic energy have a
positive impact on splash detachment capacity, contrary to the negative
impact of splash detachment capacity.

4. Discussion

In this study, rainfall intensity and slope gradient significantly in-
fluence splash detachment capacity. In addition, a logarithmic function

of rainfall intensity and slope gradient can be used to predict splash
detachment capacity well. This new founding is not consistent with
previous reports (Ellison, 1947; Park et al., 1983; Wu and Zhou, 1991),
which suggested that splash detachment capacity could be predicted by
a power function of rainfall intensity and slope gradient. In addition,
Fan and Wu (1993) suggested that linear functions that existed between
splash detachment capacity and rainfall intensity. In this study, the
exponent of slope gradient (−0.3) revealed that the slope gradient have
negative impact on splash detachment capacity, and this result is con-
trary to the reports by Wu and Zhou (1991) and Fan and Wu (1993). By
contrast, the exponent of rainfall intensity (1.3) revealed that rainfall
intensity has positive impact on splash detachment capacity, and this
result is consistent with previous reports (Ellison, 1947; Park et al.,
1983; Wu and Zhou, 1991).

In this study, we found that KE was the key rainfall physical para-
meter for evaluating splash detachment capacity, this result is con-
sistent with many previous reports (Al-Durrah and Bradford, 1981;
Sharma and Gupta, 1989; Wu and Zhou, 1991; Fan and Wu, 1993;
Morgan et al., 1998; Van Dijk et al., 2002; Rouhipour et al., 2006; Hu
et al., 2016). Thus, the rainfall kinetic energy is a sensitive parameter to
splash detachment capacity. In addition, h was the key hydraulic
parameter for evaluating splash detachment capacity, and this result is
consistent with the result by Morgan et al. (1998).

A new equation of Eq. (17) was derived to predict splash detach-
ment capacity using the rainfall kinetic energy and the mean flow depth
and Eq. (17) could be used to satisfactorily predict splash detachment
capacity. Eq. (17) revealed that a logarithmic function existed between
the splash detachment capacity and the rainfall kinetic energy, this
result is inconsistent with the reports by Morgan et al. (1998) and Hu
et al. (2016), who found that a power function existed between splash
detachment capacity and the rainfall kinetic energy. Eq. (17) also re-
vealed that the flow depth has negative impact on splash detachment
capacity, this result is consistent with the reports by Morgan et al.
(1998) and Torri et al. (1987). Thus, this result show that the splash
detachment capacity decreases as the runoff depth increases, indicating
that the detachment power of the raindrops is partially dispersed by the
sheet flow layer.

5. Conclusion

In this study, the relationship of splash detachment capacity with
rainfall intensity, slope gradient, rainfall physical parameters (i.e., the

Table 2
Correlation matrix (n=36) for splash detachment capacity (SDr) and the
rainfall physical parameters of raindrop kinetic energy (KE), raindrop median
volume diameter (D50), and raindrop terminal velocity (Vr) and the hydraulic
parameters of the mean flow velocity of sheet flow layer (Vm) and the mean
flow depth (h).

Parameter SDR KE D50 Vr Vm h

SDR 1
KE 0.899⁎⁎ 1
D50 0.756⁎⁎ 0.928⁎⁎ 1
Vr 0.897⁎⁎ 1.000⁎⁎ 0.928⁎⁎ 1
Vm 0.366⁎ 0.565⁎⁎ 0.519⁎⁎ 0.565⁎⁎ 1
h 0.468⁎⁎ 0.636⁎⁎ 0.590⁎⁎ 0.636⁎⁎ 0.911⁎⁎ 1

⁎⁎ P < 0.01.
⁎ P < 0.05.

Fig. 6. Measured vs. predicted SDr (using Eq. (17)).
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rainfall kinetic energy, the raindrop median volume diameter, the
raindrop fall velocity and hydraulic parameters) (i.e., the mean flow
velocity of sheet flow, the mean flow depth) was investigated using
simulated rainfall. The results of this study demonstrated that the
splash detachment capacity was increased as the rainfall intensities
increased, but decreased as the slope gradients increased. Splash de-
tachment capacity was more sensitive to rainfall intensity than to slope
gradient. Eq. (16) could be used to satisfactorily predict SDr with
R2= 0.96 and NSE=0.88. In addition, KE was the key rainfall physical
parameter for evaluating splash detachment capacity and h was the key
hydraulic parameter for evaluating splash detachment capacity de-
pending on the correlation matrix. Eq. (17) could be used to predict
SDR well with R2= 0.97 and NSE=0.94. SDr was more sensitive to
rainfall kinetic energy than to the mean flow depth. The rainfall kinetic
energy showed a positive impact on splash detachment capacity,
however, the mean flow depth has a negative impact on splash de-
tachment capacity.

Overall, the proposed model can facilitate the prediction of the
splash detachment capacity under our study conditions and can be used
to integrate processes-based soil erosion model in field, which can be
used to predict soil erosion intensity in field. However, these models
should be used judiciously. Additional studies are needed to develop
equations/models that can optimize the processes-based soil erosion
model in the Loess Plateau.
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