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Abbreviations: SE, the mean sheet erosion rate (kg m�2 s�1); ti, , the sampling
time (s); mi, the weight of sediments during sampling time (kg); L, the length and
the width of the test plot (m); W, the length and the width of the test plot (m); S,
the slope gradient (%); I, the rainfall intensity (mm h�1); V, the mean flow velocity
(m s�1); Vs, the surface flow velocity (m s�1); k, the correction coefficient; h, the
mean flow depth (m); Ri, the weight of the runoff during sampling time (kg); qi, the
mass density of the runoff (kg m�3); qs, the mass density of the sediments
(=2650 kg m�3); Ρ, the water mass density (kg m�3); g, the gravitational constant
(m s�2); Si, the sine of the bed slope (m m�1); s, the flow shear stress (Pa); X, the
stream power (Wm�2); P, the unit stream power (m s�1); N, the Manning
roughness; R, the hydraulic radius (m); 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 (kg m�2 s�1); Pi, the predicted
values (kg m�2 s�1); O, the mean of the observed value (kg m�2 s�1); P, the mean of
the predicted value (kg m�2 s�1); n, the number of samples.
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The relationship of sheet erosion rate (SE), slope gradient (S) and rainfall intensity (I), and hydraulic
parameters, such as flow velocity (V), shear stress (s), stream power (X) and unit stream power (P),
was investigated to derive an accurate experimental model. The experiment was conducted at slopes
of 12.23%, 17.63%, 26.8%, 36.4%, 40.4% and 46.63% under I of 48, 60, 90, 120, 138 and 150 mm h�1, respec-
tively, using simulated rainfall. Results showed that sheet erosion rate increased as a power function with
rainfall intensity and slope gradient with R2 = 0.95 and Nash–Sutcliffe model efficiency (NSE) = 0.87. Sheet
erosion rate was more sensitive to rainfall intensity than to slope gradient. It increased as a power func-
tion with flow velocity, which was satisfactory for predicting sheet erosion rate with R2 = 0.95 and
NSE = 0.81. Shear stress and stream power could be used to predict sheet erosion rate accurately with
a linear function equation. Stream power (R2 = 0.97, NSE = 0.97) was a better predictor of sheet erosion
rather than shear stress (R2 = 0.90, NSE = 0.89). However, a prediction based on unit stream power was
poor. The new equation (i.e. SE ¼ 7:5� 1012S1:43I3:04 and SE ¼ 0:06X� 0:0003 and SE ¼ 0:011s� 0:01)
would improve water erosion estimation on loess hillslopes of China.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The Loess Plateau in China is one of the regions in the world that
is experiencing serious soil erosion (Shi and Shao, 2000; Zhang
et al., 2009; Liu et al., 2012b; Zhao et al., 2013). Sheet erosion is
one of the major erosion processes in the Loess Plateau (Liu
et al., 2012a); thus, a sheet erosion model must be established to
aid in the decision-making process regarding soil erosion control
in this area.

A number of process-based soil erosion prediction models are
credible for assessing erosion rate in a particular area. These mod-
els include the Water Erosion Prediction Project (Nearing et al.,
1989), the Griffith University Erosion System Template (Misra
and Rose, 1996), the European Soil Erosion Model (Morgan
et al., 1998) and the ANSWERS model (Beasley and Huggins,
1982). In addition, rainfall intensity (I) or flow discharge and slope
gradient (S) have been used to predict sheet erosion rate (SE), and
the relationship between sheet erosion rate, rainfall intensity (or
flow discharge) and slope gradient has been evaluated (Beasley
and Huggins, 1982; McCool et al., 1987; Nearing et al., 1989;
Kinnell, 1993; Liu et al., 1994; Zhang and Hosoyamada, 1996;
Zhang et al., 1998; Bulygin et al., 2002).Nearing et al. (1989) dis-
covered that a power function exist between sheet erosion rate
and rainfall intensity, and that sheet erosion rate varied directly
with the square of rainfall intensity (I2). Kinnell (1993) observed
that sheet erosion rate varied directly with rainfall intensity
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rather than I2 when factors, such as flow discharge, were also con-
sidered. This finding is consistent with the report of other
researchers (Beasley and Huggins, 1982; Zhang et al., 1998;
Bulygin et al., 2002). Zhang et al. (1998) suggested that sheet ero-
sion rate had been predicted to be a power function of slope gra-
dient percentage. McCool et al. (1987) found that sheet erosion
rate had been predicted to be a linear function of the sine of slope
gradient. This finding is consistent with the report of Liu et al.
(1994). Zhang and Hosoyamada (1996) suggested that sheet ero-
sion rate had been predicted to be a polynomial function of slope
gradient’s sine.

In addition, Moss (1988) and Kinnell (1990) suggested that
sheet erosion rate would be expected to vary directly with flow
velocity for a given soil type and rainfall intensity. Cantalice
et al. (2016) conducted an experiment on slopes of 15%, 25%,
35% and 45%; they observed that flow velocity in a pasture varied
significantly with the increase in slope and increased erosion
rates until the 35% slope. Al-Durrah and Bradford (1981) found
that shear stress was a valuable parameter in the prediction
model in studies regarding interrill erodibility factors. Further-
more, many researchers have investigated new models to esti-
mate sheet erosion rate with hydraulic parameters and to
analyse the influence of different hydraulic parameters, such as
mean flow velocity (V) (Fox and Bryan, 2000), shear stress (s)
(Fan and Wu, 1999), stream power (X) (Huang, 1995; Cao et al.,
2015) and unit stream power (P) (Fox and Bryan, 2000), on sheet
erosion rate. (Table 1).

The Loess Plateau in northwest China is characterised by steep
slopes and experiences high rain intensities. Govers (1992) deter-
mined that no existing formula could perform efficiently over the
entire range of available data. Hence, experimental data for this
region are necessary.

The objectives of this study are as follows:

(1) to understand the effects of slope gradient, rainfall intensity
and flow velocity on sheet erosion rate;

(2) to evaluate the relationships between sheet erosion rate and
hydrodynamic parameters; and

(3) to establish new and more accurate experimental models of
sheet erosion rate for loess regions.
Table 1
Models applied to predict sheet erosion rate with hydraulic parameters.

Researchers Used hydraulic parameter Mode

Fox and Bryan (2000) Flow velocity SE = 2
Cao et al. (2015) Stream power SE = 0
Huang (1995) Stream power SE = 0
Fan and Wu (1999) Shear stress SE = a
Fox and Bryan (2000) Unit stream power SE = 4

Fig. 1. The experimental setu
2. Materials and methods

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 nozzles on two sides was used to reproduce
simulated rainfall (Fig. 1). This rainfall simulator could be set to
any selected rainfall intensity by changing water pressure and noz-
zle size. The rainfall intensities used for this study ranged from
48 mm h�1 to 150 mm h�1. The fall height of raindrops sprayed
from the nozzles was approximately 16 m above the soil surface
in all the experiments. The raindrop diameter of the simulated
rainfall were from 0.125 mm to 6.0 mm, moreover, the raindrop
median volume diameters were from 1.52 mm to 2.7 mm. The dis-
persed raindrop of different diameters 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 natural rainfall, which was
consistent with that reported by Shen et al. (2016).

2.1.2. Experiment soil pan
Each experiment soil pan with metal frames was 140 cm long,

120 cm wide and 25 cm deep. The slope gradient for the soil pan
could be adjusted between 0% and 84%. The test plot, which was
the collection area of runoff and sheet erosion, was 80 cm long,
60 cm wide and 25 cm deep. A 35 cm-wide border area around the
test plot was filled with soil in the same manner as the test plot to
equalise the opportunity for splash onto and off the plots, which
was consistent with the soil pan reported by Mayer et al. (1989)
(Fig. 1).

2.2. The study area and test soil

The study area was located in Ansai County (109 �190 E, 36 �510 N),
Shaanxi Province in China, is a typical loessial region with hills
l Model type Slope gradient

.17 V + 0.24 Linear function 2.5%–40%

.00008X-0.00079 Linear function 10.5%–26.8%

.502X-0.838 Linear function 4%–20%
s(�1.3�0.97) Power function 10%–100%
.45 P + 2.54 Linear function 2.5%–40%

p and rainfall Simulator.
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and gullies on the Loess Plateau. Mean altitude of the region is
approximately 1200 m. The region has a typical semiarid continen-
tal climate, with an average annual temperature of 8.8 �C and mean
annual precipitation of 500 mm approximately, 60% or more of
which falls between July and September, typically in high-
intensity rainstorms. The soil is classified as a typical loessial soil,
representing the most common soil type on the Loess Plateau,
being highly erodible and very susceptible to the erosive forces.
More than 30% of land are cropland. The land cover have shown
in Fig. 2.

The test soil was collected from a depth of 0 cm–25 cm at the
farming layer of cropland. It consisted of 70.09% sand (diameter:
0.02–2.0 mm), 21.42% silt (diameter: 0.002–0.02 mm) and 8.49%
clay (diameter: <0.002 mm), thus the test soil was sandy 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 0.039 mm. the particle size distribu-
tion of test soil was shown in Fig. 3.
Fig. 2. The land cover of Ansai County, Shaanxi Province in China.

Fig. 3. The particle size distribution of test soil.
2.3. Experiment setup

The experimental treatments used in this study included com-
plete combination of six rainfall intensities (48, 60, 90, 120, 138
and 150 mm h�1) and six slope gradients (12.23%, 17.63%, 26.8%,
36.4%, 40.40% and 46.63%), i.e., 36 combinations of rainfall intensi-
ties and six slope gradients. For an experiment of each combination
of rainfall intensity and slope gradient, 2 replicate were under-
taken. 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).
A bulk density of 1.2 g cm�3 (measured via a cutting ring in com-
pacted state) was selected for the study. Firstly, a 5 cm-thick sand
layer was packed at the bottom of the soil pan, which allowed free
drainage of excess water. The D50 of natural sand is 0.39 mm, with
2.58% clay (<0.002 mm), 3.94% silt (0.002–0.02 mm), fine sand
17.31% (0.02–0.2 mm) and coarse sand 76.17% (0.2–2 mm). The
total porosity was 49% and the saturated hydraulic conductivity
was 5.91 mmmin�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.
In order to compact the test soil to the same degree, the test soil
was packed in four 5 cm layers. Firstly, the soil amount of each
layer was kept as constant as possible to maintain similar bulk
density and uniform spatial distribution of soil particles. Secondly,
the test soil of each packed soil layer was compacted to the
designed bulk density before the next layer was packed to ensure
uniformity in the soil structure. The metal outlets at the lower
end allowed the collection of sheet erosion.
2.4. Experiment procedures

After preparing the soil pan, the experimental soil pan was pre-
wetted with 25 mm h�1 rainfall intensity, which lasted for approx-
imately 30 min. This pre-rain phase with a nylon net cover over the
soil pan was designed to create uniform soil surface moisture con-
ditions and to reduce variability in soil surface micro relief devel-
oped during the packing process, which was consistent with the
method reported 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 and
the simulated rainfall experiment began to be done.

In the process of simulated rainfall experiment for each combi-
nation of slope gradient and rainfall intensity, samples of runoff
produced by simulated rainfall were first collected for 1 min and
2 min after the onset of the runoff, and then for every 3 min until
the end of the simulated rainfall experiment. For individual rainfall
experiment under each combination of slope gradient and rainfall
intensity, 15 runoff samples were collected, thus 15 measurement
data were obtained. As 2 replicate were undertaken for individual
rainfall experiment of each combination of rainfall intensity and
slope gradient, so 30 measurement data were totally obtained for
individual rainfall experiment of each combination of rainfall
intensity and slope gradient with 2 replicate.

In addition to sampling runoff, flow velocity was measured
using KMnO4 as a tracer. 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 of individ-
ual rainfall event and 2 surface flow velocities values were
obtained from the left and right of the test plot each time. The run-
off samples were weighed and left to sit to allow suspended parti-
cles to settle. The clear supernatant was decanted and the
sediments left were oven-dried at 105 �C for 24 h to determine
sediment weight. Sheet erosion rate was defined as sediment
weight per unit area per unit time.



552 B. Wu et al. / Journal of Hydrology 553 (2017) 549–558
2.5. Determination of date

2.5.1. Sheet erosion rate
Using 30 measurement data obtained for individual rainfall

experiment of each combination of rainfall intensity and slope gra-
dient with 2 replicate, we calculated and obtained 1 data of the
mean sheet erosion rate (SE) for individual rainfall experiment
event under each combination of slope gradient and rainfall inten-
sity. Thus, 36 data of the mean sheet erosion rates (SE) for 36 indi-
vidual rainfall experiment events under 36 combinations of slope
gradients and rainfall intensities were obtained. We used these
36 data of the mean sheet erosion rates (SE) for 36 individual rain-
fall experiment events to do all analysis.

For each combination of slope gradient and rainfall intensity,
the formula that 30 sheet erosion rate values were used to calcu-
late the mean sheet erosion rate (SE) of individual event is as
follows:

SE ¼ 1
30

X30
1

mi

LWti
ð1Þ

where SE is the mean sheet erosion rate (kg m�2 s�1), ti is the sam-
pling time (s), mi is the weight of sediments during sampling time
(kg), L and W are the length and the width of the test plot (m).

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

mean flow velocity using the following formula:

V ¼ kVS ð2Þ
where Vs is the surface flow velocity (m s�1); V is the mean flow
velocity (m s�1) and k is the correction coefficient, which is 0.67
for laminar flow, 0.7 for transitional flow and 0.8 for turbulent flow
(Li and Abrahams 1999; An et al., 2012).

2.5.3. Flow depth
For each combination of slope gradient and rainfall intensity, 30

flow depth values were used to calculate the mean flow depth (h)
using the following formula:

h ¼ 1
30

X30
1

Ri=qi �mi=qs

VWti
ð3Þ

where h is the mean flow depth (m), Ri is the weight of the runoff
during sampling time (i.e. ti) (kg), qi is the mass density of the run-
off (kg m�3), qs is the mass density of the sediments (2650 kg m�3),
mi is the weight of the sediments during sampling time (kg), V is the
mean flow velocity (m s�1) and ti is the sampling time (s).

2.5.4. Hydrodynamic parameters
Shear stress (s, measured in Pa; Nearing et al., 1991), stream

power (X, measured in Wm�2; Bagnold, 1966; Prosser and
Rustomji, 2000) and unit stream power (P, measured in m s�1;
Yang, 1972, 1973) were calculated as
Table 2
Mannings roughness for different slope gradients and rainfall intensities.

Rainfall intensity (mm h�1) Mannings roughness

12.23% 17.63%

48 0.0204 0.0218
60 0.0102 0.0153
90 0.0114 0.0177
120 0.0153 0.0252
132 0.0165 0.0209
150 0.0168 0.0174
s ¼ qghSi ð4Þ
where s is the shear stress (Pa), q is the water mass density
(kg m�3), g is the gravitational constant

(m s�2), h is the flow depth (m) and Si is the sine of the bed slope
(m m�1).

X ¼ sV ð5Þ
whereX is the stream power (Wm�2), s is the shear stress (Pa) and
V is the mean flow velocity (m s�1).

P ¼ VSi ð6Þ
where P is the unit stream power (m s�1), V is the mean flow veloc-
ity (m s�1) and Si is the sine of the bed slope (mm�1).

2.5.5. Mannings roughness
The Manning roughness was calculated by Manning equation

(Shih and Rahi, 1982), which was as follows:

V ¼ 1
N
R2=3S1=2i ð7Þ

where V is the mean flow velocity (m s�1), N is the Manning rough-
ness, R is the hydraulic radius, and equal to water depth in sheet
flow erosion of this study (m) and Si is the sine of the bed slope
(mm�1). The manning roughness were from 0.0102 to 0.0620 in
this study (Table2).

2.6. Data analysis

The data set was divided into two parts, and the size of each
data set (n) was 18. One part of the data set was adopted to derive
new equations that could describe the relationship of sheet erosion
rate with rainfall intensity, slope gradient and the hydraulic
parameters via regression analysis, as well as to derive the values
of the statistical parameters R2 and NSE. Another part of the data
set was used in equation validation by generating the values of
the statistical parameters R2, RE, RME and NSE, which were used
to evaluate the performance of new equations. The values of R2,
RE, RME and NSE were calculated as follows:

RE ¼ ðOi � PiÞ
Oi

� 100 ð8Þ

RME ¼ 1
n

Xn

i¼1

ðOi � PiÞ
Oi

����
����� 100% ð9Þ

R2 ¼

Xn
i¼1

ðOi � OÞðPi � PÞ
" #2

Xn
i¼1

ðOi � OÞ2
Xn
i¼1

ðPi � PÞ2
ð10Þ

NSE ¼ 1�
P ðOi � PiÞ2P ðOi � OÞ2

ð11Þ
26.80% 36.40% 40.40% 46.63%

0.0223 0.0235 0.0240 0.0257
0.0231 0.0264 0.0281 0.0305
0.0222 0.0300 0.0390 0.0488
0.0351 0.0375 0.0447 0.0537
0.0335 0.0401 0.0457 0.0587
0.0361 0.0438 0.0503 0.0620
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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 statistic 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 unsatisfac-
tory (NSE � 0.4)] (Moriasi et al., 2007; Ahmad et al., 2011; An et al.,
2012).
Fig. 5. Measured vs. predicted SE (using Eq. (11)).
3. Results

3.1. Sheet erosion rate estimated using slope gradient and rainfall
intensity

Fig. 4 shows that sheet erosion rate changes with different slope
gradients and rainfall intensities. Evidently, sheet erosion rate was
strongly influenced by slope gradient and rainfall intensity. It
increased as a power function with slope gradient and rainfall
intensity.

For the same slope gradient level, sheet erosion rate clearly
increased when rainfall intensity changed from 90 mm h�1 to
120 mm h�1. Furthermore, for the same rainfall intensity, sheet
erosion rate apparently increased when the slope gradient changed
from 26.80% to 36.40%.

To evaluate the relationship of sheet erosion rate with slope
gradient and rainfall intensity, multivariate regression analyses
were conducted to obtain the following relationship using one part
of the data set:

SE ¼ 7:5� 10�12S1:43I3:04ðR2 ¼ 0:91;NSE ¼ 0:80; P < 0:01;n ¼ 18Þ
ð12Þ

where SE is the sheet erosion (kg m�2 s�1), S is the slope gradient
(%) and I is the rainfall intensity (mm h�1). When the power equa-
tions were tested in the regression analysis, log transform was con-
ducted before testing to accurately derive the coefficients and
powers of the power equations. Apparently, R2 revealed that SE
was highly correlated with S and I (good: R2 > 0.8) and P < 0.01
Fig. 4. SE as a power function of slop
revealed that the relationship of SE, S and I is highly significant (sig-
nificant: P < 0.05); NSE revealed the relative magnitude of the resid-
ual variance compared with the variance of the observed data
(good: NSE > 0.7). Thus, Eq. (12) could be used to predict SE, which
was satisfied with R2 = 0.91 and NSE = 0.80. The validation of Eq.
(12) was further achieved using another part of the data set.
Fig. 5 shows the validation of Eq. (12) that used another part of
the data set and the predicted SE is extremely close to the measured
values. The validation result further showed that Eq. (12) could be
used to predict SE accurately with R2 = 0.95 and NSE = 0.87 (Table 3).
The exponents of slope gradient and rainfall intensity were 1.43 and
3.04, respectively, and the exponent of slope gradient was lower
than that of rainfall intensity. Thus, SEwas more sensitive to rainfall
intensity than to slope gradient.
e gradient and rainfall intensity.



Table 3
The validation of models based on rainfall intensity and slope gradient, flow velocity, hydrodynamic parameters between observed and predicted sheet erosion rate.

Equation RE (%) RME (%) R2 NSE n

SE ¼ 7:5� 10�12S1:43I3:04 �39–63 28 0.95 0.87 18

SE ¼ 0:85V3:05 �249–26 75 0.95 0.81 18

SE ¼ 0:011s� 0:01 �57–116 35 0.90 0.89 18
SE ¼ 0:06X� 0:0003 �89–16 15 0.97 0.97 18

SE ¼ 3945P5:04 �237–94 77 0.73 -0.05 18

Where RE is the coefficient of relative error, RME is the coefficient of mean relative error, R2 is the coefficient of determination and NSE is the coefficient of Nash-Suticliffe
model efficiency, n is the number of the samples.
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3.2. Sheet erosion rate estimated using flow velocity

Fig. 6 shows that flow velocity changes with different slope gra-
dients and rainfall intensities. Evidently, flow velocity increased as
a power function with slope gradient, and the exponents of slope
gradient under different rainfall intensities were 0.87, 0.54, 0.50,
0.52, 0.48 and 0.41. Moreover, flow velocity increased as a power
function with rainfall intensity, and the exponents of rainfall inten-
sity under different slope gradients were 0.64, 0.60, 0.353, 0.345,
0.347 and 0.297. Thus the flow velocity was more sensitive to slope
gradient than to rainfall intensity based on the comparison of the
exponents of slope gradient with those of rainfall intensity.

Fig. 7 shows the relationship between sheet erosion rate and
flow velocity. Sheet erosion rate is a power function of flow veloc-
ity using one part of the data set. The function is expressed as
follows:

SE ¼ 0:85V3:05ðR2 ¼ 0:82;NSE ¼ 0:82; P < 0:01; n ¼ 18Þ ð13Þ

where SE is the sheet erosion rate (kg m�2 s�1) and V is the mean
flow velocity (m s�1). R2 revealed that SEwas highly correlated with
V (good: R2 > 0.8) and P < 0.01 revealed that the relationship
between SE and V is highly significant (significant: P < 0.05); NSE
revealed the relative magnitude of the residual variance compared
with the variance of the observed data (good: NSE > 0.7). Thus, Eq.
(13) could be used to predict sheet erosion rate accurately with
R2 = 0.82 and NSE = 0.82. Table 3 shows that the validation of Eq.
(13) uses another part of the data set. The validation result further
Fig. 6. Flow velocity as a power function o
exhibited that sheet erosion rate could be predicted using Eq. (13)
with R2 = 0.95 and NSE = 0.81.

3.3. Sheet erosion rate estimated using hydrodynamic parameters

Fig. 8 shows the relationship between sheet erosion rate and
shear stress. A linear function existed between shear stress and
sheet erosion rate using one part of the data set. The function is
provided as follows:

SE ¼ 0:011s� 0:01 ðR2 ¼ 0:88;NSE ¼ 0:88; P < 0:01;n ¼ 18Þ
ð14Þ

where SE is the sheet erosion rate (kg m�2 s�1) and s is the shear
stress (Pa). R2 revealed that SE was highly correlated with s (good:
R2 > 0.8) and P < 0.01 revealed that the relationship between SE and
s is highly significant (significant: P < 0.05); NSE revealed the rela-
tive magnitude of the residual variance compared with the variance
of the observed data (good: NSE > 0.7). Thus, Eq. (14) could be used
to predict sheet erosion rate accurately with R2 = 0.88 and
NSE = 0.88. Table 3 shows the validation of Eq. (14) using another
part of the data set. The validation result further demonstrated that
Eq. (14) could be used to predict sheet erosion rate accurately with
R2 = 0.90 and NSE = 0.89.

Fig. 9 shows the relationship between sheet erosion rate and
stream power. A linear function existed between stream power
and sheet erosion rate using one part of the data set. The function
is expressed as follows:
f slope gradient and rainfall intensity.



Fig. 7. SE as a power function of flow velocity.

Fig. 8. SE as a linear function of shear stress.
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SE ¼ 0:06X� 0:0003 ðR2 ¼ 0:99;NSE ¼ 0:99; P < 0:01;n ¼ 18Þ
ð15Þ

where SE is the sheet erosion rate (kg m�2 s�1) and X is the stream
power (Wm�2). R2 revealed that SE was highly correlated with X
(good: R2 > 0.8) and P < 0.01 revealed that the relationship between
SE and X is highly significant (significant: P < 0.05); NSE revealed
the relative magnitude of the residual variance compared with
the variance of the observed data (good: NSE > 0.7). Thus, Eq. (15)
could be used to predict the sheet erosion rate accurately with
R2 = 0.99 and NSE = 0.99. Table 3 shows the validation of Eq. (15)
using another part of the data set. The validation result further
proved that Eq. (15) could be used to predict sheet erosion rate
accurately with R2 = 0.97 and NSE = 0.97.

Fig. 10 shows the relationship between sheet erosion rate and
unit stream power. A power function existed between unit stream
power and sheet erosion rate. The function is provided as follows:

SE ¼ 3945P5:04ðR2 ¼ 0:70;NSE ¼ 0:69; P < 0:01;n ¼ 18Þ ð16Þ
where SE is the sheet erosion rate (kg m�2 s�1) and P is the unit
stream power (m s�1). R2 revealed that SE was not highly correlated
with P (good: R2 > 0.8); NSE revealed the relative magnitude of the
residual variance compared with the variance of the observed data
and the NSE was not good (good: NSE > 0.7). Thus, Unit stream
power was not a good predictor of sheet erosion rate with
R2 = 0.70 and NSE = 0.69. Table 3 shows the validation of Eq. (16)
using another part of the data set. The validation result further
showed that unit stream power was not a good predictor with
R2 = 0.73 and NSE = �0.05.

In summary, Table 3 indicates that stream power is the best
hydrodynamic parameter for predicting sheet erosion rate.
4. Discussion

In this study, rainfall intensity and slope gradient significantly
influence sheet erosion rate. In addition, a power function of rain-
fall intensity and slope gradient can be used to predict sheet



Fig. 9. SE as a linear function of stream power.

Fig. 10. SE as a power function of unit stream power.

Table 4
Models applied to predict sheet erosion rate.

Model Slope exponent Rainfall intensity
exponent

SE = KiI2 (Nearing et al., 1989) – 2
SE = KiIQS (Kinnell, 1993) 1 1
SE = KiIQSf (Beasley and Huggins, 1982) – 1
SE = KiIQ0.5S0.67(Zhang, et al., 1998) 0.67 1
SE = KiQ2.37S0.43 (Fox and Bryan, 2000) 0.43 –
SE = KiIQS0.67 (Bulygin et al., 2002) 0.67 1
SE = KiI1.052Q0.592 (Wei et al., 2009) – 1.052
SE = 7.5 � 10�12 I3.04S1.43 (This study) 1.43 3.04

Where Di is the sheet erosion rate (kg m�2 s�1), Ki is soil erodibility (kg m�4 s), I is
the rainfall intensity (m s�1), Q is the runoff rate (m s�1), S is slope gradient
(mm�1), and Sf is a slope adjustment factor.
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erosion rate well. This result is consistent with the reports of other
researchers (Mayer, 1981; Kinnell, 1993; Flanagan and Nearing,
1995; Zhang et al., 1998; Fox and Bryan, 2000; Bulygin et al.,
2002; Wei et al., 2009). These researchers also used power function
equations of rainfall intensity and slope gradient to predict sheet
erosion rate (Table 4). However, the exponent of rainfall intensity
in these models ranges from 1 to 2, which are less than the expo-
nent (3.04) of rainfall intensity in the current study. The exponent
of slope gradient in these models ranges from 0.43 to 1, which are
also less than the exponent (1.43) of slope gradient in the current
study. Thus, sheet erosion rate is more sensitive to rainfall inten-
sity and slope gradient in our study. Establishing the equation
depending on the relationship of sheet erosion rate (SE), slope gra-
dient (S) and rainfall intensity (I) can help to develop erosion pre-
diction models of the Loess Plateau in China.

By contrast, Huang and Bradford (1993) found that the linear
functions that existed between sheet erosion rate and slope gradi-
ent for three rainfall intensities and slope gradients were 5%, 9%
and 20%. The variation in result was likely attributed to slope
gradient and soil surface conditions. Firstly, six slope gradients
ranging from 12.23% to 46.63% were selected in our study, and
thus, the result of the regression analysis could be more accurate.
Then, soil surface conditions such as soil moisture, roughness
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and slope length significantly affect sheet erosion, which was con-
sistent with the understanding of Assouline and Ben-Hur (2006).

In this study, a power function existed between sheet erosion
rate and flow velocity. By contrast, Fox and Bryan (2000) found
that a linear function existed between sheet erosion rate and flow
velocity. The variation in result was likely attributed to three rea-
sons. Firstly, the flow velocity was highly sensitive to slope gradi-
ent, so the steeper slope gradient selected in our study can affect
the relationship between sheet erosion rate and flow velocity. Sec-
ondly, soil surface roughness is the main factor that affects the flow
velocity, which is consistent with the understanding reported by
many researchers (Govers, 1992; Nearing et al., 1997; Takken
et al., 1998; Nearing et al., 1999; Giménez and Govers, 2001; Ali
et al., 2011). Thirdly, soil particles can influence flow velocity,
which is consistent with Wu et al. (2016). Thus, steep slope, soil
surface roughness and soil particles can influence the relationship
between the sheet erosion rate and the flow velocity.

In our study, a linear function existed between sheet erosion
rate and shear stress. This result is consistent with the findings
of Fox and Bryan (2000). However, the result of the present study
is different from that of Fan and Wu (1999), who have observed
that a power function existed between sheet erosion rate and shear
stress. Because the slope gradient in our study and that reported by
Fox and Bryan (2000) were less than 45%, but the slope gradient
reported by Fan and Wu (1999) ranged from 10% to 100%, thus
the difference on the slope gradient influenced the relationship
between sheet erosion rate and shear stress. In our study, a linear
function existed between the sheet erosion rate and stream power,
which is consistent with the finding reported by Huang (1995) and
Cao et al. (2015). The slope gradients reported by Huang (1995)
and Cao et al. (2015) ranged from 4% to 26.8%, thus the same rela-
tionship between sheet erosion rate and stream power when the
slope gradient increased to 46.63%.
5. Conclusion

In this study, the relationship of sheet erosion rate with rainfall
intensity, slope gradient and hydraulic parameters (i.e. flow veloc-
ity, shear stress, unit stream power and stream power) was inves-
tigated using simulated rainfall. The results of this study
demonstrated that sheet erosion rate increased as a power func-
tion with slope gradient and rainfall intensity. Sheet erosion rate
was more sensitive to rainfall intensity than to slope gradient.
The validation result showed that Eq. (12) could be used to predict
sheet erosion rate accurately with R2 = 0.95 and NSE = 0.87, as
shown in the model calibration and validation.

In addition, flow velocity increased as a power function with
slope gradient and rainfall intensity and the exponents of slope
gradient ranged from 0.41 to 0.87 and those of rainfall intensity
ranged from 0.30 to 0.64. Eq. (13) shows the relationship between
sheet erosion rate and flow velocity. The validation result demon-
strated that sheet erosion rate could be predicted accurately using
Eq. (13) with R2 = 0.95 and NSE = 0.81.

The sheet erosion rate could be predicted using linear equations
of shear stress and stream power, however, the stream power with
R2 = 0.99 and NSE = 0.99 was more reliable for predicting sheet ero-
sion rate than shear stress with R2 = 0.88 and NSE = 0.88. By con-
trast, unit stream power was not a good predictor of sheet
erosion rate based on the validation result with R2 = 0.73 and
NSE = �0.05. These findings indicate that stream power is the best
hydraulic parameter to predict sheet erosion rate in our study.

Overall, the exiting model can facilitate the prediction of the
sheet erosion rate under our study conditions. However, these
models should be used judiciously. Thus, the additional research
is needed to develop equations/models that can be universally
applied to predict sheet erosion rate.
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