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Modelling soil detachment by 
overland flow for the soil in the 
Tibet Plateau of China
Mingyi Li1,2,3, Xiao Hai1,2,3, Huan Hong1, Yanyan Shao1, Doudou Peng4, Wennian Xu1,2,3, 
Yueshu Yang1,3, Yan Zheng5 & Zhenyao Xia1,2,3

The overland flow erosion is common and became more serious because of the climate warming 
inducing more runoff in the Tibet Plateau. The purposes of this study were to evaluate the effects of flow 
rate, slope gradient, shear stress, stream power, unit stream power and unit energy of water-carrying 
section on the soil detachment capacity for the soil in the Tibet Plateau of China due to the information 
is limited. To achieve this aim, laboratory experiments were performed under six flow rates (5, 10, 15, 
20, 25 and 30 L min−1) and six slope gradients (8.74%, 17.63%, 26.79%, 36.40%, 46.63 and 57.73%) 
by using a slope-adjustable steel hydraulic flume (4 m length, 0.4 m width, 0.2 m depth). The results 
indicated that soil detachment capacity ranged from 0.173 to 6.325 kg m−2 s−1 with 1.972 kg m−2 s−1 

on average. The soil detachment capacity increased with power function as the flow rate and the slope 
gradient augmented (R2 = 0.965, NRMSE = 0.177 and NSE = 0.954). The soil detachment capacity was 
more influenced by flow rate than by slope gradient in this study. The relation between soil detachment 
capacity and shear stress, stream power, unit stream power and unit energy of water-carrying section 
can be described by using the linear function and power function, the power function relationship 
performed better than the linear function in generally. The stream power exhibits the best performance 
in describing the soil detachment capacity among shear stress, stream power, unit stream power and 
unit energy of water-carrying section in this study. The erodibility value in this study was larger than and 
the critical shear stress was less than those for soil in the eastern China. There has a huge potential for 
the soil in the Tibet Plateau eroded by the water erosion when enough runoff exiting. More attention 
should be payed to the water erosion process and mechanism in the Tibet Plateau area in the future.

�e increase in temperature caused by climate warming has been paid more and more attentions in recent sev-
eral decades1–3. �e global average surface temperature has increased by 0.65 to 1.06 °C (0.85 °C in average) over 
1880–20124. In China, the average surface temperature has increased by 1.40 °C during 1951–2007, with a chang-
ing rate of 0.25 °C (10 yr)−1, indicating an accelerating warming trend in recent decades5. �e Tibetan Plateau, the 
largest and highest geoform on the Eurasian continent that covers an area of about 2.5 million km2 with a mean 
elevation of about 4000 m a.s.l6, has been subjected to signi�cant climate warming over the last few decades and 
su�ered a relatively faster warming rate ranging from 0.20 °C (10 yr)−1 to 0.50 °C (10 yr)−1 5. �is intensi�es the 
thawing for ice and snow, leading to a low/lack snow pack and more rainfall, and resulting in more overland �ow, 
can signi�cantly aggravated soil erosion2,7. Serious erosion would be induced by a small amount of overland �ow 
a�er thawing8.

Soil detachment refers to the dislodging of soil particles and aggregates from the soil matrix by erosive 
agents at particular locations on the soil surface, thereby creating loose, non-cohesive sediments for subsequent 
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transport and deposition9–11. Soil detachment by overland �ow (e.g. rill, ephemeral gully and gully erosion) is the 
dominant process of soil erosion12–14. Soil detachment capacity can be de�ned as the maximum soil detachment 
rate under clear overland �ow condition based on the sediment feedback relationship between soil detachment 
rate and sediment load in overland �ow15,16. Flow hydraulic conditions could a�ected the soil detachment capac-
ity as they were the driving force for soil detachment14,17. Both slope gradient and �ow rate could alter �ow energy 
thus in�uence the soil detachment capacity for the given kind of soil18. �e soil detachment capacity, a basic and 
key parameter in process-based erosion models, could be expressed by �ow hydrodynamic parameters (e.g. shear 
stress, stream power, unit stream power and unit energy of water-carrying section) in di�erent soil erosion model 
and by di�erent researchers19–23. However, the e�ects of �ow rate, slope gradient, shear stress, stream power, unit 
stream power and unit energy of water-carrying section on the soil detachment capacity for the soil in the Tibet 
Plateau of China remains unknown.

Soil properties has profound e�ects on the soil detachment capacity as they could a�ect the soil detachment 
process24. Soil detachment capacity is expressed as a linear function with parameters of soil erodibility and the 
critical shear stress15. Both soil erodibility and the critical shear stress are mainly in�uenced by soil properties. 
Hanson and Robinson25 suggested that soil erodibility was considerable a�ected by soil bulk density. Sheridan 
et al.26 demonstrated the rill erodibility was positively related to the proportion of particles in the 0.02–1.0 mm 
range while negatively correlated with particle classes <0.02 mm and higher than about 5–10 mm. Geng et al.27 
highlighted the signi�cant importance of clay content, sand content and the median soil grain size on rill erod-
ibility. Wang et al.17 con�rmed the rill erodibility closely related to soil cohesion, clay content and the median 
soil grain size. Liu et al.28 underlined the soil erodibility was impacted by the clay content and the soil void ratio. 
Wang et al.29 and Xiao et al.30 determined the e�ect of aggregate stability on the rill erodibility. �e soil organic 
matter can also in�uence the soil erodibility due to its promotion in the development of soil aggregates31, �e 
critical shear stress also demonstrated to have close relationships with the soil physicochemical properties17,28,29. 
Numerous studies have investigated the e�ects of soil properties on the soil detachment capacity, soil erodibility 
and the critical shear stress. However, the information on these parameters is seriously limited for the soil from 
the Tibetan Plateau32, where the dominant soil textures are characteristic of a low degree of development, parent 
materials, coarse particles, and detritus particle distribution33.

Against this background information, this study was conducted to model soil detachment by overland �ow 
for the soil in the Tibet Plateau of China. �e purposes of this study were (i) to analysis in�uence of slope gradient 
and �ow rate on soil detachment capacity; (ii) to estimate the relationship between soil detachment capacity with 
�ow hydrodynamic parameters and (iii) to obtain the soil erodibility and the critical shear stress for the soil in the 
Tibet Plateau of China.

Results
Influence of slope gradient and flow rate on soil detachment capacity. Soil detachment capacity 
greatly increased as the overland �ow rate and slope gradient augmented (Fig. 1). �e soil detachment capacity 
ranged from 0.173 to 6.325 kg m−2 s−1 with 1.972 kg m−2 s−1 on average, which demonstrated signi�cant posi-
tive correlations with the overland �ow rate and slope gradient (P < 0.01) (Table 1). Power function could well 
describe the relationship of soil detachment capacity with both overland �ow rate and slope gradient (Table 2). 
�e R2 value ranged from 0.929 to 0.984, all of them were higher than 0.90, indicating that these �tting equations 
can explain more than 90% of the variance in the soil detachment capacity. �e NRMSE ranged from 0.073 to 
0.316, most of which were less than 0.2, illustrating these �tting equations can describe the soil detachment capac-
ity with small relative residuals. �e NSE ranged from 0.806 to 0.971, all of them were larger than 0.70, suggesting 
a good performance of these �tting equations. �e values of value of R2, NRMSE and NSE for slope gradient were 
larger than those for runo� rate in most case, demonstrating the slope gradient can be more e�ectively describe 
the soil detachment capacity than runo� rate.

Figure 1. Relationships between soil detachment capacity and (a) �ow rate; (b) slope gradient.
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�e combined in�uence of slope gradient and �ow rate on the soil detachment capacity was performed by the 
multivariate non-linear regression analysis, suggesting the power function can e�ectively describe their relation-
ship (Equation 1).

= . = . =
. .Dr S Q0 002 R 0 965 n 36 (1)0 867 1 361 2

where S is the slope gradient (%) and Q is the �ow rate (L min−1). �e exponent for �ow rate is 1.361, 55.37% 
larger than that for slope gradient, indicating that the soil detachment capacity is more in�uenced by �ow rate 
than by slope gradient in this study. �e R2, NRMSE and NSE derived from Equation 1 were 0.965, 0.177 and 
0.954, respectively, indicating that Equation 1 can explain 96.5% of the variance in the soil detachment capacity 
with small relative residuals and has a good performance (>0.7).

Relationship between soil detachment capacity and flow hydrodynamic parameters. �e 
soil detachment capacity increased pronouncedly with the increase in �ow hydrodynamic parameters (Fig. 2). 
Pearson correlation coe�cients demonstrated the soil detachment capacity was signi�cant positive correlations 
with all the �ow hydrodynamic parameters in this study (P < 0.01) (Table 1). �e linear function and power func-
tion relationship were tried to understand the relationship between soil detachment capacity and �ow hydrody-
namic parameters due to they were e�ective in most case11,21,29. �e R2 ranged from 0.669 to 0.946 and from 0.627 
to 0.956, the NRMSE ranged from 0.192 to 0.467 and from 0.203 to 0.541, and the NSE ranged from 0.690 to 0.946 
and from 0.572 to 0.940 for the linear function and power function relationship, respectively (Table 3). �e shear 
stress, stream power and unit energy of water-carrying section could e�ectively describe the soil detachment 
rate with good performance, while that for the unit stream power only performed with satisfactory performance 
for both linear function and power function relationship. Generally, the power function relationship performed 
better than the linear function for describe the relationships with an exception for unit stream power. �e stream 
power performed the best in describing the soil detachment capacity, followed by the shear stress / the unit energy 
of water-carrying section and the unit stream power was the worst performance according to the values of the 
statistical parameters of R2, NRMSE and NSE (Table 3).

The rill erodibility and critical flow hydrodynamic parameters. �e rill erodibility and critical 
�ow hydrodynamic parameters can be estimated from the slope of the regression line and the intercept on the 
x-axis for the linear function15. �erefore, in this study, the erodibility values based on shear stress, stream power, 
unit stream power and unit energy of water-carrying section were 0.780 s m−1, 1.035 s2 m−2, 13.764 kg m−3 and 
222.791 kg m−3 s−1, respectively. And the corresponding critical shear stress, critical stream power, critical unit 
stream power and critical unit energy of water-carrying section were 1.459 Pa, 0.217 N m−1 s−1, 0.908 cm s−1 and 
0.491 cm, respectively.

Discussion
�e soil detachment capacity was more sensitive to �ow rate than to slope gradient in this study, this con�rmed 
the previous �ndings by Zhang et al.34 and Zhang et al.35 while inconsistent with the results of Zhang et al.21 and 
Xiao et al.11. �e experiment conditions varied among di�erent research may resulted in such di�erences. �e 
natural, undisturbed soil samples and the disturbed soil samples were used in Zhang et al.21 and in our study, 
respectively. �e soil detachment capacity of disturbed soil samples was notably higher (1 to 23 times) than those 

Q S τ ω P E

Dr 0.726** 0.577** 0.938** 0.973** 0.818** 0.944**

Table 1. Pearson correlation coe�cients for the soil detachment capacity related to slope gradient, �ow rate, 
shear stress, stream power, unit stream power, and unit energy of water-carrying section. Dr is soil detachment 
capacity (kg m−2 s−1); Q is �ow rate (L min−1); and S is slope gradient (%); τ is shear stress (Pa); ω is stream 
power (N m−1 s−1); P is unit stream power (m s−1); E is unit energy of water-carrying section (m), ** Signi�cant 
at 0.01 level of probability.

Slope 
gradient (%) Fitting equation R2 NRMSE NSE

Flow rate\ 
(L min−1) Fitting equation R2 NRMSE NSE

8.75 Dr = 0.024 Q 1.138 0.957 0.187 0.914 5 Dr = 0.021 S 0.901 0.941 0.159 0.921

17.63 Dr = 0.036 Q 1.180 0.929 0.316 0.806 10 Dr = 0.062 S 0.799 0.984 0.078 0.969

26.79 Dr = 0.046 Q 1.220 0.977 0.138 0.949 15 Dr = 0.049 S 0.960 0.943 0.244 0.850

36.40 Dr = 0.050 Q 1.295 0.958 0.190 0.927 20 Dr = 0.072 S0.965 0.970 0.094 0.969

46.63 Dr = 0.092 Q 1.177 0.943 0.173 0.928 25 Dr = 0.133S0.871 0.964 0.105 0.951

57.74 Dr = 0.169 Q 1.040 0.980 0.100 0.963 30 Dr = 0.255 S0.809 0.983 0.073 0.971

Table 2. Correlation Coe�cients between soil detachment capacity and slope gradient and �ow rate and the 
statistical evaluation of the performance of their relationships. Dr is soil detachment capacity (kg m−2 s−1); Q 
is �ow rate (L min−1); and S is slope gradient (%); R2 is determination coe�cient; NRMSE is normalized root 
mean square error and NSE is Nash-Sutcli�e e�ciency index.
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of the natural, undisturbed soil samples21,34, suggesting the disturbed soil samples were easier eroded by overland 
�ow. Xiao et al.11 tried to simulate the true detachment process of concentrated �ow on slope during rill devel-
opment, while this study mainly focuses on the e�ect of concentrated �ow on the soil surface. �erefore, many 
rill subprocesses (e.g. headcut erosion, sidewall failure sidewall failure)36 would act as the sediment source for 
detachment, which of course in�uenced the relationship slope gradient and �ow rate and the soil detachment.

All the �ow hydrodynamic parameters were signi�cant positive correlations with the soil detachment capacity 
in this study. �e relationship between soil detachment capacity and �ow hydrodynamic parameters could be 
well describe by both linear function and power function, of which the power function relationship performed 
better in generally. �ese results were in line with previous studies undertaken on the di�erent types of soil form 
di�erent area14,21. �e values of �ow hydrodynamic parameters under low �ow rate and gentle slope gradient 
were almost equal to or even less than the critical hydrodynamic parameter values (Table 4), for which the soil 
detachment capacity should be near to zero or negative according to the linear function relationship. However, 
the soil still eroded by the overland �ow under these conditions, which could be weaken the performance the 
linear function relationship. �e ‘roll wave’ occurred under low �ow rate and gentle slope gradient conditions and 
the peak of wave generated lots of soil loss according to our observation during experiment. Our study con�rmed 
stream power as a good indicator of �ow erosivity and it was also identi�ed as the best hydrodynamic parameter 
for detachment prediction, which was in accordance with previous �ndings of other researchers11,19.

In this study, the erodibility value based on shear stress was 0.780 s m−1, and the critical shear stress was 
1.459 Pa, both of them were within the range of the values reported by Geng et al.37, who researched 36 types of 
soil in the eastern China. �e mean erodibility value and the mean critical shear stress was 0.511, 0.226, 0.174, 
0.157, 0.127 and 0.033 s m−1 and 2.73 Pa, 2.92, 3.01, 2.67, 2.51 and 3.81 Pa for northwest Loess Plateau, south 
mountains and hills, north mountains and hills, Sichuan Basin and surrounding mountains and hills, northeast 

Figure 2. Relationship of soil detachment capacity with the �ow hydrodynamic parameters.

Flow hydrodynamic 
parameters

Linear function relationship Power function relationship

Fitting equation R2 NRMSE NSE Fitting equation R2 NRMSE NSE

τ Dr = 0.780 τ−1.138 0.880 0.287 0.880 Dr = 0.173 τ 1.651 0.938 0.258 0.903

ω Dr = 1.035 ω−0.225 0.946 0.192 0.946 Dr = 0.848 ω 1.058 0.956 0203 0.940

P Dr = 13.764 P−0.125 0.669 0.467 0.670 Dr = 8.705 P 0.858 0.627 0.541 0.572

E Dr = 222.791 E – 1.095 0.885 0.272 0.892 Dr = 1652.880 P 1.605 0.941 0.260 0.901

Table 3. Statistical evaluation of the performance of the relationship between soil detachment capacity and 
hydrodynamic parameters. Dr is soil detachment capacity (kg m−2 s−1); τ is shear stress (Pa); ω is stream power 
(N m−1 s−1); P is unit stream power (m s−1); E is unit energy of water-carrying section (m); R2 is determination 
coe�cient; NRMSE is normalized root mean square error and NSE is Nash-Sutcli�e e�ciency index.
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low mountains and hills and Yunnan-Guizhou Plateau, respectively37, suggesting the erodibility value in this 
study was larger than and the critical shear stress was less than all of them. �is could attribute to the character-
istic of a low degree of development, parent materials of the soil in this study33, while well development for the 
soil test in Geng et al.37. �e erodibility value in this study was even larger than and the critical shear stress was 
less than those for the northwest Loess Plateau, respectively, where is susceptible to severe water erosion and has 
been ranked as being most severely eroded area38. �us, there has a huge potential for the soil in the Tibet Plateau 
eroded by the water erosion when enough runo� exiting. More overland �ow will occur under the condition of 
climate warming2,7. In addition, the climate warming negatively impacted soil aggregate stability, resulting in a 
signi�cant decrease in MWD and GMD3. �e soil aggregation plays an important role in soil erodibility, many 
researchers have reached the consensus that the indicator of structural stability of soil aggregates is in close rela-
tion to soil erosion39–41. �e more stable the soil aggregate is, the higher resistance for the soil to water erosion39,42. 
�us, climate warming could aggravate soil erosion by both increasing runo� and weakening the soil structure. 
More attention should be payed to the water erosion process and mechanism in the Tibet Plateau area in the 
future.

Our results are only based on one soil type, whereas there have diversity soil types existed in the Tibet Plateau 
area33. �e soil type with various texture characteristics and physicochemical property have huge in�uence on 
the soil detachment capacity as mentioned above37. �is study focused on the e�ect of overland �ow on the soil 
surface to understand the soil detachment capacity, rill erodibility and critical hydrodynamic parameter, but 
not study the real rill erosion process for the soil in the Tibet Plateau area43,44. �us, �e real rill erosion of other 
types of soil45, the in�uence of freeze–thaw e�ects and the snowmelt erosion process should be investigated in the 
future for better understanding the overland erosion characteristic in the Tibet Plateau area.

Slope 
gradient (%)

Flow rate 
(L min−1)

Shear 
stress (Pa)

stream power 
(N m−1 s−1)

Unit stream power  
(m s−1) E (m)

5

5 0.967 0.180 0.016 0.003

10 1.535 0.372 0.021 0.005

15 1.774 0.545 0.027 0.007

20 2.084 0.696 0.029 0.008

25 2.433 0.891 0.032 0.010

30 2.773 1.066 0.033 0.011

10

5 1.491 0.376 0.044 0.004

10 1.959 0.688 0.061 0.007

15 2.769 1.067 0.067 0.009

20 3.474 1.425 0.071 0.011

25 3.792 1.773 0.081 0.013

30 4.147 2.124 0.089 0.016

15

5 1.561 0.491 0.081 0.006

10 2.564 1.110 0.112 0.011

15 3.596 1.612 0.116 0.012

20 3.867 2.130 0.143 0.017

25 4.373 2.632 0.156 0.020

30 4.636 3.208 0.179 0.026

20

5 2.091 0.691 0.113 0.006

10 3.338 1.334 0.137 0.009

15 4.347 2.004 0.158 0.012

20 5.284 2.695 0.174 0.015

25 6.254 3.526 0.193 0.018

30 6.797 4.204 0.212 0.022

25

5 2.070 0.932 0.190 0.011

10 3.789 1.777 0.198 0.012

15 5.097 2.658 0.220 0.015

20 5.863 3.425 0.247 0.019

25 6.896 4.219 0.259 0.021

30 7.422 5.281 0.301 0.028

30

5 2.638 0.939 0.178 0.007

10 3.948 1.950 0.247 0.013

15 5.139 2.981 0.290 0.018

20 6.820 4.185 0.307 0.021

25 7.896 5.023 0.318 0.022

30 8.035 6.176 0.384 0.032

Table 4. �e �ow properties used in this research.
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Materials and Methods
Soils. �e uppermost 15-cm layer soil was collected from Mangkang County (28°37′–30°20′N and 98°00′–
99°05′E), which is located in the southeast of Tibet Autonomous Region, China. �e annual average precipitation 
and temperature is 350–450 mm and 10 °C, respectively. �e soil is classi�ed as Cambosol or Inceptisol according 
to the Chinese Soil Taxonomy or USDA Soil Taxonomy, respectively. �e soil comprise 67.74% sand, 18.45% silt, 
13.82% clay, with a pH value of 7.03 and 13.06 g kg−1 of organic matter content. �e collected soil was air-dried 
and gently screened through a 5-mm sieve for removing the impurities such as roots and gravel in the soil46. �e 
soil was packed in three layers with 1, 2 and 2 cm per layer from top to bottom, the soil amount of each layer was 
calculated before packing, and each packed soil layer was coarsened lightly before the next layer was packed to 
achieve the desired uniform target bulk density (1.40 g cm−3 according to the �eld data) in the steel cylinder (105 
mm-diameter and 50 mm-depth).�e soil sample was watered to saturation for experiment.

Experimental design. An series of laboratory experiments were performed by using a slope-adjustable steel 
hydraulic �ume (4 m length, 0.2 m depth, 0.4 m width) (Fig. 3), which was similar to that described by Zhang et 
al.21 and Wang et al.14. �e test soil was glued on the surface of the �ume bed to simulate the natural soil surface 
condition and maintain the same roughness of the �ume bed during the experiment21. �irty-six combinations of 
six �ow rates (5, 10, 15, 20, 25 and 30 L min−1) and six slope gradients (8.74%, 17.63%, 26.79%, 36.40%, 46.63 and 
57.73%) were investigated, these slope gradients are chosen according our �eld investigation and di�erent �ow 
rates are used for obtaining di�erent �ow conditions. �e �ow shear stress, stream power, unit stream power and 
unit energy of water-carrying section ranged from 0.967 to 8.035 Pa, from 0.180 to 6.176 N m−1 s−1, from 0.016 to 
0.384 m s−1and from 0.289 to 3.178 cm, respectively (Table 3).

Before each test, the �ume was set at the designed slope gradient and �ow supplied by a pipe had been adjusted 
to obtain the designed �ow rate (the error was less than 5%). Flow velocity between the cross sections at the tran-
sects 0 to 1 m away from the soil chamber was also determined before test46. Flow velocity was obtained by using 
the dye-tracing method, the mean �ow velocity could be corrected a�er multiplying a correction factor (0.67 in 
this research) because the travel time of the dye tracer was the surface velocity of the �ow which was always larger 
than the mean �ow velocity47. Five replicates of �ow velocity were measured for each test. �e pipe was moved out 
of the �ume a�er measuring the �ow velocity, and the saturated soil sample was inserted into the soil chamber to 
make sure that the surface of the sample was in line with the �ume bed. �e soil sample was covered by a panel to 
prevent soil sample be detached until the overland �ow be in a steady state, and the test was initiated. �e test was 
stopped when the scouring depth reached about 2 cm to avoid the boundary e�ects from steel cylinder14. All the 
runo� and sediment were collected by using the 30-L plastic containers over the test period. Sediment amount for 
each test were determined by oven-drying the samples at 105 °C more than 24 h in the laboratory.

�e particle size distribution was analyzed by using a TopSizer laser di�raction device (Zhuhai OMEC instru-
ment Co., Ltd., China). �e pH value was determined by using the Rex Electric Chemical PHS-3E precision acid-
ity meter (Shanghai Precision Scienti�c Instrument Co., Ltd, China). �e soil organic matter was tested by using 
potassium dichromate oxidation-external heating method48.

Equations and data analysis. �e soil detachment rate is obtained under clear overland �ow without 
any sediment load condition, so it can de�ne as soil detachment capacity, Dr, (kg m−2 s−1), which can be can be 
calculated using Equation 2:

=D
E

St (2)r

where E is the sediment amount for each test (kg); S is the cross-section area of the soil sample (m2) and t is the 
test duration (s).

�e Equations 3, 4, 5 and 6 are used for calculating shear stress, stream power, unit stream power and unit 
energy of water-carrying, respectively.

τ ρ= gRJ (3)

Figure 3. Schematic representation of the hydraulic �ume.
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ω τ ρ= =V gqJ (4)

=P VJ (5)

= +E
aV

g
h

2 (6)

2

where τ is shear stress (Pa or N m−2); ρ is the density of water (kg m−3); g is the gravitational acceleration (m s−2); 
and R is the hydraulic radius, which was considered equal to the �ow depth (h) under the overland �ow condition 
(m); J (m m−1) is the slope gradient; ω is stream power (N m−1 s−1); q is the unit discharge per unit width (m2 s−1); 
P is the unit stream power (m s−1); V is �ow velocity (m s−1); E is the unit energy of water-carrying section (m) 
and a is the correction factor for kinetic energy, usual equal to 149.

�e �ow depth (h, m) is only in several millimeter and o�en in dynamic condition, so it very di�cult to mon-
itor accurately. �erefore, the mean �ow depth is calculated by assuming a uniform concentrated �ow along the 
�ow width, which can be can be calculated using Equation 7:

=h
O

VW (7)

where O is the �ow rate (m3 s−1); w is the �ow width (m); and V is the mean calculated �ow velocity (m s−1).

Statistical analysis. �e relationships of soil detachment capacity with �ow rate, slope gradient, shear stress, 
stream power, unit stream power and unit energy of water-carrying section were established via regression analy-
sis by Excel 2016. �e correlation between soil detachment capacity with runo� rate and slope gradient was ana-
lyzed via Pearson correlation coe�cient by SPSS 21.0 (SPSS Inc., Chicago, IL, USA). �e values of the statistical 
parameters of R2, NRMSE and NSE were used as indicators of evaluate the e�ciency of equations in this study. 
�e value of R2, NRMSE and NSE can be calculated using Equations 8, 9 and 10.
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where Xo,i is the observation value for i; Xp, i is the calculation value for i; Xo,avg is the mean observation value; Xp,avg 
is the mean calculation value. NSE re�ects the relative magnitude of the residual variance compared with the var-
iance of the observation value. Values > 0.7, 0.4 < NSE ≤0.7 and <0.4 are generally viewed as good performance, 
satisfactory performance and unacceptable performance, respectively50.
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