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Abstract: A rational calculation of the rill detachment rate (RDR) and an accurate simulation of the
rill detachment process are important for determining the model parameters of hillslope erosion.
Here, we found a difference between RDRs calculated using different methods that cannot be ignored.
This study proposes a modified numerical method based on the dataset of the measured sediment
concentrations along the rill length over a saturated loess soil slope to improve the calculation of RDR.
For the saturated loess soil slope, the modified numerical RDR reduced the relative error from 58.3% to
4.6%, thereby demonstrating the efficiency of the modified numerical method. Furthermore, datasets
of previous studies on different soil types and rill width verified the accuracy and applicability of the
modified numerical method. A measurement strategy with more sampling points set at the forepart
of the rill is proposed to enhance the calculation accuracy of RDR in accordance with the absolute
error distribution between numerical and modified numerical RDRs. This study contributes to the
literature by correcting previous data, improving data for subsequent measurements, and supplying
a basis for the accurate estimation of RDR for rill erosion modeling.

Keywords: detachment rate; rill erosion; WEPP model; modifying; rill length

1. Introduction

Soil erosion, as a key environmental issue globally, can lead to land degradation [1]
and landslides [2,3]. The soil erosion processes comprehensively include soil detachment,
entrainment, transport, and deposition [4]. As an erosive subprocess, soil detachment is
the first step of soil erosion [5,6]. The soil detachment rate is an indispensable index for
determining the process-oriented soil erosion, and it is an important parameter in soil
erosion models, directly affecting their accuracy [7,8]. Therefore, the accurate measurement
of soil detachment rate is very important. Previous studies found that the soil detachment
rate could be obtained using some models that contain hydraulic parameters, such as
stream power [9], unit stream power [10], and flow shear stress [11]. Furthermore, some
studies verified that stream power and shear stress were recommended to predict the soil
detachment rate at tillage [12], hillslope [13,14], and road surface [15]. However, these
hydraulic parameters were hard to measure and complicated calculation, such that the
soil detachment rate was conducted with low accuracy [12–17]. Thus, a simply calculated,
convenient, and exact parameter should be considered to calculate the soil detachment rate.

Rill erosion has been incorporated into process-based erosion models because it is
an important process of hillslope erosion [18–20]. The rill detachment rate (RDR) is a
fundamental parameter for determining the rill erosion model. Some studies focused on
determining the soil detachment rate of the entire slope [21–23]. Zhou et al. [21] studied
the effect of sediment-laden rill flow on the soil detachment process and found that flow
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discharge was the most important factor influencing the RDR of the entire slope, followed
by slope and sediment load. Liu et al. [22] studied the effect of different root types and
planting density on RDRs over the entire soil slope during root growth time. The results
showed that plants with fibrous roots could reduce RDR compared with plants with
taproots, and the high-density treatment reduced RDR at the early growth stage, but
had the opposite effect at the later stage. Ma et al. [23] studied the potential effects of
root system and freeze–thaw on RDR over the entire slope of sandy loam and silty loam,
respectively. The results indicated that the root system promoted RDR, but freeze–thaw
reduced it. The poor measurement effect of RDR along the slope length led to many
researchers studying the RDR on the entire soil slope. However, the distribution of RDR
along the slope length is essential to determine the soil detachment process, before building
the process-oriented model. Thus, a series of experiments under different underlying
surface and hydraulic conditions were conducted to study the RDR distributed along
the rill length, as well as the correlation between RDR and sediment concentration. The
RDR exponentially decreased with the rill length [24,25]. Lei et al. [24] verified that RDRs
exponentially decreased with the rill length using 8 m long rills (the width of 0.1 m). Shen
et al. [26] also observed similar relationships with a 4 m flume (the width of 0.1 m) under
different hydraulic conditions. Meanwhile, studies also found that RDRs linearly decreased
with sediment load on different underlying surfaces or when using different measurement
methods [6,27–29]. In addition, Chen et al. [30] found that RDRs of a partially thawed soil
slope had piecewise functions with rill length, initially maintaining a constant value before
exponentially decreasing with rill length. Consequently, studies on the accuracy of soil
detachment rate calculation would affect the abovementioned assessment results directly
and play a fundamental role in the study of rill erosion.

To date, two methods (the numerical method and the analytical method) have com-
monly been used to calculate RDR in the process-based erosion model [28]. According to
the definition of RDR, a method was put forward consisting of the average RDR calculated
by the numerical model between the sediment delivery rate and the distance of runoff
in a selected rill segment, which was regarded as the RDR at the end point of this rill
segment [24]. Hence, the numerical method is an approximate calculation method. The
calculated error was determined by the length of rill segment. A shorter rill segment
resulted in a smaller calculated error. The analytical method was derived from the function
describing the relationship between sediment concentration and rill length in the WEPP
(Water Erosion Prediction Project) model and the definition of RDR [31]. The analytical
method could be used to calculate the RDR at the random length of rill. However, the
analytical method based on a theoretical calculation requires a complex experimental and
derivation process compared with the numerical method. Furthermore, the analytical
method has certain limitations in its application to the different underlying surface condi-
tions. For example, it is unfit for the calculation of the RDR of partially thawed soil. Thus,
the numerical method is still the most commonly used and peer-recognized method at
present. The accuracy of the numerical method must be improved to obtain an accurate
RDR using an experimental dataset. However, methods for improving calculation of RDR
measured using the numerical method have rarely been reported.

Here, we propose a modified numerical method to improve the accuracy of RDR
calculation. Previous studies designed many different measurement lengths (8 m and 12 m)
and sampling intervals (0.5 m, 1 m, 2 m, and 4 m) to determine the sediment concentrations
distributed along the rill length [7,24,27,32–34]. To verify the accuracy of the modified
numerical method, the analytical method was selected as a reference. To test the suitability
of the modified numerical method, data from previous studies under different designed
conditions and different soil types were reprocessed. Overall, this study had the following
objectives: (1) to quantify the uncertainty in using the numerical method to calculate
RDR, (2) to propose and verify a modified numerical method to improve the accuracy
of RDR calculation, and (3) to present a strategy of measuring sediment concentrations
during the rill erosion process to improve the accuracy of RDR calculation. This study is
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meaningful to developing simulations of the rill detachment process and improving rill
erosion prediction models.

2. Methods and Data Source
2.1. Rill Erosion Process

The Water Erosion Prediction Project (WEPP) model describes the rill sediment
yield [35–37] according to the hypothesis of detachment and transport coupling [38,39].
Thus, the following equation was proposed to model the rill erosion process [7,40]:

c(x) = A
(

1− e−Bx
)

, (1)

where c represents the sediment concentration (kg·m−3), x is the rill length (m), A denotes
the maximum sediment concentration that reaches sediment transport capacity (kg·m−3),
and B represents the decrease rate of sediment load.

2.2. Numerical Method for Calculating Rill Detachment Rate

The RDR refers to the amount of soil eroded from a unit area during a unit time [11,28,41].
Sediment concentration increases with rill length until reaching the sediment transport
capacity. The surface area of the rill segment from x to x + ∆x is approximately a trapezoid
and can be estimated as (w + w + ∆w) ∆x/2 = ∆x (w + ∆w/2). The relevant sediment
concentration changes from c to c + ∆c. The average RDR of the increased rill segment (∆x)
is estimated as follows [24,31,33]:

DrN(x + ∆x) = lim
∆x→0

(
(c + ∆c− c)Q

∆x(w + ∆w/2)

)
≈ ∆cq

∆x
, (2)

where Q denotes the rill flow rate (Q = wq, m3·s−1), w represents the rill width (m), q
represents the unit-width discharge rate (m2·s−1), and DrN is the RDR calculated using the
numerical method (kg·m−2·s−1).

2.3. Analytical Method for Calculating Rill Detachment Rate

The RDR can be computed analytically by combining Equations (1) and (2) in accor-
dance with the definition of RDR. In Equation (2), ∆w/2 becomes 0 when ∆x approaches 0.
Then, Equation (2) can be rewritten as follows:

Dr(x) = lim
∆x→0

∆c
∆x
× Q

w
=

dc
dx

q , (3)

where Dr represents the RDR calculated using the analytical method (kg·m−2·s−1). Substi-
tuting Equation (1) into Equation (3) yields the analytical estimation of the RDR:

Dr(x) = ABqe−Bx = ae−bx , (4)

where a denotes the maximum analytical RDR (kg·m−2·s−1), and b represents the decrease
rate of RDR (m−1).

The analytical RDR can also be calculated with sediment concentration by combing
Equations (1) and (4):

Dr(x) = Bq(A− c) = d + gc , (5)

where d represents the maximum analytical RDR (kg·m−2·s−1), and g expresses the decrease
rate of the RDR with the increase in sediment concentration (m·s−1). Lei et al. [24] and
Chen et al. [28] introduced detailed derivation processes of the analytical method.
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2.4. Principle of Modified Numerical Method

According to the numerical calculating principle of RDR, using the sediment concen-
trations (0, c1, c2, . . . , cn) at different rill distances and rill lengths (0, x1, x2, . . . , xn), the
numerical values of RDRs (0, DrN1, DrN2, . . . , DrNn) can be calculated as follows:{

DrNi = q
ci−c(i−1)
xi−xi−1

i = 1, 2, . . . , n
ci = ci(x)

, (6)

where xi is the rill length at location i (m), ci is the sediment concentration at location
i (kg·m−3), and DrNi denotes the RDR calculated by the numerical method at location
i (kg·m−2·s−1). The sediment concentration rises from c(i−1) to ci with the rill segment
increasing from xi−1 to xi. Thus, the ratio between the sediment delivery rate (q(ci − c(i−1)))
and the distance of runoff flow (xi − xi−1) corresponds to the average numerical RDR of
this segment, which is shown as the gradient of L1 (Figure 1). The gradient of L1 can be
approximately considered the numerical RDR at xi when the increment from xi−1 to xi is
relatively low. The gradient of L2 is the tangent line of the sediment delivery curve (c(x)) at
xi, which represents the analytical RDR at xi. The gradient of L1 is theoretically higher than
that of L2. Thus, the numerical RDR is always higher than the analytical value.
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Thus, c(x) is a monotonically increasing function of x. Therefore, a point c (x = ξ)
always satisfies the following equation among the intervals of (xi − xi−1):

dc
dx

∣∣∣∣
x=ξ

=
∆c
∆x

∆x = xi − xi−1 . (7)

Here, we assume that the midpoint (x = xi−1 + (xi − xi−1)/2) of the interval (xi − xi−1)
is used to assign the assuming point (x = ξ) (Figure 1). The gradient of L3 represents
the modified numerical value of RDR at the midpoint, which is equal to the gradient of
L1 based on Equation (8). Meanwhile, the modified numerical RDR is also close to the
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analytical value (which is shown as L4) at the midpoint. This modification theoretically
results in consistent numerical and analytical values.

The numerical and the modified numerical RDRs are compared to the analytical RDR
at the same point (x) by fitting the following equations to quantify the differences:

DrN(x) = hDr1(x), (8)

DrN(x) = kDr2(c(x)), (9)

DrM(x) = mDr1(x), (10)

where DrN represents the numerical RDR (kg·m−2·s−1), Dr1 and Dr2 are the analytical
RDRs calculated by rill length and sediment concentration (kg·m−2·s−1) respectively, DrM
is the modified numerical RDR (kg·m−2·s−1), and h, k, and m are the regression coefficients
which reflect the relative errors between each pair of methods.

Furthermore, absolute errors between the numerical and the modified numerical RDRs
in the ranges of rill length of 0–4 m and 4–8 m are analyzed in the study. The average
absolute errors of the two sections are calculated as follows:

AE(0–4) =

∣∣∣∣∣
∫ 4

0 (DrN(x)− DrM(x))
4

∣∣∣∣∣, (11)

AE(4–8) =

∣∣∣∣∣
∫ 8

4 (DrN(x)− DrM(x))
4

∣∣∣∣∣, (12)

where AE(0–4) and AE(4–8) denote the average absolute error between the numerical and
the modified numerical RDRs in the range of rill length of 0–4 m and 4–8 m, kg·m−2·s−1,
respectively.

2.5. Basic Dataset

The datasets of the rill erosion process and the numerical RDRs on saturated loess soil
slopes under a rill width of 0.1 m were used to evaluate the effectiveness of the modified
numerical method. The principles and details of experimental devices for acquiring this
dataset were introduced by Huang et al. [42] and Huang et al. [33]. Briefly, a soil flume and
a saturated soil device were supplied to form saturated loess soil slopes for soil erosion
experiments. According to the USDA texture classification, the experimental soil is a typical
silt loam, which has particle fractions of 23.80% sand, 64.57% silt, and 11.63% clay particles;
it was collected from the Ansai Research Station (109◦19′23′′ E, 36◦51′30′′ N) of Soil and
Water Conservation, Chinese Academy of Sciences. Four slope gradients (5◦, 10◦, 15◦, and
20◦) and three flow rates (2, 4, and 8 L·min−1) were set for the experiments. The water flow
was introduced into the steady flow flume, and then introduced into the rill 1, 2, 4, and 8 m
away from the rill outlet. In each test, four 300 mL steel cups were used to collect runoff
samples, after the water flow at the outlet of the rill was stable. Each sampling process
took 30~60 s. Subsequently, the samples were left for 24 h, and the supernatant was filtered
out. The sediment concentrations of the runoff samples were measured using the oven-
drying method at 105 ◦C. The rill erosion process on saturated loess soil slopes was studied
in Huang et al. [33] (Table 1). Subsequently, the analytical RDRs on saturated loess soil
slopes could be computed using the rill length (Equation (4)) and sediment concentration
(Equation (6)). Meanwhile, the RDRs calculated using the numerical method on saturated
loess soil slopes were investigated in Huang et al. [6] (Table 2).
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Table 1. Fitted rill erosion process with Equation (1) on saturated loess soil slopes [33].

Slope (◦) Flow Rate
(L·min−1)

Parameters Coefficient of
Determination (R2)A (kg·m−3) B (m−1)

5
2 465.34 0.32 0.92
4 623.89 0.44 0.99
8 696.29 0.37 0.97

10
2 800.81 0.32 0.98
4 800.02 0.33 0.99
8 767.42 0.48 0.99

15
2 907.93 1.09 0.99
4 965.44 1.17 0.99
8 929.38 0.99 0.99

20
2 1027.49 1.19 0.99
4 1071.35 1.08 0.99
8 1054.62 1.23 0.99

Table 2. Numerical RDRs along the eroding rills over saturated loess soil slopes [6].

Slope (◦) Flow Rate
(L·min−1)

Rill Detachment Rate (kg·m−2·s−1)

1 m Rill
Length

2 m Rill
Length

4 m Rill
Length

8 m Rill
Length

5
2 0.047 0.007 0.036 0.006
4 0.144 0.117 0.035 0.015
8 0.363 0.148 0.066 0.049

10
2 0.069 0.053 0.036 0.017
4 0.138 0.135 0.051 0.036
8 0.413 0.198 0.121 0.045

15
2 0.210 0.046 0.018 0.006
4 0.458 0.104 0.033 0.008
8 0.783 0.279 0.082 0.006

20
2 0.241 0.067 0.015 0.002
4 0.487 0.125 0.035 0.016
8 0.994 0.294 0.033 0.026

2.6. Statistical Analysis

The statistical analyses were conducted using SPSS software (ver.22.0). One-way
analysis of variance was used to analyze differences in numerical RDRs, analytical RDRs,
and modified numerical RDRs. The difference was significant at the 0.05 level. Linear
regression analysis was used to determine the proportional coefficients among numerical
RDRs, modified numerical RDRs, and analytical RDRs.

3. Results
3.1. Comparison of Numerical, Analytical, and Modified Numerical Methods

The numerical RDRs, analytical values, and modified numerical values under a flow
rate of 4 L·min−1 and slope gradients of 5◦, 10◦, 15◦, and 20◦ were fitted by Equation (4) to
verify the accuracy of the principle of the modified numerical method and study the rill
detachment processes determined by three groups of datasets (Figure 2). All determining
coefficients were higher than 0.80, and the values of p were lower than 0.05, which indicated
the good exponential function relationships among the numerical, analytical, and modified
numerical RDRs and rill length. All three methods described the rill detachment processes
well. Figure 2 shows that the curves determined using the modified numerical method
were closer to those determined using the analytical method than those determined using
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the numerical method. Both analytical and modified numerical RDRs were significantly
lower than the numerical RDRs (p < 0.01). This disparity increased with the slope gradient.
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Figure 2. Comparing three rill detachment processes determined using numerical, analytical, and
modified numerical detachment rates (RDRs) under a flow rate of 4 L·min−1 of different slope
gradients: (a) 5◦, (b) 10◦, (c) 15◦, and (d) 20◦.

3.2. Improvement Effect of the Modified Numerical Method

In order to quantify the errors between numerical RDRs and analytical values, the
analytical RDRs calculated using the rill length, sediment concentration, and numerical
values were fitted using Equations (8) and (9) under the designed flow rates and slope gra-
dients. The fitting results are drawn in Figure 3 and listed in Table 3. The high determining
coefficients (0.92–0.99, 0.84–0.99) of the fitting lines indicate that the three groups of RDRs
were fitted well by Equations (8) and (9). The values of h and k reached the maximum at
the slope gradient of 10◦. The numerical RDRs were overestimated by 14.4–97.0% (with a
mean relative error of 58.3%) compared with the analytical RDRs over saturated loess soil
slopes, indicating the need for an improvement in the accuracy of the numerical RDR.

In order to study the improvement effect of the modified numerical method, the
analytical values were fitted with the modified numerical values using Equation (10);
the fitting results are drawn in Figure 4 and listed in Table 4. The high determining
coefficients (0.84–0.99) of the fitting lines indicated that two groups of RDRs fitted well
with Equation (10). All fitting curves were close to the 1:1 line. The values of parameter
m ranged from 0.930 to 1.068 with a mean value of 1.033 and were significantly lower
than those of parameter h in Table 3 (p < 0.01). The relative errors between analytical and
modified numerical RDRs ranged from 0.7% to 7.0%, with a mean value of 4.6%. The
differences between analytical RDRs and modified numerical values were insignificant
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(p > 0.05). The above results indicated that the modified numerical method led to a good
improvement in calculating RDR on saturated loess soil slopes.
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Figure 3. Comparison between numerical and analytical rill detachment rates over saturated loess
soil slopes of different slope gradients: (a) 5◦, (b) 10◦, (c) 15◦, and (d) 20◦.

Table 3. Proportional coefficients of analytical rill detachment rates (RDRs) compared with numerical
RDRs.

Slope (◦) Flow Rate
(L·min−1)

Proportional Coefficients Coefficients of
Determination pr ps

h k Rr
2 Rs

2

5
2 1.468 1.523 0.92 0.84 0.043 0.081
4 1.304 1.293 0.98 0.97 <0.001 0.002
8 1.305 1.360 0.94 0.90 0.006 0.014

10
2 1.176 1.144 0.98 0.96 0.001 0.003
4 1.222 1.193 0.97 0.94 0.002 0.006
8 1.293 1.295 0.98 0.97 0.001 0.001

15
2 1.831 1.843 0.98 0.94 <0.001 0.033
4 1.917 1.948 0.99 0.97 <0.001 0.017
8 1.714 1.719 0.99 0.99 <0.001 0.003

20
2 1.930 1.952 0.99 0.99 <0.001 0.002
4 1.816 1.834 0.99 0.97 <0.001 0.016
8 1.970 1.952 0.99 0.99 <0.001 0.004

Notes: The values of h represent the proportional coefficients of numerical detachment rates compared with analyt-
ical detachment rates calculated by rill length. The values of k represent the proportional coefficients of numerical
detachment rates compared with modified analytical detachment rates calculated by sediment concentration.
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Figure 4. Comparison between modified numerical and analytical rill detachment rates over saturated
loess soil slopes of different slope gradients: (a) 5◦, (b) 10◦, (c) 15◦, and (d) 20◦.

Table 4. Proportional coefficients of analytical rill detachment rates (RDRs) compared with modified
numerical RDRs.

Slope (◦) Flow Rate
(L·min−1)

Proportional
Coefficient

Coefficient of
Determination p

m R2

5
2 0.930 0.68 0.054
4 1.028 0.97 0.001
8 1.062 0.91 0.007

10
2 0.988 0.99 <0.001
4 1.016 0.96 0.002
8 1.007 0.98 <0.001

15
2 1.062 0.98 <0.001
4 1.068 0.99 <0.001
8 1.044 0.99 <0.001

20
2 1.064 0.99 <0.001
4 1.057 0.99 <0.001
8 1.064 0.99 <0.001

Notes: The values of m represent the proportional coefficients of modified numerical detachment rates compared
with modified analytical detachment rates.
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4. Discussion
4.1. Necessity and Application of Modified Numerical Method

The analytical method needs to confirm the curve of sediment concentration changes
with rill length before calculating the RDR, which requires a complex experimental process
(including measuring sediment transport capacity and sediment concentrations along the
rill length). To date, most scientists have directly measured and estimated the soil detach-
ment rate using the numerical method because of its convenience [43,44]. The results of
saturated loess soil slopes revealed that the relative errors of numerical RDRs compared
with analytical RDRs were overestimated by 58.3% (mean level). The inconsistency of the
two methods showed the poor accuracy of the numerical method, which limits the applica-
tion of the numerical RDR. The modified numerical method in this study greatly improved
the accuracy of RDR (with a mean relative error of 4.6% compared to the analytical method),
which could enhance the simulation accuracy of the rill detachment process on saturated
loess soil slopes under a rill width of 0.1 m. A series of data from previous studies were
collected to evaluate the applicability of the modified numerical method. In accordance
with these data of previous studies, the following steps were conducted to obtain the nu-
merical, modified numerical, and analytical RDRs: (1) the numerical RDRs were calculated
using the measured sediment concentrations; (2) the numerical RDRs were modified in
accordance with the principle of the modified numerical method; (3) the analytical RDRs at
the modified rill length were calculated in accordance with the parameters obtained using
the measured sediment concentrations and rill lengths.

Under the designed rill width of 0.1 m, two types of soil (purple soil and loess soil)
were used to study rill erosion process. Chen et al. [28] calculated RDRs using numerical
and analytical methods over purple soil slopes. In the study of purple soil, the proportional
coefficients between the numerical and the analytical RDRs (h) and those between the mod-
ified numerical and the analytical RDRs (m) are shown in Table 5. The mean proportional
coefficient between the numerical and the analytical RDRs of purple soil was 1.13 ± 0.08,
which was significantly higher than the mean proportional coefficient (0.99 ± 0.06) between
the modified numerical and the analytical RDRs (p < 0.01). Simultaneously, the average
relative error of RDR dropped from 13.2% to 1.1% when using the modified numerical
method at the purple soil. Furthermore, Lei et al. [40] and Zhang et al. [27] studied the sedi-
ment concentrations and numerical RDRs of loess soil under different factors (slope, flow
rate, and rill length) using the rare Earth elements tracer method. The mean proportional
coefficients among the three methods derived from Lei et al. [40] and Zhang et al. [27] are
listed in Table 5, respectively. The mean values of h in the two studies were 1.04 ± 0.04
and 1.10 ± 0.06, which were significantly higher than m (0.99 ± 0.03, 1.00 ± 0.05, p < 0.01),
respectively. The above results indicated that the modified numerical method successfully
reduced the test error and was suitable for measuring RDRs of purple soil and loess soil
slopes under a rill width of 0.1 m.

Other scientists studied the sediment delivery and soil detachment with different rill
widths and soil types [45,46]. Huang et al. [45] studied the sediment delivery of Russell
silt loam and Saybrook silt loam under different slope lengths and flow rates with a flume
width of 0.2 m. As shown in Table 5, the mean proportional coefficients between the
numerical and analytical RDRs of Russell silt loam and Saybrook silt loam were 1.68 ± 0.58
and 1.34 ± 0.24, higher than those between the modified numerical and analytical RDRs
(0.99 ± 0.06 and 1.06 ± 0.11). Polyakov and Nearing [46] studied the change in sediment
concentrations with slope length over Carmi loam soil slope under different flow rates
and a flume width of 0.61 m. The proportional coefficients of h were clearly larger than m,
indicating the effective improvement of the modified numerical method.
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Table 5. Proportional coefficients of numerical/modified numerical rill detachment rates compared
with analytical RDRs.

Study Soil
Type

Rill
Width (m)

Slope Flow Rate
(L·min−1)

Proportional
Coefficient

Coefficient of
Determination ph pm

h m Rh
2 Rm

2

Chen et al.
[28]

Purple
soil

0.1

10◦
4 1.06 1.00 0.93 0.93 <0.001 <0.001
8 0.93 0.86 0.95 0.96 <0.001 <0.001

15◦
2 1.22 1.08 0.96 0.96 <0.001 <0.001
4 1.19 1.05 0.97 0.98 <0.001 <0.001
8 1.16 0.98 0.97 0.99 <0.001 <0.001

20◦
2 1.19 1.01 0.96 0.97 <0.001 <0.001
4 1.11 0.94 0.99 0.99 <0.001 <0.001
8 1.10 0.95 0.96 0.97 <0.001 <0.001

25◦
2 1.16 1.01 0.97 0.97 <0.001 <0.001
4 1.24 1.07 0.97 0.98 <0.001 <0.001
8 1.09 0.93 0.95 0.97 <0.001 <0.001

Lei et al.
[40]

Loess
soil

0.1

10◦
4 1.00 1.00 0.95 0.95 <0.001 <0.001
8 1.03 0.99 0.91 0.91 <0.001 <0.001

12 1.00 0.99 0.99 0.99 <0.001 <0.001

15◦
4 1.16 1.01 0.98 0.98 <0.001 <0.001
8 0.99 0.99 0.96 0.96 <0.001 <0.001

12 0.99 0.98 0.97 0.97 <0.001 <0.001

20◦
4 1.04 0.98 0.94 0.94 <0.001 <0.001
8 1.03 0.98 0.89 0.9 <0.001 <0.001

12 1.04 0.99 0.97 0.97 <0.001 <0.001

25◦
4 1.06 0.97 0.91 0.91 <0.001 <0.001
8 1.06 0.99 0.95 0.95 <0.001 <0.001

12 1.06 0.99 0.96 0.96 <0.001 <0.001

Zhang et al.
[27]

Loess
soil

0.1

17.62%
8 1.15 1.05 0.93 0.92 <0.001 <0.001

12 1.12 1.09 0.99 0.98 <0.001 <0.001

26.78%
2 1.03 0.98 0.97 0.96 <0.001 <0.001
4 1.04 0.99 0.99 0.95 <0.001 <0.001
8 1.10 1.01 0.98 0.99 <0.001 <0.001

36.38%
2 1.08 0.97 0.96 0.96 <0.001 <0.001
4 1.06 0.94 0.96 0.97 <0.001 <0.001
8 1.12 0.99 0.99 0.99 <0.001 <0.001

46.60%
2 1.19 1.02 0.98 0.98 <0.001 <0.001
4 1.20 1.03 0.99 0.99 <0.001 <0.001
8 1.02 0.92 0.95 0.96 <0.001 <0.001

Huang et al.
[45]

Russell
silt loam

0.2 6.30%

15.1 2.10 1.04 0.87 0.84 0.069 0.081
22.7 2.40 1.05 0.99 0.88 0.066 0.061
30.2 1.17 0.95 0.9 0.8 0.039 0.042
37.8 1.05 0.92 0.92 0.83 0.029 0.031

Saybrook
silt loam

0.2 2.40%
7.6 1.55 1.20 0.94 0.87 0.065 0.066
15.1 1.46 1.05 0.97 0.95 0.026 0.027
22.7 1.01 0.94 0.99 0.99 <0.001 <0.001

Polyakov and
Nearing [46]

Carmi
loam

0.61 7%
6 1.40 1.09 0.79 0.77 0.045 0.052
9 1.29 0.89 0.91 0.90 0.045 0.053

Notes: The values of h represent the proportional coefficients of numerical detachment rates compared with
analytical detachment rates. The values of m represent the proportional coefficients of modified numerical
detachment rates compared with modified analytical detachment rates. The values of Rh

2 and Rm
2 denote the

coefficients of determination.

In summary, the values of parameter h were greater than the values of parameter
m in the above studies. Specifically, the RDR calculated using the numerical method in
the previous study was high compared to the true value, which affected the calculation
of other parameters, such as soil erodibility, soil detachment capacity, and critical shear
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stress. The modified numerical RDRs were lower than the numerical RDRs and close to the
analytical RDRs, indicating that the modified numerical method significantly improved the
accuracy of calculating RDR on the basis of measured data. Simultaneously, researchers
can similarly correct published or unpublished historical data to provide a good dataset,
which will facilitate the establishment of good soil erosion prediction models. To date, the
application of this method under other underlying surfaces and detachment rates of other
erosion types remains to be studied.

4.2. Measurement Strategy for Improving Accuracy of Rill Detachment Rate Calculation

As shown in Figure 2, the RDR of saturated loess soil slope in the first 4 m determined
the curve trend, representing the stage with most errors occurring. Because the measured
slope lengths were at least 8 m in previous studies, the average absolute errors between
the numerical and modified numerical RDRs at the slope lengths of 0−4 m and 4−8 m
were calculated to verify the applicability of measurement strategy. As listed in Table 6, the
average absolute errors of RDRs for the 0−4 m slope length were significantly larger than
those for the 4−8 m slope length under five soil types and three flume widths (p < 0.05).
Overall, the average absolute errors of RDRs in the first 4 m were 0.18−131.63 (mean: 12.93)
times larger than those at the last 4 m (Table 6). Therefore, the measurement accuracy
of sediment concentrations in the range of slope length of 0−4 m was the key factor
influencing the RDR measurement on the saturated loess soil slope. Thus, the sampling
points of sediment concentrations should be increased at the forepart of the slope. This
measurement strategy of sediment concentrations could enhance the calculation accuracy
of RDR and reduce the cost of the experiment. Further studies should adopt this strategy
to avoid densely increasing the sampling points of sediment concentrations throughout
the slope.

Table 6. Average absolute errors between the numerical and the modified numerical rill detachment
rates.

Study Soil Type Rill Width (m) Slope Flow Rate
(L·min−1)

Average Absolute Error
(kg·m−2·s−1)

0–4 m 4–8 m

Huang et al.
[6,33] Loess soil 0.1

5
2 0.061 0.331
4 0.201 0.043
8 0.411 0.073

10
2 0.105 0.044
4 0.197 0.080
8 0.499 0.063

15
2 0.211 0.002
4 0.464 0.005
8 0.835 0.018

20
2 0.247 0.004
4 0.498 0.008
8 1.053 0.008

Chen et al. [28] Purple soil 0.1

10◦
4 0.055 0.017
8 0.125 0.061

15◦
2 0.063 0.021
4 0.147 0.044
8 0.382 0.066

20◦
2 0.072 0.011
4 0.168 0.023
8 0.368 0.074

25◦
2 0.066 0.014
4 0.196 0.038
8 0.349 0.048
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Table 6. Cont.

Study Soil Type Rill Width (m) Slope Flow Rate
(L·min−1)

Average Absolute Error
(kg·m−2·s−1)

0–4 m 4–8 m

Lei et al.
[40] loess soil 0.1

10◦
4 - -
8 0.241 0.070

12 0.353 0.320

15◦
4 0.228 0.073
8 - -

12 0.416 0.507

20◦
4 0.196 0.122
8 0.343 0.099

12 0.555 0.067

25◦
4 0.198 0.120
8 0.375 0.113

12 0.583 0.095

Zhang et al.
[27] Loess soil 0.1

17.62%
8 0.165 0.064

12 0.229 0.172

26.78%
2 0.086 0.048
4 0.165 0.095
8 0.396 0.162

36.38%
2 0.115 0.037
4 - -
8 0.491 0.116

46.60%
2 0.142 0.021
4 0.276 0.041
8 0.477 0.112

Huang et al.
[45]

Russell silt
loam

0.2 6.30%

15.1 0.030 0.011
22.7 0.045 0.027
30.2 0.058 0.030
37.8 0.067 0.043

Saybrook silt
loam

0.2 2.40%
7.6 0.016 0.014

15.1 0.049 0.029
22.7 0.051 0.039

Polyakov and
Nearing [46] Carmi loam 0.61 7%

6 - -
9 0.005 0.002

5. Conclusions

The numerical RDR at a certain interval of the rill was modified to obtain the modified
numerical RDR at the midpoint location, which efficiently reduced the relative error of
saturated loess soil from 58.3% to 4.6%. According to the datasets of previous studies,
the modified numerical method with different soil types and rill widths showed a wide
applicability and good accuracy. Moreover, on the basis of the absolute error distribution
between numerical and modified numerical RDRs, a measurement strategy with more
sampling points set at the forepart of the rill was proposed to enhance the accuracy of RDR
calculation. These results eventually indicated the remarkable performance of the modified
numerical method when simulating the rill detachment process using experimental data,
serving as a foundation for improving rill erosion models. Furthermore, researchers can
apply the measurement strategy and the modified numerical method to determine the
soil detachment rates of other erosion types, as well as correct published or unpublished
historical rill erosion data, to provide a good dataset for establishing a process-oriented soil
erosion prediction model.
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