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Abstract: Rainfall is a major contributor to water erosion of sloping cropland in Northeast China. Identifying how rain-
fall and slope gradient (S) influence runoff depth (RD) and sediment yield (SY) is crucial for preventing water erosion. 
Field measurements from runoff plots were collected from 2023 to 2024, and K-means clustering was applied to clarify 
the rainfall patterns. Response of RD and SY to the rainfall pattern and S were analysed. Key factors impacting RD and 
SY were explored. The results showed that three rainfall patterns were identified for 34 erosive rainfall events: A (41.2%, 
medium duration, medium rainfall intensity, and medium rainfall amount (RA)). B (50.0%, short duration, high rainfall 
intensity, and low RA) and C (5.4%, long duration, low rainfall intensity, high RA). Furthermore, the cumulative RD and 
SY increased with S for the same rainfall pattern. The cumulative RD and SY responded similarly to rainfall patterns for 
the same S. The contribution of the rainfall pattern to the cumulative RD and SY decreased in the order of C, A, and B. 
In addition, rainfall duration (D) and maximum 30-minute rainfall intensity were the key factors affecting RD and SY for 
rainfall pattern A, respectively. Rainfall erosivity (R) was the key factor affecting RD and SY for rainfall pattern B and C. 
R and RD were the dominant factors influencing the RD and SY for all rainfall events, respectively.
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Soil erosion is a global environmental problem 
(Wei et al. 2023; Juliev et al. 2024), resulting in land 
degradation (Yao et al. 2016). Rainfall is the primary 
cause of water erosion (Tao et al. 2017; Jia et al. 2022; 
Yang et al. 2022; Wang et al. 2024). The rainfall in-
tensity changes during the natural rainfall process 
(Frauenfeld & Truman 2004; Peng & Wang 2012; Wu 
et al. 2017), leading to various rainfall patterns (Wei 
et al. 2007; Wen et al. 2012) with different rainfall 

amounts, intensities, durations, and erosivities (Par-
sons & Stone 2006). Researchers have investigated 
the correlation between rainfall patterns and the 
amount of soil and water loss using rainfall simula-
tions. For example, Flanagan et al. (1988) found that 
the peak runoff amount of dry soils was 4 to 20 times 
larger during peak rainfall intensity in the late stage 
than for uniform rainfall intensity and peak rainfall 
intensity in other stages. Parsons and Stone (2006) 
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noted that the rainfall pattern did not significantly 
impact the runoff amount but significantly affected 
the sediment yield (SY). Furthermore, field data from 
runoff plots have been used to analyse the correlation 
between rainfall patterns and water erosion. Sobol 
et al. (2017) and Nishigaki et al. (2017) reported that 
high rainfall intensity with long duration or high 
rainfall amount (RA) were the dominant factors 
contributing to cropland soil erosion in the Nanshun 
Ural region and Tanzania. Pena-Angulo et al. (2020) 
observed that rainfall pattern with short duration, 
medium intensity, and high RA had the largest effect 
on soil erosion in the coastal region of Spain. Qin 
et al. (2015) stated that low RA with high intensity 
and short duration contributed the most to water 
erosion in the red loam region of China. Therefore, 
the rainfall pattern influencing water erosion differs 
significantly in different regions.

In addition to rainfall, the topography also affects soil 
erosion (Neves dos Santos et al. 2017; Londero et al. 
2021). The slope gradient (S) substantially influences 
soil and water loss by impacting soil infiltration (Nord 
& Esteves 2010; Shen et al. 2021) and overland runoff 
velocity (Chaplot & Le Bissonnais 2003; Meng et al. 
2021). Numerous studies have shown that the impact 
of S on soil erosion is highly complex. Hofbauer et al. 
(2023) noted that the runoff and sediment amounts 
increased with an increase in S in the Czech Republic. 
The reason is the higher runoff velocity on steeper 
slopes, resulting in more soil particle movement. De-
fersha et al. (2011) and Balacco (2013) observed that 
the runoff depth (RD) and SY firstly increased, then 
decreased with an increase in S in the Ethiopian Plateau 
and sandy loam region in southern Italy, respectively; 
a critical S  threshold was identified. Wu et al. (2018) 
and Balacco (2013) also found the critical S threshold 
in the loess plateau and southern Italy, respectively; the 
runoff did not accumulate after S exceeded the criti-
cal S, resulting in a decrease in soil erosion. Therefore, 
regional differences exist in the quantitative relation-
ship between S and the soil erosion rate.

Northeast China is a critical food production area 
(Bai et al. 2024). However, regional soil erosion has 
become a serious problem due to extensive develop-
ment in recent years (Liu et al. 2021; Yan et al. 2023). 
The annual decrease rate of the black soil layer is ap-
proximately 2 to 3 mm (Dai et al. 2022). Nearly 80% 
of the precipitation in this area falls in summer (Zhan 
et al. 1998; Zhang et al. 2020a; Dai et al. 2022). Long, 
gentle slopes are common in this region (Wang et al. 
2022). The dominant farming practice is longitudinal 

ridge tillage, which causes runoff accumulation and 
soil erosion (Zhang et al. 2020b; Ding et al. 2024). 
Therefore, the unique rainfall pattern and topographic 
characteristics are the main factors influencing water 
erosion in Northeast China. However, most studies 
on the effect of rainfall patterns on water erosion 
of sloping cropland have used rainfall simulations 
(Wen et al. 2012; Zheng et al. 2016), which do not 
provide information on water erosion under natural 
rainfall conditions. In addition, the gentle slopes 
in this region are unique in China. Thus, more re-
search is required to understand the effects of rainfall 
patterns on cropland erosion in this area. Therefore, 
this study is based on data from two consecutive 
years of monitoring runoff plots. The objectives 
are to (1) clarify the rainfall pattern, (2) analyse the 
RD and SY for different rainfall patterns and S, and 
(3) determine the key factors affecting the RD and 
SY for different rainfall patterns.

MATERIAL AND METHODS

Study area. The study was conducted at the Hailun 
soil and water conservation monitoring station, Chi-
nese Academy of Sciences, located in the Guangrong 
small watershed (47°21'16.95''N, 126°49'56.43''E), Hei-
longjiang Province, Northeast China. This region has 
a monsoon climate with cold-dry winters and hot-rainy 
summers. The annual RA ranges from 500 to 600 mm, 
and > 50% of the rainfall occurs from June to August. 
The annual air temperature and annual effective cu-
mulative temperature (≥ 10 °C) are 1.5 °C and 2 450 °C, 
respectively. The area is located in the black soil zone 
of the Songnen Plain. The topography is hilly, the S 
is 3° to 8°, and the average elevation is 210 m. The 
black soil has a thickness of approximately 30 cm. The 
soil organic matter content is 42.1 g/kg, and the clay, 
sand, and silt contents are 37.6%, 31.6%, and 30.8%, 
respectively. Corn and soybean are grown in rotation.

Experimental design and measurements. Six 
runoff plots with an area of 90 m2 (20 × 4.5 m) were 
established in a cropland area. Three plots had slopes 
of 5° and three had slopes of 7°. Longitudinal ridge 
tillage was used (20 cm ridge with 65 cm furrow), 
and manual weeding was performed twice during the 
seedling stage. The ridges were re-established twice 
during the growing season using inter-tillage, and 
after the harvest in the fall using rotary tillage. The 
runoff plots were planted in a maize-soybean rota-
tion system, i.e., maize in 2023 and soybean in 2024. 
The rainfall conditions were monitored in the rainy 
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season of 2023 to 2024 (June to September, 556.1 mm 
on average). A tipping bucket rain gauge was used 
to record the rainfall process. The rainfall parameters 
were calculated using RainRecord 1.06 software, 
including RA, rainfall duration (D), average rainfall 
intensity (I), maximum 30 min rainfall intensity (I30), 
and rainfall erosivity (R). Soil and water loss were 
measured using a runoff and sediment monitoring 
device (XYZ-III, Northeast Institute of Geography and 
Agroecology, Chinese Academy of Sciences, Harbin, 
China) (Sun et al. 2014). A HOBO data logger was 
used to record runoff. The runoff sample was dried 
and weighed at 105 °C, and the SY and sediment 
concentration were calculated. New runoff bottles 
were used before the next rainfall. The vegetation 
coverage (VC) was estimated using images acquired 
by an unmanned aerial vehicle (UAV) every 15 days 
from May 15 to September 30.

Data analysis. The R was calculated as follows:

R = EI30 	  (1)

E = ∑n
r=1(er × pr) 	  (2)

er = 0.29[1 – 0.72exp(–0.082ir)] 	  (3)

where:
E – the kinetic energy of a rainfall event (MJ/ha);
I30 – the maximum 30-min rainfall intensity (mm/h);
er – the per unit rainfall energy (MJ/(ha mm));
pr – the rainfall amount during period r (mm);
ir – the rainfall intensity during period r (mm/h);
r	 – the rainfall period divided into 1, 2, 3, ..., n periods 

according to the rainfall intensity.

SPSS 21.0 statistical software was used to deter-
mine the descriptive statistics and the distribution 
of the rainfall parameters; K-means clustering was 
applied to analyse the rainfall pattern. Significant 
differences in the VC were examined during the 
observation period, and the difference in the RD and 
SY were also examined for various rainfall patterns 
or slope gradients. Correlation analysis between 
RD and SY with different variables was performed. 
The highest correlations between RD and SY with 
different variables were determined using stepwise 
regression analysis.

Considering the existence of multiple linear cor-
relations between the influencing variables, the re-
lationship between RD and SY and the influencing 

variables was analysed using the partial least squares 
regression, which was performed using SIMCA-P 
11.5 software. We used two parameters to assess 
model fit. R2Y represents the portion of the model 
fit that accounts for the variation of the Y variable 
(dependent variable). Q2 represents the portion of the 
model assessed by cross-validation, it predicts the 
variation of the Y variable. Values of R2Y and Q2 close 
to 1.0 indicate a high model. The variable importance 
(VIP) values were used to determine the variable 
importance. A variable with a VIP > 1 has a larger 
contribution to the Y variable.

The plots were drawn using OriginPro 2024b 
software.

RESULTS

Characteristics of erosive rainfall events. Thirty-
four erosive rainfall events were recorded during the 
observation period, accounting for 30.4% of the total 
rainfall events (112); non-erosive rainfall events oc-
curred before 25 erosive rainfall events (Figure 1). 
The RA ranged from 4.0 to 180.6 mm, D  ranged 
from 20 to 3 175 min (Figure 2), I ranged from 0.7 to 
24.0 mm/h, I30 ranged from 3.6 to 50.8 mm/h, and 
R ranged from 2.2 to 2 006.9 (MJ mm)/(ha h). Ac-
cording to 3 rainfall parameters (RA, D, and I30), 
three rainfall patterns were identified for 34 erosive 
rainfall events (A, B, and C; Table 1, P < 0.05). Rainfall 
pattern A (41.2%) had medium D (560–1490 min), 
medium I (0.7–3.9 mm/h), and medium RA (10.6 to 
69.4  mm). Rainfall pattern B (50.0%) exhibited 
short D (20–500 min), high I (1.0–24.0 mm/h), and 
low RA (4.0–38.6 mm). Rainfall pattern C (5.4%) 
was characterised by long D (2685–3175 min), low I 
(0.8–4.0 mm/h), and high RA (40.6–180.6 mm). The 
I of rainfall pattern A and C was similar; it was 29% 
of the I of rainfall pattern B. Rainfall patterns A, 
B, and C predominantly occurred from August 
to September, June to July, and August, respec-
tively. Their frequencies accounted for 64.3%, 
58.8%, and 66.7%, and their RA accounted for 
79.1%, 71.9%, and 75.8%, correspondingly. The 
VC ranged from 3.0% to 96.8% and 13.2% to 95.5% 
for maize and soybean, respectively; it increased 
rapidly, increased slowly, kept a steady state, and 
decreased slowly during the monitoring period 
(Figure S1 in Electronic Supplementary Material 
(ESM), P < 0.05).

Runoff and sediment. No significant difference was 
found in the average RD and SY between different S 
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(Figure 3). A significant difference in the average RD 
and SY was observed among different rainfall patterns 
(Figure 4, P < 0.05). The average RD and SY for rain-
fall pattern C was 9.8 and 24.3, 22.7 and 13.4 times 
higher than for rainfall pattern A and B, respectively. 
Furthermore, a significant difference occurred in the 
average SY between different S for rainfall pattern A 

(Figure 5, P < 0.05). As the S increased from 5° to 7°, 
the SY increased by 2.9 times. Significant difference 
in the average RD and SY was found among different 
rainfall patterns at the same S (Figure 5, P < 0.05). For 
an S of 5°, the average RD and SY were 9.1 and 44.0, 
and 14.4 and 16.5 times higher for rainfall pattern C 
than for rainfall pattern A and B, respectively. For an S 

Table 1. Descriptive statistics of different rainfall patterns

Rainfall  
pattern

Sample  
size Parameter RA

(mm)
D

(min)
I I30 R

(MJ mm)/(ha h)(mm/h)

A 14

mean 30.6 856 2.2 17.2 148.5
min 10.6 560 0.7 3.6 4.8
P25 16.2 620 1.3 7.6 29.8

median 28.9 795 2.2 10.4 49.2
P75 35.8 1 031 3.0 26.6 177.3
max 69.4 1 490 3.9 40.4 618.4
SD 16.6 270 1.0 12.3 201.6

B 17

mean 13.8 185 7.3 20.3 95.3
min 4.0 20 1.0 3.6 2.2
P25 6.4 58 2.5 8.4 10.1

median 12.0 205 6.0 19.6 49.4
P75 19.6 275 10.4 27.2 140.2
max 38.6 500 24.0 50.8 465.4
SD 9.2 135 5.9 13.6 120.7

C 3

mean 97.3 2 853 2.1 25.1 772.9
min 40.6 2 685 0.8 9.6 57.4
P25 40.6 2 685 0.8 9.6 57.4

median 70.8 2 700 1.6 20.0 254.5
P75 – – – – –
max 180.6 3 175 4.0 45.6 2 007.0
SD 73.7 279 1.7 18.5 1 073.2

RA – rainfall amount; D – rainfall duration; I – average rainfall intensity; I30 – maximum 30 min rainfall intensity; R – rainfall 
erosivity; P25 – lower quartile value; P75 – upper quartile value; SD – standard deviation

Figure 1. Non-erosive and erosive rainfall events in 2023 (A) and 2024 (B)
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of 7°, the average RD and SY were 8.4 and 17.4, and 
22.7 and 13.6 times higher for rainfall pattern C than 
for rainfall pattern A and B, respectively.

For the same S, the cumulative RD was similar for 
different rainfall patterns (Figure 6). The contribu-
tion of the rainfall pattern to the cumulative RD de-

Figure 2. Rainfall parameters of erosive rainfall events: (A) RA, (B) D, (C) I, (D) I30, (E) R
RA – rainfall amount; D – rainfall duration; I – average rainfall intensity; I30 – maximum 30 min rainfall intensity; R – rainfall 
erosivity
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Figure 6. Interaction effect of rainfall pattern and slope gra-
dient on cumulative runoff depth (A) and sediment yield (B)

Figure 5. Interaction effect of  rainfall pattern and slope 
gradient on average runoff depth (A) and sediment yield (B)
*Indicates that the value is significantly different for different 
slope gradients, P < 0.05; lowercase letters indicate that the 
value is significantly different at different rainfall patterns

Figure 3. Average runoff depth (A) and sediment yield (B) 
for different slope gradients

Figure 4. Average runoff depth (A) and sediment yield (B) 
for different rainfall patterns
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creased in the order of C (67.2% to 74.0%), A (19.4% 
to 21.6%), and B (4.4% to 13.4%). For the same S, the 
cumulative SY differed for different rainfall patterns 
(Figure 6). For an S of 5°, the contribution of the 
rainfall pattern to cumulative SY decreased in the 
order of C (73.8%), A (14.8%), and B (11.4%). For 
an S of 7°, the contribution of the rainfall patterns 
to the cumulative SY decreased in the order of C 
(73.4%), B (18.4%), and A (8.2%). Furthermore, for 
the same rainfall pattern, the cumulative RD and SY 
were the same for different S. As the S increased, the 
cumulative RD and SY increased by 1.9% to 245.6%, 
and 2.1 to 8.1 times, respectively.

Correlation between influencing factors and the 
runoff depth and sediment yield. The correlation 
between the influencing factors and the RD and SY 
was similar for different S (Table 2). The RD and SY 
were significantly positively correlated with R, RA, 
and D for an S of 5° and with R, RA, D, and I30 for 
an S of 7°.

The correlation between the influencing factors and 
the RD and SY differed for different rainfall patterns. 
The RD was significantly correlated with the RA, D, 

I30, and R for rainfall pattern A, B, and all rainfall 
patterns and with the RA, I, I30, and R for rainfall 
pattern C. The SY was significantly correlated with 
the I, I30, R, and S for rainfall pattern A, with the I30 
and R for rainfall pattern B, and with the RA, D, I30, 
and R for all rainfall pattern (Table 3).

Key factors influencing runoff and sediment. 
Partial least squares regression was used to analyse 
the correlation between the influencing factors and 
the RD and SY. The RD and SY were the dependent 
variables, and the S, P, D, I, I30, R, VC, and RD were 
the independent variables (Table 4).

For the RD, at rainfall pattern A, the regression 
equation explained 47.1% of the variation in RD (R2Y) 
and had 17.8% predictive ability (Q2). Four VIP values 
were greater than 1 (Figure 7), and the contribution 
of the variables to the RD decreased in the order of D, 
RA, R, and I30. The D was the maximum contributor 
(1.30). The RD increased with increases in D, RA, 
R and I30. For rainfall pattern B, the regression equa-
tion explained 64.5% of the variation in RD and had 
48.0% predictive ability. Four VIP values were greater 
than 1, the contribution of the variables to the RD 

Table 2. Correlation coefficients between influencing factors and the runoff depth (RD) and sediment yield (SY) for 
different slope gradients (S)

Indicators S (°) RA D I I30 R VC

RD
5 0.917** 0.538* –0.072 0.36 0.929** 0.361
7 0.899** 0.526* –0.077 0.440* 0.944** 0.242

SY
5 0.899** 0.448* –0.033 0.432 0.945** 0.272
7 0.863** 0.458* –0.047 0.450* 0.927** 0.196

RA – rainfall amount; D – rainfall duration; I – average rainfall intensity; I30 – maximum 30 min rainfall intensity; R – rainfall 
erosivity; VC – vegetation coverage; *, **P < 0.05, 0.01

Table 3. Correlation coefficients between influencing factors and the runoff depth (RD) and sediment yield (SY) for 
different rainfall patterns

Indicators Rainfall pattern RA D I I30 R VC S

RD

A 0.725** 0.577* 0.424 0.554* 0.641** 0.264 0.17
B 0.506* 0.466* –0.161 0.495* 0.533* –0.398 0.312
C 0.963** –0.422 0.953** 0.940** 0.987** 0.536 0.011
all 0.907** 0.529** –0.074 0.402** 0.936** 0.299 0.012

SY

A 0.419 –0.008 0.478* 0.711** 0.545* 0.056 0.503*
B 0.419 0.383 –0.127 0.529* 0.519* –0.262 0.298
C 0.740 –0.36 0.734 0.726 0.753 0.367 0.378
all 0.707** 0.357* –0.028 0.370* 0.756** 0.183 0.167

RA – rainfall amount; D – rainfall duration; I – average rainfall intensity; I30 – maximum 30 min rainfall intensity; R – rainfall 
erosivity; VC – vegetation coverage; S – slope gradient; *, **P < 0.05, 0.01
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decreased in the order of R, I30, RA, and D. R was the 
maximum contributor (1.31). The RD increased with 
increases in R, I30, RA, and D. For rainfall pattern C, 
the regression equation explained 99.8% of the varia-
tion in RD and had 99.0% predictive ability. Four VIP 
values were greater than 1; the contribution of the 
variables to the RD decreased in the order of R, RA, I, 
and I30. The R was the maximum contributor (1.25). 
The RD increased with increases in R, RA, I, and I30. 
For all rainfall patterns, the regression equation 
explained 60.1% of the variation in the RD and had 
34.5% predictive ability. Two VIP values were greater 
than 1. The contribution of the variables to the RD 
decreased in the order of R and RA. The R was the 
maximum contributor (1.55). The RD increased with 
increases in R and RA.

For the SY, at rainfall pattern A, the regression 
equation explained 60.5% of the variation in the SY 
and had 28.2% predictive ability. Three VIP values 
were greater than 1 (Figure 8). The contribution 
of the variables to the SY decreased in the order of I30, 
S, and RA. The I30 was the maximum contributor 
(1.27). The SY increased with increases in I30, S, and 
RA. For rainfall pattern B, the regression equation 
explained 96.9% of the variation in the SY and had 
73.2% predictive ability. Four VIP values were greater 
than 1. The contribution of the variables to the SY 
decreased in the order of R, D, VC, and RD. The R was 

the maximum contributor (1.45). The SY increased 
with increases in R, D, VC, and RD. For rainfall pat-
tern C, the regression equation explained 97.9% 
of the variation in the SY and had 91.0% predictive 
ability. Three VIP values were greater than 1. The 
contribution of the variables to the SY decreased 
in the order of R, RD, and S. R was the maximum 
contributor (1.45). The SY increased with increases 
in R, RD, and S. For all rainfall patterns, the regression 
equation explained 71.4% of the variation in the SY 
and had 14.3% predictive ability. Three VIP values 
were greater than 1. The contribution of the vari-
ables to the SY decreased in the order of RD, R, and 
RA. The RD was the maximum contributor (1.55). 
The SY increased with increases in RD, R, and RA.

DISCUSSION

Rainfall pattern. Rainfall is the major contributor 
to water erosion (Yao et al. 2016; Pena-Angulo et al. 
2020; Wei et al. 2023; Juliev et al. 2024). Differences 
in rainfall parameters (RA, D, I, I30, R, etc.) result 
in different rainfall patterns (Parsons & Stone 2006; 
Peng & Wang 2012; Tao et al. 2017) and water erosion 
intensities. In this study, rainfall pattern B (short D, 
high I, and low RA) was the rainfall pattern with the 
highest frequency; its contribution to the cumulative 
SY was moderate. This result was in agreement with 

Table 4. Regression equation of the relationship between the influencing factors and the runoff depth (RD) and sediment 
yield (SY) for different rainfall patterns

Rainfall 
pattern

Dependent 
variable Regression equation R2Y Q2

A
RD RD1 = 1.039 + 0.195RA + 0.344D + 0.045I + 0.108I30 + 0.105R + 0.068VC + 0028S 0.471 0.178

SY SY1 = 0.707 – 0.080RA – 0.238D + 0.116I + 0.360I30 + 0.055R – 0.133VC + 
+ 0.268RD1 + 0.417S 0.605 0.282

B
RD RD2 = 0.697 + 0.188RA + 0.169D – 0.052I + 0.206I30 + 0.215R – 0.144VC + 0.112S 0.480 0.103

SY SY2 = 0.301 – 0.009RA + 0.013D + 0.031I + 0.004I30 – 0.006R + 0.021VC +  
+ 0.483RD2 + 0.009S 0.969 0.732

C
RD RD3 = 0.766 + 0.225RA + 0.012D – 0.217I + 0.208I30 + 0.247R – 0.263VC + 0.008S 0.998 0.990

SY SY3 = 1.133 – 0.161RA + 0.272D – 0.022I + 0.068I30 – 0.749R – 0.097VC + 
+ 3.903RD3 + 0.568S 0.979 0.910

All
RD RDT = 0.353 – 0.597RA + 0.225D + 0.038I – 0.358I30 + 1.647R – 0.067VC + 0.013S 0.954 0.674

SY SYT = 0.244 + 0.188RA – 0.030D + 0.043I + 0.044I30 + 0.266R – 0.142VC +  
+ 0.391RD + 0.198S 0.714 0.143

RD1 – RD at rainfall pattern A; RD2 – RD at rainfall pattern B; RD3 – RD at rainfall pattern C; RDT – RD at all rainfall patterns; 
SY1 – SY at rainfall pattern A; SY2 – SY at rainfall pattern B; SY3 – SY at rainfall pattern C; SYT – SY at all rainfall patterns; 
RA – rainfall amount; D – rainfall duration; I – average rainfall intensity; I30 – maximum 30 min rainfall intensity; R – rainfall 
erosivity; VC – vegetation coverage; S – slope gradient
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that of Zhan et al. (1998) and Dai et al. (2022) in this 
region. The possible reason was that high I resulted 
in high kinetic energy, breaking down soil aggregates; 
short D accelerates the occurrence of surface runoff, 
the shear force of runoff and sediment transport 
capacity strengthened; the low RA limited the total 
amounts of SY (Sobol et al. 2017). Furthermore, 
rainfall pattern C (long D, low I, and high RA) was 
the extreme erosive rainfall event, and contributed 
the most to the cumulative SY. This rainfall event had 
the largest daily RA (97.5 to 247.5 mm) in the 1961 

to 2018 period in this region (Zhang et al. 2020a). 
The rainfall event on 3rd August 2023 contributed 
98.1% of the total SY in rainfall pattern C and 72.2% 
of the total SY in the entire observation period. This 
rainfall pattern occurred 4 times from 2013 to 2024; 
thus, it should not be ignored and should be investi-
gated to prevent soil erosion. The soil erosion of this 
rainfall pattern have been caused by long-time soil 
saturation, which decreased the soil erosion resistance 

Figure 8. Variable importance (VIP) values for variables 
affecting sediment yield: A (A), B (B), C (C), and all rainfall 
patterns (D)
RD – runoff depth; RA – rainfall amount; D – rainfall duration; 
I – average rainfall intensity; I30 – maximum 30 min rainfall 
intensity; R  – rainfall erosivity; VC – vegetation coverage; 
S – slope gradient

Figure 7. Variable importance (VIP) values for variables affecti-
ng runoff depth: A (A), B (B), C (C), and all rainfall patterns (D)
RA – rainfall amount; D – rainfall duration; I – average rainfall 
intensity; I30 – maximum 30 min rainfall intensity; R – rainfall 
erosivity; VC – vegetation coverage; S – slope gradient
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(Meng et al. 2021); the runoff lasted for a long time, 
transporting soil particles downslope; after the soil 
became wet in the early stage, the sediment transport 
capacity of the runoff increased significantly in the 
later stage, contributing the most to the cumulative SY 
(Nishigaki et al. 2017). In addition, rainfall pattern A 
(medium D, I, and RA) had a medium frequency 
and contributed the least to the cumulative SY. This 
finding agreed with that of Ding et al. (2024) in this 
region, rainfall with medium I has limited raindrop 
kinetic energy, the effect of the raindrop impact 
on the soil surface is relative weaker, medium RA 
and D resulted in moderate runoff volume and sedi-
ment transport capacity (Wu et al. 2017), resulting 
in surface crusting (Chaplot & Le Bissonnais 2003) 
and stable soil infiltration rate; thus, little water ero-
sion occurred (Yang et al. 2022). However, Yan et al. 
(2023) noted that moderate D, high RA, and high I 
caused the most water erosion in Northeast China. 
This difference could be attributed to different plot 
sizes, which would change the sediment transport. 
Other studies also reported different effects of the 
dominant rainfall patterns on soil erosion, which 
can be attributed to regional variability in climate, 
soil properties, and topographic factors (Wei et al. 
2007; Peng & Wang 2012; Qin et al. 2015; Neves dos 
Santos et al. 2017).

Key factors. The R and RA were the dominant 
factors affecting the RD for all rainfall patterns. The 
R contributed the most to the RD because an increase 
in R increases raindrop impact energy (Zhang et al. 
2020b) and runoff turbulence, and decreased the soil 
infiltration, and finally resulted in the RD increased 
(Wen et al. 2012). Similarly, the RA also substantially 
affected the runoff amount; it was the water source 
of runoff generation and runoff amount. An increase 
in RA accelerated the time of runoff, increasing the 
RD (Zhan et al. 1998). Besides, the D, RA, R, and I30 
were the dominant contributors to the RD for rainfall 
pattern A. The R, I30, RA, and D were the primary 
factors affecting the RD for rainfall pattern B. For 
rainfall pattern C, the R, RA, I, and I30 substantially 
influenced the RD. This result indicated that these 
rainfall parameters were the dominant factors affect-
ing the RD. The D affected soil infiltration, an in-
crease in D promotes more rainfall become to runoff 
(Bai et al. 2024). The higher the I30, the higher the I, 
the increase in these values might exceed the soil 
infiltration capacity, resulting in insufficient time 
for rainfall to infiltrate, triggering surface runoff 
(Zheng et al. 2016; Sobol et al. 2017).

In addition, surface runoff generated by rainfall 
is the carrier of the occurrence of water erosion 
(Frauenfeld & Truman 2004). The RD, R, and RA 
were the main factors affecting sediment transport 
for all rainfall patterns. The RD contributed the most 
to the SY, because it reflects the synergistic interac-
tion between rainfall and the surface, serving as the 
fundamental driving force for sediment generation 
and determining the sediment transport capacity (Dai 
et al. 2022). As the RD increased, the interaction effect 
of raindrop impact and runoff scouring increased; 
more water was available to transport sediments, and 
the sediment carrying capacity increased (Ding et al. 
2024). Besides, the R and RA directly and indirectly 
affected the SY by influencing the RD. As the R in-
creased, more loose soil particles were generated, and 
the soil detachment capacity and sediment transport 
capacity increased (Wen et al. 2012). An increase 
in RA resulted in an increased runoff amount and then 
sediment carrying capacity, and more soil particles 
were transported (Sobol et al. 2017). Furthermore, 
the I30, RA, and S contributed the most to the SY for 
rainfall pattern A. The R, D, VC, and RD were crucial 
factors impacting the SY for rainfall pattern B. The 
R, RD, and S significantly affected the SY for rainfall 
pattern C. The result indicated that these rainfall 
parameters were the main factors affecting the SY, 
followed by the S and VC. As mentioned above, the 
R and RD were the key factors contributing to the SY. 
The higher the I30, the higher the I, the raindrop im-
pact destroyed the soil structure, resulting in more 
loose soil particles (Flanagan et al. 1988; Zhang et al. 
2020b); an increase in runoff turbulence enhanced 
the sediment transport capacity (Jia et al. 2022). The 
soil cohesive force decreased with an increase in S 
due to the gravity effect (Nord & Esteves 2010; Wu 
et al. 2018). An increase in the raindrop lateral shear 
force reduced the soil corrosion resistance (Shen et al. 
2021; Dai et al. 2022); thus, more soil particles were 
transported (Zheng et al. 2016; Hofbauer et al. 2023). 
Different results were observed in other regions due 
to differences in the climate, topography, and soil 
type, etc (Defersha et al. 2011; Balacco 2013). The 
VC reflects the vegetative, reproductive, and mature 
growth stages and had important impact on the SY 
(Wei et al. 2023). Dense vegetation structure reduces 
the raindrop impact (Wang et al. 2024). A dense 
root system holds the soil in place and increases 
the erosion resistance, decreasing the SY (Londero 
et al. 2021). The differences in VC between the ini-
tial and final stages of the two crops are attributed 
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to their growth characteristics during the seedling, 
senescence, and abscission stages (Yan et al. 2023). 
Our results show that runoff had a significant effect 
on sediment transport.

CONCLUSION

The erosive rainfall events were dominated by rain-
fall pattern with short duration, high intensity, and 
low amount (50.0%). The runoff depth and sediment 
yield significantly increased with the slope gradients 
for the same rainfall pattern. Rainfall pattern C, with 
long duration, low rainfall intensity, and high rainfall 
amount, had the largest influence on the cumulative 
runoff depth (67.2% to 74.0%) and sediment yield 
(73.4% to 73.8%), it was the most destructive to soil 
erosion in the observation period. The rainfall ero-
sivity and amount significantly affected the runoff 
depth for all rainfall patterns. The runoff depth, 
rainfall erosivity, and rainfall amount were key fac-
tors affecting the sediment yield.
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