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Abstract: Large-scale irrigation can alter the regional water cycle process, which changes the structure
and spatiotemporal distribution of local and downwind precipitation, impacting soil erosion in both
the irrigated areas and the surrounding regions. However, the effects of large-scale irrigation on soil
erosion in downwind vulnerable areas have not been investigated. The study used the high-resolution
regional climate model (RegCM4) and the revised universal soil loss equation (RUSLE) to examine
the effects of irrigation-induced precipitation in Northwest China on the frequency, distribution,
and intensity of precipitation in the Yellow River Basin (YRB) under different Representative Con-
centration Pathways (RCPs). The response characteristics of soil erosion to the irrigation-induced
precipitation effects and its relationship with slope, elevation, and land use type were analyzed as
well. The results indicate that soil erosion in most regions of the YRB is below moderate, covering
84.57% of the basin. Irrigation leads to a 10% increase in summer precipitation indices (e.g., total
wet-day precipitation, consecutive wet days, number of wet days with precipitation ≥ 1 mm, and
number of heavy precipitation days with precipitation ≥ 12 mm) in the northwest of the basin.
Irrigation also leads to a change in local circulation, resulting in reduced precipitation in the southeast
of the basin, particularly under the RCP8.5 scenario. The transformation of erosion intensity between
low-grade and high-grade erosion is relatively stable and small under the influence of precipitation.
However, soil erosion changes display strong spatial heterogeneity, inter-annual and intra-annual
fluctuations, and uncertainties. The findings of this study can be helpful for policymakers and water
resource managers to better understand the impacts of large-scale irrigation on the environment and
to develop sustainable water management strategies.

Keywords: large-scale irrigation; precipitation; soil erosion; regional climate model; Yellow River Basin

1. Introduction

Soil degradation caused by water erosion affects terrestrial ecosystems globally [1–3].
Global statistics show that 1.094 billion hm2 of land is affected by water erosion, with
7.51 million hm2 seriously impacted [4]. This results in soil nutrient loss, degradation,
and a decline in productivity, exacerbating land scarcity [5]. Water erosion also causes the
siltation of ditches and ponds, reducing their capacity for drainage and irrigation, leading
to a decrease in agricultural productivity and an increase in floods, droughts, and other
disasters. This further threatens the ecological environment, agricultural production, and
social and economic sustainability [6,7]. Therefore, evaluating regional soil erosion intensity
and its spatiotemporal distribution characteristics is of great significance for identifying
key soil and water conservation areas and formulating corresponding measures.

China faces severe soil erosion, particularly in its arid and semi-arid areas [8]. The third
Survey of Soil and Water Loss in China reports 5 billion tons of soil loss annually, with an
average erosion intensity of 3800 t·km−2·a−1 in water-eroded areas. Soil and water loss has
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become one of the important factors restricting the steady development of China’s economy
and society. Arid and semi-arid regions’ soil erosion is primarily driven by precipitation,
particularly changes in extreme precipitation events [9]. Topsoil in these areas is particularly
susceptible to erosion during floods, especially due to intensive agricultural activities and
low vegetation cover [10,11]. In addition, Large-scale irrigation, which is often necessary
for agriculture in China’s arid and semi-arid regions, can impact the regional water budget
and alter the patterns of extreme and seasonal precipitation, leading to changes in soil
erosion’s spatiotemporal distribution [12–14]. Mountainous and hilly regions with steep
slopes and complex geological structures are particularly sensitive to soil erosion’s changes
in precipitation intensity, frequency, and distribution [15]. Despite the potential economic
and ecological losses, there is little attention given to irrigation-induced precipitation effects
on soil erosion’s spatiotemporal distribution in these regions.

The Yellow River basin (YRB) is an important region in China, both economically
and ecologically, providing significant output and essential services. Part of the YRB, the
Loess Plateau, is one of the most severely affected areas of soil erosion globally due to
its fragmented landform, high-intensity rainstorms, and human activities [16,17]. This
erosion has led to decreased soil fertility, reduced surface vegetation, and a decline in land
productivity [18]. At the same time, sediment deposition in the river causes the riverbed to
continuously rise, resulting in floods and other disasters. Despite some studies estimating
the state of soil erosion in the YRB, these have mainly focused on the current situation
or small-scale areas [16,19–22]. Recent proposals suggest transferring the abundant wa-
ter resources of Southwest China to the water-scarce regions of Northwest China, which
could alleviate water shortages in agriculture and improve the fragile ecological environ-
ment [23,24]. As an important human agricultural activity, irrigation significantly impacts
natural water cycling and the distribution of surface energy, inevitably affecting the regional
climate through changes in land-atmosphere coupling, boundary layer processes, and pre-
cipitation system evolution [25]. Studies indicate that if this idea is implemented, large-scale
irrigation in Northwest China will change the frequency, intensity, and spatiotemporal
distribution of precipitation in the irrigated and surrounding areas [26]. However, the
impacts of the precipitation effects produced by the proposed irrigation project on soil
erosion have not been investigated in YRB. Due to the YRB’s complex topography and vast
area, directly measuring the impact of irrigation on soil erosion is difficult, expensive, and
almost impossible. Therefore, understanding the impact of irrigation-induced precipitation
effects on soil erosion with the help of numerical models is crucial for the YRB to develop
future adaptation strategies and land plans.

The quantification of water erosion has gained worldwide attention [22,27]. Most
studies on soil erosion have focused on small areas, such as slopes and small watersheds,
using community experiments and mathematical models. The widely used models for
quantifying water erosion include the Universal Soil Loss Equation (USLE) [28], the Water
Erosion Prediction Project model (WEPP) [29], the revised universal soil loss equation
(RUSLE) [30], and other models. RUSLE is widely recognized for its simplicity, compati-
bility with Geographic Information Systems (GIS), and efficiency, and it has been applied
in various regions with different sizes and environmental conditions [31,32]. The RUSLE
model considers factors such as rainfall, topography, vegetation, soil, and management mea-
sures and calculates the annual soil loss due to erosion through a factor-based method [33].
It has been well-applied in small and medium-sized regions or basins in China, such as
the Loess Plateau, Bohai Rim, Hexi Corridor region, and Jiangxi Province [9,31,32,34].
However, there is limited attention given to large-scale watersheds. Thus, researchers
in China have improved the RUSLE model’s factor calculation method to make it more
suitable for complex and broad areas. However, the default semi-empirical formulas used
in RUSLE to calculate various factors, such as the Rainfall erosivity factor, Soil erodibil-
ity factor, and Topographic factor, cannot be applied to all regions with complex natural
geographical and climatic features. Therefore, domestic researchers have improved the
factor calculation method of the RUSLE model to make it more applicable to complex and
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vast regions [35,36]. Therefore, selecting suitable empirical calculation formulas for factors
during the application of RUSLE is of great significance for ensuring the reliability of the
results.

The study aims to assess the impact of large-scale irrigation on soil erosion in the YRB
by using the RegCM4 model to dynamically downscale GCM products and applying the
RUSLE model for water erosion assessment. The analysis will focus on comparing soil
erosion patterns with and without irrigation and exploring the spatiotemporal variation
of soil erosion in the region, taking into account different land use and land cover (LULC)
types and geographical features. Section 2 will present the RegCM4 model, the RUSLE
model, the preparation of data, and the methodology used. Section 3 will present the results
of the climatic analysis and soil erosion under different geographical conditions. Section 4
will examine the potential factors driving changes in soil erosion patterns. Finally, Section 5
will summarize the key findings of the study, providing a theoretical basis for controlling
soil erosion under the influence of climate change and large-scale irrigation and promoting
soil conservation.

2. Data and Methodology
2.1. Data Preparation

The YRB constitutes an essential ecological and economic region in Northwest China
(Figure 1). This region is not only an essential ecological corridor connecting China’s three
major plateaus (e.g., Loess Plateau, Qinghai-Tibet Plateau, and Inner Mongolia Plateau)
and Huang-Huai-Hai Plain but also the area with the most severe soil erosion in China.
The combined effects of low vegetation coverage, strongly erosive features of the loess
soil, steep terrain, and frequent heavy rainfall in the flood season make the YRB one of
the most erosive regions globally [16,17]. To explore the potential impact of large-scale
irrigation-induced precipitation effects on soil erosion in the YRB, normalized vegetation
index (NDVI), daily precipitation obtained from regional climate model simulations, soil
type, a digital elevation model (DEM), and LULC types were used to calculate soil erosion.
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The precipitation data used in this study came from historical experiments conducted
between 1970–2000 and future projections under the Representative Concentration Path-
ways (RCPs) (2020–2050) of the MPI-ESM-MR model [37]. The MPI-ESM-MR model was
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developed by the Max Planck Institute for Meteorology in Germany and has been exten-
sively tested and evaluated against a range of observations and other models, showing
good simulation performance for China [38,39]. MPI-ESM-MR provided the initial and
lateral boundary conditions for the RegCM4 model to conduct dynamic downscaling sim-
ulations in the YRB. By switching irrigation schemes on and off in RegCM4, the regional
climatology with and without irrigation were simulated (details in Section 2.2). To evaluate
the performance of the RegCM4 model, the observed temperature and precipitation data
from the CN05 dataset [40] with a resolution of 0.5◦ × 0.5◦ during the period of 1971–2000
was used. The topographic factor (LS) was calculated using a 90 m resolution DEM from the
Shuttle Radar Topography Mission (https://srtm.csi.cgiar.org/ (accessed on 1 March 2023)).
Other datasets used in the analysis, including LULC, NDVI, and soil data, were obtained
from the Resource and Environment Science and Data Center (https://www.resdc.cn/
(accessed on 1 March 2023)), the International Soil Reference and Information Center
(https://files.isric.org/soilgrids/latest/data/ (accessed on 1 March 2023)), respectively. All
datasets were converted to a common map projection with a pixel size of 1 km for analysis.

2.2. Irrigation Scheme Description, Model Setup, and Numerical Experiments

The precipitation data was obtained by downscaling the MPI-ESM-MR historical
(1971–2000) and future (2021–2050) results using the RegCM4 model developed by the
International Center for Theoretical Physics in Italy [41]. RegCM4 is a regional climate
model with a dimensional, hydrostatic, compressible, primitive equation and a σ-vertical
coordinate. The model offers three different convection schemes (Kuo, Grell, Emanuel,
Tiedtke, and Kain-Fritsch) for nonresolvable rainfall processes and three surface schemes
(BATS, CLM3.5, and CLM4.5) to choose from. The study’s selection of the RegCM4 model
parameterization scheme was based on the findings of Gao et al. [42], which showed
good performance in simulating the regional climate in China. Table S1 contains detailed
information on the configuration of the scheme.

To obtain the regional precipitation under large-scale irrigation, we set the irrigation
amount as the net rainfall reaching the topsoil after being intercepted by the vegetation
canopy [43].

Pnet = Pr + Pi + Sm − E (1)

In Equation (1), Pnet is the net rainfall that reaches the topsoil; Pr is precipitation;
Pi is the irrigation amount; Sm is snow melt water; E is evapotranspiration. The water
transfer mechanism was then coupled into the land surface model CLM3.5, which is the
land surface component of RegCM4.

The study used precipitation simulation results with and without irrigation under
RCP4.5 and RCP8.5 scenarios, based on the irrigation scenario assumption of Zhao et al. [26],
to calculate soil erosion. The experimental design is presented in Table 1, with further details
available from Zhao et al. [26]. Experiment 1 aims to verify the RegCM4’s performance in
simulating historical climatology. Experiments 2 and 4 are control experiments without
irrigation under the RCP4.5 and RC8.5 scenarios, respectively. Experiments 3 and 5 are
under the two RCPs but with irrigation. Among them, the precipitation from experiments
2–5 was used to calculate the rainfall erosivity factor in the RUSLE model. The RG_RF
aimed to verify the RegCM4’s ability to simulate historical climatology. Experiments N45
and N85 were control experiments conducted without irrigation under RCP4.5 and RCP8.5
scenarios, respectively. Experiments Y45 and Y85 were conducted under the two RCPs with
irrigation. The precipitation data from experiments 2–5 was used to calculate the rainfall
erosivity factor in the RUSLE model.

https://srtm.csi.cgiar.org/
https://www.resdc.cn/
https://files.isric.org/soilgrids/latest/data/
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Table 1. Description of the irrigation experiment in this study.

Experiment Scenario Description

RG_RF Historical Default LULC type (without irrigation)
N45 RCP4.5 Default LULC type (without irrigation)

Y45 RCP4.5 The LULC type of the irrigated area is modified
to crop (with irrigation)

N85 RCP8.5 Default LULC type (without irrigation)

Y85 RCP8.5 The LULC type of the irrigated area is modified
to crop (with irrigation)

Notes: “N” and “Y” represent experiments with and without irrigation, respectively, and “45” and “85” indicate
the RCP4.5 and RCP8.5 scenarios, respectively.

2.3. The RUSLE Model for Estimating Soil Erosion

The RUSLE was used to estimate the impact of irrigation-induced precipitation effects
on the spatiotemporal pattern of soil erosion in the YRB.

A = R × K × LS × C × P (2)

where A represents the annual soil erosion modulus per unit area (t·ha−2·year−1); K is the soil
erodibility factor (t·h·MJ−1·mm−1); R is the rainfall erosivity factor (MJ·mm·ha2·h−1·a−1);
LS is the topographic factor; P and C stand for the soil conservation practice and the cover
and management factors (dimensionless), respectively. Since this study focuses on the
impact of irrigation-induced precipitation effects on soil erosion, K, LS, C, and P in the
hypothesis formula, stay constant under different RCPs. The Soil erosion amounts are
categorized into seven levels, from extremely severe (>150 t·ha−2·year−1) to very slight
(<5 t·ha−2·year−1), based on the standard for classification and grading of soil erosion
established by the Ministry of Water Resources, China [44].

2.3.1. Rainfall Erosivity Factor (R)

The rainfall erosivity factor (R, unit: MJ·mm·ha2·h−1·a−1) is an important index
reflecting the effect of rainfall on soil erosion. The Richardson daily precipitation erosivity
estimation model modified by Zhang et al. [45] is used to calculate the R factor.

Ri = α
k

∑
j=1

(
pj
)β

i (3)

where Ri represents the half-month rainfall erosivity; pj represents the daily rainfall of day
j-th of the i-th half month, which is required to be ≥12 mm [3,46]; i represents the i-th half
month. The α and β are defined as follows:

α = 21.568β−7.1891 (4)

β = 0.8363 +
18.177
Pd12

+
24.455
Py12

(5)

where Pd12 represents the average daily rainfall that is higher than 12 mm/day and Py12
represents the yearly average rainfall for days with rainfall higher than 12 mm/day. The
precipitation data used in the calculation of the R-factor are all from the output results of
the RegCM4 dynamic downscaling experiment in Table 1.

2.3.2. Soil Erodibility Factor (K)

The soil erodibility factor algorithm proposed by Wischmeier and Smith [28] is used to
obtain the soil erodibility factor (K, unit: t·h·MJ−1·mm−1), which represents the sensitivity
and rate of soil erosion.

K = [2.1 × 10−4M1.14(12 − a) + 3.25(b − 2) + 2.5 × (c − 3)] × 0.1317/100 (6)
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M = (Msilt + Mvfs) × (100 − Mc) (7)

where a, b, and c are the organic matter content, soil structure grade, and soil saturation
capability, respectively; Msilt, Mvfs, and Mc are the content of silt sand particles, very fine
sand particles, and clay particles, respectively.

2.3.3. Topographic Factor (LS)

The topography factor (LS) is an essential factor inducing soil erosion and a necessary
input parameter in constructing soil erosion models. The combined formula proposed by
Liu et al. [35] and McCool et al. [47], which considers both gentle and steep slopes, is used
to calculate the LS.

LS = L · S (8)

S =


10.8 sin θ, θ < 5◦

16.8 sin θ − 0.5, 5◦ ≤ θ < 10◦

21.9 sin θ − 0.96, θ ≥ 10◦
(9)

L = (λ/22.13)m


m = 0.5, θ < 0.5◦

m = 0.4, 0.5◦ ≤ θ < 1.5◦

m = 0.3, 1.5◦ ≤ θ < 3◦

m = 0.2, θ ≥ 3◦
(10)

2.3.4. Cover and Management Factor (C)

Due to the close relationship between fraction vegetation cover (FVC) and NDVI,
the regression algorithm proposed by Cai et al. [48] is used to calculate the coverage and
management factor (C) under different FVC.

C =


1, FVC = 0
0.6508 − 0.343 log FVC, 0 < FVC < 78.3%
0, FVC ≥ 78.3%

(11)

FVC =
NDVI − NDVImin

NDVImax − NDVImin
(12)

where FVC is the vegetation coverage (%); NDVImin and NDVImax represent the NDVI
values corresponding to the cumulative probability of 5% and 95% of the pixels over the
study region, respectively.

2.3.5. Soil Conservation Practice Factor (P)

The soil conservation practice factor (P) reflects the effectiveness of protective measures
on surface soil and is closely linked to LULC types. According to the land classification
characteristics of the YRB, the p values from previous studies were assigned to a dataset
with a resolution of 1 km [9,16,31,33,49,50] (Table 2).

Table 2. Soil conservation practice factors based on LULC in the YRB.

p Value LULC Types

1 Forest
0 Construction land
1 Bare soil
0.4 Dry cropland
0.01 Paddy field
1 Salinized land
1 Sandy land
0 Water bodies
1 Gobi Desert
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Table 2. Cont.

p Value LULC Types

1 Grassland
1 Marsh
0 Bare rock
1 Other types of unutilized land (alpine deserts and tundra, etc.)

3. Results
3.1. RegCM4 Performance for Climatology in YRB

The spatial distribution of precipitation simulated by the RegCM4 (Experiment RG_RF)
is consistent with the observations from the CN05 dataset, but it has a wet bias, particularly
in mountainous regions. As shown in Figure 2a, precipitation in the YRB displays a distinct
geographical pattern with decreasing spatial pattern from south to north. The observed
precipitation is primarily concentrated in the southern part of the YRB, with an average
of less than 550 mm in most areas, while the observed multi-year average precipitation in
the south is between 600 mm and 800 mm. The spatial correlation between the simulated
precipitation and the observations in China is 0.56, and the observed multi-year average
precipitation intensity is 1.69 mm/day (as shown in Table 3). In the YRB, the spatial
correlation between the simulated precipitation and the observations is 0.83. However, the
simulated multi-year average precipitation intensity of 3.05 mm/day is almost double that
of the observed value.
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Table 3. Performance parameters of the RegCM4 for precipitation and air temperature in China and
the YRB.

Precipitation Temperature

Annual Average
Precipitation
(mm/day)

Correlation
Coefficient

Annual Average
Temperature
(◦C)

Correlation
Coefficient

YRB
CN05 1.41 5.69
RG_RF 3.13 0.83 8.67 0.99

China
CN05 1.69 6.42
RG_RF 3.05 0.56 8.55 0.97

The performance of RegCM4 for air temperature in the region is better than for precip-
itation. The spatial distribution of temperature simulated by RegCM4 is almost consistent
with observation, with a 2–3 ◦C warm bias overall (Figure 2c,d). The observed multi-year
average air temperature in China is 6.42 ◦C and has a spatial correlation coefficient of 0.97
between observed and simulated air temperature (Table 3). In the YRB, the observed multi-
year average temperature is around 5.69 ◦C, and the simulated air temperature has a spatial
correlation of 0.99 with observation. Overall, although there are biases in precipitation
and temperature, RegCM4 still has good performance in simulating the climatology of the
YRB. The model can accurately capture the main spatiotemporal patterns of the observed
precipitation and air temperature.

3.2. Spatial Pattern of the Factors Affecting Soil Erosion

The spatial pattern of the R factor under RCP4.5 without irrigation shows a signifi-
cant increasing trend from the northwest to the southeast of the YRB, ranging from 89 to
37,064 MJ·mm·ha−2·h−1·yr−1. The spatial pattern of the R factor under the RCP8.5 scenario
is similar to that under the RCP4.5, but the values (126–37,878 MJ·mm·ha−2·h−1·yr−1)
are slightly larger. The spatial pattern of the R factor with irrigation is similar to that
without irrigation (Figure S1). Figure 3c shows that the K factor ranges from 0.0178 to
0.0526 t·ha2·h·ha−2 MJ−1·mm−1, with the basin-average value of about 0.0388 t·ha2·h·ha−2

MJ−1·mm−1, which is close to that calculated by Sun et al. [16]. According to Figure 3c,
the regions with the smallest K value are located in the central and western parts of Inner
Mongolia, followed by the Qinghai region. Conversely, the regions with the highest K
values are Ningxia and Gansu. Figure 3d demonstrates that higher LS values are typi-
cally found in mountainous areas with ridges, valleys, and steep slopes, which are more
susceptible to erosion in the YRB. The lowest LS values are in flat regions, most of which
are located in the northwest Inner Mongolia Loess Plateau, the south of the Loess Plateau
in Shaanxi Province, and central Shanxi Province. As shown in Figure 3d, the C factor
gradually decreases from northwest to southeast of the YRB. Areas with low C values are
covered with forests and shrubs, mainly concentrated in the southeast and west parts of the
YRB. Conversely, the maximum C values occur in Inner Mongolia and Ningxia, primarily
on cultivated land and grassland. Human activities are widespread in the YRB, but the
relevant soil conservation practices mainly occur in the farmland in the central and eastern
valleys and plains of the YRB, where p values are relatively small (Figure 3f).

3.3. Variation in Soil Erosion Due to Irrigation-Induced Precipitation

According to the spatial pattern of soil erosion (Figure 4a,b), most regions in YRB have
soil erosion rates below moderate intensity. These areas, accounting for 84.57% of the basin
area, are mainly located in the source region of YRB, such as Ordos Plateau, Ningxia Plain,
Hetao Plain, and Guanzhong Plain (Tables 4 and S2). On the other hand, regions with
severe (4.84%), very severe (5.31%), and extremely severe (5.28%) soil erosion are mainly
found in hilly, gully, and mountainous regions in Gansu, Ningxia, and northern Shanxi,
where the terrain is rugged with steep slopes.
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Figure 4. Spatial pattern of soil erosion rates in the YRB with and without irrigation. (a,b) depict the
soil erosion rate in YRB under N45 and N85 experiments, respectively; (c,d) show the corresponding
change rate (defined as (Y − N) × 100/N), unit: %) of soil erosion rate with irrigation (Y45, Y85)
compared to without irrigation (N45, N85).

Under the RCP4.5 and RCP8.5 scenarios, the multi-year basin-average soil erosion rates
without irrigation are 17.48 and 18.05 t·ha−1yr−1, respectively. With irrigation, the basin-
wide soil erosion rate slightly decreases, and the multi-year average soil erosion rates under
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the RCP4.5 and RCP8.5 are 16.48 and 17.56 t·ha−1yr−1, respectively. Despite the decrease
in basin average soil erosion rates under both scenarios, irrigation-induced precipitation
change has a highly heterogeneous impact on soil erosion (Figure 4c,d). Under RCP4.5,
most regions with increased soil erosion rates are in low-erosion areas, while decreased
rates are found in high-erosion areas (Figure 4c). Under RCP8.5, however, the spatial
variation of soil erosion rates is nearly the opposite of RCP4.5, and the increase (or decrease)
of soil erosion rates is greater than under RCP4.5 (Figure S2). The standard deviation
of soil erosion rate changes under the RCP4.5 and RCP8.5 is 10.21 and 12.63 t·ha−1yr−1,
respectively, indicating a high spatial heterogeneity of soil erosion rate changes with the
influence of irrigation-induced precipitation.

Table 4. Soil erosion transfer matrix with and without irrigation under RCP4.5 (%).

Y45

Very
Slight Slight Light Moderate Severe Very

Severe
Extremely
Severe Total

N45

Very slight 50.27 0.77 51.04
Slight 0.53 9.92 0.76 11.20
Light 0.56 12.83 0.56 13.95
Moderate 0.48 7.47 0.38 8.34
Severe 0.42 4.07 0.30 4.79
Very severe 0.39 4.71 0.20 5.29
Extremely severe 0.29 5.08 5.37
Total 50.80 11.25 14.07 8.45 4.84 5.31 5.28 100.00

To further analyze the impact of irrigation-induced precipitation on the spatiotemporal
characteristics of soil erosion in YRB under the two RCPs, a soil erosion transfer matrix
is obtained by superimposing soil erosion areas with and without irrigation for RCP4.5
and RCP8.5 (Tables 4 and S2). Under RCP4.5, 94.32% of the watershed area saw no change
in soil erosion area (Table 4). The area with low-grade erosion intensity that changed to
high-grade erosion intensity is 2.97% of the YRB area, while the area with high-grade
erosion intensity that changed to low-grade erosion intensity is 2.67%. The area where
soil erosion is worsening is greater than the area where it is improving. Compared with
RCP4.5, the soil erosion area of different grades under RCP8.5 is very close to that under
RCP4.5 (Table S2). The area with low-grade erosion intensity that changed to high-grade
erosion intensity is 2.52% of the YRB area, while the area with high-grade erosion intensity
that changed to low-grade erosion intensity is 3.61%. The changes in soil erosion in YRB
under different RCPs showed pronounced spatial heterogeneity under the influence of
irrigation-induced precipitation effects. However, the transformation between low-grade
and high-grade erosion intensity is relatively stable with only slight variation.

3.4. Soil Erosion Changes in Different LULC Types

The primary LUCC type in YRB is grassland, which covers 48.6% of the area, followed
by farmland (25.1%). Other LULC types, such as forests, water bodies, construction land,
bare rock, and undisturbed land, make up the remaining 26.3% (Table 5). In general,
grasslands and forests tend to be located in mountainous regions with steep terrain and
poor soil and water retention, which leads to higher soil erosion rates compared to other
LULC types [51]. The region-average soil erosion rate for grasslands is 29.51 t·ha−1yr−1,
and for dry cropland is 21.55 t·ha−1yr−1. The average soil erosion rate for forests and
unutilized lands is 30.46 and 7.87 t·ha−1yr−1, respectively. The varying vegetation coverage
causes significant soil erosion heterogeneity in different regions [52]. The influence of
irrigation-induced precipitation leads to slight changes in soil erosion rate and area for
all LULC types. Undisturbed land with weak erosion intensity and occupying a small
proportion of YRB’s area increases in both soil erosion intensity and area, especially in very
severe and extremely severe regions. The grassland, the largest proportion of the YRB,
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shows a slight decrease and increase in the soil erosion rate under RCP4.5 (29.85 t·ha−1yr−1)
and RCP8.5 (31.29 t·ha−1yr−1), respectively. Dry cropland, the second largest LULC type,
shows a slight increase in soil erosion rates under both RCP4.5 (21.22 t·ha−1yr−1) and
RCP8.5 (21.54 t·ha−1yr−1). In general, under RCP4.5, the erosion area slightly increases
for forest, grassland, and dry cropland, except in regions with very slight, very severe,
and extremely severe erosion. Under RCP8.5, the erosion area for dry cropland, forest,
grassland, and unutilized land increases in extremely severe, very severe, severe, and very
slight regions, while it mainly decreases in regions with slight, light, and moderate erosion.

Table 5. Soil erosion area percentage (%) of different LULC types.

LULC Type Very Slight Slight Light Moderate Severe Very
Severe

Extremely
Severe Total

RCP4.5

Paddy field 0.74 0.74

Dry cropland 13.27 (−0.43) 2.50 (0.84) 2.92 (0.99) 2.26 (1.47) 1.54 (0.22) 1.42
(−0.11)

0.50
(−4.29) 24.41

Forest 4.98 (−2.98) 2.53 (0.96) 3.07 (1.97) 1.29 (2.76) 0.49 (4.65) 0.53
(−0.05) 0.65 (0.78) 13.53

Grassland 20.36 (−0.24) 5.74 (0.14) 7.67 (0.46) 4.68 (0.90) 2.71 (1.15) 3.30 (0.38) 4.16
(−1.94) 48.61

Water body 1.46 1.46
Construction
land 3.55 3.55

Bare rock 1.38 1.38

Unutilized land 5.31 (0.16) 0.44
(−0.86)

0.29
(−1.21)

0.12
(−0.11)

0.05
(−3.33) 0.05 (0.54) 0.05 (1.16) 6.31

RCP4.5

Paddy field 0.74 0.74

Dry cropland 13.18 (0.71) 2.53
(−2.32)

2.96
(−2.32) 2.27 (0.24) 1.54 (0.24) 1.43 (1.91) 0.51

(−0.52) 24.41

Forest 4.86 (0.50) 2.54 (0.33) 3.12
(−1.91) 1.30 (0.13) 0.51

(−0.95) 0.54 (0.99) 0.66 (3.77) 13.53

Grassland 20.42 (−0.72) 5.78
(−0.36)

7.66
(−0.44)

4.67
(−0.33) 2.72 (0.41) 3.28 (1.76) 4.08 (3.62) 48.61

Water body 1.46 1.46
Construction
land 3.55 3.55

Bare rock 1.38 1.38

Unutilized land 5.30 (0.19) 0.44
(−1.08)

0.30
(−2.72)

0.12
(−2.55) 0.05 (5.25) 0.05 (2.16) 0.05 (4.03) 6.31

Notes: The parentheses represent the percentage (%) change in soil erosion areas of different LULC types under
the irrigation scenario.

3.5. Soil Erosion Changes under Different Topographic Conditions

To understand the impact of irrigation-induced precipitation on the soil erosion rate
in the YRB, different altitude and slope zones were analyzed statistically (Table 6). The
analysis of slope zones showed that the largest soil erosion area in the YRB is in the zone
with a slope less than 5◦, accounting for 49.04% of the basin area. This is followed by zones
with slopes of 5–10◦, 10–15◦, 15–20◦, and 20–25◦, accounting for 21.42%, 15.5%, 8.51%, and
3.66% of the area, respectively. Zones with slopes greater than 25◦ only accounted for 1.87%
of the area. Zones with high slopes are primarily located in the northeast-southwest hills
and southeast mountainous regions. Soil erosion rates in all slope zones of the YRB are
mainly moderate to mild. In the 0–5◦ slope zone, over 90% of the area had soil erosion
grades below moderate, while 75–80% of the >20◦ and 5–20◦ slope zones had such grades.
Under the influence of irrigation-induced precipitation, the soil erosion area of different
slope levels increased or decreased slightly. In general, under RCP4.5, except for regions
with very slight or extremely severe erosion, the soil erosion area increased at different
slopes. Under RCP8.5, the soil erosion area decreased in regions with low-moderate erosion
intensity but increased in regions with greater than severe erosion intensity.
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Table 6. Soil erosion area percentage (%) of different slope zones.

Slope (◦) Very
Slight Slight Light Moderate Severe Very

Severe
Extremely
Severe Total

RCP4.5

0◦–5◦ 35.80(0.00) 4.06(0.45) 3.92(0.17) 2.10(−0.58) 1.13(−0.63) 1.08(0.25) 0.96(−0.74) 49.04
5◦–10◦ 6.69(−1.00) 2.93(0.47) 3.98(0.98) 2.64(1.45) 1.65(−0.01) 1.82(0.42) 1.71(−1.84) 21.42
10◦–15◦ 4.23(−1.90) 2.19(0.23) 3.04(1.37) 1.93(2.16) 1.16(2.46) 1.40(−0.16) 1.54(−2.22) 15.5
15◦–20◦ 2.42(−2.41) 1.25(0.45) 1.81(1.30) 1.00(2.87) 0.55(3.30) 0.67(0.00) 0.79(−2.21) 8.51
20◦–25◦ 1.10(−2.28) 0.55(0.32) 0.83(0.95) 0.47(2.51) 0.22(3.89) 0.23(0.11) 0.28(−1.79) 3.66
>25 0.70(−1.90) 0.25(2.22) 0.40(0.73) 0.22(1.15) 0.10(1.45) 0.09(2.85) 0.11(−1.51) 1.87

RCP8.5

0◦–5◦ 35.75(0.07) 4.09(−0.79) 3.92(−0.55) 2.11(−0.40) 1.14(−0.43) 1.09(1.86) 0.95(2.12) 49.04
5◦–10◦ 6.66(−0.39) 2.96(−1.01) 3.99(−1.20) 2.65(−0.12) 1.64(1.06) 1.83(1.52) 1.69(3.64) 21.42
10◦–15◦ 4.21(−0.26) 2.19(−0.42) 3.08(−1.82) 1.93(0.04) 1.18(−0.47) 1.39(2.02) 1.52(3.47) 15.5
15◦–20◦ 2.39(−0.15) 1.27(−0.52) 1.83(−1.36) 1.00(0.15) 0.56(0.02) 0.67(1.57) 0.78(2.93) 8.51
20◦–25◦ 1.09(−0.36) 0.56(−0.57) 0.84(−1.14) 0.47(−0.33) 0.22(2.18) 0.23(1.92) 0.27(3.33) 3.66
>25 0.70(−0.38) 0.25(2.20) 0.41(−2.44) 0.22(−0.23) 0.10(1.19) 0.09(0.54) 0.10(5.85) 1.87

Notes: The parentheses represent the change percentage (%) in the soil erosion area in different slope zones under
the irrigation scenario.

The areas of very severe and extremely severe soil erosion in the transitional zones
between the Huang-Huai-Hai Plain (0–1000 m) and the Loess Plateau, as well as in the
western mountainous area (>2000 m), are more sensitive to irrigation-induced precipitation
effects than areas with soil erosion intensity below moderate (Table S3). Approximately
53.2% of the YRB, mainly the Loess Plateau, is located at 1000–2000 m, where serious soil
erosion is present, and 82% of the area had soil erosion intensity below moderate to mild.
In general, under RCP4.5, the soil erosion area increased in most elevation zones except
for the low-altitude zone (<1000 m), with soil erosion intensity below moderate. Under
RCP8.5, the soil erosion area decreased in low-altitude zones (<2000 m) but increased in
high-altitude zones such as the western and southern alpine areas of the YRB. Note that
under RCP8.5, erosion areas in high-altitude regions with soil erosion intensity above
moderate increased more than under RCP4.5.

4. Discussion

Soil erosion in the YRB is complex and diverse and has been studied in terms of water
erosion, wind erosion, and freeze-thaw erosion [53,54], but few studies have evaluated
the effects of irrigation-induced precipitation on soil erosion despite many studies on
the regional climate effects of irrigation [12–14]. In particular, little research has been
conducted on the potential soil erosion risks in the YRB region and surrounding areas
due to the irrigation-induced precipitation effects from envisaged (or planned) projects.
Erosion intensity is related to topography, LULC changes, soil type and precipitation,
and soil erosion from surface runoff erosion caused by heavy precipitation is the main
source of river sediments [55]. When soil erosion in YRB is influenced by human activities,
topography, and soil texture, it is especially sensitive to the spatiotemporal variation of
precipitation [17,56]. The RegCM4 and RUSLE models were jointly used to simulate and
analyze the precipitation effects of large-scale irrigation in Northwest China on soil erosion
in YRB. This study is timely and necessary due to the increased risk of soil and land
degradation in the YRB caused by changing climatic conditions and human activities,
which may affect its unique biological diversity and ecology [19–21].

4.1. Links between Irrigation-Induced Changes in Precipitation Structure and Soil Erosion

Precipitation plays a key role in soil erosion, especially in this study, where all other
factors in the RUSLE model, except the R factor, are considered static. Figure 5 and Figure
S3 show the consecutive dry days (CDD), the percentage difference of summer total wet-
day precipitation (PRCPTOT), consecutive wet days (CWD), the number of wet days with
precipitation ≥ 1 mm (R01mm), the number of heavy precipitation days with precipitation
≥ 12 mm (R12mm), and the simple daily intensity index (SDII) with and without irrigation
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under RCP4.5 and RCP8.5, respectively. Figure 5 shows the summer precipitation indices
(e.g., PRCPTOT, CWD, R01mm, and R12mm) with irrigation in the northwest YRB increase
significantly (p < 0.05) by about 10%. Clearly, irrigation in northwest China has changed
the precipitation structure of YRB, increasing the total effective precipitation events but
reducing the average precipitation intensity (Figure 5). According to Equation (3), only
precipitation events with precipitation intensity exceeding 12 mm/day can be used for the
RUSLE model. The spatial heterogeneity of R12mm directly affects the spatial variation
characteristics of soil erosion, and under the comprehensive influence of soil types, LULC,
soil and water conservation measures, etc., soil erosion changes in the basin show high
spatial heterogeneity, especially under the RCP8.5 (Figure S3). Except for the significant
increase of R12mm with irrigation in the northwest of the YRB adjacent to the irrigated
area, the basin shows no significant changes, and the variation is usually within 10% under
the RCP4.5 and RCP8.5. However, even with such a small change in R12mm, the changes
in soil erosion in some regions of the YRB reach about 50% (Figure 4c,d).
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Figure 6 shows the circulation differences in the YRB and its surrounding areas from
June to August with and without irrigation under the RCP8.5. As shown in Figure 6a–c, a
local anticyclonic anomaly is generated in the center of the irrigation area, which enhances
westerly winds north of the irrigation region and a southerly wind moving away from the
irrigation region. This circulation perturbation leads to downstream circulation anomalies,
including a cyclonic anomaly in central China. In July, this anomaly enhances monsoonal
flow—an anticyclonic anomaly further along the interface between a subtropical high and
westerly flow. The strength and location of the seasonal circulation anomaly are sensitive
to the configuration of the original circulation. In July, compared to June and August,
westerly and northerly winds increase in areas surrounding the irrigation region, leading
to less precipitation in the southeast YRB (Figure S3). Anticyclones are also present in the
RCP4.5 but are not evident from June to August. This inconsistency in circulation variation
between the RCP4.5 and RCP8.5 with and without irrigation contributes to differences in
precipitation variation in the southeast YRB to a certain extent (Figure S4). Additionally,
the circulation difference between RCP4.5 and RCP8.5 without irrigation also contributes
to the spatial differences in precipitation changes. Comparing RCP4.5 and RCP8.5 without
irrigation, we found that RCP8.5 has stronger southwesterly winds and an anticyclonic
anomaly centered on the Mongolian Plateau in the East Asian Monsoon region, particularly
in July (Figure S5). These differences correspond to a stronger East Asian Summer Monsoon
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in RCP8.5 than in RCP4.5. For the above reasons, the spatial difference in precipitation
caused by irrigation is more significant under the RCP8.5 compared to the RCP4.5, a
difference that further affects the spatial pattern of soil erosion.
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4.2. Soil Erosion Variability under Different RCP Scenarios with Large-Scale Irrigation

The effect of large-scale irrigation in northwest China on soil erosion in the YRB
is generally small from a climatological and basin-average perspective. However, there
are significant differences in YRB’s soil erosion variability on annual and interannual
scales. On an annual scale, irrigation activities in either the RCP4.5 or RCP8.5 mainly
affect precipitation during the YRB flood season (June–October), with strong uncertainty
(Figure 7). Guo et al. [57] found that during the flood season, the water volume of Lijin
Station accounts for about 65% of the volume for the year and that the sediment volume
accounts for over 80% of the year’s volume. Nearly 90% of the sediments come from the
middle reaches of the YRB, and the sediment load in the upper reaches only accounts for
10% of the total watershed [58,59]. Wang et al. [60] showed that the constructed wetland
area in the Yellow River delta is negatively correlated (R = −0.84) with sediment transport
at the Lijin Station, while the natural wetland in the estuary is positively correlated (R = 0.6)
with the Lijin station’s sediment load. Therefore, precipitation changes during the flood
season may directly affect soil erosion and changes in water and sediment, leading to
alternating siltation and scouring in the lower reaches of the YRB, which in turn affects the
estuary delta’s wetland area.
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In addition, the interannual variation of soil erosion varies substantially under the
influence of irrigation. On a basin-average level, the soil erosion rates of the normal and
dry years are very low (<5 t·ha−1yr−1), while only wet years show rates higher than
10 t·ha−1yr−1 (Table S4). In the high-intensity erosion areas in the YRB, soil erosion is
usually strongly affected by the effects of irrigation. The overall change in soil erosion, as
influenced by irrigation-induced precipitation effects, is stronger under RCP8.5 than under
RCP4.5 and has a stronger spatial heterogeneity, as per standard deviation (Figure S6 and
Table S4). If policies related to human activities are not considered, our study shows that
sediment transport in the middle and lower reaches of the YRB is more likely to increase
under RCP8.5 than under RCP4.5, potentially affecting the Yellow River delta.

4.3. Limitations and Future Work

The study has several limitations and shortcomings that may affect the interpretation
of the results. Firstly, this study assumed that factors such as K, LS, C, and P did not
change over time, but in reality, these factors are dynamic. It is important to acknowledge
that the factors influencing soil erosion, such as K, LS, C, and P, are dynamic and can
change over time. Agricultural activities, such as tillage, grazing, and deforestation, can
significantly impact soil properties, which can lead to changes in the soil’s erodibility (K)
and subsequently affect soil erosion rates [61–63]. For example, tillage practices can cause
soil compaction, decreased organic matter content, and increased exposure to the elements,
all of which can increase soil erosion rates. Similarly, overgrazing and deforestation can lead
to the loss of vegetation cover, which can also contribute to increased soil erosion rates. In
addition, climate change can also affect soil erosion through its impact on vegetation cover
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(C). As temperatures rise and precipitation patterns change, plant growth, and distribution
can be altered, leading to changes in vegetation cover that can either increase or decrease soil
erosion rates depending on the location and conditions [64,65]. Recently, some studies have
found that the Yellow River basin is showing a warming and drying trend in the future [66],
and changes in extreme weather events, such as extreme precipitation and drought within
the basin, will have a significant impact on soil erosion [66–68]. Additionally, various
effective measures (P) to control soil erosion have been implemented in China, including
implementing conservation tillage practices, building terraces, and implementing grassland
and forest conservation programs, which play a crucial role in mitigating soil erosion [69,70].
Overall, understanding the complex relationships between these factors is important for
developing effective strategies to mitigate soil erosion and promote sustainable land use
practices.

Secondly, the quality and accuracy of data have limited quantitative research. The MPI-
ESM-MR model-forced RegCM4 precipitation simulation has clear wet biases compared
to observations, which may lead to overestimated soil erosion intensity due to increased
false effective precipitation events (>12 mm/day) [71]. High-resolution data sets are
necessary to analyze spatial variability of soil erosion intensity changes, but this study used
bilinear interpolation to unify data with different resolutions into a grid for RUSLE model
calculations, which limits the analysis of subtle changes in soil erosion. Although this study
did not verify the accuracy of simulated soil erosion intensity with observational data, the
overall simulation of soil erosion intensity and its spatial distribution are consistent with
the previous study [16,72]. In the future, more precise data, rigorous methods, and ideal
models will be used to further explore the potential effects and mechanisms of regional
climate impacts induced by irrigation on soil erosion.

Finally, the assessment of the impact of regional climate effects caused by irrigation
on soil erosion is uncertain due to the use of different climate models, regional models,
study periods, and emission scenarios [73]. Cheng et al. [5] found that the R-factors
calculated by different RCPs and GCMs in the same region differ significantly. Using the
average composite of 19 global climate models, Panagos et al. [74] predicted future rainfall
erosivity for three representative concentration pathways (RCP2. 6, RCP4.5, and RCP8.5)
and observed significant variations in soil erosion intensity and spatial distribution across
different climate backgrounds. Our study only evaluated soil erosion changes under RCP4.5
and RCP8.5 in the MPI-ESM-MR, but there are significant spatial differences between the
two, indicating high uncertainty in the impact of irrigation-induced precipitation on soil
erosion in the YRB due to the complex atmospheric circulation and precipitation responses.
Additionally, the study’s estimate of 60 billion m3 of water used is based on the results of
a hypothetical representative scheme in the water transfer irrigation of Northwest China,
which is still controversial and has not been scientifically proven [26]. Therefore, the study’s
evaluation of the impact of large-scale irrigation in Northwest China on soil erosion in the
YRB is specific to the models, scenarios, methods, and irrigation amounts used.

5. Conclusions

Large-scale irrigation has been shown to impact regional precipitation frequency,
intensity, and spatiotemporal patterns, making it important to assess its impact on soil
erosion in the YRB. In the study, the RegCM4 and the RUSLE model were jointly used to
analyze the impact of precipitation caused by large-scale irrigation in Northwest China
on soil erosion in the YRB under different RCPs. The relationship between soil erosion
intensity and different slopes, LULC types, and altitudes was analyzed. Another discussed
topic was the relationship between soil erosion and water and sediment changes. The main
findings are as follows:

(1) 84.57% of the YRB is characterized by below-moderate soil erosion, with the main
zones of soil erosion located in grassland regions with an altitude of 1000–2000 m and
a slope of less than 5◦. Areas of severe, very severe, and extremely severe soil erosion
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are mainly found in Gansu, Ningxia, and northern Shanxi, where fragmented terrain
features ridges and valleys with steep slopes.

(2) Irrigation in northwest China has impacted the pattern and distribution of precipi-
tation in the YRB, primarily in the northwest regions near the irrigation area. The
irrigation causes a rise in summer precipitation indices (e.g., PRCPTOT, CWD, R01mm,
and R12mm) in the northwest of the basin. It also leads to a change in local circulation,
resulting in reduced precipitation in the southeast of the basin, particularly under the
RCP8.5 scenario.

(3) The effects of irrigation-induced precipitation on soil erosion intensity in the YRB
are slight but amplify the spatial heterogeneity of soil erosion by superimposing
non-climate factors such as land use, soil type, and human activities, particularly in
vulnerable regions. The change in erosion intensity between low-grade and high-
grade erosion is relatively stable and small, but soil erosion changes display high
spatial heterogeneity, inter-annual and intra-annual fluctuations, and uncertainties.
Under the RCP8.5 scenario, the characteristics of soil erosion change are almost the
opposite of those under RCP4.5, with a greater variation amplitude.

In summary, this study emphasizes the importance of considering the impact of
irrigation-induced precipitation effects on soil erosion in the YRB and the necessity for poli-
cymakers and land managers to develop adaptation strategies to address these challenges.
Evaluating the impact of large-scale irrigation-induced precipitation on soil erosion in the
YRB is critical to inform and support adaptation strategies. The influence of irrigation on
soil erosion may vary in different climate conditions and natural geographical features.
Hence, it is essential to consider local conditions when devising adaptation strategies to
reduce soil erosion. By implementing measures such as changing irrigation methods, adopt-
ing conservation tillage, afforestation, and improving soil quality, policymakers and land
managers can mitigate the risk of soil erosion and ensure the sustainability of agriculture
in the YRB.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs15071736/s1. Table S1: The RegCM4 Model configuration used
in this study. Table S2: Transfer matrix of soil erosion rate before and after irrigation under RCP8.5
scenario (%). Table S3: Soil erosion area percentage (%) in different altitude zones. Table S4: Statistical
parameters of soil erosion change in typical years. Figure S1: R factor (unit: MJ·mm·ha−2·h−1·yr−1)
of the RUSLE model under Y4.5 (a) and Y8.5 (b). Figure S2: Spatial pattern of soil erosion rates
in the YRB with and without irrigation. [(a) and (b) depict the soil erosion rate in YRB under Y45
and Y85 experiments, respectively; (c) and (d) show the corresponding change rate (defined as
Y−N), unit: t·ha−1yr−1) of soil erosion rate with irrigation (Y45, Y85) compared to without irrigation
(N45, N85)]. Figure S3: Spatial distribution of differences (defined as (Y − N) × 100/N; unit: %)
in summer precipitation indices under RCP8.5 over the YRB. [(a) PRCPTOT; (b) CWD; (c) CDD;
(d) SDII; (e) R01mm; (f) R12mm]. Figure S4: Differences (defined as Y minus N) in the integrated
water vapor flux (shading, unit: kg·m−1·s−1) and wind field (vector, unit: m·s−1) at 850 hPa under
RCP4.5 from June to August. [(a) June; (b) July; (c) August]. Figure S5: Differences (defined as
RCP8.5 minus RCP4.5) in the integrated water vapor flux (shading, unit: kg·m−1·s−1) and wind field
(vector, unit: m·s−1) at 850 hPa from June to August. [(a) June; (b) July; (c) August]. Figure S6: Spatial
distribution of soil erosion rate changes (defined as Y minus N; unit: t·ha−1yr−1) in typical years.
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to (a)~(c), but under the RCP8.5 scenario].
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