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Abstract: Rainfall erosivity, which signifies the inherent susceptibility of soil erosion induced by
precipitation, plays a fundamental role in formulating a comprehensive soil loss equation (RUSLE). It
stands as a crucial determinant among the foundational factors considered in a comprehensive soil
loss equation’s establishment. Nonetheless, the prediction and quantification of future alterations in
rainfall erosivity under the influence of global warming have been relatively limited. In this study,
climate change was widely evaluated and 10 preferred global climate models in the Loess Plateau
were selected by using the data sets of 27 models simulating climate change and the CN05.1 data
set provided by the latest CMIP6. The monthly precipitation forecast data were obtained by using
the delta downscaling method. Combined with trend analysis, significance test, and coefficient of
variation, the annual rainfall erosivity during 1961-2100 under four SSP scenarios was analyzed
and predicted. Among the 27 GCM models used in this paper, the most suitable climate models for
simulating monthly precipitation in the Loess Plateau were CMCC-CM2-SR5, CMCC-ESM2, TaiESM1,
EC-Earth3, EC-Earth-Veg-LR, INM-CM4-8, CAS-ESM2-0, EC-Earth-Veg, ACCESS-ESM1-5, and IPSL-
CM6A-LR. In comparison to the base period (1961-1990), during the historical period (1961-2014), the
average annual rainfall erosivity on the Loess Plateau amounted to 1259.64 MJ-mm-hm~2-h—1.a71,
showing an insignificant downward trend. In the northwest of Ningxia, Yulin City and Yanan City
showed a significant upward trend. In the future period (2015-2100), the annual rainfall erosivity
continues to constantly change and increase. The potential average increase in rainfall erosivity is
about 13.48-25.86%. In terms of spatial distribution, most areas showed an increasing trend. Among
these regions, the majority of encompassed areas within Shanxi Province, central Shaanxi, and Inner
Mongolia increased greatly, which was not conducive to soil and water conservation and ecological
environment construction. This study offers a scientific reference for the projected future erosivity
characteristics of the Loess Plateau.

Keywords: global climate model; annual rainfall erosivity; Loess Plateau; emission scenarios; future
change projections

1. Introduction

Despite nearly a century of research and promotion efforts, soil erosion due to water,
wind, and tillage still threatens ecological security and sustainable development in many
areas around the world [1,2]. Climate change is considered the primary natural cause of
soil erosion [3]. The spatiotemporal variation in rainfall-runoff erosivity caused by climate
change has great significant implications for regional soil erosion [4,5].

However, human activities are altering the global climate in unprecedented and po-
tentially irreversible ways [6]. Extreme weather events in Europe caused by cold air masses
and heat domes leading to heat waves in North America are once again demonstrating
that global climate change is reshaping Earth’s temperature patterns [7,8]. As human
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activities continue to emit greenhouse gases into the atmosphere, there is also a growing
accumulation of excess energy within the climate system. This energy is eventually released
through extreme weather events, and extreme droughts and heavy rainfall events will
become more frequent as greenhouse gas emissions increase [9,10].

Predicting global soil erosion changes from the perspective of future climate change
scenarios is of great significance for assessing the ecological risks caused by climate
change [11], but it still requires collaborative evaluation of regional and local informa-
tion. Due to the combined impact of climate, topography, vegetation, soil, and human
interventions, the Loess Plateau has a wide area of soil erosion and has become one of
the most severe regions of soil erosion in China [12,13]. Rainfall erosivity indicates the
potential capacity of rainfall to cause soil erosion [14]. It constitutes the primary driv-
ing force behind soil water erosion and stands as one of the key factors of modeling soil
erosion and water environment dynamics. Changes in precipitation patterns caused by
climate change will significantly affect future rainfall erosivity. Several existing studies
have predicted future changes in rainfall erosivity in the United States [11], Turkey [15],
Europe [16], Australia [17], China [18], and India [19]. Most of these studies believe that
future rainfall erosivity will increase significantly at the regional scale. It is necessary to
determine the changes in rainfall erosivity in various regions of the Loess Plateau, so as
to lay a foundation for further discussions on the influence and contribution of rainfall
erosivity to sediment yield and sediment transport.

A new phase of the international Coupled Model Intercomparison Project (Phase 6)
has been initiated by the World Climate Research Programme (WCRP) to address emerg-
ing scientific inquiries within the realm of climate change. One of the central themes
in earlier reports by the Intergovernmental Panel on Climate Change (IPCC) has been
climate predictions under various scenarios. These findings can illustrate the climate conse-
quences and socioeconomic hazards associated with various policy choices, thereby serving
as a vital scientific foundation for governmental decision-making. Leveraging different
shared socioeconomic pathways (SSPs) and the most recent anthropogenic emission trends,
CMIP6 introduced a fresh scenario known as the Scenario Model Intercomparison Project
(ScenarioMIP) [20]. The ScenarioMIP projection scenario is a composite representation
formed by combining various SSPs and radiative forcing. An SSP describes the possible
development of future societies with the impact of climate change or influence of climate.
According to the relative priority of the experiment, the ScenarioMIP experiment is divided
into two levels. As the core experiment, Tier-1 includes four paths, SSP1, SSP2, SSP3, and
SSP5, which represent the four paths of sustainable development, moderate development,
local development, and conventional development. Compared with the CMIP5(RCP) sce-
nario experiment, ScenarioMIP produces changes in land use and emission pathways that
correspond to a range of potential future socioeconomic development scenarios. It places a
strong emphasis on maintaining consistency between future radiative forcing scenarios
and shared socioeconomic scenarios, and its improvement of the climatological mean state
simulation of rainfall is particularly obvious [21].

Due to rapid advancements in atmospheric detection and computer technology, the
spatial resolution of GCM models has reached several tens of kilometers, which can predict
and analyze the climate situation at the global scale. However, their output resolutions
are still low and lack regional information; their regional climate change simulations and
predictions for future climate change are characterized by a low level of accuracy. For
this reason, the downscaling method is usually used to transform the large-scale data to
attain regional climate predictions; the aim is to transform the low-resolution data offered
by global climate models into high-resolution data at the regional level. Downscaling
methods are mainly divided into statistical downscaling and dynamic downscaling. In
contrast to statistical downscaling, dynamic downscaling necessitates a substantial amount
of computational resources, and is affected by many factors. There are errors and uncer-
tainties, and it cannot truly reflect climate change on the geographical scale [22]. The delta
downscaling method uses low-spatial-resolution monthly climate data and high-spatial-
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resolution reference climate data as input data. Different from direct interpolation, this
method can introduce the influence of topography on climate [23], and can obtain accurate
downscaling climate data on small geographic scales. Therefore, more people choose the
delta downscaling method to improve the accuracy of climate model data [24,25].

At present, there are few studies on the application of SSP scenarios to predict the
future rainfall erosivity in the Loess Plateau. Because of the wide range in the Loess
Plateau, building upon existing research, it is imperative to conduct further assessments of
rainfall erosivity changes throughout the 21st century. Therefore, this paper evaluates the
predictive ability of 27 climate model rainfall data sets provided by CMIP6 in the historical
period (1961-2014), and selects 10 climate models with strong simulation ability to predict
the future period (2015-2100). Interannual changes and spatial trends of rainfall erosivity
under the SSP scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) on the Loess Plateau
are analyzed. This study will furnish a scientific underpinning of future rainfall erosivity
prediction. It also provides a reference for soil erosion control, soil and water conservation,
and ecological environment protection in the Loess Plateau.

2. Materials and Methods
2.1. Study Area

The Loess Plateau, which is the largest loess accumulation area in the world, covers
approximately 640,000 square kilometers. The Loess Plateau (Figure 1) has continental
climate characteristics. The study area primarily consists of plateau terrain, with higher
elevations in the northwest and lower elevations in the southeast. The loess is generally
dominated by silt particles, the soil is loose, the surface material is unstable, and erosion
and collapse can easily occur in the event of external forces. Since the 1970s, extensive
soil and water conservation measures have been put into effect. Especially since 1999, the
project of returning farmland to forest (grass) has been implemented, which has effectively
alleviated soil erosion. Future increases in extreme rainfall events will bring challenges to
the existing soil and water conservation measures.
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Figure 1. Geographical location of the Loess Plateau.

2.2. Data

The data required for the delta downscaling method include a long-term series of low-
resolution climate data sets and high-resolution reference climate data sets. The former uses
the simulated rainfall data set provided by CMIP6 participating in the Tier-1 experiment.
The Tier-1 experiment is the core experiment in ScenarioMIP, and most of the modes
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participate in this experiment [26]. Therefore, the four scenarios of SSP1-2.6, SSP2-4.5,
SSP3-7.0, and SSP5-8.5 in the Tier-1 experiment were selected in this paper, and detailed
information is shown in Table 1. Taking into account the integrity of the data, this paper
screens out the monthly historical data (1961-2014) under 27 kinds of rlilpi operations
and the forecast data (2015-2100) under the above four scenarios (Table 2). The latter data
sets use the CN05.1 precipitation data set [27]. The time span was 1961-2018, and the
spatial resolution was 25 km. The data set was derived from precipitation observation
data collected at 2416 meteorological stations across China, resulting in a gridded data
set. The interpolation method of “anomaly approach” was used to reflect the precipitation
situation in China more accurately. Its applications encompass a broad spectrum, including
its utilization in climate model simulation evaluation and the analysis of contemporary
climate change. In the data accuracy verification stage, we used the ERA5 reanalysis data
from the European Centre for Medium-Range Weather Forecasts (ECMWF) with a spatial
resolution of 0.25°, which can more objectively verify the accuracy of the downscaled data.

Table 1. ScenarioMIP experiment designs (SSP means shared socioeconomic pathways).

. Forcing 2100 Forcing
Test Level Scenario Name Category (W-m-2) SSP
SSP1-2.6 Low 2.6 1
Tier-1 SSP2-4.5 Medium 4.5 2
1er SSP3-7.0 High 7.0 3
SSP5-8.5 High 8.5 5

Table 2. Basic information on global climate models used in this study and their references.

NO Model Institution and References
1 ACCESS-CM2 Commonwealth Scientific and Industrial Research Organization, Australia [28]
2 ACCESS-ESM1-5 Commonwealth Scientific and Industrial Research Organization, Australia [29]
3 AWI-CM-1-1-MR Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Germany [30]
4 BCC-CSM2-MR Beijing Climate Center, China [31]
5 CAMS-CSM1-0 Chinese Academy of Meteorological Sciences, China [32]
6 CanESM5 Canadian Centre for Climate Modelling and Analysis,Canada [33]
7 CanESM5-1 Canadian Centre for Climate Modelling and Analysis, Canada [34]
8 CAS-ESM2-0 Chinese Academy of Sciences, China [35]
9 CESM2-WACCM National Center for Atmospheric Research, USA [36]
10 CMCC-CM2-SR5 Fondazione Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy [37]
11 CMCC-ESM2 Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy [38]
12 EC-Earth3 EC-Earth consortium, Europe [39]
13 EC-Earth3-Veg EC-Earth consortium, Europe [40]
14 EC-Earth-Veg-LR EC-Earth consortium, Europe [40]
15 FGOALS-£3-L Chinese Academy of Sciences, China [41]
16 FGOALS-g3 Chinese Academy of Sciences, China [42]
17 IITM-ESM Indian Institute of Tropical Meteorology, India [43]
18 INM-CM4-8 Institute for Numerical Mathematics, Russia [44]
19 INM-CM5-0 Institute for Numerical Mathematics, Russia [45]
20 IPSL-CM6A-LR Institut Pierre Simon Laplace, France [46]
21 KACE-1-0-G National Institute of Meteorological Sciences-Korea Met. Administration, Korea [47]
22 MIROC6 Japan Agency for Marine-Earth Science and Technology, Japan [48]
23 MPI-ESM1-2-HR Max Planck Institute for Meteorology, Germany [49]
24 MPI-ESM1-2-LR Max Planck Institute for Meteorology, Germany [50]
25 MRI-ESM2-0 Meteorological Research Institute, Japan [51]
26 NorESM2-LM Norwegian Climate Centre, Norway [52]
27 TaiESM1 Norwegian Climate Centre, Norway [53]

In order to perform a more detailed assessment of rainfall’s spatial variation, the above
CMIP6, CNO05.1, and ERAS precipitation data sets were resampled to a 500 m resolution
using bilinear interpolation.
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2.3. Methods
2.3.1. Statistical Downscaling

Due to the prediction model’s low spatial resolution and lack of consistency, it is
usually necessary to use downscaling technology to transform the large-scale and low-
resolution model information into small-scale and high-resolution regional precipitation
change information, so as to obtain a relatively accurate regional climate scenario. The delta
downscaling method is a future climate scenario generation method recommended by the
National Evaluation Center of the United States. It is also a commonly used downscaling
method with good results. Liu et al. [54] compared the adaptability of three downscaling
methods, including the delta downscaling method, in the Hanjiang River, and found that
the data processed by the delta downscaling method performed well in responding to
extreme precipitation indicators. Navano et al. [55] created a collection of bioclimatic index
data using the delta downscaling method to evaluate the influence of climate change on
biodiversity. Using the delta downscaling method, Peng et al. [56] assessed the temporal
and spatial variations in potential evapotranspiration from 2011 to 2100. They conducted
this analysis with data corresponding to four distinct concentration pathways under the
RCP scenario. The delta downscaling method superimposes the variation characteristics of
the simulated grid climate elements on the sequence of climate elements measured in the
base period to reconstruct the scenarios of climate elements. For the precipitation scenario,
the delta downscaling method was used to compare the precipitation in different periods of
each simulation grid with the simulated average precipitation in the base period, calculate
the absolute change rate of precipitation in each period of each simulation grid, and then
multiply the measured average precipitation in each base period with the change rate of
the grid to obtain the precipitation scenarios in different periods on the reconstructed grid.
The calculation method is as follows:

P =Py~ (1)

Among them, Py is the grid rainfall data reconstructed by the delta downscaling
method; Pc ;18 the simulated grid precipitation data of a certain period; Pc, is the simulated
grid multi-year average precipitation data of the base period; and Py is the measured
multi-year average precipitation data of the base period. It can be considered that the
change rate of simulated grid precipitation is:

ey
Pc

0

Delta(P) = 2)

Incorporated into this methodology are considerations for the influences of topography
and land cover characteristics, resulting in more reliable and detailed meteorological
information. Therefore, the delta downscaling method was adopted for spatial downscaling
to acquire a high-resolution climate data set for the prediction period in the Loess Plateau.

2.3.2. Multi-Model Ensemble (MME)

In previous studies, some scholars mostly used the output of a single GCM model as
experimental data. It does not accurately predict future climate change [57]. A multi-model
ensemble can reduce the uncertainty of multi-model simulation and restore real data. Exist-
ing research has confirmed that the results of multi-model ensembles are better than those
of single models [58]. In this study, out of the 27 models available, 10 models demonstrating
superior simulation capabilities were chosen, and the future climate prediction data of the
Loess Plateau were obtained by a multi-model ensemble method. The calculation method
is as follows:

yip—
SM= Y, GCM 3)
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Among them, SM refers to the simulation data after the multi-model set; and n refers
to the GCM model data with good simulation ability screened according to the MAE. In
this paper, n = 10.

2.3.3. Evaluation of the Multi-Model Adaptability

In the prediction and evaluation of continuous values, coefficient of determination (R?),
Root Mean Square Error (RMSE), and Mean Absolute Error (MAE) are the most commonly
used evaluation indicators. RMSE provides insight into the extent of dispersion within
a data set, and a lower RMSE indicates that the model has a more accurate prediction.
R? represents the coefficient of determination, serving as an indicator of the proportion
of the overall variability in the dependent variable that can be accounted for by the inde-
pendent variable through the regression relationship. MAE is defined as the average of
the absolute errors between the observed and predicted values. Similar to deviation, but
because the deviation is absolute, there will be no positive and negative offset. This enables
a more accurate depiction of the error in the simulated values, portraying better with the
real circumstances. Therefore, this paper uses R2, RMSE, and MAE indicators to quantify
the model simulation performance. The calculation method is as follows:

N P2
RMSE = Zi:l(ol\l] Pl) (4)
— -
o |EL(0i-0)(hi-D)] 5
YY1 (0= 0)"LN, (P —P)°
MAE = LY IPi- O ©

P; represents the data processed by the delta downscaling method, O; represents the
observed data, and N is the number of samples.

The comprehensive score is based on the above indicators according to the rank scoring
method proposed by Chen et al. [59]. The simulation performance index R; of a single
model j can be obtained by sorting the models, which is defined as follows:

N
R T

] S]-

(7)

Among them, S; is the ranking of pattern j, which is obtained by summing the cor-
responding rankings of the above three indicators; and N denotes the total number of
patterns (N = 27). According to the normalization principle, R; is converted into a percentile
score for comprehensive evaluation, named W;. The higher the W, the better the simulation
performance of the model.

2.3.4. Rainfall Erosivity Calculations

In this paper, the method proposed by Zhang et al. [60] is used to calculate the rainfall
erosivity in the Loess Plateau. The calculation method is as follows:

R = a,FPs (8)

N 12 12 -1
F=1-N') (Z Pi,j2> . (Z Pi,j> )
i=1| \j=1 j=1

In the formula, P;; is the rainfall (mm) in the jth month of the i year, N is the number

of years, R is the multi-year average rainfall erosivity in MJ-mm-hm~2-h~!, and a4 and B,
are the model parameters.



Remote Sens. 2024, 16, 661

7 of 21

In particular, the model for calculating rainfall erosivity proposed by Zhang et al. is a
nonlinear structure, so the model parameters are determined through the utilization of the
nonlinear regression analysis method. The model parameters correspond to the monthly
rainfall parameters calculated by Zhang et al., namely, a4 = 0.1833 and 4 = 1.9957.

2.3.5. Change Trend and Significance Test

Tests for detecting significant trends in climate time series can be divided into para-
metric or non-parametric tests. Non-parametric testing does not necessitate adherence to a
specific distribution within the sample and remains unaffected even when there are a few
outliers. Therefore, this paper uses two non-parametric test methods, the Sen’s Slope and
Mann-Kendall (M-K) tests, to detect the grid simulation R data from 1961 to 2100; that is,
Sen’s Slope is utilized to calculate the trend value, and then the M-K test is utilized to judge
the trend significance. The calculation method is as follows:

Lo X=X
Slope = Median( T ) (10)

In the formula, x; and x; represent the sequence values of j time and i time, respectively.
The positive and negative slope values reflect the change trend of the data, and represent
the change rate of the time series data. When the value is positive, the data show an upward
trend, and when the value is negative, the data show a downward trend.

n=1 n
S=1Y ) sgn(xj—x) (11)

i=1 j=it+1

i Xj— X >0
sgn(xj —x;) =4 0 xj—x; =0 (12)
-1 Xj— X; <0
In the formula, # is the length of the time series, and X and x; are the sequence values

at time j and time i, respectively. When the statistic S is approximately equal to the standard
normal test statistic Z, it can be used to test the following trend:

S5—1
\/ Var(S) 5>0
Z = 0 S=0 (13)
S5+1 S<0
Var(S)

n(n—1)(2n+5)
12
That is, when |Z| > Z; ¢, it is considered that the time series trend is significant;
otherwise, it is not significant.
In addition, we calculated the relative change rate of rainfall erosivity from 1961 to
2100 to reveal the fluctuation in rainfall erosivity in the Loess Plateau in historical and
future periods. Its calculation formula is:

Var(S) = (14)

A, = Ry — Mige1-1990 % 100% (15)
Mi961-1990

Among them, A, represents the relative change rate of rainfall erosivity in the year n
(1961 < i < 2100); R, represents the estimated value of rainfall erosivity in the year n; and
Mj961-1990 represents the average value of rainfall erosivity from 1961 to 1990.

2.3.6. Coefficient of Variation (COV)

The coefficient of variation serves as a means to depict the pattern of fluctuations in
annual rainfall erosivity. In this paper, the annual rainfall erosivity increment is calculated
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based on the historical period (1961-2014) and future period (2015-2100) of each pixel.
One of its advantages lies in its independence from requiring the average value as a
reference, thereby effectively mitigating the impact of measurement scale and dimension.
The calculation method is as follows:

i (xi — %)

p— (16)

Co= 2

x

In the formula, C; is the coefficient of variation of annual rainfall erosivity, x; is the

value in the year i, and ¥ is the average value of annual rainfall erosivity. The smaller the

Cy value, the less fluctuation there is in annual rainfall erosivity, whereas the larger the C,
value, the greater the fluctuations in annual rainfall erosivity.

3. Results
3.1. Evaluation of Precipitation under the Multi-Model Ensemble Mean

The historical period (1961-2014) is divided into two stages in the accuracy evaluation:
the delta construction stage (1961-1990) and accuracy verification stage (1991-2014). That is,
the simulation data and observation data from 1961 to 1990 were used to calculate the delta
(P) according to formula 2. The simulation data spanning from 1961 to 2014 served as the
basis for this model, and we obtained the high-resolution data after applying Formula (1)
to downscale them.

Table 3 gives the comparison results of three indicators (R?, MAE, RMSE) for eval-
uating the precipitation accuracy of 27 GCM models. On the whole, the accuracy of the
27 models after delta downscaling was greatly improved. Before downscaling, the span
of R? was 0.34-0.79, the span of MAE was 14.55-38.83 mm, and the RMSE span was
21.25-49.00 mm. After downscaling, R2 ranged from 0.71 to 0.87, MAE ranged from 11.35
to 16.57 mm, and RMSE ranged from 16.70 mm to 29.29 mm. It can be seen that it is feasible
to use the delta downscaling method to downscale the low-resolution simulation grid
information to a grid with a resolution of 500 m x 500 m.

Table 3. Evaluation of global climate models” monthly precipitation simulation ability in the valida-
tion period (1991-2014) of the Loess Plateau.

R? MAE (mm) RMSE (mm)
NAME Wi Rank
Before After ERA5 Before After ERA5 Before After ERA5
ACCESS-CM2 0.62 0.64 0.66 18.68 15.74 15.84 25.11 24.15 24.49 1.88 21
ACCESS-ESM1-5 0.72 0.73 0.72 18.18 13.95 15.33 22.83 20.8 21.71 13.92 9
AWI-CM-1-1-MR 0.61 0.63 0.66 18.63 16.98 17.74 25.31 24.28 24.58 0.93 25
BCC-CSM2-MR 0.72 0.72 0.68 15.6 14.28 16.47 21.4 20.82 23.49 8.65 13
CAMS-CSM1-0 0.34 0.58 0.65 25.37 18.13 18.29 31.77 27.93 25.83 0 27
CanESM5 0.62 0.65 0.67 23.34 16.6 16.04 31.95 25.22 23.57 1.5 22
CanESMb5-1 0.62 0.68 0.66 23.97 16.95 16.99 33.29 25.66 24.32 15 23
CAS-ESM2-0 0.58 0.73 0.74 25.75 14.01 15.28 32.75 20.67 21.18 14.74 7
CESM2-WACCM 0.72 0.76 0.72 29.85 14.42 15.58 40.17 21.42 21.99 10.61 11
CMCC-CM2-SR5 0.79 0.79 0.82 38.83 12.68 13.17 49 18.52 18.36 100 1
CMCC-ESM2 0.79 0.81 0.79 34.83 13.71 14.42 44.37 19.37 19.93 60.03 2
EC-Earth3 0.66 0.77 0.67 16.39 14.04 17.50 25.46 18.58 25.62 31.48 4
EC-Earth3-Veg 0.65 0.73 0.72 15.99 14.21 15.47 24.22 20 22.32 14.74 8
EC-Earth-Veg-LR 0.73 0.74 0.71 14.55 13.63 16.41 21.25 19.39 22.41 31.48 5
FGOALS-f3-L 0.65 0.65 0.63 16.24 15.36 17.60 24.81 22.62 25.89 3.48 16
FGOALS-g3 0.65 0.71 0.70 15.62 14.79 16.07 22.73 21.61 22.57 5.26 15
IITM-ESM 0.53 0.62 0.69 21.51 16.41 16.33 27.33 24.99 23.33 1.14 24
INM-CM4-8 0.75 0.76 0.77 31.79 14.01 15.26 39.33 20.58 21.11 18.8 6
INM-CM5-0 0.67 0.68 0.69 31.38 15.59 16.36 39.18 23 23.26 3.48 17
IPSL-CM6A-LR 0.71 0.73 0.74 15.23 14.3 15.78 21.77 19.94 21.50 11.8 10

KACE-1-0-G 0.64 0.65 0.68 17.25 16.29 16.66 24.73 22.99 23.85 23 20
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Table 3. Cont.
R? MAE (mm) RMSE (mm)
NAME Wi Rank
Before After ERA5 Before After ERA5 Before After ERA5
MIROC6 0.68 0.72 0.73 25.84 14.57 15.53 33.7 21.14 21.53 7.09 14
MPI-ESM1-2-HR 0.53 0.6 0.68 19.6 17.79 18.09 27.2 26.35 24.59 0.25 26
MPI-ESM1-2-LR 0.53 0.66 0.68 23.08 15.52 16.26 29.44 23.88 23.43 2.94 18
MRI-ESM2-0 0.51 0.66 0.56 17.77 16.74 18.65 31.07 2291 29.74 2.61 19
NorESM2-LM 0.71 0.74 0.73 27.95 14.54 15.49 37.63 21.23 21.20 9.09 12
TaiESM1 0.77 0.8 0.77 29.63 13.47 14.75 38.81 19.48 20.28 52.63 3
MME 0.89 0.93 0.87 20.97 11.03 12.12 26.79 15.88 16.52 X X

Comparing the three evaluation indicators, CMCC-CM2-SR5 and CMCC-ESM2 hold
the top two positions in the rankings, TaiESM1 and EC-Earth3 rank slightly differently in
RMSE (R? and MAE are ranked third, while RMSE is ranked fourth and third, respectively),
and EC-Earth-Veg-LR and INM-CM4-8 are steadily ranked fifth and sixth. The rankings
of ACCESS-ESM1-5, CAS-ESM2-0, and IPSL-CM6A-LR are not stable. As an independent
meteorological data set, the ERA5 reanalysis data set was used to compare the accuracy
with the downscaled data set in this paper. The downscaled data set after the multi-mode
set was compared with the ERA5. The R? was 0.87, the MAE was 12.12 mm, and the
RMSE was 16.52 mm. Compared with ERA5, the results show that the reliability of using
the downscaled data to further predict the future rainfall erosivity change is high, which
can reasonably reflect future climate change predictions under the assumption of specific
emission scenarios in the future, which are affected by the external forcing of climate
systems such as anthropogenic greenhouse gas emissions.

Using Formula (7) to calculate the comprehensive scores of the three indicators, the
10 models suitable for rainfall-related research in the Loess Plateau were CMCC-CM2-
SR5, CMCC-ESM2, TaiESM1, EC-Earth3, EC-Earth-Veg-LR, INM-CM4-8, CAS-ESM2-0,
EC-Earth-Veg, ACCESS-ESM1-5, and IPSL-CM6A-LR.

Table 3 also shows the simulated values under the multi-model set. The improvement
in MME data accuracy is evident when considering the three evaluation criteria: R>, MAE,
and RMSE. Figure 2 shows the comparison of 27 GCM models, MME, CN, and ERA5. The
figure illustrates that in comparison to the observed data (CN and ERA5), the output from
the original GCM exhibits an overestimation of nearly twice the amount, and the monthly
bias results with more precipitation are more significant. The downscaling outcomes from
the multi-model ensemble align well with the observed data, which greatly corrects the
output deviation of the GCM model and can be used for future precipitation predictions on
the Loess Plateau.

Figure 3 is the result of comparative analysis of the spatial characteristics of precip-
itation. The errors of the GCM results were mainly concentrated in the southern part
and mainly manifested in the overestimation of rainfall and the expansion of the range of
variation. The error of the simulated precipitation grid data obtained by the MME method
was basically corrected, and it showed good correspondence with the CN data in space.
The southern region with large errors can also be accurately displayed. In summary, using
the multi-model ensemble method, we gathered simulation data from 10 models chosen
through the evaluation system, and the simulated rainfall data obtained can be used for
the future prediction of rainfall in the Loess Plateau.
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Figure 2. Comparison results of the annual precipitation under a multi-model ensemble (MME) from
January 1991 to December 2014 on the Loess Plateau. (In this graph, the gray line stands for the data
before downscaling of the 27 GCM data sets used in this paper, the red line stands for the observed
precipitation data, the blue one stands for the multi-model ensemble data of the 10 models selected
above, and the green line stands for ERA5 data).
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Figure 3. The findings from the comparison of spatial distribution characteristics of precipitation
during the validation period (1990-2014) ((a) represents the original GCM data, (b) represents
the ERAS data, (c) represents the observed precipitation data, and (d) represents the multi-model
ensemble data).

3.2. Characteristics of Rainfall Erosivity from 1961 to 2014

We can observe the changes in annual rainfall erosivity during 1961-2014 in Figure 4.
The average annual rainfall erosivity of the Loess Plateau was 1259.64 MJ-mm-hm~2-h~1.
The maximum was 2356.23 MJ-mm-hm~2-h~!, which appeared in 1963, and the mini-
mum value was 569.39 MJ-mm-hm~2-h~!, which appeared in 1991. The amplitude was
1786.84 MJ-mm-hm~2-h~!. Linear fitting revealed that the overall performance showed a
slow downward trend, with a decline rate of —3.54 MJ-mm-hm~2-h~1.a=1.
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Figure 4. Rainfall erosivity evolution during 1961-2014.

Overall, the average annual rainfall erosivity of the Loess Plateau showed significant
spatial differences. It showed a declining trend, which mainly accounted for 41.89% of the
total, and was widely distributed in most areas of Inner Mongolia, Yulin, Weinan, Yan‘an,
Yinchuan, Wuzhong City, and eastern Gansu. There was a significant downward trend
accounting for 0.04% of the overall area. The distribution sites were mainly concentrated in
most areas of Shanxi Province, most areas of Henan Province, Pingliang City, and Changzhi
City. The proportion of annual rainfall erosivity changes showing an upward trend for
many years was 58.11%, mainly distributed in the whole region of Qinghai Province,
western Gansu Province, most areas of Shaanxi Province, Lyuliang City, Shanxi Province,
Sanmenxia City, Henan Province, and Luoyang City; 3.55% of the total area experienced a
substantial rise in annual rainfall erosivity, mainly distributed in northwestern Ningxia,
Yulin City, and Yan’an City.

The coefficient of variation of rainfall erosivity from 1961 to 2014 was calculated pixel
by pixel, and the analysis diagram shown in Figure 5b was obtained. On the whole, the pro-
portion of medium fluctuation change was the highest, accounting for 46.71%, followed by
relatively low fluctuation, accounting for 38.29%. The low fluctuation changes were mainly
distributed in the whole region of Qinghai Province, Lanzhou City, Tianshui City, Gansu
Province, Dingbian County, and Shaanxi Province; the relatively low fluctuations were
mainly distributed in most areas of Gansu Province, southern Ningxia, Ordos City in Inner
Mongolia, northwestern and southeastern Shaanxi Province, Ordos City in Inner Mongolia,
northwestern and southeastern Shaanxi Province, most areas of Henan Province, Taiyuan
City in Shanxi Province, Yuncheng City, and so on. The medium fluctuation changes were
mainly distributed in most areas of northern and central Shanxi Province, Inner Mongolia,
northern Ningxia, and central Shaanxi Province; the relatively high fluctuation changes
were mainly distributed in Pingluo County of Ningxia, Shuozhou City of Shanxi, Yangquan
City, Changzhi City, Yan’an City of Shaanxi Province, Yulin City, etc. The high fluctuation
changes were concentrated in Puyang County, Pingding County, and Shun County in
Shanxi Province. The coefficient of variation indicates the spatial fluctuation degree of
rainfall erosivity. Compared with the slope change analysis chart, the medium fluctuation
is mostly positive.
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Figure 5. Characteristics of changes in rainfall erosivity from 1961 to 2014. (Panel (a) represents
the spatial distribution of the change rate of annual rainfall erosivity from 1961 to 2014,
unit: MJ-mm-hm~2-h~1.a~1; panel (b) represents the spatial distribution of C, and the proportion of
each fluctuation degree.)

3.3. Estimation of the Future Rainfall Erosivity

The relative change rate of annual rainfall erosivity relative to the base period
(1961-1990) during 1961-2100 is shown in Figure 6. In the future period (2015-2100),
the relative rate of change under the four SSP scenarios fluctuates between —46.23~42.23%,
—39.81~53.43%, —34.67~67.02%, and —35.13~81.80%, and the average annual rainfall
erosivity growth rate is between —5.19% and 5.15%. The maximum growth under each
scenario appears in 2071, 2064, 2040, and 2077, and the minimum growth under each
scenario appears in 2043, 2020, 2050, and 2026. In contrast, the intensity of fluctuations is
more pronounced in the SSP5-8.5 scenario.
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Figure 6. Relative changes in rainfall erosivity during 1961-2100 in different scenarios.
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Using the analysis method introduced in Section 2.3.5, the change rate of rainfall
erosivity and the significance analysis results are obtained (Figure 7). On the whole, under
different scenario simulations, rainfall erosivity shows obvious spatial differences. In the
SSP1-2.6 scenario, the change rate is between —3.29 and 6.08 MJ-mm-hm~2-h~!.a~!. There
was a decline in the annual rainfall erosivity, which constituted 41.89% of the total. This
decline was observed extensively in the northern section of the study area and Jinzhong
City, Shanxi Province. Among them, there is a significant downward trend, accounting for
0.04% of the overall area, and the distribution is mainly concentrated in Ordos City, Inner
Mongolia. The proportion of annual rainfall erosivity changes, showing an upward trend
of 58.11%, mainly distributed in the southern part and Dalad Banner and Tumed Right
Banner in Inner Mongolia. An area demonstrating a noteworthy increase in annual rainfall
erosivity constituted 3.55% of the total land area. This increase was primarily observed in
the same city and Guide County of Qinghai Province and the southern region of Shaanxi
Province.

SSP1-2.6

SSP3-7.0 | SSP5-8.5

Changes in rainfall erosivity (MJ*mme*hm?*h)

-2 0 2 4 6 8§ 10 12 14 16 18

kY Significantly reduced (p<0.05) N 0 500 km
Significantly increased (p<0.05) I

Figure 7. Spatial distribution of changes in rainfall erosivity under different scenarios from 2015 to
2100. (the oblique line area represents a significant increase area, and the network line area represents
a significant decrease area).

Under the SSP2-4.5 scenario, the change rate is between 0.39 and 16.94 with no down-
ward trend. The area showing a significant upward trend accounts for 71.58% of the total
area. A large area is distributed throughout the study area, mainly concentrated in the
provinces: Shanxi Province, Inner Mongolia, Qinghai, and Shaanxi. Under the SSP3-7.0
scenario, the change rate is between 0.39 and 19.25. The overall trend in the annual rainfall
erosivity of the Loess Plateau was characterized by an increase, and there was no down-
ward trend. The area showing a significant upward trend comprised 41.38%. It is mainly
distributed in Qinghai Province, Gansu Province and most parts of Ningxia, Ordos City,
Inner Mongolia, eastern Shanxi Province, and Henan Province. Under the SSP585 scenario,
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the rate of change is between —0.53 and 20.15. The annual rainfall erosivity showed a
downward trend, mainly accounting for 9.44% of the overall and mainly concentrated
in Minhe Hui Autonomous County of Qinghai Province, southern Ningxia, and Baoji
City of Shaanxi Province. The above sites showed an insignificant downward trend. The
proportion of annual rainfall erosivity changes showing an upward trend was 90.56%,
mainly distributed in the whole study area except Gansu Province. The region experiencing
a substantial rise in annual rainfall erosivity accounted for 49% of the entire study area,
mainly concentrated in northern Inner Mongolia, northern and central Shaanxi Province,
most of Shanxi Province, and western Qinghai Province.

Through comparison, it was found that under the background of climate change, the
increase in rainfall erosivity is a universal law, but there are obvious spatial differences in
its trend intensity, which is particularly significant under the SSP5-8.5 scenario, and shows
a significant increasing trend in a large area in the eastern part of the study area.

3.4. Analysis of Variability

According to Formula (16), the coefficient of variation (C,) for annual rainfall erosivity
in the study area was calculated on a pixel-by-pixel basis from 2015 to 2100, and the
results are shown in Figure 8. The average coefficients of variation were 0.29 under SSP1-
2.6, 0.32, 0.33, and 0.32, respectively. According to the size of Cy, it was divided into
five levels, namely low fluctuation change (Cy, < 0.25), relatively low fluctuation change
(0.25 < Cy < 0.3), medium fluctuation change (0.3 < C, < 0.35), relatively high fluctuation
change (0.35 < Cy < 0.4), and high fluctuation change (C, > 0.4). It can be seen from Figure 6
that the fluctuation law of annual rainfall erosivity reflected by C, in different scenarios is
also different.

35.18%
14.18%

2.56%
.38%

19.98%
12.09%
4 .05%
4%

SSP2-4.5

9.55%

18.93%
0.01%

| [ T " o 500 km
0.25 0.3 0.35 0.4 A L

Figure 8. The changes in C, under various scenarios from 2015 to 2100 in their spatial distribution.
(The pie chart represents the proportion of each fluctuation degree.)

In the SSP1-2.6 scenario, the highest proportion pertains to medium fluctuation
changes, accounting for 42.70%, followed by relatively low fluctuation, accounting for
35.18%. The low fluctuation change is mainly distributed in the whole region of Qinghai
Province, Datong City of Shanxi Province, and most areas of Gansu Province. Relatively
low fluctuations are mainly distributed in northern Ningxia, southern Shaanxi, and central
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Shanxi. Southeastern and central parts of Inner Mongolia, most areas of Shaanxi Province,
and eastern Shanxi are the primary areas characterized by medium fluctuation changes;
the relatively high fluctuation changes are mainly distributed in Hangjin Banner of Inner
Mongolia, Changzhi City of Shanxi Province, and Zhengzhou City of Henan Province; high
fluctuation changes are concentrated in Hangjinhou Banner, Bayanhaier City, and the Inner
Mongolia Autonomous Region.

In the SSP2-4.5 scenario, the medium fluctuation change accounts for the highest
proportion, accounting for 43.37% of the area, followed by the relatively low fluctuation,
accounting for 19.98%. The low fluctuation changes are mainly distributed in the whole
region of Qinghai Province and most areas of Gansu Province; the relatively low fluctuations
are mainly distributed in the Ordos City of Inner Mongolia, the northern part of Shaanxi, the
Linzhou City of Shanxi Province, Datong City, and Jinzhou City; the medium fluctuation
changes are mainly distributed in the Otog Banner of Ordos City in Inner Mongolia, the
northwest of Shanxi Province, Wuzhong City in Ningxia, Zhongwei City, and the southwest
and central part of Shanxi Province; the relatively high fluctuation changes are mainly
distributed in the south of Gansu, the middle of Shaanxi, and the middle of Inner Mongolia.
High fluctuation changes are concentrated in northern Inner Mongolia and Weinan City,
Shaanxi Province.

In the SSP3-7.0 scenario, the proportion of relatively low fluctuations is the highest,
accounting for 27.27% of the area, followed by moderate fluctuations, accounting for 22.47%.
Low fluctuation changes are mainly distributed in southern Ningxia, Qinghai Province,
and most areas of Gansu Province. The relatively low fluctuations are mainly distributed
in Ningxia, Baiyin City of Gansu Province, most of Shanxi Province, and Taiyuan City of
Shanxi Province. The medium fluctuation changes are mainly distributed in the southern
part of Inner Mongolia, Shaanxi, and most of Shanxi. The relatively high fluctuation
changes are mainly distributed in most areas of Shanxi Province, western Shanxi and
southern Ordos City, Inner Mongolia. High fluctuation changes are concentrated in most
areas of Inner Mongolia and Yulin City, Shaanxi Province.

Under the SSP5-8.5 scenario, the area with relatively low fluctuation changes held
the largest share, representing 32.71% of the total area, followed by medium fluctuation,
accounting for 28.80%. The low fluctuation changes are mainly distributed in the whole
region of Qinghai Province, all regions except Baiyin City in Gansu Province, and the
central region of Ningxia. Relatively low fluctuations are mainly distributed in Wuzhong
City, Yinchuan City, and western Shaanxi Province. The medium fluctuation changes are
mainly distributed in the southern part of Inner Mongolia and central Shaanxi Province.
Predominantly, the regions marked by relatively high fluctuation changes are situated in
the central and southern parts of Inner Mongolia, Yulin, Yan’an, Linfen, and Shuozhou in
Shaanxi Province; the high fluctuation changes are concentrated in Hangjinhou Banner,
Bayanhaier City in Inner Mongolia, Weinan City in Shaanxi, and Zhengzhou City in Henan
Province.

The coefficient of variation expresses the fluctuation degree of long-term rainfall
erosivity change. Compared with the slope change image, it can be seen that the changes
of Shanxi Province with medium fluctuation and Inner Mongolia and Shaanxi Province
with high fluctuation are positive.

4. Discussion

The Loess Plateau is one of the most severe soil-erosion and ecologically fragile areas
in China and even in the world. Water erosion is the main form of soil erosion here.
Since 1999, efforts to control soil erosion on the Loess Plateau have continuously increased,
resulting in a notable decline in soil erosion intensity and a substantial reduction in sediment
entering the Yellow River. Some progress has been made in comprehensive control of soil
erosion [61,62]. Despite efforts to mitigate soil erosion, water erosion continues to be a
persistent challenge on the Loess Plateau.
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The spatial and temporal changes in rainfall erosivity in various river systems are
significantly associated with global climate change. When the temperature rises and the
evaporation is strong, the spatial pattern of atmospheric circulation and precipitation is
readjusted on a global scale, and the humidity increases, which leads to changes in rainfall
and the rainfall intensity of external erosion force [63]. The Loess Plateau is situated on
China’s second ladder. It is restricted by latitude, longitude, and topography, which makes
its climate change complex and rainfall changes violent.

The Loess Plateau sees concentrated rainfall periods during the year, which leads to
prominent soil erosion problems caused by rainfall. Therefore, we focused on the Loess
Plateau and selected ten GCM models from the latest released CMIP6 multi-model data
using a multi-model ensemble method. By using the delta downscaling method, this
study simulated the changes in rainfall erosivity from 1990 to 2009 as the baseline period,
and generated scenarios of rainfall erosivity changes during 2015-2100. There are many
methods for calculating rainfall erosivity, and the initial research was mostly based on the
rainfall intensity and rainfall kinetic energy to estimate rainfall erosivity. But obtaining
long-term rainfall process data is hard work, which limits the application of this method.
In 2003, Zhang et al. [60] established a method for estimating rainfall erosivity based
on different types of rainfall data, which provided a methodological basis for assessing
rainfall erosivity using conventional rainfall statistics. The method proposed by Zhang
et al. has been widely used in the Loess Plateau [64,65]. The model of calculating rainfall
erosivity using monthly rainfall data is based on the loess area, and it is verified by the
accuracy of the measured site rainfall data. The coefficient of determination is 0.861 and the
relative error is 0.321. Combined with the monthly data of 4776 periods from 1961 to 2100
used in this paper, the region’s rainfall erosivity was determined to use a monthly rainfall
erosivity model.

Compared with existing studies, utilizing daily precipitation data from 1961 to 2017
and downscaled precipitation estimates obtained from five selected global climate models
under the RCP4.5 medium-emission scenario, Gao et al. [66] conducted a thorough analysis
to examine the spatiotemporal variation in rainfall erosivity within the Yellow River Basin.
Gao et al. [66] believed that due to the increasing number of erosive rainfall days, the
relative rate of change was 13.6% and 19.5%, while the conclusion of this study was
13.48-25.56%. Studies have shown that CMIP6 precipitation prediction is slightly higher
than CMIP5 precipitation, because CMIP5 and CMIP6 simulation parameters are different,
CMIP6 is more accurate in predicting rainfall [67]. The findings suggest that predicting
future climate change is essential because rainfall erosivity under different scenarios varies
in time and space.

Based on CMIP5 simulation data, Panagos et al. [5] predicted the changes of annual
rainfall erosivity under three RCP concentrations in 2041-2060 and 2061-2080. Accord-
ing to the results, the global average annual rainfall erosivity varied between 2765 and
2822 MJ-mm-hm~2-h~! by the year 2050 and between 2782 and 2942 by 2070. Takhel-
lambam et al. [3] analyzed the evolution of annual rainfall erosivity in the southeast-
ern United States based on five CMIP6 data sets, and concluded that the annual rain-
fall erosivity in the southeastern United States will increase by 27% from 2030 to 2059.
Combined with the conclusion of this paper, the average annual rainfall erosivity on
the Loess Plateau during 2041-2060 is 1147.38-1360.97 MJ-mm-hm~2-h~!.a~!, and it is
1255.27-1430.79 MJ-mm-hm~2-h~!.a~! during 2061-2080. The annual rainfall erosivity
of the Loess Plateau will increase by 26% to 32% from 2030 to 2059. In combination, the
annual rainfall erosivity of the Loess Plateau in China will be lower than the global average
erosivity in the future, and higher than that of the United States. Consistent with the
above research, the annual rainfall erosivity will show an upward trend, and will increase
by 40.18~61.20% during 2080-2100, which is not analyzed in the above literature. The
increase of rainfall erosivity may cause the existing soil and water conservation projects
to fail to play their original role, and even cause a certain degree of damage in the future.
Therefore, we should continue to strengthen the maintenance of existing methods and
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the introduction of new methods, as soil erosion prevention is still arduous. Especially in
the northeast, while annual rainfall erosivity in this region exhibits fluctuations in future
projections, the overarching trend is one of growth. The increase in annual rainfall erosivity
will unquestionably augment the challenge of soil erosion management. It is necessary to
strengthen and prevent protection measures.

In light of the complex nature of climate change in high-altitude regions and the
inherent limitations of climate models, uncertainties persist in accurately predicting climate
change scenarios. Efforts to enhance the reliability of multi-model ensemble projections
rely on the precision of General Circulation Model (GCM) data and accurate simulation
of future human activities. From the analysis in this study, we find that improving the
model resolution can indeed improve the model performance to some extent, especially
in the spatial distribution of precipitation, where its effects are significant. All models can
reproduce the characteristics of precipitation in the study area, but there are still systematic
biases compared to observations. When comparing the simulation of a single model to
the multi-model ensemble mean, it can be observed that the latter yields more accurate
estimations of monthly precipitation, aligning closely with the actual observations.

Because of the intricate nature of high-altitude climate change and the inherent limita-
tions of climate models, uncertainties persist in climate change projections. Future research
will focus on integrating multiple assessment approaches and downscaled methods to
achieve more precise and comprehensive climate change scenario projections, particularly
in high-altitude regions. It is necessary to obtain more simulation results from models in
the CMIP6 comparison project in the future, and further evaluate precipitation predictions
in the Loess Plateau region from multiple climate models combined with the measured
stations. Furthermore, we observe a declining trend in rainfall erosivity from 1961 to 2014
during the historical period. This is a good phenomenon for controlling soil loss. With the
increase of vegetation coverage in the Loess Plateau, the erosion damage of rainfall to the
surface can be greatly reduced [68]. However, combined with the conclusions of this study,
rainfall erosivity will increase to varying degrees under different climate change scenarios
in the future, and it will continue to increase. This undoubtedly poses a greater challenge
to soil erosion control. Consequently, there is a need to reinforce medium- and long-term
land use planning and consistently enhance prevention, protection, and supervision efforts.
Rainfall erosivity, as the main climatic factor used to measure soil erosion, is related to rain-
fall parameters such as rainfall and rainfall intensity. In forthcoming research, we intend
to focus more on assessing the impact of extreme climate events and rainfall intensity on
rainfall erosivity.

5. Conclusions

In this study, we utilized simulation data from 27 models within the recently released
CMIP6 initiative. From this tool, we selected 10 models of preference to assess the variations
in rainfall erosivity on the Loess Plateau spanning from 1961 to 2100. The principal findings
can be summarized as follows:

Among the 27 GCM models used in this paper, the most suitable climate models for
simulating monthly precipitation in the Loess Plateau in the future were CMCC-CM2-
SR5, CMCC-ESM2, TaiESM1, EC-Earth3, EC-Earth-Veg-LR, INM-CM4-8, CAS-ESM2-0,
EC-Earth-Veg, ACCESS-ESM1-5, and IPSL-CM6A-LR.

In the historical period (1961-2014), the Loess Plateau experienced a decline in annual
rainfall erosivity, constituting 41.89% of the total area. Notably, a significant reduction
trend encompassed 0.04% of the total area. The proportion of annual rainfall erosivity
changes showing an upward trend for many years was 58.11%, and the area with a sig-
nificant increase in annual rainfall erosivity accounted for 3.55% of the total area, mainly
distributed in northwestern Ningxia, Yulin, and Yan’an. As far as the numerical change of
annual rainfall erosivity is concerned, the average annual rainfall erosivity in the historical
period of the Loess Plateau is 1259.64 MJ-mm-hm~2-h~!, which decreases slowly at a rate of
—3.54 MJ-mm-hm~2-h~!-a~1. Through the collaborative analysis of change rate and coeffi-
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cient of variation, it was found that the relatively low fluctuation and low fluctuation of
rainfall erosivity in the study area accounted for 56.58% of the study area from 1961 to 2014,
and the changes in Qinghai Province, Gansu Province, and Shaanxi Province were positive,
and the change in annual rainfall erosivity continued to maintain an increasing trend.

In the future period (2015-2100), the annual rainfall erosivity will change over time.
The annual rainfall erosivity of the Loess Plateau showed a downward trend, mainly
accounting for 41.89%, 0%, 0%, and 9.44% of the whole, and the proportion of annual
rainfall erosivity changes over the years showed upward trends of 58.11%, 100%, 100%, and
90.56%. In terms of the change of annual rainfall erosivity, the annual rainfall erosivity of the
Loess Plateau will increase by 13.48-25.86% in the future, with a change rate between 0.7 and
4.71, and the annual rainfall erosivity will maintain an increasing trend, especially under
the SSP5-8.5 scenario. In terms of spatial distribution, most areas showed an increasing
trend. Among them, most areas of Shanxi Province, central Shaanxi, and Inner Mongolia
increased greatly, which was not conducive to soil and water conservation and ecological
environment construction on the Loess Plateau. Through the collaborative analysis of
change rate and coefficient of variation, it is found that the relatively low fluctuation and
low fluctuation of rainfall erosivity in the study area under different scenarios account for
49.36%, 32.07%, 30.25%, and 28.38% of the study area, respectively, and the changes in
Qinghai Province, Gansu Province, and Ningxia are positive, and the change of annual
rainfall erosivity continues to maintain an increasing trend.
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