
Introduction

The Tibetan Plateau is the highest plateau in 
the world, with an average altitude above 4,000 m.  
The region has proven to be sensitive to climate 

change and is ecologically fragile [1]. Since the mid-
1950s, the Tibetan Plateau has experienced more 
significant warming than other regions at the same 
latitude [2]. Increased snowmelt and more frequent 
heavy precipitation events could lead to more severe 
soil erosion on the Tibetan Plateau. Understanding the 
rainfall erodibility of the Tibetan Plateau is important for 
its soil sustainability and water and food security [3]. 
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Abstract

Analysing the temporal and spatial changes in regional rainfall erosivity can reveal the formation 
mechanism and succession process of water and soil loss. This is particularly relevant for ecologically 
fragile areas, such as the Tibetan Plateau. In this study, a gravity centre model, Hovmoller diagram, 
wavelet analysis, Mann–Kendall test, Rescale range analysis, and Daniel’s trend test were used to 
analyse the spatial and temporal evolution pattern of rainfall erosivity on the Tibetan Plateau. The study 
used 0.25° spatial resolution data based on ERA5 correction from 1950-2020, which improved the spatial 
resolution and extended the time range of rainfall erosivity research on the Tibetan Plateau. The rainfall 
erosion in the southeast of the Tibetan Plateau was found to be severe and gradually decreased from the 
southeast to northwest. The average gravity centre of rainfall erosivity migrated from the southeast to 
the northwest. Regarding the time cycle, the average rainfall erosivity of the Tibetan Plateau changed 
rapidly each year, with an approximately 11-year cycle. Furthermore, the rainfall erosivity in the Tibetan 
Plateau showed a weak downward trend, which could continue to decrease in the future. Collectively, 
these results support regional ecological security and can help prepare prevention and control measures.
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Accurate calculation of rainfall erosion forces is 
essential for quantitative analysis and forecasting of 
regional soil erosion. Indeed, erosion force can be 
used to characterise and quantify the mechanisms and 
intensity of precipitation on soil erosion [4]. Rainfall 
erosivity is the potential capacity of rainfall to directly 
cause soil erosion and is an important indicator of 
the carrying capacity of regional resources and the 
environment. When the infiltration capacity is saturated, 
surface runoff causes soil erosion. Rainfall erosivity 
is one of the most important factors in soil erosion 
control; its spatial and temporal distribution plays a 
role in determining the patterns of soil erosion [5, 6]. 
Therefore, it is necessary to accurately estimate rainfall 
erosivity on a long-term scale and have a clear grasp of 
its spatial distribution and evolution to estimate regional 
soil erosion. 

Researchers have used myriad data and methods to 
study rainfall erosivity in different regions of the world. 
For instance, Panagos used a set of regression models 
that combined the European scale rainfall erosivity 
database (REDES) [7] and the UERRA dataset [8] 
to reconstruct the annual rainfall erosivity for all of 
Europe and observe its spatiotemporal trend during 
1961-2018 [9]. Meanwhile, high-resolution satellite 
precipitation products are often used to map continental 
scale rainfall erosion degree across the United States 
[10]. Additionally, three datasets (EMO-5 [6 h], E-OBS 
[24 h], and UERRA MESCAN-SURFEX [24 h]) have 
been directly evaluated via a grid-to-point analysis 
based on their ability to simulate station-specific event 
rainfall erosivity time-series. EMO-5 showed potential 
for simulating rainfall erosion events, the grid dataset 
for which performed better in Northern Europe than 
Southern Europe [11]. Moreover, three sets of gridded 
precipitation data were used to calculate the rainfall 
erosivity distribution in India [12], demonstrating the 
effectiveness of grid datasets in simulating rainfall 
erosion. In particular, Bangladesh utilised the Tropical 
Rainfall Measuring Mission 3B42 time-series product 
between 1998 and 2016 to investigate precipitation 
aggressiveness, concentration, and seasonality over 
various hydrological regions [13]. Meanwhile, more than 
100 studies have been performed on rainfall erosion in 
Brazil, of which ~42% have been applied to construct 
erosion maps. The most commonly used interpolation 
techniques include the Kriging method, artificial neural 
network (ANN), and inverse distance weighting method 
(IDW) [13].

Most studies using rainfall gauge data use spatial 
interpolation methods to predict and map the rainfall 
erosivity of the transition region [10]. Methods include 
inverse distance weighting, radial basis function, 
regression, and several Kriging methods [7, 14-18]. 
These methods calculate the rainfall erosivity of a single 
point using the measured rainfall data of meteorological 
stations. Subsequently, the rainfall erosivity spatial 
distribution is obtained by extrapolating the rainfall 
erosivity of a single point to a wider area using the 

spatial interpolation method. However, interpolated 
rainfall erosion rate values often have considerable 
uncertainty [7, 14, 15]. 

According to Panagos et al., sites with high-
frequency data on rainfall estimation have relatively 
low average erosion rates [19]. In areas where 
data availability is scarce, remote measurement of 
precipitation data can help estimate rainfall erosivity 
[20, 21]. Currently, due to a lack of data, most rainfall 
erosion is based on long-term estimations, beyond 
10 years in certain regions. This limits the further 
analysis of rapid erosion in most parts of the world [19, 
22, 23]. Compared with in situ observations, gridded 
precipitation data (e.g., based on satellite, reanalysis, 
and fusion datasets) are not limited by terrain and can 
provide continuous precipitation data [24]. These data 
have been widely used to estimate rainfall erosivity, 
especially in situ area observations [3] in Germany[25], 
the United States [26] and other regions [27]. 

To date, many rainfall erosivity studies on the 
Tibetan Plateau have used empirical methods [28-36], 
revealing that weather station scarcity can significantly 
reduce the accuracy of rainfall erodibility estimations 
in areas with complex topography and climate on the 
Tibetan Plateau [34]. Indeed, the accuracy of estimating 
rainfall erodibility on the Tibetan Plateau is low due to 
the scarcity of current empirical estimation models and 
historical weather stations [27]. The accuracy of rainfall 
erosivity estimates depends primarily on the spatial and 
temporal accuracy of precipitation data, particularly 
in areas such as the Tibetan Plateau, where seasonal 
and regional precipitation patterns exhibit significant 
variability due to westerly winds, Indian monsoons, and 
land–atmosphere interactions [19, 27].

Limited data resolution and time length data have 
prevented the analysis of long-term spatio-temporal 
precipitation erosivity and variation patterns for different 
time scales on the Tibetan Plateau. In particular, few 
studies have reported on the temporal and spatial 
evolution of rainfall erosivity in the Tibetan Plateau 
based on extended time series and high-resolution 
data using sufficiently comprehensive analytical 
methods. Accordingly, the current study applies various 
spatiotemporal analysis methods and long-time series 
data to analyse the evolution law and changes in the 
erosivity of the Tibetan Plateau from the time and 
space dimensions. The primary aim of this study is to 
characterize changes in the patterns of rainfall erosivity 
on the Tibetan Plateau along different time scales and to 
provide information for future ecological environment 
protection of the Tibetan Plateau.

Experimental  

Data Source

The study area is the Tibetan Plateau (26-40°N,  
73-105°E) located in southwestern China and covering 
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an area of approximately 2.5 million km2. The elevation 
range of the Tibetan Plateau is 84-8246 m (average: 
4379 m). Precipitation in the south-eastern Tibetan 
Plateau is influenced by the warm and humid Indian 
monsoon, while in the western Tibetan Plateau, it is 
influenced by the mid-latitude westerlies [1]. Annual 
precipitation is most intense between May and October 
[29], and shows a spatial pattern of wet east to west 
with dry in the centre [27].

A scarcity of weather stations can significantly 
reduce the accuracy of rainfall erosivity estimates 
in areas with complex topography and climate, such  
as the Tibetan Plateau [28, 29]. Consequently, accurate 
rainfall erosion rate estimations on the Tibetan Plateau 
are low due to the scarcity of historical weather stations 
and current empirical estimation models. Precipitation 
data with high spatial and temporal resolution are 
needed to calculate rainfall erosion rates on the Tibetan 
Plateau.

Compared with other gridded precipitation 
datasets, ERA5 successfully reproduces interannual 
and interdecadal variability of precipitation, reflecting 
spatial and temporal patterns [37]. ERA5 is marginally 
better at detecting long-term daily precipitation across 
the Tibetan Plateau [38], although deviations in 
precipitation are also reported [39].

An annual rainfall erosivity dataset with high 
resolution for the Tibetan Plateau from 1950-2020 was 
used. It included station-based precipitation data from a 
dense network of weather stations and reanalysis data. 
This dataset was generated from 1-min field rainfall 
data from 1787 meteorological stations and long-term 
ERA5 rainfall data with a spatial resolution of 0.25°. 
The dataset provided a unique view of small to large-
scale features in rainfall erosivity variability over the 
Tibetan Plateau, where it is not easy to obtain long-term 
in situ precipitation data with sufficient spatiotemporal 
resolution [27].

Methods 

The gravity centre model, Hovmoller diagram, 
wavelet analysis, and Mann Kendall test were used in 
this study. The gravity centre model and Hovmoller 
diagram can explain the overall movement direction 
and trend of soil erosion. The M-K analysis is widely 
used for trend analysis of time series [40, 41]. The 
advantage of the M-K test is that the series does not 
need to conform to a certain sampling distribution, 
thereby avoiding the potential influence of outliers [42, 
43]. For rainfall erosivity of the Tibetan Plateau, the 
M-K test was used to detect trends and abrupt changes. 
The CWT is widely used to detect the periodicity of 
time series [42, 44]. Among many wavelet functions, 
the Morlet wavelet function provides a good balance 
between time and frequency localizations and is, thus, 
most suitable for studying temporal variation in rainfall 
erosivity [45].

Hovmoller Diagrams

The Hovmoller diagram is commonly used in 
weather and climate diagnostics to analyse coherent 
signals and was used in the current study to analyse 
the cumulative longitude or latitude of rainfall erosivity 
[46].

A Hovmoller diagram is a two-dimensional plot that 
presents the time–latitude variations of a longitudinally 
averaged variable [47]. In 1949, Ernest Hovmoller 
created a diagram capable of showing movement in 
static pictures. A cross between a map and a graph, the 
figure is known today as a Hovmoller Diagram. It is a 
two-dimensional plot showing how the value of some 
quantity varies in space and time; one axis refers to 
time and the other to spatial location, which is typically 
longitude or latitude in meteorological studies.

The Hovmoller diagram is commonly used in 
weather and climate diagnostics to analyse coherent 
signals and was used here to analyse the cumulative 
value of rainfall erosivity in longitude or latitude [46].

 
Gravity Centre Model

A gravity centre model was derived from the field 
of physics and refers to the point at which the gravity 
force is exerted equally on each part of an object [48]. 
The centre of gravity is a helpful estimator for assessing 
certain redistribution trends and is represented as a point 
that shows the average location of a weighted object. 
In an early study, Hilgard used it for detecting trend 
changes in the population distribution of the United 
States [49]. Over the years, extensive research regarding 
centres of gravity have focused on population [50, 51], 
economics [52], urbanisation [53], land utilisation[54], 
and environmental pollution [55]. In the field of 
rainfall erosivity, the spatial variation characteristics 
of the gravity centre can reflect the degree of change 
in the rainfall erosivity level. In this study, the rainfall 
erosivity level of grid i is zi, and the average value 
of a region that is composed of space units (grids) is 
defined as x̅ and y̅ in Cartesian coordinates, which can 
be expressed as follows:

Rescale Range Analysis

A dimensionless ratio, R/S, in a rescaled range 
analysis (R/S analysis), was utilised to calculate the 
rescale range of each subsequence [56, 57]. The Hurst 
index (H) of the R/S analysis is an indicator used to 
measure the correlation and trend intensity of a time 



Zhao H, et al.3424

series. Its value range is 0<H≤1. Whether or not the 
time series is completely random, a trend component 
of persistence or anti-persistence was determined 
depending on the size of the H. Different values 
corresponded to the following situations. (1) H = 0.5: 
the sequence is a random process, and the trend does 
not affect the future. (2) 0<H<0.5: the time series 
presents anti-persistence, that is, the future trend is 
opposite to the past. The closer the H value is to 0, 
the stronger the anti-persistence. (3) 0.5<H<1: the time 
series is continuous, meaning that the future trend is the 
same as the past trend. The larger the H value, the more 
evident the trend.

Mann-Kendall Test

Traditional classical statistical methods analyse 
and predict static data in a time series, however, many 
time series data do not conform to this hypothesis. 
Therefore, we used the Mann-Kendall test, a non-
stationary time series analysis method [40, 41] as it does 
not require the sample to follow a specific distribution 
and is not disturbed by a few outliers [42, 43]. When 
the standardised test statistic is positive, there is an 
upward tendency. When the standardised test statistic is 
negative, a downward tendency is observed [58, 59].

Mutation detection and cycle tests are important 
methods for analysing change and development in a long 
time series. You can clearly and intuitively understand 
the development process through mutation detection 
and cycle change. The Mann-Kendall test can also be 
used to test the mutation point of a sequence. When 
UFk (positive sequence statistics) and UBk (inverse 
sequence statistics) intersect, and the intersection point 
is within the critical line, the time corresponding to 
the intersection point is the time when the mutation 
begins. Meanwhile, when UFk>0, the sequence shows 
an upward trend. When UFk<0, the sequence exhibits 
a downward trend. If UFk exceeds the critical value, an 
evident change in trend occurs [60].

Daniel’s Trend Test

The Daniel Trend Test method was used to analyse 
temporal variation trends [61]. Daniel’s trend test is a 
statistical analysis method based on the Spearman’s 
rank correlation coefficient [62]. This method 
belongs to a class of non-parametric tests and adopts  
Spearman rank correlation coefficient to assess the 
significance of changes in trend. In the Spearman rank 
correlation test, the accuracy of time series data need 
not be considered. However, the time series data must 
be transformed into rank sequentially. The quantity  
of data points must, typically exceed four. To 
achieve Y1, Y2,..., YN, by sorting the time series data 
according to the data value from small to large, the 
corresponding serial numbers are X1, X2,..., XN. The rank 
correlation coefficient used in statistical tests was as 
follows:

where di = Xi – Yi, N is the amount of data; rs>0 
represents an upward trend, and vice versa [63]. 

Wavelet Analysis (Morlet)

Wavelet analysis is a powerful tool well-suited to 
study multiscale, nonstationary processes occurring 
over finite spatial and temporal domains. Recently, 
wavelet transform has found numerous applications in 
Geophysics [44, 64]. Wavelet transformations were used 
to analyse the multi-frequency characteristics of the 
non-stationary time series. In addition, since the Morlet 
continuous complex wavelet transformation can provide 
both phase and amplitude information of time series 
variations, the Morlet wavelet function is commonly 
used in the study of climate-related sequences:

where ω0 refers to the frequency, which is dimensionless.

Results and Discussion

Analysis of Spatial Distribution Characteristics

Fig. 1 shows that the rainfall erosivity in the 
southeast of the study area was the highest and caused 
the most serious soil erosion. Overall, there was a 
gradual decreasing trend from southeast to northwest, 
which is consistent with the spatial distribution of 
precipitation on the Tibetan Plateau and has a high 
correlation with elevation and topography. The region 
with the highest elevation in the south had the highest 
precipitation erosion force, indicating that the soil 
erosion by precipitation was the most serious in the 
south-eastern region.

The north-western area showed a relatively uniform 
spatial distribution, with strong erosion in local areas, 
such as near (82°E, 31°N) and (88°E, 29°N). Key regions 
with large rainfall erosivity potential are concentrated 
in the Bomi-West Sichuan and Dawang-Chayu areas. 
The largest area-averaged annual rainfall erosivity in 
the Tibetan Plateau reached 15,997 MJ·mm·ha−1·h−1·yr−1. 

The study area maintained a high rainfall erosion 
index in the southern region from the 1950s to the 1990s, 
with minimal fluctuation over 50 years, indicating 
that rainfall erosion has been severe in this part of 
the region, while all other regions had a low rainfall 
erosivity index (Fig. 2). These five periods showed large 
extremes, with a maximum value of 17,331.3 MJ·mm·ha-

1·h-1·yr-1 in the 1990s, which represented the maximum 
of the seven periods, indicating that a certain region 
was continuously subjected to high-intensity rainfall 
erosion. Moreover, the overall spatial distribution of the 
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(19.7%; Fig. 4b). The study area can also be divided 
into two parts according to the coordinate axes; the 
gravitational weight of the rainfall erosion force in 
the southeast quadrant was 58% greater than that in 
the northwest quadrant (42%), indicating that rainfall 
erodes the soil more severely in the southeast region 
than in the northwest.

To further explore the spatial variability 
characteristics of the gravity centre of rainfall erosion 
force, the rainfall erosion force was anlaysed on  
a 10-year scale throughout the study cycle, and 
the migration direction of the gravity centre was 
determined (Fig. 5). From the 1950s to the 1970s, the 
rainfall erosion force gravity centre moved in variable 
directions, first to the southwest, then to the west and 
to the east. The  rainfall erosion force centre of gravity 
shifted noticeably to the northwest after 1980, indicating 
that rainfall erosion was severe in the northwest of the 
study area over the following period.

Hovmoller Diagram

The Hovmoller diagram was used in this study to 
analyse the time-longitude or time-latitude features of 
hourly rainfall propagation. To create the Hovmoller 
diagrams, rainfall erosivity was averaged over the 
longitudinal or latitudinal planes from 1950 to 2020. 

From the Hovmoller diagram of longitude 
accumulation (Fig. 6a), it was observed that the 
average rainfall erosivity of the Tibetan Plateau was 
unevenly distributed. In particular, 92°E, 96°E, and 
100°E-104°E had the highest average rainfall erosivity, 
with centrelines located at 94°E, 95°E, and 102°E.  
The average rainfall erosivity within the range of less 
than 65°E, 65°E-78°E, and 104°E-108°E was the lowest, 

period from the 1950s to the 1990s was more uneven. 
As shown in Fig. 2, more regions have increased their 
brightness since 2000, but this does not mean that the 
rainfall erosion index has increased. This is due to a 
rendering effect caused by the smaller maximum values 
in these two periods.

Gravity Centre Analysis

The gravity centre of rainfall erosivity on the 
Tibetan Plateau over 71 years shifted within 200 km 
(Fig. 3). The average centre of gravity of the rainfall 
erosion force for the entire 71-year period was applied 
as the coordinate origin. This was used to analyse 
the spatial distribution characteristics of the centre of 
gravity of the rainfall erosion force for each year. The 
number of gravity centres of rainfall erosion force 
located in different quadrants of the coordinate system 
were counted and calculated (Fig. 4a); the number 
in the southeast and southwest quadrants were the 
largest, accounting for 32.4% and 23.9%, respectively, 
indicating that the soil erosion by rainfall was more 
serious in these regions of the study area. Meanwhile, 
the proportion of rainfall erosion force gravity centres 
in the northeast and northwest quadrants was lower at 
21.1% and 22.5%, respectively.

As China is significantly influenced by the monsoon, 
the coordinate system of Fig. 4a was rotated 45° counter-
clockwise to obtain a new coordinate system, and the 
number and proportion of rainfall erosion force gravity 
centres in each quadrant were counted and calculated. 
The east quadrant had the largest weight of the gravity 
centre of rainfall erosion force, 29.6%, followed by the 
south quadrant (26.8%) and the west quadrant (23.9%), 
with the north quadrant having the smallest weight 

Fig. 1. Average rainfall erosivity map of the Tibetan Plateau from 1950-2020.
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Fig. 2. 10-year average rainfall erosivity distribution map of the Tibetan Plateau for 1950-2020. a) 1950s, b) 1960s, c) 1970s, d) 1980s, 
e) 1990s, f) 2000s, g) 2010s.
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Fig. 4. Distribution proportion of annual average rainfall erosion gravity centres during 1950–2020: a) ortho axis, b) oblique axis.

Fig. 3. Spatial distribution of annual rainfall erosivity gravity centres from 1950 to 2020.



Zhao H, et al.3428

and the average rainfall erosivity in other regions was 
in the medium range.

From the perspective of the cumulative Hovmoller 
diagram of latitude (Fig. 6b), the average rainfall 
erosivity of the Tibetan Plateau also showed uneven 
distribution. That is, 27°N-29°N had the highest average 
rainfall erosivity, showing a gradual decreasing trend 
from the regional centreline of 28.5°N to the north.

The Hovmoller diagrams also reflect the time cycle 
characteristics of the average rainfall erosivity of the 
Tibetan Plateau. The rainfall erosivity changed rapidly 
over time, particularly in areas with high average rainfall 
erosivity. From 1985 to 2020, a noticeable periodicity 
of 27°N-29°N was observed in the 92°E-96°E range of 
the longitude cumulative Hovmoller and 96°E of the 
latitude cumulative Hovmoller. The highest points of the 
cycle occurred during 2020a, 2009a, 1998a, and 1987, 
suggesting that the cycle was approximately 11 years. 
In the range of longitude 85°E-92°E, periodicity was 
also observed, with the cycle peaks at 1976a, 1965a, and 
1954a, also showing a cycle of approximately 11 years.

Periodic Characteristic Analysis

The periodic variation of rainfall erosivity in the 
Tibetan Plateau was analysed by the wavelet method 
(Fig. 7). The power spectrum analysis results of rainfall 
erosivity in Fig. 7 further revealed the periodic variation 
characteristics of rainfall erosivity, and the solid black 
line represents the significant 0.05 test marker line.

From the wavelet power spectrum after excluding 
the influence of the boundary, it was observed that the 
high energy areas were concentrated between 26-45a 

Fig. 5. Migration trajectory of the rainfall erosion gravity centres 
on a 10-year scale.

Fig. 6. Hovmoller diagram of average rainfall erosivity of the Tibetan Plateau. a) Hovmoller diagram of longitude accumulation,  
b) Hovmoller diagram of latitude accumulation.
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in the 1955-1998 range, 9-13a in the 1992-1998 range, 
and 2-3a in the 1993-1999 range, where the wavelet 
power reached a significant level on the 9-13a scale.  
It also reached a significant level on the 2-3a scale 
with a noticeable cycle. There was no evident periodic 
change in other years, which also confirms the above 
characteristics that rainfall erosivity fluctuates greatly, 
but overall change trends are not evident. 

Mann-Kendall Test

The results of the Mann-Kendall mutation test 
for rainfall erosivity over the 71-year study period 
are shown in Fig. 8. When UF>0, the time series 
exhibited an upward trend, and when UF<0, it showed a 

downward trend. If the rising or falling trend exceeded 
the 0.05 significance test boundary line, a significant 
change trend occurred. When the two time series UF 
and UB intersected and were within the boundary line 
of the significance test, the intersection represented a 
sudden change point, and its corresponding time node 
was the time when the statistical series had a sudden 
change.

With the exception of 1950-1955 and 1964, UF 
statistics in other years were <0. Hence, rainfall erosivity 
was generally declining, and UF statistics during the 
1970-1990 period exhibited a significance level >U0.05. 
A downward trend was noticeable from 1970 to 1990 
and was maintained after 1997, however, was less 
evident. UF statistics and UB statistics intersected  

Fig. 7. Wavelet power spectrum of rainfall erosivity for the Tibetan Plateau from 1950 to 2020.

Fig. 8. Mann-Kendall test of rainfall erosivity for the Tibetan Plateau.
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in 1954, and the absolute value of the intersection was 
<1.96, lower than the U0.05 significance level. As such, 
no significant mutation point nor mutation interval in 
rainfall erosivity data occurred in the Tibetan Plateau 
over the 71 years.

Trend Prediction

Overall Trend Analysis

The trend coefficient of the annual average rainfall 
erosivity of the Tibetan Plateau in the past 71 years 
was −0.0975, indicating that it is decreasing (Fig. 9).  
The Hurst index was 0.6169, indicating that the study 
area will continue to show a weak downward trend 
in the future. The statistical value of Z was −0.7972, 
and the Daniel coefficient was −0.0847, both of which 
did not reach a significant level. Hence, it cannot be 
concluded that the trend will decline in the future.

Analysis of 10-year Scale Trend

Through linear trend estimation, M-K test,  
and R/S analysis, the intensity of rainfall erosivity  
at 10-year intervals was assessed. The time periods  
were 1950-1959, 1960-1969, 1970-1979, 1980-1989, 

1990-1999, 2000-2009, and 2010-2019 (Table 1).  
The results of the linear trend analysis and Daniel Index 
identify four periods of decline and three periods of 
increase. Z statistics did not reach a significant level, 
indicating that the downward trend was not evident. 
In these seven periods, the Hurst index of only two 
periods was <0.5, indicating that the change trend of 
rainfall erosivity was not random and had inherent 
persistence over the 10-year scale. Based on the above 
analysis and the trend prediction of rainfall erosivity on  
a 10-year scale, it can be concluded that the rainfall 
erosivity of the Tibetan Plateau will likely continue to 
exhibit a downward trend in the future.

Discussion

Considering the effects of soil erosion by rainfall 
on the entire environment, it is expected that the 
rainfall erosivity map generated in this study can be 
used to estimate amounts of soil loss and identify 
regions vulnerable to soil erosion. Moreover, it provides 
theoretical references for the prevention and control 
of soil erosion, as well as the formation and evolution 
mechanisms of ecological security patterns in the 
Tibetan Plateau [65].

Fig. 9. Mean annual rainfall erosivity for the Tibetan Plateau from 1950-2020.

Period (year) Trend statistics Z statistic Hurst Index Daniel Index

1950-1959 −3.7559 −1.1472 0.5513 −0.3575

1960-1969 −6.4334 −0.8069 0.6579 −0.7212

1970-1979 −0.9149 1.0014 0.2539 −0.2121

1980-1989 7.9121 0.0680 0.6184 0.6848

1990-1999 2.9881 −0.1166 0.5462 0.1757

2000-2009 −0.0643 0.1458 0.3849 −0.0666

2010-2019 −1.2733 0.0486 0.5484 0.0424

Table 1. Statistical analysis of rainfall erosivity prediction at 10-year scale for the Tibetan Plateau.
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The dataset used in this study, based on the ERA5 
corrected and calculated precipitation erosivity dataset, 
provides a unique view of large-scale to local-scale 
features in rainfall erosivity variability over the Tibetan 
Plateau, where it is relatively impossible to obtain 
long-term in situ precipitation data with sufficient 
spatiotemporal resolution. By absorbing a large number 
of ground observations, atmospheric detection data, and 
remote sensing data, ERA5 provides a reasonable spatial 
and temporal variation of large-scale precipitation 
[27]. It is also worth noting that certain uncertainties 
are inevitably associated with newly reconstructed 
datasets. Nevertheless, the fusion of precipitation 
data from different sources tends to be useful for the 
estimation of rainfall erosivity, particularly in regions 
with limited ground data. However, one can expect that 
technological development over the next decades will 
lead to improved accuracy of satellite-based and grid 
data products, which can serve as input for the dynamic 
rainfall erosion models. 

In this study, the gravity centre model, Hovmoller 
diagram, wavelet analysis, Mann-Kendall test, and 
other methods were introduced to analyse the rainfall 
erosivity of the Tibetan Plateau in time and space. 
Spatial distribution is characterized by a decreasing 
trend from the southeast to the northwest, which is 
in accord with previous studies [5, 29, 66, 67]. The 
gravity centre model and Hovmoller diagram measure 
the overall distribution of a certain attribute in the 
region, and their distribution trend can reveal uneven 
degrees of the attribute in the spatial distribution [68]. 
Although the gravity centre model has been widely 
applied in the field of social and economic research [69, 
70], its application in the discipline of rainfall erosivity 
has been less reported. Introducing the gravity centre 
method to the study of changes in rainfall erosivity 
trends is conducive to revealing the spatial change 
characteristics of rainfall erosivity on the Tibetan 
Plateau [71].

On the Hovmoller diagram, the annual rainfall 
erosivity 85°E is relatively high, primarily because 
the north-south pattern of the Hengduan Mountains 
and valleys in eastern Tibet is conducive to the entry 
of water vapor from the Indian Ocean, making rainfall 
in this area relatively abundant. In contrast, there is 
relatively little precipitation in northwest Tibet, due to 
the obstruction of the Himalayas system, coupled with 
high altitude and low temperature; the corresponding 
rainfall erosivity is low, which is relatively consistent 
with the north of 35°N and west of 85°E values on the 
Hovmoller diagram. However, in the Yarlung Zangbo 
River basin, due to the low terrain, sufficient water 
and heat, and high rainfall erosivity, the gravity centre 
shifts around the large bend of the Yarlung Zangbo 
River. Additionally, precipitation in the rainy season 
has a pronounced vertical differentiation in the plateau; 
with the increase in altitude, precipitation significantly 
decreases and then increases [69, 70], leading to 
complexity in the spatial distribution of rainfall 

erosivity, which also presents complex texture in the 
Hovmoller diagram.

Given that most of the Earth’s energy originates 
from the sun, changes in solar energy affect the climate 
and rainfall patterns. According to relevant studies, 
wavelet analysis of annual rainfall data and sunspot 
number shows a wavelet cross-power of approximately 
11 years for both time series [72]. Thomas et al. 
reported that the periodicity of sunspot numbers and 
rainfall estimated by Fourier analysis is in agreement 
with wavelet analysis. The cross-wavelet transform 
also indicates a distinct 8-12-year correlation between 
sunspot number and rainfall [73]. In the current study, 
the rainfall erosivity presents a period of approximately 
11 years, indicating that the characteristics of rainfall 
erosion change in response to the solar magnetic cycle, 
and a specific relationship exists between solar activities 
and rainfall erosion.

In terms of the characteristics of the trends over 
years, the annual rainfall erosion degree fluctuated 
greatly, however, did not exhibit an evident increasing 
or decreasing trend over the past 71 years. However, 
based on trend analysis, a weak downward trend will 
be observed in the future, which agrees with the results 
of previous studies [2, 13, 29, 74]. Although the length 
of the precipitation data series used in different studies 
differs, the soil erosivity of the Tibetan Plateau is one 
of the few regions in the world with a downward trend. 
In terms of spatial distribution, the R factor generally 
exhibits a decreasing trend from the southeast to the 
northwest, which is consistent with previous research 
results [29, 67, 74]. This is accounted for by the study 
area being affected by westerly circulation, the North 
Atlantic Oscillation, topography, and geographical 
factors, forming a unique pattern of precipitation and 
erosivity in the Tibetan Plateau [67, 75]. This is similar 
to the spatial distribution characteristics of rainfall 
erosivity throughout China [76], as well as within the 
Songhua River basin [77], Loess Plateau region [78, 79], 
and southwest region [80]. In particular, the blocking 
effect of mountains on moist airflow causes the rainfall 
on the windward slope and the intensity of rainfall 
erosivity to increase. Meanwhile, the increase in 
altitude will also have an amplification effect on rainfall 
erosivity [45, 77, 80, 81]. 

Although the data applied in the current study 
is superior to that of other related studies in terms of 
spatial resolution and time range, the accuracy and 
resolution of precipitation erosivity can be further 
improved by combining higher precision terrain data 
and meteorological data. Regarding trend prediction, 
given the insufficient time range of historical data,  
the long-term trend evolution law and short-term 
prediction accuracy of precipitation erosivity in the 
Tibetan Plateau may not be sufficiently accurate. 
Hence, future research should incorporate the artificial 
intelligence spatial-temporal prediction method to 
obtain more accurate prediction results based on a small 
number of samples.
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Conclusions

Based on the ERA5 corrected and calculated 
precipitation erosivity data set, which expanded the time 
range of the dataset in the Tibetan Plateau, this study 
analysed the spatial and temporal distribution pattern 
of rainfall erosivity throughout the Tibetan Plateau, 
evaluated the decades-scale interannual changes 
in rainfall erosivity, and carried out trend analysis. 
Accordingly, the following conclusions can be drawn:

First, the rainfall erosion in the southeast of Tibetan 
Plateau has been the most severe over the past seven 
decades. Although the rainfall erosion in the northwest 
of the study area is relatively less severe, the spatial 
distribution differentiation has declined over the past 
20 years. Second, the gravity centre shifted from 
the southeast to the northwest, especially after 1980. 
Consequently, rainfall will likely erode the north-
western portion of the study area in the future. Third, 
based on the time dimension, the average rainfall 
erosivity of the Tibetan Plateau changes rapidly 
within one year, however, follows an approximately 
11-year cycle, especially in regions with high average 
rainfall erosivity. Finally, the rainfall erosivity in the 
Tibetan Plateau continues to fluctuate, showing a weak 
downward trend, which is expected to be maintained in 
the future.

This study has certain strengths in that it comprised 
various spatiotemporal analysis methods, combined 
with long time series and high-resolution precipitation 
erosivity data to analyse the evolution law and trend 
in the Tibetan Plateau Plateau erosivity from the 
dimensions of time and space. Moreover, the dataset 
provides a unique view of the large-scale to local-
scale characteristics of the Tibetan Plateau rainfall 
erosivity patterns. Given the difficulty associated 
with obtaining long-term on-site precipitation data 
with sufficient spatial and temporal resolution, the 
evolution analysis with higher resolution and a longer 
time cycle is valuable. As such, the results of this  
study serve as an important reference for further  
analysis of the spatiotemporal evolution pattern of soil 
erosion, as well as the formation of, and evolution 
mechanism associated with the, ecological security 
pattern in the Tibetan Plateau. In particular, these 
findings can be applied to design protection policies for 
specific regions, which will help to predict the evolution 
of ecosystem structures and formulate appropriate 
countermeasures to adapt to climate change. Finally, 
considering that soil erosion is a key land degradation 
indicator within the framework of sustainable 
development goals (SDGs), the proposed results have 
important relevance for policy implementation.
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