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Abstract: Erosive rainfall is essential for initiating surface runoff and soil erosion to occur.
The analysis on its temporal and spatial distribution characteristics is crucial for calculating
rainfall erosivity, predicting soil erosion, and implementing soil and water conservation.
This study utilized daily rainfall observation data from 90 meteorological stations in Henan
from 1981 to 2020, and conducted geostatistical analysis, M-K mutation test analysis, and
wavelet analysis on erosive rainfall to reveal the spatiotemporal distribution characteristics
over the past 40 years. Building on this foundation, the correlation between erosive rainfall,
rainfall, and rainfall erosivity were further explored. The findings indicated that the
average annual rainfall in Henan Province varied between 217.66 mm and 812.78 mm, with
an average yearly erosive rainfall of 549.24 mm and a standard deviation of 108.32 mm.
Erosive rainfall constitutes for 77% of the average annual rainfall on average, and the
analysis found that erosive rainfall is highly correlated with rainfall volume. The erosive
rainfall increased from northwest to southeast, and had the same spatial distribution
characteristics as the total rainfall. The number of days with erosive rainfall was 20.5 days
and the annual average sub-erosive rainfall was 26.86 mm. The average annual rainfall
erosivity in Henan Province ranged from 1341.81 to 6706.64 MJ·mm·ha−1·h−1, averaging at
3264.63 MJ·mm·ha−1·h−1. Both the erosive rainfall and the rainfall erosivity are influenced
by the monsoon, showing a unimodal trend, with majority of the annual total attributed
to rainfall erosivity from June to September, amounting to 80%. The results can provide
a basis for forecasting of heavy rainfall events, soil conservation and planning, ecological
treatment, and restoration.

Keywords: erosive rainfall; spatiotemporal variation; rainfall erosivity; Henan Province

1. Introduction
Rainfall-induced water erosion is a significant contributor to soil erosion, rain falls into

the surface through raindrops [1], and rainwater washes away the surface soil, resulting in
the destruction of soil structure and the loss of organic matter at the surface [2]. The global
hydrological cycle has been modified as a consequence of global warming in recent years,
leading to an anticipated rise in both the frequency and intensity of extreme rainfall events
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at global and regional scales [3–5]. Rainfall characteristics are important factors affecting
soil and water loss [6–9], and there is a strong correlation that exists between splash erosion
and runoff generation on slopes and rainfall characteristics [10]. Not all rainfall can cause
soil erosion. Soil erosion occurs when the rainfall characteristics reach a certain critical
standard, approaching or exceeding the critical value [11,12]. The critical value is called
the erosive rainfall threshold [13]. The determination of the erosive rainfall standard is
crucial for calculating rain erosion force and predicting soil loss accurately. In Universal
Soil Loss Equation (USLE) and Revised Universal Soil Loss Equation (RUSLE), the erosive
rainfall standard is formulated based on the intensity of the rainfall [14]. Rainfalls below
12.7 mm are not taken into account in the calculation of rainfall erosivity. However, it is
still considered in the calculation when surpasses 6.4 mm within a 15-min interval.

There are substantial differences in soil erosion in China, with varying terrain and
climate conditions at different regions, resulting in different standards for erosive rain-
fall. Some scholars have defined erosive rainfall in loess areas as a rainfall greater than
10 mm·day−1 [15], and 9.8 mm·day−1 and 9.2 mm·day−1 in Heilongjiang in Northeast
China and Northeast Yunnan in Southwest China [16,17]. Scholars have classified erosive
rainfall in the Xiao’anxi River Basin of the Yangtze River and the Loess Plateau by a rainfall
≥12.7 mm per time [18–20]. Additionally, 14 mm is employed as the criterion for erosive
rainfall in the Poyang Lake Basin [21]. In certain special landscape areas, such as the Karst
landform area, a rainfall ≥ 30 mm per time is employed as the standard for erosive rain-
fall [22]. The studies in the Karst Yellow Soil Mountain Erosion-Prone Region in Southwest
China showed that the threshold for rainfall amounts was determined to be 12.66 mm
for forest land, 10.57 mm for grassland, 9.94 mm for farmland, and 8.93 mm for fallow
land [23]. It can be seen that the standards of erosive rainfall in different regions are also
different due to different influencing factors such as geographical location, geomorphic
features, and rainfall characteristics. The current rainfall > 10 mm·day−1 or 12 mm·day−1

has been accepted by most scholars as the standard of erosion rainfall [24,25]. Chinese
scholars usually used 12 mm·day−1 as the erosive rainfall threshold when calculating
erosive rainfall based on daily rainfall [26].

The correlation between erosive rainfall and soil erosion is more closely related. Re-
search indicated that rainfall-induced soil erosion varied significantly from year to year,
with major storms accounting for the majority of overall erosion. Soil erosion caused by
the most substantial rainfall event could account for 66.4% of the total annual erosion,
with this figure surpassing 95% in a typical year. Among erosive rain events, half of the
rainfall occurrences led to 96.8% of the overall soil loss [27]. With the escalation of global
warming, frequent extreme rainfall events lead to severe soil erosion. The kinetic energy of
intense raindrops surpasses that of typical rainfall occurrences [28–30]. Understanding and
mastering the characteristics of regional rainfall and erosive rainfall has a guiding effect on
regional soil and water conservation efforts.

The spatiotemporal distribution patterns of erosive rainfall have increasingly attracted
the attention of researchers worldwide. Based on the analysis of erosion hazardous rainfall,
the spatiotemporal characteristics of the trends in the frequency and volume of erosive
rainfall in the European part of Russia (EPR) from 1966 to 2020 were studied [31]. Using
the daily rainfall data collected from 71 meteorological stations in the Yellow River Basin in
Shanxi Province from 2000 to 2016, spatial interpolation and other techniques were used to
analyze the variation characteristics in temporal and spatial of erosive rainfall [32]. From
1961 to 2010, the erosion rainfall increased in majority areas within the upper reaches of
the Yellow River basin, while decreased significantly in the Loess Plateau with serious soil
erosion [33]. Another research found that erosive rainfall exhibited a noticeable decrease
trend over the Loess Plateau after the extensive revegetation efforts from 2000 to 2015,
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despite increased in total rainfall amount [34]. Based on daily rainfall data, the spatiotem-
poral changes in annual rainfall and erosive rainfall within Qinghai Province and its four
ecological functional zones were studied [35]. Some researchers have used the method of
trend and mutation analysis (Mann–Kendall test) to analyze the trend and mutation of
rainfall and erosive rainfall in Tangtai area from 1960 to 2015 [36].

According to the 2023 China Soil and Water Conservation Bulletin, the area of soil ero-
sion in Henan Province is 19,832 km2, of which hydraulic erosion accounts for 93.65% [37].
Erosive rainfall is the primary contributor to water erosion in Henan and rainfall erosion
recently played an important role. At present, there is a relative lack of systematic research
on the spatiotemporal characteristics and changes of erosive rainfall in Henan [38]. Henan
has encountered numerous historical heavy rainstorms. An extraordinary heavy rain-
storm, with a peak 24-h rainfall of 1060.3 mm, occurred between 4th and 8th August 1975,
which lead to catastrophic flooding, resulting in 26,000 fatalities and leaving approximately
10 million people without proper shelter [39,40]. In July 2021, Henan Province experienced
another record-breaking rainfall event, with a maximum 24-h (1-h) rainfall of 624 mm
(201.9 mm) record at Zhengzhou Weather Station. Unexpected heavy rainfall resulted in
398 fatalities and economic losses amounting to 120.06 billion RMB [41,42]. At present,
there is a dearth of systematic study on the temporal and spatial attributes and dynamic
changes of erosive rainfall in Henan.

Exploring the spatiotemporal distribution patterns of erosive rainfall and rainfall
erosivity in Henan Province can provide a foundation for forecasting heavy rainfall events,
preventing and controlling soil erosion, ecological treatment and restoration, and soil
and water conservation planning in the study area. Long time series and high density
meteorological stations are the key to analyzing spatial and temporal characteristics of
erosive rainfall. Daily rainfall data of Henan Province after 1981 were cited from the first
national water conservancy survey conducted in 2011. Therefore, the quality and accuracy
of the data can serve the research purpose of this study. Using the daily rainfall data from
90 meteorological stations in Henan, this study analyzes the erosive rainfall from 1981
to 2020. In this study, we pursued the following objectives: (1) analyzing the temporal
dynamic trends of erosive rainfall in Henan Province based on wavelet analysis and M-
K mutation analysis; (2) to analyze the spatial arrangement of erosive rainfall based on
geostatistical analysis; (3) and to identify the spatiotemporal changes in rainfall erosivity
and its correlation with erosive rainfall in Henan. The objective is to offer a reference for
soil erosion prevention and control in different periods within the research area.

2. Materials and Methods
2.1. Study Area

Henan is in the middle and lower sections of the Yellow River in central China, with
geographical coordinates of 31◦23′–36◦22′ N and 110◦21′–116◦39′ E, and is located in the
transition zone between the second and third stages of China. The elevation is higher in the
western regions and lower in the eastern area, resulting in a ladder-like terrain distribution
from west to east. Situated in the northern subtropical warm temperate zone, humid, and
semi humid climate, Henan has obvious transitional climate characteristics and distinct
four seasons, which belongs to monsoon climate. The average annual temperature varies
between 12 ◦C and 16 ◦C, with extreme maximum and minimum temperatures recorded at
44.2 ◦C and −21.7 ◦C, respectively [43]. The annual rainfall is between 532.5 and 1380.6 mm,
and the rainfall is predominantly concentrated in summer and autumn months, making up
60–70% of the annual rainfall [44]. In the mountainous and hilly areas of Henan, the Funiu
Mountain, the east foot of Taihang Mountain, and the north side of Dabie Mountain are
the centers of rainfall. When the rainstorm comes, the slope in hilly areas is steep and the
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water flow speed is accelerated, which easily causes sudden floods and serious soil erosion
in mountainous and hilly areas.

Within the framework of national soil and water conservation regionalization, Henan
includes five secondary regions: Taihang Mountain Hilly Area, Mountainous and Hilly
Area of Southwest Henan, North China Plain Area, Dabie-Tongbai Mountain Hilly Area,
and Qinba Mountain Area [24]. Among them, the Taihang Mountain Hilly Area, Moun-
tainous and Hilly Area of Southwest Henan, and the North China Plain Area secondary
areas belong to the Northern Rock area. The Dabie-Tongbai Mountain Hilly Area belongs
to the southern red soil area. The Qinba Mountain Area belongs to the southwestern purple
soil area. Among the 90 meteorological stations collected in this study, three of them are
situated in the Taihang Mountain Hilly Area, twenty-eight of them are situated in the hilly
area of southwestern Henan, forty-six of them are located in the North China Plain Area,
twelve of them are situated in the hilly area of Dabie-Tongbai Mountain Hilly Area, and
one of them is situated in the mountain area of Qinba Mountain Area (Figure 1).
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2.2. Methodology
2.2.1. Calculation of Annual Erosive Rainfall

The basic data used in this study are the daily rainfall data from 90 meteorological
stations in Henan from 1981 to 2020. In this paper, the standard for erosive rainfall is set as
a daily rainfall of at least 10 mm. The expression for calculating the annual rainfall amount
is as follows [24]:

Py12 =
n

∑
i=1

Pd10(i) (1)

where Py12 represents the annual volume of erosive rainfall; Pd10 represents the daily
erosive rainfall amount; and n represents the number of days with erosive rainfall in a year.

2.2.2. Kriging Interpolation Method

Kriging interpolation is an important tool for geographic analysis. It was based on
the measurement of geographic map data, mostly based on the relationship between the
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geographical locations of sampling points in the region. Compared with other methods,
kriging interpolation is more suitable for the numerical analysis of this region, and the
results are more accurate. The most common is the kriging interpolation method based on
the traditional spherical function [45]. In this study, different types of interpolation trans-
formations are analyzed in terms of the interpolation of semi-variance function. According
to the spatial interpolation of the survey in the region, the interpolation of erosive rainfall
and rainfall erosivity within the study area was obtained.

2.2.3. Mann–Kendall Mutation Detection

The Mann–Kendall test is a non-parametric method. It is relatively simple to calculate
in geographic information analysis. It is calculated and analyzed by inverse sequence (UB)
and constructing positive sequence (UF). The curves of UB and UF determine the variation
trend and mutation characteristics [46]. The M-K mutation test can indicate mutation points
in geography, and the expression of extreme climate trends is as follows:

S =
n−1

∑
i=1

n

∑
j=i+1

sgn(x(j)− x(i)) (2)

sgn(x(j)− x(i)) =


1, x(i) > x(j)
0, x(i) = x(j)
−1, x(i) < x(j)

(3)

E(S) = 0 (4)

Var(Sk) =
1

18

[
n(n − 1)(2n + 5)−

m

∑
l=1

kl(kl − 1)(2kl + 5)

]
(5)

Z =


(S − 1)/

√
Var(Sk), S > 0

0, S = 0
(S + 1)/

√
Var(Sk), S < 0

(6)

where x(j) and x(i) represent the erosive rainfall of years j and i, n is the length of time
series, and sgn is the sgn function. E(S) and Var(Sk) are the average and variance of
the cumulative number Sk. The statistic Z follows a standard normal distribution. It
represents an increasing trend when the value of Z is greater than 0 and conversely for
a decreasing trend.

2.2.4. Wavelet Analysis

Wavelet transform is a transformation of windowed Fourier and Fourier analysis,
which achieves time frequency transformation through translation and scaling. It is fre-
quently employed for frequency analysis of time series and is suitable for time-frequency
analysis in meteorology and hydrology [47]. This study uses Morlet wavelet analysis as the
mother function for wavelet analysis and the specific expression is as follows:

φ(t) = eiwte−t2/2 (7)

where i is an imaginary unit, and t is a time variable. w is defined as a dimensionless
constant, and a value greater than or equal to 5 is considered an allowed range. This value
represents the sequence cycle of hydrological data extraction and the degree of energy
intensity in the oscillation cycle. We use the red noise standard to detect the significance of
wavelet power spectrum. If the value of a exceeds the theoretical power spectrum Q, then
this period is considered valid.
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Q =
σ2Pαχ2

n
n

(8)

Pα =
1 − α2

1 + α2 − 2α cos(2π∆t/1.033α)
(9)

where σ2 is the variance of the data sequence; the changes in the data sequence X2
n are the

squared values of the n degrees of freedom at the significance level; Pα is the standard red
noise spectral density of the data sequence at the time interval. ∆t is selected as the item,
and 1 is the autocorrelation coefficient of the sequence delay.

2.2.5. Calculation of Rainfall Erosivity

In this study, the daily rainfall erosivity model was utilized for the computation of
rainfall erosivity [25]. The specific mathematical expression is as follows:

Ri = α
k

∑
j=1

Pβ
j (10)

This study took daily rainfall ≥ 10 mm as the standard for classifying erosive rainfall,
otherwise it is calculated as 0. Here, α and β are undetermined parameters of the model, Ri

represents the rainfall erosivity for the ith half-month (MJ·mm·ha−1·h−1), k is the number
of rainy days within that half-month, and Pj is the erosive daily rainfall (in mm) on the jth
day of that half-month. The calculation formula is as follows:

β = 0.8363 + 18.177
Pd10

+ 24.455
Py10

α = 21.586β−7.1891
(11)

where Pd10 represents the average daily rainfall for days with rainfall ≥10 mm; Py10

represents the annual average rainfall for days with rainfall ≥10 mm.

3. Results
3.1. Erosive Rainfall and Its Spatial Distribution Characteristics

The characteristics of the two rainfalls in Henan from 1981 to 2020 were analyzed, and
the annual erosive rainfall in the study area was in the range from 217.66 mm in 2012 to
812.78 mm in 2000, with an average yearly erosive rainfall of 549.24 mm and a standard
deviation of 130.11 mm, accounting for 77% of the annual average rainfall (Table 1). The
annual rainfall was 290.71 mm in 2012 and 1053.64 mm in 2003, with an average annual
rainfall of 717.86 mm and standard deviation of 130.59 mm. An analysis of the annual
erosive rainfall in the five soil and water conservation zones of Henan revealed that among
these five zones, the Dabie-Tongbai Mountain Hilly Area had the highest erosive rainfall,
total rainfall, average annual number of erosive rainfall days, and average annual erosive
rainfall. The average annual erosive rainfall, average annual rainfall, and average annual
erosive rainfall days in the hilly area of Taihang Mountain Hilly Area were the lowest
among the five soil and water conservation zones. In the southwestern mountainous and
hilly areas of Henan and the North China Plain Area, the rainfall conditions are relatively
similar. The North China Plain Area receives more rainfall overall. In terms of average daily
erosive rainfall volume, the North China Plain Area ranked highest among the five soil and
water conservation regions, while the Taihang Mountain Hilly Area had the lowest average
erosive rainfall volume. The erosive rainfall in Henan generally showed an increasing trend
from northwest to southeast from 1981 to 2020 (Figure 2a). The distribution characteristics
of annual average erosive rainfall are basically the same as those of annual rainfall.
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Table 1. Rainfall characteristics in the soil and water conservation regions of Henan Province.

Area Annual Rainfall/mm Annual Erosive
Rainfall/mm

Proportion of
Erosive Rainfall/%

Average Annual Erosive
Rainfall Days/d

Average Daily Erosive
Rainfall/mm

Taihang Mountain
Hilly Area 553.87 ± 24.83 416.87 ± 13.84 75 15.3 ± 0.9 27.34 ± 1.35

Mountainous and
Hilly Area of

Southwest Henan
682.34 ± 141.16 510.61 ± 125.10 75 19.3 ± 3.7 26.43 ± 2.28

North China Plain
Area 701.30 ± 166.95 550.04 ± 148.87 78 19.4 ± 4.0 28.29 ± 3.98

Dabie-Tongbai
Mountain Hilly Area 916.56 ± 180.74 720.37 ± 158.44 79 25.8 ± 4.5 27.97 ± 1.63

Qinba Mountain
Area 735.24 548.31 75 22.6 24.26

Mean value of
Henan 717.86 ± 130.59 549.24 ± 108.32 77 20.5 ± 3.94 26.86 ± 1.62

Note: The values before and after the symbol “±” in the table are the mean and standard deviation, respectively.
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To further analyze the change trend of erosive rainfall in Henan, five representative
meteorological stations were selected for quantitative analysis. They are Hengshui me-
teorological station in Taihang Mountain Hilly Area, Baofeng meteorological station in
Mountainous and Hilly Area of Southwest Henan, Yanling in North China Plain Area,
Gushi meteorological station in Dabie-Tongbai Mountain Hilly Area, and Xichuan me-
teorological station in Qinba Mountain Area. As depicted in Figure 2b, the proportion
of past erosive rainfall at the five stations showed that the erosive rainfall of 10–20 mm
in Henan accounted for about half of the total erosive rainfall. Compared to the other
three regions, Gushi and Yanling, located in the southeastern part of Henan, indicated an
increase in erosive rainfall exceeding 30 mm, accounting for 29% and 28% of the annual
erosive rainfall. In Hengshui, Baofeng, and Xichuan, the erosive rainfall of more than
30 mm accounted for 24%, 25%, and 22%, respectively. The analysis of the days of erosive
rainfall at five stations showed that the days of erosive rainfall at Hengshui station in the
Taihang Mountain Hilly Area were only 16.5 days, while those at Baofeng, Yanling, Gushi,
and Xichuan were 19.7 days, 19.7 days, 19.5 days, 28.1 days, and 22.6 days.

3.2. Analysis of Temporal Variation of Erosive Rainfall
3.2.1. Annual Variation of Erosive Rainfall

Located in central China, Henan was affected by the monsoon climate, with single
peak rainfall and erosive rainfall, which have obvious seasonal characteristics. Rainfall and
erosive rainfall are mainly concentrated in June-September and is relatively small from
January to April (next year). From the perspective of warm and cold seasons, the erosive
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rainfall in cold season is 49.32–175.99 mm and that in warm season is 366.05–540.9 mm.
Among them, the proportion of erosive rainfall in the hilly region of Taihang Mountain
Hilly Area is higher in warm season, accounting for 88%, and it is lower in the cold season,
accounting for only 12%. The proportion of erosive rainfall in the hilly region of Dabie-
Tongbai Mountain Hilly Area is 75% in the warm season and 25% in the cold season.
The proportion of erosive rainfall in Qinba Mountain Area, North China Plain Area, and
Mountainous and Hilly Area of Southwest Henan is 78%, 81%, and 82%, respectively, in
the warm season, and the proportion of erosive rainfall in the cold season is 22%, 19%, and
18%, respectively (Table 2). Comparing the five soil and water conservation divisions, it
was found that the erosive rainfall is relatively concentrated in the Taihang Mountain Hilly
Area in the northwest of Henan, and relatively scattered in the Dabie-Tongbai Mountain
Hilly Area near the southeast.

Table 2. Erosive rainfall characteristics in the soil and water conservation regions of Henan.

Area
Warm Season Erosive Rainfall Cold Season Erosive Rainfall

Rainfall/mm Proportion/% Rainfall/mm Proportion/%

Taihang Mountain Hilly Area 366.85 ± 16.19 88 50.02 ± 3.80 12

Mountainous and Hilly Area of
Southwest Henan 418.70 ± 92.75 82 91.91 ± 40.72 18

North China Plain Area 445.53 ± 96.48 81 104.51 ± 54.54 19

Dabie-Tongbai Mountain Hilly Area 540.28 ± 96.42 75 180.09 ± 66.39 25

Qinba Mountain Area 427.68 78 120.63 22

Mean value of Henan 444.88 ± 63.63 81 104.36 ± 45.19 19

Note: The values before and after the symbol “±” in the table are the mean and standard deviation, respectively.

By analyzing the erosive rainfall in Henan for many years by month, it is found that
the erosive rainfall in July and August accounts for 25% and 20% of the annual erosive
rainfall, respectively (Figure 3). In addition, the erosive rainfall in the hilly area of Taihang
Mountain Hilly Area is concentrated, and in July, its erosive rainfall even exceeds that in
the hilly area of mountains in western Henan and Qinba Mountain Area. The influence
of geographical location on erosive rainfall lies in the annual distribution of rainfall. The
annual rainfall and erosive rainfall in Dabie-Tongbai Mountain Hilly Area near the warm
and humid areas are relatively uniform, and the annual rainfall and erosive rainfall are
relatively concentrated in the hilly area of Taihang Mountain Hilly Area near the north.
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3.2.2. Periodic Analysis and Mutation Analysis

Wavelet analysis was applied to investigate the rainfall erosivity climate date in Henan
for 40 years (Figure 4). The real component of Morlet wavelets can indicate the cyclic
fluctuations of climate at various scales and the wavelet variance can divide the main
period within the time series. In this study, the erosive rainfall in Henan from 1980 to 2020
is analyzed by wavelet analysis. The analysis showed that the erosive rainfall in Henan had
a periodicity of 2–4 years, 9 years, 11 years, and 29–31 years, and the highest peak value
was 30 years. Among them, 30 years stood out as the primary period of erosive rainfall
change in Henan, and 3 years, 9 years, and 11 years were the second to fourth main periods.
The periodic changes of erosive rainfall at all scales in Henan were relatively stable over
the past 40 years.
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rainfall (b).

Mann–Kendall mutation analysis of erosive rainfall in Henan from 1981 to 2020 was
applied (Figure 5). The findings indicated that there was a significant spike in annual
erosive rainfall in 1985. The UF curve was negative from 1985 to 2003, during which
time the annual erosive rainfall revealed a downward trend and the UF value gradually
increased from 2004 to a positive value, at which time the annual erosive rainfall exhibited
an upward trend. But it turned negative again after 2010. Through wavelet analysis and M-
K mutation analysis of Henan, it was found that the erosive rainfall had certain interannual
and periodic changes. Wavelet analysis can reflect the periodic changes of erosive rainfall
with different scales, which had certain positive significance for planning soil and water
conservation measures in Henan.
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3.2.3. Temporal and Spatial Variation Characteristics of Rainfall Erosivity

By analyzing the rainfall erosivity in Henan from 1981 to 2020, the annual rain-
fall erosivity in the past 40 years was 3264.63 MJ·mm·ha−1·h−1, changing between
1341.81 MJ·mm·ha−1·h−1 and 6706.64 MJ·mm·ha−1·h−1. The Cv value of rainfall erosivity
is 0.32, indicating that its dispersion is obvious and rainfall erosivity fluctuates greatly
(Table 3). The correlation analysis between rainfall erosivity, rainfall, and erosive rainfall
indicated that the R2 of erosive rainfall to rainfall erosivity was 0.83 and the R2 of rainfall
to rainfall erosivity was 0.78. Rainfall erosivity in Henan was significantly affected by
erosive rainfall, which reached the maximum in warm season and was relatively small in
cold season.

Table 3. Comparison of annual average total rainfall (mm), annual average erosive rainfall (mm), and
annual average rainfall erosivity (MJ·mm·ha−1·h−1) in Henan Province.

Index Annual Average Maximum
(Year)

Minimum
(Year) Extremal Ratio Coefficient of

Variation
Total Rainfall 719.57 1053.64 (2003) 290.71 (2012) 2.62 0.21

Erosive Rainfall 549.24 812.78 (2000) 217.66 (2012) 2.73 0.24
Rainfall Erosivity 3264.63 6706.64 (2000) 1341.81 (2012) 4.00 032

By comparing the multi-year rainfall, erosive rainfall, and rainfall erosivity in Henan, it
was observed that the annual rainfall erosivity had great dispersion and the extreme value
ratio reached 4.0. The variation coefficient of average annual rainfall was the smallest (0.21).
The extreme value ratio was 2.62. The standard deviation of erosive rainfall was 132.98mm,
which is the smallest of the three indexes, indicating that the interannual variation of
erosive rainfall is relatively stable compared with rainfall and rainfall erosivity.

Rainfall erosivity is significantly affected by rainfall and erosive rainfall. It is signif-
icantly affected by seasonal changes, which is unimodal. According to the analysis of
rainfall erosivity in Henan, the rainfall erosivity generally demonstrated a rising pattern
from northwest to southeast. However, due to the high concentration of rainfall in warm
season in the Taihang Mountain Hilly Area, the rainfall erosivity in July can surpass that in
the Mountainous and Hilly Area of Southwest Henan, the North China Plain Area, and
Qinba Mountain Area.

4. Discussion
4.1. Relationship Between Erosive Rainfall and Annual Rainfall

Pearson correlation analysis was made between the average rainfall and the average
erosive rainfall in Henan for many years, and the correlation coefficient between them
was 0.989 (significantly correlated at the level of 0.01), indicating that erosive rainfall was
significantly affected by rainfall (Figure 6). Affected by geographical location, topography,
and other factors, rainfall generally rises from the northwest to the southeast. The maximum
and minimum values of the average erosive rainfall in Henan from 1981 to 2020 are
812.78 mm and 217.66 mm, respectively. The erosive rainfall is obviously affected by
rainfall, especially by seasons, mainly in warm seasons. Hence, it is necessary to strengthen
soil and water conservation from June to September and pay attention to the occurrence
of flood.
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4.2. Relationship Between Erosive Rainfall and Rainfall Erosivity

Based on the linear fitting analysis of erosive rainfall and rainfall erosivity, it is con-
cluded that erosive rainfall had a more significant impact on rainfall erosivity than rainfall.
Correlation analysis of rainfall erosivity, annual rainfall, and erosive rainfall indicated that
the correlation between rainfall and erosive rainfall was 0.884 (significantly correlated at
0.01 level), while the correlation between erosive rainfall and imminent erosive rainfall was
0.912 (significantly correlated at 0.01 level). Rainfall erosivity rose from the northwest to the
southeast, and had the same spatial distribution pattern with the erosive rainfall (Figure 7).
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The fitting results of erosive rainfall and rainfall erosivity are relatively significant
(Figure 8). In recent years, with the ongoing strengthening of soil and water conserva-
tion, the severity of soil erosion has been reduced and extensive prevention and control
has achieved certain effects. From the geographical point of view, the rainfall erosivity
in Henan generally showed an increasing trend from northwest to southeast. Rainfall
erosivity was strongly correlated with rainfall intensity and rainstorm days. The increase
of rainfall, rainfall intensity, and rainfall days further improves rainfall erosivity, especially
in mountainous and hilly areas; the problem of soil erosion caused by water erosion still
exists. From the time point of view, the rainfall in Henan Province was mainly concentrated
in the warm season, accounting for 81% of the total rainfall in the whole year. There are
many rainstorm days in summer and autumn, and the rainfall erosivity is large, which is
the high-incidence period of geological disasters such as floods and landslides. Special
consideration should be given to the management of cultivated land in high-incidence
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areas, increasing the conversion of farmland to forests and grasslands, improving the
vegetation coverage, and improving the soil and water conservation capacity.
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5. Conclusions
Further exploration of spatiotemporal variation characteristics of erosive rainfall and

its relationship with total rainfall and rainfall erosivity still needs to be promoted. Therefore,
based on geostatistical analysis, M-K mutation test analysis, and wavelet analysis, daily
rainfall observation data from 90 meteorological stations in Henan Province from 1981 to
2020 were selected to detect the spatiotemporal distribution characteristics over the past
40 years. The conclusions of the research are as follows:

1. From 1981 to 2020, the annual erosive rainfall in Henan ranged from 217.66 mm to
812.78 mm, with the average erosive rainfall of 549.24 mm, accounting for 77% of the
total average rainfall. Overall, the erosive rainfall exhibited a rising trend from the
northwest to the southeast, averaging 20.5 d of erosive rainfall every year.

2. The erosive rainfall in the research area showed a single peak trend during 1981–2020
and the maximum erosive rainfall occurred in July. The erosive rainfall in warm season
(from June to September) makes up 81% of the annual erosive rainfall. Through
wavelet analysis, it was found that the erosive rainfall in had a primary cycle of
30 years and cycle of 3 years, 9 years, and 11 years.

3. Based on the analysis of the correlation of rainfall erosivity, total rainfall, and
erosive rainfall, erosive rainfall plays a very important role to affect rainfall ero-
sivity. The annual rainfall erosivity in Henan Province changed from 1341.81 to
6706.64 MJ·mm·ha−1·h−1, and had a more significant correlation with erosive rainfall
than that of total rainfall. In addition, the rainfall erosivity increased from northwest
to southeast and had the same spatial distribution pattern as the erosive rainfall.

4. Analyzing the spatiotemporal distribution patterns of erosive rainfall and rainfall
erosivity in Henan Province can provide a basis for forecasting of heavy rainfall events,
preventing and controlling soil erosion, ecological treatment and restoration, and soil
conservation planning. In recent years, with the frequent occurrence of extreme
precipitation, extreme heavy rainfall is the major reason for severe soil erosion in the
region. Research on the contribution of extreme rainfall to erosive rainfall should
be strengthened.
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