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Abstract: Rainfall erosivity (RE) is an important indicator of the ability of rainfall to cause soil
erosion and is linked to ENSO through the transport of rainfall. Accurate assessment of RE and
improved understanding of RE are essential for soil erosion prediction, optimization of soil and water
conservation measures, and ecological management and restoration. Therefore, the Wuding River
Basin, a typical ecologically fragile area, is selected as the research area. The erosivity model based
on daily rainfall was first used to calculate RE, and the temporal and periodic characteristics of RE
are studied. Then the effects of the Southern Oscillation Index (SOI), the Surface Temperature of
the Central East Equatorial Pacific Ocean (SST), and the Multivariate ENSO Index (MEI) on RE are
explored by using cross wavelet technique. Results indicated that: (1) the concentration of rainfall
leads to the largest RE values in summer compared with other seasons, accumulating about 69% of
the annual RE; (2) The overall trend of increasing RE in the Wuding River basin is not significant,
but shows an abrupt change in 2015; (3) the influence of the SOI and SST indices of ENSO events on
RE is significant, which is shown to be a statistically significant correlation (95% confidence level),
indicating that ENSO has a strong influence on the changing pattern of RE. These findings are helpful

in predicting soil erosion and are significant for developing further erosion control measures.

Keywords: erosive rainfall; rainfall erosivity; ENSO events; the cross wavelet analysis; SST

1. Introduction

Soil erosion refers to the erosion process of soil by external forces such as water and
wind, which can lead to soil and water loss, cause land degradation, affect food security,
silt rivers, increase the risk of flood disasters, and threaten water security. Globally, soil
erosion is the biggest threat to soil function and sustainable development [1,2]. There are
many factors that affect soil erosion, among which rainfall is one of the most important
influencing factors. A certain intensity of rainfall falling to the surface will form surface
runoff, which in turn will cause soil erosion, and the magnitude of its erosion capacity is
expressed by rainfall erosivity (RE) [3]. RE characterizes the potential capacity of rainfall to
cause soil erosion, and it is an important factor in the general soil loss equation [4]. It is
also the basis for analyzing and predicting soil erosion patterns, and has been widely used
in studies such as climate change monitoring and soil erosion simulation [5]. Therefore, an
accurate assessment of RE and a full understanding of the spatial and temporal distribution
patterns of RE in watersheds are of great practical significance for the determination and
prediction of potential hazards of soil erosion, optimization of soil and water conservation
measures, ecological management and restoration, and agricultural management [6,7].

Rainfall erosivity is considered one of the key input parameters in the Universal Soil
Loss Equation (USLE) and the Revised Universal Soil Loss Equation (RUSLE) models [8].
Wischmeier and Smith (1978) defined RE as the kinetic energy E (MJ/ha) and the maximum
rainfall intensity (Imax) in a 30-min period, known as the EI30 [9]. The advantage of this
method is that the accuracy of the calculation is high, but it requires long series of individual
rainfall amount data, while rainfall information is difficult to obtain during the calculation
and the data processing procedure is complicated. Later, the method of calculating RE
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using the product of individual rainfall and rainfall intensity was proposed, which avoids
the calculation of rainfall kinetic energy, but requires detailed individual rainfall data and
a large calculation effort [10]. Therefore, many scholars began to explore and propose
models for calculating RE using daily, monthly, or annual rainfall [11,12]. However, there
are limitations in the accuracy of annual and monthly rainfall information for estimating
RE, in contrast, the model based on daily rainfall to calculate RE is highly accurate and
has been widely used [13]. Among them, the Rainfall erosivity model constructed by
Zhang et al. (2002) based on daily rainfall has a high calculation accuracy and has been
validated by many scholars at the watershed scale [14-16]. However, most of the studies
on RE are aimed at revealing the spatial and temporal variation of RE under the changing
environment, and the driving mechanism of rainfall erosion force change is less revealed.

The El Nifio Southern Oscillation (ENSO) is the most intense sea-air interaction event
affecting global climate and is an important factor in climate change. ENSO is an atmo-
spheric circulation mechanism that controls a region and affects regional hydrological
elements by altering the movement of rainbands and water vapor transport, which in turn
changes the global water cycle and leads to spatial and temporal redistribution of water
resources [17,18]. Although ENSO occurs only near the east-central equatorial Pacific, it can
induce rainfall anomalies in most parts of the world [19]. And rainfall is not only a source
driver of soil erosion, but also a bridge between ENSO and RE [20]. Rainfall intensity and
stability tend to vary across regions due to regional differences and different rainfall types.
ENSO has a distinct cyclical character, stemming from its air-sea interactions, of which
El Nifio and La Nifia are the extreme phases of its cycle [21,22]. The characteristic values
of ENSO are commonly expressed by the Southern Oscillation Index (SOI), the Surface
Temperature of the Central East Equatorial Pacific Ocean (SST), and the Multivariate ENSO
Index (MEI), which influence rainfall through the variability of these indicators and are also
responsible for important factors such as drought, flooding, and erosion [23-25]. The direct
impact of ENSO on soil erosion mainly comes from the amount and intensity of rainfall, and
ENSO exacerbates the probability of extreme rainfall events, and higher rainfall intensity
implies stronger erosion. To date, studies on the effects of ENSO on rainfall have been
conducted [26,27]. The results show that ENSO shows a significant correlation with rainfall
in South Australia, and also causes changes in atmospheric circulation, and global extreme
rainfall events increase during El Nifio events and decrease during La Nifia events, with El
Nifio events causing more winter rainfall in southeastern China and shifting the summer
rain band southward, while La Nifia events do the opposite [28,29]. Although the relation-
ship between ENSO and rainfall events is well known, only a few studies have analyzed
the direct impact of ENSO on rainfall erodibility [30,31]. Global climate change, and in
particular the associated changes in rainfall, has complex implications for RE. Short periods
of intense rainfall may increase, leading to more pronounced soil erosion. the IPCC report
also concluded that the frequency of intense rainfall events will increase the erosive power
of rainfall, which can lead to severe soil erosion and affect erosion rates [32]. The Wuding
River basin has low vegetation cover and high specific rainfall in the river section, and the
erosion problem due to rainfall erosion is serious and the ecological environment of the
basin is very fragile [33]. Therefore, according to the natural conditions of the Wuding River
basin, the rainfall erosion force model was utilized to study the changes of RE associated
with ENSO events during 1960-2019 in the Wuding River, in order to provide a theoretical
basis for the comprehensive management and prevention of soil erosion in the Wuding
River basin, and at the same time, provide scientific references for the monitoring and
prevention of regional soil erosion and ecological environmental protection.

The main aims of this study are: (1) to study the temporal and periodic variation of
rainfall erosivity in the Wuding River basin at different time scales; (2) to explore the trend
of RE and to determine whether its stationarity is valid over the period 1960-2019; (3) to
assess the influence of the Southern Oscillation Index (SOI), Sea Surface Temperature (SST)
and the multivariate ENSO index (MEI) on rainfall erosivity.
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2. Materials and Methods
2.1. Study Area

The Wuding River Basin (37°-39° N, 107.7°~110.5° E), located in the northern part
of the Loess Plateau, was selected as the study region (Figure 1). With a drainage area
of 3.03 x 104 km? and a total length of 491 km (the average ratio of the main channel
is 1.97%), the river is the largest tributary of the Hekou-Longmen section of the Yellow
River in China. Originating from the north Shaanxi Province, the Wuding River flows
through the Inner Mongolia Autonomous Region and is discharged into the Yellow River
in Qingjian County. Affected by the temperate continental monsoon, the Wuding River
Basin has an arid and semi-arid climate with hot summer but cold and dry winter. Mean
annual temperature ranges from 7.9 °C to 11.2 °C, and the mean annual evaporation is
approximately 1100~1400 mm. Mean annual rainfall ranges from 300 mm in the northwest
to 550 mm in the southwest, and nearly 65% of rainfall concentrated between July to
September with rainstorms.

109°E 110°E

39°'N

China

38°N

Legend

Elevation(m)
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B Low:732

— River

® Meteorological stations

Figure 1. Location of the Wuding River Basin.

Geographically, the Wuding River is located at the junction of the southern margin
of the Maowusu Desert and the northern Loess Plateau, and is a transition belt from
wind-sand to a loess area. Loessial soil (covering 45.6% of the basin) and aeolian sandy
soil (covering 54.4% of the basin) are the typical soil types of the basin, which are highly
erodible [34]. In the basin, cultivated land, grassland, and desert area dominated the
land use cover, and forest land accounted for less than 10% of the whole basin. Extensive
rainstorms in summer, coupled with highly erodible loessial soil and sparse vegetation
coverage, make the Wuding River Basin the highest soil erosion in the Loess Plateau [35].
The area of water and soil loss in the basin accounts for 76.5% of the total area of the
basin, with an average soil erosion rate of 8000 t/ km?/a. In order to control water loss
and soil erosion, a series of ecological restoration measures have been initiated by the
Chinese government since the 1960s, which have greatly improved the underlying surface
conditions of the basin, resulting in changes in characteristics of runoff generation and
convergence [36].

2.2. Data Collection

There are 4 National Meteorological Observatory in the Wuding River Basin, the
distribution of them is shown in Figure 1. Daily rainfall data obtained from these four
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stations are provided by the National Climate Center (NCC) of the China Meteorologi-
cal Administration (http://data.cma.cn/) accessed on 1 January 2021. The database in
Hengshan, Suide, and Yulin covers the period from 1 January 1960 to 31 December 2019.
For the Jingbian station, the daily rainfall data from 1 February 1962 to 1 June 1965 are
missing, thus all the calculation results for the Jingbian station are from 1 January 1966 to
31 December 2019.

In this study, to examine the relationship between rainfall erosivity and the ENSO
event, the Southern Oscillation Index (SOI), Sea Surface Temperature (55T), and the mul-
tivariate ENSO index (MEI) developed by Wolter and Timlin is used [37-39]. The MEI,
calculated from six observed variables over the tropical Pacific (sea-level pressure, zonal
and meridional components of the surface wind, sea surface temperature, surface air
temperature, and total cloudiness fraction), is considered to be an inclusive index for moni-
toring the ENSO event because it integrates more information. The MEI is available from
https://www.psl.noaa.gov/enso/mei.old /table.html, accessed on 20 April 2023. The SOI,
which is from https:/ /www.ncdc.noaa.gov/teleconnections/enso/indicators/soi/data.csv,
accessed on 20 April 2023, is a series of monthly standardized index values for the differ-
ence in sea level between Tahiti (13° S, 150° W) and Darwin, Australia (13° S, 130° E) [40].
The SST is from https:/ /www.cpc.ncep.noaa.gov/data/indices/wksst8110.for, accessed
on 20 April 2023.

2.3. Methods
2.3.1. Calculation of Rainfall Erosivity

Generally, rainfall erosivity (RE) can be estimated based on the EI30 index, but needs
high temporal resolution rainfall data (<60 min) and a complex calculation process [3].
Therefore, in this study, the RE was calculated using a daily RE model with a simple model
structure. The model was proposed by Zhang et al. (2003) based on the Richardson daily
rainfall erosive agent model, and has been widely used on the national and regional scales
in China [6,14,41].

The formula for calculation is as follows:

)P 1)

where RE; is the rainfall erosivity in the i-th half month (MJ-mm-ha~!-h~1!); Each month is
separated into two half-months using the fifteenth day as the cut-off point, and thus one
year is divided into 24 half-months. k denotes the number of days in the half-month period;
P; represents the daily erosive rainfall amount on the j-th day during the half-months.
According to a previous study of China, daily rainfall amount exceeding 12 mm is defined
as erosive rainfall [16]. In other words, the rainfall that does not erode is excluded from the
calculation of rainfall erosivity. This operation greatly reduces the workload of calculating
rainfall erosivity and improves the prediction accuracy of soil erosion. Therefore, when the
rainfall amount of that day is less than 12 mm, it is regarded as 0. The terms « and j stand
for the empirical parameters and can be determined by the following formulas:

B = 0.8363 + 18.144/ Py + 24455/ Py1y @)

x = 21.586p 71981 (3)

where P;1, and Py, are the average values of the daily and annual erosive rainfall for days
with rainfall > 12 mm, respectively.

Using Equations (1)-(3), the half-month RE values can be calculated for each station in
the Wuding River Basin, and then accumulate them to obtain the annual RE values.
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2.3.2. Modified Mann-Kendall Trend Test

The original Mann-Kendall (MK) test is a commonly used non-parametric method for
estimating trends in time series [42]. However, the MK method is based on uncorrelated
data and the results are easy to be affected by the persistence of time series. Therefore,
Hamed and Rao (1998) proposed the Modified Mann-Kendall (MMK) method by containing
the lag-i autocorrelation to remove the persistence. In this study, the MMK test was applied
for trend detection in rainfall and RE values, and the significance level was set at 0.05 [43].

2.3.3. Heuristic Segmentation Method

The heuristic segmentation algorithm proposed by Bernaola-Galvan (2001) is widely
used to identify abrupt changes in nonlinear and non-stationary time series [44]. For a
given time series X = x1, X, ... , X, a sliding point moves step by step from left to right
along the time series. And then the point divides X into two stationary segments with one
on the left and the other right of the point. The mean and standard deviations of the two
subseries are then calculated. The difference in their means (y (i) and pg (7)) is estimated
by Student-t test statistic:

ar —1) 5,2 e —1) - 502 1/2 1/2
- (B ()

where T (i) is the statistic representing the difference in mean values when the pointer
reaches position i (1 < I <n); sp(i) denotes the pooled variance at the position #; n; and
(ng) is the length of the left (right) subseries.

A larger T value means the more significantly different average values of the left and
right time series. The largest T value is a good candidate for the cut point. Then, the
statistical significance P(Tmax) corresponding to the largest T is computed:

U
P(Tmax) {1~ Ty (o273, (52,) } ©

where 7 = 4.191In(n) — 11.54 and 6 = 0.40, v = n — 2 are obtained from the Monte Carlo
simulations; and Iy (a, b) is the incomplete beta function.

If P(Tmax) is less than a threshold of Py (typically set to 0.95), the time series will
not be split. Otherwise, the time series will be partitioned into two segments, and the
iteration of the above procedure on each new subseries continues until P(Tmax) < Py or the
length of the acquired subseries is shorter than the presupposed minimum segment length
Iy (typically set to 25).

2.3.4. Cross Wavelet Analysis

The cross wavelet transform, combined with the wavelet transformation and cross-
spectrum analysis, is able to detect the correlation between two-time series and reflect their
phase structure and local characteristics in both time and frequency domains [45]. For time
series x(t) and y(t) whose CWTs are separately WX (a, 7) and W) (a, T), the cross wavelet
transform is defined as follows:

Wi (a,7) = Wi (a, )W (a,7) @)

where W)*(a, T) is the complex conjugate of W) (a, T); The argument of WXY (a, T) denotes
the delay between x(t) and y(t) at the time position on the scale a [46]. For more details on
the cross wavelet transform, please refer to Torrence and Compo (1998) [47]. In this study,
the cross wavelet transform is employed to investigate resonant periods between the RE
and the ENSO event.
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3. Results
3.1. Changing Characteristics of Annual RE
3.1.1. Temporal Trend of Annual RE

The linear trends of rainfall, erosive rainfall, and RE are displayed in Table 1. It can
be observed from Table 1 that the rainfall, erosive rainfall, and RE exhibit an obvious
temporal variability from 1960 to 2019. The linear growth rate of rainfall in Hengshan,
Yulin, and Jingbian is positive, while in Suide it is negative, indicating an upward trend of
rainfall in Hengshan, Yulin, and Jingbian while a downward trend in Suide. The maximum
linear increasing rate is 15.0 mm/10a, which occurred in Yulin, while the maximum linear
decreasing rate is 3.3 mm/10a, which occurred in Suide. The annual erosive rainfall in
all four stations show an upward trend, among which Yulin had the largest increase of
14.5 mm/10a, while Suide had the smallest increase of 4.9 mm/10a. The change of erosive
rainfall in Hengshan, Yulin, and Jingbian stations is consistent with the rainfall variation.
However, for the Suide station, the annual rainfall decreased from 1960 to 2019, while the
erosive rainfall increased, indicating that the erosivity of rainfall has not decreased in recent
decades, and the risk of soil erosion has not reduced with the decrease of annual rainfall.
The linear trend of annual RE is positive in all four stations and shows an order of Yulin
> Jingbian > Hengshan > Suide. The maximum linear growth rates appear in Yulin with
the value of 115.1 MJ-mm-ha~!-h~!/10a, while the minimum linear growth rates appear
in Suide with 17.3 MJ-mm-ha~!-h~!/10a. The trend comparison between annual RE and
erosive rainfall shows that the linear trend of RE is mainly consistent with the erosive
rainfall. In addition, Figure 2 shows an increasing trend in RE across the basin. According
to the MMK test, no significant trend of change in the annual rainfall, erosive rainfall, and
RE is detected over recent decades.

Table 1. Trends of annual rainfall, erosive rainfall, and RE at each station.

Rainfall Erosive Rainfall Rainfall Erosivity
No. Station Linear Trend MMK Linear Trend MMK Linear Trend MMK
mm/10a Statistic mm/10a Statistic MJ-mm-ha-1-h~1/10a Statistic
1 Hengshan 3.2 0.79 54 0.94 341 0.58
2 Suide -3.3 —0.58 49 0.18 17.3 0.30
3 Yulin 15.0 1.95 14.5 1.86 115.1 1.60
4 Jingbian 6.5 0.90 9.4 1.21 67.0 0.98
3,200 1 the Wuding River Basin —e— RE of the whole basin

—— Linear trend

2,400

1,600 4

RE/MJ-mm-hat-ht

800

0

T T T T T 1
1960 1970 1980 1990 2000 2010 2020
Year

Figure 2. The inter-annual variation of RE of the Wuding River Basin.

3.1.2. Abrupt Change of Annual RE

In this study, the heuristic segmentation method was used for the identification of
breakpoints of annual RE from 1960 to 2019. According to the blue and green solid line
illustrated in Figure 3, the maximum T value in the Hengshan station occurred in 1961 and
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2016, with the corresponding P(Tmax) up to 0.96 and 0.99, respectively, which is much higher
than Py (0.95). The above indicates that the years 1961 and 2016 are the breakpoints of the
annual RE series in the Hengshan station. For Yulin and Jingbian stations, the maximum
T value occurred in 2015 and 1966, respectively. Thus, only one breakpoint is detected in
Yulin and Jingbian stations. For the Suide station, the maximum T value appeared in 2012,
and the corresponding P(Tmax) is 0.91, which is less than Py. This indicates that the year of
2012 is the turning point but not the breakpoint of the annual RE series in the Suide station.
We also detect the breakpoint of the annual RE series in the whole Wuding River Basin.
According to the blue solid line, we found that the maximum T value appeared in 2015
with the P(Tmax) up to 0.99 which is much higher than Py. Therefore, the breakpoint of
the annual RE series in the Wuding River basin is 2015. The annual average RE was 2208
MJ-mm-ha~!-h~! from 2016 to 2019, representing an 82% increase over the annual average
RE of 1215 MJ-mm-Ha~1-h~! from 1960 to 2015.

Hengshan P(T,.)=0995P, Suide
P(Tax)=0.96>Py P(T1nay)=0.91<P,
2 2
= =
o L . 0 " . . . L
1960 1970 1980 1990 2000 2010 2020 1960 1970 1980 1990 2000 2010 2020
Year Year
6 4
Yulin - Jingbian
P(Tra)=0.99>P; A P(T ) =0.97>P,
f
3 r 2 r
- -
0 . f . . 0 Y . . . .
1960 1970 1980 1990 2000 2010 2020 1960 1970 1980 1990 2000 2010 2020
Year Year
4
the Wuding River Basin P(Tma0)=0.99>P, f
!
!
2t i
= i
!
!
i
0 . f . . .
1960 1970 1980 1990 2000 2010 2015 2020

Year

Figure 3. And change points of annual RE in the four stations and the whole Wuding River Basin.
The blue solid line and the green solid line refer to the first and second iteration and segmentation
process, respectively.

3.1.3. Periodic Oscillation of Annual RE

By using the continuous wavelet transform technique, the periodic variation of the
annual RE series was identified as illustrated in Figure 4. It can be seen that in the Hengshan
station, annual RE oscillating over a 22-40 years band from 1960 to 2019 with a period
of 32 years as the main oscillation period. In addition, the inter-annual oscillations of RE
over 5-8 years band from 1997 to 2018 was also observed. In the Suide station, annual RE
oscillating over the 7-12 years band from 1960 to 1980 with a period of 8.5 years, 13-19
and 22-42 years band from 1960 to 2019 with the dominant oscillation periods of 17 and
32 years. Figure 4c reveals that annual RE in the Yulin station exhibits three dominant
periods of 7, 17, and 32 years. For the Jingbian station, significant periods are dominated
by the 4, 17, and 31-year scales. Thus, the periodic evolution of annual RE in the Wuding
River Basin is generally characterized by 4-8.5 years, 17 years and 31-32 years periods,
where the first period is likely to be closely associated with ENSO events.
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Figure 4. The continuous wavelet transform of the annual RE series in (a) the Hengshan station;
(b) the Suide station; (c) the Yulin station; (d) the Jingbian station. In each sub-figure, the left part in
each sub-figure is the real parts of wavelet coefficients, and the right part is the wavelet spectrum.

3.2. Changing Characteristics of Monthly and Seasonal RE

Figure 5a shows the distribution characteristics of monthly RE in the Wuding River
Basin. The average monthly RE is 91, 125, 121 and 88 MJ mm ha~! h~! in Hengshan,
Suide, Yulin and Jingbian, respectively. Similar to rainfall, monthly RE has a unimodal
distribution, with a peak from July to August and a minimum value in December and
January. Generally, RE is concentrated in the months of June, July, August, and September,
accounting for more than 83% of the total RE of the whole year. As presented in Figure 5b,
the seasonal RE has an obvious difference with an order of summer > autumn > spring >
winter in the Wuding River Basin. The highest RE is found in summer, accounting for more
than 70% of the total annual RE, while the lowest RE value is observed in the winter, close
to 0. The obvious seasonality of RE is mainly affected by seasonal variability of rainfall,
with high rainfall that in turn leads to large RE.
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Figure 5. Changing characteristics of the monthly RE (a) and seasonal RE (b) at different stations
in the Wuding River Basin. Spr, Sum, Fal, and Win represent spring, summer, fall, and winter,
respectively.
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The MMK statistic for the month with a high RE value is calculated and the results
are presented in Table 2. A positive value of MMK statistic denotes an increasing trend of
RE, while a negative value of MMK statistic denotes a decreasing trend of RE. As shown in
Table 2, the RE series in July and September shows an increase in the 4 stations, while the
RE series in June and August in Suide and Jingbian have a decreasing trend. Among them,
the largest increase of RE is found in June in Yulin, while the largest decrease is found
in June in Suide. In addition, all the selected monthly RE series detected non-significant
trends with the selected significance level of 0.05 in the Wuding River Basin. We also detect
the trend of seasonal RE. Results in Table 2 indicate a mixture of positive and negative
values of MMK statistics in the Wuding River Basin. The MMK statistics of spring, fall and
winter RE are positive, indicating an increase in spring, fall and winter RE. For summer
RE, the MMK statistics are positive in Hengshan, Yulin and Jingbian and negative in Suide.
This indicates an upward trend of summer RE in the Wuding River Basin except for Suide.
Although no significant trend of RE is detected across the basin, the MMK statistics of RE
in spring and fall are relatively large, which still reminds policymakers aware of the risk of
local soil and water loss caused by climate change.

Table 2. MMK test for monthly and seasonal RE from 1960 to 2019 at each station.

. MMK Statistic
No. Station June July August  September  Spring Summer Fall Winter
1 Hengshan 0.52 115 0.48 1.23 1.65 0.55 1.68 0
2 Suide —0.99 0.87 —0.87 0.66 1.31 —0.06 1.26 0.36
3 Yulin 1.71 0.40 0.47 0.54 1.76 0.79 1.54 0.36
4 Jingbian —0.25 1.57 —0.69 0.81 1.38 0.57 1.45 0.69

3.3. Influence of ENSO Events on RE
3.3.1. Influence of Different ENSO Event Types on RE

The ENSO events are typically characterized by SST anomalies exceeding 0.5 °C in the
eastern equatorial Pacific (5° N—-5° 5, 170° W—120° W) and are judged as an El Nifio/La
Nifa event when they last for more than 5 months (SST anomaly > 0.5 °C for El Nifio events;
SST anomaly < —0.5 °C for La Nifa events) [48]. El Nifio/La Nifia events often indirectly
affect climate and cause meteorological disasters in the form of remote correlations. In this
study, El Nifio (warm) and La Nifia (cold) events are determined from the SST anomaly
data from 1960-2019, as shown in Figure 6, and the corresponding monthly average RE is

obtained, as shown in Table 3.
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Figure 6. The time series of SST anomaly.



Atmosphere 2023, 14, 1030 10 of 15
Table 3. Average monthly RE for El Nifio and La Nifia events during 1960-2019.
ENSO , Duration ~ Average ENSO : Duration 1o crage
No. Events Time Span Time Mon‘th'ly No. Events Time Span Time Mon‘th‘ly
Erosivity Erosivity
1 La Nina 1964.5-1965.1 9 262.13 1 El Nifo 1963.7-1964.2 8 123.86
2 La Nifa 1970.7-1972.1 19 94.94 2 El Nifio 1965.5-1966.4 12 10.52
3 La Nina 1973.5-1974.7 15 126.56 3 El Nifo 1968.11-1969.5 7 16.5
4 La Nifa 1974.10-1976.4 19 55.18 4 El Nifio 1969.8-1969.12 5 130.44
5 La Nifia 1984.11-1985.6 8 28.26 5 El Nifio 1972.5-1973.2 10 120.84
6 La Nifia 1988.5-1989.5 13 126.48 6 El Nifo 1976.9-1977.2 6 33.96
7 La Nifa 1995.8-1996.3 8 94.32 7 El Nifo 1977.9-1978.1 5 14.49
8 La Nina 1998.7-2001.2 32 45.18 8 El Nifo 1982.5-1983.6 14 100.23
9 La Nifa 2005.11-2006.3 5 0.00 9 El Nifo 1986.8-1988.1 18 63.97
10 La Nina 2007.7-2008.6 12 85.01 10 El Nifo 1991.6-1992.6 13 45.46
11 La Nifa 2010.6-2011.5 12 79.34 11 El Nifio 1994.10-1995.2 5 0.00
12 La Nina 2011.8-2012.3 8 80.99 12 El Nifo 1997.5-1998.5 13 133.06
13 La Nifia 2016.8-2016.12 5 237.26 13 El Nifio 2002.6-2003.2 9 204.43
14 La Nifia 2017.10-2018.4 7 60.70 14 El Nifio 2004.7-2005.3 9 80.6
Average monthly erosivity La Nifa 98.31 15 El Nifio 2006.9-2007.1 5 31.62
Average monthly erosivity El Nifio 71.35 16 El Nifio 2009.8-2010.3 8 99.78
Average monthly erosivity ENSO 83.15 17 El Nifio 2014.11-2016.4 18 48.85
Average monthly erosivity Non-ENSO 129.51 18 El Nifio 2018.10-2019.5 8 25.75
Average monthly erosivity during 1960-2019 106.71

As shown in Table 3, the overall monthly average RE of La Nifia events is 98.31 MJ-
mm-hm~2-h~!.a~!, which is higher than the monthly average RE of El Nifio events
(71.35 MJ-mm-hm~2-h~1.a~1), but the mean values of RE during both La Nifia/El
Nifio are smaller than the overall monthly average RE from 1960-2019 (106.71 MJ-mm-
hm~=2-h~!.a~!). The monthly mean RE during the 1960-2019 ENSO events fluctuated
considerably, reaching a maximum value of 204.43 MJ-mm-hm~2-h~!.a~! during the El
Nifio event and a minimum value of 0. Similarly, during La Nifia events, the maximum
value of RE is 262.13 MJ-mm-hm~2-h~1.a~! and the minimum value is also 0. The
monthly mean RE is also calculated for the ENSO and non-ENSO periods. Results show
that the monthly mean RE is 83.15 MJ-mm-hm~2-h~!.a~! for the ENSO period and
129.51 MJ-mm-hm~2-h~!.a~! for the non-ENSO period, thus showing that the monthly
mean RE for the non-ENSO period is not only greater than that for the ENSO period,
but also greater than that for the El Nifio event, La Nifia event and the whole study
period, respectively. This may be influenced by the rainy season, June to September,
which is the rainy season in the Wuding River basin and concentrates 65% of the
annual rainfall during this period, and more than 60% of the erosive rainfall is also
concentrated in this period. The statistical analysis shows that from 1960 to 2019,
the total number of months covered by the rainy season is 360, of which 79 months
occurs in the ENSO period and 281 in the non-ENSO period, accounting for 22% and
78% of the total number of months in the rainy season, respectively. In other words,
the number of rainy season months in the non-ENSO period far exceeds that in the
ENSO period. Therefore, when the other factors affecting RE are constant, the monthly
average RE in the non-ENSO period is bound to be stronger.

3.3.2. Correlations between ENSO Events and RE

Since ENSO events are closely related to regional precipitation and indirectly have a
strong influence on RE at the regional scale. Therefore, studying the detailed correlation
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between ENSO and RE and its evolutionary characteristics can help reveal the causes of RE
changes. Cross wavelet analysis is applied to explore the link between the time series of
SOI, SST, and MEI indices and the annual RE in the Wuding River Basin (Figure 7).
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Figure 7. Cross wavelet transforms between annual average RE and SOI (a), SST (b), MEI (c) in the
Wuding River Basin. The 95% significance confidence level against red noise is exhibited as a thick

contour, and the relative phase relationship is denoted as arrows (with anti-phase pointing left, and
in-phase pointing right).

It can be seen from Figure 7a that the SOI index shows a significantly positive correla-
tion with RE in the Wuding River Basin with a 2~4 year signal during 1965~1970, which is
significant at a 95% confidence level. Additionally, the SOI index also has a significantly
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negative linkage with RE with a 3~5 year signal during 1995~2002, which is significant
at a 95% confidence level, implying that ENSO events are closely associated with RE in
the Wuding River Basin. Similarly, Figure 7b shows the cross-wavelet transform between
SST and RE in the Wuding River Basin. At the 95% confidence level, there is a significant
negative correlation between SST and changes in RE, with a 1~4 year signal for 1964-1972,
and a 3.5 year signal for 1985. It also shows a significant positive correlation with a 3~7 year
signal for 1996-2005. Unlike the SOI and SST, the MEI index and RE show a negative linkage
with the RE series in the Wuding River Basin, with a 2~9 year signal during 2012~2019, but
it is insignificant at the 95% confidence level (Figure 7c). The variation of rainfall erosivity
is influenced by many factors. Although ENSO occurs only in the equatorial Pacific, its
effects can spread globally. In this paper, by analyzing the correlation between annual RE
and ENSO index, the resonance cycle of annual RE and ENSO index in the Wuding River
basin was identified, which indicates that ENSO events play an important role in causing
rainfall erosivity in the Wuding River Basin.

4. Discussion

Rainfall is the main factor affecting rainfall erosivity, and rainfall amount and rainfall
erosivity in the Wuding River Basin are significantly correlated, which is consistent with the
findings of Sun et al. (2020) related to rainfall erosion forces on the Loess Plateau [49]. The
correspondence between rainfall and rainfall erosion force indicates that the spatial and
temporal variation of rainfall erosion force depends to some extent on rainfall amount, and
when estimating rainfall erosion force based on precipitation data, its estimation accuracy is
directly influenced by precipitation characteristics [50,51]. Rainfall varies by altitude due to
topographic differences, and the northward shift of the East Asian monsoon due to global
warming also causes differences in spatial distribution. The spatial distribution of rainfall
and rainfall erosion force in the watershed is generally consistent, which is consistent
with the findings of Yin and Xie (2005) [52], further verifying that rainfall is the dominant
factor affecting rainfall erosion force [53]. In addition, the spatial distribution pattern of
the precipitation erosion rate in this study is consistent with the analysis of Zhang et al.
(2021) [54].

Atmospheric oscillation is an atmospheric circulation mechanism that controls the
climate of a region, and studying the interrelationship between rainfall erosion force and
atmospheric oscillation can help to understand the characteristics of regional rainfall erosion
force changes. The cross wavelet transform analysis of rainfall erosion force in the Wuding
River basin from 1960 to 2019 shows that there is a significant resonance cycle between
rainfall erosion force and ENSO climate index, which indicates that large-scale climate
factors significantly influence the inter-annual variation of rainfall erosivity. In recent years,
many scholars have conducted studies on the relationship between large-scale climate
and precipitation erosivity. Lee et al. (2023) study the rainfall erosivity over the United
States, and results show that both warm and cold ENSO events reveal the high significance
level of the ENSO-REI correlation with an opposite tendency in monthly rainfall erosivity
anomalies [55]. A study on the RE in the Guizhou Province indicates that the degree of
rainfall erosion is proportional to the ENSO duration and the longer the ENSO duration, the
greater the rainfall erosivity [56]. The above results show that ENSO has a strong driving
effect on rainfall erosivity. Therefore, it is of great significance to find out the mechanism of
ENSO’s influence on RE for deep understanding and prediction of RE.

5. Conclusions

Rainfall erosivity is one of the key dynamic factors causing soil erosion. Therefore, it is
important to evaluate the characteristics of rainfall erosivity in the Wuding River Basin in a
changing environment where soil erosion is extremely serious. In this study, the temporal
characteristics of rainfall erosivity in the Wuding River basin are analyzed, and then the
reasons for the changes in rainfall erosivity are investigated by exploring the link between
rainfall erosivity and large-scale atmospheric circulation patterns.
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Throughout the study area, the rainfall amount, erosive rainfall, and rainfall erosivity
exhibit significant synchronous fluctuations in the Wuding River Basin. On the annual
time scale, both erosive rainfall and rainfall erosivity show an increasing trend, but this
increasing trend is not significant, and rainfall erosivity shows a significant abrupt change
in 2015. On the monthly time scale, the rainfall erosivity in the Wuding River basin is
greatest in July and August and least in January, with significant inter-month differences.
Seasonal rainfall erosion rates show a sequence of summer > autumn > spring > winter,
with summer accumulating about 69% of the annual rainfall erosivity.

The average monthly rainfall erosivity in the Wuding River Basin from 1960 to
2019 is 106.71 MJ-mm-hm~2-h~1.a=!. Comparative analyses of rainfall erosivity indi-
cate that the rainfall erosivity of 129.51 MJ-mm-hm~2-h~!-a~! during non-ENSO events is
higher than that of 71.35 MJ-mm-hm~2-h~!.a~! during warm ENSO events and 98.31 M]J-
mm-hm~2-h~!.a~! during cold ENSO events, which is mainly influenced by the number
of rainy months during non-ENSO and ENSO periods.

From the cross-wavelet transform analysis, it is concluded that rainfall erosivity and
SOI have 2~4 year positive phase of the resonant cycle and 3~5 year negative phase of the
resonant cycle, with SST there are 1-4 year and 3.5 year negative phase of the resonant cycle,
and 3-7 year positive phase of the resonant cycle, while with MEI there is only 2~9 year
negative phase of the resonant cycle. Overall, the annual rainfall erosivity in the Wuding
River basin from 1960-2019 is strongly correlated with SOI, SST, and MEI, and SOI and SST
show more pronounced effects on rainfall erosivity than MEI index, indicating that ENSO
events are remote drivers of the evolution of rainfall erosivity and the tropical warming and
cooling anomalies in sea surface temperature modulate the annual rainfall erosivity cycle in
the Wuding River basin. The results of this study can help to understand the effect of ENSO
on rainfall erosivity, and can also provide effective guidance for soil erosion prediction and
the development of effective erosion control strategies.
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