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Spatiotemporal variation and tendency analysis on rainfall
erosivity in the Loess Plateau of China
Yongsheng Cui, Chengzhong Pan, Chunlei Liu, Mingjie Luo and Yahui Guo

ABSTRACT
Rainfall erosivity is an important factor to be considered when predicting soil erosion. Precipitation
data for 1971–2010 from 39 stations located in the Loess Plateau of China were collected to calculate
the spatiotemporal variability of rainfall erosivity, and the long-term tendency of the erosivity was
predicted using data from the HadGEM2-ES model. Statistical analyses were done using Mann–
Kendall statistic tests and ordinary Kriging interpolation. The results showed that the annual mean
rainfall erosivity in the Loess Plateau decreased from 1,286.02 MJ mm hm2 h1 a1 in 1971–1990 to
1,201.46 MJ mm hm2 h1 a1 in 1991–2010 and mainly occurred in July to August. The rainfall
erosivity decreased from the southeast to the northwest of the Loess Plateau and was closely related
to the annual precipitation amount. However, the effect of annual precipitation on rainfall erosivity
weakened under climate change: the annual precipitation increased and the rainfall erosivity
decreased. Climate change, however, had little inﬂuence on the spatial variation in rainfall erosivity in
the Loess Plateau. The results obtained can facilitate the prediction of spatial and temporal variations
in soil erosion in the Loess Plateau.
Key words

| Loess Plateau of China, rainfall erosivity, Representative Concentration Pathway (RCP)
scenarios, spatiotemporal variation, tendency prediction

HIGHLIGHTS

•
•
•

Both precipitation and rainfall erosivity showed an insigniﬁcant decreasing trend for 1971–2010.
The climate model predicts an increasing precipitation but decreasing rainfall erosivity.
South and southeast of the Loess Plateau are areas susceptible to rainfall erosion under climate
change.
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GRAPHICAL ABSTRACT

INTRODUCTION
Soil erosion is one of the most important ecological problems

of rainfall erosivity in Brazil. Some other researchers have con-

in the world. Nearly a third of arable land has been exposed to

ducted spatiotemporal analyses of rainfall erosivity in different

7

2

soil erosion, which has increased at a rate of 1.0 × 10 hm per

regions (Angulo-Martínez & Beguería ; Panagos et al.

year (Pimentel et al. ). Soil erosion removes fertile soil and

; Xie et al. ). A high-resolution distribution map of rain-

seriously threatens agricultural production and food security.

fall erosivity has been established using global data, and the

The eroded soil usually enters rivers, causing siltation and

global rainfall erosivity was estimated to be about 2,190.0

water eutrophication, and thus endangers water safety and

MJ mm hm2 h1 (Panagos et al. ). Due to the difﬁculty

affects normal production and life. Predicting and protecting

in obtaining rainfall data with a high temporal resolution,

against soil erosion are of great signiﬁcance to the construction

Vrieling et al. () used satellite data and combined rainfall

of an ecological civilization and to the sustainable develop-

intensity and rainfall erosivity to establish a method for fore-

ment

Consequently,

casting rainfall erosivity, thereby demonstrating a potential

mechanisms of soil erosion and measures to control it have

of

the

economy

and

society.

tool for soil erosion prediction in data-poor areas. Previous

been hot research topics (Lal ; Pimentel ).

studies have enhanced our understanding of spatiotemporal

Rainfall is the driving force and prerequisite for soil ero-

variations in rainfall erosivity, but these studies were con-

sion (Zhang et al. ). The Universal Soil Loss Equation

strained by the limited availability of daily rainfall data and

(USLE) devised by Wischmeier & Smith () and the

by the length of rainfall data. Studying available long-term rain-

Revised Universal Soil Loss Equation (RUSLE) proposed by

fall data and estimating rainfall erosivity could provide

Renard & Freimund () and Renard et al. () for the

information on the potential trends of soil erosion, especially

United States are widely used to predict soil erosion (Anees

in areas that are lacking data.

et al. ). The rainfall erosivity (R-factor) in these models indi-

In the Loess Plateau of China, intensive rainfall and

cates the ability of rainfall to cause soil erosion and is

sparse vegetation can lead to relatively serious soil erosion.

considered the best factor for studying the response of soil ero-

The soil erosion modulus can reach 1.0 × 107 kg km2 a1.

sion to rainfall changes (Nearing et al. ). Meusburger et al.

A large amount of sediment enters the Yellow River and

() collected rainfall data for 1989–2010 and used the pro-

causes many problems, including river channel siltation and

duct of the total kinetic energy of rainfall (E) and the 30-min

the deterioration of aquatic ecosystems (Liu & Liu ).

maximum rainfall intensity (I30) as the measurement index of

Many researchers have analyzed the spatial and temporal dis-

rainfall erosivity to study the temporal and spatial variation

tribution of rainfall erosion on the Loess Plateau in different

of rainfall erosivity in Switzerland. Da Silva () used rain-

periods (Xin et al. ; Abd Elbasit et al. ; Yang & Lu

fall data in conjunction with geographic information system

). Fu et al. () calculated all the RUSLE parameters

(GIS) for spatial interpolation to map the spatial distribution

using GIS based on regional data from the Yanhe watershed
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and concluded that the annual soil loss was 0.5–2.0 ×

6.35 × 105 km2. Most areas of the plateau have semi-humid

107 kg km2. Sun et al. () analyzed the effects of topogra-

or semi-arid climates, and the climates in different areas are

phy and land-use patterns on soil erosion in the Loess Plateau

quite different. The annual mean temperature is 3.6–14.3  C,

and suggested that ‘Grain-to-Green Program’ is effective for

and the annual evaporation is 1,400–2,000 mm. The main

preventing soil erosion. Xu () carried out a quantitative

crops grown are wheat, corn, soybeans, and sorghum. The

analysis of the correlations between vegetation coverage

study area is characterized by complex landforms and deep

(Cf ), annual rainfall erosivity (Re), and annual precipitation

soil layers (mainly loose and easily eroded dark loessial soil

(Pm). Xu’s results indicated that Re will increase rapidly

and loessal soil). The annual precipitation ranges from 200

when Pm > 300 mm, and that when Pm > 530 mm, the rate

to 750 mm, with large inter-annual and seasonal variations.

at which Re increases with Pm becomes higher. Current

There are frequent storms, which are the main driving force

research generally focuses on speciﬁc watersheds where

of soil erosion. The annual mean soil erosion modulus of

daily rainfall data are easily available. Consequently, there

the Loess Plateau is 0.5–1.0 × 107 kg km2 a1, and the thick-

are relatively few papers addressing the long-term spatiotem-

ness of the soil layer lost every year is about 1 cm.

poral variation of rainfall erosivity in the Loess Plateau. More
analysis is needed for the region as a whole based on available

Data

long-term daily rainfall data. The results of the analysis could
form the basis for soil loss prediction in the region. Moreover,

We used data from the 39 representative meteorological

the impact of climate change on soil erosion needs to be

stations located in the Loess Plateau. The daily rainfall

understood (Almagro et al. ). Few studies, however,

data from 1971 to 2010 were selected for investigating the

have been carried out that have made predictions and ana-

spatiotemporal variability of precipitation. The location of

lyses of variations in rainfall erosivity under projected

each meteorological station is shown in Figure 1: SRTM

climate change in the Loess Plateau of China. Consequently,

(Shuttle Radar Topography Mission) data from http://srtm.

a climate change perspective and decision basis cannot be

csi.cgiar.org/srtmdata/, with spatial resolution approxi-

provided for decision makers.

mately 30 meters on the line of the equator. Daily rainfall

The overall aim of this study was to address these knowl-

data were obtained from the China Meteorological Data

edge gaps. Precipitation data from 1971 to 2010 were

Service Center (http://data.cma.cn/). The Linfen meteorolo-

collected from 39 representative stations in the Loess Plateau

gical station does not have data for 2000, and the Yongji

of China to analyze the spatiotemporal variability of rainfall

station does not have data for 1981–1990.

erosivity. The main objectives of this study are:

In addition to the data from the above meteorological

1. to determine the spatial and temporal variability of

stations, data were also obtained using a GCMs (Hadley
Center Global Environment Model version 2 (HadGEM2-

annual rainfall erosivity in the Loess Plateau;
2. to predict the change tendency of future rainfall erosivity
using a typical global circulation model (GCM).

ES)) forced by two Representative Concentration Pathway
(RCP) scenarios – RCP4.5 and RCP8.5 (Chou et al. ;
Yan et al. ). The HadGEM2-ES is an earth system category GCM that was developed by the Hadley Center, and
the resolution is about 1.875 for longitude and 1.25 for latitude (Collins et al. ). The RCP scenarios were developed

MATERIALS AND METHODS

by the research community by considering emissions, conStudy area

centrations, and land-use trajectories and are labeled
according to the expected values of global radiative forcing


0



0

The Loess Plateau is located between 100 52 –114 31 E and

in 2100. RCP4.5 is considered an intermediate scenario

33 370 –41 250 N, including most or part of Shanxi, Shaanxi,

that assumes emissions reduction during the 21st century

Gansu, Qinghai, and Henan Provinces and the Inner

by employing clean technologies and stringent climate pol-

Mongolia and Ningxia Regions. The total area is about

icies. This scenario predicts a global forcing radiation of
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Location map of meteorological stations and sample spots on the Loess Plateau.

∼4.5W m2 and concentrations of ∼650 ppm CO2-eq at

months. In this study, half-monthly rainfall erosivity esti-

stabilization after 2100. In contrast, RCP8.5 is a kind of

mates were obtained using the model proposed by Zhang

business-as-usual scenario characterized by no implemen-

et al. (). The model has been shown to be suitable for

tation of climate policies, low rates of technology

the prediction of rainfall erosivity for the Loess Plateau

development, high energy intensities, and a reliance on

(Wu et al. ). Rainfall erosivity was calculated as follows:

fossil fuels that leads to higher emissions than RCP4.5
over time. Global forcing radiation and atmospheric concentrations of CO2-eq are projected to reach >8.5 W m

2

and

>1,370 ppm in 2100, respectively (Almagro et al. ).
Daily precipitations for 2020–2100 are available for the
RCP scenarios. The boundaries of the Loess Plateau were
taken to 33.75 –41.25 N and 101.25 –114.375 E. Daily rain-

Ri ¼ α

k
X

(Pj )β

(1)

j¼1

where Ri is the rainfall erosivity index in the ith half-month
period (MJ·mm·hm2·h1); k is the number of days in the
half-month period; Pj is the erosive rainfall (mm) on the

fall data for 48 sample spots were obtained (Figure 1) from

jth day in the half-month period. Daily precipitation is

https://esgf-data.dkrz.de/search/cmip5-dkrz/.

required to be greater than or equal to 12 mm, otherwise calculated as 0, and the threshold of 12 mm is consistent with
the Chinese standard for erosive rainfall. The parameters
α, β need to be determined for the model and are calculated

METHODS

from the following formulae:

Calculation of the rainfall erosivity values

α ¼ 21:586β 7:1891

The USLE and the RUSLE models use an algorithm and

β ¼ 0:8363 þ

daily precipitation to determine rainfall erosivity in half-
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RESULTS

daily rainfall of 12 mm or more; Py12 represents the annual
mean precipitation (mm) with a daily rainfall of 12 mm or

Annual variation in precipitation and erosive rainfall

more. During the calculation, the half-month period is
deﬁned as the 15th day of each month: the 1st to 15th day

Data from the Linfen and Yongji meteorological stations

of each month is one half month, and the rest of the

were excluded from the analysis because data from some

month is calculated as another half month. The whole

years were missing. Data of the remaining 37 meteorological

year is divided into 24 half-month periods, and the monthly,

stations were averaged to obtain the precipitation variation

annual rainfall erosivity, and annual mean rainfall erosivity

for the Loess Plateau from 1971 to 1990 and from 1991 to

are obtained.

2010 (Figure 2(a) and 2(b)). The mean precipitation from

In the present study, the average rainfall erosivity refers

1971 to 1990 and from 1991 to 2010 was 425.26 and

to the average of data from different meteorological stations

399.87 mm, respectively. The annual precipitation ranges

over a given time, while the annual mean rainfall erosivity

were 205.39 mm (1971–1990) and 251.99 mm (1991–

refers to the average of data over a period of time for a

2010), and the coefﬁcients of variation were 0.15 and 0.14,

speciﬁc location.

respectively. In general, years with a mean precipitation of
>500 mm in the Loess Plateau from 1971 to 2010 accounted
for only 7.5% of the years, and years with less than 400 mm
accounted for 45.0% (1971–1990 accounted for 15.0%). The

DATA PROCESSING AND ANALYSIS METHODS

annual precipitation showed an overall decreasing trend
from 1971 to 2010.

MATLAB R2018b (The MathWorks, Inc., USA) and

The mean erosive rainfall on the Loess Plateau from

ORIGIN 2020 (OriginLab Corporation, USA) were used

1971 to 1990 and from 1991 to 2010 was 242.59 and

for statistical analysis and mapping of data. The ordinary

229.49 mm, respectively, which accounted for about 57.0%

Kriging interpolation method and the geostatistical modules

of the mean precipitation, and showed a decreasing trend

of ArcGIS 10.2 (Esri, Inc., USA) were used for the spatial

from 1971 to 2010. There is a strong linear regression

interpolation of precipitation and rainfall erosivity. In

relationship between mean erosive rainfall and precipitation

addition, the non-parametric Mann–Kendall trend analysis

(R 2 ¼ 0.93, P < 0.05). The results of the Mann–Kendall test

method was used to test the signiﬁcance of changes in

showed that the erosive rainfall trend from 1971 to 2010

meteorological elements (Hamed & Ramachandra Rao

has increased from 1973 to 1981 and decreased from 1982

; Ahmad et al. ).

to 2010 (except for 1985 and 1996). Both trends are

Figure 2

|

Annual variation of erosive rainfall and precipitation on the Loess Plateau for (a) 1971–1990 and (b) 1991–2010.
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insigniﬁcant and changeable, which indicates that erosive

erosivity and precipitation was not strong. Taking 1989

rainfall is not only affected by the precipitation amount

and 1990 as an example, the rainfall erosivity was basically

but also reﬂects the annual changes in precipitation.

the same, but the difference in precipitation was 17.5%. This
shows that rainfall erosivity is also affected by rainfall distribution and other factors. The Mann–Kendall tests showed

Temporal variation of rainfall erosivity

that, in general, the inter-annual changes in rainfall erosivity

The intra-annual distribution of rainfall erosivity for the
years from 1971 to 2010 is shown in Figure 3(a) and 3(b).
The rainfall erosivity during the year formed a single-peak
distribution, ﬁrst increasing and then decreasing. The
annual precipitation distribution and the rainfall erosivity

increased from 1975 to 1981 and decreased from 1982 to
2010. This is similar to the trends for erosive rainfall, but,
as shown in Figure 4(a) and 4(b), the annual decrease rate
in rainfall erosivity during 1991–2010 was slightly slower
than that during 1971–1990, and eventually stabilized.

followed a similar pattern: in January and February, the rainfall erosivity was almost zero, it then gradually increased,

Spatial distribution of rainfall erosivity

reaching a peak in July and August, and then gradually
decreased to zero in November. The total rainfall erosivity

As shown in Figure 5, the annual mean rainfall erosivity

in July to August accounted for 61.5% (1971–1990) and

decreased from southeast to northwest. For the area as a

59.4% (1991–2010) of the year’s rainfall erosivity, indicating

whole, the annual mean rainfall erosivity was 1,286.02 and

that summer rainfall, especially in July and August, was the

1,201.46 MJ mm hm2 h1 a1 in 1971–1990 and 1991–

main cause of soil erosion. In 1991–2010, the precipitation

2010, respectively. The maximum values obtained (for the

decreased slightly from that of 1971 to 1990, but the maxi-

Wutai Mountain and Anze station in the province of

mum still occurred in July and August, and was about

Shanxi) were 2,433.14 MJ mm hm2 h1 a1 (1971–1990)

2

for both series.

and 2,144.56 MJ mm hm2 h1 a1 (1991–2010). The mini-

The average rainfall erosivity for 1971–1990 and 1991–

mum values obtained for the two periods (for the Jingyuan

200.0 MJ mm hm

1

h

2010 was 1,278.68 and 1,200.60 MJ mm hm2 h1, respect-

station,

Gansu
2

1

province)

were

277.57

and

298.94

1

ively, and the coefﬁcients of variation were 0.24 and 0.19,

MJ mm hm

respectively. Rainfall erosivity was essentially stable at

fall erosivity from 1991 to 2010 was slightly lower than

around

1,200 MJ mm hm2 h1

h

a , respectively. The annual mean rain-

2010

that from 1971 to 1990 and showed a very high decrease

(Figure 4(b)). Overall, rainfall erosivity ﬂuctuated with the

in the northern part of Shanxi Province. The areas with

increases and decreases in annual precipitation, but there

the greatest rainfall erosivity were, however, concentrated

were some years where the correlation between rainfall

in the southeast of the Loess Plateau. Consequently, most

Figure 3

|

from

2004

to

Relation between half-monthly rainfall erosivity and monthly precipitation in the Loess Plateau for (a) 1971–1990 and (b) 1991–2010.
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Figure 4

|

Annual variation in rainfall erosivity for (a) 1971–1990 and (b) 1991–2010.

Figure 5

|

Spatial distribution of rainfall erosivity on the Loess Plateau for (a) 1971–1990 and (b) 1991–2010. The spatial variation of annual mean rainfall erosivity from 2020 to 2100 under
RCPs is shown in Supplementary material, Appendix A.

of Shanxi Province, central and southern Shaanxi were sus-

Provinces, and below 300.0 mm a1 for the Ningxia and

ceptible to rainfall erosion from 1971 to 2010. In these

Inner Mongolia Regions, while the annual mean precipi-

areas, soil conservation measures should be strengthened

tation value distribution from 1971 to 1990 was relatively

to reduce soil erosion.

discrete in Gansu Province, which was about 170.60–
598.97 mm a1. The annual mean precipitation from 1991

Tendency analysis of rainfall erosivity

to 2010 was 143.45–585.32 mm a1, which was 5.5%
lower than that from 1971 to 1990. The province with the

Precipitation data for representative areas of the Loess Pla-

highest mean precipitation changed from Shanxi Province

teau are shown in Table 1. (The data were obtained using

in 1971–1990 to Shaanxi Province in 1991–2010, while

ordinary Kriging interpolation. Because there are very few

Ningxia still had the lowest. The standard deviation (STD)

representative meteorological stations that could be selected

of the average precipitation in Shanxi Province decreased

in Henan and Qinghai Provinces, and the areas of these Pro-

by 32.8% from 1971–1990 to 1991–2010. The reduction in

vinces are relatively small, these Provinces are not included

the other regions was, however, much smaller.

in Tables 1 and 2). The annual mean precipitation from 1971
1

Under the RCP4.5 scenario, the annual mean precipi505.12 ±

to 1990 was 398.50 ± 114.80 mm a . The annual mean pre-

tation

cipitation was about 500.0 mm a1 for Shanxi and Shaanxi

130.02 mm a1, which is 26.8 and 34.1% higher than the
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)

Inner Mongolia

Gansu

Ningxia

Shanxi

Shaanxi

Observed (1971–1990)

Max.
Min.
Mean
STD

501.44
137.53
297.82
92.78

598.97
170.60
436.66
129.79

493.70
170.24
256.47
90.63

546.51
443.33
504.33
94.69

608.61
279.45
497.25
91.18

Observed (1991–2010)

Max.
Min.
Mean
STD

430.08
143.45
296.46
86.95

549.67
186.27
402.31
113.46

459.83
171.36
249.50
85.19

532.82
403.91
463.91
63.67

585.32
298.40
471.32
82.82

RCP4.5 (2020–2100)

Max.
Min.
Mean
STD

518.10
206.40
341.16
67.42

1,050.60
245.03
546.09
105.58

585.14
296.13
420.12
–

826.60
229.48
680.54
89.13

1,048.18
400.28
537.73
108.90

RCP8.5 (2020–2100)

Max.
Min.
Mean
STD

519.07
219.93
350.56
65.47

1,012.28
263.41
542.25
96.70

585.44
316.37
428.91
–

861.09
238.75
699.95
101.37

1,012.40
411.85
538.33
105.46

Table 2

|

2

Statistics on rainfall erosivity for different provinces in the Loess Plateau (MJ mm hm

h

1

a

1

)

Inner Mongolia

Gansu

Ningxia

Shanxi

Shaanxi

Observed (1971–1990)

Max.
Min.
Mean
STD

1,584.97
274.67
901.20
364.44

1,807.94
251.49
1,066.96
515.89

1,290.51
316.21
491.31
208.05

2,405.43
831.70
1,681.49
469.92

2,054.79
524.64
1,557.78
342.67

Observed (1991–2010)

Max.
Min.
Mean
STD

1,311.57
300.76
830.76
335.34

1,678.56
281.53
984.16
455.61

1,318.07
305.11
573.06
257.84

2,090.51
877.03
1,512.01
360.49

2,026.55
787.54
1,511.63
316.75

RCP4.5 (2020–2100)

Max.
Min.
Mean
STD

967.26
161.32
447.29
164.89

1,513.95
194.80
560.28
77.91

776.07
262.86
459.26
–

2,573.76
263.82
1,466.75
309.46

2,104.44
515.64
914.64
222.85

RCP8.5 (2020–2100)

Max.
Min.
Mean
STD

1,031.66
135.53
476.01
143.54

1,515.07
235.42
629.24
102.97

920.24
349.35
542.92
–

3,494.06
236.67
1,705.36
429.95

2,184.66
571.43
988.91
279.86

means for 1971–1990 and 1991–2010, respectively. The

219.93–1,012.40 mm a1, which was an increase of about

maximum

reach

35.9% compared with 1991–2010. The regional variations

1,050.60 mm a1. The spatial distribution of precipitation

precipitation

in

RCP4.5

would

in annual mean precipitation were essentially the same as

similar to the spatial distribution for 1971–1990: Shanxi

those in the RCP4.5 scenario, with a maximum of

Province had the largest annual mean precipitation of

1,000.0 mm a1 (Gansu and Shaanxi) and a minimum of

680.54 mm a1, while the provinces with the lowest precipi-

only 219.93 mm a1 (Inner Mongolia).

tation changed from Ningxia (1971–2010) to Inner
1

From historical data (Table 2), the annual mean rainfall

Mongolia, with a precipitation of only 341.16 mm a . The

erosivity in the Loess Plateau from 1971 to 1990 was calcu-

range of precipitation under the RCP8.5 scenario was

lated as 251.49–2,405.43 MJ mm hm2 h1 a1, with an
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average of 1,137.75 ± 487.57 MJ mm hm2 h1 a1. Shanxi

from 1971–1980 to 1981–1990 was 604.89 to 394.74

Province had the highest rainfall erosivity, which reached

MJ mm hm2 h1 a1. In the southern Gansu Province, the

2

1

2,405.43 MJ mm hm

1

from 1971 to 1990, followed

central part of Shaanxi Province, and the northern Shanxi

by Shaanxi Province with 1,557.78 MJ mm hm2 h1 a1.

h

a

Province, rainfall erosivity from 1981 to 1990 was less

The rainfall erosivity in Ningxia was low, and the STD was

than that in 1971–1980, while the rainfall erosivity in Ning-

also low. The STD for Gansu was the largest; this indicates a

xia and some parts of Gansu Province and the southern part

large spatial difference, which is similar to the results obtained

of Shanxi Province increased the most. The spatial variation

from the analysis of data from meteorological stations for

of rainfall erosivity from 1991 to 2010 was not the same as

1991–2010. The annual mean rainfall erosivity from 1991 to

that from 1971 to 1990. After the 2000s, rainfall erosivity

2

2010 was 1,082.32 ± 418.69 MJ mm hm

1

1

a . Compared

increased signiﬁcantly in southern Shaanxi Province and

with 1971–1990, except for Ningxia, which showed an erosiv-

the central part of Shanxi Province, while the other areas

h

ity increase of 16.6% for 1991–2010, other provinces and

showed an overall decreasing trend. For example, rainfall

regions all showed decreases. For example, erosivity in

erosivity in Qinghai Province and Inner Mongolia decreased

Shanxi and Shaanxi decreased by 10.1 and 3.0%, respectively,

by about 429.88 MJ mm hm2 h1 a1.

which represents small spatial differences.

Under the RCP4.5 scenario, the variation of rainfall ero-

The calculated rainfall erosivity in future climate scen-

sivity from 2020–2060 to 2061–2100 was 66.89 to

arios was lower than that obtained from the historical

595.59 MJ mm hm2 h1 a1. The areas with increased rain-

data. Under the RCP4.5 and RCP8.5 scenarios, the rainfall

fall erosivity are concentrated in the southern Loess Plateau,

erosivity in 2020–2100 would be 769.64 ± 433.32 and

particularly in southern Shanxi and in the central and

868.49 ± 507.97 MJ mm hm2 h1 a1, which is a 28.9 and

southern part of Shaanxi Province, while the rainfall erosiv-

19.8% decrease, respectively, compared with 1991–2010.

ity in the other regions in 2061–2100 is slightly less than that

The areas with the highest rainfall erosivity are still in

in 2020–2060. In contrast, under the RCP8.5 scenario, the

Shanxi Province in the RCP scenarios, while the lowest

rainfall erosivity increased greatly and was concentrated in

areas change from being in Ningxia (according to the his-

the southeast of the Loess Plateau (southern Shanxi and

torical data) to Inner Mongolia. These results are similar

northern Henan Provinces). In the other regions, rainfall

to the results for the distribution of precipitation. The mini-

erosivity in RCP8.5 also increased, and the overall increase

mum values for erosivity from 2020 to 2100 would be

was around 99.19–2,009.03 MJ mm hm2 h1 a1. This indi-

2

161.32 MJ mm hm

1

1

135.53

cates that the rainfall erosivity increased during the second

MJ mm hm2 h1 a1 (RCP8.5). In the RCP8.5 scenario,

half of the 21st century under the RCP8.5 scenario, and

the rainfall erosivity ranges from 135.53 to 3,494.06

hence, the degree of soil erosion in the southeast of the

MJ mm hm2 h1 a1 and is 12.8% higher than the RCP4.5

Loess Plateau would also increase.

h

a

(RCP4.5)

and

values. The value distribution under RCP8.5 is, however,
more discrete than under RCP4.5. The maximum erosivity
in Shanxi Province increases by 35.8% from RCP4.5 to

DISCUSSIONS

RCP8.5, while the increases in the other provinces and
regions are small. This arises because heavy rainfall

Temporal changes in rainfall erosivity

becomes more concentrated in Shanxi Province in the
RCP8.5 scenario.

The mean precipitation on the Loess Plateau was

The rainfall erosivity in different periods was divided

412.57 mm from 1971 to 2010 and showed an insigniﬁcant

into two parts according to the length of the series, after

decreasing trend, with an annual decrease of about

the annual mean rainfall erosivity was interpolated by

0.88 mm. These results are similar to those in the study by

ordinary Kriging in ArcGIS in every part, and the rainfall

Wu et al. (). The mean precipitation in 2020–2100, how-

erosivity variation ﬁgure (Figure 6) was obtained using

ever, increased by 30.3% (RCP4.5) and 32.1% (RCP8.5)

raster calculation. The variation in the rainfall erosivity

compared with that in 1971–2010. The spatial distribution
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Variation of annual mean rainfall erosivity for (a) 1981–1990 minus 1971–1980, (b) 2001–2010 minus 1991–2000, and (c and d) 2061–2100 minus 2020–2060.

of future precipitation indicates that precipitation will

mean rainfall erosivity from 1991 to 2010 decreased by

increase in the southeast of the study area and decrease in

5.0%. Similarly, the rainfall erosivity from 2020 to 2100 was

the northwest. Consequently, Shanxi Province may have

28.9% (RCP4.5) and 19.8% (RCP8.5) less than that in 1991–

an increased risk of soil erosion.

2010. Almagro et al. () also obtained similar results for

Precipitation distribution causes annual rainfall erosiv-

Brazil. The similarity in results may have been caused by

ity to appear as a unimodal distribution (Figure 3). The

the rainfall in the future climate scenarios being relatively dis-

maximum half-month rainfall erosivity between 1971–1990

persed, with few short-duration heavy rainfall events. An

2

and 1991–2010 was about 200.0 MJ mm hm

1

and

alternative explanation is that the HadGEM2-ES model out-

occurs mainly in July to August, which indicates that

puts are based on meteorological factors and ignore the

h

heavy rainfall during the summer is the main cause of soil

effect of topography on rainfall intensity (Djebou et al.

erosion in the Loess Plateau. The comprehensive utilization

). Consequently, the model outputs may lead to underes-

of

managements),

timations of the erosivity of future rainfall. For further

vegetation measures (e.g. afforestation), and agricultural

research, comprehensive analysis should be combined with

measures (e.g. no-tillage) are the key elements of ecological

factors such as topography and land-use data. However,

environmental development that are required to prevent soil

despite the aforementioned limitations, the results of the pre-

erosion in the Loess Plateau.

sent study can still be used as a reference for the study of soil

engineering

measures

(e.g.

slope

In terms of inter-annual changes, the annual mean rain-

erosion under climate change in the future.

1,139.75 ±

To improve the analysis of the relationship between

487.57 MJ mm hm2 h1 a1, with an insigniﬁcant decreas-

rainfall erosivity and precipitation over various time scales,

ing rate of 1.83 MJ mm hm2 h1 a1 (Figure 4). When

the present study made use of the Standardized Precipi-

compared with the erosivity from 1971 to 1990, the annual

tation Index (SPI) and used the SPI PROGRAM to

fall

erosivity

from

1971

to

1990
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calculate the SPI value (obtained from https://drought.unl.

April and reached a maximum in May, while in normal and

edu/droughtmonitoring/SPI/SPIProgram.aspx).

time

humid years, the maxima were often reached in August and

scale of the historical data was 36 and 60 months, and 60

September, and then gradually decreased and reached zero

and 96 months for the estimated data. The results are

in November. The rainfall erosivity from July to September

shown in Supplementary material, Appendix B. Based on

in drought years accounted for about 50.0% for the whole

the SPI value and the classiﬁcation criteria of McKee et al.

year, while in normal and humid years, this period accounted

(), cases were selected for a moderate drought year

for 75.7–90.0% of the year’s total.

The

(1.49  SPI  1.00), a normal year (0.99  SPI  0.99),

A discussion of the data obtained from the RCP scen-

and a moderate humid year (1.00  SPI  1.49). The selected

arios follows. When compared with historical data, it can

hydrological years and SPI values are shown in Table 3.

be seen that precipitation derived from the RCP scenarios

It can be seen from Figure 7 that the monthly rainfall

is more dispersed and is mainly concentrated in April to

erosivity has a good corresponding relationship with precipi-

September, with the peak generally occurring in July and

tation. However, the precipitation amount is not the

August (Figure 7(c) and 7(d)). Although the precipitation

determining condition for the variation in rainfall erosivity.

increased from April to June, most of the precipitation

For example, the precipitation in June 2005 decreased by

events were of long-duration and low-rainfall intensity,

11.1% compared with May 2005, but the rainfall erosivity

with daily precipitation less than 12 mm. This precipitation,

increased by 74.9%. The increase was mainly the result of

therefore, had little effect on the distribution of annual rain-

the greater rainfall intensity in summer. The threshold of

fall erosivity. The long-duration, low-intensity rainfall events

erosive rainfall adopted in this paper was a daily rainfall

were the results of climate change and other factors. Precipi-

of P  12 mm. Consequently, a lot of the precipitation was

tation from April to June accounted for about 30.0% of the

excluded and could not be used as erosive rainfall when cal-

annual precipitation on the whole, while rainfall erosivity

culating rainfall erosivity. The use of the erosive rainfall

during this period only accounted for about 25.0% of the

threshold also leads to deviations between rainfall erosivity

annual rainfall erosivity. Except for the heavy rainfall erosiv-

and precipitation (Xie et al. ).

ity that occurred in July in humid years, the monthly rainfall

The percentage of precipitation from April to June in

erosivity values for different hydrological years were essen-

moderate drought years was relatively large and accounted

tially below 500.0 MJ mm hm2 h1. In a similar fashion to

for 34.0% of the annual precipitation (1971–1990), while it

the results from the historical data, 83.3% of the months

only accounted for 20.0% of the annual precipitation in

had rainfall erosivity below 200.0 MJ mm hm2 h1 in the

normal and humid years. In moderate drought years, the pre-

RCP4.5 and RCP8.5 scenarios.

cipitation from July to August accounted for about 25.3% of
the annual precipitation, while in normal and moderate

Spatial variation of rainfall erosivity and its response to

humid years, it reached more than 35.0% (1991–2010). The

precipitation

historical data show that the monthly distribution of rainfall
erosivity during different hydrological years is essentially

In the 1980s, rainfall erosivity decreased in southern Gansu,

the same. In drought years, rainfall erosivity increased from

central Shaanxi, and northern Shanxi and increased slightly

Table 3

|

SPI values and hydrological years for the different data series

Data series

Moderate drought years

Normal years

Moderate humid years

1971–1990s

1983 (SPI36 ¼ 1.06)

1976 (SPI36 ¼ 0.50)

1978 (SPI36 ¼ 1.72)

1991–2010s

2002 (SPI36 ¼ 1.01)

2008 (SPI36 ¼ 0.08)

2005 (SPI36 ¼ 1.15)

2020–2100s (RCP4.5)

2045 (SPI60 ¼ 1.13)

2052 (SPI60 ¼ 0.38)

2057 (SPI60 ¼ 1.12)

2020–2100s (RCP8.5)

2048 (SPI60 ¼ 1.09)

2062 (SPI60 ¼ 0.44)

2071 (SPI60 ¼ 1.02)
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Monthly rainfall erosivity and precipitation variations for (a) 1971–1990, (b) 1991–2010, (c) 2020–2100 (RCP4.5), and (d) 2020–2100 (RCP8.5).

in Ningxia and some parts of Gansu and southern Shanxi.

and RCP8.5 scenarios, the rainfall erosivity in 2020–2100

After 2000, it increased in central and southern Shaanxi

decreased by 28.9 and 19.8%, respectively, compared with

and central Shanxi but decreased in Inner Mongolia. How-

that in 1991–2010, respectively, but the range of variations

ever, on the whole, the spatial distribution of rainfall

is larger (Table 2). The maximum annual mean rainfall ero-

erosivity in the Loess Plateau shows a decreasing trend

sivity reaches 3,494.06 MJ mm hm2 h1 a1, while the

from the southeast to the northwest. Most parts of Shanxi

minimum is only 135.53 MJ mm hm2 h1 a1.

Province, and the central and southern parts of Shaanxi

To analyze the causes of increased precipitation and

remained the areas most threatened by rainfall erosion in

reduced rainfall erosivity in future climate modes and to

the Loess Plateau, and thus requires ecological management

further study the quantitative relationship between rainfall

interventions to prevent soil erosion.

erosivity and precipitation, the present study compared

In the future climate scenarios, Shanxi continues to be

annual rainfall erosivity and annual precipitation. (Missing

the province with the greatest rainfall erosivity, while the

data were recorded as 0, and the historical data comprised

area with the lowest rainfall erosivity changes Ningxia (as

39 × 40 ¼ 1,560 pairs; 26 sample spots in the Loess Plateau

determined by historical data) to Inner Mongolia. This rep-

were selected for the predicted data, and 26 × 81 ¼ 2,106

resents a relatively regular distribution of highs in the

pairs of data were generated in the RCP4.5 and RCP8.5 scen-

southeast and lows in the northwest. Areas with increased

arios, respectively.) The ﬁtting results are shown in Figure 8.

rainfall erosion after 2060 are also concentrated in the

In the historical data, the annual precipitation was

south (RCP4.5) and southeast (RCP8.5). In the RCP4.5

mainly concentrated between 200 and 600 mm. Initially,
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Relationship between annual rainfall erosivity and precipitation for (a) 1971–2010, (b) 2020–2100 (RCP4.5), and (c) 2020–2100 (RCP8.5).

rainfall erosivity increased at a small rate. The rate of

MJ mm hm2 h1. In contrast to the RCP4.5 scenario, the

increase then gradually increased before gradually decreas-

annual rainfall erosivity in the RCP8.5 scenario was

ing. The annual rainfall erosivity was generally below

mainly concentrated below 3,000 MJ mm hm2 h1. The

2

1

h . The logistic function provided a

logistic function ﬁts the RCP4.5 data well (R 2 ¼ 0.49, P <

good ﬁtting effect with the historical data (R 2 ¼ 0.77, P <

0.05), but the function does not converge with the RCP8.5

0.01). The formula is as follows:

data. The Allometric1 function in ORIGIN 2020 was used

2,500 MJ mm hm

to do the ﬁtting, and a good ﬁtting effect was also obtained
Ry ¼ 7112:09 

7037:33

(4)

1 þ (Py =880:61)2:25

for the RCP8.5 data (R 2 ¼ 0.55 (P < 0.05), Figure 8(c)). For
the same rainfall amount, when P < 442.51 mm, the rainfall
erosivity of the RCP4.5 scenario is greater than that of

2

1

where Ry is the annual rainfall erosivity (MJ·mm·hm ·h ),

RCP8.5, and vice versa. Under the future climate modes,

and Py is the annual precipitation (mm). When the annual

the annual rainfall erosivity gradually increases and

precipitation was 200–600 mm, the annual rainfall erosivity

becomes more discrete with an increase in precipitation,

was about 316.68–2,163.19 MJ mm hm2 h1.

which indicates that the rainfall data generated by the

When compared with the historical data, it was evident

HadGEM2-ES model are complex. However, as Figure 8

that the annual precipitation in the RCP4.5 scenario was

shows, when the annual precipitation is less than

mainly concentrated in the 300–900 mm range, and the

1,000.0 mm, the 95% conﬁdence band is narrow, which

annual rainfall erosivity was generally below 2,500

indicates that two functions are applicable for the prediction
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of rainfall erosivity using data from HadGEM2-ES. It is

and 41771305) and the National Key Research and

clear, therefore, that the detailed changes of future rainfall

Development Program of China (2017YFC0504702). We

erosivity require further quantitative research.

thank Paul Seward, PhD, from Liwen Bianji, Edanz Group
China (www.liwenbianji.cn/ac), for editing the English text
of a draft of this manuscript.

CONCLUSIONS
Rainfall data from 1971 to 2010 for 39 typical meteorologi-
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Rousseva, S., Tadić, M. P., Michaelides, S., Hrabalíková, M.,
Olsen, P., Aalto, J., Lakatos, M., Rymszewicz, A., Dumitrescu,
A., Beguería, S. & Alewell, C.  Rainfall erosivity in
Europe. Science of the Total Environment 511, 801–814.
https://doi.org/10.1016/j.scitotenv.2015.01.008.
Panagos, P., Borrelli, P., Meusburger, K., Yu, B., Klik, A., Jae, L. K.,
Yang, J. E., Ni, J., Miao, C., Chattopadhyay, N., Sadeghi, S. H.,
Hazbavi, Z., Zabihi, M., Larionov, G. A., Krasnov, S. F.,
Gorobets, A. V., Levi, Y., Erpul, G., Birkel, C., Hoyos, N.,
Naipal, V., Oliveira, P., Bonilla, C. A., Meddi, M., Nel, W., Al,
D. H., Boni, M., Diodato, N., Van Oost, K., Nearing, M. &
Ballabio, C.  Global rainfall erosivity assessment based on
high-temporal resolution rainfall records. Scientiﬁc Reports
7 (1), 4175. https://doi.org/10.1038/s41598-017-04282-8.
Pimentel, D.  Soil erosion: a food and environmental threat.
Environment Development and Sustainability 8 (1), 119–137.
https://doi.org/10.1007/s10668-005-1262-8.
Pimentel, D., Harvey, C., Resosudarmo, P., Sinclair, K., Kurz, D.,
McNair, M., Crist, S., Shpritz, L., Fitton, L., Saffouri, R. &

Hydrology Research

51.5

|

2020

Blair, R.  Environmental and economic costs of soil
erosion and conservation beneﬁts. Science 267 (5201),
1117–1123. Available from: https://www.jstor.org/stable/
2886079.
Renard, K. G. & Freimund, J. R.  Using monthly precipitation
data to estimate the R-factor in the revised USLE. Journal of
Hydrology 157 (1–4), 287–306. https://doi.org/10.1016/00221694(94)90110-4.
Renard, K. G., Foster, G. R., Weesies, G., McCool, D. & Yoder, D.
 Predicting Soil Erosion by Water: A Guide to
Conservation Planning with the Revised Universal Soil Loss
Equation (RUSLE). US Government Printing Ofﬁce,
Washington, DC.
Sun, W., Shao, Q., Liu, J. & Zhai, J.  Assessing the effects of
land use and topography on soil erosion on the Loess Plateau
in China. Catena 121, 151–163. https://doi.org/10.1016/j.
catena.2014.05.009.
Vrieling, A., Sterk, G. & de Jong, S. M.  Satellite-based
estimation of rainfall erosivity for Africa. Journal of
Hydrology 395 (3–4), 235–241. https://doi.org/10.1016/j.
jhydrol.2010.10.035.
Wischmeier, W. H. & Smith, D. D.  Predicting Rainfall
Erosion Losses – A Guide to Conservation Planning. USDA,
Science and Education Administration, Hyattsville, MD,
USA.
Wu, L., Liu, X. & Ma, X.  Spatiotemporal distribution of
rainfall erosivity in the Yanhe River Watershed of Hilly and
Gully Region, Chinese Loess Plateau. Environmental Earth
Sciences 75 (4). https://doi.org/10.1007/s12665-015-5136-6.
Xie, Y., Yin, S., Liu, B., Nearing, M. A. & Zhao, Y.  Models for
estimating daily rainfall erosivity in China. Journal of
Hydrology 535, 547–558. https://doi.org/10.1016/j.jhydrol.
2016.02.020.
Xin, Z., Yu, X., Li, Q. & Lu, X. X.  Spatiotemporal variation in
rainfall erosivity on the Chinese Loess Plateau during the
period 1956–2008. Regional Environmental Change 11 (1),
149–159. https://doi.org/10.1007/s10113-010-0127-3.
Xu, J.  Precipitation–vegetation coupling and its inﬂuence on
erosion on the Loess Plateau, China. Catena 64 (1), 103–116.
https://doi.org/10.1016/j.catena.2005.07.004.
Yan, D., Werners, S. E., Ludwig, F. & Huang, H. Q. 
Hydrological response to climate change: the Pearl River,
China under different RCP scenarios. Journal of Hydrology:
Regional Studies 4, 228–245. https://doi.org/10.1016/j.ejrh.
2015.06.006.
Yang, F. & Lu, C.  Spatiotemporal variation and trends in
rainfall erosivity in China’s dryland region during 1961–2012.
Catena 133, 362–372. https://doi.org/10.1016/j.catena.2015.
06.005.
Zhang, W. B., Xie, Y. & Liu, B. Y.  Rainfall erosivity
estimation using daily rainfall amounts. Scientia Geographica
Sinica 22 (06), 705–711 (in Chinese with English abstract).
http://dx.doi.org/10.3969/j.issn.1000-0690.2002.06.012.

First received 24 March 2020; accepted in revised form 3 July 2020. Available online 31 July 2020

Downloaded from http://iwaponline.com/hr/article-pdf/51/5/1048/775534/nh0511048.pdf
by guest

|

