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Abstract
Purpose  The Chinese Loess Plateau, characterized by severe soil erosion and a vulnerable environment, is highly sensitive 
to extreme weather events. Understanding the changing patterns of extreme precipitation events and the associated rainfall 
erosivity, as well as their effects on the soil erosion and sediment delivery, is essential to the application of planning and 
ecological restoration on the Loess Plateau.
Materials and methods  In total, 100 meteorological stations with high-quality daily data spanning from 1957 to 2018 were 
used to extract eight indices to evaluate the variations in extreme precipitation and the associated rainfall erosivity, and to 
identify the contribution of extreme precipitation to rainfall erosivity and thus to sediment delivery.
Results and discussion  The annual extreme precipitation from six of eight indices all exhibited insignificant decreases 
in the study area. The average annual rainfall erosivity was 1159 MJ mm ha−1 h−1 year−1, with a slight decreasing rate 
of − 3.16 MJ mm ha−1 h−1 year−1 over a 10-year period. The rainfall erosivity presented a staged descending change ranging 
from the 1960s to the late 1990s, but a promptly ascending change since 2000. These variations in extreme precipitation and 
the associated rainfall erosivity in the region were very likely to be affected by the changing pattern of the East Asian summer 
monsoon. The annual precipitation from three kinds of extreme events, namely, maximum 5-day precipitation (RX5d), heavy 
precipitation (R20), and very wet day precipitation (R95p), contributed 60–90% of the annual rainfall erosivity, respectively. 
Compared with the reference period (1957–1979), the rainfall erosivity resulting from extreme precipitation events contrib-
uted less to the dramatic reduction in sediment delivery on the Loess Plateau in the periods of 1980 to 1999 and 2000 to 2018.
Conclusions  The results imply a reduced impact of rainfall erosivity and increased human intervention on sediment delivery 
on the Loess Plateau in the last 60 years. These findings are useful in understanding the processes of ecohydrology and soil 
erosion delivery in the region.
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1  Introduction

Soil erosion has caused serious land resource degradation 
and brought extensive concern about the eco-environment 
worldwide (Panagos et al. 2015). Wischmeier and Smith 
(1978) and Renard et al. (1997) defined rainfall erosivity (R) 
as the potential ability to cause soil erosion in the Universal 
Soil Loss Equation, and R is also included in the Chinese 
Soil Loss Equation (Liu et al. 2002). As a key factor, R 
reflects the influence of rainfall amount, duration, intensity, 
and kinetic energy on soil erosion especially in extreme pre-
cipitation events (Hoyos et al. 2005; Ballabio et al. 2017).

China’s Loess Plateau is considered to be one of the most 
vulnerable areas worldwide and delivers large amounts of 
sediment to the Yellow River (Tang et al. 1993; Cai 2001). 
Due to the highly fragmented terrain, steep slopes, low veg-
etation cover, erodible soil, and long history in farming, the 
Loess Plateau is very sensitive to several extreme precipita-
tion events and their changes (Zhang et al. 2018).

Many studies have focused on extreme precipitation 
events, rainfall erosivity, and sediment change on the Loess 
Plateau. Zhou et al. (1992) reported that heavy precipitation 
events with a high intensity and short duration contributed 
to approximately 90% of the annual total soil erosion in this 
region. Li et al. (2010) selected several typical extreme pre-
cipitation indices and found that most indices showed an 
obvious changing gradient from low latitudes to high lati-
tudes on the Loess Plateau; however, there was no significant 
change from 1961 to 2007. Sun et al. (2016) showed that 
the numbers of days of erosive precipitation (R12), heavy 
precipitation (R20), rainstorms (R50), and maximum 5-day 
precipitation (RX5d) exhibited insignificant variations on 
the Loess Plateau during 1960–2013.

Regarding R, Xin et al. (2011) illustrated that R had a 
remarkable spatial difference and decreased significantly in 
the period from 1956 to 2008 on the Loess Plateau. Yang 
and Lu (2015) detected a slight decrease in R on the wet-
ter eastern side of the Northwest China covering the Loess 
Plateau. Liu et al. (2018) revealed that Jinghe Basin, a typi-
cally vulnerable area on the hinterland of the Loess Plateau, 
exhibited an evident spatial pattern in R and a significant 
positive correlation between annual precipitation and R.

According to Liu et al. (2019), the sediment load in the 
Yellow River has declined by approximately 90% in the last 
20 years compared to that before 1980. Liu et al. (2016) 
reported that rainstorms (R50) contributed approximately 
40–50% of the total annual sediment yield generated from 
a region with severe soil loss region on the Loess Plateau, 
but the effects of precipitation events of 10–50 mm per 
day on sediment yield could not be ignored in this region. 
Wang et al. (2016) showed that human activities such as 
soil and water conservation measures and vegetation resto-
ration have decreased sediment yield from the heartland of 

Loess Plateau by 53% in 1980–1999 and 57% in 2000–2010, 
respectively.

It is well known that soil erosion is caused by a few 
extreme precipitation events over China’s Loess Plateau 
(Zhou et al. 1992; Wei et al. 2007; Ran et al. 2012; Vallebona 
et al. 2015; Zhao et al. 2018). However, it is not very clear 
about what the changing pattern of the extreme precipita-
tion events under global climate change is, what their differ-
ent contributions to R are, how they change, and how these 
changes affect sediment yield. Therefore, the objectives of 
the work were to (1) examine the spatiotemporal changes in 
extreme precipitation events and R over the Loess Plateau in 
the past 62 years; (2) identify the contribution of extreme pre-
cipitation events to R based on extreme precipitation indices; 
and (3) quantify the effect of extreme precipitation events 
and associated R on sediment yield on the Loess Plateau in 
different time periods. The findings from this study will help 
to understand the variability of extreme precipitation events 
under the background of global climate change and the soil 
erosion processes and sediment delivery that occur on the 
Loess Plateau.

2 � Data source and methods

2.1 � Study area

As the largest loess accumulation region on Earth, the Loess 
Plateau is bounded by 100.8°–114.6°E and 33.7°–41.3°N, 
covering a total area of approximately 6.24 × 105 km2. Most 
parts of the plateau range from 400 to 3000 m a.s.l. The 
zonal soil is mainly cambisol and lixisol in the World Refer-
ence Base for Soil Resources and the average loess thick-
ness is 100–200 m (Tang et al. 1993). The mean annual 
precipitation of the Loess Plateau is approximately 440 mm 
and it contains several climate zones from sub-humid in the 
southeast to arid in the northwest (Fig. 1). The vegetation 
correspondingly shows obvious zonal changes from forest 
to desert steppe.

The fluctuation of the East Asian summer monsoon pre-
dominantly affects the climate characteristics of this region. 
Precipitation is unevenly distributed annually and seasonally. 
Approximately 70–80% of the precipitation is concentrated 
in summer and autumn. Extreme precipitation events and 
correspondingly high R often lead to serious soil erosion as 
well as drought disasters in this region. The Loess Plateau 
accounts for more than approximately 90% of the sediment 
of the Yellow River (Wang et al. 2016). Engineering meas-
ures including terraces, reservoirs, and check dams consti-
tuted the main soil conservation measures used prior to 1999 
(Chen et al. 2007). Vegetation restoration has been carried 
out by the Chinese government since 1999. The total vegeta-
tion coverage was estimated to have improved significantly 
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across the Loess Plateau, from about 40 in 1982 to 76.8% in 
2017 (Li et al. 2019; Yang et al. 2020). The area with soil 
loss was estimated to have reduced from 4.3 × 105 km2 in the 

early 1980s to 2.14 × 105 km2 in 2018 on the Loess Plateau 
(Ministry of Water Resources of the People’s Republic of 
China 2019).

(a)

(b)

Fig. 1   The location of the Loess Plateau in China (a), the distribu-
tion of meteorological stations on and around the Loess Plateau, and 
the spatial distribution of mean annual precipitation across the Loess 
Plateau for the period 1957 to 2018 (b). The red triangles denote the 

hydrological stations (including Xunhua, Hejin, Longmen, Huaxian, 
and Zhuangtou) in the main channel of the Yellow River and the pri-
mary tributaries from which sediment delivery from the Loess Pla-
teau was derived
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2.2 � Data and processing

A total of 100 meteorological observation stations were 
evenly distributed in and around the Loess Plateau (Fig. 1). 
Daily precipitation data for the period 1957–2018 were 
gathered from the China Meteorological Data Sharing 
Network (http://​data.​cma.​cn/). We implemented thorough 
quality control and consistency checks for data to ensure 
reliability.

We adopted the commonly used erosive rainfall cri-
terion in China (daily precipitation greater than 12 mm) 
(Wischmeier and Smith 1978) in this study. We chose eight 
extreme precipitation indices in this study based on recom-
mendations from the FAO when they worked on climate 
change detection (Table 1). The R of this region in the past 
62 years was calculated based on a daily scale and then 
summed to monthly and annual intervals. Following the idea 
proposed by Liu et al. (2019), the amount of sediment deliv-
ered from the Loess Plateau was approximated from the dif-
ference between the sum at four hydrological stations (i.e., 
Hejin, Longmen, Huaxian, and Zhuangtou) near the outlet 
of the Loess Plateau and that at the Xunhua gauge station at 
the entrance of the Plateau. The annual sediment delivery 
data at these stations during 1957–2018 were obtained from 
Liu et al. (2019).

The East Asian summer monsoon index (EASMI) refers 
to an area-averaged summer (June to August) dynami-
cal normalized seasonality (DNS) at 850 hPa within the 
East Asian monsoon domain (10°–40°N, 110°–140°E) (Li 
and Zeng 2002). Li and Zeng (2002) and Yin et al. (2019) 
found periodicity in the annual variation in the EASMI dur-
ing the periods before 1979, from 1980 to 1999, and after 
1999. Additionally, the change points of 1979 and 1999 
were always used to divide the time periods to investigate 
the trends of streamflow and sediment load in most of the 
research on the Loess Plateau (Zhao et  al. 2013; Wang 
et al. 2016; Zhang et al. 2018). Three time periods, namely, 
1957–1979, 1980–1999, and 2000–2018, were therefore used 
here to examine the variability of extreme precipitation and 

the associated R as well as their effects on sediment delivery 
in different periods.

2.3 � Methods

2.3.1 � Rainfall erosivity estimation

The R was estimated from daily rainfall as proposed by Xie 
et al. (2016). It was proven that the accuracy of the R fac-
tor was much higher when the seasonality was considered 
(Richardson et al. 1983). The formulas are as follows:

where R indicates the mean annual rainfall erosivity (MJ 
mm ha−1 h−1 year−1); k = 1,2….., 24, which means 24-half 
months in a year; Rhalf month k is the rainfall erosivity esti-
mated for the k-th half month (MJ mm ha−1 h−1 year−1);  
i = 1,2……, N, which represents the time nodes 1957–2018; 
j = 0,……, m, where m denotes the days with erosive precip-
itation in a half month in year i (days of erosive precipitation 
refers to daily precipitation ≥ 12 mm); and Pi,j,k is the total 
erosive daily precipitation (mm) on the j-th day in the k-th 
half month of year i. When no erosive precipitation occurred 
in a certain half month of a year, i.e., j = 0, then Pi,j,k = 0; a 
is a parameter, which has seasonality feature (in the warm 
season of May–September, � is 0.3937; in the cold season 
of January–April and October–December, a is 0.3101); and 
WR

half-month
 refers to the ratio of the mean rainfall erosiv-

ity of the k-th half month ( Rhalf month k ) to the mean annual 
rainfall erosivity ( R).

(1)R =

24∑
k=1

Rhalf- month k

(2)Rhalf- month k =
1

N

N∑
i=1

m∑
j=0

(
� ⋅ P1.7265

i,j,k

)

(3)WRhalf - month k =
Rhalf - month k

R

Table 1   Indices of extreme precipitation adopted in this work

Rd denotes the daily precipitation

Index type Number Index Description Definition Units

Intensity 1 RX1d Maximum 1-day precipitation Annual maximum for 1-day precipitation mm
2 RX5d Maximum 5-day precipitation Annual maximum for 5-day precipitation mm
3 EPI Erosive precipitation intensity Mean precipitation for erosive precipitation days mm/day

Absolute indices 4 R12 Erosive precipitation Annual total precipitation on condition of Rd ≥ 12 mm mm
5 R20 Heavy precipitation Annual total precipitation on condition of Rd ≥ 20 mm mm
6 R50 Rainstorm Annual total precipitation on condition of Rd ≥ 50 mm mm
7 R95p Very wet day precipitation Annual total precipitation on condition of Rd > 95th percentile mm
8 R99p Extremely wet day precipitation Annual total precipitation on condition of Rd > 99th percentile mm
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2.3.2 � Trend analysis of extreme precipitation and rainfall 
erosivity

The nonparametric Mann–Kendall (MK) method (Mann 
1945; Kendall 1975) is recommended to detect the trends in 
hydrology and climatology sequences because of its simplicity 
and robustness in handling missing values and extreme values.

The null hypothesis H0 represents the observed sam-
ple data. xi (i = 1,2,3…n) are independent of each other 
and identically distributed. The alternative hypothesis H1 
indicates a monotonic trend in xi. The MK test statistic S 
is derived as follows:

where xj and xk are the statistical values (j > k). n indicates 
the observation length of the data series and sgn (xj—xk) 
is the return function. For the cases in which n ≥ 10, the 
statistic S denotes a normal distribution and E(S) = 0. The 
variances are calculated based on the following formula:

where q and t are the number of tied groups and data values, 
respectively. The standard test statistic Z is calculated as 
follows:

where the statistical value Z possesses the characteristics 
of a standard normal distribution. H0 will be rejected under 
the condition of |Z| ≥ Z1−�∕2 at the level of significance 
in bilateral trend detection. A positive (negative) Z value 
denotes an ascending (descending) trend. When |Z|≥ 1.28, 
1.64, and 2.32, this means that it conforms to the signifi-
cance tests of 90%, 95%, and 99%, respectively.

The Sen’s estimator can be utilized to estimate the slope 
of detected data under the condition that the meteorological 
and hydrological elements exhibit a linear trend (Sen 1968). 
Fortunately, the estimator is insensitive to abnormal values 
and is capable of accurately calculating the magnitude of a 
trend in a time series (Yue et al. 2002). The f(t) is as follows:

(4)S =

n−1∑
k=1

n∑
j=k+1

sgn(xj − xk)

(5)sgn(xj − xk) =

⎧⎪⎨⎪⎩

1 xj − xk > 0

0 xj − xk = 0

−1 xj − xk < 0

(6)VAR(S) =
1

18

[
n(n − 1)(2n + 5) −

q∑
p=1

t(t − 1)(2t + 5)

]

(7)Z =

⎧⎪⎨⎪⎩

S−1√
VAR(S)

if S > 0

0 if S = 0
S+1√
VAR(S)

if S < 0

In Eq. (8), Q indicates the magnitude of the trend, and 
B denotes a constant. The estimated slope Q of all detected 
data is calculated using the following formula:

where xj and xk denote the data values (j > k). If n values of 
xk are involved during the study period, then N = n (n-1)/2 
slope estimates (Qi) will be calculated. Sen’s slope estimator 
refers to the median of these N values, and N values of Qi  
are arranged in the order of smallest to largest. Qi is calcu-
lated depending on whether N is odd or even, as shown in 
the following formula:

2.3.3 � Quantifying the contribution of rainfall erosivity 
to sediment delivery

In this paper, the double mass curve method (Searcy et al. 
1960) was applied to estimate the contribution of R to sedi-
ment delivery reduction. The specific details are given in the 
following formulas:

where ∆ST represents the total change in the mean annual 
sediment delivery, and S1 and S2 denote the mean annual 
sediment delivery in the first period and the second period, 
respectively.

∆ST could be approximated as the sum of the changes in 
sediment delivery due to climate change (∆SClim) and human 
activities (∆SHum), as follows:

The accumulative rainfall erosivity 
∑

R1 and the accumu-
lative sediment delivery 

∑
S1 in the first period were related 

to establishing a regression expressed as follows:

where k and b are regression coefficients.
When the cumulative R of the second period was applied 

to Eq. (13), the mean annual sediment delivery 
−

S�2 in the 
second period was then obtained using Eq. (14).

(8)f (t) = Qt + B

(9)Qi =
xj − xk

j − k
;i = 1, 2,⋯ ,N

(10)Qi =

{
QN+1

2

if N is odd

1

2

(
QN

2

+ QN+2

2

)
if N is even

(11)ΔST = S2 − S1

(12)ΔST = ΔSClim + ΔSHum

(13)
∑

S1 = k
∑

R1 + b

(14)
∑

S�2 = k
∑

R2 + b
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The change in sediment delivery ∆SHum caused by human 
activities was then estimated using the following formula:

The contribution of human activities to the reduction of 
sediment delivery between the two periods was estimated by 
(∆SHum/∆ST), and the remaining value (1-∆SHum/∆ST)was 
attributed to climate change.

3 � Results

3.1 � Variation in extreme precipitation

Temporally, seven of eight extreme precipitation indices 
manifested decreasing changes except the intensity of ero-
sive precipitation (EPI), which showed an insignificant 
increase, while very wet day precipitation (R95p) demon-
strated a significant descending trend (P < 0.05) over the 
Loess Plateau from 1957 to 2018 (Fig. 2). R95p evidenced 

(15)△SHum = S
�

2
− S2

the fastest change rate at − 0.39 mm a−1, and the maximum 
1-day precipitation (RX1d) was the slowest at − 0.04 mm 
a−1 (Fig. 2a, f). Erosive precipitation (R12) occurred on an 
average of 10.41 days on the Loess Plateau (Fig. 2c). The 
average numbers of days with heavy precipitation (R20) and 
R95p were 4.63 and 4.85, respectively, which were slightly 
shorter than the 5 days used in the maximum 5-day precipi-
tation (RX5d) (Fig. 2b, d, and f). We noted that rainstorms 
(R50) occurred on average once every 2 years on the Loess 
Plateau (Fig. 2e), while the extremely wet day precipitation 
(R99p) occurred nearly once a year (Fig. 2g).

Spatially, the area with decreasing changes in RX1d, 
R12, and R50 was generally greater than that with increas-
ing changes on the Loess Plateau. Correspondingly, 43, 38, 
and 39 of the 70 stations on the Plateau exhibited a nega-
tive change; however, only 1, 2, and 0 stations were sta-
tistically significant (P < 0.1) (Fig. 3a, c, and e). The areas 
with decreasing changes in R95p and R99p covered 88.9% 
and 79% of the total region, respectively (Fig. 3f, g). How-
ever, the areas with increasing changes were nearly equal to 
those with decreasing changes in the extreme precipitation 
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Fig. 2   The temporal variation in extreme precipitation indices on the Loess Plateau during 1957–2018. Notes: n denotes the average days of all 
meteorological stations in the selected extreme precipitation indices during 1957–2018 on the Loess Plateau
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 3   The spatial variation in extreme precipitation indices across the Loess Plateau during 1957–2018. The red/blue symbols of “ + , *, and 
**” indicate declining/increasing significance levels of 0.1, 0.05, and 0.01, respectively. The symbols in the other figures have the same meaning
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indices of RX5d and R20 (Fig. 3b, d). We found that more 
than half of the Plateau had an ascending change in EPI 
(Fig. 3h). The areas with a descending change accounted for 
64.3% (RX1d), 52.3% (RX5d), 59.2% (R12), 51.7% (R20), 
65.3% (R50), 88.9% (R95p), 79% (R99p), and 41.8% (EPI) 
of the total area of the Loess Plateau, as shown in Fig. 3a–h, 
respectively.

Furthermore, decreasing changes in extreme precipita-
tion events occurred in extensive areas of the eastern and 
southern parts of the Plateau. Further analysis indicated that 
a significant decreasing trend often appeared at a few mete-
orological stations, such as Yuncheng and Huashan, across 
the Loess Plateau. In contrast, increasing changes in all the 
extreme precipitation indices always occurred on the north-
western Loess Plateau (Fig. 3).

3.2 � Variation in rainfall erosivity

The mean annual R over the Loess Plateau during 
1957–2018 was 1159 MJ mm ha−1 h−1 year−1, and it var-
ied greatly from the southeast to northwest, ranging from 
2921 to 251 MJ mm ha−1  h−1  year−1 (Fig. 4a-l). R was 

distributed mainly from June to September, accounting for 
85.2% of the annual totals; specifically, the R in July and 
August appeared to have a larger coefficient of variation 
(Fig. 4a-2).

The annual R over the Loess Plateau showed an insignifi-
cant decreasing change, with a declining rate of only − 3.1
6 MJ mm ha−1 h−1 year−1 per 10 years. Consistent with the 
change pattern of the extreme precipitation events, the areas 
with increasing change were mainly on the northwestern 
Plateau, and the areas with decreasing change were mainly 
on the southeastern part, which covered 49.4% and 50.6% 
of the total area, respectively. Correspondingly, 32 stations 
exhibited positive changes, and only two of them showed 
statistically significant changes (P < 0.1). In contrast, 38 sta-
tions showed negative changes and only three were statisti-
cally significant (P < 0.1) (Fig. 4b).

The coefficient of variation (Cv) of annual R over the 
Loess Plateau showed an obvious regional difference, which 
showed a twofold decrease from the northwest to southeast. 
We also found that a higher Cv and a larger fluctuation of 
annual R were situated in the northwestern Plateau, which 
is the summer monsoon tail region (Fig. 4c).

(b) (c)

(a-2)

Fig. 4   Spatial distribution (a), variation (b), and Cv of annual rainfall 
erosivity (c) across the Loess Plateau from 1957 to 2018. The error 
bar in Fig. 4a-l represents the standard deviation of the proportion of 
monthly rainfall erosivity to the annual totals in six periods (namely, 

stage I from 1957 to 1970, stage II from 1971 to 1980, stage III from 
1981 to 1990, stage IV from 1991 to 2000, stage V from 2001 to 
2010, and stage VI from 2011 to 2018)
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Fig. 5   Distribution of the pro-
portion of precipitation derived 
from each index in the annual 
totals and the ratio of derived 
rainfall erosivity in the totals 
across the Loess Plateau during 
1957–2018, respectively
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3.3 � Contribution of extreme precipitation events 
to rainfall erosivity

Figure 5 shows the mean annual distribution of the pre-
cipitation proportion derived from each of the indices in 
the annual total precipitation as well as the R proportion 
in the annual totals across the Loess Plateau over the past 
62 years. The precipitation proportion from RX1d to the 
annual total precipitation was less than 20%, which nearly 
covered the entire Loess Plateau (Fig. 5a). Correspondingly, 
its ratio of R in most parts of the Plateau was between 20 and 
40% (Fig. 5g). Overall, the precipitation proportions from 
RX5d and R20 were mostly between 30–50% and 30–40% 
across the Loess Plateau, respectively (Fig. 5b, c). How-
ever, their R ratios accounted for 60–90% and 60–80% on 
the Loess Plateau, respectively (Fig. 5h, i). We found that 
the Hangjinhouqi station lies in the arid area and northern-
most part of the Loess Plateau, and its precipitation and R 
in RX5d occupied over 40% and 90% of the annual totals, 
respectively, which indicated that the annual precipitation 
and R in areas such as the station were more concentrated 
in a few precipitation events within a year. For R50, the 
precipitation proportion was less than 20%, but it explained 
20–30% of R (Fig. 5d, j). The precipitation and associated R 
from R95p accounted for 30–40% and 60–90% of the annual 
total, respectively (Fig. 5e, k). For R99p, the proportion of 
precipitation and R was basically the same as that in RX1d 
(Fig. 5f, l).

We also found that the contribution to R increased to the 
northwest, especially for RX1d, RX5d, R95p, and R99p 
(Fig. 5g, h, k, and l), but the contribution to R increased 
closer to the southeast, especially for R20 and R50 (Fig. 5i, j).

As seen in Table 2, consistent with the changes detected 
in the EASMI, the precipitation and corresponding R 

derived from all seven indices showed a fast decreasing 
change from the first period to the second period and a 
slower increase from the second period to the third period. 
The changes could also be proven by the detected trend in 
Table 2. All seven indices showed an increasing change in 
the first period, while in the second period, four of seven 
indices showed an increase, and in the third period, all seven 
indices increased, with five of them increasing significantly. 
These results are consistent with those shown in Fig. 2. The 
proportion of precipitation derived from seven indices in 
the annual totals generally showed little change in the three 
periods, with a difference of less than 2%. For R, the propor-
tion from seven indices also showed a similar change pattern 
with that for precipitation, in which the differences in three 
stages were less than 5%.

3.4 � Effect of rainfall erosivity on sediment delivery

The R from R20 generally contributed 72.6% of the annual 
total over the whole Loess Plateau from 1957 to 2018, which 
was greater than that by other indices (Table 2). The annual 
R by R20, which occurred on approximately 5 days (Fig. 2), 
could better represent the effect of extreme precipitation 
events on soil erosion and sediment delivery on the Plateau. 
Therefore, R20 was used to investigate the effect of extreme 
events on annual sediment delivery.

Figure  6 shows a slight decrease in the annual R 
in the past 62 years by R20. Compared to the period of 
1957–1970, the R by R20 decreased by 13.8%, 16.7%, 
21.7%, and 17.9% in the 1970s, 1980s, 1990s, and 2000s, 
respectively. However, an increasing change of 0.4% was 
detected in the period of 2011–2018. The annual sediment 
delivery on the Loess Plateau showed a dramatic decreas-
ing trend, from 18.12 × 108 t in 1957–1970 to 1.74 × 108 t 

Table 2   The values and change of the EASMI and the values, change, and proportion (%) of extreme precipitation (P) and rainfall erosivity (R) 
at three periods on the Loess Plateau

P and R represent the extreme precipitation and corresponding rainfall erosivity of the selected indices, respectively. The change denotes the 
slope of the extreme precipitation and rainfall erosivity, with the unit denoting mm and MJ mm ha−1 h−1 year−1, respectively

Index Period I (1957–1979) Period II (1980–1999) Period III (2000–2018)

Value/change Value/change Value/change

EASMI 0.28/ − 0.024  − 0.33/ − 0.014  − 0.16/ − 0.011

Index P/change/proportion R/change/proportion P/change/proportion R/change/proportion P/change/proportion R/change/proportion

RX1d 48.6/ − 0.13/10.7 361.4/ − 2.16/30.3 45.3/0.20/10.9 334.0/2.37/32.3 46.4/0.18/10.6 338.3/2.34/30.2
RX5d 150.9/ − 0.61/33.2 840.8/ − 6.97/70.1 142.1/0.62/34.1 751.5/3.96/70.3 148.0/1.10+/33.8 800.9/12.08/68.6
R12 252.6/ − 0.87/54.7 1213.4/ − 9.53/100 226.3/ − 0.11/53.7 1082.3/ − 0.21/100 239.1/4.6**/54.1 1184.1/24.12*/100
R20 162.0/ − 1.43/34.8 912.3/ − 10.51/74.2 140.5/ − 0.21/33.3 773.3/1.48/71.3 153.5/3.07*/34.6 855.1/19.9*/72.4
R50 37.7/ − 0.71/8.1 335.8/ − 4.82/27.0 27.8/0.54/6.7 257.4/0.92/23.6 32.4/0.74/7.3 288.2/7.10/23.7
R95p 154.6/ − 0.57/33.8 861.1/ − 7.56/71.5 134.8/ − 0.21/32.1 732.4/2.51/68.4 139.6/1.29+/31.7 783.5/11.33+/67.1
R99p 59.1/ − 0.23/12.9 425.0/ − 3.04/35.2 51.7/0.05/12.4 351.0/0.90/32.8 52.6/0.73*/12.0 366.7/4.36/31.4
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in 2011–2018. Compared with the period of 1957–1970, 
the sediment delivery during 1971–1980, 1981–1990, 
1991–2000, 2001–2010, and 2011–2018 decreased by 
36.6%, 56.8%, 54.1%, 82.7%, and 90.4%, respectively 
(Fig. 6). Figure 6 shows a significantly different change pat-
tern between R and sediment yield over the past 62 years 
on the Loess Plateau.

Figure 7a shows two change points, 1979 and 1999, as 
detected by the double mass curve method, which were 
also proven by EASMI analysis (Li and Zeng 2002; Yin 
et al. 2019) and sediment research (Zhao et al. 2013; Wang 
et al. 2016; Zhang et al. 2018). The linear regressions illus-
trated in Fig. 7a and b show the significant differences in 
three periods divided by the change points. The regression 

Fig. 6   Decadal variation in rain-
fall erosivity derived from R20 
and sediment delivery over the 
Loess Plateau during 1957–
2018. Note: The period division 
is consistent with Fig. 4
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Fig. 7   Double mass curve analysis of annual rainfall erosivity derived 
from R20 and sediment delivery on the Loess Plateau (a); regres-
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cle, and blue triangle represent the period prior to 1979, the period 
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(GGP), respectively
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coefficient showed a significant decrease in the three peri-
ods and the coefficients of determination in the former two 
periods passed the 0.01 significance test. However, there was 
no significant correlation between these two variables since 
2000 (Fig. 7b). The sediment delivery per unit R decreased 
by 30.0% and 95.1% in the latter two periods, respectively.

Table 3 illustrates that in the latter two periods, the changes 
in R contributed just 6.4% and − 0.5% to the reduction in sedi-
ment delivery on the Loess Plateau, respectively. This result 
implies that human activities such as the numerous soil con-
servation measures implemented since 1980 and the exten-
sive vegetation restoration after 1999 strongly influenced the 
processes of soil erosion and sediment delivery in the region.

4 � Discussion

4.1 � Domination of extreme precipitation events 
to rainfall erosivity

The East Asian summer monsoon is proven to be the domi-
nant natural factor that affects the spatiotemporal variation 
in precipitation on China’s Loess Plateau, an arid and semi-
arid area. The EASMI was reported to decrease by a rate 
of − 0.124 per 10 years over the period from 1957 to 2018 
(Li and Zeng 2002; Gu et al. 2016). These findings explained 
why extreme precipitation events by most of the indices over 
the Loess Plateau demonstrated a decreasing tendency from 
1957 to 2018 (Fig. 2). The EPI showed a slight increasing 
change (Fig. 2), which was likely due to the unbalanced vari-
ation in the duration and the amounts of erosive precipitation 
in the region (Zhao et al. 2018). Additionally, R95p had a 
significant decreasing trend while the other indices showed 
only slight changes. This result was possibly due to the defi-
nition of the index itself and the randomness of extreme 
precipitation events especially on the Loess Plateau, an arid 
and semi-arid region. Furthermore, global climate change 
potentially resulted in the occurrence of these extreme pre-
cipitation events with inconsistent probabilities.

The spatiotemporal changes in annual extreme precipi-
tation and associated R were generally consistent with the 
results of previous research (Li et al. 2010; Xin et al. 2011; 

Yang and Lu 2015; Sun et al. 2016; Zhao et al. 2018). Dif-
ferences existed in the magnitude of decrease, which may 
be affected by the numbers of meteorological stations used 
in the research and their data series.

Table 2 shows that there was an obvious periodic pattern 
in extreme precipitation and associated R, which was basi-
cally consistent with the variation in the EASMI. In stage I 
from 1957 to 1979, extreme precipitation and the associated 
R showed a decreasing change, which was also demonstrated 
by Liu et al. (2018) and Zhao et al. (2018). However, in 
stage II from 1980 to 2000, we found that the changes in 
a few extreme precipitation events predominantly contrib-
uted to the increased R, especially in R20 and R95p. Their 
decreased precipitation along with the increased R indicated 
that these two extreme precipitation events experienced a 
stronger intensity in the period on the Loess Plateau, which 
was consistent with the report by Ren et al. (2016). In stage 
III from 2000 to 2018, all the indices, especially R12, R20, 
and R95p, experienced a significant increasing change in 
extreme precipitation amount and estimated R (Table 2). 
This result implied that the significant increasing tendency 
in the precipitation amount and R in R12 was very likely to 
be caused by that in R20 and R95p.

A remarkable regional difference was demonstrated in 
extreme precipitation and R in this study (Figs. 3 and 4). We 
found that extreme precipitation and R exhibited an upward 
change on the western margin of the Loess Plateau and a 
downward change in the central and eastern parts, which was 
supported by other reports (Yang and Lu 2015; Sun et al. 
2016; Zhao et al. 2018; Soksamnang 2018).

The increased R in the western Plateau was likely due 
to the enhanced EPI and the associated extreme precipita-
tion events for the intensified water cycle driven by global 
climate warming (Held and Soden 2006; IPCC 2007; Wang 
et al. 2012). Yin et al. (2019) found that summer precipita-
tion on the eastern–central part of the Loess Plateau was 
strongly and positively correlated with the change in the 
EASMI. As shown in Figs. 2, 3, and 4, and Table 2, the 
weakening of the EASMI over the period was supposed to 
dominate the decreasing change in extreme precipitation 
and R in this region. The results were also confirmed by 
the research of Yang and Lu (2015) and Zhao et al. (2018).

Table 3   The impacts of climate 
change and human activities on 
sediment delivery in different 
periods on the Loess Plateau

“-” means no data in the reference period of 1957–1979

Period Average annual sediment 
delivery/108 t

Contribution rate by cli-
mate changes/%

Contribution rate 
by human activi-
ties/%

I (1957–1979) 15.8 - -
II (1980–1999) 8.1 6.4 93.6

III (2000–2018) 2.7  − 0.5 100.5
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4.2 � Determination of extreme precipitation events 
to soil erosion

Soil erosion by rainfall on the Loess Plateau was highly con-
centrated in certain extreme precipitation events (Wang et al. 
1996; Xin et al. 2011). The precipitation from R50, charac-
terized by a relatively short duration and a high intensity, 
contributed approximately one-third of the annual R in most 
soil loss areas of the Plateau. The same situation existed in 
RX1d and R99p. For example, a heavy rainstorm with a return 
period of once-in-two-century occurred in Suide County of 
the northern Loess Plateau in 2017, which caused serious 
flooding and soil erosion leading to a catastrophic disaster 
for the local residents (Liu et al. 2017). Although the return 
period of R50 was less than once a year on the Loess Plateau, 
as shown in Fig. 2, but the land resources and ecological secu-
rity of this region were greatly threatened (Wan et al. 2014; 
Chen et al. 2018). Figure 5 shows that RX5d, R20, and R99p 
equally contributed approximately 60–90% of the annual R, 
which means that soil erosion, particularly in the middle part 
of Loess Plateau, was caused mostly by these extreme rainfall 
events, all of which occurred on an average of 5 days per year.

Previous studies noted that soil loss was highly sensitive 
to precipitation types with short durations and very high 
intensities, which would result in severe land degradation on 
Chinese Loess Plateau (Zhou et al. 1992; Chen et al. 2018). 
The results suggested that we should attempt to eliminate the 
threat from a few extreme precipitation events by adopting 
appropriate soil conservation measures in the future.

4.3 � Response of sediment delivery to rainfall 
erosivity changes

R is an important natural factor causing severe soil erosion 
and large sediment yield on China’s Loess Plateau. It was 
found that the annual R over the Loess Plateau decreased 
slightly, while a sharp decrease in the annual sediment deliv-
ery occurred during the period of 1957–2018. The area of 
soil conservation measures was relatively limited prior to 
1979 (Wang et al. 2016); Simultaneously, it was a period 
with a stronger effect of the summer monsoon. Extreme 
precipitation events often generated a high R in that period, 
which caused a large quantity of soil erosion and a mean 
annual sediment delivery up to 15.8 × 108 t to the Yellow 
River (Liu et al. 2019). From 1980 to 1999, the annual R 
exhibited a descending change, and the mean annual sedi-
ment delivery was reduced to 8.1 × 108 t (Liu et al. 2019). 
Many studies have demonstrated that the decreased sediment 
delivery in this period was primarily due to large-scale soil 
protection practices consisting of reservoirs, terraces, and 
check dams (Zhao et al. 2013; Liu et al. 2020).

From 2000 to 2018, increased R was observed, but sediment 
delivery was reduced to 2.7 × 108 t per year in the Yellow River 

(Zhang et al. 2008; Zhao et al. 2013; Liu et al. 2020). Wang et al. 
(2016) and Zhang et al. (2018) reported that extensive vegetation 
restoration due to the implementation of the “Grain for Green” 
project (GGP) since 1999 across the Loess Plateau potentially 
resulted in a sharp reduction in sediment yield. Our results sup-
port the recognition of the attenuated effects of extreme precipi-
tation events on sediment yield (Fig. 7a, Table 3).

It was reported that the total vegetation coverage 
increased significantly from about 40% in 1982 to 76.8% 
in 2017 across the Loess Plateau (Li et al. 2019; Yang et al. 
2020). Although there was no significant change in R over 
that time, the annual sediment delivery on the Loess Pla-
teau sharply decreased from 15.8 × 108 t in 1957–1979 to 
2.7 × 108 t in 2000–2018, respectively, which benefited from 
the continuous improvement of vegetation coverage (Liu 
et al. 2019). Beneficial human intervention exerted a posi-
tive effect on the soil erosion control and sediment delivery 
decreases in this region since 1980, especially after 1999 
(Zhang et al. 2008; Wang et al. 2016; Liu et al. 2020).

It was also recognized that engineering measures and 
vegetation restoration have significantly changed the surface 
hydrological and erosion processes by aggravating the rough-
ness on the ground over time (Li et al. 2009; IPCC 2013; Liu 
et al. 2017; Zhang et al. 2018). For instance, Liu et al. (2020) 
reported that soil conservation measures reduced surface runoff 
by alternating hydrodynamic conditions, which consequently 
triggered a reduction in sediment delivery in the Yellow River. 
Similarly, the mitigation of surface runoff and sediment yield 
by vegetation restoration was demonstrated by Quinton et al. 
(1997) and Sun et al. (2006). Moreover, this trend was proven 
by the slight sediment delivery modulus of 100 t km−2 year−1 in 
Ziwuling Mountain area, which has a high vegetation coverage 
of 80%, on the Loess Plateau (Zheng 2006).

Although the above findings showed that soil conserva-
tion practices could fundamentally reduce soil detachment, 
appropriate measures for the floods and soil loss triggered 
by extreme precipitation events with a return period of once-
in-10-year or once-in-one-century still need to be developed 
(Liu et al. 2017; Zhang et al. 2018; Zhao et al. 2018). In 
some areas with severe soil loss, the lack of litter layers 
and lower soil infiltration capacity under plantation vegeta-
tion result in an unstable ecological community structure 
and poor soil stress resistance; thus, these areas are easily 
prone to higher ecological environment vulnerability under 
extreme precipitation events (such as R20 and R95p with 
greater precipitation intensity) compared to natural forests 
(Wu et al. 2005; Li et al. 2011; Gu et al. 2019).

Therefore, it is very important to understand the spati-
otemporal changes in extreme precipitation events and the 
associated R and develop suitable countermeasures to con-
trol corresponding soil erosion and sediment delivery for 
high-quality eco-tope development on Chinese Loess Pla-
teau (Angulo-Martinez et al. 2009).
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5 � Conclusions

Understanding the spatiotemporal patterns of extreme pre-
cipitation and the associated R and the effects on soil ero-
sion and sediment delivery is important in many parts of 
the world as well as on the Chinese Loess Plateau. We con-
cluded that the annual R derived from R20 showed a slight 
decreasing change in the past 62 years. The R exhibited a 
staged descending change before 1999 but an ascending 
change since that year. Generally, all extreme precipita-
tion indices showed a slight descending change in the past 
62 years. Spatially, they showed a consistent changing pat-
tern with a decreasing change in the southeast part of the 
Loess Plateau and an increasing change along the northwest 
edge. Three extreme precipitation indices, namely, RX5d, 
R20, and R95p, could explain 60–90% of the variation in 
total R. Compared with 1957–1979, the R from extreme pre-
cipitation events generated an attenuated contribution to the 
reduction of sediment delivery on the Loess Plateau in the 
periods of 1980 to 1999 and 2000 to 2018.

This study helps to understand the specific processes of 
ecohydrology and is useful for sustainable development in 
the region. The assessment methods and extreme precipita-
tion indices have widespread applicability for other regions 
in the world.
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