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H I G H L I G H T S

• Mean increase in rainfall-runoff erosivi-
ty for the whole period was 12.1%.

• The increasing trend was more pro-
nounced in the latest two decades.

• The increase in erosivity mainly result-
ed from the high-intensity precipita-
tion.

• Rising trends of sediment yield support-
ed increase in erosivity.
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As the head source of the two longest rivers in China and the longest river in Southeast Asia, the East Qinghai-Ti-
betan Plateau (QTP) is experiencing increasing thaw snowmelt andmoreheavy precipitation events under global
warming, which might lead to soil erosion risk. To understand the potential driving force of soil erosion and its
relationship with precipitation in the context of climate change, this study analyzed long-term variations in an-
nual rainfall-runoff erosivity, a climatic index of soil erosion, by using theMann-Kendall statistical test and Theil
and Sen's approach in the Source Region of the Three Rivers during 1961–2012. The results showed the follow-
ings: (i) increasing annual rainfall-runoff erosivity was observed over the past 52 years, with a mean relative
trend index (RT1) value of 12.1%. The increasing trendwasmore obvious for the latest twodecades: RT1was near-
ly three times larger than that over the entire period; (ii) more precipitation events and a higher precipitation
amount were the major forces for the increasing rainfall-runoff erosivity; (iii) similar rising trends in sediment
yields, which corresponded to rainfall-runoff erosivity under slightly increasing vegetation coverage in the
study area, implied a large contribution of rainfall-runoff erosivity to the increasing sediment yields; and (iv)
high warming rates increased the risk of soil destruction, soil erosion and sediment yields. Conservation mea-
sures, such as enclosing grassland, returning grazing land to grassland and rotation grazing since the 1980s,
have maintained vegetation coverage and should be continued and strengthened.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Global warming has become a heavily discussed issue around the
world in recent years (Easterling et al., 2000; Stocker et al., 2013) and
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has been shown to exacerbate and trigger heavy precipitation events in
a number of areas (Cao and Pan, 2014), which may increase the risk of
soil erosion, especially in semi-arid and sub-humid climate zones.

Rainfall-runoff erosivity, which couples raindrop energy and rainfall
intensity, is a comprehensive measure of the erosive force for precipita-
tion and surface runoff (Wischmeier and Smith, 1958, 1965). This factor
can quantitatively reflect the potential of precipitation to erode soil
(Davison et al., 2005; Panagos et al., 2015) and is one basic factor in
the widely used soil erosion model Universal Soil Loss Equation
(Wischmeier and Smith, 1978) and its successors (Foster, 2004;
Renard et al., 1997). Rainfall-runoff erosivity is designated as the R-fac-
tor in the Universal Soil Loss Equation and equals the average annual
summation of EI30, the total rainfall energy (E) in a storm multiplied
by its maximum 30-min rainfall intensity (I30) (Wischmeier and
Smith, 1958). EI30 has been calculated by using detailed pluviograph
rainfall data. In view of the importance of runoff from snowmelt, thaw
and light rain in the early spring in cold areas, erosivity from thaw and
snowmelt has also been considered in the Revised Universal Soil Loss
Equation (Wischmeier and Smith, 1978). Because of the unavailability
of pluviograph rainfall, studies that estimate rainfall-runoff erosivity
use more readily available data, such as daily (Yu and Rosewell,
1996a; Yin et al., 2013), monthly (Ferro et al., 1999; Yu and Rosewell,
1996) and annual rainfall data (Bonilla and Vidal, 2011; Lee and Heo,
2011).

Studies on variations in rainfall-runoff erosivity require long-term
rainfall data and thus have only been reported in some places and
with different scales. According to the current set of studies, rainfall-
runoff erosivity increases in humid areas but decreases in semi-arid
areas. In Europe, increasing trends have been observed in humid re-
gions, including Ukkel in Belgium (Verstraeten et al., 2006), the Central
Ruhr region in Germany (Fiener et al., 2013), lower Austria (Klik and
Konecny, 2013), the Algarve in Portugal (de Santos Loureiroa and de
Azevedo Coutinho, 1995), the Iberian Peninsula (de Luis et al., 2010)
and southern Italy (Diodato and Bellocchi, 2009). However, decreasing
trends were identified in the semi-arid southern Europe, such as Sicily
in Italy (D'Asaro et al., 2007) and northeastern Spain (Angulo-
Martinez and Begueria, 2012). In the dry North Africa, decreasing trends
were also reported in the hyper-arid regions of Sudan (Elagib, 2011),
southern Nigeria (Salako, 2008) and the central Rift Valley of Ethiopia
(Meshesha et al., 2015). In China, studies focused on the two largest ba-
sins of the Yangtze River in the wet south and the Yellow River in the
dry north. Increasing trends were obvious for the Yangtze River basin
(Huang et al., 2013), but decreasing trends were significant for themid-
dle Yellow River basin, where the Loess Plateau is located (Xin et al.,
2011; Yang and Lu, 2015; Yue et al., 2014). No previous changes were
studied in the United States, but increasing predictions were given in
wet areas of the United States for future scenarios (Nearing, 2001;
Segura et al., 2014). A case in the eastern humid region of Australia, Syd-
ney, also showed a significant increasing trend (Yu, 1995). Obviously,
rainfall-runoff erosivity varies among locations or zones around the
world.

The East Qinghai-Tibetan Plateau (QTP) contains the head sources of
three famous rivers, including the two longest rivers in China (the Yang-
tze River and the Yellow River), and the longest river in Southeast Asia
(the Langcang-Mekong River). The region is called the Source Region of
the Three Rivers (SRTR) in China. The average elevation of the SRTR is
over 4000 m, with snow covering the entire year. The warming rate
over the past 50 years has been 1.6 °C, which is more than double the
values of 0.59 °C for the entire QTP and 0.65 °C for the Northern Hemi-
sphere since 1870 (Ding et al., 2006), so the SRTR is an area that is sen-
sitive to climate warming. As the source area with high elevations for
three large rivers, the SRTR contains very little human activity. This re-
gion was listed by the government as a key protected area for water
and soil conservation (Shao et al., 2013), therefore the natural factor
of rainfall-runoff erosivity under warming conditions might be an im-
portant driving force to increase soil erosion risk in the study area. In

recent years, a greater frequency of extreme precipitation events (Cao
and Pan, 2014; Li et al., 2012) and much more glacier melt runoff (Yao
et al., 2013; Zhang et al., 2012) have been reported. These events
would undoubtedly cause rainfall-runoff variations and increase soil
erosion risk, but the limited observations of precipitation and soil loss
in this high-altitude area have restricted soil erosion research. Little
has been known about the variations in rainfall-runoff erosivity in this
area. The objectives of this study are as follows: (i) to analyze the
long-term trends in rainfall-runoff erosivity over the past 52 years
from 1961 to 2012 and their spatial patterns in the SRTR, (ii) to analyze
the contributions of seasonal precipitation amounts and intensity to the
variations in rainfall-runoff erosivity, and (iii) to assess the effect of var-
iations in rainfall-runoff erosivity and vegetation coverage on sediment
yields. This study will be useful for identifying the vulnerable eroded
areas in response to climate change and providing information on soil
conservation.

2. Data and methods

2.1. Study area and data

The SRTR is located between 31°36′N–36°33′Nand 90°31′E–102°52′
E and covers an area of 32.36 × 105 km2, 12.13% of the total area of the
QTP (Fig. 1). This region has a complexmountainous landform and con-
tinuous and steep terrain,with elevationwidely ranging from2179m to
6575 m with an average of 4435 m. Three zones, namely, a humid cli-
mate, sub-humid climate, and semi-arid climate, could be classified
from the southeast to the northwest, with the average annual precipita-
tion decreasing from 772.8 mm to 262.2 mm. Greater than 70–80% of
the annual precipitation occurs during the summer. The temperatures
in January (the coldest month) and July (the warmest month) are
−12.6 °C and 11.8 °C, −17.3 °C and 12.7 °C, −16.7 °C and 13.4 °C for
the humid, sub-humid and semi-arid climates, respectively (Wang,
2004). The regional soil is characterized by shallow depth and a high
amount of rock fragments and exhibits pronounced vertical zonal divi-
sions, from alpine meadow soil in the southeast to alpine steppe soil
in the high-altitude northwest. The grassland types change from high-
cold scrubmeadows to high-cold steppes (Zhang et al., 2013). The pop-
ulation density in the SRTR is two people per km2 (Yi et al., 2013).

Daily precipitation data from 1 October 1960 to 31 December 2012
for a total of 37 stationswere collected from theNationalMeteorological
Information Center of the China Meteorological Administration
(National Meteorological Infomation Center, 2015) and are listed in
Table 1. 16 weather stations were present in the SRTR. 21 stations sur-
rounding the SRTR were also selected to spatially interpolate the rain-
fall-runoff erosivity, with the criteria that these stations were inside
the QTP and the shortest distance from the station to the boundary of
the SRTR was no greater than 150 km. All the issued weather data has
been quality-controlled by the National Meteorological Information
Center of the China Meteorological Administration. In addition, both
the double-mass curve method (Kohler, 1949; Tabari et al., 2011) and
autocorrelation analysis (Yue et al., 2002) were used to assess the qual-
ity of the 52-year series of daily precipitation data for each station. Al-
though the starting observations were from the 1950s for the majority
of the stations, no missing data existed since the 1960s for any of the
stations. The points that were plotted for all 37 stations in the double-
mass curve were almost straight lines. The average correlation coeffi-
cients were between 0.91 and 0.95, indicating the good quality of the
collected data.

2.2. Estimation of rainfall-runoff erosivity

Nearly all the erosive rainfall events in the SRTR occur during the
warm season (May to September). The main form of precipitation dur-
ing the cold season (end of October to April) is snowfall, which usually
accumulates and melts during the late spring and early summer.
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