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ABSTRACT
Changes in rainfall extremes pose a serious and additional threat to water resources planning and management, natural

and artificial oasis stability, and sustainable development in the fragile ecosystems of arid inland river basins. In this study,
the trend and temporal variation of extreme precipitation are analyzed using daily precipitation datasets at 11 stations over
the arid inland Heihe River basin in Northwest China from 1960 to 2011. Eight indices of extreme precipitation are studied.
The results show statistically significant and large-magnitude increasing and decreasing trends for most indices, primarily in
the Qilian Mountains and eastern Hexi Corridor. More frequent and intense rainfall extremes have occurred in the southern
part of the desert area than in the northern portion. In general, the temporal variation in precipitation extremes has changed
throughout the basin. Wet day precipitation and heavy precipitation days show statistically significant linear increasing trends
and step changes in the Qilian Mountains and Hexi Corridor. Consecutive dry days have decreased obviously in the region
in most years after approximately the late 1980s, but meanwhile very long dry spells have increased, especially in the Hexi
Corridor. The probability density function indicates that very long wet spells have increased in the QilianMountains. The East
Asian summer monsoon index and western Pacific subtropical high intensity index possess strong and significant negative
and positive correlations with rainfall extremes, respectively. Changes in land surface characteristics and the increase in water
vapor in the wet season have also contributed to the changes in precipitation extremes over the river basin.
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1. Introduction
Given their potentially severe impacts, as emphasized by

the Intergovernmental Panel on Climate Change (IPCC) in
their Special Report on Extremes (IPCC, 2012), extreme cli-
mate events and their changes are of particular relevance to
society and natural systems. The changes, causes and mech-
anisms of temperature and precipitation extremes have been
studied on regional and global scales (Frich et al., 2002;
Aguilar et al., 2005; Zhai et al., 2005; Alexander et al., 2006;
Klein Tank et al., 2006; Nandintsetseg et al., 2007; Brown et
al., 2008; Peterson et al., 2008; Choi et al., 2009; Fu et al.,
2010; Vincent et al., 2011; Donat et al., 2013). These studies
have revealed significant and widespread changes in tem-
perature extremes consistent with warming, but less spatial
coherence in precipitation extremes. Under global warming,
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magnitudes and patterns of extreme precipitation are ex-
pected to change (Trenberth et al., 2003; Groisman et al.,
2005). However, compared with temperature, the character-
istics, simulation, projected changes, and factors influencing
precipitation extremes are more complex and uncertain, and
vary greatly with region (Kiktev et al., 2007; Williams and
Kniveton, 2012; Kunkel et al., 2012; van Pelt et al., 2012;
Sillmann et al., 2013a, 2013b). Regional precipitation ex-
tremes occur when climate variability imposes large anoma-
lies on the average state of the climate system (Pal and Al-
Tabbaa, 2011). Extreme precipitation at smaller scales often
has the greatest impacts (Knapp et al., 2008; Heisler-white
et al., 2009; Samuels et al., 2009; Grant et al., 2010; Hos-
sain et al., 2010; Rosenberg et al., 2010; Chiang and Chang,
2011; Marengo et al., 2012; Ran et al., 2012; Gregersen et al.,
2013). However, features of extreme precipitation at larger
(e.g., regional) scales may not reflect those at smaller scales.
This is because what is considered an extreme in one part
of a region might not be the case in another (Manton et al.,
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2001). Therefore, a detailed understanding is essential re-
garding changes in the frequency, duration, intensity, and spa-
tial and temporal variability of precipitation extremes, as well
as the causes, at smaller (e.g., local) scales.
Rainfall in areas west of 102.5◦E in Northwest China

has increased significantly, with the maximum linear trend
reaching 0.15% (10 yr)−1 and exceeding the 95% confidence
level in central Xinjiang and the eastern part of the Tibetan
Plateau; while in areas east of that meridian, rainfall has de-
clined (Yin, 2006). Several studies have addressed whether
precipitation extremes have changed in accordance with vari-
ations in average precipitation. Wang and Zhou (2005) found
that annual mean precipitation has increased significantly in
most of Northwest China in all seasons, but daily precipita-
tion extremes show increasing trends only in summer. Zhai
et al. (2005) demonstrated a precipitation increase in terms
of both intensity and frequency, and significant increases in
extreme precipitation have been found in western China. You
et al. (2011) investigated the spatiotemporal distributions of
climate extreme indices during 1961–2003. They found that
all extreme precipitation indices in Northwest China pos-
sess the largest positive trend magnitudes relative to other
regions, and average wet day precipitation (PRCPTOT), max-
imum 1-day (R×1day) and 5-day (R×5day) precipitation
amount, and heavy precipitation days show increasing trends;
a decreasing trend was discovered for consecutive dry days
(CDD), detailed descriptions of the indices are provided in
Table 1. Wang et al. (2013) assessed extreme precipitation
in arid areas of Northwest China and found that most precip-
itation extreme indices had increasing trends. The medians
of precipitation indices showed insignificant change, except
for CDD around 1986. Zhang et al. (2011a) reported that
the number and total precipitation of maximum consecutive
wet days (CWD) increased annually and in winter, imply-
ing a wet tendency in that season and in Northwest China.
Afterward, based on a copula method, a modified Mann–
Kendall trend test and linear regression, the spatiotempo-
ral changes in precipitation indices in China were assessed
over the period 1960–2005. Results indicated that regions
west of 100◦E, particularly Northwest China, had a wet ten-
dency, reflected by increasing/decreasing numbers of consec-

utive rain/non-rain days (Zhang et al., 2013). Fu et al. (2013)
indicated that Northwest China experienced an increasing
trend of extreme rainfall events defined by duration and re-
currence interval. Wang et al. (2012) reported significant in-
creases in the number of rain days, simple daily intensity in-
dex (SDII), number of heavy precipitation days (R10), very
wet days, R×1day and R×5day. CDD showed the opposite
trend.
Precipitation and its extremes usually show no consis-

tent trends in Northwest China as they are easily affected by
the complex terrain and regional climate. Feng et al. (2014)
found that high-intensity precipitation after droughtwas more
than that under normal conditions over the entire Heihe River
region. Li et al. (2014) indicated that extreme precipitation
events were more intense after the 1990s and their occur-
rence was more frequent in the lower reaches of the river
than in other parts. Zhang et al. (2015) reported that annual
precipitation showed a significant increasing trend in the up-
stream part of the Heihe River, while no trends were detected
for the middle and lower reaches of the river. The most no-
table period of increase for annual precipitation over the river
was from 1977 to 1986 (Wang et al., 2010). Precipitation
observed in the 1990s over the Heihe River has the largest
range of variation, as compared with other decades in the past
50 years (Zhang et al., 2003). Much of the research on cli-
mate change in the Heihe River basin has concentrated on
average precipitation series. However, there are limitations
to using comprehensive indices to analyze extreme precipita-
tion in the Heihe River basin, the second largest inland river
basin in Northwest China.
Based on eight extreme precipitation indices and ob-

served daily precipitation data, we analyze the characteris-
tics of precipitation extremes across the Heihe basin during
1960–2011. The objectives are to (1) examine the spatial
distribution of the general trends in extreme precipitation in-
dices; (2) investigate the temporal variations and then evalu-
ate the changes in the probability density function (PDF) of
the detected precipitation extremes in various epochs and in
each geographic unit of the basin; and (3) study the linkage
between changes in extreme precipitation in the epochs and
large-scale atmospheric circulation.

Table 1. Definitions of the extreme precipitation indices used in this study.

Index Descriptive name Definition Units

CDD Consecutive dry days Maximum number of consecutive days with RR (daily
precipitation) <1 mm in a year

d

CWD Consecutive wet days Maximum number of consecutive days with RR � 1 mm
in a year

d

R10 Number of heavy precipitation days Annual count of days when RR � 10 mm d
SDII Simple daily intensity index Annual total precipitation divided by the number of wet

days (defined as RR � 1 mm) in the year
mm d−1

R95p Very wet day precipitation Annual total precipitation when RR > 95th percentile of
1961–1990 daily rainfall

mm

PRCPTOT Wet day precipitation Annual total precipitation in wet days (RR � 1 mm) mm
R×1day Maximum 1-day precipitation amount Annual maximum 1-day precipitation mm
R×5day Maximum consecutive 5-day precipitation amount Annual maximum consecutive 5-day precipitation mm
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2. Study area
The Heihe River basin (Fig. 1) is a typical inland river

basin in the arid zone of Northwest China (Cheng et al.,
2014). It is located at the climatic intersection between
the westerlies and the East Asian summer monsoon and has
strong spatial heterogeneity with diverse ecosystems includ-
ing an ice–snow zone, frozen soil, mountain forest, oasis,
desert, and desert riparian forest (Kang et al., 2005; Qin et al.,
2010). The river originates in the Qilian Mountains, which
represents a water resource source area for the whole river
and flows through a midstream region of irrigated agriculture,
finally terminating at two lakes in the desert.
The upper stream is in the middle part of the Qilian

Mountains, with high precipitation, low evaporation and tem-
perature. The altitude range is 2000–5600m and annual mean
precipitation is 200–700 mm; potential evapotranspiration is
about 700 mm (Ma and Frank, 2006). The middle stream is
in the Hexi Corridor, where precipitation is low and evapo-
ration high. Annual precipitation varies from 250 mm in the
southern mountain area to less than 100 mm in the northern
high plain area. The potential evapotranspiration is about
2000–2500 mm yr−1 and the altitude range is 1000–2000 m
(Lu et al., 2003; Ma and Frank, 2006; Zhao et al., 2010).
Oasis farming is distributed mainly over the piedmont lower
alluvial fan and fluvial plain in the middle reaches of the
Heihe River (Xie et al., 2012). This is the main irrigated re-
gion and an important commodity grain base in China, with
a long history of agriculture and animal husbandry. About
97.3% of the total population in the Heihe River region lives
in this area, producing 96.5% of the GDP of the whole basin
(Fang, 2002). The lower stream is in Ejina Banner, where the
annual mean precipitation is less than 50 mm and potential
evapotranspiration can reach 3755 mm (Qi and Luo, 2005;
Si et al., 2009). It is in the Badain Jaran Desert, with an alti-
tude of ∼1000 m (Ma and Frank, 2006). Strong winds make
Ejina the main source of sandstorms in northern China (Liu
et al., 2010b). Even so, the second largest Populus euphrat-
ica forest of China, with an area of 2.6×108 m2, is in Ejina

Fig. 1. Location of the study region and meteorological stations.

(Wang et al., 2003). It is nourished by the Heihe River, which
helps form the Ejina Banner oasis. More importantly, this oa-
sis functions as an ecological protective screen to stop desert
expansion and its effect on artificial oasis.
The Heihe basin is also an important industrial and agri-

cultural region in western China. It includes predominantly
arid and semi-arid areas, with extremely fragile ecological
conditions and a low level of adaptive capacity in terms of so-
cial living conditions. There is substantial climate variability
in this region and, in the future, more severe impacts on water
resources, food production and ecosystem health may occur
due to climate change (Zhao et al., 2005; Yin, 2006; Zhao et
al., 2010; Liu et al., 2010a, 2010b; Feng et al., 2013). How-
ever, the ability of the region to adapt to a changing climate
is poor, and so the development of an extreme climate will
undoubtedly bring disastrous and destructive consequences.

3. Data and methods
3.1. Data sources and processing
Daily precipitation data from 11 rain gauge stations (Fig.

1) covering the Heihe basin were provided by the National
Climate Center of the China Meteorological Administration
and Gansu Meteorological Bureau. Of the 11 stations, three
had missing data, but these comprised less than 0.01%. The
missing data were filled in by average values of neighbor-
ing days at the same station. We believe that this gap-filling
method has no significant influence on the long-term tem-
poral trend (Zhang et al., 2011a). Data quality control was
performed using the RClimDex software package (available
online at http://etccdi.pacificclimate.org/software.shtml). In
addition, a logarithmic transform of the monthly total precip-
itation amount series was carried out, before they were used
as inputs for detecting homogeneity (Wang and Feng, 2010).
This was accomplished with the RHtestsV3 software pack-
age (from the same website as above). The result showed
that all data series used were consistent. Finally, RClimDex
was used to calculate the extreme precipitation indices.

3.2. Definition of extreme precipitation indices
The joint Commission for Climatology (CCI)/Climate

Variability and Predictability (CLIVAR)/Joint Commission
for Oceanography and Marine Meteorology (JCOMM) and
the Expert Team on Climate Change Detection and Indices
(ETCCDI) (available online at http://www.clivar.org/organi-
zation/etccdi) developed a suite of climate change indices de-
rived from daily precipitation and temperature data (Frich et
al., 2002; Alexander et al., 2006; Klein Tank et al., 2009;
Zhang et al., 2011b). The indices were based on those of the
European Climate Assessment dataset and have been exten-
sively used to study observed changes in extreme precipita-
tion and temperature events (Klein Tank and Können, 2003;
Alexander et al., 2007; Piccarreta et al., 2013; van den Besse-
laar et al., 2013; Fischer and Knutti, 2014). For extreme pre-
cipitation, 11 indices were defined, and software packages
were developed for end-users. Considering the climate char-
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acteristics of the Heihe basin, we used eight extreme precipi-
tation indices. Because indices like the number of very heavy
precipitation days (R20) and extremely wet day precipitation
(R99p) are not suitable for the study area, there are many zero
values in the indices, especially in the western Hexi Corridor
and desert area.

3.3. Evaluation of trends and temporal variation
For general trends of all extreme precipitation indices at

each meteorological station, the Kendall rank correlation test
(Mann, 1945; Kendall, 1970; Hirsch et al., 1982) was used to
detect trends in the time series. We also used the prewhiten-
ing approaches of Yue et al. (2002) to determine trends in
extreme precipitation data. Meanwhile, Sen’s slope method
(Sen, 1968) was used to estimate trend magnitudes, based on
Kendall’s Tau. These were executed using the “zyp” package
(Bronaugh and Werner, 2013) in the R environment (R Core
Team, 2013).
The Heihe River can be divided into three sub-regions:

the Qilian Mountains, Hexi Corridor, and desert area, based
on their unique hydro-climate and topographical characteris-
tics. In order to learn more about the spatial changes in those
three sub-regions, regional averaged anomaly series for each
index were calculated, defined as:

xr,t =
nt
∑
i=1

(xi,t − xi)/nt , (1)

where xr,t is the regionally averaged index in year t; xi,t is
the index for station i in year t; xi is the 1960–2011 index
mean at station i; and nt is the number of stations with data
in year t. To avoid the average series being dominated by
those stations with a high value, xi,t and x̄ were normalized
by dividing them by station standard deviation.
For the temporal variation of all extreme precipitation in-

dices in each region during 1960–2011, fast Fourier trans-
form (FFT) low-pass filtering and linear regression were
used to smooth and calculate linear fits of annual normalized
anomaly time series of extreme precipitation, respectively.
Linear trends of extreme precipitation were computed using
a nonparametric approach, and the trends were considered
statistically significant at the 0.1 level. The related methods
were executed under the origin 8.0 software.
The distribution-free cumulative sum control chart

(CUSUM), cumulative deviation and Worsley likelihood ra-
tio tests were used to test for step changes in annual normal-
ized anomaly time series of rainfall extremes. Where sig-
nificant step changes were detected, if they were found sig-
nificant at the 0.1 or lower level by at least one out of three
different tests, then the rank sum test and student’s t-test were
used to assess the significance of differences between the me-
dian and mean for time periods before and after the identified
year of change. These tests were carried out using the pro-
gram TREND, version 1.0.2, from the eWater Toolkit (avail-
able online at http://www.toolkit.net.au/trend). Details of the
methods are described by Kundzewicz and Robson (2000)
and in the TREND 1.0.2 user guide (Chiew and Siriwardena,
2005).

The three parameter generalized extreme value (GEV)
distribution is based on the statistical theory of extremes
(Coles, 2001). It has been widely used to simulate the behav-
ior of precipitation extremes in both observations and mod-
els (Kharin and Zwiers, 2000; Brown et al., 2008; Wang and
Zhang, 2008; Rajczak et al., 2013; Vavrus and Behnke, 2013;
Jones et al., 2014). The GEV parameters (location, scale,
and shape) were estimated using the method of L-moments
(Hosking and Wallis, 1997); the two-sample Kolmogorov–
Smirnov test (K-S test) and a parametric bootstrap were ap-
plied to detect how well the GEV fits the precipitation ex-
treme time series and to calculate the confidence intervals
for the estimated GEV parameters, respectively (Conover,
1971; Coles, 2001). All the methods were executed using the
“lmomco” (Asquith, 2015) and “extRemes” (Gilleland and
Katz, 2011) packages in the R environment (R Core Team,
2013).
Correlation analysis and factor analysis were used to de-

termine which precipitation indices were selected for the
analysis of changes in the PDF in each region of the basin.
Factor analysis attempts to find a way to summarize the in-
formation contained in a number of original detailed variables
into a smaller set of new, composite factors with a minimum
loss of information (Hair et al., 2009). The resulting factors
served as strategy dimensions for a cluster analysis, which
was subsequently carried out on these factors (Jeswani et al.,
2008). The Kaiser-Meyer-Olkin (KMO) and Bartlett’s test
of sphericity were used for testing for partial correlation and
whether a correlation matrix was an identity matrix, respec-
tively. The principal components method of extraction has
been used in factor analysis. The procedurewas implemented
in the SPSS 22 software.

3.4. Large-scale atmospheric circulation
To quantify the relationships between large-scale atmo-

spheric circulation and precipitation extremes, correlation
analysis was used to detect the main atmospheric circulation
types contributing to the extreme precipitation increase after
the late 1980s. The circulation types used in this study were
based on the potential factors that affected climate changes
in Northwest China reported in previous studies (Zhou et al.,
2009; Dong et al., 2012; Kang et al., 2012; Li et al., 2012).
The selected circulation indices/types were: East Asian sum-
mer monsoon index (EASMI) (Li and Zeng, 2002, 2003),
downloaded from http://ljp.lasg.ac.cn/dct/page/65540, West-
erly Circulation Index (WCI) and western Pacific subtropical
high intensity index (WPSHII) (for details refer to the Cli-
mate Diagnostics and Prediction Division, National Climate
Center, China Meteorological Administration); and the data
of Southern Oscillation Index (SOI), Multivariate ENSO In-
dex (MEI), Pacific Decadal Oscillation (PDO), North Pacific
Pattern (NP), Northern Oscillation Index (NOI), North At-
lantic Oscillation (NAO) and Arctic Oscillation (AO) were
taken from the National Oceanic and Atmospheric Admin-
istration (http://www.esrl.noaa.gov/psd/data/climateindices/
list/).
The divergence of divergence (D) was calculated based
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on the following equation (Li et al., 2009; Zhang et al., 2010;
Li and Ding, 2012):

D=
1
g

∫ p

ps
∇q(u,v)dp , (2)

where u and v are the zonal and meridional components of
the wind field, respectively; q is specific humidity; ps is sur-
face pressure; and p is the pressure when the air has no water
vapor. In our study, ps was 1000 hPa and p was 300 hPa.

4. Results and analysis
4.1. General trend of extreme precipitation
Figure 2 reveals the spatial distribution of the general

trend for extreme precipitation indices, based on Kendall’s
Tau and Sen’s slope methods. The figure shows that non-
significant trends for precipitation extremes were detected
in the western Hexi Corridor and desert area; there was no
consistent trend for the entire Heihe basin. For PRCPTOT,
change magnitudes in the Qilian Mountains and eastern Hexi
Corridor exceeded 10 mm (10 yr)−1. Average change mag-
nitudes of PRCPTOT were 11.38 mm (10 yr)−1 in the Qil-
ian Mountains and 7.57 mm (10 yr)−1 in the Hexi Corridor.
There was an increasing trend in the southern portion of the
downstream part of the river [2.26 mm (10 yr)−1] and a de-
creasing trend in the northern portion [−0.35 mm (10 yr)−1].
Larger-magnitude, significant increasing trends of very wet
day precipitation (R95p) were mainly in the Qilian Moun-
tains [7.18 mm (10 yr)−1] and eastern Hexi Corridor [5.53
mm (10 yr)−1]. Change magnitudes for R10 in various ge-
ographic units of the Heihe basin were 0.47 d (10 yr)−1 in
the Qilian Mountains, 0.45 d (10 yr)−1 in the eastern Hexi
Corridor, and zero in the desert area. Figure 2 indicates in-
creasing trends in the Qilian Mountains and Hexi Corridor at
most stations for R×1day and R×5day. The SDII had an in-
creasing trend at 9 out of the 11 stations. Large-magnitude
and increasing trends in R×1day, R×5day and SDII were
more apparent in the southern part of the lower reaches of
the river than in the northern part. Figure 2 shows that CDD
showed decreasing trends at all stations, except for Qilian
Station in the eastern Qilian Mountains. Not including that
station, which had an increase of 3.60 d (10 yr)−1, the av-
erage change magnitude of the other three stations in the
mountains was −3.89 d (10 yr)−1; for the Hexi Corridor it
was −4.10 d (10 yr)−1, and for the desert area it was −4.41
d (10 yr)−1. Although the CWD increasing/decreasing trends
were detected based on Kendall’s Tau, Sen’s slope was zero
at all stations.

4.2. Temporal variation of precipitation extremes
The temporal variation of precipitation extremes in the

upper, middle and lower parts of the Heihe basin during
1960–2011 are shown in Figs. 3, 4 and 5. Figure 3 shows that
statistically significant linear increasing trends were detected
in six out of eight indices, all of which increased with fluctua-
tion during 1960–2011, and PRCPTOT, R95p, SDII and R10

even had statistical significance at the 0.01 level. The signif-
icant step changes for these four indices were detected in the
years 1997, 1987, and 1975/76, with the mean and median
shifting before and after the change points. CWD and CDD
showed no significant linear trend or step change, but it was
seen from the FFT filter that they had obvious interdecadal
variability. The FFT filter line in Fig. 3 displays that R×1day
switched from a peak to a trough and then to a peak again
during 1976–1990, and the significant change point was de-
tected in 1987. A robust step change was detected in 1970 for
R×5day, with statistically significant changes in the median
and mean between the epochs 1960–1970 and 1971–2011.
Figure 4 reveals that, among the eight indices, only

PRCPTOT, CDD and R10 had significant linear trends, and
the abrupt changes were detected in the years 1986/87 and
1974 in the middle basin. For CDD, the figure shows that it
had an obvious decreasing linear trend, with statistical signif-
icance at the 0.01 level and, in 87% of years, except for the
early 1960s, it showed positive anomalies before 1987. After
that, in 92% of years CDD had negative anomalies. CWD,
R×1day and R95p showed no significant linear trend or step
change, but had large interannual variability (Fig. 4). The
abrupt changes for R×5day and SDII were detected in the
years 1973 and 1969, respectively.
Figure 5 reveals that all extreme precipitation indices in

the desert area showed a non-significant linear trend, but a
statistically significant step change was consistently detected
in 1989. All of them except CDD had obvious troughs in ap-
proximately the mid-1980s, with large interannual variability.
Based on the trend extracted from the FFT filter, all indices
except CDD had predominant negative anomalies at the be-
ginning of the 1960s, and in the period of 1971–1989, espe-
cially 1980–1989.
Although temporal variations such as step changes were

detected inconsistently for the different extreme precipitation
indices in each geographic unit of the Heihe River, some cor-
relations among them still existed on account of the general
background of climate change over the Heihe River. The river
is located near the center of the Eurasian continent and far
from any ocean, which causes it to have a typically dry cli-
mate. In addition, the climate in the river basin is mainly
affected by the Asian monsoon in summer and the wester-
lies in winter (Wang et al., 2004; Qin et al., 2010). How-
ever, rainfall in the region varies from east to west because
the amounts of moisture carried by the winds are different
(Xu and Gao, 2014). Precipitation in the mountainous area
of the Heihe River has been revealed to possess altitude de-
pendence in terms of its magnitude, and the maximum and
minimum precipitation in this area are occurred limited to
certain range of height (Tang, 1985); plus, there is also great
variation in the underlying surface within each stretch of the
river. Moreover, the extreme precipitation indices used in this
study can reflect the amount, duration and intensity of precip-
itation. Therefore, although the general climate background
is almost the same, extreme precipitation indices and under-
lying surface are obviously different, which is the reason why
the temporal characteristics of precipitation extremes varied
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Fig. 2. Spatial distribution of the general trends in extreme precipitation indices during 1960–2011
across the Heihe River basin. Positive/negative trends are shown by up/down triangles; red, green, and
blue symbols denote trends with statistical significance at the 0.01, 0.05, and 0.1 levels, respectively.
The size of the black circles is proportional to the magnitude of the trend represented by Sen’s slope.
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Fig. 3. Annual changes in precipitation extremes during 1960–2011 in the upstream Heihe River basin (Qilian Mountains);
step changes are plotted if they were found to be significant at the 0.1 or lower level by at least one out of three different tests.

Fig. 4. As in Fig.3. but for the middle reaches of the Heihe River basin (Hexi Corridor).
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Fig. 5. As in Fig. 3. but for the downstream Heihe River basin (desert area).

in different regions.

4.3. Probability density function
Two types of indices were considered for analysis of the

changes in the PDF: one type was indices related to extreme
precipitation amount, and the other was duration of extreme
precipitation. Extreme precipitation indices were selected
to analyze the PDF based on correlation analysis and factor
analysis (Tables 2 and 3). Pearson’s correlation coefficients
indicated that annual rainfall had strong correlation with
most precipitation extremes indices, especially PRCPTOT
and R10 in the upper and middle reaches of the Heihe River,
and PRCPTOT in the downstream of the river (Table 2). Ta-
ble 3 shows that loadings of the indices for the first principal
component (PC1) can mainly reflect the extreme precipita-
tion amount, and the second component (PC2) can relate to
the duration of extreme precipitation. Factor analysis further
confirmed that the loadings of the indices for PC1 were very
high (Table 3). The significant positive factor loadings of an-
nual rainfall were above 0.9 for PC1, indicating that the cause
of annual precipitation increase is well correlated with the
strength of these indices. The PC2 explained more than 13%
of the data variance in each geographical unit of the Heihe
River; the most statistically significant variable represented
by it was CWD in the Qilian Mountains, but in the Hexi Cor-

ridor and desert area it was CDD. Therefore, PRCPTOT, R10
and CWD were selected to analyze changes in the PDF of
extreme precipitation events in the Qilian Mountains, while
for the Hexi Corridor PRCPTOT, R10 and CDD were chosen
and, for the desert area, PRCPTOT and CDD were chosen.
The results of step changes detected in Figs. 3, 4 and 5
were used to divide the period for the comparison of the PDF
between two epochs, and the PDFs of extreme precipitation

Table 2. Pearson’s correlation coefficients between rainfall ex-
tremes and annual rainfall in the Heihe River basin.

Annual rainfall

Qilian Mountains Hexi Corridor Desert area

Annual rainfall 1 1 1
CDD −0.16 −0.39* −0.34*
CWD 0.28* 0.52* 0.60*
PRCPTOT 0.99* 0.99* 0.99*
R10 0.86* 0.84* 0.75*
R95p 0.71* 0.75* 0.76*
R×1day 0.38* 0.59* 0.64*
R×5day 0.48* 0.69* 0.76*
SDII 0.63* 0.63* 0.63*

*Significant at the 0.05 or lower level (one-tailed)
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Table 3. Loadings of each variable within the first two principal components and proportional contribution to the variance in the Heihe
River basin.

Factor

Qilian Mountains Hexi Corridor Desert area

1 2 1 2 1 2
Annual rainfall 0.92* 0.20 0.92* −0.29* 0.91* −0.19
CDD −0.17 0.36* −0.28* 0.81* −0.30* 0.80*
CWD 0.22 0.82* 0.51* −0.24* 0.60* −0.57*
PRCPTOT 0.92* 0.20 0.92* −0.29* 0.92* −0.19
R10 0.89* 0.17 0.88* −0.06 0.86* 0.04
R95p 0.89* −0.24* 0.90* 0.14 0.92* 0.24*
R×1day 0.58* −0.55* 0.81* 0.37* 0.85* 0.28*
R×5day 0.65* 0.07 0.86* 0.18 0.93* 0.11
SDII 0.81* −0.19 0.83* 0.42* 0.81* 0.42*
% of variance 52.83 14.65 63.32 13.84 65.93 15.03

*Pearson correlation is significant at the 0.05 or lower level (one-tailed)

are shown in Fig. 6.
Table 4 shows the goodness of fit of the GEV distribution.

The table indicates that all the extreme precipitation indices
in the Heihe River basin obeyed a GEV distribution, based
on the K-S test. Figure 6 displays the PDF of the GEV dis-
tribution for precipitation extremes in the upper, middle and
lower reaches of the river. The figure shows that, relative to
the early period and 1960–2011, R10 had a pronounced in-
crease and shift to the right during the late period in the Qil-
ian Mountains and Hexi corridor, indicating that R10 clearly
increased with time. For PRCPTOT, the PDF was positively
shifted, which indicated an increase of total precipitation on

wet days started in the late 1980s. Moreover, for PRCPTOT
in the Qilian Mountains and desert area, the peak of extreme
precipitation declined in the late period, with a flatter distri-
bution, which confirmed the increase in PRCPTOT. The PDF
of CWD displayed a higher peak in recent years as compared
with the early period, and the location parameter of the GEV
distribution shifted toward the left but with a long tail on the
right side, indicating that very long wet spells are increas-
ing. Average CDD showed an obvious decrease after 1987 in
the Hexi Corridor, and the GEV distribution has apparently
shifted toward left, with a long tail on the right side, indi-
cating that in most years the number of CDDs decreased but,

Fig. 6. PDFs of the GEV distributions for precipitation extremes in the Heihe River basin.
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Table 4. The goodness-of-fit and estimated parameters of the GEV distribution.

Estimated parameters (95% confidence interval) K-S test

Region Index Location Scale Shape D P Dis

Qilian Mountains R10 7.92 [7.36, 8.42] 1.81 [1.42, 2.20] −0.25 [−0.45, −0.05] 0.10 0.69 GEV
R10 1 6.82 [5.98, 7.65] 1.54 [0.94, 2.08] −0.24 [−0.63, 0.11] 0.17 0.63 GEV
R10 2 8.58 [7.98, 9.17] 1.71 [1.25, 2.12] −0.29 [−0.56, −0.05] 0.09 0.91 GEV

PRCPTOT 308.58 [297.16, 320.65] 38.92 [30.84, 48.59] −0.08 [−0.30, 0.09] 0.11 0.56 GEV
PRCPTOT 1 303.14 [291.09, 315.54] 36.49 [26.27, 45.22] −0.23 [−0.48, 0] 0.12 0.63 GEV
PRCPTOT 2 333.31 [307.55, 364.70] 46.32 [24.98, 69.72] −0.05 [−0.53, 0.32] 0.11 0.99 GEV
CWD 5.66 [5.43, 5.99] 0.85 [0.64, 1.10] 0.19 [−0.05, 0.42] 0.08 0.85 GEV
CWD 1 5.88 [5.54, 6.38] 0.90 [0.56, 1.36] 0.23 [−0.16, 0.54] 0.11 0.87 GEV
CWD 2 5.49 [5.17, 5.85] 0.80 [0.52, 1.12] 0.15 [−0.17, 0.46] 0.09 0.95 GEV

Hexi Corridor R10 3.52 [3.16, 3.89] 1.24 [0.99, 1.50] −0.21 [−0.43, −0.01] 0.08 0.83 GEV
R10 1 3.01 [2.32, 3.78] 1.30 [0.78, 1.88] −0.27 [−0.72, 0.12] 0.15 0.86 GEV
R10 2 3.73 [3.33, 4.18] 1.16 [0.89, 1.47] −0.17 [−0.42, 0.03] 0.08 0.94 GEV

PRCPTOT 150.12 [141.05, 160.21] 32.05 [24.52, 39.03] −0.18 [−0.39, 0] 0.06 0.97 GEV
PRCPTOT 1 141.33 [128.89, 152.74] 30.41 [21.71, 40.76] −0.13 [−0.44, 0.12] 0.10 0.94 GEV
PRCPTOT 2 159.83 [145.17, 174.27] 31.58 [21.79, 41.37] −0.22 [−0.57, 0.06] 0.12 0.83 GEV
CDD 71.19 [66.16, 76.49] 16.55 [13.24, 20.23] −0.30 [−0.53, −0.10] 0.07 0.95 GEV
CDD 1 80.20 [75.23, 86.04] 13.22 [9.69, 16.61] −0.38 [−0.70, −0.11] 0.09 0.98 GEV
CDD 2 61.11 [55.66, 67.86] 13.16 [8.51, 17.75] −0.02 [−0.38, 0.26] 0.08 0.99 GEV

Desert area PRCPTOT 32.91 [29.24, 36.95] 12.59 [9.77, 16.14] 0.04 [−0.18, 0.25] 0.06 0.99 GEV
PRCPTOT 1 29.51 [25.43, 34.71] 10.88 [7.52, 15.11] 0.19 [−0.18, 0.46] 0.09 0.96 GEV
PRCPTOT 2 38.52 [31.62, 45.20] 14.20 [9.69, 19.20] −0.23 [−0.61, 0.09] 0.10 0.94 GEV
CDD 116.19 [108.99, 123.79] 22.80 [17.92, 28.27] −0.06 [−0.28, 0.13] 0.09 0.80 GEV
CDD 1 120.58 [111.72, 129.47] 22.39 [15.52, 29.93] −0.02 [−0.35, 0.22] 0.09 0.93 GEV
CDD 2 110.29 [101.29, 121.63] 22.20 [14.60, 30.26] −0.09 [−0.43, 0.19] 0.14 0.74 GEV

D is the K-S test statistic, and P and D are abbreviations for probability and distribution, respectively. R10 covers the period from 1960 to 2011, and R10 1
and R10 2 use the early and late period, respectively, divided by the year of step change. The same denotation is used for the other indices. The units of
location and scale parameters are the same as the corresponding indices.

meanwhile, much longer consecutive dry days occurred in re-
cent years. The PDF of CDD in 1960–1989 in the desert area
showed a shift toward the right and had a long right tail, indi-
cating that the number of CDDs during 1990–2011 decreased
with time.

4.4. Atmospheric circulation underlying the changes in
precipitation extremes

The Heihe River is located at the intersection of mon-
soonal and westerly circulation (Qin et al., 2010). High
monthly rainfall amounts over the river are mainly concen-
trated from May to September, and the heaviest rain occurs
in July, implying that the Asian monsoon plays an important
role in changes in precipitation over the river. In addition,
water vapor in the atmosphere can be affected by westerly
winds in the region (Wang et al., 2004), and the influence of
these winds are strengthened as the winter monsoon prevails
in the region. The western and eastern parts of the upper
Heihe River are located on the mountain slopes of the west-
erlies and southeast monsoon, respectively. Therefore, these
can cause more rainfall and extremes have been occurring in
the mountainous area of the river. However, rainfall in the re-
gion varies from east to west because the amounts of moisture
carried by the winds are different (Xu and Gao, 2014). The
western Pacific subtropical high, which occupies about 20%–
25% of the NorthernHemisphere’s surface, plays a major role

in the global circulation of the atmosphere and oceans (Liu
and Wu, 2004). It has been identified as an important com-
ponent of the East Asian summer monsoon system and has
predominance in the East Asian climate (Lau and Li, 1984;
Huang and Wu, 1989).
The effects of large-scale circulation types, as discussed

above, are confirmed by the Pearson’s correlation coefficients
presented in Table 5. The table shows that precipitation ex-
tremes in the Qilian Mountains and Hexi Corridor had strong
and significant correlation with EASMI and WPSHII. For all
the other tested atmospheric circulation types, the correla-
tions were much weaker and less significant. Another fea-
ture worth mentioning is that nearly all the correlations in the
desert area were non-significant, which indicates that the im-
pacts of large-scale atmospheric circulation types on changes
in extreme precipitation are less in the area. The appar-
ently negative correlation between the EASMI and rainfall
extremes indicates that a weak East Asian summer monsoon
can result in changes in the amount, frequency and inten-
sity of rainfall in the upper and middle reaches of the Heihe
River. Yu et al. (2004) indicated that the East Asian summer
monsoon has experienced significant weakening. Ding et al.
(2008, 2009) confirmed that an anomalously strong summer
monsoon flow in 1951–1978 shifted to an anomalously weak
monsoon flow after 1978; the significant weakening of the
component of the tropical upper-level easterly jet has made a
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Table 5. Pearson’s correlation coefficients between rainfall extremes in the Heihe River basin and large-scale atmospheric circulation
indices/types.

Region Index EASMI WCI WPSHII SOI MEI PDO NP NOI NAO AO

Qilian Mountains R10 −0.41* 0.02 0.41* −0.07 0.25* 0.27* −0.11 −0.34* 0.04 0.03
PRCPTOT −0.44* −0.02 0.36* 0.11 0.04 0.13 −0.02 −0.14 0.03 0.12
CWD −0.19 −0.30* −0.07 0.19 −0.14 0.11 −0.01 −0.01 −0.08 −0.08

Hexi Corridor R10 −0.47* −0.02 0.27* 0.05 0.03 0.06 −0.01 −0.18 −0.03 0.04
PRCPTOT −0.49* 0.03 0.47* −0.03 0.13 0.16 −0.11 −0.31* 0.04 0.09
CDD 0.27* −0.22 −0.45* −0.07 0.01 0.01 0.00 0.07 −0.02 −0.18

Desert area PRCPTOT −0.19 0.06 0.19 0.03 −0.04 −0.09 0.04 −0.11 −0.07 −0.07
CDD −0.13 −0.21 −0.09 −0.03 0.12 0.16 −0.27* −0.23 0.00 −0.08

*Significant at the 0.05 or lower level (one-tailed)

dominant contribution to the weakening of the Asian summer
monsoon system.
Table 5 indicates that WPSHII had significantly posi-

tive correlations with R10 and PRCPTOT, which means that
changes in WPSHII will have large impacts on rainfall ex-
tremes in the upper and middle reaches of the Heihe River.
The Kendall rank correlation test indicated that an appar-
ent linear increasing trend with statistical significance at the
0.01 level was detected in WPSHII; the step changes tests
consistently showed statistically significant WPSHII change
in 1986, with median and mean values for the 1960–1986
and 1987–2011 periods being significantly different (Fig. 7).
Therefore, the increase in WPSHII could be interpreted as
more extreme rainfall in the late 1980s.
Climate variability and change in Northwest China, from

warm and dry to warm and wet, occurred after the 1970s,
with an abrupt change in 1987 (Yin, 2006; Shi et al., 2007).
In addition, Liu et al. (2010b) found a significant cycle of
annual precipitation around 1980 (1978–1982) in the Heihe
River region, based on tree-ring width analysis. Step changes
in precipitation extremes examined in this study mainly oc-
curred in the late 1980s (Table 4). IPCC (2013) indicated
that a weakened monsoon will result in a monsoonal rainfall
decrease, but this can be compensated for by increased atmo-
spheric moisture content, leading to more precipitation and
extremes. To investigate the changes in water vapor flux after
the late 1980s, as compared with the earlier period, compos-
ite circulation maps from the National Centers for Environ-
mental Prediction/National Center for Atmospheric Research
reanalysis data for the wet season (May–September) were
created for the two epochs (1960–1987 and 1988–2011) and
their difference (the former subtracted from the latter). The
selected region was (10◦–70◦N, 40◦–160◦E). Figure 8 shows
an obvious negative value of water vapor flux divergence oc-
curred over the entire Heihe River, implying that there were
large amounts of water vapor in the wet season during 1988–
2011. This can explain the increase in extreme precipitation
over the basin after the late 1980s.
Local climate conditions are predominantly controlled by

large-scale forcing in Northwest China, and land surface forc-
ing also has a significant impact (Wen and Jin, 2012). Land
surface processes determine the water, energy and momen-
tum flux to the atmosphere (IPCC, 2001). Therefore, land

Fig. 7. Temporal variation in western Pacific subtropical high
intensity index (WPSHII) from 1960 to 2011.

Fig. 8. Difference in water vapor flux divergence (g m−2 s−1)
between 1960–1987 and 1988–2011 in the wet season.

surface–atmosphere interaction is essential to the climate and
also plays a crucial role in increases in climate variability
(Seneviratne et al., 2006). The partitioning of precipitation
into evapotranspiration is highly dependent on the moisture
status of the land surface, especially the amount of soil mois-
ture available for evapotranspiration, which in turn depends
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on properties of the land cover (IPCC, 2013). Convective
precipitation can be enhanced by mesoscale variation in veg-
etation cover, especially in semi-arid areas (Anthes, 1984).
Enhanced land surface characteristics have a stronger im-
pact on atmospheric water vapor fields in the lower bound-
ary layer than other meteorological fields in the Heihe River
basin (Gao et al., 2008). Barren land has greatly decreased
in the upper and lower reaches of the Heihe River from 1987
to 2002, while cropland and urban or built-up land have in-
creased largely in the midstream of the river (Qi and Luo,
2005). Wang et al. (2007) investigated land use in four years
(1950, 1967, 1986, and 2000) in the middle reaches of Heihe
river and found that the natural grassland area has diminished
significantly and been replaced mostly by cultivated and de-
sertified lands since 1967. The Land-Use and Cover-Change
(LUCC) shows an obvious change from 1990–2000 to 2000–
2006 in the lower reaches of the Heihe River due to the im-
plementation of a water resources redistribution policy (Wang
et al., 2011). The spatiotemporal variance of the impacts of
LUCC on the energy and water balance of the Heihe River
indicates that different land use/cover conversions can result
in various energy balances, and the most significant impact
on the surface energy balance occurs when grassland is con-
verted to barren land or sparsely vegetated land (Deng et al.,
2015). Therefore, changes in land surface characteristics in
the Heihe River basin in recent years are one of the reasons
for changes in extreme precipitation events in this region.

5. Conclusion and discussion

A typical arid region was selected to study the trends and
temporal variation in rainfall extremes, based on daily precip-
itation datasets at 11 stations across the Heihe River basin of
Northwest China from 1960 to 2011. Their changes caused
by large-scale atmospheric circulation were also analyzed.
The general trend of extreme precipitation events in the basin
showed apparent spatial patterns. All the indices represent-
ing rainfall amount showed a basin-wide increase, except the
northern desert area. The most noteworthy feature was the
prevalent downward trend of CDD at nearly all stations in
the basin. CWD was the most diversified index in the re-
gion. For the upstream area and eastern part of the middle
basin, PRCPTOT, R95p, R×5day, and R10 had increasing
trends, and most were of large magnitude. In the lower basin
the trends in precipitation indices varied strongly from south
to north, and more extreme precipitation events occurred in
southern parts of the desert area.
Statistically significant linear trends and step changes

were detected for all extreme precipitation indices, except
CDD and CWD, in the Qilian Mountains, and the mean and
median were also significantly shifted before and after the
change points. For the middle part of the basin, it had a robust
decreasing linear trend in CDD and a step change was de-
tected in 1987. All the extreme rainfall indices showed large
interannual variability in the desert area and step changes in
1989. Large-scale atmospheric circulation indices, such as

EASMI and WPSHII, changes in land surface processes, and
increased water vapor contributed to the change in precipita-
tion extremes in the Heihe River region.
Climate extremes are defined as the occurrence of a value

of a climate variable above (or below) a threshold value near
the upper (or lower) ends of the range of observed values of
the variable (IPCC, 2012). A specified base period is often
used to determine the threshold value. Of particular impor-
tance is that inhomogeneity exists at the boundaries of the
climatological base period used to compute the thresholds
for percentiles (Alexander et al., 2006). Therefore, differ-
ent base periods can result in changes in climate extremes,
especially in their absolute values. The selection of an ap-
propriate threshold is a crucial step for the application of the
peak over threshold approach with a Generalized Pareto Dis-
tribution (GPD) (Saidi et al., 2013). The GPD fit is highly
sensitive to threshold selection (Sanabria and Cechet, 2010).
Therefore, the base period used to calculate the threshold can
have a great effect on methods more sensitive to thresholds
in the modeling of extreme climate events. Among the eight
extreme climate indices used in our study, only R95p was
dependent on the base period. However, we only analyzed
the temporal variation and trend for R95p, and those fea-
tures were less affected by the threshold value. Therefore,
more attention should be given to the threshold value ob-
tained from different base periods in future research, when
applying methods sensitive to threshold values in climate ex-
treme analyses.
The step changes for most extreme precipitation indices

in the Heihe River basin that occurred in about the late 1980s
show consistency with that reported in Northwest China
(Chen et al., 2014). Precipitation extremes possess obvious
regional variation both in the Heihe River basin and in North-
west China (Deng et al., 2014). High intensity, statistical sig-
nificance, and large-magnitude trends for all the extreme pre-
cipitation indices were detected in the Qilian Mountains and
eastern Hexi Corridor. Moreover, although most precipita-
tion extremes have shown increasing trends both in the Heihe
River basin and Northwest China, a larger magnitude for
PRCPTOT was found in our study area, especially in the Qil-
ian Mountains (Wang et al., 2012). This is because mountain-
ous areas and climatic intersection zones are more sensitive
to climate change (Loarie et al., 2009; Qin et al., 2010; Liu
et al., 2010b). The EASMI and WPSHII showed significant
correlation with rainfall extremes in the upper and middle
reaches of the river, but their temporal variation was differ-
ent in the two regions. These findings suggest that future re-
search might need to focus more on land surface–atmosphere
interactions at the local scale.
This study contributes positively to our understanding of

the spatiotemporal variation in extreme precipitation in the
Heihe River basin under climate change, strengthening water
resources management at the basin scale and preventing and
mitigating impacts on the regional environment. Thus, our
study helps lay the foundations for assessing the impact of
climate change on water resources in arid inland river basins
and their levels of ecological adaptability.
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