
fevo-10-902813 July 21, 2022 Time: 14:10 # 1

TYPE Original Research
PUBLISHED 27 July 2022
DOI 10.3389/fevo.2022.902813

OPEN ACCESS

EDITED BY

Tomas Halenka,
Charles University, Czechia

REVIEWED BY

Yuanjian Yang,
Nanjing University of Information
Science and Technology, China
Haijun Deng,
Fujian Normal University, China
Guicai Ning,
The Chinese University of Hong Kong,
China

*CORRESPONDENCE

Yuqiang Li
liyq@lzb.ac.cn

SPECIALTY SECTION

This article was submitted to
Interdisciplinary Climate Studies,
a section of the journal
Frontiers in Ecology and Evolution

RECEIVED 23 March 2022
ACCEPTED 11 July 2022
PUBLISHED 27 July 2022

CITATION

Wang X, Li Y, Yan M and Gong X (2022)
Changes in temperature
and precipitation extremes in the arid
regions of China during 1960–2016.
Front. Ecol. Evol. 10:902813.
doi: 10.3389/fevo.2022.902813

COPYRIGHT

© 2022 Wang, Li, Yan and Gong. This is
an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided
the original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which
does not comply with these terms.

Changes in temperature and
precipitation extremes in the
arid regions of China during
1960–2016
Xuyang Wang1,2,3, Yuqiang Li1,2,3*, Meng Yan4 and
Xiangwen Gong1,2

1Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou,
China, 2College of Resources and Environment, University of Chinese Academy of Sciences, Beijing,
China, 3Naiman Desertification Research Station, Northwest Institute of Eco-Environment
and Resources, Chinese Academy of Sciences, Tongliao, China, 4College of Agriculture, Inner
Mongolia University for Nationalities, Tongliao, China

Extreme climate events have a greater impact on natural and human

systems than average climate. The spatial and temporal variation of 16

temperature and nine precipitation extremal indices was investigated using

the daily maximum and minimum surface air temperature and precipitation

records from 113 meteorological stations in China’s arid regions from

1960 to 2016. The warmth indices [warm spell duration (WSDI); numbers

of warm nights, warm days, tropical nights (TR), and summer days (SU)]

increased significantly. On the contrary, the cold indices [numbers of

frost days (FD), ice days (ID), cool days, and cool nights; cold spell

duration (CSDI)] decreased significantly. The number of FD decreased fastest

(−3.61 days/decade), whereas the growing season length (GSL) increased

fastest (3.17 days/decade). The trend was strongest for diurnal temperature

range (DTR) (trend rate = −7.29, P < 0.001) and minimum night temperature

(trend rate = 7.70, P < 0.001). The cold extreme temperature events increased

with increasing latitude, but the warm extreme temperature events decreased.

Compared with temperature indices, the precipitation indices exhibited much

weaker changes and less spatial continuity. Overall, changes in precipitation

extremes present wet trends, although most of the changes are insignificant.

The regionally averaged total annual precipitation for wet days increased

by 4.78 mm per decade, and extreme precipitation events have become

more intense and frequent during the study period. The spatial variability of

extreme precipitation in the region was primarily influenced by longitude.

Furthermore, the climate experienced a warm-wet abrupt climate change

during 1990s.
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Introduction

Climate change can be identified through statistically
significant changes in the mean or variability of long-term
climate properties (IPCC, 2012). Climate change is inevitably
resulting in changes in climate variability and in the intensity,
frequency, duration, timing, and spatial extent of extreme
climate events (Seneviratne et al., 2012). Changes in the
frequency or intensity of extreme climate events will have a
greater impact on natural and human systems than changes
in average climate because extreme events are more sensitive
to climate change than average climate (Easterling et al., 1997,
2000a,b; Patz et al., 2005; McMichael et al., 2006; Thornton
et al., 2014). Therefore, it is more urgent to understand extreme
climate events than to track changes in the average climate
during global warming.

An extreme event is generally defined as the occurrence of a
value of a weather or climate variable that is greater than (or less
than) a threshold value near the upper (or lower) ends (“tails”)
of the variable’s range of observed values. Changes in extreme
climate events can be quantified by the extreme climate indices,
which have been widely used in extreme climate research. On
a global scale, for most land areas with sufficient data, the
number of warm days and nights appears to have an overall
increasing trend, but the number of cold days and nights have an
opposite trend (Frich et al., 2002). Kiktev et al. (2003) confirmed
these findings using more robust statistical methods, providing
strong evidence that human-induced forcing has recently played
a significant role in climate extremes. Subsequently, the global
work on temperature and precipitation extremes was updated by
Alexander et al. (2006). They showed that more than 70% of the
global land area in their sample showed a significant increase in
the annual occurrence of warm nights and a significant decrease
in the annual occurrence of cold nights. Extreme precipitation
changes exhibited a widespread and significant increase, but
they were far less spatially coherent than temperature changes.
Globally, changes in extreme precipitation did not show a clear
distinction between paired urban and non-urban sites, while
extreme temperature changes were different between paired
urban and non-urban sites (Mishra et al., 2015).

At a regional level, studies of extreme climate indices
have been conducted in many regions of the world, including
Central and South America (Aguilar et al., 2005; Haylock
et al., 2006; Skansi et al., 2013), the Asia-Pacific region
(Griffiths et al., 2005), Europe (Klein Tank and Können,
2003; Moberg et al., 2006; Bocheva et al., 2009; Lupikasza,
2009; Siliverstovs et al., 2010), Africa (New et al., 2006; Dike
et al., 2020), the Democratic Republic of Georgia (Keggenhoff
et al., 2014), the Arabian Peninsula (Alsarmi and Washington,
2014), and Central and South Asia (Klein Tank et al., 2006).
These results provide strong evidence that global warming
is the key factor causing significant changes in temperature
and precipitation extremes, and the changes showed large

regional variability since the magnitude and characteristics of
climate change will vary within any geographically diverse
region. For example, extreme precipitation indices, such as
the intensity and frequency of extreme precipitation events
or the numbers of days with extreme precipitation and heavy
precipitation events, have increased significantly in recent
decades in the United States (Karl et al., 1995, 1996; Griffiths
and Bradley, 2007; Pryor et al., 2009), central India (Goswami
et al., 2006), Japan (Iwashima and Yamamoto, 1993), southern
Africa (Mason et al., 1999), southern Brazil (Liebmann et al.,
2004), and Bulgaria (Bocheva et al., 2009). However, extreme
precipitation events have decreased in Germany (Tromel and
Schonwiese, 2007) and Poland (Lupikasza, 2009), and the
95th percentile of annual daily rainfall decreased significantly
on the Iberian Peninsula (Rodrigo, 2009). It is thus clear
that regional differences have been observed for temperature
and precipitation extremes, and this suggests an urgent need
to enhance monitoring of extreme climate events from a
regional perspective.

In China, there have been many regional analyses of climate
extremes. Generally, there appears to have been an overall
increase in the numbers of warm days, warm nights, and
summer days (SU), and an overall decrease in the numbers of
frost days (FD), cold days, and cold nights, but the magnitude
of the changes varies across China (Li Z.X. et al., 2011;
Zhen and Li, 2014; Guan et al., 2015; Zhong et al., 2017;
Wang et al., 2020). Simultaneously, the trends in precipitation
extremes presented regional differences in space and time.
For example, extreme precipitation events have increased in
northern, southwestern, and southern China while decreasing
in northeastern, northwestern, and central China (Lu et al.,
2014; Li et al., 2015; Sun et al., 2016), indicating that there
were regional differences in the changes for all these metrics.
Unfortunately, according to the Intergovernmental Panel on
Climate Change Assessment Report (Houghton et al., 2001),
China is a data-scarce region, making it difficult to describe
global precipitation trends from 1976 to 1999. As a result, it
is becoming increasingly important to provide more regional
analysis for climate extremes and cover a longer period.

The arid regions are extremely sensitive to climate change
due to its fragile ecosystems, thus their responses to climate
change have become an indicator of global warming. Therefore,
researchers are paying increasing attention to the characteristics
of temperature and precipitation changes in arid regions (Tabari
and Talaee, 2011; Li et al., 2013; Xu L.G. et al., 2015; Wang Y.
et al., 2018; Zhu et al., 2018; Luo et al., 2020).

To provide some of the missing knowledge on climate
extremes in arid areas, we developed the present study to (a)
explore trends in the extreme indices of daily temperature
and precipitation in China’s arid regions, and (b) investigate
the spatial variation in these extremes, thereby providing
important background information to support research on
climate extremes in the world’s arid regions.
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Data and methods

Study area

China’s arid regions are mainly distributed in the northwest,
including parts of Inner Mongolia, Ningxia, Gansu, Qinghai,
Tibet, and Xinjiang provinces. This study area covers around
3.09 km2

× 106 km2, extending from 30.0◦N to 47.5◦N, and
from 73.5◦E to 117.5◦E (Figure 1). Elevation ranges from
−160 to 7,435 m above sea level. The lowest place in the
study area is Aitin Lake, in the Turpan depression, and the
highest place is in the Qinghai–Tibet Plateau. The climate is
dominated by continental arid conditions with lesser effects of
the East Asian Summer Monsoon. The China Meteorological
Background Dataset1 shows that mean annual air temperature
ranges from −26 to 15◦C (Supplementary Figure 1). Annual
total precipitation in the study area ranges from less than 10 mm
in the center of Xinjiang Province to more than 500 mm in the
northern part of Xinjiang Province and the eastern edge of the
study area (Supplementary Figure 2), but the precipitation in
most of the study area is less than 200 mm (Xu and Zhang,
2017). In addition, the present study area includes about 90%
of the deserts in China, including the Taklamakan Desert,
Gurbantunggut Desert, Badain Jaran Desert, Tengger Desert,
Qaidam Desert, and Kumtagh desert (Shen et al., 2009).

Data and quality control

We collected quality-controlled meteorological data from
113 meteorological stations spread across China’s arid regions,
including the daily maximum and minimum temperatures, as
well as daily precipitation (Figure 1). The China Meteorological
Administration’s National Climate Center2 provided data from
1960 to 2016. Because controlling the data quality is a
prerequisite for determining climatic indices, we performed
additional quality control before calculating the extreme
temperature and precipitation indices by using the quality
control (QC) module of the RClimdex software (Zhang and
Yang, 2004). Specifically, (1) all missing values (currently
coded as 99.9) are replaced with a software-recognized internal
format (i.e., NA, for not available); and (2) all unreasonable
values are replaced with NA. Unreasonable values include (a)
a daily minimum temperature that is higher than the daily
maximum temperature and (b) a daily rainfall that is less than
0 mm. Furthermore, the QC module detected outliers in daily
maximum and minimum temperature, which we defined as
daily values that fell outside a range defined as n times the
standard deviation (STD) of the value for that day. Based

1 http://www.resdc.cn/DOI

2 http://data.cma.cn

on the criteria used in previous studies, we defined that
threshold as the mean plus or minus 5 STD (Rusticucci and
Barrucand, 2004; Haylock et al., 2008; Croitoru and Piticar,
2013). Following the QC procedure, we carefully checked the
temperature and rainfall series for temporal homogeneity by
using the RHtestsV4 software.3 Based on a penalized maximal
F-test approach, this application identifies potential change
points in a time series (Wang and Feng, 2013). The strict
quality control and homogeneity testing significantly improved
the dataset’s quality and completeness. Initially, data from 118
meteorological stations were available, but after quality control,
we only kept stations with less than 10% missing data from 1960
to 2016; as a result, only 113 stations were used in the analyses.

Index calculations

The World Meteorological Organization-led Climate
Change Detection and Indices Expert Group4 established a
set of extreme climate indices. We selected 25 of these indices
(16 temperature and nine precipitation indices; Table 1) that
were suitable for our study area, and calculated their values
using the RClimDex software (see text footnote 3), which was
developed by Xuebin Zhang and Feng Yang from the Canadian
Meteorological Service (Zhang and Yang, 2004). These indices
have been widely used around the world to detect changes in the
intensity, frequency, and duration of extreme temperature and
precipitation events (Klein Tank and Können, 2003; Aguilar
et al., 2005; Dos Santos et al., 2011; Croitoru and Piticar, 2013;
Guan et al., 2015; Filahi et al., 2016; Sun et al., 2016; Supari et al.,
2016; Gbode et al., 2019). Temperature indices can be further
grouped into four categories based on the calculation method.
The percentile indices are identified using percentile-based
thresholds (with values of 10 and 90% for the lower and upper
bounds, respectively), and comprise the number of cool days
(TX10p), cool nights (TN10p), warm days (TX90p), and warm
nights (TN90p). The threshold indices comprise the number
of ice days (ID), FD, SU, and tropical nights (TR), which are
defined based on a fixed threshold for the recorded temperature.
The absolute indices are defined based on the absolute values
recorded in the area without considering any threshold, and
comprise the monthly minimum value of the daily maximum
temperature (TXn), monthly minimum value of the daily
minimum temperature (TNn), monthly maximum value of the
daily maximum temperature (TXx), and monthly maximum
value of daily minimum temperature (TNx). The duration
indices include the warm and cold spell durations [Warm spell
duration (WSDI) and cold spell duration (CSDI)], growing
season length (GSL), and diurnal temperature range (DTR).
Precipitation indices include one dry index and eight wet

3 http://etccdi.pacificclimate.org/software.shtml

4 http://etccdi.pacificclimate.org/index.shtml

Frontiers in Ecology and Evolution 03 frontiersin.org

https://doi.org/10.3389/fevo.2022.902813
http://www.resdc.cn/DOI
http://data.cma.cn
http://etccdi.pacificclimate.org/software.shtml
http://etccdi.pacificclimate.org/index.shtml
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-902813 July 21, 2022 Time: 14:10 # 4

Wang et al. 10.3389/fevo.2022.902813

FIGURE 1

Location of the study area and the distribution of the 113 meteorological stations used in the present study.

indices, which are further subdivided into two percentile, one
threshold, two absolute, two duration, and two other indices
(Powell and Keim, 2015).

Analytical methods

To detect significant trends and abrupt changes in climate
indices, we used least-squares linear regression combined
with the Mann–Kendall test (Kendall, 1990). We used the Z
value to determine the trend’s direction and significance level;
Z > 0 indicates an increasing trend, while Z < 0 indicates
a decreasing trend. The trend is significant at P < 0.05,
0.01, and 0.001, respectively, when the absolute value of Z
is greater than or equal to 1.96, 2.58, and 3.30 (Hamed and
Rao, 1998). Pearson’s correlation coefficient (r) was used to
detect significant relationships between the extremal climate
indices and between the climate indices and three geographic
characteristics (latitude, longitude, and elevation), and a three-
dimensional graph for the climate indices and topographic
factors was generated using MATLAB version 2016b.5 In
order to define the spatial pattern of trends in the climate
indices, we used inverse distance-weighted interpolation with
ArcMap 10.3.6

5 https://ww2.mathworks.cn/products/matlab.html

6 http://www.esri.com

Results and discussion

Extreme temperature event trends

Temporal trends in temperature extremes
For the study period, the regionally averaged values

of the warmth indices showed significant increasing trends
(P < 0.001), with increasing rates of 2.62 days per decade for
SU, 1.73 days per decade for TR, 1.37 days per decade for
warm nights (TN90p), and 0.76 days per decade for warm
days (TX90p) (Figure 2). The strongest trend was observed
for TN90p (Z = 6.48). Alternatively, we observed significant
decreases (P < 0.001) of 3.61 days per decade for FD, 1.93 days
per decade for ID, 1.25 days per decade for cool nights (TN10p),
and 0.53 days per decade for cool days (TX10p). From these
results, we conclude that extreme cold events have shown a
decreasing trend, whereas extreme warm events have shown
an increasing trend. Similar findings have been reported in
the Democratic Republic of Georgia (Keggenhoff et al., 2014),
the Arabian Peninsula (Alsarmi and Washington, 2014), Africa
(New et al., 2006; Gbode et al., 2019), Central and South America
(Haylock et al., 2006; Skansi et al., 2013), and Europe (Bocheva
et al., 2009; Lupikasza, 2009; Siliverstovs et al., 2010). Changes
in TN10 and TN90, which characterize nighttime temperature
extremes, showed stronger trends (larger Z values) than changes
in TX10 and TX90, which characterize daytime temperature
extremes. This finding is consistent with previous research in
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TABLE 1 Definitions of the temperature and precipitation extremal indices used in this study, which were defined by the Expert Team on Climate
Change Detection and Indices (http://etccdi.pacificclimate.org/list_27_indices.shtml).

Index Description Definition Unit

Temperature indices

Threshold

FD Frost days Annual count for days when the minimum temperature (TN) <0◦C Days

SU Summer days Annual count for days when the maximum temperature (TX)
>25◦C

Days

ID Ice days Annual count for days when TX <0◦C Days

TR Tropical nights Annual count for days when TN >20◦C Days

Absolute

TXx Maximum TX Monthly maximum value of TX ◦C

TNx Maximum TN Monthly maximum value of TN ◦C

TXn Min TX Monthly minimum value of TX ◦C

TNn Min TN Monthly minimum value of TN ◦C

Percentile

TN10p Cool nights Percentage of days when TN <10th percentile Days

TX10p Cool days Percentage of days when TX <10th percentile Days

TN90p Warm nights Percentage of days when TN >90th percentile Days

TX90p Warm days Percentage of days when TX >90th percentile Days

Duration

WSDI Warm spell duration indicator Annual count of the number of periods with at least 6 consecutive
days when TX >90th percentile

Days

CSDI Cold spell duration indicator Annual count of the number of periods with at least 6 consecutive
days when TN <10th percentile

Days

GSL Growing season length Annual count between first span after 1 January of at least 6 days
with daily mean temperature (TM) >5◦C and first span after 1 July
of 6 days with TM <5◦C

Days

DTR Diurnal temperature range Monthly mean difference between TX and TN ◦C

Precipitation indices

Absolute

RX1day Maximum 1-day precipitation amount Monthly maximum 1-day precipitation mm

Rx5day Maximum 5-day precipitation amount Monthly maximum consecutive 5-day precipitation mm

Duration

CDD Consecutive dry days Maximum number of consecutive days with daily rainfall <1 mm Days

CWD Consecutive wet days Maximum number of consecutive days with daily rainfall ≥1 mm Days

Percentile

R95PTOT Very wet days Annual total daily precipitation (PRCP) for days when daily rainfall
>95th percentile

Mm

R99pTOT Extremely wet days Annual total PRCP for days when daily rainfall >99th percentile mm

Threshold

R10mm Number of heavy precipitation days Annual count of days when PRCP ≥10 mm Days

Other

PRCPTOT Annual total wet-day precipitation Annual total PRCP for wet days (daily rainfall ≥1 mm) mm

SDII Simple daily intensity index Annual total precipitation divided by the number of wet days
(defined as PRCP ≥1.0 mm)

mm/day

Inner Mongolia (Yan et al., 2014), Europe (Moberg et al., 2006),
South Asia (Revadekar et al., 2013), and the northern China
agro-pastoral ecotone (Wang X.Y. et al., 2018), which found that
nocturnal warming contributed more to the overall warming
process than daytime warming (Manton et al., 2001; Griffiths
et al., 2005; Klein Tank et al., 2006).

The absolute indices for the warmest day (TXx), coldest
day (TXn), warmest night (TNx), and coldest night (TNn)
all showed significant warming trends (P < 0.001), with
rates of 0.30, 0.25, 0.43, and 0.53◦C per decade, respectively,
with the trend being strongest for TNn (Z = 7.70). WSDI
and GSL both increased at rates of 0.82 and 3.17 days per
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TABLE 2 Changes in the warmth indices and dates of the abrupt change in extreme temperature events from 1960 to 2016 in arid regions of China.

Indices Before abrupt change Year of abrupt change After abrupt change

K (year−1)a Mean K (year−1)a Mean

FD −0.18 172.64 1996 −0.41 160.65

SU 0.04 92.59 1997 0.04 103.22

ID 0.02 64.73 1986 0.01 57.18

TR 0.03 9.85 1996 0.21 16.22

TXx 0.02 21.48 2000 0.03 22.52

TXn 0.01 5.70 1988 0.01 6.52

TNx 0.02 7.33 1993 0.05 8.64

TNn 0.05 −7.23 1988 0.04 −5.63

TX10p −0.01 12.13 1984 −0.02 10.16

TX90p −0.02 11.43 1996 0.00 14.75

TN10p −0.13 13.23 1984 −0.07 9.30

TN90p 0.05 10.47 1997 0.10 15.40

WSDI 0.02 9.33 1998 0.10 12.42

CSDI −0.12 15.13 1978 −0.01 10.74

DTR −0.04 14.10 1982 −0.01 13.52

GSL 0.09 203.67 1996 0.25 215.06

aThe K value equals the slope of the linear regression.

decade, respectively, for the duration extremes. CSDI and DTR
decreased significantly, at rates of 1.08 days per decade and
0.21◦C per decade, respectively, with the trend being strongest
for DTR (Z = −7.29). This can be explained by the observation
that human activities and natural processes emit large quantities
of aerosols, and changes in the concentration of aerosols will
cause changes in the turbidity of the atmosphere, which will,
in turn, affect solar radiation inputs and cause DTR changes
(Forster and Solomon, 2003). Aerosol changes caused by human
activities are negatively correlated with DTR; that is, increasing
atmospheric aerosol content can reduce DTR (Cerveny and
Balling, 1998). In addition, the change of GSL in the arid regions
of China (3.17 days per decade) was greater than the value for
northwestern China as a whole (2.74 days/decade; Song et al.,
2015), southwestern China (0.12 days/decade; Li et al., 2012),
and the Yangtze River Basin (0.23 days/decade; Wang et al.,
2014), but lower than those in an alpine grassland of Central
Asia (5.50 days/decade; Hu et al., 2015) and the Yarlung Tsangpo
River Basin (4.33 days/decade; Liu et al., 2019).

Spatial trends in temperature extremes
Figure 3 depicts the spatial patterns of the annual trends in

extreme temperature indices. Warmth-related indices (SU, TR,
TX90p, TN90p, and WSDI) showed increased in most areas,
while cold indices (FD, ID, TX10p, TN10p and CSDI) decreased.
The decreasing trend for FD was especially noticeable, but
there was a significant increasing trend in the center of
Xinjiang Province. ID in the Qinghai–Tibet Plateau, located
in the northern part of Tibet and Qinghai provinces, has

shown a significant decreasing trend. In most of the study
area, the absolute indices (TXx, TXn, TNx, and TNn) showed
increasing trends, with rates reaching 0.15◦C/year. For the
duration indices, the increasing trend for GSL was especially
obvious. Most of arid China’s GSL showed a significant growth
trend, except for a decreasing trend in the central area of
Xinjiang Province.

The abrupt change in extreme climate
events

The abrupt change in extreme temperature
events

Table 2 shows that from 1960 to 2016, all the extreme
temperature indices experienced abrupt changes. The abrupt
climate change for the warmth-related indices and the GSL
occurred mostly between 1990s. The abrupt changes occurred
in 1997 for SU, 1996 for TR, 2000 for warmest day (TXx), 1993
for warmest night (TNx), 1996 for warm days (TX90p), 1997
for warm nights (TN90p), 1998 for WSDI, and 1996 for GSL.
The trends for these warmth-related indices strengthened after
the abrupt change, with TR experiencing the greatest increase
(which increased by 1.8 days/decade), and the corresponding
mean number of days before and after the abrupt change were
9.85 and 16.22 days/year, respectively. However, the abrupt
changes for the cold-related indices and DTR appeared earlier
(mainly before 1990), except for FD, which changed abruptly
in 1996. These changes occurred in 1986 for ID, 1988 for the
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FIGURE 2

Regionally averaged time series for indices of the extreme temperature events in the arid regions of China from 1960 to 2016. The indices are
defined in Table 1. Straight lines represent statistically significant linear regressions; the dashed red line is the smoothed 10-year running
average; the dashed green and blue line are linear regressions before and after abrupt years, respectively. Z scores represent the Mann–Kendall
test results for the strength of the trend. Significance: ∗∗∗P < 0.001.

coldest day (TXn), 1988 for the coldest night (TNn), 1984 for
cool days (TX10p), 1984 for cool nights (TN10p), 1978 for CSDI,
and 1982 for DTR. For FD, the largest increase was 2.4 days per
decade, with corresponding values before and after the abrupt
change of 172.64 and 160.65 days/year, respectively.

The abrupt change in extreme precipitation
events

We also detected abrupt changes in the extremal
precipitation events from 1960 to 2016 (Table 3). The abrupt
changes occurred in 1992 for the monthly maximum 1-day
precipitation (Rx1day), 2000 for the heavy precipitation days
(R10mm), 1995 for the consecutive wet days (CWD), 1992 for
the very wet days (R95pTOT), and 2000 for the extremely wet
days (R99pTOT); that is, they mainly occurred from 1990 to
2000. The abrupt change for the simple daily intensity index
(SDII) and consecutive dry days (CDD) both appeared earlier,
in 1970. However, the abrupt change occurred later (after
2000) for the monthly maximum 5-day precipitation (Rx5day,
2001) and the annual total wet day precipitation (PRCPTOT,
2009). PRCPTOT increased the most after the abrupt change,

by 42.0 mm/decade, with values of 153.00 and 170.68 mm,
respectively, before and after the abrupt change. Combining the
above abrupt change in extreme temperature events, we found
that the climate experienced a warm-wet abrupt climate change
during 1990s in the arid regions of China, mainly due to the
global warming and increased regional water cycling, which has
led to a climate transition (from hot and dry to warm and wet)
in northern Xinjiang (Xu C. et al., 2015, the abrupt change in
1986 for temperature and in 1987 for precipitation), Xinjiang
(Li Q. et al., 2011), and northwest China (Shi et al., 2007; Wang
et al., 2013). In addition, published studies speculated that the
warm and wet tendency will be continuous into the future in
Xinjiang Province (Hu et al., 2015).

Extreme precipitation event trends

Temporal trends in extreme precipitation
events

The extreme precipitation indices in China’s arid regions
have shown increasing trends since 1960, except for CDD,
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FIGURE 3

Spatial pattern of the trends for temperature indices from the 113 meteorological stations in the arid regions of China from 1960 to 2016. The
indices are defined in Table 1.

TABLE 3 Changes in the precipitation indices and dates of the abrupt change in extreme precipitation events during 1960 to 2016 in arid
regions of China.

Indices Before abrupt change Year of abrupt change After abrupt change

K (year−1)a Mean K (year−1)a Mean

RX1day 0.01 5.46 1992 0.02 6.01

RX5day 0.05 22.17 2001 0.15 24.62

SDII 0.04 4.94 1970 0.01 5.07

R10mm 0.01 3.67 2000 0.05 4.09

CDD −0.15 79.93 1970 −0.06 75.60

CWD 0.01 2.94 1995 0.01 3.02

R95pTOT 0.06 30.95 1992 0.08 37.51

R99pTOT 0.05 9.22 2000 0.31 10.95

PRCPTOT 0.34 153.00 2009 4.54 170.68

aThe K value equals the slope of the linear regression.

which has shown a significant decreasing trend (Figure 4).
However, the increases for R99ptot and CWD were not
statistically significant. The annual total precipitation for wet
days (PRCPTOT) has increased by 4.78 mm per decade
(P < 0.01). Likewise, the number of days with heavy
precipitation (R10mm) increased significantly (P < 0.01),
increasing by 0.16 days per decade (P < 0.01). In addition,
the highest monthly 1-day precipitation (RX1day) and
highest consecutive 5-day precipitation (RX5day) increased

significantly (P < 0.01), at rates of 0.19 and 0.80 mm
per decade, respectively. The number of CDD decreased
significantly (P < 0.01), by 1.09 days per decade, whereas
CWD increased by 0.04 days per decade, but the trend was
not significant.

Based on these findings, we conclude that the total amount
of precipitation, as well as the intensity and frequency of
extreme precipitation events, have increased in China’s arid
regions since 1960. Ning et al. (2021) also confirmed these
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FIGURE 4

Regionally averaged series for the extreme precipitation indices in the arid regions of China from 1960 to 2016. The indices are defined in
Table 1. Straight lines represent statistically significant linear regressions; the dashed red line is the smoothed 10-year running average; the
dashed green and blue line are linear regressions before and after abrupt years, respectively. Z scores represent the Mann–Kendall test results
for the strength of the trend. Significance: ∗∗∗P < 0.001; ∗∗P < 0.01; ∗P < 0.05. All other results are not significant.

findings using more robust statistical methods, providing
strong evidence that the frequency and participating days
of extreme precipitation events exhibit significant increasing
trends in arid northwest China. The precipitation indices’
trend strengths were lower than those of the temperature
indices. PRCPTOT had the steepest slope (4.78 mm/decade),
but RX5day had the strongest trend among the precipitation
indices during the study period (Z = 3.57). The rate of
increase of PRCPTOT (4.78 mm/decade) was higher than
that in China’s Loess Plateau (1.50 mm/decade; Sun et al.,
2016), northeastern China (1.65 mm/decade; Song et al., 2015),
China’s Yangtze River basin (1.90 mm/decade; Wang et al.,
2014), and Romania (4.14 mm/decade; Croitoru and Piticar,
2013), but lower than that in the Democratic Republic of
Georgia (7.9 mm/decade; Keggenhoff et al., 2014), Nigeria
(8.03 mm/decade; Gbode et al., 2019), and on a global scale
(10.59 mm/decade; Alexander et al., 2006), but in Indonesia,
PRCPTOT showed a negative trend (−4.30 mm/decade;

Supari et al., 2016). In the present study, the rate of
increase of RX5day (0.80 mm/decade) was lower than that in
northwestern China (0.85 mm/decade) and for China overall
(1.90 mm/decade; You et al., 2011), but higher than that
in southwestern China (0.03 mm/decade; Li et al., 2012),
northeastern China (0.13 mm/decade; Song et al., 2015), and
globally (0.55 mm/decade; Alexander et al., 2006).

Spatial trends for precipitation extremes
In most of China’s arid regions, the extreme precipitation

indices showed rising trends, except for CDD, which decreased
in most regions (Figure 5). The increasing trend for PRCPTOT
was especially obvious, but there was a significant decreasing
trend in southern Gansu Province and eastern Inner Mongolia.
R95pTOT showed overall increases, with the strongest trend
in northern Xinjiang and eastern Qinghai province. Although
CDD showed a decreasing trend in most of the study
area, there was a significant increasing trend in the center
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FIGURE 5

Spatial pattern of the trends for the precipitation indices from the 113 meteorological stations in the arid regions of China from 1960 to 2016.
The indices are defined in Table 1.

of Xinjiang Province and eastern Inner Mongolia. The
remaining extreme precipitation indices’ trends revealed less
spatial heterogeneity.

TABLE 4 Correlations (Pearson’s r) between the temperature
extremes from 1960 to 2016 and the latitude, longitude, and elevation
of the measurement sites in the arid regions of China.

Indices Latitude Longitude Elevation

FD −0.06 0.26** 0.46**

SU 0.22* −0.30** −0.50**

ID 0.59** 0.19* 0.05

TR −0.31** −0.38** −0.35**

GSL −0.01 −0.26** −0.43**

TXx −0.03 −0.14 −0.42**

TXn −0.23* −0.43** −0.26**

TNx 0.12 −0.22* −0.48**

TNn −0.13 −0.39** −0.35**

TX10p 0.08 0.38** −0.14

TX90p −0.10 0.69** 0.003

TN10p 0.04 0.38** 0.16

TN90p −0.17 −0.004 −0.05

WSDI −0.30** −0.20* 0.17

CSDI 0.35** −0.50** 0.42**

DTR −0.29** 0.01 0.19*

Index names are defined in Table 1. ** and * represent significance at p < 0.01 and
p < 0.05, respectively. All other values are not significant.

Relationships between extreme
temperature events and geographical
factors

Latitude was significantly positively correlated with ID
and cold wave duration (CSDI), while significantly negatively
correlated with TR and WSDI (Table 4), indicating that the
occurrence of cold extreme temperature events increased with
increasing latitude while the occurrence of warm extreme
temperature events decreased (Figure 6). This mainly results
from the fact that latitude influences the distribution of energy
across the earth’s surface by changing the angle of incidence of
the sun. Specifically, lower latitude areas have a higher angle
of solar incidence, so they intercept more solar radiation and
receive more heat, leading to higher temperatures in lower
latitude areas. In contrast, the temperature is lower at higher
latitude areas (Serreze et al., 2000). Furthermore, the DTR
decreased significantly with increasing latitude. Longitude was
significantly positively correlated with FD, ID, TX10p, TX90p,
and TN10p, but significantly negatively correlated with the
remaining indices. Altitude had a significant positive correlation
with two cold indices (FD and CSDI) (P < 0.01), but a negative
correlation with two warmth indices (SU and TR), indicating
that cold temperature events increased at high altitudes, while
warm temperature events decreased. Two warmth indices (SU
and TR) had significant negative correlations with elevation
(P < 0.01), whereas two cold indices (FD and CSDI) showed
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FIGURE 6

Three-dimensional graph of extreme temperature indices and topographic factors. The indices are defined in Table 1.

significant positive correlations, indicating that the occurrences
of warm temperature events decreased at high elevations while
cold temperature events increased. However, this is inconsistent
with the results of studies in in the Austrian Alps (Filippo et al.,
1997), Rocky Mountains of North America (Fyfe and Flato,
1999), and southwestern China (Li et al., 2012), this may be
due to more precipitation in these three regions, which would
increase relative humidity and therefore retain more heat in
the air (absorbed by the water vapor). There were significant
negative correlations between the absolute indices (TXx, TXn,
TNx, and TNn) and the longitude and elevation (P < 0.01),
implying that the frequency of daily extreme temperature
events would decrease as elevation and longitude increased.
Furthermore, the GSL was shortened at high elevations.

Relationships between extreme
precipitation events and geographical
factors

In the present study, all precipitation indices had no
significant correlations with latitude, except for a weak negative

correlation with CWD (Table 5). However, all precipitation
indices were significantly positively correlated with longitude,
except for a significant negative correlation with the number of
CDD, indicating that the extreme precipitation events become
more common at higher longitude areas (Figure 7), mainly

TABLE 5 Correlations (Pearson’s r) between precipitation extremes
from 1960 to 2016 and the latitude, longitude, and elevation of the
measurement sites in the arid regions of China.

Indices Latitude Longitude Elevation

RX1day 0.004 0.52** 0.04

RX5day 0.004 0.51** 0.05

SDII −0.16 0.57** 0.03

R10mm −0.10 0.53** 0.11

CDD −0.16 −0.31** −0.03

CWD −0.19* 0.35** 0.29**

R95pTOT −0.04 0.49** 0.11

R99pTOT −0.05 0.52** 0.08

PRCPTOT −0.04 0.48** 0.14

Index names are defined in Table 1. ** and * represent significance at p < 0.01 and
p < 0.05, respectively. All other values are not significant.
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FIGURE 7

Three-dimensional graph of extreme precipitation indices and topographic factors. The indices are defined in Table 1.

because in China, longitude represents the distance from warm
and moist coastal areas, and therefore has an impact on regional
climate change by influencing water and energy transportation
between these areas and inland areas of China (Zhong et al.,
2017). Areas with higher longitudes showed higher frequency
and intensity of precipitation because they were closer to coastal
areas. Similarly, warming trends and increasing precipitation
has become more significant in coastal areas of the northeastern
United States than in inland areas (Brown et al., 2010). In
addition, all precipitation indices were positively correlated
with altitude, although the correlation was only significant for
CWD, and the number of CDD was negatively correlated with
elevation, although the correlation was not significant.

Conclusion

The temperature indices’ change trends in China’s arid
regions agreed with the expected results under global warming.
The cold indices, which include the number of FD, ID, cool days,
cool nights, and CSDI decreased significantly. In contrast, the
warmth indices, which include the numbers of SU, TR, warm

days, warm nights, and WSDI increased significantly during
1960 to 2016. The warmest day, warmest night, coldest day, and
coldest night also increased significantly during the same period.
The DTR and GSL showed significant decreasing and increasing
trends, respectively. Furthermore, the cold extreme temperature
events increased with increasing latitude, whereas the warm
extreme temperature events decreased. The warm temperature
events decreased at high elevations, whereas cold temperature
events increased, and the GSL was shorter at high elevations.
The total annual precipitation and the intensity and frequency
of extreme precipitation events in arid regions of China have
increased since 1960, except for the number of CDD (which
decreased) and number of CWD (which showed no significant
trend). Longitude was the main factor that affected the spatial
variability of extreme precipitation in the region.

Because of the clear trends that we observed, it will
be important to continue monitoring temperatures and
precipitation in arid China to help planners account for the
ongoing trends. This would be easier if more meteorological
stations can be installed in areas where the climate is changing
rapidly but stations are currently sparsely distributed (e.g., the
Qinghai–Tibet Plateau).
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