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Abstract: Understanding the spatio-temporal variations of temperature and precipitation in the arid and semiarid region of China (AS-
RC) is of great significance for promoting regional eco-environmental protection and policy-making. In this study, the annual and sea-
sonal spatio-temporal patterns of change in average temperature and precipitation and their influencing factors in the ASRC were ana-
lyzed using the Mann-Kendall test, linear tendency estimation, accumulative anomaly and the Pearson’s correlation coefficient. The res-
ults showed that both annual average temperature and average annual precipitation increased in the ASRC during 1951–2019. The tem-
perature rose by about 1.93℃ and precipitation increased by about 24 mm. The seasonal average temperature presented a significant in-
crease trend, and the seasonal precipitation was conspicuous ascension in spring and winter. The spatio-temporal patterns of change in
temperature and precipitation differed, with the southwest area showing the most obvious variation in each season. Abrupt changes in
annual and seasonal average temperature and precipitation occurred mainly around the 1990s and after 2000, respectively. Atmospheric
circulation had an important effect on the trends and abrupt changes in temperature and precipitation. The East Asian summer monsoon
had the largest impact on the trend of average annual temperature, as well as on the abrupt changes of annual average temperature and
precipitation. Temperature and precipitation changes in the ASRC were influenced by long-term and short-term as well as direct and in-
direct anthropogenic and natural factors. This study identifies the characteristics of spatio-temporal variations in temperature and precip-
itation in the ASRC and provides a scientific reference for the formulation of climate change responses.
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1　Introduction

Climate change is one of the most important issues that
countries  are  facing across  the  world.  Global  warming
has  become  increasingly  prominent  since  the  1980s

(Kerr,  2007).  Although  a  series  of  inter-governmental
cooperation frameworks and conventions have been im-
plemented, e.g.,  the  United  Nations  Framework  Con-
vention on  Climate  Change  and  Kyoto  Protocol,  ex-
treme weather events caused by climate change, such as
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droughts,  floods,  hurricanes  and  rainstorms  occurred
frequently  (Press,  2008).  Hurricane  ‘Katrina’ in  2005
and cyclone ‘Nargis’ in 2008 paralyzed cities and killed
tens  of  thousands  of  people  in  America  and  Myanmar,
respectively  (McGregor,  2010; Raker  et  al.,  2019).
Bushfires  in  Australia  lasted  for  nearly  four  months  at
the end of 2019 causing substantial economic and ecolo-
gical  losses  (Schweinsberg  et  al.,  2020).  China  is  also
prone  to  extreme  weather  events,  with  devastating
floods in the Nenjiang and Songhua rivers in Northeast
China  in  1998  and  droughts  with  varying  degrees  of
severity in different regions of China since 2000 (Song,
2015). The economic losses caused by extreme weather
events are substantial.  For example,  the direct damages
arising  from  super  typhoons  ‘Rainbow’ in  2015  and
‘Meranti’ in  2016  both  have  cost  more  than  20  billion
yuan  (RMB)  (Li,  2019; Zhao,  2019).  Consequently,
large-scale  studies  of  climate  change  and  its  driving
mechanisms  are  necessary  to  initialize  models  or  set
benchmarks.  Temperature  and  precipitation,  as  the
pivotal climate factors, have an extensive and far-reach-
ing impact on human well-being, vegetation growth and
wildlife  survival,  among  other  aspects.  Therefore,  it  is
of great significance to understand the variation charac-
teristics  of  temperature  and  precipitation  for  socio-eco-
nomic and ecological sustainability.

Numerous studies have been conducted on the spatio-
temporal  trends and abrupt  changes of  temperature and
precipitation.  Many  studies  have  focused  on  analyzing
annual and seasonal variations in individual meteorolo-
gical  factors  using  annual  and  monthly  observations
from  meteorological  stations,  based  on  linear  tendency
estimation,  empirical  orthogonal  function  and  sliding t
test  methods.  These  studies  found  that  in  recent  years,
different  regions  showed  different  degrees  of  warming
(Peterson and Vose,  1997; Hansen et  al.,  2001; Mao et
al., 2018a; Song and Park, 2020; Li et al., 2021b), while
the  trends  and  characteristics  of  precipitation  varied
from region  to  region,  making  them  difficult  to  under-
stand  (Dai  et  al.,  1997; Shi  et  al,  2019; Carrasco  and
Cordero, 2020; Li et al., 2020a; Yan et al., 2021).

Recent developments  on  temperature  and  precipita-
tion  studies  have  improved  the  accuracy  in  different
temporal  dimensions  such  as  daily,  ten-daily,  monthly
and yearly. Research methods not only have diversified,
but also the combined analysis of time and space dimen-
sions  has  widely  applied.  Studies  also  tend  to  combine

multiple climatic factors. Since 1951, the trends in tem-
perature and precipitation in China have changed signi-
ficantly. Based on linear tendency estimation and Mann-
Kendall  (M-K)  test,  Ge  et  al.  (2011)  and  Wang  et  al.
(2013) analyzed the spatio-temporal variations of annu-
al  and  monthly  temperature  and  precipitation  in  China,
respectively.  Their  results  showed  that  the  temperature
rise  was  more  obvious  in  the  past  50  yr  in  China,  and
the  regional  precipitation  differences  were  significant
since 1970 with floods in the south and droughts in the
north. Based on the anomaly analysis and wavelet  ana-
lysis, Zhao and Luo (2021) used annual average temper-
ature and precipitation observation data to analyze their
periodicity  on  multiple  time  scales  in  west  Anhui.  The
results indicated that the temperature rose steadily from
1960 to  2013  while  precipitation  showed  five  alternat-
ing periods  of  drying  and  wetting.  Moreover,  the  tem-
perature and precipitation changes in other places, such
as  the  lower  Yellow  River  region,  the  Songhua  River
Basin,  the  Huaihe River  Basin,  Yunnan Province,  have
also been  explored  using  spatial  interpolation,  correla-
tion  coefficients  and  linear  regression, etc. (Lu  et  al.,
2014; Chen, 2015; Gou et al., 2020; Xu et al., 2021).

As  one  of  the  most  fragile  ecosystems,  the  arid  and
semiarid region  of  China  (ASRC)  has  received  atten-
tions on  its  temperature  and  precipitation  changes.  Al-
though changes in climate factors related to atmospher-
ic  circulation  have  been  verified  in  different  arid  and
semiarid  regions  on  Earth  (Li  et  al.,  2014; Feng  et  al.,
2016; Wang et  al.,  2019; Zhang et  al.,  2020),  there  are
few studies on the use of  multiple atmospheric circula-
tion models  for  analysis  of  the  spatio-temporal  vari-
ations  of  climate  factors  in  these  regions.  In  addition,
most previous  studies  are  not  only  limited  to  an  indi-
vidual  meteorological  factor  and  a  single  method  for
testing  change,  but  also  often  lack  validation.  Thus,
there is  an urgent  need to explore the characteristics of
change in temperature and precipitation and the relation-
ship  with  atmospheric  circulation  in  arid  and  semiarid
regions.

The  arid  and  semiarid  region  of  China  is  the  largest
arid zone in the middle latitudes of the Northern Hemi-
sphere and is an important farming-pastoral transitional
zone  in  China  (Huang  et  al.,  2019).  In  recent  decades,
the  ASRC  has  expanded  southeast  owing  to  global
warming, and the climate has changed markedly, which
has had a profound influence on human and natural sys-
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tems  (Lyu  et  al.,  2009; Ni,  2011).  At  present,  research
has focused  on  land  cover  change  and  vegetation  de-
gradation in the ASRC, but the relationship between the
ASRC’s  climate  and  atmospheric  circulation  is  rarely
investigated.  Given  the  importance  of  the  eco-environ-
ment in the ASRC and the limitations of previous stud-
ies,  the  objectives  of  this  research  were  to:  1)  analyze
the  spatio-temporal  trends  and  changes  in  temperature
and precipitation; 2) explore the influence of atmospher-
ic  circulation  on  temperature  and  precipitation;  and
3) identify  the  drivers  affecting  variations  in  temperat-
ure and precipitation. The study will provide references
to  sustainable  socio-economic  development,  eco-envir-
onmental protection, and climate change response. 

2　Materials and Methods
 

2.1　Study area
According  to  the  classification  standard  of  the  Natural
Zoning  Commission  of  Chinese  Academy  of  Sciences
(Mao  et  al.,  2018b), the  study  area,  ASRC,  was  delin-
eated using a drought index (the ratio of annual precipit-
ation  to  annual  potential  evaporation)  of  less  than  0.5
(Fig.  1).  The study area  is  located in  Northwest  China,
ranging from 73°29′E to 125°51′E and from 27°14′N to
50°08′N,  covering  an  area  of  4.56  ×  106 km2 and ac-
counting  for  47%  of  China’s  territory.  It  spans  12
provinces/autonomous regions from west to east, includ-
ing  Xinjiang,  Tibet,  Qinghai,  Gansu,  Inner  Mongolia,
Ningxia,  Shaanxi,  Shanxi,  Hebei,  Liaoning,  Jilin  and

Heilongjiang. The landforms in this region are complex
and  diverse,  mainly  consisting  of  the  Inner  Mongolia
Plateau,  Loess  Plateau,  Qinghai-Tibet  Plateau,  Tarim
Basin, Junggar Basin and Qaidam Basin. Most of the re-
gion  has  a  temperate  continental  climate  or  a  plateau
alpine climate. Annual precipitation is less than 400 mm,
decreasing from east to west (Wen et al., 2017). 

2.2　Data sources and pre-processing
In  this  study,  the  monthly  average  temperature  and
monthly precipitation observations from 300 meteorolo-
gical  stations  in  and  around  the  ASRC  from  1951  to
2019 (Fig. 1) were collected as the basic data sources to
analyze the trends, changes and spatial patterns of tem-
perature  and  precipitation.  The  data  were  downloaded
from  the  National  Meteorological  Information  Center
(http://data.cma.cn/).  The  quality  of  the  meteorological
data  was  strictly  controlled.  Missing  or  abnormal  data
accounted  for  less  than  1%  of  the  total  data  and  were
processed  by  referencing  the  method  of  Zhang  et  al.
(2011).  Monthly data  were averaged to  obtain seasonal
and annual average data. Due to the wide application of
the Spline  interpolation  in  creating  the  continuous  sur-
faces  of  meteorological  factors  (Jobst  et  al.,  2017; Jia
and Cui, 2018; Xu et al., 2018), the method was used to
identify the spatial patterns of seasonal and annual aver-
age temperature and precipitation in the study. It should
be noted that the seasons were divided into spring from
March  to  May,  summer  from  June  to  August,  autumn
from September to November and winter from Decem-
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Fig. 1    Location of study area and meteorological stations
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ber to February of the following year (Wen et al., 2017).
Data  on  the  population  and  total  energy  consumption
were gathered from the China Economic and Social Big
Data  Research  platform  (http://data.cnki.net/) to  ex-
plore their trends and correlation with climate factors.

Several  large-scale  oceanic  atmospheric  circulation
indices,  including  the  El  Niño  Southern  Oscillation
(ENSO)  (downloaded  from http://www.cpc.ncep.noaa.
gov/), Arctic Oscillation (AO) (http://www.cpc.ncep.noaa.
gov/),  North  Atlantic  Oscillation  (NAO)  (http://ljp.
gcess.cn/dct/page/1), Pacific Decadal Oscillation (PDO)
(http://www.esrl.noaa.gov/psd/data/correlation/pdo.data),
and  the  East  Asian  summer  monsoon  index  (EASM)
(http://ljp.gcess.cn/dct/page/1), were selected for correl-
ation analysis  with temperature and precipitation in the
study. 

2.3　Mann-Kendall test
To analyze  the  trends  and  abrupt  changes  of  temperat-
ure  and  precipitation,  the  M-K  test  was  selected  to
quantify  the  change  degree  and  significance  (Li  et  al.,
2021a). The M-K test included M-K trend test and M-K
abrupt change test, which the former was used to reflect
the  change  trends,  and  the  latter  to  identify  abrupt
changes.  Assuming  the  time  series  of  a  certain  climate
element  is  (X1, X2,  ..., Xn),  the  basic  principle  of  M-K
trend test is expressed as follows (Gocic and Trajkovic,
2013):

S =
n∑

i=2

i−1∑
j=1

sgn(Xi−X j) (1)

sgn
(
Xi−X j

)
=


1,Xi−X j > 0
0,Xi−X j = 0
−1,Xi−X j < 0

(2)

Z =


(S −1)/

√
Var(S ),S > 0

0,S = 0
(S +1)/

√
Var(S ),S < 0

(3)

β =median
(

X j−Xi

j− i

)
,∀1 ≤ i ≤ j ≤ n (4)

Var(S ) =
n(n−1)(2n+5)

18
(5)

where S obeys a normal distribution. Var(S) is the vari-
ance of S. Xi and Xj are the climatic values of years i and
j. n is the sample size. β represents the slope. For a giv-
en confidence level α, if |Z| ≥ Z1−α/2, the time series data

exist  obvious  up  or  down  trend.  A  positive  value  of Z
indicates an increasing trend, while a negative value in-
dicates  a  decreasing  trend.  For  example,  when  |Z|  ≥
1.96,  it  means  that  the  95%  confidence  level  test  is
passed.  A  positive β value  indicates  an  upward  trend,
whereas a downward trend.

The M-K abrupt change test is calculated as follows:

sk =

k∑
i=1

ri, k = 1,2, . . . ,n (6)

ri =

{
1, Xi > X j

0, XiX j
, j = 1,2, . . . , i (7)

where sk is  the  cumulative  number  of Xi > Xj , k is  the
cumulative  number  of  samples,  and ri is  the  order
column. On  the  assumption  that  the  time  series  is  ran-
dom and independent, define the statistic:

UFk =
sk −E (sk)
√

Var(sk)
,k = 1,2, . . . ,n (8)

E (sk) =
k (k−1)

4
,k = 1,2, . . . ,n (9)

Var(sk) =
k (k−1)(2k+5)

72
,k = 1,2, . . . ,n (10)

where UF1 = 0, E(sk) and Var(sk) are the mean value and
variance of the cumulative count sk, respectively. UFk is
the standard normal distribution, which is in the order of
time series x (x1, x2, …, xn). Given the significance level
α, look up the normal distribution table. If |UFk| > Uα, it
indicates that there is an obvious trend change in the se-
quence.  The  above  procedure  is  applied  to  the  inverse
columns of time series x (xn, xn−1, ..., x1), so that UBk =
–UFk (k = n, n–1, …, 1) and UB1 = 0.

According to the calculated UFk and UBk, their curves
are plotted. When the value of UFk or UBk is more than
(less  than)  0,  it  indicates  an  upward  (downward)  trend
of the sequence. When they pass the threshold, it indic-
ates a significant upward or downward trend. The range
beyond  the  critical  lines  is  the  time  zone  of  the  abrupt
change. If two curves intersect and the intersection point
is within the critical line, the time corresponding to the
intersection point is when the abrupt change begins. 

2.4　Linear tendency estimation
To explore  the  trend  rate  of  temperature  and  precipita-
tion at each meteorological station, the linear regression
equation of  temperature  or  precipitation series  {yi} and
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its  corresponding  time  series  {ti}  can  be  established  as
follows (Li et al., 2020b):
ŷi = a+bti, i = 1,2, . . . ,n (11)

ŷi

â b̂

where  is the estimated value of yi, a is the regression
constant, and b is the regression coefficient, namely the
change trend. When b is positive (negative), it indicates
that  the  temperature  or  precipitation  shows  an  upward
(downward)  trend  with  time.  The  least  square  method
can  be  used  to  obtain  the  estimated  value  of a and b,
namely  and , as follows:

b̂ =

n∑
i=1

(
ti− t

)
(yi− y)

n∑
i=1

(
ti− t

)2
(12)

â = ȳ− b̂ti (13)

t̄ =
1
n

n∑
i=1

ti (14)

ȳ =
1
n

n∑
i=1

yi (15)

t ywhere  and  are  the  mean values  of t and y, respect-
ively; n is the sample size.

In  order  to  understand  the  fitting  effect  of  the  unary
linear  regression  equation  with  the  actual  observation
data,  the  regression  equation  need  to  be  statistically
tested.  This  study  used  the F test  to  show  whether  the
sequence was linearly significant or not.

Assuming that  there  is  no  linear  trend  in  the  se-
quence, i.e., H0: b = 0, then the statistic is:

F =
U

Q/ (n−2)
∼ F (1,n−2) (16)

U =
n∑

i=1

(ŷi− y)2 (17)

Q =
n∑

i=1

(yi− ŷi)2 (18)

where U is  the  regression  sum of  squares  and Q is  the
residual sum of squares.

Given significance level α,  look up the critical  value
table of F distribution with (1, n–2) degrees of freedom,
and the critical value Fα (1, n–2) can be obtained. When
F > Fα (1, n–2), the null hypothesis is rejected, and the
linear  trend  of  the  sequence  is  considered  significant.

Otherwise, the  null  hypothesis  is  accepted,  and the  lin-
ear trend is not significant. 

2.5　Accumulative anomaly method
To verify  the  accuracy  of  M-K abrupt  change  test  res-
ults,  the  accumulative  anomaly  method  was  utilized.
The  accumulative  anomaly  formula  of  temperature  or
precipitation series {yi} and corresponding time t is es-
tablished as follows (Zhong and Li, 2014):

ŷ =
t∑

i=1

(yi− y) , t = 1,2, . . . ,n (19)

y =
1
n

n∑
i=1

yi (20)

ŷ
y

where  is the accumulative anomaly value of temperat-
ure  or  precipitation,  is  the  mean  value  of y,  and n is
the sample size.

Calculate  the  accumulative  anomaly  values  of  the
temperature  at n times, and  draw  the  accumulative  an-
omaly curve for analysis, so that the long-term trend of
temperature and  precipitation  changes  and  the  approx-
imate time of abrupt changes could be determined. 

2.6　Pearson’s correlation analysis
To analyze the degree of correlation between temperat-
ure,  precipitation  and  atmospheric  circulation  indices,
Pearson’s  correlation  coefficient  was  used,  which  is
widely  used  in  the  field  of  natural  science.  Assuming
that there are two variables (x1, x2, ..., xn) and (y1, y2, ...,
yn)  with  a  sample  size  of n,  the  calculation  formula  of
correlation coefficient r is (Sensuse et al., 2015):

r =

n∑
i=1

(xi− x) (yi− y)√√ n∑
i=1

(xi− x)2

√√ n∑
i=1

(yi− y)2

(21)

x =
1
n

n∑
i=1

xi (22)

y =
1
n

n∑
i=1

yi (23)

x ywhere  and  are the mean values of x and y, respect-
ively.  The  value  range  of  Pearson’s correlation  coeffi-
cient is between –1 and 1. The closer value is to 1, the
more  significant  the  positive  correlation  between  the
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two  variables  will  be.  However,  the  closer  value  is  to
–1, the more significant the inverse correlation between
the two variables will be. When the value approaches 0,
it indicates that there is no linear correlation between the
two variables.

Assume the null hypothesis H0: the correlation coeffi-
cient  between  the  two  variables  is  not  significant,  then
the statistic is:

t = r

√
n−2
1− r2 (24)

where the statistic t obeys the t distribution with n–2 de-
grees  of  freedom.  Given  the  significance  level α,  look
up the t distribution table. If |t|>tα/2, reject the null hypo-
thesis and consider the correlation coefficient to be sig-
nificant; otherwise, it is not significant. 

3　Results
 

3.1　Spatio-temporal variations in temperature
The spatial distribution and trends in average temperat-
ure in the ASRC from 1951 to 2019 were obtained from
spline interpolation, linear trend estimation and the M-K
trend test (Figs. 2 and 3). The annual and seasonal aver-
age  temperature  presented  significant  upward  trends
(P <  0.01)  (Table  1).  The  annual  average  temperature
was  5.83°C with  an  increase  rate  of  0.28°C/10  yr.  The
increase rate  in  seasonal  temperature  in  descending  or-
der  was  winter  >  spring  =  autumn  >  summer.  Overall,
the  annual  and  seasonal  average  temperature  showed  a

gradual increase from north to southwest (Figs. 2 and 3).
However, the tendency rate of seasonal average temper-
ature varied in different  regions of  the ASRC, with the
greatest  difference  in  spring,  followed  by  summer,
winter, and then autumn (Fig. 3). As for annual average
temperatures, 134  of  138  (97.1%)  meteorological  sta-
tions  markedly  increased at  the  0.05 significance  level,
Tikanlik  Station  significantly  decreased  (0.7%),  Alar
and  Mount  Wutai  stations  increased  insignificantly
(1.5%),  and  Zedang  Station  did  not  notably  decrease
(0.7%)  (Fig.  2). With  regard  to  different  seasons,  tem-
peratures increased significantly at 134 stations (97.1%)
in spring,  126  (91.3%)  in  summer,  125  (90.6%)  in  au-
tumn, and 123 (89.1%) in winter (Fig. 3). 

3.2　Spatio-temporal variations in precipitation
According to the M-K trend test, the annual and season-
al precipitation trends were both positive, but they were
only significant in spring and winter (P < 0.05) (Table 1).
The average annual precipitation was 178.47 mm, and it
increased by  3.48  mm/10  yr.  The  increase  rate  of  sea-
sonal  precipitation  in  descending  order  was  summer  >
spring > autumn > winter.

Figs. 4 and 5 show that the annual and seasonal pre-
cipitation trends  were  unevenly  distributed.  Precipita-
tion  showed  a  decreasing  trend  in  the  south,  western
central zone and northeast of the ASRC, while there was
an increasing precipitation trend in the southwest, north-
west,  central  zone  and  northeast  of  the  ASRC.  Of  138
stations, 30 (21.7%) had a significant increase, 3 (2.2%)
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had an obvious decrease, 60 (43.5%) had an insignific-
ant increase,  and  45  (32.6%) had  an  inconspicuous  de-
creased  (Fig.  4).  Among  the  138  stations,  precipitation
increased  dramatically  at  22.5%  in  spring,  14.5%  in
summer, 13.8% in autumn, and 18.8% in winter (Fig. 5). 

3.3　Abrupt changes  in  temperature  and precipita-
tion
According to the M-K test, the annual average temperat-
ure  increased  abruptly  in  2001  (Fig.  6a).  Other  abrupt
changes in  average  temperature  in  spring,  summer,  au-

tumn,  and  winter  occurred  in  2004  and  2006;  2005;
1998 and 2000; and 1989, respectively (Figs. 7a, 7b, 7c,
7d). Using  the  accumulative  anomaly  method,  the  ab-
rupt change in annual average temperature was in 1997
(Fig.  6b). Abrupt  temperature  changes  in  spring,  sum-
mer, autumn, and winter occurred in 1997, 1997, 1998,
and  1986,  respectively,  which  all  displayed  increased
warming  (Figs.  7e,  7f,  7g  7h).  Generally,  the  abrupt
change points  in  the  annual  and  seasonal  average  tem-
perature calculated by the M-K test were consistent with
the  results  from  the  accumulative  anomaly  method,
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Fig. 3    Spatial distribution characteristics of the tendency rate for seasonal average temperature in the arid and semiarid region of China
(ASRC) from 1951 to 2019
 
Table  1    Tendency  rate  of  multi-year  average  temperature  and  precipitation  in  the  arid  and  semiarid  region  of  China  (ASRC)  from
1951 to 2019
 

Time period
Temperature Precipitation

Tendency rate / (°C/10 yr) Mean / °C Tendency rate / (mm/10 yr) Mean / mm

Spring 0.27** 7.61 1.00* 25.81

Summer 0.21** 19.60 1.54 117.11

Autumn 0.27** 5.78 0.76 32.22

Winter 0.35** –9.61 0.33* 6.93

Annual 0.28** 5.83 3.48* 178.47

Note: *significant at the 0.05 level; **significant at the 0.01 level
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which  indicated  the  abrupt  changes  were  centered
around the 1990s.

Based  on  the  M-K  test,  the  abrupt  change  years  for
annual  precipitation  were  2012,  2013,  and  2014
(Fig.  8a). Abrupt  changes  in  spring  precipitation  oc-
curred in 2002, 2004, 2005, 2006, 2008, 2011 and 2012

(Fig.  9a).  Changes  in  summer precipitation occurred in
2012,  2014,  and 2016 (Fig.  9b). Abrupt  changes in  au-
tumn and winter precipitation occurred only in 2008 and
2001, respectively (Figs. 9c and 9d). Using the accumu-
lative anomaly method, the abrupt change of annual pre-
cipitation occurred in 2012 (Fig. 8b). Changes in spring,
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summer,  autumn,  and  winter  precipitation  occurred  in
2002,  2012,  2007,  and 2000,  respectively  (Figs.  9e,  9f,
9g,  9h).  Overall,  the  abrupt  changes  time  points  of  the
annual and seasonal precipitation calculated by the two
methods were similar, and mainly took place after 2000. 

3.4　 The correlation  between  atmospheric  circula-
tion, temperature and precipitation
The  linear  trends  of  the  annual  atmospheric  circulation
indices  are  shown  in Fig.  10.  The  inter-decadal  mean
value  of  the  AO  and  NAO  had  a  similar  distribution,
with  the  maximum  and  minimum  values  in  the  1990s
and  1960s,  respectively  (Table  2).  The  maximum  and
minimum inter-decadal  mean  value  of  the  PDO  oc-
curred in the 1980s and 1950s, respectively. The trends

of  the  AO  and  PDO  showed  a  marked  increase,  while
the  changes  of  the  EASM,  ENSO  and  NAO  were  not
noticeable.  The  times  of  the  maximum  inter-decadal
mean value  of  the  AO  and  PDO  were  close  to  the  ab-
rupt change  times  in  annual  and  seasonal  average  tem-
perature.

Using the Pearson’s correlation coefficient, we calcu-
lated the  correlation  between  annual  and  seasonal  tem-
perature and  precipitation  and  the  atmospheric  circula-
tion indices in the ASRC (Fig. 11). The AO, EASM and
PDO were significantly correlated with either the annu-
al  or  a  particular  seasonal  average  temperature.  The
EASM had  the  strongest  negative  correlation  with  au-
tumn  average  temperature,  while  the  PDO  had  the
strongest positive  correlation  with  winter  average  tem-
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perature.  In  contrast,  there  were  no  clear  correlations
between ENSO and NAO and annual and seasonal aver-
age temperature. It should be noted that the correlations

between all atmospheric circulation indices and precipit-
ation were insignificant.

Figs.  12 and 13 illustrate  the  Pearson’s  correlation
coefficients between  the  atmospheric  circulation  in-
dices  and  annual  and  seasonal  average  temperature  as
well  as  precipitation  in  the  abrupt  change  years.  In  the
abrupt  change years,  there were significant  correlations
between  annual  average  temperature  or  precipitation
and  at  least  one  atmospheric  circulation  index.  The
EASM  had  the  strongest  positive  correlation  with  the
annual average temperature in 2006 and annual precipit-
ation in 2008. The NAO had the strongest negative cor-
relation  with  the  temperature  and  precipitation  in  1998
and 2016,  respectively.  There  was  also  a  high  correla-
tion between  ENSO  and  average  temperature  and  pre-

 
Table  2    The  occurrence  time  of  the  maximum  and  minimum
inter-decadal  mean  value  for  the  atmospheric  circulation  indices
from 1951 to 2019
 

Atmospheric
circulation indices

The time of the maximum
inter-decadal mean

The time of the minimum
inter-decadal mean

AO 1990s 1960s

EASM 1960s 1990s

ENSO 1960s 1970s

NAO 1990s 1960s

PDO 1980s 1950s
Notes: AO, Arctic Oscillation; EASM, East Asian summer monsoon; ENSO,
El Niño Southern Oscillation; NAO, North Atlantic Oscillation; PDO, Pacific
Decadal Oscillation.
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cipitation in the abrupt change years. The annual precip-
itation in 2008 was significantly correlated with each at-
mospheric circulation index. 

4　Discussion
 

4.1　Effects of anthropogenic and natural factors on
temperature and precipitation
Population  increases  and  economic  development  have
accelerated  the  use  of  fossil  fuels  and  carbon  dioxide
emissions since the 1950s in China;  these directly con-
tribute  to  the  greenhouse  effect  and  affect  the  surface
temperature  (Karl  and  Trenberth,  2003; Jiang,  2010;
Zhang, 2019). The ASRC is no exception. According to
the analysis of the total population and energy consump-
tion of the 12 provinces involved by the ASRC, both the
population  and  energy  consumption  were  on  the  rise
after 1950 and 1985, respectively (Fig. 14). Their correl-
ation coefficient was 0.89 at the level of significance of
0.05, indicating  that  they  had  a  very  high  positive  cor-
relation. A plenty of nitrogen oxides produced by socio-
economic activities  and  excessive  use  of  chlorofluoro-

carbons have resulted in worsening air pollution, which
damages the ozone layer, warms the lower atmosphere,
cools  the  upper  atmosphere,  and  aggravates  climate
warming (Kuang, 2000; Luo et al., 2019). Human activ-
ities have also expedited methane production. As refer-
enced  by  Ji  et  al.  (2014),  winter  heating  increases  the
consumption of  natural  gas  composed  mainly  of  meth-
ane,  which  directly  produces  more  greenhouse  gases
and  lead  to  more  marked  warming  in  winter.  This  is
consistent with our research.

Dramatic land  cover  changes  of  the  underlying  sur-
face  have  exacerbated  drought,  land  salinization  and
desertification, resulting  in  an  increase  in  surface  radi-
ation and a reduction in ecological resilience; this is one
of  the  causes  of  temperature  rise  in  the  ASRC  (Guan
and Hao, 2013; Li et al., 2015). Social development and
migration  to  cities  has  also  accelerated  urbanization.
The  conversion  of  green  spaces  to  impervious  surfaces
has led to an ‘urban heat island effect’ whereby the urb-
an temperature  is  significantly  higher  than  that  of  sur-
rounding  areas  (Xue  et  al.,  2019; Yan  et  al.,  2020).  In
addition,  the  destruction  of  natural  landscapes  during
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development greatly reduces their ability to absorb car-
bon  dioxide,  leading  to  warming  temperatures  (John,
2009). However, owing to the implementation of forest
conservation  and  tree  planting  schemes,  such  as  the
‘Three-North Forest Protection Project’ and ‘Returning
Farmland to Forest and Grassland’ policy, China’s land
cover  has  become  noticeably  greener  (Chen  et  al.,
2019). As referenced by Yu et al. (2020), the vegetation
coverage  on  the  Loess  Plateau  increased  significantly
from 2001 to 2017, which led to an increase in precipit-
ation in this region. Sand-fixing and afforestation in the
Kubuqi  Desert  and  Mu Us  Desert  has  proved  effective
in  desert  greening  (Zheng  et  al.,  2020).  One  study  has
reported that, owing to the implementation of ecologic-
al  engineering,  the  desert  areas  of  the  Tarim  and
Qaidam basins  have  seen  rainfall  for  three  consecutive
years (Li et al., 2021c). Overall, the areas that have car-
ried  out  ecological  projects  are  consistent  with  those
with  increased  precipitation  and  cooler  temperatures  in
our study area.

Due to the periodic changes in the Earth’s orbit, regu-
lar oscillations in the temperature between high and low
has exerted influences on precipitation (Mao et al, 2016;
Ahluwalia, 2019). This explains why there is more pre-
cipitation in  summer and less  precipitation in  winter  in
our survey  region.  Correspondingly,  solar  activities  af-
fect  the  temperature.  The  research  of  Huang  et  al.
(2020) shows that the intensity of solar activities has in-
creased significantly in the past 100 years, which is con-
sistent  with  the  global  temperature  rise  over  the  same
period. In addition, atmospheric circulation also plays a
critical  role  in  regional  temperature  and  precipitation
through teleconnection (Yang et al., 2020; Zhang et al.,
2021). The AO and ENSO have significant correlations
with  temperature  changes  in  northern  China  (Gong  et
al.,  2009; Tong  et  al.,  2019).  Our  study  found  strong
correlations  between  atmospheric  circulation  indices
and trends and abrupt changes in average temperature as
well as in precipitation.

To sum up, the spatio-temporal variations of temperature
and precipitation in the ASRC are influenced by long-term and
short-term as well as by direct and indirect anthropogen-
ic and natural factors. Human activities play a dominant
role  through  two  contrasting  pathways.  On  the  one
hand, the degradation of natural ecosystem caused by anthro-
pogenic activities has largely increased climate warming
and abrupt change. On the other hand, the implementation
of ecological conservation engineering has mitigated or

diminished  the  negative  influence  on  climate  change. 

4.2　Potential influences of temperature and precip-
itation changes on the ASRC
From 1951 to 2019, the annual average temperature and
annual  precipitation  increased  by  about  1.93°C  and
24  mm  in  the  ASRC,  respectively.  Lyu  et  al.  (2009)
found  that  the  temperature  of  the  ASRC rose  by  about
1.8°C and precipitation increased by about 29 mm in the
early  21st  century  compared  with  that  in  the  1960s,
which  is  similar  to  our  results.  The  rise  in  temperature
would prolong the growing season, facilitate the growth
of thermophilic crops,  and expand the suitable planting
area (Gao et al., 2011; Lu et al., 2021). In the context of
a  warming  climate,  summer  monsoons  possess  greater
quantities  of  warm and  moist  air  but  also  have  a  more
widespread  effect  in  inland  areas,  which  brings  more
precipitation  to  the  ASRC (Chen  et  al.,  2007; Famigli-
etti, 2014). Adequate precipitation brings suitable condi-
tions for the growth of crops and plants, which is benefi-
cial  for  increasing  grain  yields  and  grassland  areas
(Zheng et al.,  2021). In addition, more precipitation in-
creases surface  moisture  and  facilitates  the  agglomera-
tion of soil particles, which further promotes vegetation
growth and decreases the risk of natural disasters as well
as  reducing water  and soil  erosion in  the  region (Gong
et al., 2020).

The underlying negative effects should also be given
sufficient attentions. If there is only a small rise in pre-
cipitation,  the  water  levels  of  inland  rivers  and  lakes
will  decline  because  a  warmer  climate  will  increase
evaporation (Li et al., 2011; Fuentes et al., 2021). In ad-
dition, the frequency of drought and flood disasters will
increase because  of  greater  variability  of  water  re-
sources  (Abbasian  et  al.,  2021).  Meanwhile,  domestic
and  industrial  water  use  would  be  limited  by  growing
supply–demand conflicts over water resources (Zhang et
al.,  2015). Moreover,  a  warming  climate  will  exacer-
bate pests and diseases, reduce grain yields and degrade
grasslands (Macfadyen et al., 2018; Lee et al., 2021). It
also should be noted that, in areas with higher temperat-
ures and less precipitation, the likelihood of sand or dust
formation  will  be  accelerated,  giving  rise  to  intensified
sandstorm activity (Vicente-Serrano et al., 2020). In ad-
dition, the urban heat island effect caused by high tem-
perature will harm human health and perturb ecosystem
stability (Santamouris, 2020). 
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4.3　 Suggestions  for  climate  change  responses  and
environmental protection
Regional  comparative  studies  of  climate  change  are  an
effective  way  to  understand  the  driving  forces  of  eco-
environmental  impacts  in  different  areas.  According  to
our research  results,  the  following suggestions  are  pro-
posed to respond to climate change and protect the eco-
environment.

First, measures for energy conservation and emission
reduction should  be  enforced  and  strengthen  in  all  as-
pects of the society to enhance the sustainability of urb-
an development.  More  effective  approaches  and  tech-
niques  should  also  be  developed  to  mitigate  or  curb
greenhouse gas emissions at source.

Second,  adequate  attention  should  be  given  to  urban
planning  for  sustainable  development  goals  so  that  the
use of land resources is more reasonable and the negat-
ive effects of human activities on natural ecosystems are
minimized. Stricter planning controls should also be es-
tablished to avoid the arbitrary conversion of vegetation
to impervious surfaces to alleviate the urban heat island
effect.

Third, ecological  projects  should  continue  to  be  car-
ried out to mitigate the adverse effects of climate change
and enhance the ability of ecosystems to withstand nat-
ural disasters.  The  establishment  of  a  monitoring  sys-
tem  can  provide  effective  feedback  on  all  aspects  of
ecological engineering and provide a reference for sub-
sequent research and the formulation of strategies.

Finally,  climate  change  is  a  borderless  issue;  thus,
multilateral cooperation  mechanisms  should  be  estab-
lished with neighboring countries to respond to regional
or  global  climate  change.  Only  when  governments  and
people across the world pay attention to climate change
will climate  problems  be  effectively  addressed  at  re-
gional and global scales. 

4.4　Advantages and limitations of the study
The analysis of climate change characteristics in our re-
search was carried out using a synthesized rather than an
isolated  perspective.  The  spatio-temporal  patterns  of
both  temperature  and  precipitation  in  the  ASRC  were
comprehensively analyzed and their variations were ac-
curately reflected. Most previous research on meteorolo-
gical  factors  has  focused  on  analyzing  climate  trends
and  abrupt  changes.  Few  studies  have  examined  the
driving  factors  affecting  climate  change.  In  our  study,

the  correlation  between  several  atmospheric  circulation
indices  and temperature  and precipitation was explored
and  their  impacts  on  climate  were  determined.  This
provided  a  novel  way  to  analyze  the  causes  of  climate
change. In addition, the identification of abrupt changes
in temperature  and precipitation in  previous  studies  of-
ten used only one test, which hindered validation of the
results. Here, two change analysis methods, i.e., the M-
K test and accumulative anomaly method, were used to
determine abrupt  changes in  temperature  and precipita-
tion, which improved the reliability of  our results.  Fur-
thermore, our  study  focused  on  the  ASRC,  which  con-
tains  ecosystems that  are  vulnerable  to  climate  change.
This  region  has  been  little-studied  and  our  results  help
to  address  the  research  deficiency  in  regional  climate
change.

There  are  also  some  uncertainties  and  limitations  in
our study. Since climate change is a long-term and com-
plex  process,  it  is  important  to  explore  the  variation  in
climate  factors  with  a  longer  time  series  (Bova  et  al.,
2021). Our  study  looked  at  temperature  and  precipita-
tion  over  only  69  years,  a  short  period  relative  to  the
Earth’s macro-cyclical climate stages; this increases the
uncertainty  of  our  findings.  Therefore,  research  on  the
longer-term reconstruction and prediction of meteorolo-
gical change needs to be carried out for more precise de-
termination of  climate  change  in  the  future.  Further-
more, there are multitudinous factors that impact the cli-
mate change  owing  to  the  interactions  between  the  in-
ternal climate system and external factors. In addition to
the influencing factors discussed in this study, there are
still  other  factors  that  contribute  to  climate  change.
However, due to the difficulty of data acquisition, other
factors  were  not  analyzed.  It  is  necessary  to  conduct
more  extensive  and  in-depth  studies  on  the  influencing
factors of climate change in the future so as to provide
more reliable reference to deal with climate issues. 

5　Conclusions

Research on  the  characteristics  and  changes  in  the  cli-
mate is crucial to develop a climate change response and
for eco-environmental  protection,  and  helps  to  formu-
late government policies. We combined a trend test, ab-
rupt change test and correlation analysis to discern vari-
ations  in  annual  and  seasonal  average  temperature  and
precipitation  as  well  as  their  influencing  factors  in  the
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ASRC from 1951 to 2019. The results showed that both
the annual average temperature and annual precipitation
increased: temperature rose at a rate of 0.28°C/10 yr and
precipitation at a rate of 3.48 mm/10 yr. The trends for
seasonal  average  temperatures  significantly  increased,
with abrupt changes mainly occurring around the 1990s.
The  trend  for  seasonal  precipitation  showed  significant
increases  in  spring  and  winter,  principally  after  2000.
The spatio-temporal  variations  of  temperature  and  pre-
cipitation differed across the region, with the southwest
ARSC showing the most obvious variation in each sea-
son. Atmospheric circulation, especially the EASM, had
a major effect on trends and abrupt changes in temperat-
ure and  precipitation.  Human  activities  are  the  domin-
ant factors driving variations in temperature and precip-
itation. Our findings can be used as a reference for mul-
tilateral  government  policies  to  effectively  respond  to
climate change.
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