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ABSTRACT: Spatial and temporal distributions of temperature, precipitation and wind speed from 1960 to 2013 at 179
meteorological stations situated in the desertification prone region (DPR) of China are analysed using the Mann–Kendall
test and the Theil–Sen’s slope estimator on monthly, seasonal and annual timescales. The results indicate that annual mean
temperature has increased at a rate of 0.33 ∘C (10 year)−1 over the DPR. Tmin generally increased at a higher rate than Tmax
in the majority of the months and seasons over the past 54 years; this has resulted in a decrease in the diurnal temperature
range. Precipitation increased for the majority of the meteorological stations in the western area of the DPR, and decreased in
the eastern area, but few of these trends are statistically significant on all timescales. The majority of meteorological stations
recorded a significant decrease in wind speed at the majority of timescales. Results from this investigation show that the
climate is becoming warmer and wetter in the western area of the DPR, and warmer and drier in eastern area of the DPR. A
greater understanding of how the historical climate has been changing enables scientific support for the adaption of mitigation
policies for land desertification/degradation, water resources, ecological projects and agricultural production. These policies
will aid in combating the desertification processes, maintaining ecological security and promoting sustainable development in
the DPR.
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1. Introduction

Climate change is one of the greatest challenges fac-
ing humanity since the industrial revolution. Near-surface
global mean air temperatures have increased by 0.72 ∘C
between 1951 and 2012 (IPCC, 2013), and mean global
annual land precipitation has exhibited a slight increasing
trend of approximately 1.1± 1.5 mm per decade between
1901 and 2005 (Trengberth et al., 2007). Near-surface
global annual average wind speed has also decreased by
0.014 m s−1 (McVicar et al., 2012). However, there are
large regional differences in the changes of these cli-
matic variables. It has been recognized that global or
continental-scale observations of historical climate are not
very useful for local or regional planning and management
(Martinez et al., 2012). Greater attention has been placed
on the historical trends in local or regional near-surface cli-
mate to adapt and mitigate the potential impacts of climate
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change (Dai et al., 2015). A better evaluation of historical
trends and spatial variations on a regional or local scale is
therefore essential for hydrological, agricultural, and eco-
logical management, as well as for policy-makers.

The desertification prone region (DPR) is a fragile eco-
logical area which is susceptible to land desertification and
degradation in the north of China (Wu et al., 2007). This
area has a vegetation cover/land use which includes grass-
land, desert, and farmland. The region has suffered a series
of serious land desertification/degradation episodes which
have affected crop production and people’s livelihood.
To control desertification/degradation, many ecological
restoration projects, such as grain to green, Three-North
shelterbelt project, Beijing-Tianjin sandstorm source con-
trol project, and the Three-River-Source ecological pro-
tection project have been implemented. Recently, glacier
retreat and snowline rise, melting permafrost, lake shrink-
age, increasing natural hazards and drought have been
observed in many areas, all of which are closely related
to global change and have become major threats in the
DPR. Many studies have shown that climate change has
an important impact on crop production, water resources,
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land desertification/degradation, and ecological restora-
tion projects in arid and semiarid regions (Yang et al.,
2013; Shan et al., 2015). In the context of future climate
change, policy-makers are increasingly unable to make
decisions for land management, ecological restoration,
crop production, and water resources using historical cli-
mate normality (Takle et al., 2014; Dai et al., 2015). A
warming climate may lead to a higher risk of crop failure,
a higher frequency of droughts, and stronger land deserti-
fication/degradation, therefore this region is considered to
be sensitive to climate change.

Recently, changes in temperature, precipitation, and
evapotranspiration (as well as other climatic variables)
have been recorded across some regions of northern
China; these changes have obvious trends and regional
differences (Ren and Yang, 2007; Lu et al., 2009; Yang
et al., 2013; Shan et al., 2015; Song et al., 2015). How-
ever, little information is available on climate change
in the DPR. Trends in temperature, precipitation, and
wind speed will have greater impacts on land desertifica-
tion/degradation, the occurrence of sandstorms, changes
to regional water resources, ecological impacts, and the
effect on crop production (Lobell and Burke, 2008; Wang
et al., 2010; Yang et al., 2013). A better understanding
of the magnitude of climatic variables is one of the most
important aspects for climate change impact assessments
and adaptation processes for land and water resource
management, the implementation of ecological projects,
and agricultural production. The objectives of our study
are to investigate the trends in maximum (Tmax), minimum
(Tmin), mean (Tmean) temperatures; the diurnal tempera-
ture range (DTR); precipitation (P); and wind speed (WS)
on monthly, seasonal and annual timescales, and their
spatial changes between 1960 and 2013 across the DPR.
This will lead to a better understanding of how climate has
been changing in the DPR, and it will provide scientific
support for the adaption of mitigation policies of land
desertification/degradation, water resource, ecological
projects, and agricultural production.

2. Data and methods

2.1. Study area

The DPR, located in northern China (26∘–47∘N,
70∘–128∘E), covers approximately 4.54× 106 km2.
This area includes the Xinjiang and Ningxia province;
most parts of Inner Mongolia, Qinghai, Gansu and Tibet
province; the northern part of Shannxi, Shanxi, and Hebei
provinces; western Jilin province; and southwestern Hei-
longjiang province (Figure 1). The area has a complicated
topography with altitudes between −154 and 8848 m,
and includes basins, mountains, plateaus, and plains.
The area, with a semi-humid to arid environment, has a
temperate continental climate that is characterized by hot,
wet summers and cold, dry winters. The majority of the
DPR consists of deserts, grasslands, and cropland, these
areas accounting for 42.9, 42.6, and 8.2% of this region,
respectively. Deserts are largely distributed in the western

area of the Helan Mountains and sand lands are largely
concentrated in the eastern area of the Helan Mountains;
these locations are the primary source for the majority of
dust storms in China. Many farmlands were distributed
in this region, such as Tarim river basin, Hetao-Ningxian
plain, Western Liao river basin, Songnei sandland, etc.
To the west of the DPR, in Northern Xinjiang and the
Hexi corridor, the farmland in the oases are irrigated by
the many inland rivers, such as Tarim river, Heihe river,
with the main crops being wheat, corn, and potato. In the
Xinjiang, Ningxia, and Gansu Provinces many economic
crops and fruits with a higher quality, such as cotton,
beet, grape, muskmelon, Chinese wolfberry, and pear are
also produced. In the Hetao and Yinchuan plain, potato,
wheat, corn and rice are irrigated by the Yellow River. The
eastern farmland of the DPR is cultivated by precipitation
or irrigation, and the main crops include corn and wheat.
Due to the complex topography and climate, the region
has been divided into three sub-regions: sub-region I
is located in the eastern area of the Helan Mountains;
sub-region II is located in the western area of the Helan
Mountains; and sub-region III is located in the middle and
northern part of the Tibet-Qinghai Plateau (Figure 1).

2.2. Data source

The China Meteorological Data Sharing Service System
(http://cdc.cma.gov.cn) provided monthly meteorological
data for the DPR spanning 1960–2013. The recorded
meteorological variables included: (1) mean temperature
(Tmean, ∘C); (2) mean maximum temperature (Tmax, ∘C);
(3) mean minimum temperature (Tmin, ∘C); (4) precipi-
tation (P, mm); (5) mean wind speed (WS, m s−1); and
(6) diurnal temperature range (DTR, ∘C), this being cal-
culated as the difference between Tmax and Tmin. The data
have been made a rigid quality control by China Mete-
orological Administration. As there were relatively few
meteorological stations installed in Tibet in the 1960s,
some stations which had data since the 1970s were used,
these included Anduo, Gaize, Nimu, Nielamu, Lazi, Pulan,
Dangxiong, and Shiquanhe meteorological stations. In
total 179 meteorological stations were selected for this
study (Figure 1). The meteorological stations were rela-
tively well distributed over the DPR, however, the weather
stations were less representative within the Taklimakan
and Gurbantunggut Deserts, and on the Northern Tibetan
Plateau. The seasons were divided into: spring (March
to May); summer (June to August); autumn (September
to November); and winter (December to February). The
growing season was April to September.

2.3. Methods

To identify trends in temperature, precipitation, and
wind speed between 1960 and 2013, the nonparamet-
ric Mann–Kendall (MK) test was applied (Kendall,
1975). This test has been widely used for trend testing of
hydrological and meteorological data (Tabari and Hos-
seinzadeh Talaee, 2011; Martinez et al., 2012; Yang et al.,
2013; Sayemuzzaman and Jha, 2014; Dai et al., 2015;
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Figure 1. Location of the meteorological stations in the DPR.

Shan et al., 2015). The nonparametric Theil-Sen’s slope
estimator was also used to estimate the slope of trends
(Sen, 1968).

To evaluate the spatial distribution of trends in the cli-
matic variables, the spline method was used to interpo-
late the variables. The spline method is characterized by
fitting a smooth and continuous surface with the observa-
tion points and it did not need a preliminary estimate for
the structure of temporal variance and statistical hypoth-
esis (Zhu et al., 2011) and has been widely used for the
hydro-meteorological variables (Tait and Woods, 2007;
Zhu et al., 2011).

3. Results

3.1. Trends in Tmax and Tmin

Across the DPR, annual Tmax and Tmin trends
between 1960 and 2013 were 0.26± 0.10 and
0.44± 0.21 ∘C (10 year)−1, respectively. The statisti-
cally significant (p< 0.05) increasing trends in annual
Tmax and Tmin have been detected for almost all of the
meteorological stations (92.7 and 96.6% of stations,
respectively) (Table 1). The highest warming was mainly
located in the Qinghai-Tibet plateau, eastern Xinjiang and
western Inner Mongolia (Figure 2(a) and (b)). During the
growing season, Tmax and Tmin significantly increased by
0.23± 0.12 and 0.40± 0.20 ∘C (10 year)−1, respectively,
and were observed at 86.6 and 92.7% of stations. On
seasonal timescales, most stations showed an increase
in Tmax and Tmin for all the seasons (Table 1). The pro-
portion of meteorological stations showing this trend for
Tmax was 54.7% in spring, 66.5% in summer, 81.0% in
autumn, and 41.9% in winter, with an increase of 0.25,

0.20, 0.29, and 0.27 ∘C (10 year)−1, for the four seasons,
respectively. However, the majority of meteorological
stations (more than 86% of stations) showed a significant
positive trend in Tmin in all seasons. The greatest increase
in Tmin occurred in winter [0.54 ∘C (10 year)−1] and the
lowest values were in the summer [0.39 ∘C (10 year)−1].
On a monthly timescale, the dominant trends in Tmax
and Tmin showed an increase in all months. However,
more stations recorded an increase in Tmin than that
in Tmax. Over the period of 1960–2013, February was
found to be the month with the greatest increase in Tmax
and Tmin of 0.48 and 0.74 ∘C (10 year)−1, respectively
(Figure 3(a) and (b)). The warming trend was lowest
for Tmax in January (0.17 ∘C (10 year)−1) and Tmin in
August (0.32 ∘C (10 year)−1) (Figure 3(a) and (b)). In
addition, decreases in Tmax were identified in January,
July, and December, found in 23.5, 11.2, and 10.1% of the
meteorological stations.

Between the different sub-regions, Tmax and Tmin
increased, with the greatest increase in annual Tmax and
Tmin found in sub-regions III (0.30 ∘C (10 year)−1) and II
(0.48 ∘C (10 year)−1), respectively. However, the lowest
increase in annual Tmax and Tmin was shown at sub-regions
II (0.24 ∘C (10 year)−1) and I (0.38 ∘C (10 year)−1), respec-
tively. In the growing season, similar differences in Tmax
and Tmin were identified in the different sub-regions.
On the seasonal timescale, Tmax peaked in winter at
sub-regions III and I (0.40 and 0.30 ∘C (10 year)−1,
respectively), and in the autumn at sub-region II
(0.30 ∘C (10 year)−1). The increase in Tmax in winter
was twice as fast at sub-region III than that of the sum-
mer in sub-region II (0.18 ∘C (10 year)−1). The seasonal
increases in Tmin were similar in sub-regions II and III,
and larger than sub-region I. On the monthly timescale, the

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)



Z. SHI et al.

Ta
bl

e
1.

St
at

is
tic

of
an

nu
al

an
d

se
as

on
al

tr
en

ds
of

T
m

ax
[∘

C
(1

0
ye

ar
)−

1
],

T
m

in
[∘

C
(1

0
ye

ar
)−

1
],

T
m

ea
n

[∘
C

(1
0

ye
ar

)−
1
],

D
T

R
[∘

C
(1

0
ye

ar
)−

1
],

P
(m

m
(1

0
ye

ar
)−

1
),

an
d

W
S

(m
s(

10
ye

ar
)−

1
)

fo
r

th
e

17
9

st
at

io
ns

in
th

e
D

PR
.

T
im

es
ca

le
V

ar
ia

bl
e

T
re

nd
m

ag
ni

tu
de

D
ec

re
as

in
g

In
cr

ea
si

ng
T

im
es

ca
le

V
ar

ia
bl

e
T

re
nd

m
ag

ni
tu

de
D

ec
re

as
in

g
In

cr
ea

si
ng

A
nn

ua
l

T
m

ax
0.

26
±

0.
10

1
(0

.6
%

,0
.6

%
)

17
8

(9
9.

4%
,9

2.
7%

)
Su

m
m

er
T

m
ax

0.
20

±
0.

14
11

(6
.1

%
,1

.1
%

)
16

8
(9

3.
9%

,6
6.

5%
)

T
m

in
0.

44
±

0.
21

3
(1

.7
%

,0
.6

%
)

17
6

(9
8.

3%
,9

6.
6%

)
T

m
in

0.
39

±
0.

21
7

(3
.9

%
,1

.1
%

)
17

2
(9

6.
1%

,9
0.

5%
)

T
m

ea
n

0.
33

±
0.

12
2

(1
.1

%
,0

.0
%

)
17

7
(9

8.
9%

,9
7.

2%
)

T
m

ea
n

0.
26

±
0.

14
8

(4
.5

%
,1

.7
%

)
17

1
(9

5.
5%

,8
8.

3%
)

D
T

R
−

0.
19

±
0.

20
15

5
(8

6.
6%

,6
6.

5%
)

24
(1

3.
4%

,5
.6

%
)

D
T

R
−

0.
18

±
0.

18
15

1
(8

4.
4%

,6
0.

9%
)

28
(1

5.
6%

,3
.9

%
)

P
2.

30
±

8.
38

64
(3

5.
8%

,0
.6

%
)

11
5

(6
4.

2%
,2

2.
9%

)
P

−
0.

01
±

6.
24

80
(4

4.
7%

,3
.4

%
)

99
(5

5.
3%

,1
1.

7%
)

W
S

−
0.

16
±

0.
14

16
3

(9
1.

1%
,7

5.
4%

)
16

(8
.9

%
,5

.0
%

)
W

S
−

0.
14

±
0.

16
15

3
(8

5.
5%

,6
5.

9%
)

26
(1

4.
5%

,5
.6

%
)

G
ro

w
in

g
se

as
on

T
m

ax
0.

23
±

0.
12

4
(2

.2
%

,1
.1

%
)

17
5

(9
7.

8%
,8

6.
6%

)
A

ut
um

n
T

m
ax

0.
29

±
0.

11
1

(0
.6

%
,0

.0
%

)
17

8
(9

9.
4%

,8
1.

0%
)

T
m

in
0.

40
±

0.
20

5
(2

.8
%

,0
.6

%
)

17
4

(9
7.

2%
,9

2.
7%

)
T

m
in

0.
42

±
0.

25
5

(2
.8

%
,1

.1
%

)
17

4
(9

7.
2%

,8
6.

00
%

)
T

m
ea

n
0.

28
±

0.
12

3
(1

.7
%

,0
.6

%
)

17
6

(9
8.

3%
,9

3.
3%

)
T

m
ea

n
0.

33
±

0.
15

3
(1

.7
%

,1
.1

%
)

17
6

(9
8.

3%
,9

2.
2%

)
D

T
R

−
0.

17
±

0.
18

15
3

(8
5.

5%
,6

3.
1%

)
26

(1
4.

5%
,6

.1
%

)
D

T
R

−
0.

14
±

0.
25

13
0

(7
2.

6%
,4

5.
8%

)
49

(2
7.

4%
,9

.5
%

)
P

1.
09

±
7.

43
73

(4
0.

8%
,1

.1
%

)
10

6
(5

9.
2%

,1
4.

5%
)

P
0.

03
±

2.
65

72
(4

0.
2%

,2
.8

%
)

10
7

(5
9.

8%
,6

.7
%

)
W

S
−

0.
16

±
0.

16
15

7
(8

7.
7%

,7
2.

6%
)

22
(1

2.
3%

,5
.0

%
)

W
S

−
0.

14
±

0.
14

15
8

(8
8.

3%
,6

7.
6%

)
21

(1
1.

7%
,5

.0
%

)
Sp

ri
ng

T
m

ax
0.

25
±

0.
13

3
(1

.7
%

,0
.0

%
)

17
6

(9
8.

3%
,5

4.
7%

)
W

in
te

r
T

m
ax

0.
27

±
0.

18
7

(3
.9

%
,0

.6
%

)
17

2
(9

6.
1%

,4
1.

9%
)

T
m

in
0.

43
±

0.
21

3
(1

.7
%

,0
.6

%
)

17
6

(9
8.

3%
,8

7.
7%

)
T

m
in

0.
54

±
0.

27
5

(2
.8

%
,0

.0
%

)
17

4
(9

7.
2%

,8
6.

0%
)

T
m

ea
n

0.
33

±
0.

12
2

(1
.1

%
,0

.0
%

)
17

7
(9

8.
9%

,9
1.

6%
)

T
m

ea
n

0.
40

±
0.

17
2

(1
.1

%
,0

.0
%

)
17

7
(9

8.
9%

,7
6.

0%
)

D
T

R
−

0.
19

±
0.

22
14

9
(8

3.
2%

,6
0.

3%
)

30
(1

6.
8%

,4
.5

%
)

D
T

R
−

0.
29

±
0.

28
15

7
(8

7.
7%

,6
6.

5%
)

22
(1

2.
3%

,2
.8

%
)

P
1.

04
±

2.
16

43
(2

4.
0%

,0
.6

%
)

13
6

(7
6.

0%
,1

1.
7%

)
P

0.
67

±
1.

18
22

(1
2.

3%
,0

.0
8%

)
15

7
(8

7.
7%

,3
0.

7%
)

W
S

−
0.

19
±

0.
17

16
5

(9
2.

2%
,7

9.
3%

)
14

(7
.8

%
,4

.5
%

)
W

S
−

0.
14

±
0.

16
15

9
(8

8.
8%

,6
7.

6%
)

20
(1

1.
2%

,5
.6

%
)

Pe
rc

en
ta

ge
of

st
at

io
ns

(b
ol

d)
an

d
Pe

rc
en

ta
ge

of
st

at
io

ns
w

ith
a

si
gn

ifi
ca

nt
(p
<

0.
05

)
tr

en
d

(I
ta

lic
s)

ar
e

in
di

ca
te

d
in

pa
re

nt
he

si
s,

fo
r

bo
th

ne
ga

tiv
e

an
d

po
si

tiv
e

tr
en

ds
.

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)



SPATIOTEMPORAL VARIATION OF TEMPERATURE, PRECIPITATION AND WIND TRENDS

70°0′0′′E
45

°0
′0

′′N
40

°0
′0

′′N
35

°0
′0

′′N
30

°0
′0

′′N
25

°0
′0

′′N

45
°0

′0
′′N

40
°0

′0
′′N

35
°0

′0
′′N

30
°0

′0
′′N

25
°0

′0
′′N

45
°0

′0
′′N

40
°0

′0
′′N

35
°0

′0
′′N

30
°0

′0
′′N

25
°0

′0
′′N

45
°0

′0
′′N

40
°0

′0
′′N

35
°0

′0
′′N

30
°0

′0
′′N

25
°0

′0
′′N

45
°0

′0
′′N

40
°0

′0
′′N

35
°0

′0
′′N

30
°0

′0
′′N

25
°0

′0
′′N

45
°0

′0
′′N

40
°0

′0
′′N

35
°0

′0
′′N

30
°0

′0
′′N

25
°0

′0
′′N

80°0′0′′E 90°0′0′′E 100°0′0′′E

N N

N

N

N

N

0 250 500 1 000 0 250 500 1 000
km km

–0.08–0.00 –0.37–0.00

0.01–0.20

0.21–0.40

0.41–0.60

0.61–0.80

0.81–1.13

0.01–0.20

High : 0.86

Contour

Low : –0.08

High : 1.13

Contour

Low : –0.370.21–0.30

0.31–0.40

0.41–0.50

0.51–0.77

0 250 500 1 000
km

0 250 500 1 000
km

–0.08–0.00

0.01–0.20

High : 0.84

Contour
Low : –0.08

High : 28.75

Contour

Low : –31.98

0.21–0.30

0.31–0.40

0.41–0.50

0.51–0.82

–28.55 – –15.00
–14.99 – –5.00

–4.99 – 0.00

0.01 – 5.00

5.01 – 15.00

15.01 – 28.22

0 250 500 1 000
km

–0.73 – –0.50

–0.49 – –0.30

–0.29 – –0.10

–0.09 – 0.00

0.01 – 0.20

0.21 – 0.67

High : 0.67

Contour
Low : –0.79

0 250 500 1 000
km

–0.57–  –0.40

–0.39–  –0.20

–0.19–  –0.10

–0.09–  –0.00

0.01–  0.10

0.11–  0.58

High : 0.59

Contour

Low : –0.59

Tmax trend

Tmean trend

Precipitation trend

Tmin trend

DTR trend

WS trend

(a) (b)

(d)

(f)(e)

(c)

110°0′0′′E 120°0′0′′E 70°0′0′′E 80°0′0′′E 90°0′0′′E 100°0′0′′E 110°0′0′′E 120°0′0′′E

70°0′0′′E 80°0′0′′E 90°0′0′′E 100°0′0′′E 110°0′0′′E 120°0′0′′E 70°0′0′′E 80°0′0′′E 90°0′0′′E 100°0′0′′E 110°0′0′′E 120°0′0′′E

70°0′0′′E 80°0′0′′E 90°0′0′′E 100°0′0′′E 110°0′0′′E 120°0′0′′E70°0′0′′E 80°0′0′′E 90°0′0′′E 100°0′0′′E 110°0′0′′E 120°0′0′′E

Figure 2. Distribution of trends in annual climatic variables during 1960–2013. (a) Tmax [∘C (10 year)−1], (b) Tmin [∘C (10 year)−1], (c) Tmean
[∘C (10 year)−1], (d) DTR [∘C (10 year)−1], (e) P [mm (10 year)−1], (f ) WS (m s−1 (10 year)−1).

differences between the sub-regions were greater in the
cold months, such as January, November, and December.

3.2. Trends in Tmean and DTR

Annual mean temperatures have increased by
0.33± 0.12 ∘C (10 year)−1 since 1960 in the DPR, and
97.2% of meteorological stations showed a significant
increase at the 0.05 significance level (Table 1). The
highest increasing trends in Tmean were mainly located
in the Northwestern Qinghai-Tibet plateau, eastern Xin-
jiang and the middle of Inner Mongolia (Figure 2(c)).
During the growing season, 93.3% of the meteoro-
logical stations showed a significant increase in Tmean
of 0.28± 0.12 ∘C (10 year)−1 (Table 1). For seasonal

timescales, almost all stations recorded a positive trend
in Tmean for all of the seasons (Table 1). In winter, 76.0%
of meteorological stations recorded a significant increase
in Tmean with a value of 0.40 ∘C (10 year)−1. In summer,
the lowest increase [0.26 ∘C (10 year)−1] was recorded
at 88.3% of meteorological stations with a significant
increase. Over the spring and autumn, the warming trend
was as high as 0.33 ∘C (10 year)−1. The increases in the
monthly Tmean records were recorded for all months
(Figure 3(c)). The greatest warming trend in the Tmean
occurred in February with 0.60 ∘C (10 year)−1, almost 2.5
times as fast as the lowest increase [0.23 ∘C (10 year)−1]
recorded in August (Figure 3(c)). Totally 83.8 and 85.5%
of meteorological stations recorded a significant increase
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Figure 3. Box-and-whisker plots of trends in monthly climatic variables, 1960–2013. (a) Tmax [∘C (10 year)−1], (b) Tmin [∘C (10 year)−1], (c) Tmean
[∘C (10 year)−1], (d) DTR [∘C (10 year)−1], (e) P (mm (10 year)−1), (f) WS (m s (10 year)−1).

in Tmean. Overall, the difference in the trends is small
among the different sub-regions, but the greatest values
mainly occur in sub-region III.

During 1960–2013, annual DTR trends decreased with
a composite trend of 0.19 ∘C (10 year)−1 (Table 1). Totally
86.6% of meteorological stations observed a negative trend
and 66.5% of the meteorological station records were
statistically significant. The greatest decreasing trends in
DTR were mainly located in the northern Qinghai-Tibet
plateau, eastern Xinjiang and the middle of Inner Mongolia
(Figure 2(d)). During the growing season, DTR decreased

by 0.17± 0.18 ∘C (10 year)−1, and significant negative and
positive trends in DTR were observed at 63.1 and 6.1%
of stations, respectively. On a seasonal timescale, most of
stations recorded the decrease in DTR across all seasons
(Table 1). The greatest change for DTR occurred in winter,
when Tmin increased twice as fast as Tmax (Table 1). On the
monthly timescale, DTR series decreased for all months
(Figure 3(d)). The greatest percentage of stations with
significant decreases in monthly DTR were recorded in
June (67.0%), with the lowest percentage being in August
(29.1%). The greatest decrease in DTR occurred in January
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[0.28 ∘C (10 year)−1] when Tmin increased 2.4 times as fast
as Tmax. The lowest decrease occurred in August with
a value of 0.10 ∘C (10 year)−1 (Figure 3(d)). In almost
all timescales, DTR had the greatest negative trend in
sub-region II.

3.3. Trends in precipitation

In the DPR, annual P increased by 2.30± 8.38 mm
(10 year)−1 between 1960 and 2013. Totally 64.2% of
meteorological stations was observed an increase in
annual P, and records from 22.9% of these meteorolog-
ical stations were statistically significant (Table 1). The
increasing trends were mainly distributed in the west-
ern area of the Helan Mountains (Figure 2(e)). However,
decreases in P were mainly observed in the eastern areas of
the Helan Mountains (Figure 2(e)). On average, P showed
a positive trend of 7.94 mm (10 year)−1 in sub-region
III, and 5.74 mm (10 year)−1 in sub-region II. Sub-region
I had a negative trend of 4.77 mm (10 year)−1. During
the growing season, 59.2% of meteorological stations
recorded increasing P, however, only 14.5% were statis-
tically significant (Table 1), with a mean magnitude of
1.09 mm (10 year)−1. The spatial distribution of growing
season in trends also showed similar patterns to that of
annual trends.

On the seasonal basis, P recorded a positive trend, except
for the summer (Table 1), with 76.0, 55.3, 59.8, and 87.7
of meteorological stations showing a wetter trend in the
spring, summer, autumn, and winter P series, respectively.
Of these seasons, however, only 11.7%, 11.7%, 6.7%, and
30.7% of the meteorological stations observed statistically
significant trends at the 0.05 level (Table 1). It is worth
noting that spring and winter wetter trends were found in
the eastern areas of the Helan Mountains, which is opposite
to the summer and autumn trends. The composite increases
were 1.04 and 0.67 mm (10 year)−1 in spring and winter,
respectively, but there was less variation in summer and
autumn (Table 1). The positive trend was recorded in all
seasons at sub-regions II and III, but a negative trend was
found during the summer and autumn at sub-region I.

On the monthly timescale, the majority of the mete-
orological stations recorded January, February, May,
June, November, and December to be wetter and July,
August, and October to be drier; with no change in
March, April, and September. Overall, the greatest drying
trend occurred in August [−1.05 mm (10 year)−1] when
59.2% of meteorological stations recorded the climate to
be becoming drier (7.3% being statistically significant)
(Figure 3(e)). The greatest wetting trend occurred in June
[+1.62 mm (10 year)−1] when 86.0% of meteorological
stations recorded the climate to become wetter (13.4%
being statistically significant). At sub-regions II and III,
almost all months saw an increase in P, except August
at sub-region II and October, November, and December
at sub-region III with a slight decrease of P. However, a
slight increase in P was identified in January, February,
March, May, June, and December, and other months were
shown to reflect decreasing P.

3.4. Trends in wind speed

Across the DPR the composite trends in annual
WS between 1960 and 2013 were 0.158± 0.145
m s−1 (10 year)−1 (Table 1). Totally 91.1% of meteo-
rological stations recorded a decrease in annual WS, with
75.4% being statistically significant, scattered throughout
the region. The greatest decreasing trends in WS were
mainly located in the Qinghai-Tibet plateau, and the mid-
dle of Inner Mongolia (Figure 2(f)). During the growing
season, WS decreased by 0.164± 0.154 m s−1 (10 year)−1,
and this decrease was observed at 87.7% of meteorologi-
cal stations, with 72.6% being statistically significant. In
seasonal timescales, the majority of the meteorological
stations recorded a negative trend in WS for all of the
seasons (Table 1). Spring WS series showed the greatest
negative trends reaching 0.193 m s−1 (10 year)−1, and
92.2% of the meteorological stations recorded decreasing
WS (79.3% being statistically significant). Decreases of
approximately 0.14 m s−1 (10 year)−1 were observed in the
summer, autumn, and winter, with 65.9, 67.6, and 67.6% of
the meteorological stations showing this trend in summer,
autumn, and winter, respectively (Table 1). On a monthly
timescale, WS series showed negative trends for all
months in approximately 60% of the meteorological sta-
tions (Figure 3(f)). The greatest decreases occurred in May
and April, with values of 0.21 and 0.19 m s−1 (10 year)−1,
respectively; which 91.6 and 89.9% of the meteorological
stations recorded this decrease (76.5 and 73.2% being
significant, respectively).There was no obvious difference
for WS at most timescales for the different sub-regions.

3.5. Comprehensive analysis

From 1960 to 2013, the majority of the meteorological sta-
tions across the DPR recorded a significant increase in air
temperature. In the western area of the Helan Mountains
(sub-regions II and III), an increase in precipitation was
also recorded at most of the meteorological stations; the
combination of the temperature and precipitation changes
reflected a warmer and wetter climate which improved
the arid environment in this area. However, precipitation
records decreased for most of the meteorological stations
in the eastern area of the Helan Mountains (sub-region I),
which reflected the climate in this sub-region to be warmer
and drier, thus being detrimental to the original arid envi-
ronment of this area. With WS being recorded as signifi-
cantly decreasing across all timescales for the majority of
the weather stations, this implies that the atmosphere was
becoming more stilling.

4. Discussion

The majority of meteorological stations in the DPR
recorded positive trends in Tmax, Tmin, and Tmean at most
timescales between 1960 and 2013. It was found that
annual Tmax, Tmin, and Tmean increased by 0.26, 0.44, and
0.33 ∘C (10 year)−1, respectively. These warming trends
concur with temperature results from other investigations
(Tabari and Hosseinzadeh Talaee, 2011; Martinez et al.,
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2012; Duhan et al., 2013; Yang et al., 2013; Dai et al.,
2015; Najafi et al., 2015). However, the magnitude of the
increase in temperature from this investigation is generally
higher than those from investigations from other parts of
the world (Martinez et al., 2012; Duhan et al., 2013; Dai
et al., 2015). The positive trend for Tmin was greater than
the positive trend for Tmax which has resulted in a decrease
of DTR recorded at the majority of the meteorological
stations in the DPR. The increasing air temperature were
due to several factors, such as increasing anthropogenic
greenhouse gas emissions and aerosols, increased cloud
cover, and increasing urbanization (Najafi et al., 2015).

In our study, precipitation records showed increases
in sub-regions II [5.74 mm (10 year)−1] and III
[7.94 mm (10 year)−1], and decreases in sub-region I
[4.77 mm (10 year)−1]. In previous studies in northwest
China, annual precipitation has been recorded to show
an obvious increase over the past 50 years (Chen et al.,
2011; Dai et al., 2013; Song et al., 2015), but an opposite
trend has been identified for northeast China (He et al.,
2013; Song et al., 2015). In addition, precipitation records
between 1971 and 2000 showed a positive trend in the
eastern parts of the Tibetan Plateau with negative trends
in the western parts of the Plateau (Du and Ma, 2004).
These results have a similar pattern to our result in the
DPR. Due to the large area of the DPR, mechanisms
affecting climate may change in the different regions.
Wang et al. (2011) suggested that annual precipitation
had a positive trend in the monsoon areas, yet results
from this study showed a decrease in precipitation was
recorded in sub-region I which is located in the marginal
zone of the Eastern Asian Summer Monsoon (EASM).
Within sub-region I, precipitation is closely related to
the intensity of the EASM (Liu et al., 2004; Sperber
et al., 2013), and the negative trend in precipitation may
be due to a weakened EASM (Wang and Zhou, 2005;
Ding et al., 2008; Zhao et al., 2010). This implies that
stronger droughts are shifting towards the south and the
east in sub-region I. In the southern part of sub-region III,
the climate was controlled by the South Asian Summer
Monsoon (SASM). The enhanced SASM (Hua et al.,
2012) may be the reason for increased precipitation in this
region. In sub-region II and northern parts of sub-region
III, the climate is a non-monsoon type, affected mainly
by the Westerly, and precipitation is closely related to the
intensity of the North Atlantic Oscillation (NAO) (Dai
et al., 2013). The wetter tendency of this region can be
related to the enhanced NAO since 1960 (Gong and Wang,
2000; Chen et al, 2011). The positive trend was more
obvious in the northern area of the Tianshan Mountains
in our study. In addition, increased precipitation may
also be affected by an enhanced hydrological cycle due
to agricultural irrigation in the oasis (Zhu et al., 2014).
Moreover, precipitation variability may also be affected
by the complex topography in the DPR.

Decreases in WS have also been identified in many
regions across the globe (Hoffman et al., 2011; McVicar
et al., 2012). In our study, WS recorded a significant
decrease for most of the meteorological stations across the
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Figure 4. Correlation between the trend magnitudes in the climatic vari-
ables and latitude, elevation.

different timescales. The WS in the spring were identified
as the most obvious negative trend in the DPR; reasons for
decreasing WS may be due to a number of factors. Zhang
et al. (2009) proposed that weaker large-scale atmospheric
circulation associated with global warming is causing a
decrease in WS, while Tubi and Dayan (2013) suggest
that a weakened Siberian High is a possible cause. Declin-
ing temperature gradients between the polar and tropi-
cal regions, coupled with a weakening of the East Asian
Monsoon (Xu et al., 2006) are also believed to reduce
the strength of atmospheric circulation and WS (McVicar
et al., 2012). In the western area of the DPR, the varia-
tion of WS was mainly due to the weakening of Cold High
Pressure and cyclone activities (Japay and Gang, 2008).
In addition, an increase in land surface roughness due to
grain-for-green, afforestation, reforestation, and urbaniza-
tion may also be a cause of decreasing WS (Vautard et al.,
2010). Due to the number of factors and influences that
will affect WS, this area requires further research.

In addition, due to the large climate variation and
complex landform, they may affect the variation of
trends in the climatic variables. The correlation analysis
showed the station elevation had a significantly positive
correlation with the trends of precipitation (p< 0.05)
and Tmax (p< 0.1), suggesting the trends of precipita-
tion and Tmax had the larger increment at high altitudes
(Figure 4). The latitude was significantly negative corre-
lated with the trends of Tmax (p< 0.05), DTR (p< 0.05)
and WS (p< 0.05), suggesting these trends decrease with
increasing latitude (Figure 4).

The DPR is recognized as a major source of dust for
the frequently occurring dust storms during the spring
months, and this is especially prevalent in sub-region
II. Dust storms typically occur with strong winds, low
vegetation cover, and low soil moisture conditions (Tan
et al., 2012). In our study area, WS recorded a significant
decrease across all timescales; 92.2% of the meteorolog-
ical stations recorded this decrease in WS in spring with
79.3% being statistically significant. The greatest decrease
was 0.193 m s−1 (10 year)−1 which may lead to a reduction
in the frequency and intensity of dust storms. Although
increasing air temperatures usually result in increasing
evapotranspiration, Shan et al. (2015) and Li et al. (2014)
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showed that evapotranspiration has reduced more signif-
icantly as a result of reductions in WS than increases in
air temperature. Moreover, increasing precipitation and
decreasing evapotranspiration in the spring and winter
months across the DPR may have resulted in an increase
in soil moisture, which may have impeded the occurrence
of dust storm events in the spring. Although precipitation
decreased in the eastern parts of the DPR, evapotran-
spiration decreased more significantly than precipitation
(Shan et al., 2015). Soil moisture may therefore not have
decreased significantly, or it may even have experienced
a slight increase, which may not be conducive to the
formation of dust storms. A warming climate will advance
spring phenology which will result in vegetation growth
beginning earlier in the season, which may further impede
the occurrence of dust storms (Fan et al., 2014). Wang
et al. (2010) reported that dust storm day occurrence
decreased in the mid-1960s through the end of the 1990s;
after which there was a slight increase recorded for dust
storm days. The slight increase towards the end of the
1990s is related to the changes in precipitation and WS in
the spring and winter months, a finding also supports the
results from this study.

In the DPR, land desertification/degradation is a serious
issue due to human activities and climate change (Wang
et al., 2006; Gao and Liu, 2010). To improve the frag-
ile ecological environment, many ecological projects have
been undertaken in this area. These include grain for green,
Three-north shelterbelt, Beijing-Tianjin sand source con-
trol, afforestation, and reforestation. Soil water shortage,
however, is the main limiting factor for these projects. In
the western areas of the DPR (i.e. sub-regions II and III),
precipitation increased at most of the meteorological sta-
tions, especially in northern Xinjiang. This increase may
reduce the occurrence of drought events and result in an
increase of soil moisture, thus promoting the performance
of regional vegetation restoration and ecological projects,
and reducing the impact of desertification/degradation. In
the Tibet-Qinghai plateau (sub-region III), increasing air
temperatures have accelerated the thawing of permafrost
which has lead to the land degradation (CCNARCC,
2007). However, in the eastern part of the DPR, a reduc-
tion in precipitation was recorded in most of the permafrost
stations, implying that droughts may start to occur more
frequently. Increasing drought episodes may restrict the
performance of ecological projects, and may even induce
vegetation degradation and land desertification.

Under the context of climate change, the terrestrial
hydrological cycle is being altered across the DPR. How-
ever, the effect of climate change differs between the
different sub-regions. In sub-regions II and III, most of
the area is in the inland river basin, such as Tarim,
Heihe, Shiyang rivers, which are strongly reliant on the
glaciers. Climate warming will accelerate the glacial abla-
tion, thus further increasing runoff and glacier shrinkage
(Wang et al., 2015). In the Tibetan plateau (sub-region
III), lake surface areas have significantly increased (Li,
2012) due to climate warming. Totally 82.2% of glaciers
have shrunk and their surface areas have reduced by

4.5% in the past 50 years (Liu et al., 2006). Alarmingly,
glacial surface areas have also decreased by 21% in north-
west China (CCNARCC, 2007). Increasing precipitation,
runoff, and glacial ablation are the main hydrological com-
ponents experiencing an accelerating trends, suggesting
stronger hydrological cycles in sub-regions II and III.
However, river runoff has also been observed to decrease
in sub-region I (Zhang et al., 2011; Guo et al., 2014).
Decreasing precipitation and runoff implies a weaker
hydrological cycle in this sub-region which has led to the
shrinkage of lake areas and volume (Liu et al., 2013; Tao
et al., 2015).

In agricultural production, it is necessary to have a larger
DTR which helps to increase crop production and improve
crop quality (CCNARCC, 2007). Higher Tmax and stronger
sunlight can enhance plant photosynthesis and increase
biomass production (yields); lower Tmin can reduce plant
respiration and nutrient consumption. Higher DTR, there-
fore, is conducive to the accumulation of biomass (Lobell,
2007; Yu et al., 2014). In particular, lower Tmin can also
accelerate the accumulation of sugar and fiber, and fur-
ther improve the quality of fruits and cotton (Fujimura
et al., 2012). In the DPR, the decreasing DTR, caused by
the faster increase in Tmin than in Tmax, may reduce crop
yields and quality, especially the quality of cotton and
fruits. However, the decrease in DTR coincides with the
period of rapid fruit and crop production, which can reduce
the effect of DTR decrease on agricultural production in
the DPR. Climatic warming has shifted crop phenology
and affected crop yields. Lobel and Field (2007) showed
that global corn yields have a negative correlation with
increased temperature. Grain yields have also been shown
to have reduced by 35% if Tmax and Tmin increase by 1 and
1.5 ∘C, respectively (Lal et al., 1999). In the western areas
of the DPR (sub-regions II and III), more precipitation and
glacier melting water will be provided to the oasis agri-
culture and grassland husbandry, which conversely pro-
motes agricultural development. However, decreasing pre-
cipitation in the eastern DPR (sub-region I) may not pro-
vide more water to meet the requirements of crop produc-
tion and grassland productivity, which is not beneficial to
crop production and animal husbandry. Some studies have
found that grass production has reduced in Inner Mongolia
due to decreased precipitation (Li et al., 2013). However,
grass production increased due to increased precipitation
and temperature in the Three-River source region (Guo,
2013). Due to the complexity of climate change, the impact
of precipitation and temperature on agriculture is different.
Further research examining the impact of climate trends on
crop yields and quality in the different sub-regions of the
DPR is therefore necessary to provide a scientific basis for
long-term adaption strategies.

5. Conclusions

In this study annual, seasonal and monthly air temper-
ature, precipitation and wind speed trends were exam-
ined based on 179 meteorological stations over a period

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)



Z. SHI et al.

from 1960 to 2013 using the nonparametric M-K test
and Theil-Sen’s slope estimator. The results indicated that
Tmax, Tmin, and Tmean have similar positive trends, although
Tmin generally increased at a greater rate than Tmax for
the majority of the months and seasons over the past
54 years. Increasing annual air temperatures were indi-
cated by increases in Tmax, Tmin, and Tmean of 0.26, 0.44,
and 0.33 ∘C (10 year)−1, respectively, but the DTR showed
a decrease of 0.19 ∘C (10 year)−1. The majority of mete-
orological stations recorded increases in air temperature
across all timescales. At the same time, most of the mete-
orological stations recorded a decrease in DTR. Precip-
itation increased between 1960 and 2013 for the major-
ity of meteorological stations in sub-regions II and III,
and decreased in sub-region I, but few of these trends are
statistically significant over all timescales. The climate is
becoming warmer and wetter in the western areas of the
DPR, and warmer and drier in the eastern areas of the
DPR. The majority of meteorological stations recorded a
significant decrease in WS across almost all timescales,
with an annual magnitude of 0.158 m s−1 (10 year)−1. Bet-
ter understanding of how the historical climate has been
changing will provide scientific support for the adaption
of mitigation policies of land desertification/degradation,
water resources, ecological projects, and agricultural pro-
ductions; all of which will aid in combating desertification
processes, maintaining ecological security and sustainable
development in the DPR.
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