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Abstract Daily data of minimum and maximum temperature from 76 meteorological

stations for 1960–2010 are used to detect the annual and seasonal variations of tem-

perature extremes in the arid region, China. The Mann–Kendall test and Sen estimator are

used to assess the significance of the trend and amount of change, respectively. Fifteen

temperature indices are examined. The temperature extremes show patterns consistent

with warming, with a large proportion of stations showing statistically significant trends.

Warming trends in indices derived from daily minimum temperature are of greater

magnitudes than those from maximum temperature, and stations along the Tianshan

Mountains have larger trend magnitudes. The decreases in frequency for cold extremes

mainly occur in summer and autumn, while warm extremes show significant increases in

frequency in autumn and winter. For the arid region as a whole, the occurrence of cold

nights and cold days has decreased by -1.89 and -0.89 days/decade, respectively, and

warm nights and warm days has increased by 2.85 and 1.37 days/decade, respectively.

The number of frost days and ice days exhibit significant decreasing trends at the rates of

-3.84 and -2.07 days/decade. The threshold indices also show statistically significant

increasing trends, with the extreme lowest temperatures faster than highest temperatures.

The diurnal temperature range has decreased by 0.23 �C/decade, which is in accordance

with the more rapid increases in minimum temperature than in maximum temperature.

The results of this study will be useful for local human mitigation to alterations in water

resources and ecological environment in the arid region of China due to the changes of

temperature extremes.
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1 Introduction

In recent years, there is an increasing concern in weather and climate extremes, since they

may cause serious disasters to human society and nature and seem to be more sensitive to

climate change than mean values (Aguilar et al. 2009; Karl and Easterling 1999; Trigo et al.

2006). Many results have shown that the increases in economic losses, coupled with a rise in

deaths, may be caused due to the facts that climate extremes are increasing in frequency and

intensity. For example, heat waves occurred in summer of 2003 resulting in over 22,000 heat-

related deaths across Europe (Schar and Jendritzky 2004); the unprecedented freezing

disaster in January in South China caused great losses in the national economy, especially in

almost countrywide transportation, energy supply, electric power transition, communication

facilities, agricultural and ecological systems, and people’s life (Ding et al. 2008). In China,

cold waves break out over North China in winter frequently, while hot days and heat waves

are commonly seen in South China in summer, and arid and semiarid regions in Northwest

China often suffer from drought (Wang et al. 2011). Furthermore, changes in extremes can be

strong indicators of climate change as it has been hypothesized that in a warming world

where the atmosphere can hold more water vapor, the hydrological cycle could become more

active (Aguilar et al. 2005). However, knowledge of changes in extremes compared with

mean temperature is usually sparse, especially in the arid region of China which has the most

fragile ecological environments in the world.

Temperature extremes have been studied in many regions, such as in Italy (Toreti and

Desiato, 2008), Uruguay (Rusticucci and Renom 2008), South America (Vincent et al. 2005),

Southern and Western Africa (New et al. 2006), Greece (Kioutsioukis et al. 2010), and also

the global change (Alexander et al. 2007; Frich et al. 2002). These studies concluded that

widespread significant change in temperature extremes is associated with warming espe-

cially for those indices derived from daily minimum temperature. Recent studies on the

changes of temperature extremes over China suggested decreasing trends in cold extremes

but increasing trends in warm extremes (Wang et al. 2011; You et al. 2011). Water is the

foundation of composition, development, and stability of oasis ecosystems in arid areas and

determines the evolution of the ecological environment (Chen et al. 2007). Temperature,

especially in arid and semiarid areas, directly impacts the spatial and temporal distribution of

water resources, because increasing temperature will severely influence the mountain glacier

and then affect water supplies to rivers (Zhang et al. 2009). In China, recession of the

mountain glaciers will threat to disrupt the water supply for people living in the arid area. Shi

et al. (2007) indicated the climate in Northwest China started to change from warm-dry to

warm-wet in the year of 1987, implying that temperature changes may alter hydrological

cycle. Therefore, exploring changing characteristics of extreme temperature in the arid

region of China is a prerequisite for the assessment of impacts of climatic changes on

regional ecological environment and agricultural development.

This work is aimed at describing variations of temperature extremes under the rapid

warming in recent five decades over the arid region of China. The paper is organized as

follows. Section 2 describes the study area, data sets, and the methods used in this study.

The spatial annual and seasonal trend distribution of temperature extremes are separately

presented in Sect. 3. Discussions and conclusions are given in Sect. 4.
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2 Study area, data, and methods

2.1 Study area

The arid region of China (Fig. 1) is distributed in the northwestern part of China ranging from

34 to 50 N and from 73 to 108 E including the provinces of Xinjiang, Gansu, western part of

Inner Mongolia, and northern part of Ningxia and Qinghai. The arid region of Northwest

China has rich land and mineral resources and plays an important role in China’s future

economic and social development. The arid region is located in inner center of Eurasia, being

one of the most sensitive areas to global climate change. The arid region borders eight nations

in Asia: Mongolia and Russia in the north, Kazakhstan, Kyrgyzstan, Tajikistan, and

Afghanistan in the west, and Pakistan and India in the south. China’s northwestern arid

endorheic drainage basins cover a considerable area of 2.53 million km2. These basins lie

west of Helanshan Mountains in the Ningxia Hui Autonomous Region, and west of Usha-

oling Mountains in Gansu Province. There are many endorheic drainage basins including the

Tarim Basin, Tsaidam Basin, Badanjilin Desert, Tengger Desert, and other endorheic

drainage basins in northern Xinjiang Uygur Autonomous Regions, the Alashangqi Desert in

western Inner Mongolia, and Hexi Corridor Gobi Desert in Gansu Province. The climate of

the arid region is typical of inner-continental land masses, with a wide temperature range,

low precipitation, low humidity and lesser effects of East Asian Monsoon. The landscape of

the region is characterized by a unique morphological complexity consisting of mountains,

basins, and rivers and generates the lots of diverse biomes, which include forests, grasslands,

deserts, and oases. The high vegetation coverage area mainly is composed of temperate

coniferous forests, temperate grassland, sparse shrub steppe, and temperate and subtropical

alpine meadow. The middle coverage area is composed of alpine cushion-like dwarf sub-

shrub, subshrub steppe, one crop per annum, and cold-tolerant economic crop food. Vege-

tation types of low coverage area are subarbor, subshrub, and desert areas without vegetation.

High coverage area is mainly concentrated in Altai Mountains, Tianshan Mountains, Qilian

Mountains, and Mazongshan Mountains. Low coverage area is mainly concentrated in the

Fig. 1 Location of study region, main geographical features, and gauge stations in arid region of Northwest
China
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Tarim Basin, the Gashun Gobi, and central Gobi. The middle coverage area is composed of

grasslands between high coverage areas and low coverage areas and regions of one crop per

annum. The vegetation coverage in the northwest region appeared a clear seasonal variation.

The vegetation coverage reached its maximum in July and August with the rising temper-

ature and increasing precipitation (Zhang et al. 2010).

2.2 Data

A data set of daily minimum and maximum surface air temperature at 84 meteorological

observing stations is used in this study. This data set is developed by the Climate Data Center

(CDC) of the National Meteorological Center of the China Meteorological Administration

(CMA) and has gone through the quality control procedures of the CDC. Stations that were

installed after 1960 were excluded. About the data gap, monthly indices are calculated if no

more than three days are missing in the month, and annual values if no more than 15 days are

missing in the year. However, an annual value will also not be calculated if any month’s data

are missing. The procedures of RclimDex and Rhtest (available for download from

http://cccma.seos.uvic.ca/ETCCDMI) are used to execute the quality controls (including

identify error, search for outliers, assess homogeneity). As a result, 76 weather stations for

51 years (January 1, 1960, to February 28, 2011) are selected.

2.3 Methods

Data are analyzed using the RclimDex package (soft and documentation available for down-

load from http://cccma.seos.uvic.ca/ETCCDMI), which can calculate 16 temperature extremes

based on daily maximum and minimum temperature. In this paper, we only select 15 indices for

analysis (Table 1). This paper also analyses seasonal values (ANN for annual change, DJF for

winter, MAM for spring, JJA and SON for summer and autumn, respectively) of some indices,

such as the absolute indices (TNn, TNx, TXn, TXx), the percentile temperature indices

(TN10p, TN90p, TX10p, TX90p), and DTR whenever possible. This has been made possible

because RClimDex also provides monthly values for these indices. The regionally averaged

variations of temperature extremes are evaluated and tested for the whole arid region. Regional

averages are calculated as an arithmetic mean of values at all stations in the study.

Some of the indices data do not have a Gaussian distribution, and in these cases, a

simple linear least squares estimation would not be appropriate. Therefore, we use a

nonparametric Kendall’s tau-based slope estimator (Sen 1968), but statistical significance

for the trends in extreme climate indices is performed using Mann–Kendall test (Kendall

1975; Mann 1945). A trend is considered to be statistically significant if it is significant at

the 5 % level. The results of the M–K test are heavily affected by serial correlation of the

time serial correlation on M–K results, and we adopt the Yue and Pilon method by using R

package ‘‘ZYP’’ to remove lag-1 autocorrelation (Yue et al. 2002).

3 Results

3.1 Cold extremes (FD0, ID0, TN10p, TX10p, TNn, TXn, CSDI)

3.1.1 Annual changes

Figure 2 illustrates the spatial distributions of trends in annual cold extremes in recent five

decades, and Fig. 3 demonstrates the regional annual and seasonal trends for all the indices
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in the arid region of China during 1960–2010. Table 2 shows the proportion of stations

with negative, insignificant, and positive trends for yearly temperature extremes. For cold

nights (TN10) and cold days (TX10), about 96 and 61.8 % of stations have decreasing

trends that are statistically significant. Stations in Xinjiang, especially along the Tianshan

Mountains, have larger trend magnitudes. The regional trend magnitudes for these two

indices are -1.89 and -0.89 days/decade. Similarly, the temperature of coldest nights

(TNn) and coldest days (TXn) have also statistically significant increased at approximately

60 and 89 % of stations, respectively. Stations situated in northern and central Xinjiang

(along Tianshan) show the largest changes, and the regional trend magnitudes in TNn and

TXn are 0.65 and 0.36 �C/decade, respectively. The number of frost days (FD0) has

generally decreased with 90 % of stations showing a significant decrease at the 0.05 level.

Stations with larger trend magnitudes are again distributed in central Xinjiang (along

Tianshan). Ice days (ID0) has also decreased with 38 % of stations showing a significant

decrease, and stations in the Qilian Mountains (southeastern arid areas) seem to show more

statistically significant change. The number of days for FD0 and ID0 has averagely

decreased by -3.84 and -2.07 days/decade, respectively. The number of cold spell

duration indicator (CSDI) (not shown for distribution) has decreased at a rate of

-0.66 days/decade, and about 99 % of stations show increasing trends but only 20 % of

stations showing significant. As shown in Fig. 4, there are slow decreases in FD0, TN10p,

and TX10p between 1960 and 1986 and then drastic decline with -6.8 days/decade,

-1.53 days/decade, and -1.11 days/decade, respectively. For other cold extremes (ID0,

TNn, TXn, CSDI), step change point is probably observed in 1986. The average is

Table 1 Definitions of 15 temperature indices used in this study, and all the indices are calculated by
RClimDEX

ID Indicator name Definitions Units

Cold extremes

FD0 Frost days Annual count when TN(daily minimum) \ 0 �C Days

ID0 Ice days Annual count when TX(daily maximum) \ 0 �C Days

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

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

TNn Coldest nights Monthly minimum value of daily minimum temp �C

TXn Coldest days Monthly minimum value of daily maximum temp �C

CSDI Cold spell duration
indicator

Annual count of days with at least 6 consecutive
days when TN \ 10th percentile

Days

Warm extremes

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

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

TNx Warmest nights Monthly maximum value of daily minimum temp �C

TXx Warmest days Monthly maximum value of daily maximum temp �C

SU25 Summer days Annual count when TX(daily maximum) [ 25 �C Days

TR20 Tropical nights Annual count when TN(daily minimum) [ 20 �C Days

WSDI Warm spell
duration indicator

Annual count of days with at least 6 consecutive
days when TX [ 90th percentile

Days

Variability extremes

DTR Diurnal temperature
range

Monthly mean difference between TX and TN �C
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68.55 days, -26.07, -13.89 �C, and 4.68 days before 1986, whereas it changed to

61.19 days, -24.27, -12.58 �C, and 2.22 days after 1986 for ID0, TNn, TXn, and CSDI,

respectively.

Table 3 shows the proportion of stations where trends in indices are of a particular

relative magnitudes. About 96 % of stations show larger trend magnitudes in TN10 than in

TX10. For TXn and TNn, 83 % of stations have greater trend magnitudes in TNn. About

79 % of stations show larger trend magnitudes in FD0 than ID0. For cold extremes, the

minimum temperature extremes in the arid region of China have larger change than the

maximum temperature extremes.

3.1.2 Seasonal changes

Figure 5 displays the seasonal variations of the occurrence frequency of cold nights

(TN10p) in recent five decades over the arid region of China. Table 4 shows the percentage

of stations with negative, insignificant, and positive trends for seasonal temperature

extremes. It is apparent that the greatest contribution to the frequency of cold extremes is

from SON (Fig. 3). For instance, coldest nights (TNn) have increased by 0.83 days/decade

in autumn for the regional arid region, far more than the increase in any other season. We

also see increases in the seasonal occurrence of coldest days (TXn) (Fig. 3; Table 4) are

generally insignificant (apart from JJA). However, the number of stations showing more

Fig. 2 Spatial patterns of trends per decade during 1960–2010 in the arid region of China of cold extremes
(FD0, ID0, TN10p, TX10p, TNn, and TXn). Upward-pointing (downward pointing) triangles indicate
increasing (decreasing) trends. Triangles with plus sign (?) and no symbol are significant at a 5 % level of
significance and show no significant trend, respectively. The size of the triangles is proportional to the
magnitudes of the trends
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statistically significant trend is likely to occur in JJA. Taking cold nights (TN10p) (Fig. 5),

for example, in MAM, JJA, SON, and DJF, significant decreasing trends are observed at

34, 84, 53, and 40 % of stations, respectively.

Table 3 shows the annual and seasonal proportion of stations where trends in indices are

of a particular relative magnitude. About 91 % of stations show larger trend magnitudes in

TNn than TXn in JJA, but it falls to 79 % in DJF. For TN10p versus TX90p, over 90 % of

stations have greater trend magnitudes in TN10p for all four seasons.

3.2 Warm extremes (TN90p, TX90p, TNx, TXx, SU25, TR20, WSDI)

3.2.1 Annual changes

Changes in warm extremes during 1960–2010 are shown in Fig. 6. Figure 3 demonstrates

the regional trends for warm extremes. The number of stations with negative, insignificant,

and positive trends is listed in Table 2. For warm nights (TN90) and warm days (TX90),

change to 96 and 92 % of stations shows statistically significant trends, respectively.

Stations in central Xinjiang for TN90 and stations in southern Xinjiang and western Hexi

Corridor for TX90 have larger trend magnitudes. The regional trend magnitudes for these

two indices are 2.85 and 1.37 days/decade, respectively. The temperatures of the warmest

days (TXx) and warmest nights (TNx) have also showed increases, but the spatial pat-

terning is less consistent than for other indices, particularly for TXx. About 62 % of

stations, mainly in Northern Xinjiang, show significant increases in TNx, but only 29 % of

stations for TXx show statistically significant trends. For TNx and TXx, the regional trend

magnitudes also show statistically increasing trend with the rate equivalent to 0.33 and

0.17 �C/decade. For the summer days (SU25) and tropical nights (TR20), about 53 and

46 % of stations show statistically significant increase, and the regional trend magnitudes

Fig. 3 Regional annual and seasonal trends for temperature indices. The dot line is the 95 % confidence
level for Mann–Kendall test (A,B: annual change; C,D: seasonal change)
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for those are 1.96 and 1.59 days/decade, respectively. Warm spell duration indicator

(WSDI) (not shown for distribution) have also increased, with a regional averaged increase

of 1.97 days/decade; stations showing significant trends are distributed in southern

Xinjiang and western Hexi corridor. The step change for annual warm extremes was

identified as occurred in 1995. The average before 1995 is 4.06, 9.73, 10.17, 10.94,

99.88 days, 21.10 and 35.51 �C for WSDI, TN90p, TX90p, TR20, SU25, TNx and TXx

(Fig. 4), respectively, while that after 1995 is 10.45, 17.42, 14.33, 14.84, 104.99 days,

21.98 and 35.80 �C.

Table 3 again shows comparative trends at individual sites. Compared with TX90,

about 87 % of stations have greater trend magnitudes in TN90, and approximately 78 % of

stations have greater trend magnitudes in TNx than in TXx.

Fig. 4 Regional time series of temperature extremes

Table 3 Proportion of individual stations where the trend in one index is of greater magnitudes than the
trend in a second

Index Comparison Proportion

ANN MAM JJA SON DJF

TX90 [ TX10 abs 0.89 0.87 0.89 0.84 0.99

TN90 [ TN10 abs 0.89 0.87 0.79 0.66 0.96

TXn [ TXx rel 0.78 0.26 0.70 0.57 0.34

TNn [ TNx rel 0.74 0.58 0.86 0.91 0.36

TNx [ TXx rel 0.78 0.79 0.76 0.46 0.88

TNn [ TXn rel 0.83 0.91 0.86 0.83 0.79

FD0 [ ID0 abs 0.79

TN90 [ TX90 abs 0.87 0.86 0.83 0.66 0.91

TN10 [ TX90 abs 0.71 0.63 0.67 0.55 0.51

TN10 [ TX10 abs 0.96 0.92 0.95 0.96 0.93

TN90 [ TX10 abs 0.97 0.96 0.95 0.89 0.99

abs, the absolute magnitudes of trends are compared; rel the signs of trends are retained during comparison
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3.2.2 Seasonal changes

The spatial distribution of seasonal trend magnitudes of warm nights (TN90p) is shown in

Fig. 7. Table 4 shows the number of stations with negative, insignificant, and positive

trends for seasonal temperature extremes. In a majority of cases, seasonal warm extremes

suggest increasing trends. For the indices of TN90p and TNx, the regional trends in DJF,

with the trend magnitudes of 3.01 days/decade and 0.59 �C/decade, respectively, show the

largest trend magnitudes compared with other season. For TX10p and TXx, SON is the

season showing the largest regional trend magnitudes. The patterns of number of stations

showing most statistically significant trend are likely to the regional trend. For TN90p,

TNx, TX90p, and TXx, the largest proportion of stations with positive seasonal trends is

93 % (DJF), 76 % (DJF), 84 % (SON), and 46 % (SON), respectively.

Table 3 shows comparative trends at individual sites for seasonal scale. Compared with

TX90 in DJF, about 91 % of stations have greater magnitudes in TN90p and the proportion

decline to 86, 83, and 66 % in MAM, JJA, and SON, respectively. Approximately 88 % of

stations show larger trend magnitudes in TNx than in TXx for the season of DJF; the

percentage of stations declines to 79 % in MAM, 76 % in JJA, and 46 % in DJF,

respectively.

3.3 Comparison of warm and cold extremes

In order to learn more about the relative changes in the daily temperature distribution, it is

necessary to compare trends in warm and cold indices, and the results are shown in

Table 3. For TX90 versus TX10, about 89 % of stations have larger trend magnitudes in

TX90, and this proportion reaches 99 % in DJF; the regional trend in TX90 (1.37 days/

decade) is slightly more than 1.5 times than that of TX10 (-0.89 days/decade). For TN90

versus TN10, the regional trend in TN90 (2.85 days/decade) is of greater magnitude than

that of TN10 (-1.89 days/decade), about 89 % of stations having higher trend magnitudes

in TN90 than in TN10. In MAM, JJA, SON, and DJF, the larger trend magnitudes in TN90

than in TN10 are observed at 87, 79, 66, and 96 % of the total stations. For TXx and

TXn, however, the regional trend in TXn (0.36 �C/decade) is much higher than in TXx

Fig. 5 As Fig. 2 but for the seasonal occurrence of cold nights (TN10p)

1922 Nat Hazards (2013) 65:1913–1930

123



T
a

b
le

4
P

er
ce

n
ta

g
e

o
f

st
at

io
n

s
sh

o
w

in
g

si
g
n

ifi
ca

n
t

tr
en

d
s

at
th

e
5

%
le

v
el

fo
r

ea
ch

se
as

o
n

b
et

w
ee

n
1

9
6

0
an

d
2

0
1

0
fo

r
in

d
ic

es
th

at
ca

n
b

e
ca

lc
u

la
te

d
se

as
o

n
al

ly

In
d

ic
at

o
r

M
A

M
JJ

A
S

O
N

D
JF

S
P

IS
P

IS
N

S
N

S
P

IS
P

IS
N

S
N

S
P

IS
P

IS
N

S
N

S
P

IS
P

IS
N

S
N

T
N

1
0
p

1
.3

3
.9

2
5

6
9

.7
0

6
.6

5
.3

8
8

.2
1

.3
1

.3
1

0
.5

8
6

.8
1

.3
3

.9
3

2
.8

6
1

.8

T
N

9
0
p

8
4

.2
1

4
.5

0
1

.3
8

6
.8

5
.3

3
.9

3
.9

8
5

.5
1

1
.8

1
.3

1
.3

9
3

.4
6

.5
0

0

T
X

1
0
p

0
1

8
.4

8
4

.5
1

.3
2

.6
9

.2
5

7
.9

3
0

.2
1

.3
1

.3
6

4
.4

3
2

.9
0

1
0

.5
8

2
.9

6
.6

T
X

9
0
p

3
1

.6
6

5
.8

2
.6

0
4

6
.1

4
0

.8
9

.2
3

.9
8

4
.2

1
5

.8
0

0
5

5
.3

4
4

.7
0

0

T
N

n
3

4
.2

4
7

.4
1

8
.4

0
8

4
.2

1
4

.5
1

.3
0

5
2

.6
4

6
.1

0
0

3
9

.4
0

.5
9

.2
0

T
N

x
5

0
4

6
.1

3
.9

0
5

9
.2

3
1

.6
6

.6
2

.6
5

2
.6

4
4

.7
1

.3
1

.3
7

6
.3

2
3

.7
0

0

T
X

n
2

.6
4

2
.1

5
5

.3
0

1
3

.2
7

7
.6

9
.2

0
1

.3
9

7
.4

1
.3

0
3

.9
7

1
.1

0
.2

5
0

T
X

x
1

8
.4

7
6

.3
3

.9
1

.3
2

7
.6

5
5

.3
1

1
.8

5
.3

4
6

.1
5

2
.6

1
.3

0
1

9
.7

6
7

.1
1

4
.5

0

D
T

R
1

.3
3

.9
4

0
.8

5
3

.9
9

.2
3

.9
2

6
.3

6
0

.5
5

.3
2

2
.4

0
.2

5
4

7
.4

2
.6

7
.9

2
1

.1
6

8
.4

S
P

si
g
n

ifi
ca

n
t

p
o

si
ti

v
e

tr
en

d
,

IS
P

in
si

g
n
ifi

ca
n

t
p

o
si

ti
v

e
tr

en
d

,
IS

N
in

si
g

n
ifi

ca
n

t
n

eg
at

iv
e

tr
en

d
,

S
N

si
g

n
ifi

ca
n

t
n

eg
at

iv
e

tr
en

d

Nat Hazards (2013) 65:1913–1930 1923

123



(0.17 �C/decade), and roughly, 78 % of stations show larger trends in TXn. The magnitude

of the regional trends in TNn (0.65 �C/decade) is more than two times than that of TNx

(0.33 �C/decade). At individual stations, about 74 % of stations have greater trend

magnitudes in TNn compared with TNx. Therefore, we can conclude that changes in

Fig. 6 As Fig. 2 but for the warm extremes

Fig. 7 As Fig. 2 but for the seasonal TN90
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percentile-based warm extremes (TN90 and TX90) seem to be larger than changes in

percentile-based cold extremes with the largest change in DJF, while absolute-based warm

extremes (TNx and TXx) seem to have smaller trend magnitudes than in absolute-based

cold extremes (TNn and TXn), which is in agreement with the results of eastern and central

Tibetan (You et al. 2008). By the preceding analysis, we also can see changes in extremes

derived from daily minimum temperature (TN10, TN90, TNn, TNx) are generally larger

than changes in extremes derived from daily maximum temperature (TX10, TX90,

TXn, TXx, respectively).

3.4 DTR

For annual DTR, about 75 % of stations show a significant decreasing trend in the arid

region of China (Table 2). Stations in the Xinjiang area have larger trend magnitudes. A

few stations showing significant decrease mainly occur in the eastern arid region (Fig. 8).

The regional trend magnitude in DTR is -0.23 �C/decade, retaining the clearing

decreasing trend throughout the whole period. The trend for DTR varies throughout the

seasons, highlighting the importance of examining each season rather than just the annual

average. Stations with larger trend magnitudes again distribute along the Tianshan

Mountains especially for the season of DJF. DJF has the most widespread significant

change with the regional trend magnitude of -0.37 �C/decade. Significance test results

(Table 4) indicate that 54, 61, 47, and 68 % of stations in MAM, JJA, SON, and DJF show

significant decrease in trends, respectively. The decrease in DTR might be mainly caused

by a faster increase in minimum temperature than in maximum temperature, which

Fig. 8 As Fig. 2 but for the annual and seasonal diurnal temperature range (DTR)
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indicates a warming trend in the climate (Liu et al. 2009). The decrease in DTR might be

mainly due to the increase in vapor and aerosol in the air, which reduces the daytime

incoming solar radiation and also the nighttime outgoing longwave radiation from the land

surface, resulting in a high minimum temperature (Shen et al. 2010).

4 Discussion and conclusions

Observed trends in annual and seasonal temperature extremes in the arid region of China

were thoroughly analyzed by using daily maximum and minimum temperatures for 76

stations. Some interesting conclusions can be drawn as follows:

1. Between 1960 and 2010, over 96 % of stations show a significant decrease in the

annual occurrence of cold nights (TN10p), while the occurrence of warm nights

(TN90p) shows a similar proportion of significant increase. For other indices, the

majority of the temperature extremes exhibit a statistically significant change,

especially for the indices of cold days (TX90p), coldest days (TXn), and frost days

(FD0) with the proportion all more than 85 %. Stations along the Tianshan Mountains

have larger positive trends in warm extremes and negative trends in cold extremes.

Glacier runoff is the major contributor to water resources that are used to support the

sustainable development of the environment, industry, and agriculture in arid regions

(Yao et al. 2004). With climatic warming, glaciers, especially the smaller glaciers, are

at risk of being strongly impacted. It is predicted that the smaller glaciers

(area \ 1 km2) on the northern slope of the Chinese Tianshan Mountains will likely

disappear within the next 20–40 years (Li et al. 2010). Extremes derived from daily

minimum temperature (TN10 and TN90) are generally larger than changes in extremes

derived from daily maximum temperature (TX10 and TX90), and changes in minimum

of daily minimum and maximum temperature (TNn and TXn) generally have higher

trend magnitudes than that in maximum of daily minimum and maximum temperature

(TNx and TXx), which consist in a long-term decrease in DTR. In general, the changes

in temperature extremes documented here are what the arid region of China expects in

a warming world: decreases in cold extremes (FD0, ID0, TN10p, and TX10p) and

increases in warm extremes (TN90p, TX90p, TXx, TNx). Besides, decreases in

extremes derived from minimum temperatures are greater than the increases in

extremes derived from maximum temperature. Compared with other regions in the

world (Alexander et al. 2006; Zhang et al. 2005; New et al. 2006; You et al. 2011),

patterns in the arid region are broadly similar, but there are some differences. Changes

in temperature extremes seem to be larger trend magnitudes than those of other

regions; especially, for the DTR, the decrease in magnitudes is stronger in the arid of

China than those reported in all other regions. The decline in the spatial component of

the variance of the near-surface air temperature in worldwide is generally due to the

northern pole warming faster than the equator; the decline in the temporal component

of the variance of the near-surface air temperature is generally due to winter

temperatures increasing faster than summer temperatures, particularly in cold regions

such as the North China, Russia, and Greenland (Sun et al. 2010). So, the most

significant signals in the air temperature record are the decrease in the diurnal

temperature range over land, largely due to rising of the minimum temperatures.

Internal dynamics of the stable nocturnal boundary layer may play in affecting the

response and sensitivity of the minimum temperatures to added downward longwave
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forcing (McNider et al. 2012). The stable nocturnal boundary layer is very sensitive to

changes in greenhouse gas forcing, surface roughness, wind speed, and heat capacity

(Walters et al. 2007). It is likely that part of the increase in minimum temperature is

reflecting a redistribution of heat by changes in turbulence of heat in the boundary

layer (McNider et al. 2012). In fact, shelter-level temperature in the stable nocturnal

boundary layer is very sensitive to added radiation, and the temperature changes on the

order of 0.3–0.6 K due to a radiative forcing of 4.8 W m-2 would account for 50 % of

the trend in the instrumental record for the twentieth century. The warming climate

change also may well be associated with rapid urbanization, increased aerosol loading,

and/or other land-use change (You et al. 2011). Urban heat island effects were found

separately accounting for about 40 and 80 % of the rising of surface air temperature in

North China and Southeast China (Ren et al. 2008; Zhou et al. 2004). Although the

Northwest China has experienced slower urbanization than the southeast, this effect

also cannot be ignored. However, Parker (2004, 2006) found that the warming was not

caused by the urban heat island effect due to a temperature perturbation that was

largely independent of wind speed, and they also further concluded that the warming

in the record must be due to greenhouse gas (GHG) increases. However, we have not

assessed potential effects for urbanization bias in this paper, and further work is

required to address this issue.

2. Seasonal warming is apparent in all seasons. For cold extremes, the greatest

contribution to the frequency of cold extremes is from SON; however, JJA is the

season with most of the stations showing statistically significant change. For warm

extremes, the regional trends of TN90p and TNx in DJF show the largest magnitudes

compared with other seasons; for TX90p and TXx, SON is the season showing the

largest regional trend magnitudes. The seasonal patterns for number of stations

showing most statistically significant trend are likely to the regional trends. The largest

proportion of stations with positive seasonal trends is DJF for TN90p and TNx, and

SON for TX90p and TXx, respectively. This is not in accordance with results of Wang

et al. (2011), which pointed out that frequency decreases in cold extremes mainly

occurred in winter and warm extremes displayed both remarkable frequency increases

in winter and summer in China. The reason for this difference will be discussed in the

next work.

In recent years, air temperature and precipitation in the arid region of Northwest China

show upward tendency during the past several decades. Annual streamflow of many rivers

showed an increasing trend in mountainous region. The increased rainfall will result in

increasing runoff in the headwater of inland rivers. However, impacts of the increased air

temperature on streamflow have shown different characteristics depending on location and

seasons: It has positive effects on the runoff at mountainous region due to the snowmelt

and glacier melt in spring, but negative effect on the runoff at plain area due to the increase

in actual evaporation in summer (Xu et al. 2010). Warming climate has resulted in the

glacier retreat and glacier melt water increased. Glacier area is reduced by 1,400 km2 from

1960 to 1995, and the annual runoff of glacier melt water was 84.2 % higher in 1985–2001

than during 1958–1985 at Glacier No.1 of the Urumqi River, Tianshan (Shi et al. 2007).

Located in inland and far from oceans, the arid region of Northwest China is well known

for arid climate. The most serious natural disaster here is droughts characterized by the vast

effected area, long duration, and occurred frequently. Although the arid region is famous

for its extensive desert and little rainfall, the floods caused by glacier melting also occur

here every year. Frequency of flood disasters largely increased with extraordinary flood
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occurring seven times during 1956–1986 and 21 times during 1982–2000 in Xinjiang area

(Shi et al. 2007). With the climate change, vegetation cover in the arid region of northwest

of China have increased, especially in Xinjiang (Li et al. 2009). Over the past 22 years,

about 30 % of the total vegetated area showed an annual increase of 0.7 % in growing

season NDVI (Zhao et al. 2011). Life zone diversity in Xinjiang of Northwest China was

the highest in the 1960s, dramatically decreased in the 1970s, and then gradually increased

in the 1980s and 1990s, implying a more stable environment since the 1970s (Zheng et al.

2006; Ni 2011). However, eco-environmental problems, such as the degenerated natural

vegetation, land desertification, and the increased weather disaster, also subsequently

occurred in the some arid region of Northwest China (Hao et al. 2008). For example, with

the streamflow decrease significantly in the mainstream, the Lop Nur, the Taitema Lake,

and more than 320 km of the lower section at the lower reaches have dried up (Feng et al.

2005). Since the 1950s, the condition and diversity of vegetation in the Tarim River Basin

have significantly declined, with forest biomass in the basin decreased about fivefold

during the period of 1960–1990 and herbaceous species decreased from 200 to 20 and wild

animals species decreased from 26 to 5 (Xu et al. 2010). Due to the high intensity of water

resource utilization and climate change in the upper reach of the Tarim River, the desert

riparian forest vegetation and biodiversity has been damaged heavily, making the ‘‘Green

Passage’’ at the lower reach of the Tarim River between the Taklimakan Desert and the

Kuruk Desert on the verge of disappearance.

This paper provides some interesting conclusions for the temperature extreme changes

using the RclimDex package in the arid region of Northwest China. However, due to the

complexity of the climatic system and the geographical environment in the arid region, it is

difficult to understand the climatic process thoroughly. We hope that better physical

mechanism investigation will be proposed to complement the insufficiency in our paper.
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