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Abstract This paper investigated the spatial and tempo-
ral variations of the water vapor pressure (WVP) of the
arid region of northwest China (ARNC) from 1961 to
2011. The original daily temperature and relative humid-
ity data were collected from 96 meteorological stations in
the region and analyzed by a Mann–Kendall test and
linear trend. The results showed that (1) the WVP pos-
sesses vertical zonality and longitude zonality, which de-
creased from the low to high with the elevation increas-
ing, and the WVP changed obviously from the northwest
and southeast to the middle of the ARNC. (2) WVP
exhibited an abrupt increasing trend in most of the sta-
tions over the past 51 years; only four meteorological
stations displayed upward trend in the ARNC. The
WVP in the desert increased most rapidly, followed by
the oasis and mountainous area. (3) The northwest of
Xinjiang and northwest of the Hexi Corridor were sensi-
tive to the water vapor change. Thus, further studies
should be performed on the relations between the land
use and cover and the water vapor change.

1 Introduction

A preponderance of evidence has accumulated over the last
half a century showing that the global average temperature is
increasing primarily as a result of increased greenhouse gas
emissions (IPCC 2007). The water vapor increases exponen-
tially with temperature, and it also contributes to global
warming about 60~80%, as the main greenhouse gas respon-
sible for climate change (Held and Soden 2000). Wentz et al.
(2007) examined that increased water vapor content (WVC)
may increase precipitation. Many researchers have examined
water vapor conditions, sources, directions of movement and
convergence regarding the formation of heavy rain, and the
relations between these factors and the rainy season and rain
belts in the East Asian monsoon region, Tibet Plateau,
Yangtze River Basin, Yellow River Basin, and other low-
latitude regions of China (Huang et al. 1998; Zhou and Yu
2005; Zhao et al. 2008; Li et al. 2012).

The arid region of northwest China, herein referred to as
ARNC, holds a strategical important position in China’s eco-
nomic development (Li et al. 2012). Since the late 20th cen-
tury, the climate changed fromwarm dry to warm humid in the
ARNC and the precipitation increased noticeably due to glob-
al warming (Hu et al. 2002; Shi et al. 2007). The water vapor
conditions that resulted in these changes have changed mark-
edly. The research of Jin et al. (2006) indicated that the water
vapor condition in ARNC was more sensitive to global
warming; Wang et al. (2006) analyzed the regional features
and variations of water vapor in ARNC based on National
Centers for Environmental Prediction (NCEP)/National
Center for Atmospheric Research (NCAR) reanalysis data
(2.5°×2.5°). Jin et al. and Wei et al. studied the characteristics
of variation of water vapor transport (WVT) and precipitation
in ARNC (Jin et al. 2006; Wei et al. 2010); Wu et al. (2012)
analyzed the possible physical mechanism of WVT over
Tarim River Basin. Wang et al. and Yao et al. analyzed the
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response of water vapor pressure over the Gansu Province and
Tianshan mountains to global climate change (Wang et al.
2006; Yao et al. 2012). Li et al. (2012) studied the spatial
and temporal distributions of water vapor in ARNC in sum-
mer using the NCEP/NCAR reanalysis data (1°×1°).
However, due to the limitation of available data, there are
limited lines of research on the spatial and temporal vari-
ability of water vapor pressure and its difference of the
mountain, oasis, and desert in ARNC (Wang et al. 2003,
2006).

This study investigates the spatial and temporal variability
of water vapor pressure in the mountainous, oasis, and desert
areas in ARNC in the past 51 years. These studies will be of
importance in revealing the regularity of regional water vapor
fluctuations to recognize the evolution of drought and to opti-
mize the utilization of the atmospheric water vapor resources.

2 Study area, data, and methods

2.1 Description of the arid region of northwest China

ARNC is located in the inner most center of the Eurasia con-
tinent, ranging from 34 to 50° N and from 73 to 108° E, the
vast area between the western Helan Mountain–Zaocys
Ridgeline and the northern Kunlun Mountains. The high
mountains, such as Tianshan Mountains, Kunlun Mountains,
and Qilian Mountains, surrounded the vast desert basins, such
as the Tarim Basin and the Junggar Basin. Both arid basins
and humid mountains are sensitive to climate change (Shi
et al. 2007). In terms of administration, it includes the
Xinjiang Uygur Autonomous Region, the Midwest Inner
Mongolia Autonomous Region, most part of the Ningxia
Hui Autonomous Region, and the Hexi Corridor region in
the Gansu Province, which is about 2.5 million square kilo-
meters, accounting for over 25 % of China’s total territory.
The climate of the arid region is typical of inner continental
land masses, due to the long distance to the surrounding
oceans, and is dominated by continental arid conditions with

lesser effects from the East Asian Monsoon (Liu et al. 2008).
The annual mean temperature is about 8 °C, and annual pre-
cipitation is less than 300 mm on mean, gradually decreasing
from east to west.

2.2 Data processing

We used the data from the meteorological stations to detect
and analyze the WVC variations in ARNC. Ground-based
surface vapor pressure (SVP) data were calculated based on
observations of 96 meteorological stations in ARNC (Fig. 1).
The original daily temperature and relative humidity data were
provided by the National Climate Center of China
Meteorological Administration (NCC-CMA). All the 96 me-
teorological stations selected for this study had been main-
tained following the standard of the National Meteorological
Administration of China. The standard requires strict quality
control processes including extreme inspection, time consis-
tency check, and others before releasing these data. Daily
mean surface temperature and mean relative humidity were
utilized to calculate SVP.

Firstly, the saturation vapor pressure was calculated with
following equation (Environment Canada 1977):

es ¼ 0:6107e
17:33T

239 þ Tð Þ ð1Þ

where es is the saturation vapor pressure (hPa) and T is the
surface temperature (°C) (Abbott and Tabony 1985). And
then, the saturation vapor pressure and relative humidity were
used to calculate the SVP with Eq. (2):

e ¼ es � RH ð2Þ

where e is the SVP (hPa) and RH is the relative humidity (%).
Daily mean SVP data set was generated from January, 1961,
to December, 2011.

Chen (2014) found that the areas above 1500 m are the
main water supply regions in ARNC. Accordingly, in this
study, we used 1500 m as the threshold to define the moun-
tainous areas in ARNC and selected meteorological stations

Fig. 1 The locations of
meteorological stations in the arid
region of northwest China
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whose altitudes are above this threshold to represent this type
of areas. We also considered that the selected stations should
be located in areas with few human activities. A total of 23
meteorological stations were selected for the mountainous
areas, with a mean altitude of 2185 m. For the oases, we
selected those meteorological stations that are located in the
large- and medium-sized urban areas with dense populations
to reflect the impact of human activities. A total of 59 such
meteorological stations were selected, with a mean altitude of
879 m. The number of meteorological stations in the desert
areas is very limited.We selected 14meteorological stations to
represent the desert areas. They are either actually located in
the desert with fragile ecosystems or in small oases
surrounded by deserts and featured by small population, little
human activity, and sparse vegetation.

2.3 Methods

2.3.1 Mann–Kendall method for nonparametric test

The nonparametric Mann–Kendall method was used to detect
the trends and abrupt change of the climate variability, and
originated from Mann (1945) and rephrased by Kendall
(1948). The Mann–Kendall method evaluates the trend in
the time series of meteorological variables and has been wide-
ly used in trend analysis because it does not require the data
samples to have a certain distribution (Kahya and Kalayci
2004).

In this method, H0 represents distribution of random vari-
ables and H1 represents possibility of bidirectional changes.
The test statistic S is given by

S ¼
Xn−1

i¼1

Xn

k¼iþ1

sgn xk−xið Þ ð3Þ

where Xk and Xi are the sequential data values, n is the length
of the data set, and

sgn θð Þ ¼
þ1; θ > 0
0 ; θ ¼ 0
−1; θ < 0

8
<

: ð4Þ

In particular, if the sample size is larger than ten, the statistic S
is nearly normally distributed, i.e., the statistic

Zc ¼

S−1ffiffiffiffiffiffiffiffiffiffiffiffiffi
var Sð Þp ; S > 0;

0 ; S ¼ 0;
S þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
var Sð Þp ; S < 0;

8
>>>><

>>>>:

ð5Þ

is a standard normal random variable, whose expectation val-
ue and variance are as follows:

E Sð Þ ¼ 0 ð6Þ

var Sð Þ ¼ n n−1ð Þ 2nþ 5ð Þ−
X

t

t t−1ð Þ 2t þ 5ð Þ
" #

=18 ð7Þ

in which t denotes the extent of any given tie and Σ denotes
the summation over all ties.In the Mann–Kendall test, another
very useful index is the Kendall slope, which is the magnitude
of the monotonic trend and is given by

β ¼ Median
xi−x j
i− j

� �
;∀ j < i ð8Þ

in which 1<j<i<n. A positive value indicates an Bupward^
trend, i.e., an increase with time, and a negative value indi-
cates a Bdownward^ trend, i.e., a decrease with time.

2.3.2 Mann–Kendall method for abrupt change test

Under the null hypothesis of no trend, the time series of var-
iable has no change and the time series could be regarded as
x1, x2. . . xn. For each term, mi is computed as the number of
later terms in the series whose values exceeded xi. The test
statistic is calculated as follows:

dk ¼
X k

i
2≤k ≤Nð Þ ð9Þ

Presuming that the series is random and independent, the
expected value E (dk) and variance of dk could be shown as
follows:

E dx½ � ¼ k k−1ð Þ = 4

var dk½ � ¼ k k−1ð Þ 2k þ Sð Þ
72

⋯ 2≤k ≤Nð Þ

(
ð10Þ

We define

u dkð Þ ¼ dk−E dk½ �ð Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
var dk½ �

p
ð11Þ

The terms of the u(dk) (1≤k≤n) constitute curve C1. The null
hypothesis of no trend will be rejected at a confidence level of
a if the standard normal probability Pr(|u|)<|u(dk)|>a. A typ-
ical confidence level of 95 % was used with annual total pre-
cipitation series. Applying the method to the inverse series, we
could obtain the series of ū(dk) as follows:

u� dið Þ ¼ −u dið Þ
i ¼ n þ 1 − i

⋯ i; i ¼ 1; 2;⋯nð Þ
(

ð12Þ
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The terms of the ū(dk) (1≤k≤n) constitute another curve C2.
If C1 exceeds the confidence line, it means that there is a

significant upward or downward trend in series. And, if the
intersection point of the C1 and C2 is between the two confi-
dence lines, we can consider that abrupt climate change took
place at that point (Fu and Wang 1992; Liu et al. 2008).

3 Results and analysis

3.1 Spatial patterns of AMWVP

Annual mean water vapor pressure (AMWVP) ranges from
2.9 to 8.7 hPa with high values (5.0–8.7 hPa) from the Ili
Valley, the northern and southern slopes of Tianshan
Mountainous Area, the northern slope of Kunlun
Mountainous Area, and the northwest part of the Ningxia
Hui Autonomous Region and with low values (0–5.0 hPa)
from the Tianshan Mountainous Area, Qilian Mountainous
Area, Altai Mountainous Area, the eastern and southeastern
parts of Xinjiang Uygur Autonomous Region, and the
Midwest Inner Mongolia Autonomous Region (Fig. 2). The
AMWVP high values are found in oasis areas and the low
values in mountainous area and desert area. According to
Eq. (2), it is clear that the low value in mountains is caused
by the low surface temperature which leads to low saturation
vapor pressure (es), while the low value in desert area results
from the low RH. Furthermore, the reasons forming this dis-
tribution are due to the different environments, and the varia-
tion and complex terrain has led various regional climatic
conditions and also led to the spatial differentiation of the
AMWVP in ARNC. The fluctuant topography comprised
one of the main causes to form the various regional climates
in the mountainous area. The oases in the piedmont and
intermountainous basin, in addition, occupy less than 5 % of
the total area but carry 95 % of the population, and more than
90 % of GDP (Wang 1995) is the most populated and agricul-
turally developed area, and hence with sufficient moisture, the
water vapor pressure (WVP) is high (Li et al. 2012a).

However, it is diverse in desert area. The larger-scale atmo-
spheric circulation, geographical situation, and altitude com-
posed a complex condition to influence the spatial distribution
of annual mean water vapor content (AMWVC) in ARNC.

3.2 WVP variations with longitudes and altitude

The relationship between the WVP and longitude, altitude
used to reveal the spatial structure of the WVP variation, is
shown in Figs. 3 and 4. The results presented that the WVP
was linearly negatively related to the altitude, but it was com-
plicated in relation with the longitude. It was suggested that
the WVP possesses the vertical zonality; that is, the WVP
decreases significantly with altitude. The average altitude in
the mountainous area is above 4000 m, and the altitude rises
from 100 to 7000 m, but the WVP mainly in lower levels
atmospheric (Hu et al. 2002). The correlation between WVP
and altitude for higher altitudes is higher than that for low
altitudes. The correlation increases in conjunction with the rise
of altitude, the highest correlation appears above 2500 m, and
the correlation coefficient is 0.95. The cause of lower correla-
tion for low altitudes may be the complex underlying surface,
in which the correlation with oasis landscape was higher than

Fig. 2 The WVP at the
meteorological stations in the
ARNC for the period 1961–2011
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Fig. 3 Relationship between AMWVC and altitude in the ARNC
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that with desert landscape; the correlation coefficients are 0.59
and 0.24, respectively.

Figure 4 shows the variations of WVP in the ARNC with
longitudes. Along longitude from west to east, the WVP dis-
plays a variation of Bfirst high value and then low value^ with
the turning point being at 90° E and exhibits a variation of first
low value and then high value with the turning point being at
100° E. The results also indicated that the WVP possesses the
longitude zonality, and the WVP changed obviously from the
northwest and southeast to the middle of the ARNC. The

northwest portion of the ARNC is subjected to less impact
from the East Asian monsoon and the Indian monsoon, and
the climate here is most likely caused primarily by the com-
bined effects of the plateau monsoon and the mid-latitude
westerly circulation (Sun et al., 2010). Influenced by the pla-
teau monsoon and the westerly circulation, the WVP showed
higher value area in this region. The plateau monsoon is
formed due to the uplift of the Qinghai–Tibet Plateau and a
reverse direction of the winter and summer monsoon, and it
caused the moist air from the Indian Ocean and the Bay of
Bengal region. The mid-latitude westerly circulation is an ad-
ditional important circulation that influences the climate
change in this area, which brings about abundant warm and
wet air from North Atlantic Ocean and Caspian Sea that is
likely to sink the atmospheric water vapor and form precipi-
tation when negotiates high mountains (Dai and Wang 2010).
The southeast portion of the ARNC is also a higher value area
due to its closeness to the sea, influenced by East Asian mon-
soon and the Indian monsoon. Further, the changes of land
use/cover affected by the population explosion and human
activities would alter the albedo, evapotranspiration, wind
speed, humidity, and radiation to some extent, yielding sensi-
tive negative or positive feedbacks with surface water vapor in
the ARNC.

Figure 5 shows that the relationship between WVP and
elevation in mountainous area and the vertical profiles of
WVP in mountainous area decreases nearly linearly with
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height (Fig. 4). The value difference of WVP in Qilian moun-
tains and Tianshan mountains of the same elevations is signif-
icant because of geological location and environment. More
specifically, the WVP of Qilian mountains is greater than that
of Tianshan mountains in the same height (Fig. 4c, d). The
reasons for these mainly lie in two aspects. Firstly, the East
Asian Monsoon, which controlled the climatic situation, af-
fects the WVP in Qilian mountains; these warm humid winds
also carry moisture reaching the Qilian mountain from the
Pacific and Indian Ocean. However, the fewer westerly winds
carry moisture reaching the Tianshan mountains from the
Atlantic Ocean through Western Europe and Central Asia.
The oasis in the piedmont and intermountainous basin of
Qilian mountains, in addition, is the most populated and agri-
culturally developed area, and hence with sufficient moisture,
the WVP is higher.

3.3 Trend analysis of WVP

TheMann–Kendall (M-K) nonparametric statistical test found
that the AMWVP in the ARNC has significant increasing
trends for the period 1961–2011 (P<0.01), with a rate of
0.12 hPa/10a, and indicated abrupt change points in 1986
(P<0.001). The rising trend is consistent with the climate
change of the entire globe and China (Ren et al. 2005;

Brohan et al. 2006), and the abrupt change points are same
for the climate change of the ARNC (Li et al., 2012).

Among the three landscapes, the desert has an increasing
rate of 0.15 hPa/10a, the fastest among the three, and it is
followed by the oasis with a rate of 0.14 hPa/10a; the moun-
tain has the lowest rate of 0.08 hPa/10a, The M-K test shows
that the increasing trends of the three landscapes are statisti-
cally significant (P<0.01). A possible reason for the mountain
landscapes having the slowest increasing rate is the wide-
spread snow and glacier, vegetation diversity, and high eco-
system stability in the mountainous area that have a certain
buffer action on the global climate change, while the desert
region is vice versa (Li et al., 2012). The WVP rising trend in
the three landscapes is consistent with the temperature change
of the ARNC, in which the temperature has increased at 0.325,
0.339, and 0.360 °C per decade in the mountainous, oasis, and
the desert areas in the recent 50 years, respectively (Li et al.,
2012); the reasons forming this consistent change are mainly
due to that temperature rising strengthens local circulation and
improves water vapor in the air (Li et al. 2012b). Bengtsson
(1997) found that the temperature rising leads to increase at-
mospheric water vapor by 15 %.

The M-K test found that the abrupt change of WVP in the
entire areas occurred in 1986 (P<0.01), which is consistent
with the findings of previous research for the temperature and
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precipitation (Chen and Xu 2005; Zhang et al. 2010; Li et al.
2012a). Figure 6 shows that the abrupt change point in the
AMWVP of oasis occurred in 1986, followed by the desert in
1987, and the mountain in 1993, which are related to the
unique geographical position and climatic conditions in dif-
ferent landscapes. Since the abrupt change analysis reveals
that the entire and three landscapes had relatively abrupt
changes around 1990, we divided the 51 years into two pe-
riods, before and after 1990, and conducted more detailed
analysis to each. As shown in Fig. 6, the AMWVC in the
second period is markedly higher in all landscapes.

Compared with the period 1961–1989, the AMWVP dur-
ing the period 1990–2011 in the desert landscape increased the
largest, increasing by 0.49 hPa, followed by those in the oasis
landscape, increasing by 0.48 hPa, while those in the moun-
tain landscape increased the smallest, increased by 0.31 hPa.
In general, the AMWVP in the desert landscape increased
most rapidly, followed by that in the oasis landscape, and
the lowest one is in the mountain landscape. The reasons for
these mainly lie in two aspects. One reason is that the ecosys-
tem in the desert area has low stability and the mountain eco-
system has high stability; the other reason is that the ARNC
has experienced a rapid population growth, along with fast
expansion of urbanization, industrialization, and tourism since
1990. Human interference activity effect may cause the

difference among different landscapes under the background
of global warming and regional climate change.

3.4 Abrupt change of WVP

The M-K abrupt change method with a nominal rejection rate
of 1 % was applied to 96 stations of the WVP series. The Bole
station (82.07° E, 44.9° N) was selected as an example to
demonstrate the abrupt change happening in the time series
of WVP. It showed that the abrupt change occurred in 1992
(Fig. 7). By this method, the abrupt changes were detected for
96 time series ofWVP in the ARNC, and significant trends for
different stations are shown in Fig. 8. Only 17 among 96
stations showed no significant trend, and the remaining 79
stations exhibited a significant trend (P=0.01, and P=0.05
for five stations). Among the 79 stations with significant trend,
four stations (Edina, Zhongwei, Yongchang, and Guizihu)
showed a downward trend and 75 stations displayed an up-
ward trend. The distribution of the trend for theWVP revealed
that no trend and downward trend abrupt changes were mainly
in the northwest of the Ningxia Autonomous Region, western
of the Inner Mongolia Autonomous Region, and southeast of
the Hexi Corridor and water vapor in these area had no sig-
nificant change. Adversely, in the northwest and middle por-
tion of the Xinjiang Autonomous Region and northwest of the
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Hexi Corridor, the upward trend abrupt change had been pre-
sented in most of the stations.

The year of the abrupt changes tested by theM-Kmethod is
shown in Fig. 9. The results indicated that the abrupt change
ranged from 1964 to 1999 in the recent 50 years. Two or three
abrupt changes are detected in the following seven stations:
Khorgos, Xinyuan, Yining, Ejina, Dunhuang, Zhongwei, and
Jingtai; these stations are located in the northwest of Xinjiang
and northwest of the Hexi Corridor, which indicated that this
region was sensitive to the climate change. Furthermore, there
were 35 abrupt changes happened from 1981 to 1990, 22 ones
from 1991 to 1999, 12 ones from 1971 to 1980, and only 1
from 1961 to 1970. Especially, 11 abrupt changes happened in
1987, 8 ones happened in 1993. In this abrupt change year,
vegetation cover has changed considerably due to the climate
change and human activities. In the northwest Xinjiang, the
change of vegetation cover has changed considerably due to
the climate transited from warm dry to warm wet in the 1987
(Fang et al. 2013; Shi et al. 2007). In the Hexi Corridor area,
the vegetation cover also improved because of better water
supply and management (Ma et al. 2003). The reasons for
the abrupt change of the WVP in the ARNC are needed to
further study the interaction between the climate change, land
use/land cover, and human activities.

4 Conclusions

In this paper, the M-K nonparametric trend and abrupt change
test were used to reveal the spatial and temporal variability of
WVP in the arid region northwest of China during 1960–
2010. The results presented as follows:

1. The WVP possesses vertical zonality and longitude
zonality, which decreased from the low to high with the
elevation increasing, and the WVP changed obviously
from the northwest and southeast to the middle of the
ARNC. Among the different landscapes, the WVP high
values are found in oasis area and the low values in moun-
tainous and desert areas. In the mountainous area, the

WVP of Qilian mountains is greater than that of
Tianshan mountains in the same height. The larger-scale
atmospheric circulation, geographical situation, and ele-
vation composed a complex condition to influence the
spatial distribution of AMWVC in ARNC.

2. The results indicated that the WVP has significant in-
creasing trends for the period 1961–2011 (P<0.01) and
the abrupt change points in 1986 (P<0.001). Among the
three landscapes, the WVP in the desert increased most
rapidly, followed by that in the oases, and the lowest one
is in the mountains.

3. The results of M-K analysis exhibited that 79 stations
experienced abrupt WVP change, 75 with upward trends
and 4 with downward trends, and the other 17 stations
have no abrupt change during the recent 51 years, how-
ever. For the abrupt change year, 11 abrupt changes hap-
pened in 1987 and 8 ones happened in 1993.

4. The northwest of Xinjiang and northwest of the Hexi
Corridor were sensitive to the water vapor change, be-
cause the most of abrupt changes occurred here during
the period of 1961–2011. In this region, the land cover
has been changed a lot owing to the human activity, so
further studies should be performed on the relations be-
tween the land use and cover and the water vapor change.
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