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The arid region of Northwest China, located in the central Asia, responds sensitively to global climate
change. Based on the newest research results, this paper analyzes the impacts of climate change on
hydrology and the water cycle in the arid region of Northwest China. The analysis results show that:
(1) In the northwest arid region, temperature and precipitation experienced “sharply” increasing in the
past 50 years. The precipitation trend changed in 1987, and since then has been in a state of high vo-
latility, during the 21st century, the increasing rate of precipitation was diminished. Temperature ex-
perienced a “sharply” increase in 1997; however, this sharp increasing trend has turned to an apparent
hiatus since the 21st century. The dramatic rise in winter temperatures in the northwest arid region is an
important reason for the rise in the average annual temperature, and substantial increases in extreme
winter minimum temperature play an important role in the rising average winter temperature; (2) There
was a significant turning point in the change of pan evaporation in the northwest arid area in 1993, i.e., in
which a significant decline reversed to a significant upward trend. In the 21st century, the negative
effects of global warming and increasing levels of evaporation on the ecology of the northwest arid
region have been highlighted; (3) Glacier change has a significant impact on hydrology in the northwest
arid area, and glacier inflection points have appeared in some rivers. The melting water supply of the
Tarim River Basin possesses a large portion of water supplies (about 50%). In the future, the amount of
surface water will probably remain at a high state of fluctuation.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

IPCC Fifth Assessment Report on Climate Change points out
that: over the past half century, almost all regions of the world
have experienced a heating process (IPCC, 2013), and the fastest
warming region is the mid-latitudes of the northern hemisphere
(Ji et al., 2014). The report further shows that global climate
change is caused by both natural factors and human factors which
work together. However, human activity is very likely the main
reason for global warming since the mid-20th century, with the
possibility being more than 95% (IPCC, 2013). Rising temperatures
accelerate the global water cycle, exacerbate extreme hydrological
events, and lead to the global redistribution of water resources in
different scales. Determining exactly how global climate change
and Geography, CAS, No. 818
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impacts water systems has been an important research focus of
the Intergovernmental Panel on Climate Change (IPCC), other in-
ternational organizations (e.g., the American Institute of Archi-
tects, California Council (AIACC) project team), and research
institutions.

The arid region of northwest China is located in the mid-lati-
tudes of Eurasia, and is one of the areas in the world that responds
most sensitively to global climate change (Y.N. Chen et al., 2012b).
A variety of model simulation results show that if CO2 incremental
emission is at a rate of 1%/year, then the rising average tempera-
ture in the arid areas of Central Asia will exceed 40% of the global
average temperature rise level (Aðalgeirsdóttir et al., 2005). In the
context of global warming, the meltwater water-based system is
very fragile in the northwest arid region. The water resources and
changes in their spatial and temporal distribution due to climate
change will cause the mismatched features of water resources and
the spatial distribution of productivity to become increasingly dire.
The growing population coupled with increasing irrational land
and water resources development activities will finally lead to the
water resources supply and demand contradiction of the oasis
ate change impacts on hydrology in the arid region of northwest
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economy and desert ecology in the northwest arid regions to be-
come more acute (Richard, 2008). Consequently, this will result in
research on the impact of climate change on water systems vul-
nerability and security in the northwest arid area becoming the
focus of the community's attention.

Water, largely originated from the mountain areas, has been a
most critical factor to drive the energy and mass circulation in this
region, which responds sensitively to the global climate change,
thus, it plays a crucial role in future sustainable development.
With the increasing concern of global environmental and ecolo-
gical degradation, there has been an urgent need to investigate the
related water cycle changes. This paper examines the major issues
e.g. climate characteristics, the vulnerability water resources and
the water system in the Northwest China, which has great sig-
nificance to investigate the regional hydrological cycle under the
content of climate change. Thus, it is necessary to plan ahead, and
actively respond and adapt to the possible impacts brought by
future climate change, especially the impacts on water resources,
to ensure sustainable development of ecological safety in the
northwest arid area. It is also noteworthy for water managers to
cast attention to the spatial and temporal distribution of water
resources caused by variation in water cycle, to secure informed
policy-making in the layout, development, utilization, protection
and management of water resources in a reasonable and sustain-
able way.
2. Data and methods

2.1. Data

Excluding several sites that have prolonged missing data, the
data used in this study are collected from 74 ground-based me-
teorological stations in the region operated by the China Meteor-
ological Administration, which have complete records of almost all
the climatic factors from 1958–2012, and used the Cokriging and
inverse distance weighted techniques to interpolate the several
missing data. Grid data (HadCRUT4) during 1958–2012 used in this
study developed by the Climatic Research Unit (University of East
Anglia) in conjunction with the Hadley Centre (at the UK Met
Office). In addition, 7 sites have complete observed monthly data
of direct radiation and solar diffuse radiation. The observed pan
evaporation data used for the calibration and validation of PenPan
Model ranges from 1958 to 2001. The pans are made of copper
with a diameter of 0.2 m and depth of 0.1 m. They are positioned
on a frame of 0.7 m above the ground and have a rim to keep birds
away from drinking.

The Normalized Difference Vegetation Index (NDVI) are col-
lected from the Global Inventor Modeling and Mapping Studies
(GIMMS). The length of the time series from 1982 to 2006. In order
to obtain more time-series data, the MODIS data with the spatial
resolution of 0.05° during 2001–2011 are also collected. In this
study, two kinds of data sources in the overlap period 2001–2006
were corrected to maintain the consistency of data.

There were 29 sampling sites chosen within the Tizinafu River's
principal course and its tributaries. Water samples including sur-
face water, precipitation, pond, and ice-melt water were collected
along Tizinafu River from June to October 2011, and at hydrology
stations through 2011 and 2012. Precipitation was sampled from
July 2011 to October 2011, and May 2012 to August 2012. A total of
31 samples of river water were collected at sites of interest, and
152 samples were collected at stations.
Please cite this article as: Chen, Y., et al., Progress and prospects of clim
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2.2. Methods

2.2.1. Trend analysis with Mann–Kendall non-parametric test
In this study, we used the Mann–Kendall test to detect trends

in ET0 and related meteorological factors. The Mann–Kendall test
is often used to detect whether a time series has a significant trend
or not (Gan, 1998).

2.2.2. Estimation of the 0 °C (freezing) layer height (FLH)
A linear interpolation method was used to calculate the FLH at

each time (assumed the temperatures between two standard
barospheres of 500 and 850 hPa to have uniform changes in the
vertical direction). Subsequently, the mean of two times was cal-
culated, so as to obtain daily FLH. Finally, daily values from June to
August were averaged to obtain the summer FLH. The linear in-
terpolation method was used to calculate the FLH with the fol-
lowing equation:

H
H H

T T
T T H( )

(1)
i

j k

j k
i k k=

−
−

− +

where variable H represents the height (m), T represents the
temperature (°C), subscript i is the identifier of FL, j and k are the
identifiers of upper and lower standard barospheres of FL,
respectively.

2.2.3. Estimation of pan evaporation using the PenPan model
A physically-based model is preferable to estimate Ep more

accurately. Rotstayn et al. (2006) coupled the aerodynamic com-
ponent developed by Thom et al. (1981) with the radiative com-
ponent of Linacre (1994) to develop the PenPan model based on
the mass and energy balance of the pan. These studies focused on
the Class A pan with diameter of 1.21 m and depth of 0.254 m.
However, the evaporative pan widely used in China is different
from Class A pan with diameter of 0.2 m and depth of 0.1 m.
Therefore, this study modifies the PenPan model for estimating
the pan evaporation measured from Chinese micro-pan (Z. Li et al.,
2013b).

PenPan model is formulated at monthly basis, and calculates
the pan evaporation rate (Ep, kg m�2 s�1) as the sum of radiative
(Epan,R) and aerodynamic (Epan,A) consumptions:
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where Ep is the pan evaporation rate (kg m�2 s�1), s is the slope of
saturation vapor pressure (es) curve (Pa K�1) at air temperature Ta
(K) measured at two meters above the ground, γ (E67 Pa K�1) is
the psychrometric constant, Rn (W m�2) is the net irradiance of
the pan, λ (J kg�1) is the latent heat of vaporization, D¼es�ea is
the vapor pressure deficit at two meters and es is the saturation
vapor pressure (Pa). fq(u) (kg m�2 s�1 Pa�1) is an empirical vapor
transfer function expressed as:

f u u( ) 1.39 10 (1 1.35 ) (3)q
8 2= × +−

2.2.4. Attribution of the change in pan evaporation rate
For attribution, the change in pan evaporation rate is given by

differentiating the equation of Roderick et al. (2007). The con-
tribution of meteorological variables on evaporative demand is
obtained from the partial derivatives multiplied by the annual
average trend:

dE
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dE
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dt (4)
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The term dEp,A/dt is then partitioned into three components
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Fig. 1. Trends of temperature in the global, Northern Hemisphere, and arid region
of Northwest China during 1960–2013.
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representing the change of wind speed, vapor pressure deficit and
temperature respectively.
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2.2.5. Measurement of δ18O and δD
The measurement and analysis of water samples was com-

pleted using the Los Gatos Research liquid water isotope analyzer.
The Analyzer uses LGR's patented Off-axis ICOS technology, a
fourth-generation cavity ringdown spectroscopy (CRDS) techni-
que, which employs an optical cavity to greatly enhance spectral
absorption. As with all LGR analyzers, the IWA models provide
users with measured high resolution absorption spectra for com-
prehensive performance validation and diagnostics in real time.
The measured data use the LWIA Post software for data analysis.
Accuracy of the measurements was 0.1% for δ18O and 0.3% for δD.
All δ18O and δD values are expressed related to Vienna Standard
Mean Ocean Water (V SMOW) in %. The final results were ex-
pressed by the relative value over SMOW:

⎡⎣ ⎤⎦O ( O/ O) ( O/ O) /( O/ O) 10 (6)
18 18 16

sample
18 16

SMOW
18 16

SMOW
3δ = − ×

⎡⎣ ⎤⎦D D H D H D H( / ) ( / ) /( / ) 10 (7)sample SMOW SMOW
3δ = − ×

3. Results and analysis

3.1. Climate change in the northwest arid region

3.1.1. Temperature and precipitation increased “sharply” in the
northwest arid region
(1)
Pl
Ch
Average temperature rise is above the global average
Over the past half century, the rate of temperature rise in the
northwest arid area is up to 0.34 °C/10 a, which is significantly
higher than the global average (0.12 °C/10 a) (IPCC, 2013). Analysis
showed that a significant temperature rise occurred in the late
1980s. During 1960–1986, and the average temperature increased
to a lesser extent. In 1987, the average annual temperature in the
northwest arid area showed an abrupt change, and the elevated
rate of 0.517 °C/10 years showed an increasing trend to accelerate.
Using the Grid data (HadCRUT4) found that since 1997, although
the temperature has been in a high and volatile state, the warming
trend is not very clear (Fig. 1). The statistical analysis of 74 sites in
the northwest arid area demonstrated that in the 1990s, about 96%
of the stations had an increasing temperature trend; whereas, in
the 21st century, over 92% of the stations had an increasing tem-
perature trend, but the rise was weakened compared with the
1990s (Fig. 2). At the same time, extreme temperatures had a
significant warming trend, abnormal warm extreme events in-
creased significantly, and abnormal cold extreme events reduced
significantly (H.J. Wang et al., 2013a).
(2)
 Precipitation rise showed a dynamic increase
In the past half century, precipitation exhibited similar changes
in the northwest arid region. During 1960–1986, precipitation
change remained in a relatively stable stage, and precipitation
showed a “sharply” increase in 1987. The station statistics showed
that approximately 80% of the stations had a decreasing trend in
the 1970s, and then transformed into an increase of 75% in the late
1980s and 88% in the 1990s for the entire northwest arid region.
ease cite this article as: Chen, Y., et al., Progress and prospects of clim
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The 1990s in the northwest arid area is the most humid 10 years in
the past half century. It is worth mentioning that in the last 10
years, the increasing rate of precipitation reduced in the northwest
arid area, and about 35% of the stations showed a more decreasing
trend than they had in the 1990s (Fig. 3). According to the in-
creasing temperatures and precipitation in the northwest arid
region in the past 30 years, some scholars proposed that the west
Tianshan region, which represented Xinjiang, showed a warm and
humid climate change (Shi et al., 2003); whereas, some other
academics suggested that it may due to climate fluctuations. Tree-
ring studies showed that Tianshan Mountains and northern Xin-
jiang experienced eight warm phases, seven-to-eight cool phases,
seven dry phases, and seven humid phases over the past 200–300
years (F. Chen et al., 2012a; Yang et al., 2012).

3.1.2. Increases in winter temperatures effectively raised the average
annual temperature

The increasing winter temperature has found in the northwest
arid region over the past 50 years (Li et al., 2012). Specifically, the
study of different seasonal temperature variation showed that the
winter average temperature contributed 57.01% to the tempera-
ture increase rate of annual temperature (Fig. 4); thus, these
greatly increased winter temperatures in the northwest arid area
may be an important reason for raising the average annual
temperature.

Detailed analysis of winter temperature changes also found the
increase in the winter extreme minimum temperature to be very
intense in the northwest arid region. In the past 50 years, the
winter extreme minimum temperature increased observably,
which is from �15.08 °C in the 1980s to �13.01 °C in the 1990s,
and rise to �12.97 °C in the 2000s (2000–2010) (B.F. Li et al.,
2013a). The increasing of winter extreme minimum temperature
dramatically boosted the average winter temperatures. In order to
explore the reasons behind this faster rising rate of winter tem-
peratures, selected seven atmospheric circulations, including the
Siberian High (SH), the Arctic Oscillation (AO), the North Atlantic
Oscillation (NAO), the Pacific North Oscillation (PNA), the Antarctic
Oscillation (AAO), the Southern Oscillation (SO) and the Westerly
Index (WCI), and compared the effects of them on climate system
in the arid areas of the northwest according to elasticity theory.
The results show that the SH activity and carbon dioxide emissions
are the main factors behind the changes in winter temperature in
the northwest arid region. Furthermore, a high correlation be-
tween winter temperature and the Siberian High Index
(R¼�0.715, Po0.001) is found in the northwest arid region,
which is significantly higher than the correlation with carbon di-
oxide (R¼0.51, Po0.001). During the mid-1980s to the 1990s, the
SH exhibited an apparent weakening trend, while the winter
ate change impacts on hydrology in the arid region of northwest
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Fig. 2. Trends of temperature in the arid region in the (a) 1970s compared 1960s, (b) 1980s compared 1970s; (c) 1990s compared 1980s, and (d) 2000–2012 compared 1990s.
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temperatures rose during this period. Meanwhile, in the past five
years (2005–2010) SH pressure rose slightly, while winter tem-
peratures subsequently decreased slightly; the two changes de-
monstrate synchronization (Fig. 5). Why the temperature and
precipitation showed sharp incremental changes in 1987? There
has not had an ultimate explanation (Chen and Xu, 2004).

Atmospheric circulation is a major factor in the impact of cli-
mate change, and the use of a remote-related index is a reliable
method to study climate change (Mishra and Singh, 2010). In the
study of climate and water resources changing trend in the
northern region during nearly 50 years, the results showed that:
Fig. 3. Trends of precipitation in the arid region in the (a) 1970s compared 1960s, (b) 198

Please cite this article as: Chen, Y., et al., Progress and prospects of clim
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(1) the winter NAO index has a significant positive correlation with
average annual temperature and winter temperature; (2) the AO
index was positively correlated with average annual temperature;
(3) the summer AO index and the spring and summer temperature
have a positive correlation; and (4) the winter AO index is posi-
tively correlated with winter temperatures. The NAO and AO index
has a certain influence on precipitation, but according to tem-
perature; however, the main factor affecting the west of northern
Xinjiang precipitation is the spring NAO index (Yang et al., 2010).
The analysis of the 0 °C layer height (Eq. (1)) and summer runoff in
Southern Tianshan, North Tianshan, Northern Kunlun Mountains,
0s compared 1970s; (c) 1990s compared 1980s, and (d) 2000–2012 compared 1990s.
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Fig. 4. Different seasonal temperature variation in northwest China.

Fig. 5. The Siberian High Intensity and the winter temperature in the arid region of
northwest China (Li, et al., 2012).

Fig. 6. Change of annual Ep in the arid region of Northwest China from 1958 to
2010 (Z. Li et al., 2013b).
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and Northern Qilian Mountains over the past 50 years found that
the 0 °C layer height variations in different regions are incon-
sistent, and changes in river runoff and 0 °C layer height are clo-
sely related (Z.S. Chen et al., 2012c).

3.1.3. Pan evaporation reversed to an upward from a downward
trend

Traditionally, measurements of evaporation from pans have
been used to represent the evaporative demands of the atmo-
sphere, and often represent potential evaporation, which plays a
key role in global and regional hydrological processes, and ex-
periences the most direct impact of climate change. Over the past
half century, despite the rise in air temperature, a decrease of pan
or potential evaporation has been commonly found worldwide,
especially in the Northern Hemisphere (Peterson et al., 1995;
Brutsaert and Parlange, 1998; Roderick and Farquhar, 2002; Gong
et al., 2006; Burn and Hesch, 2007; Roderick et al., 2007; Szilagyi,
2001, 2007; Cong et al., 2009; Yang and Yang, 2011). This results in
controversy regarding changes to the hydrological cycle expected
by using Penman's proportional hypothesis (1948) (Penman, 1948)
and Bouchet's complementary relationship (1963) hypothesis
Please cite this article as: Chen, Y., et al., Progress and prospects of clim
China. Environ. Res. (2015), http://dx.doi.org/10.1016/j.envres.2014.12
(Bouchet, 1963). Most of the pan-evaporation measurements in
China ended in 2001. PenPan model is preferable to estimate Ep
more accurately. A recent study based on the pan evaporation
dynamics in the hyper-arid region of China during the period of
1958–2010 using a generic physical model based on long-term
meteorological data collected at 81 ground-based meteorological
stations, has some new explanation. The monthly pan evaporation
data observed at the 81 ground-based meteorological stations of
the China Meteorological Administration from 1958 to 2001 was
used, at first, we took 50 stations in the entire Xinjiang Uyghur
Autonomous during 1958–2001 in the western part of the study
area to calibrate the PenPan model, and then took 31 stations
during 1958–2001 in the Hexi Corridor in the eastern part of the
study area to validate the model. The comparison with pan eva-
poration observations was excellent. And then the study re-
constructed the data from 1958 to 2010 with the PenPan model
(Eq. (2)) for the statistical analysis. (Z. Li et al., 2013b). Therefore,
the statistical analysis of pan evaporation data in this paper is
consistent. The results showed that pan evaporation in the region
ate change impacts on hydrology in the arid region of northwest
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Fig. 7. Dynamic changes of vegetation area and NDVI in the Northwest China.
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exhibited an obvious decreasing trend until the early 1990s (1993),
at a rate of �6.0 mm yr�2. However, the downward trend re-
versed in 1993, and the rate of increase after that was
10.7 mm yr�2 (Fig. 6) (Z. Li et al., 2013b). This is consistent with
nationwide findings (Liu et al., 2011). assessed the sensitivity of
rates of evaporative demand to changes in aerodynamic and ra-
diative components (Eqs. (4) and (5)), and found that pan eva-
poration could be mostly attributed to changes in the aerodynamic
component, with some regional contributions from solar irra-
diance. The aerodynamic component at 77% of the 81 observation
stations involved in this study decreased during 1958–1993,
leading to a decrease of Ep at a rate of �5.6 mm yr�2; the com-
ponent at 79% of the stations increased during 1994–2010, leading
to an increase of Ep at a rate of 8.6 mm yr�2. The near-surface wind
speed is the primary factor for the decline of pan evaporation
during 1958–1993, while both wind speed and vapor pressure are
the primary factors responsible for the increase of pan evaporation
from 1994–2010 (Z. Li et al., 2013b).

The increases of temperature and pan evaporation may bring
some adverse ecological effects. Recent research results show that
the vegetation coverage and NDVI in the arid region of Northwest
China exhibit an increased trend before 2000; however, the trends
reversed to decrease since 2000 (Fig. 7) (Zhao et al., 2011; Y.F.
Wang et al., 2013b; Li and Chen, 2014). Terrestrial vegetation dy-
namics are closely influenced by both climate and land use/cover
change caused by human activities. Vegetation dynamics in arid
areas have been shown to be more sensitive to climate change
when compared with those in other regions. The decrease of the
vegetation coverage and NDVI may be related to the temperature,
precipitation, and evaporation during the past 30 years. The in-
creases of temperature, pan evaporation and decreases of pre-
cipitation may conjointly cause a heavy loss of soil moisture,
which leads the shallow roots of desert plants to weaken and die,
thereby reducing species diversity and vegetation cover. The in-
fluence of human activities on vegetation is the opened up and
abandoned of the wasteland. The rapid growth of population and
expansion of cultivated land by human was mainly sourced from
reclamations of wasteland and natural grassland. Oasis mainly
produces the agricultural economy, because of the limitation of
the condition and the law, the distribution of the vegetation/crops
has not only the spatial distribution law, but also has the part
variation, showing the random variety characters (Wang et al.,
2014).

3.2. The vulnerability water resources and the water system in the
northwest China

The characteristics of water formation, spatial and temporal
distribution, and the water supply in the northwest arid region are
very distinct. The unique water cycle has a strong representation
Please cite this article as: Chen, Y., et al., Progress and prospects of clim
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in the world arid area. Northwest arid area rivers originate from
mountains, and there is ice–snow meltwater on the high moun-
tains, precipitation in the mid-mountain forest, and fissure water
in the low mountain areas. It also has complex multi-components
that converge in the mountains and constitute the surface water
resources in arid areas. For a long time, the water resources relied
on natural water resources in the northwest arid area, which
maintain the fragile balance in the water cycle. Under the impact
of global warming, the vulnerability of water systems and un-
certainty of water resources are increasing.

3.2.1. Changes in hydrology and water resources under the effect of a
weak exchange in water vapor

Climate change under the effects of weak exchange of vapor
has an important impact on water resources formation, and spatial
and temporal variations in the northwest arid region. The water
system is clearly vulnerable in the northwest arid region; as global
warming increases the frequency and intensity of extreme hy-
drological events, the uncertainty of volatile hydrology and water
resources in arid inland river basins in the northwest region is also
exacerbated.

The latest research results of water resources show that:
(1) The runoff showed a “sharply” increase. From runoff prolonged
sequence detection, some larger rivers that are supplied by glacier
melt water have experienced a widespread “sharply” increase in
1994. For example, the Kaidu River runoff increased 26.5% from
1994–2010 to 1960–1993, but the mutation time is later than
temperature and precipitation in 1987 (Y.N. Chen et al., 2013b). (2)
Runoff increased in the flood periods. The analysis of the changes
of runoff during the year in the northwest arid area found that
some rivers with large glaciers and snow melt water supply occur
in earlier periods of glaciers and snow melt, and the phenomenon
of increased flood ablation appears, which is mostly prominent in
the early 1990s. For example, in the Tarim Basin, the proportion of
glacial melt water runoff during 1991–2006 increased from 41.5%
in 1961–1990 to 46.5% (Gao et al., 2010). (3) The abundance of
runoff is intensified. Climate change has exacerbated hydrology
fluctuations and water uncertainty of the inland river basins. For
example, statistical analysis of the Tarim River Basin over the past
50 years showed that upstream's (Aksu River, Yarkand River, Hotan
River) water import into mainstream (Alar hydrological station) in
2009 and 2010 were 14.02�108 m3 and 72�108 m3, the ratio of
the minimum (2009) and maximum (2010) is more than five
times.

In the northwest arid area, various aspects of the water cycle
are significantly affected by climate and land patterns. Further-
more, the water resources are complex, and water runoff has
variable and large elasticity; thus, small changes in precipitation
and temperature due to climate change will lead to more sub-
stantial runoff changes, and have a significant impact on the eco-
hydrological processes in arid areas. The effects of climate change
on mountain water cycle elements have exacerbated the instability
of the water system. Under the background of global warming, the
precipitation and snow melt water supply of water-based systems
are more fragile, and human activity is changing the natural water
cycle basin.

3.2.2. Glacier water resources and glacier inflection points
The runoff of the northwest arid area strongly depends on

glaciers (snow). Specifically, with the intensification of warming
and extreme hydrological events, changes in glacier water re-
sources will become increasingly complicated. The mountain gla-
ciers melt and retreat has been accelerated by climate change,
particularly by the impact of winter temperatures, which change
the share of the different sources of water. Some rivers with large
glaciers and snow melt water supply occur in earlier periods of
ate change impacts on hydrology in the arid region of northwest
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glaciers and snow melt, with a resulting phenomenon of increased
flood ablation. However, in the long term, with further increases in
temperature, the rivers mainly recharged by meltwater rivers will
appear as inflection points of glaciers melting due to glacial retreat
and reduce the storage capacity of glaciers; then, the amount of
water in the summer would reduce, and the surface availability of
water would decrease sharply, or variability would increase be-
cause of the influence of abnormal rainfall.

The results demonstrate that in the past 50 years, 82.2% of
glaciers in western China are retreating, and glacier area has de-
creased by 4.5% (Liu et al., 2006). Especially since the 1990s, glacial
retreating trends are exacerbated in the northwest arid area, with
the largest number and magnitude of glacier retreat since the 20th
century, and being in a period of an accelerating process of
withdrawal and strong ablation (Li et al., 2010). It is worth noting
that, since these glacier areas are relatively small, the impact of the
meltwater change on runoff is limited. However, even though the
increase in runoff is not very obvious when the temperature in-
creases, the impact of the turning point of glaciers shrinking with
glacier retreat or the disappearance of glaciers should not be ig-
nored. For example, the ratio of glacier areas reduction were 25%
and 11% in the west and east of eastern basin in Xinjiang (Li et al.,
2010), glaciers in here already been in a strong ablation, even
appeared glaciers inflection point. Another example is the Heihe
River Basin located in the middle of the Qilian Mountains; there,
the glaciers shrink rate is 29.6% over the past 50 years (H. Chen
et al., 2013a), and the number of glaciers was reduced from 967 in
the 1960s to about 800 in 2010 (Huai et al., 2014). Moreover, in the
Shiyang River Basin located in the eastern section of the Qilian
Mountains, the glacier reduction ratio is 30% (Wang et al., 2012)
and the retreat of glaciers melting is in a strong state. In particular,
in the Shiyang River Basin of the eastern section of the Hexi Cor-
ridor, the rivers’ hydrological process and water resources will
become more complex due to the sharp ablation in glaciers.

Some rivers have a large share of glacier meltwater in the north-
west arid region. Increased glacial melt water will make the annual
runoff remain highly volatile over a long period. These rivers, such as
the Aksu River, Yarkand River, Hotan River of the Tarim River Basin, the
Shule River of Hexi Corridor, etc., are largely regulated by glacial melt
water. With the recent warming trend, runoff is also increasing quite
obviously. This can be seen in the main tributaries of the Aksu River
and the Kumalake River, which have a high glacial meltwater runoff
component of 47%. Moreover, in the past 30 years, the mountains’
water increased by about 31.2% (Shen et al., 2009).

3.2.3. Composition and glacial runoff water partition
Water formation and the transformation of the northwest arid

region have distinct characteristics, especially in the composition
of runoff and water components, which have a strong re-
presentation in the world arid region. The rivers originated en-
tirely from mountains. There is ice–snow meltwater on the high
mountains, precipitation in the mid-mountain forest and fissure
water in the low mountain areas, which converge in the moun-
tains and constitute the surface water resources in arid areas.
Table 1
Temporal characteristics of ice–snow melt in the Tizinafu River streamflow.

Months Cp (%) Cr (%) Ci (%) Estimated fractions (%)

January �3.34 �7.18 �13.01 39.74
February �6.91 36.95
March �6.81 35.89
April �8.87 57.22
May �8.77 56.18
June �9.67 65.43
Mean of the ice-snow melt percentage (%)

Please cite this article as: Chen, Y., et al., Progress and prospects of clim
China. Environ. Res. (2015), http://dx.doi.org/10.1016/j.envres.2014.12
Global warming exacerbates the uncertainty of water resources,
accelerates the glaciers melting and retreat, and changes the share
of the different sources of water in the constitution. Therefore,
quantitative segmentation of the runoff component and distin-
guishing the proportion of mountain glaciers–snow melt water
and precipitation in the water resources, is important to obtain
reference scenarios of water resource prediction under future
different changing situations.

According to the latest research about the Tarim River Basin in
the northwest arid region, mountain glacier–snow meltwater and
precipitation are the main sources of recharge for the four Tarim
River headstreams (Aksu River, Hotan River, Yarkand, Kaidu River).
Moreover, the fissure water in the low mountains is also mainly
formed by the former supplies. The proportional contribution of
meltwater from April to July showed a larger proportion of more
than 55% in a whole year, especially in June (Table 1) (Fan et al.,
2014). A higher proportion during 4–5 months is due to the rising
temperature in the mountains, with a large amount of seasonal
shallow mountain snow melting during the replenishment period.

The highest average temperature is in July, followed by August
in a whole year, however, the proportional of meltwater in June
and August are less than June. The possible reasons for this are: (1)
during this period, seasonal snow has been melting and ex-
hausted, and snowmelt water reduced significantly; and (2) heavy
precipitation occurs in July and August in mountainous area,
thereby reducing the proportion of meltwater. Composition ana-
lysis of different altitudes from runoff revealed that the glacial
melt water ratio showed a decreasing trend with decreasing alti-
tude. In the upstream mountainous basin, meltwater rate is close
to 70%, midstream is about 45%, and downstream of the river at
low altitude is 38% (Fan et al., 2014).

The Aksu River that originates from the southern slope of the
Tianshan mountains has a proportion of meltwater that is about
59.3%; the Yarkand River that originates from the Karakoram
mountain has a rate of approximately 54.0%; and the Hotan River
that originates from the northern slope of the Kunlun Mountains
has a rate of about 59.5%. Meanwhile, baseflow analysis of the
different rivers showed that the Kaidu River has a large baseflow
index (32.1%), and the remaining three headstreams are small, i.e.,
the Aksu River is 14.4%, the Hotan River is 9.3%, and the Yarkand
River is 20.5% (Fan et al., 2013). Moreover, the years with more
precipitation have a relatively large baseflow index compared to
years with less precipitation; thus, the results of this study con-
tradict Wittenberg's theory (Wittenberg and Sivapalan, 1999; Luo
et al., 2012). In the northwest arid inland river basin, glacier–snow
meltwater occupies an important share of the constitution in
runoff, and, therefore, the baseflow component has a somewhat
complex composition in different periods.
4. Discussion

The climate change of the northwest arid region is certainly
complex. It is difficult to accurately reveal the process of change
Months Cp (%) Cr (%) Ci (%) Estimated fractions (%)

July �3.34 �9.06 �13.01 59.18
August �6.98 37.63
September �7.21 40.00
October �6.97 37.51
November �6.08 28.31
December �6.46 32.24
43.86%
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and trends only from the short-term, individual point of view.
Many domestic and international researches mainly focused on
the analysis of climate characteristics on different time scales in
regional scale. However, these studies are mostly qualitative de-
scriptions and lack quantitative data; none elucidate historical
centennial-scale climate variation, how the mechanism of
climate change affects the water cycle and water systems, or em-
phasize that the understanding of different temporal scales of the
climate system evolution and its interaction law needs to be
improved.

The rate and intensity of soil evaporation in the arid desert area
will fluctuate with the change of weather conditions. Since eva-
potranspiration is hard to measure directly, it is greatly difficult to
quantify the effect of evapotranspiration on soil water consump-
tion, also, it is difficult to quantitatively distinguish the climate
change and human activities. Under the influence of climate
warming, evaporation levels, rainfall patterns and surface runoff
will change, as will soil water, groundwater, and surface water
resources. However, there is still a lack of systematic analysis and
research on these issues.

The mountain glaciers melt and retreat has been accelerated by
climate change, particularly by the impact of winter temperatures.
In the northwest arid area, glacier runoff is dependent on glaciers.
Moreover, since changes in glaciers have a significant impact on
water resources and their annual portion of water supplies, glacier
inflection points have appeared in some rivers. Rivers with com-
parative development of glaciers and more glacial melt water
supply may have runoff of high volatility for a long period of time.
In addition, glacier inflection points will appear, glacial melt
water will reduce, glaciers’ swap function will decline, and
runoff variability will increase due to the impact of precipitation
anomalies, glaciers’ swap function will decline, and runoff
variability will increase due to the impact of precipitation
anomalies. In the context of global climate change, the frequency
and intensity of extreme hydrological events in the northwest
arid region are increasing, which affect the safety of the
water system, and increase water resource vulnerability and
uncertainty.
5. Conclusion
(1)
Pl
Ch
In the northwest arid region, temperature and precipitation
experienced “sharply” increasing in the past 50 years. The
precipitation trend changed in 1987, and since then has been
in a state of high volatility. Temperature experienced a “shar-
ply” increase in 1997; since then, it has remained highly vo-
latile, and the increasing trend became slow. The dramatic rise
in winter temperatures in the northwest arid region is an
important reason for the rise in the average annual tempera-
ture, and substantial increases in extreme winter minimum
temperature play an important role in the rising average
winter temperature.
(2)
 There was a significant turning point in the change of pan
evaporation in the northwest arid area in 1993, i.e., in which a
significant decline reversed to a significant upward trend. In
the 21st century, the negative effects of global warming and
increasing levels of evaporation on the ecology of the north-
west arid region have been highlighted.
(3)
 Glacier change has a significant impact on water resources in
the northwest arid area, and glacier inflection points have
appeared in some rivers. The melting water supply of the Aksu
River, Tarim Basin, Yarkand River, Hotan River possess a large
portion of water supplies (about 50%). In the future, the
amount of surface water will probably remain at a high state of
fluctuation.
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