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Understanding the impact of climate change on water resources is essential to sustainable develop-
ment. Urumqi River, a medium-size headwater catchment in the Tianshan mountains, was chosen to
evaluate the impact of climate change on its discharges, where impacts of human activities on water
are negligible and the influence of glacier melt is minor as far as the mountainous outlet is concerned.
Analysis of the time series of temperature, precipitation and river discharge of the hydrological station
at the mountainous outlet from 1959 to 2006 was carried out using different statistical methods,
including linear regression, ManneKendall test and wavelet analysis. Although both temperature and
precipitation show a significant upward trend with a gradient of 0.02 �C/y and 2.08 mm/y, respectively,
there is no significant rising trend in the stream discharge. The reasons are attributed to the hysteresis
and buffering effects of groundwater in conveying the change from precipitation to stream discharge.
Common short periods of less than 8 years exist in the three time series, which is a common trend in
NW China. Precipitation has stronger influence on stream discharge than air temperature throughout
the 48 years of instrumental records in the Urumqi River catchment.

� 2013 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Climate warming during the last century has been recognized as
a fact supported by both theoretical analysis and instrumental data
(IPCC, 2007; Gregory et al., 2012). Changes in air temperature and
precipitation have significant impacts on hydrological processes
and water resources. Previous studies have mostly focused on the
impact of climate change on river discharge to which glacier-melt
water contributes a substantial part (Lafreniere and Sharp, 2003;
Labat et al., 2004; Li et al., 2010) while few have done for non-
glacier dominated catchments. Furthermore, human activities
exacerbate the complexity of stream behavior through altering the
natural recharge, flow and discharge. It is difficult to differentiate
the individual impact of climate change from that of human factors
on water resources (Jones, 2011; Tao et al., 2011). In order to avoid
such ambiguity, an alternative method is to study river catchments
in regions without human disturbance so as to focus on the single
impact of climate change onwater resources (Kong and Pang, 2011).
Headwaters in alpine regions are one of the most appropriate
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research subjects for studies in this regard. This is because (1)
alpine headwaters are almost free from the effects caused by hu-
man activities and (2) they are constituted of glacier-melt water,
which is quite sensitive to temperature change. A wide variety of
recent studies addressed this issue and examined the significance
of climate change on water resources (Chen et al., 2006, 2008;
Immerzeel et al., 2010; Li et al., 2011, 2010; Xu et al., 2011a,b).

Urumqi River, located in an alpine region in Northwest China, is
a good example of this kind. Previous studies found that at Glacier
No.1, which is the source of Urumqi River, discharge increased
greatly due to the rise of temperature and precipitation from 1959
to 2006 (Li et al., 2007, 2010). Discharge of Urumqi River at Ying-
xiongqiao hydro-meteorological station, which is its mountainous
outlet, is mainly composed of groundwater, with less than 9%
glacier-melt water (Kong and Pang, 2012). Thus, the change of
mountainous discharge and its response to climate change must be
different from that at the source (Glacier No.1). The mechanism of
Urumqi River’s response to climate change could be comparable to
other rivers that are not significantly affected by glacier-melt.

This paper examines the trend of change of climate and
discharge of Urumqi River catchment and the interrelationship
between them. Several statistical methods including linear
regression, ManneKendall test, and wavelet analysis are used to
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delineate the changes, aiming at: 1) to detect any climate change
effects in the time series of temperature, precipitation and
discharge; 2) to identify possible co-variability of the three pa-
rameters; and 3) to assess impact of climate change on stream
discharges at different time scales.
2. Study area

The Urumqi River catchment is located in Eastern Tianshan,
Xinjiang Uygur Autonomous Region of China (Fig. 1). It is the main
water source for the city of Urumqi. The shortage of water resources
is one of the key restricting factors of the development of the city.
For better water resources management in the future, it is vital to
assess the impact of climate change on the Urumqi River and
ascertain the mechanism of discharge change.

Xinjiang represents one sixth of China’s land area. There are
three major mountains that “border” the region, which are Altay
Mts. in the north, Tianshan Mts. in the middle and Kunlun Mts. in
the south. Between these mountains, there are two large basins,
Junggar Basin and Tarim Basin.

There are five major air masses that influence the meteorolog-
ical and pluviometric regime of Southeast Asia, and westerlies
dominate Xinjiang (Pang et al., 2011; Kong et al., 2013). Xinjiang has
a typical continental arid climate, where the annual average
ambient temperature is 9e12 �C. In the mountainous region, pre-
cipitation is about 200e800 mm, and in the basin 10e200 mm.
Throughout Xinjiang, the potential evaporation of open surface
water bodies is 800e1200 mm in alpine regions and 1600e
2200 mm in basins. Bare soil evaporation is 100e300 mm in the
Fig. 1. Sketch map showing the location of Urumqi River catchment as well a
mountain regions, 250e400 mm in the agricultural development
zone and 10e100 mm in deserts (Dong and Deng, 2005).

Urumqi River originates fromGlacier No.1, flanking Tianger Peak
II, the highest peak in the southeastern Tianshan Mountains with
an elevation of 4484 m a.s.l. The total length of Urumqi River is
214.3 km with a drainage area of 4684 km2, and the length in the
mountainous area above the outlet (Yingxiongqiao station) is
62.6 kmwith a drainage area of 924 km2 and an average altitude of
3483 m a.s.l. (Fig. 1).

3. Data and methods

3.1. Data

Two meteorological stations, Daxigou and Houxia, and five
hydro-meteorological stations, Glacier No.1, Dry Circle, Total Con-
trol, Yuejinqiao, and Yingxiongqiao Stations are located along the
main course of Urumqi River (see Fig. 1). The elevations of these
stations range from 1900 m a.s.l. at Yingxiongqiao station to
3800 m a.s.l. at Dry circle station.

Stream flow and meteorological parameters were measured at
the seven hydro-meteorological stations. Daily temperature and
precipitation amount data at each meteorological station are
monitored and internally published in annual reports of the
Tianshan Glaciological Station (1980e2006), usually with a delay of
a few years after data collection.

It is necessary to carry out data quality control before per-
forming statistical analysis in order to eliminate the influence of
erroneous outliers. The computer program RClimDex (available
from http://cccma.seos.uvic.ca/ETCCDI/software.shtml), developed
s the meteorological and hydro-meteorological stations along the river.

http://cccma.seos.uvic.ca/ETCCDI/software.shtml
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by Xuebin Zhang and Feng Yang at the Climate Research Branch of
the Meteorological Service of Canada, has been found to be the best
method for data quality control (Zhang et al., 2000, 2005; Li et al.,
2011, 2012). The software identifies erroneous values and poten-
tial outliers of temperature and precipitation data, which were
manually checked, validated, corrected, or removed. The potential
outliers are defined as values outlying a user-defined threshold
determined by themean� N standard deviations. In this paper, N is
assigned to be 3 as the threshold for a striker quality control of the
data. Homogeneity assessment and adjustment was also carried
out with the Rhtest software (available from the ETCCDI Web site).
Rhtest uses a two-phase regression model to check for multiple
step change points that could exist in time series (Wang, 2003;
Wang and Zhou, 2005). After data quality control and homogeneity
assessment, the annual data were computed. They are consistent
with the meteorological data in the Urumqi River catchment re-
ported by previous studies (Li et al., 2003, 2007, 2010; Ye et al.,
2005; Xu et al., 2011a). The observations at Yingxiongqiao hydro-
meteorological station have been carried out each year from
1958. The data can be obtained from He et al. (2009) and Kong and
Pang (2012).

The data of temperature and precipitation at the seven stations
stated and data of discharge at Yingxiongqiao station in the com-
mon time series from 1959 to 2006 are used. Different decompo-
sition scale is highly relevant to the research objective (Labat et al.,
2004): monthly fluctuations generally reflect the occurrence of low
or high intensity events; annual fluctuations record the variations
of the annual water budget highlighting dry and humid years;
multi-annual fluctuations reflect the largest scale variations related
to global general meteorological circulations and long term climate
change. As the focus is on the impact of long-term climate change
on discharge, the annual periods were analyzed, in order to mini-
mize the inherent temporal noise of high resolution time series.
Previous studies using the annual average of climatic and hydro-
logical data show that the analysis at annual scale could reveal the
interrelationship between climate and discharge change (Li et al.,
2003, 2011, 2010).

3.2. Methods

It is important to choose an appropriate section of a river to
assess the impact of climate change on discharge, because the river
may have different variation patterns at different sections.
Considering that the discharge at the mountainous outlet repre-
sents the total water resources in the catchments in arid regions,
the Yingxiongqiao station, the mountainous outlet in Tianshan
Mountains, was chosen. Li et al. (2010) stated that the observed
temperature and precipitation at the three gauging stations of
Glacier No.1, Dry Circle and Total Control have similar annual
fluctuations to those at Daxigou meteorological station because of
the close distance, which was confirmed by Xu et al. (2011a). Kong
and Pang (submitted for publication) analyzed the annual trend at
Glacier No.1 station and its relationship with glacier discharge. As
this paper discusses the interrelationship between climate and
discharge above the outlet of Eastern Tianshan Mountains, the
weighted average of temperature and precipitation are calculated
with watershed areas as weighting factor. The response of
discharge to climate change in the sub-catchments will not be
repeated here, but the comparisons of response at different sec-
tions will be presented in this paper.

Three statistical methods are used in this study to analyze the
trend, period and interrelationship between temperature, precipi-
tation and discharge in the Urumqi River catchment. A linear
regression method, which is a parametric t-test method, is used to
test the long-term linear trend. The ManneKendall test, which was
originally devised by Mann (1945) as a non-parametric test for
detecting trends and the distribution of the test statistic, derived by
Kendall (1975), is used to test the non-linear trend, and further a
revised sequential ManneKendall test by Goossens and Berger
(1986) is used to detect the step change. Wavelet analysis is used
to identify the periods of different time series and wavelet coher-
ence is used to examine the interrelationship between them.
Because the methods are in common usage (see Torrence and
Compo, 1998; Torrence and Webster, 1999; Yue et al., 2002;
Lafreniere and Sharp, 2003; Grinsted et al., 2004; Chen et al., 2007;
Valdes-Galicia and Velasco, 2008; Chaouche et al., 2010; Ozger
et al., 2010; Xu et al., 2011a,b; Wu et al., 2012; Zhai et al., 2013),
descriptions of these methods are omitted here. The uncommon
sequential ManneKendall test is summarized as follows.

Step change in the paper means a rather abrupt and permanent
change during the period of hydrological/climatic record from one
average value to another. However, it is difficult to identify the step
change year when step change occurs due to the complicated dy-
namics and multiple factors affecting them (Fu and Wang, 1992).
Goossens and Berger (1986) presented a graphical technique based
on the ManneKendall method to detect the step change year. This
graphical method has been verified by several studies with
reasonable results (Jiang and You, 1996; Zhang et al., 2006; Yang
and Tian, 2009). For a time series X1, X2,.XN, it uses the intersec-
tion of two curves: UFK and UBK. This method is based on the
computation of all U(di),

i ¼ 1;2.N :

UðdiÞ ¼ ðdi � EðdiÞÞ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
varðdiÞ

q
(1)

in which di is given as:

di ¼ m1 þm2 þ.þmi (2)

where, for each term Xi, the numbermi of terms Xj (i > j) preceding
it is calculated by

mi ¼
�
1 if Xi � Xj > 0 ci > j
0 if Xi � Xj � 0 ci > j (3)

For the statistic di, its expected value is given as

EðdÞ ¼ NðN � 1Þ=4 (4)

and variance as

varðdiÞ ¼ iði� 1Þð2iþ 5Þ=72 (5)

The graphical presentation of this ensemble of all U(di), i ¼ 1,
2.N, along the time series will be denoted as UFK. The sequential
application to UFK of the rule issued for U(d) detects a change in the
time series as soon as U(di) becomes larger than 1.96 (corre-
sponding to a ¼ 0.05).

In order to localize the starting point of the change, the same
principle is applied to the retrograde time series, the graphical
representation of this ensemblewill be denoted as UBK. In this case,
for each term Xi, the number m0

i of terms Xj such that Xi > Xj with
i < j. Setting i0 ¼ N þ 1 � j and mi0 ¼ m0

i, the values of U0(di) for the
retrograde time series are given by

U’ðdiÞ ¼ �Uðdi0 Þ (6)

which gives U0(di) ¼ �U(dN)
The intersection of UFK and UBK localized the change, provided

it is located between the critical of the 5% level of significance. This
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change here will be a step change, and the term i when the step
change occurs is named step change year.

4. Results and discussion

4.1. Trend analysis

The statistics for temperature, precipitation and discharge time
series are presented in Table 1, which reveal the range and shape of
probability distribution of the three time series. A linear regression
method, which is a parametric t-test method, is employed to test
the long-term linear trend. Both temperature and precipitation
show an increasing trend. However, there is not a significant rising
trend in the record of discharge at Yingxiongqiao station. The
findings obtained might only be used as a reference, because the
hydrological and climatic time series are far from normal distri-
bution. In the following text, non-parametric ManneKendall test
without the requirement for normal distribution will be used to
detect the trend and step-change year for comparison.

The time series of annual average temperature, precipitation
and stream discharge are analyzed using the ManneKendall test.
Both temperature and precipitation reveal a rising trend, with Z
value > Z1-a/2 under the significance level of 5% (Table 2). Using
Sen’s non-parametric trend estimator (Sen, 1968) obtained the
rising rate of temperature and precipitationwith values of 0.02 �C/y
and 2.08 mm/y, respectively. In accordance with the results of
linear regression method, there is no significant increasing trend in
the time series of discharge.

The sequential ManneKendall test was used to graphically
illustrate the forward and backward trends of temperature, pre-
cipitation and discharge in the Urumqi River catchment from 1959
to 2006 (Fig. 2). The crossing point of upward and downward
curves indicates the starting point of step change for temperature,
precipitation and discharge during the period of 1959e2006. Step
change in temperature and precipitation is significant (P < 0.05) at
the point where the curves fall outside the dotted lines. The step
change years for temperature and precipitation are identified as
Fig. 2. Trend test and step change detection of temperature (a), precipitation (b) and discharg
UFK above or below 5% significance level illustrates a statistical significant trend. The cross
1996 and 1988, respectively (see Table 2 and Fig. 2). The average
temperature rises from 0.75 �C before 1996 to 1.72 �C after 1996.
Annual precipitation increases from 327.89 mm to 390.47 mmwith
1988 as the cut-off year. There is no significant step change in the
time series of discharge.

It is interesting that discharge changes little while precipitation
and temperature increase significantly. Several possible explana-
tions may account for the phenomenon. Kong and Pang (2012)
demonstrated the recharge sources to the Urumqi River at Ying-
xiongqiao station are groundwater, precipitation, and glacier-melt
water. The discharge from Urumqi River includes discharge and
evapotranspiration (Li, 2006). Pu et al. (2009) analyzed the annual
trend of potential evapotranspiration in the Tianshan Mountains
from 1971 to 2006 using ManneKendall method and found a slight
decreasing rate of 0.448 mm/y. However, there are disputes on the
relationship between potential evapotranspiration and actual
evapotranspiration: a positive correlation (Peterson et al., 1995) or a
negative one (Brutsaert and Parlange, 1998). Liu et al. (2008)
calculated the evapotranspiration using the observation-
constrained simulations with the NCAR Community Land Model
and compared the variations of potential evapotranspiration and
actual evapotranspiration from 1960 to 2005 in Xinjiang. Their
results confirmed the decreasing of potential evapotranspiration
but they also concluded that the actual evapotranspiration was
increasing with a rate of about 0.2 mm/y in the past 50 years. The
evapotranspiration could not explain the variations of discharge in
the Urumqi River, because even the rising rate of 0.2 mm/y is far
less than the increasing rate of 2.08 mm/y for precipitation. The
recharge of glacier-melt water provides another possible reason.
Nevertheless, Li et al., 2010 found that glacier-melt water increased
greatly from 1959 to 2006. Obviously, the temporal change of
discharge could not be attributed to the change of glacier-melt
water. Precipitation and groundwater have caused the insignifi-
cant trend of discharge of Urumqi River at Yingxiongqiao station. In
the following section, results of wavelet analysis will be used to
further examine the relationship between temperature, precipita-
tion and discharge.
e (c). Statistics UFK above 0 means a rising trend, otherwise a declining trend. Statistics
ing point of UFK and UBK is the year when step change occurs.



Fig. 3. Time series (above) and local wavelet power spectrum (below) of annual average temperature in the Urumqi River catchment. For the power spectrum figure: the left axis is
the Fourier period (in y), and the bottom axis is time (y). The values of power spectrum can be seen according to the column on the right. The thick contour encloses regions of
greater than 95% confidence for a red-noise process. The arc line is the ‘cone of influence’, below which edge effects become important.
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4.2. Wavelet analysis

4.2.1. Periodic change
Figs. 3e5 reveal the periodic changes of temperature, precipi-

tation and discharge in the Urumqi River catchment. The thick
black contours designate significance level a ¼ 0.05 against red
noise. Cross-hatched regions on either end indicate the cone of
influence, where edge effects become important.

In the wavelet analysis of temperature, significantly high power
was found during the computed periods before 1970, from 1975 to
1990 and after 1995, respectively, as well as a 2e6 y modulation of
variation (Fig. 3). For precipitation, the power is broadly distrib-
uted, with peaks in 2e8 y (Fig. 4). The 5% significance regions
indicate intervals of higher variance from 1970 to 1995 with a cycle
Fig. 4. Time series (above) and local wavelet power spectrum (below) of a
of 2e8 y which changes to 2e6 y after 1995. The periodic change of
precipitation is consistent with the regional climatic change in
Eastern Tianshan, where step change occurs around the middle
1990s (Kong and Pang, submitted for publication).

The wavelet spectrum for discharge at Yingxiongqiao station
shows that a 3e4 y cycle existed from 1965 to 1985, changing to a
3e6 y cycle after 1995 (Fig. 5). The periodic change is comparable to
other rivers in Northwest China, such as periods of 10 and 17 y for
tributaries of Tarim Rivers and a shorter period of 6e7 y for Heihe
River (Wang and Meng, 2007; Chen et al., 2008).

4.2.2. Wavelet coherence
The squared wavelet coherence between temperature, precipi-

tation and discharge is shown in Fig. 6, which reveals the localized
nnual precipitation in the Urumqi River catchment. Legend as Fig. 3.



Fig. 5. Time series (above) and local wavelet power spectrum (below) of annual discharge at Yingxiongqiao station in the Urumqi River catchment. Legend as Fig. 3.
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correlation in time frequency space. Directions of arrows and sig-
nificance of the results show how the two time series are corre-
lated. Arrows pointing straight right/left in phase denote linear
positive/negative relationships, while arrows pointing up/down
(out of phase) denote non-linear relationships (Grinsted et al.,
2004).

Fig. 6a reveals that there is almost no coherence between
temperature and discharge. Instead, precipitation and discharge
share a cycle of 2e3 y during the years of 1964e1969, 1980e1984
and 1990e2006, and the periods become 2e4 y after 1995 (Fig. 6b).
Most of the arrows in the regions with high coherence point to
about 90 �C, revealing a significant linear correlation between
them.

It is meaningful to compare the results for Yingxiongqiao sta-
tion with those for Glacier No.1 station. It is clear that precipita-
tion has a more profound effect on discharge than temperature at
Yingxiongqiao station. Interestingly, this is contrary to the phe-
nomena found in the discharge at Glacier No.1 station where
Fig. 6. Squared wavelet coherence between discharge and temperature (a) and precipitatio
column on the right. The thick black contour designated the 5% significance level against red
as a light shade. The X axis corresponds to the physical time and Y axis corresponds to scales i
to right signifies in-phase and an arrow pointing vertically upward means the second serie
temperature has a dominant effect (Kong and Pang, submitted for
publication). The reason is that Urumqi River at Yingxiongqiao
station is composed of less than 9% glacier melt water, while this
fraction at Glacier No.1 station is more than 50% of the total
discharge (Kong and Pang, 2012). A similar study by Xu et al.
(2011b) also found the temperature has a dominant effect in
Aksu River in Western Tianshan Mountains, where the fraction of
glacier-melt water in the total discharge is higher than 50%.
Temperature affects discharge by changing the component of
glacier-melt water. Thus, rivers with more glacier-melt water are
more sensitive to temperature change. This finding is consistent
with the conclusion of isotopic studies that the nature of glacier
rivers determines the climate sensitivity of watersheds fed by
them (Kong and Pang, 2012).

Urumqi River is mainly composed of groundwater, which comes
from the infiltration of precipitation and glacier-melt water.
Therefore, stream discharge can be affected through groundwater
input and/or direct precipitation. Change in phase between
n (b) in the Urumqi River catchment. The values can be seen according to the colorful
noise. The cone of influence (COI) where edge effects might distort the picture is shown
n years. The vectors indicate the phase difference (a horizontal arrow pointing from left
s lags the first by 90�).



Table 2
Results of ManneKendall trend test for temperature, precipitation and discharge of
Urumqi River at Yingxiongqiao station.

Item Time series Z K (/y) Step change
year

H0

Temperature (�C) 1959e2006 2.78 0.02 1996 R
Precipitation (mm) 1959e2006 3.56 2.08 1988 R
Discharge (108 m3) 1959e2006 1.44 \ \ A

Notes: R: Rejected; A: Accept; Significance level ¼ 5%; Z is statistics of Manne
Kendall test; K is gradient; y: year.
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precipitation and discharge shows that precipitation has a domi-
nant effect on Urumqi River relative to temperature. The analysis
above highlights the importance of precipitation on discharge of
Urumqi River. This provides a basis to assess the response of stream
discharge to climate change in Northwest China. It has implications
for water resources management under the stress of climate
change and human activities in the lower reach of Urumqi River,
where groundwater level has declined remarkably (Zhu et al.,
2007).

The study shows that discharge of Urumqi River at Yingxiong-
qiao station has basically remained unchanged during the past 48 y,
although the temperature and precipitation have increased signif-
icantly. This could be attributed to the hysteresis and buffering
effect of groundwater because the evapotranspiration and glacier-
melt water can be excluded. There are thick deposits of sandstone
and conglomerate in Tianshan Mountains, due to the uplift driven
by the IndiaeAsia collision (Charreau et al., 2005), which provide a
suitable natural hydrogeological condition for infiltration of pre-
cipitation and for the storage of groundwater. Wang (2007) found
that the shallow groundwaters in the Urumqi River catchment are
generally young, characterized with average tritium of 37 TU in the
mountainous regions, implying that groundwater can be easily
recharged by precipitation. When the aquifers are cut by rivers in
the Urumqi River catchment, groundwater tends to recharge the
river (Li, 2006). From the source of Glacier No.1 to the outlet at
Yingxiongqiao station, the ratio of recharging groundwater to
Urumqi River increases gradually (Li, 2006; Kong and Pang, 2012).
The lower rate of groundwater recharging surface water in the
mountainous regions reduces the sensitivity of discharge to climate
change.
5. Conclusions

In this study, temporal trends of temperature, precipitation and
stream discharge as well as their interrelationship were examined.
The following conclusions are drawn:

(1) There are significant rising trends of temperature and precip-
itation in the Urumqi River catchment, but the discharge of
Urumqi River does not show significant rising trend over the
past 48 years. The reasons are attributed to the hysteresis and
buffering effect of groundwater, which is the main component
of Urumqi River discharge.

(2) The step change years of temperature and precipitation records
are identified and significant high power of variance exists in
the time series of temperature, precipitation and discharge in
the Urumqi River catchment, with a modulation of variance
less than 8 y.

(3) Precipitation is found to have a primary effect on the discharge
compared to temperature throughout the instrumental
records.
Table 1
Statistics for temperature, precipitation and discharge time series of Urumqi River at Ying
mean, maximum, minimum, variance, standard deviation, variation coefficient, skewness
1959 to 2006.

Mean Max. Min. Variance

Temperature
(�C)

0.95 2.33 �0.81 0.44

Precipitation
(mm)

351.36 499.85 254.85 3558.31

Discharge
(108 m3)

2.42 3.45 1.75 0.13
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