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Abstract

This work investigated changes in glaciers over the Urumgqi River Basin from 1964 to 2014, and its role in the local water
resource. Based on the glacier outlines on 1964, 2005 and 2014 derived from topographical maps and satellite images, the
glaciers shrank 32.51% of the surface area between 1964 and 2005, and 12.12% between 2005 and 2014, respectively. The
corresponding area reduction rate increased from 0.77%/a in 1964-2005 to 1.21%/a in 2005-2014, suggesting accelerated glacier
retreat in recent decades. Our results showed that hydrological regime variability in both glacierized and non-glacierized
catchments of the Urumgqi River Basin was dependent on the current glacier conditions. Furthermore, glaciers with the area of
1-2 km? contributed most to the water resources in this region, but their regulation effects to river runoff were weakening.
Accordingly, the accelerated glacier retreat was a dangerous signal for local water resource, and the continuous future glacier

monitoring under the global warming were desperately needed.
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Introduction

Urumgqi River Basin (URB) is an inland river basin in the arid of
northwest China. Most glaciers in the URB experienced shrink-
age in length and area since the last century, as did the glaciers
in the Tianshan Mountains (Chen et al. 2016; Shangguan et al.
2009; Wang et al. 2008; Bolch 2007). Glacier melting water
over the URB plays a key role in regulating and stabilizing river
runoff, and increased river runoff is conductive for agricultural
production and urban domestic water use in the short term
(Wang and Su 2003; Han et al. 2005; Sun et al. 2013). Thus,
knowing the present state of glaciers is essential for the
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sustainable development and utilization of regional water re-
sources, and regional economic planning (Hagg et al. 2007,
Li et al. 2010). Some previous studies have focused on the
glacier changes in the URB (Chen et al. 1996; Liu et al. 1999;
Li et al. 2010). The total glacier area in the URB decreased by
13.8% from 48.67 km® in 1964 to 41.96 km” in 1992, and to
32.05 km? in 2005 (Chen et al. 1996); however, studies about
the recent glacier change in the URB are limited. In addition,
some studies are concentrated on the glacier changes in
Tianshan Mountains (Bolch 2007).

It was reported that annual melt water runoff of the
Urumgqi Glacier No.l (UG1) distinctly increased in recent
decades, especially after 1985 (Lietal. 2003; Ye et al. 2005;
Han et al. 2006). Significant increased glacier melting af-
fects the volume and timing of streamflow, which provides
water for irrigation, and domestic water supplies (Yao et al.
2004; Ye et al. 2005), and also alters the seasonal distribu-
tion of runoff in the URB (Sun et al. 2013). Accordingly,
assessment of glacier change and their contribution to
changes in the URB runoff are extraordinarily required. To
meet this demand, a relatively perfect observation system
was established in this basin, and now becomes an impor-
tant inland research base in hydrology, glacier changes, wa-
ter resources, and other aspects of researches in cold regions
(Shi and Su 1965; Li et al. 2003).
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Fig. 1 Location of the URB and the UG1
The UG1 provides the longest glacier monitoring record in ~ (TGS), Chinese Academy of Sciences (CAS) (Li et al. 2003).

China (Han et al. 2006). Observations of UG1 were initiated ~ The observed annual mass balance of UG1 was found to co-
in 1959, implemented by the Tienshan Glaciological Station  incide with the mean annual mass balance of 30 reference
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Fig. 2 Part of glaciers in the URB extracted by SPOT5
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Table 1  Meteorological and hydrological stations used in this study (locations are shown in Fig. 1)

Station name Longitude (°E) Latitude (°N) Altitude/m a.s.l. Drainage area/km? Period
Daxigou M S 86.843 43.113 3539 - 1960-2010
Empty cirque hydrological station 86.833 43.100 3805 1.68 1982-2008
Glacier No.1 hydrological station 86.821 43.114 3695 334 19592008

glaciers worldwide (WGMS 2012). A great deal of mass bal-
ance studies was focused on the UG1, yet little research on the
effects of the entire glaciers in the URB.

This work addressed on the current state of glaciers and
potential problems related to the observed glacier shrinkage
during the periods 1964-2005 and 2005-2014 in the URB.
The main goals are: (1) to examine decadal area and volume
change for glaciers; (2) to investigate and emphasize the
changes of UG1; (3) to explore the effect on regional water
resources; and (4) to give possible climatic drivers for glacier
change.

Study area

The URB (86°45'E-87°56'E, 43°00'N-44°07'N) is located on
the eastern Tianshan Mountains of the Xinjiang Uygur
Autonomous Region (Fig. 1). The catchment area is about
4684 km? (Shi 1992), and its runoff reaches 2.44 x
108 m® yr.”'(Wu et al. 2006). According to the first Glacier
Inventory of China (GIC), there were 150 glaciers in the URB,
with coverage of 45.99 km? in area and 1.54 km® in volume,
respectively (GIC (mr)), and most of these glaciers were hanging
and cirque glaciers (Chen et al. 1996). The UGI1 (Fig. 1), a
typical continental glacier, is located at the headwater of URB.
The glacier, with an area of 1.65 km? and 2.23 km long in 2009,
is a summer accumulation type glacier (Ageta and Fujita 1996).
The elevation of UG1 spans between 3756 m and 4476 m, with
an averaged elevation of 4130 m a.s.l. (Li et al. 2003).

Table 2

Data and methods
Data acquisition

Six topographic maps at a scale of 1:50,000 were derived
from aerial photographs in 1964. One SPOTS5 image was
obtained on October 2005 with a spatial resolution of 5 m,
which covered the most heavily glaciated part of the URB
(Fig. 2). Landsat 7 ETM+ image (receive date is 2014-08-
05 and path row is 143/030) was used to extract the glacier
boundary in 2014, and the data were acquired from U.S.
Geological Survey (USGS, http://www.usgs.gov). Here we
utilized SRTM DEM (the fourth version), which was
jointly measured by National Aeronautics and Space
Administration of USA (NASA) and the Department of
Defense National Mapping Agency of USA (NIMA), to
estimate the vertical variation of glaciers.

Two catchments, i.e., Glacier No.1 and Empty Cirque
catchment, at the headwater of the URB were hydro-
analyzed to obtain the glacier change effects on regional
water resources. Glacier No.1 catchment, which is largely
glaciated, covers a drainage area of 3.34 km?, and Empty
Cirque catchment, a small non-glacierized but barren
rocked catchment, covers a drainage area of 1.68 km”. The
nearest long-term meteorological record is provided by
Daxigou Meteorological Station (Daxigou MS). Daxigou
MS which is located at 3539 m a.s.l. and about 3 km down-
stream of the UG 1 (Fig. 1). Data of these stations were
provided by the TGS (Table 1).

Glacier area and number change from 1964 to 2005 to 2005-2014 in the URB

Glacier area class (km?)

Number of glaciers

Area of glaciers (km?)

1964 2005 2014 Change (1964-2014) 1964 2005 2014 Change (1964-2014)
<0.1 38 68 63 25 (65.79%) 2.22 321 3.36 1.14 (51.35%)
0.1-0.5 80 51 49 —31 (~38.75%) 18.74 11.99 11.79 —6.95 (- 37.09%)
0.5-1 17 16 15 —2 (- 11.76%) 11.99 10.97 9.99 —2 (- 16.68%)
12 10 3 1 —9(~90%) 12.37 381 1.03 —11.34 (-91.67%)
23 0 1 1 1 (100%) 0 2.92 2.74 2.74 (100%)

>3 1 0 0 —1(~100%) 343 0 0 —3.43 (- 100%)
Total 146 139 129 —17 (- 11.64%) 48.75 32.90 28.91 —19.84 (— 40.7%)
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Table 3 Glacier area and annual

Annual variation rate (%/a)

Annual variation (km%/a)

variation in the URB since 1964 Year Area (km®)
1964 48.75
2005 32.90
2014 28.91

Methods

0.77
1.21

0.38
0.40

Up =2U7p\/IN +/3e2

(2)

Topographic maps were scanned into digital products at a
resolution of 600 dpi and geo-corrected to obtain digital raster
graphics. Root mean square error (RMSE) of geometric cor-
rection was less than 1 pixel. Preprocessing of image data
included accurate geometric correction and image enhance-
ment. Twenty ground control points (GCPs) were selected
from the topographic maps to orthorectify SPOTS and
Landsat image. All the data were presented in a Universal
Transverse Mercator (UTM) coordinate system and World
Geodetic System 1984 (WGS84) referenced to the topograph-
ic maps.

The glacier outlines of 1964 were interpreted from topo-
graphic maps. For 2005, the outline of glaciers was derived
from a panchromatic SPOTS image. A preliminary glacier
boundary was generated automatically from the band ratio
method for Landsat data in 2014. We applied the band ratio
approach using the TM4/TM5 combined manual correction to
extract glacier outlines in the URB (Williams et al. 1991;
Jacobs et al. 1997; Bayer et al. 1994). To achieve maximum
accuracy, manual checking on false color composites of 5, 4,
and 3 bands with Landsat image was also used. “Calculate
Geometry” tool, was used to calculate the areas in different
periods. Errors in the glacier boundaries from remote sensing
image were controlled by the image resolution and co-
registration error. The uncertainty can be calculated by the
following formulae (Hall et al. 2003; Silverio and Jaquet
2005; Ye et al. 2006):

Ur = /3N 4+ /3¢2 (1)
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Fig. 3 Area change of individual glacier in the URB from 1964 to 2014
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where Uris the uncertainty of glacier length; )\ is the image
resolution; ¢ is the co-registration errors of each image to the
topographic map; and U, is the uncertainty of glacier area.
The accuracy of glacier length is + 45 m for ETM+ data and =
10 m for SPOTS image. Glaciers area uncertainties were esti-
mated to be +0.003 km? using ETM+ image and +
0.0001 km? using SPOT5 image.

Results
Glacier area and number changes

Table 2 showed glacier area and number changes for the1964—
2005 and 2005-2014 periods in the URB. The URB experi-
enced seven glacier disappearances during the period 1964—
2005, and another ten disappeared by 2014. Moreover, 21
glaciers smaller than 0.2 km” completely disappeared between
1964 and 2014. The total area of glaciers decreased from
48.75 km” in 1964 to 28.91 km® in 2014; that is, 19.84 km®
or approximately 41% of glacier area were shrank.

The glaciers area change during the period 1964-2014 of
the URB with area<0.1,0.1-0.5, 0.5-1, 1-2,2-3 km’, and >
3 km® were 1.14 km?, —6.95 km?, —2 km®, — 11.34 km”,
2.74 km?, and —3.43 km?, respectively (Table 2). For the
URB, glacier area and number increased in class < 0.1 km?.
The mean area for a single glacier from 0.33 km?* during 1964
was reduced to 0.22 km* during 2014.

Overall, nearly doubling glacier shrinkage occurs in the
URB, from an averaged area reduction rate of 0.77%/a in
1964-2005 to 1.21%/a in 2005-2014 (Table 3), and it appears
that this was largely caused by small glacier shrinkage.

In terms of the relative changes in the glaciers with
different glacier sizes (JOhannesson et al. 1989), percent-
ages of area reduction of small glaciers were usually higher
than those of large glaciers. Taking into account the influ-
ence of the glacier size, we found there was a non-linear
relationship between glacier initial size and percentages of
area loss in the URB. Figure 3 shows that the relative
glacier changes increased with decreasing glacier size.
The shrinkage was very strong for glaciers with areas of
0-0.5 km? and its shrinkage accounted for 56.01% of the
total glacier area loss.
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Fig. 4 Glacier area shrinkage in different elevation ranges in the URB from 1964 to 2014

Glacier variation in different altitude bins

Based on the topographic map, vertical variations were calcu-
lated for each 100 m elevation bin according to the elevation
of glacier terminus. Statistical analysis was applied for two
phases of the glacier data (Fig. 4): glacier terminus in the
URB were mainly distributed in 3600-3700 m and 3700—
3800 m, accounting for 26.36% and 31.78% in numbers, re-
spectively. The most obvious reduction ranges are in the
3500-3600 m and 3600-3700 m bins. Obviously, the high
shrinking rate of glaciers at the altitude range of 3500—
3700 m directly led to an increasing trend at altitude range
0f 3800—4200 m.

Glacier distribution and regional differences

Glaciers in the URB are distributed in Xiondi River (5Y730A),
Chahannuoer Region (5Y730B), Wuteken Region (5Y730C),
and Bulate Region (5Y730D). Change in glacier area from
different regions may be influenced by humidity, air tempera-
ture, precipitation, and terrain (Li et al., 2011). Average area of
individual glacier in 2014 in Chahannuoer Region (5Y730B)

was 0.29 km?, and in Wuteken Region (5Y730C) was
0.41 km®. Figure 5 shows that from 1964 to 2014, the greatest
decrease was Chahannuoer Region (44.71%), followed by
Xiondi River (42.33%), and Bulate Region (37.63%). Glacier
area loss rates are different in different sub-regions, and regional
differences are obvious. It is clear that both glacier distribution
and glacier change in the URB have large regional differences.

Glacier volume change

According to previous studies (Liu et al. 2003; Xu et al. 2013),
the empirical relation between glacier area and volume was
founded by the Lanzhou Institute of Glaciology and
Geocryology (LIGG) (1986), for glaciers in western China,
which is expressed as follows:

H =-11.32+53.215%" (3)
H = 34.48°% (4)
V =S"H/1000 (5)

where S is the glacier area (km?), H is mean thickness of
glacier (m), and V is the glacier volume (km?). Equation (3)
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Table 4 Comparison of glacier

recession in other mountain Study areas Area change (%)  Recessionrate (%/a)  Period Author

regions of the western China
Yeniugou River Basin ~ —25.71 0.54 19562003 Yang et al. (2007)
Heihe River Basin -29.6 - 1950s/1970s—2003  Wang et al. (2011)
Heihe River Basin —36.08 0.60 1960s-2007/2011 Huai et al. (2014)
Kaidu River Basin -11.6 0.31 1963-2000 Liu et al. (2006)
Gez River Basin -10 0.26 1960-1999 Liu et al. (2006)
Pumqu River Basin —-8.98 0.30 1970s—2000 Jin et al. (2004)
UrumgqiRiver Basin -13.8 0.45 1962-1992 Chen et al. (1996)
Urumgqi River Basin —40.7 0.80 1964-2014 This study

is applicable for cirque, valley, and cirque-valley glaciers, and
Eq. (4) is applicable for hanging glaciers. The formula was
induced based on a statistical model and could be used to
estimate the glacier volume change for a large region of gla-
ciers instead of individual glaciers. After determining the
mean thickness, glacier volume can be obtained by Eq. (5).
These statistical formulas were applied to estimate glacier vol-
ume change for the 1964-2014 periods in the URB. Thus, ice
volume shrinkage is estimated to be 49.94% over the 51 years,
which is approximately 69.2 x 10° m* water equivalent (as-
suming an ice density of 900 kg/m®). Considering the different
periods (19642005 and 2005-2014) separately, the estimated
volume losses are 36.62% and 13.32%, respectively.
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Fig. 6 The average temperature (from May to September) and total
precipitation (from October to April) of Daxigou meteorological station
in the URB
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Change of Urumgqi Glacier No.1

UG is representative in the URB in terms of area change,
length change, surface elevation change, energy balance ob-
servation, ablation simulation, and mass balance observation.
Several studies have been undertaken to calculate the glacier
change of UGI (Li et al. 2003; Wang et al. 2014; Sun et al.
2013), and here we summarize the length, area, volume, and
mass balance change results. According to previous results,
UGT1 has experienced an accelerated shrinkage in the past
several decades. The area has decreased by 0.30 km?
(15.6%), from 1.95 km? in 1962 to 1.65 km? in 2009, which
showed a remarkable shrinkage (Li et al. 2003). Except for
climate warming reason, it may also be related to the increase
in effective ablation area at the end of glacier after separating
into two small glaciers with a consequent sudden increase in
retreat speed in 1993 (Li et al. 2003; Ye et al. 2005). The
retreat speed of the west branch terminus apparently more
than that of the east branch. Published studies (Wang et al.
2014) suggested that the ice volume loss between 1962 and
2009 also showed an accelerating trend. Over the period of
19622009, UG lost a volume of 29.51 x 10° m> with the
terminus retreat of 4.6 m/a and area reduction of 0.006 km*/a
(Wang et al. 2014). Both annual and cumulative mass balance
of UGI have shown negative increases since 1959 (Zhang
et al. 2014).

Discussion
Comparison of glacier changes with other regions

Despite different measurement sites and periods and the me-
teorological conditions, general comparison is possible for
glacier changes. It is found that compared with other glaciers
in western mountain regions in China (Table 4), the rate of
glacier retreat was significantly higher with 0.80%/a from
1964 to 2014 in this study. Compared with the study of
Chen et al. (1996), the results indicated that glaciers in the
URB are in a state of rapid recession, especially in the last
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Fig. 7 Changes of annual runoff 400
in Urumgqi Glacier No.1 and
Empty Cirque hydrological 3504
stations in the URB
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two decades. By comparison, we see that there are significant
differences of glacial recession in other regions of the western
China, under the influence of climate change. To investigate
reasons why glacier area reduced so fast in the URB, the
regional climate change might be the main reason behind this
relative higher reduction in glacier area while the glacier size
also was a factor (Johannesson et al. 1989). As the average
area of individual glacier in the URB was just 0.33 km?, gla-
ciers were more sensitive to climate change.

Response of glaciers change to climate

Figure 6 shows that the rate of average temperature in the
glacier melting seasons (from May to September) increasing
was more than 0.20 °C/10a (statistically significance at the
99% confidence level) during 1960-2010, and the precipita-
tion in the accumulation seasons (from October to April) had
been increasing rate of 3.9 mm/10a. The temperature trend
magnitudes were higher than the rate of global average tem-
perature increasing rate of 0.148 °C/10a (IPCC 2007).
Previous study suggests that annual average precipitation
was 294 mm during 1978-2000 and it was increased by
27.3% compared with 231 mm during 1951-1977, according
to the data of Urumqi meteorological station (Han et al. 2005).
Liu et al. (1999) demonstrated that glacier shrinkage in the last
30 years corresponded to an air temperature rise of about 0.35
+0.27 °C in the high mountain region of the URB. Obviously,
temperature in the melting seasons have increased significant-
ly, although precipitation in the accumulate seasons also
showed slight increase; the sensitivity of glaciers on tempera-
ture became stronger. With temperature rising, the supply
from increased precipitation cannot compensate for the loss
of glacier mass ablation, thus resulting in the continued
shrinkage for glaciers in the URB.

1970 1980 1990 2000 2010
Year

Effects on regional water resources

Figure 7 presents annual runoff at the Empty Cirque and
Glacier No.1 hydrological stations from 1959 to 2008. The
annual runoff of the Empty Cirque station has an evident low
value compared with the Glacier No.1 station. It is illustrated
that the change ofhydrological regime in the URB was great-
ly linked to the glacier conditions, which further emphasized
the fact that of great importance of glacier meltwater to local
water resource. The measured annual runoff of Glacier No.1
station was 200 x 10* m>, minimum occurred in 1976 and
maximum occurred in 2006, inter-annual change was larger.
Furthermore, the runoff of 1995-2008 was significantly
higher than in 1959-1984 in Glacier No.1 hydrological sta-
tion, which showed that the runoff has increased. On the
contrary, the non-glacierized Empty Cirque station had rela-
tively small variation amplitude and had a significant low
runoff. Obviously, glacier meltwater in summer is the vital
source for the URB upstream and has an important role in
stabilizing runoff. Currently, glaciers less than 0.5 km? are
rapidly melting in the URB, adding to the flow of down-
stream rivers. The glaciers with area 1-2 km” making the
biggest contribution to water resources as the area change
was — 11.34 km® during 1964-2014, which has the higher
retreat rate. Undoubtedly, if climate warming causes ice loss
to continue at rates like those reported in the present study,
the regulation effect of glaciers to river runoff would be
weakening.

The shortage of water in the Urumgqi is a puzzling problem.
With the economic activities and population increase, the wa-
ter shortage in the URB will limit economic development and
security of human life. It is necessary to take measures to
make efficient use of limited water resources in the URB,
and the glacier monitoring under the climate change should
be taken seriously.

@ Springer
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Conclusions

This paper studied the glacier change information in the URB
from 1964 to 2014. Some conclusions can be drawn as follows:

(1) The area reduction rate increased from 0.77%/a during
19642005 to 1.21%/a during 2005-2014 in the URB,
indicating that the melting of glaciers in the URB is be-
coming more and more intense.

(2) Ice volume loss is estimated to be 49.94% from 1964
to 2014, which is approximately 69.2 x 10° m* water
equivalent. Glacier area between 1 and 2 km? are
making the biggest contribution to water resources,
but the regulation effect of such glaciers to river run-
off is weakening.

(3) The accelerated glacier retreat was a dangerous signal for
local water resource in the URB, and the continuous
future glacier monitoring under the global warming were
desperately needed.
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