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ABSTRACT. The Ebinur lake basin, Tien Shan, China, was described in the early 20th century as the

‘Green Labyrinth’. This relatively productive area supports agriculture and stands in contrast to the

regional aridity. Glacier melt runoff is an important source of water for this arid region and has played a

significant role in its economic development. However, over the past 40 years the ecology and

environment of the region have seriously degenerated due to human activity and climate change. To

investigate changes in glacier water supply, measurements from two reference glaciers were performed

and used to validate satellite data and historical data for glaciers in the water catchment. Variability in

regional glacier total area and volume over the past 40 years was reconstructed from historical

documents, aerial photographs and remote-sensing data. Our investigations of 446 glaciers showed that

from 1964 to 2004 the total glacier area decreased by 14.7% (0.4%a–1), corresponding to an estimated

volume change of 20.5%. During this period, the most dramatic decrease in glacier area corresponded

to a rapid rise in temperature. This reduction in glacier area is accelerating and impacting the future

sustainability of the region’s water resources.
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1. INTRODUCTION

The cryosphere on land stores �75% of the world’s fresh
water (Lemke and others, 2007). Changes in glacier extent in
mountainous regions are widely recognized as one of the
best natural indicators of global climate change (Haeberli,
2005; Oerlemans, 2005). During the past 50 years, the
average air temperature in northwest China has increased by
1.6–1.88C (Li and others, 2013). The Intergovernmental
Panel on Climate Change (IPCC) has projected that if
greenhouse gas emissions, the leading cause of climate
change, continue to rise, then mean global temperatures will
increase by 1.4–5.88C by the end of the 21st century (Lemke
and others, 2007). With the ongoing climate warming,
alpine glacier retreat has accelerated (Paul and others, 2002,
2004a; Khromova and others, 2003; Bolch and others,
2009). As in many other parts of the world, glaciers in the
Tien Shan, China, have been retreating since the end of the
Little Ice Age of the mid-19th century, a tendency that has
accelerated since the 1970s (Solomina and others, 2004;
Narama and others, 2010; Sorg and others, 2012). Intensi-
fied glacier melt has caused the glaciers to have a mainly
negative mass balance and strongly affects the quantity and
seasonal distribution of runoff in central Asia’s glacier-fed
watersheds (Aizen and others, 1997; Hagg and others, 2007;
Sorg and others, 2012). Correct evaluation of glacier area
and volume change has wide practical applications in water
resource, water supply and hydropower assessments (Aizen
and others, 2006).

In arid and semi-arid regions, especially in northwest
China, glacier runoff is the main contributor to water
resources that are used to support the sustainable develop-
ment of the environment, industry and agriculture (Yao and
others, 2004). Ebinur lake is the largest saltwater lake, and
the second largest lake, in Xinjiang (Ma and others, 2007).

Hence, glacier change in the Ebinur lake basin attracts wide
attention, and glacier monitoring and investigation is
important as climate change continues to affect the basin.
The aim of this study is to evaluate glacier fluctuations in a
regional context in the Ebinur lake basin from 1964 to
2004, analyzing the causes of glacier changes in the basin
and studying the essential relationships between climate,
glaciers and runoff.

2. STUDY AREA

The Ebinur lake basin (438380–458520N, 798530–858020 E) is
located on the north slope of the western Tien Shan and
southwest of the Junggar basin, China (Fig. 1). The total area
of the basin is 50 621km2 (Li and others, 2006). It is
surrounded by mountains to the north, west and south
(mountainous area 24 317 km2). There is a typical temperate
arid continental climate, with the mountain–oasis–desert
system having the typical characteristics of temperate arid
ecology. The glacier melt runoff of this region has played a
significant role in the economic development of Xinjiang
Autonomous Region.

The China Glacier Inventory (Liu and Ding, 1986)
identified 1104 glaciers contributing to the water source of
the Ebinur lake basin in the 1960s (Table 1). These glaciers
had a total estimated area of 823.1 km2, an ice volume of
47 km3 and a mean glacier area of 0.75 km2. Ebinur lake is a
terminal lake fed by the Kuitun, Sikeshu, Jinghe and
Daheyanzi rivers, as well as Sailimu lake and the Bortala
river. Because of the distribution and number of glaciers
supplying each river, this study does not include the
Daheyanzi river and Sailimu lake. The 40 year study period
(1964–2004) saw large-scale land reclamation and popula-
tion growth around the Ebinur lake basin, and by the end of
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the study period only the Jinghe and Bortala rivers still flowed
into the basin. Glacier position monitoring (glaciers No. 48
and No. 51; Fig. 1c) in the Ebinur lake basin (Kuitun river
basin) from 1999 to 2010 has enhanced glacier mapping and
studies of ablation, debris cover and glacier distribution in
the region. The fieldwork is maintained by the Tien Shan
Glaciological Station; the observations include glacier mass
balance, terminal position, debris, surface velocity, discharge
and meteorological data (Xiao and others, 2012).

3. DATA AND METHODS

3.1. Satellite data and processing

To determine relative changes in glacier area over the past
40 years, two periods were selected based on the availability
of reliable historical data and field-based validation of
satellite imagery in the modern era. The modern data
include one SPOT-5 (Satellite Pour l’Observation de la Terre-
5) image and three ASTER (Advanced Spaceborne Thermal

Emission and Reflection Radiometer) images from June to
September 2004 and 2005, with a resolution of 5–15m.
Field-based measurements of two glaciers (glaciers No. 48
and No. 51), covered by the satellite imagery, were
conducted from 1999 to 2005. Historical datasets include
18 topographic maps (1 : 50 000), dating from 1962 to 1966
and derived from aerial photographs taken by the Chinese
Military Geodetic Service. Satellite images were taken in
(nearly) cloud-free conditions during periods of minimal
snow cover in order to reduce potential uncertainty in
glacier boundary delineation.

A digital elevation model (DEM) of the Kuitun river basin
at the 1 : 50 000 scale (DEM5) was created by contour
digitization and interpolation from the 1 : 50 000 topograph-
ic maps. The DEM of the other three subregions had a
resolution of 25m. The satellite images were orthorectified
using methodologies described by Paul and others (2004b)
and PCI Geomatica 9.1 Orthoengine software (Kutuzov and
Shahgedanova, 2009; Svoboda and Paul, 2009). Geocorrec-
tion and co-registration were established using ERDAS
Imagine 9.0 software. The clearly distinguishable terrain
features were selected from topographic maps that could be
identified on each image. On average, 30–50 ground control
points were collected, with the root-mean-square error
(RMSE) value limited to <0.5 pixels in both the x and y
directions. All images and maps were presented in a
Universal Transverse Mercator (UTM) coordinate system
referenced to the 1984 World Geodetic System (WGS84).

3.2. Glacier outline delineation

The study of glacier variations depends mainly on the
delineation of the glaciers from sequential, co-registered
orthorectified images. Excellent images ensure clear glacier
boundaries, minimizing uncertainty. The image was ob-
tained for cloud-free conditions, making it immune to
potential error, and at the end of the ablation period when
snow cover was minimal, to avoid perturbation in

Fig. 1. Location of the Ebinur lake basin, Tien Shan: (a) study region; (b) location of Ebinur lake basin in Xinjiang region; (c) glaciers No. 48
and No. 51 and the glacier outlines in 2004 (black) and 1964 (blue) in the Kuitun river basin.

Table 1. Summary of glacier distributions in the upper reaches of
the Ebinur lake basin

Basin China Glacier Inventory III This study

Number Area Number Area

km2 km2

Kuitun river basin 309 201 133 87.1
Sikeshu river 364 336 150 114
Jinghe river 129 96 91 91.4
Daheyanzi river 34 4.17
Sailimu lake 13 4.28
Bortala river 255 181 72 73.31

Total 1104 823 446 366
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delineating the glacier boundary. Data assessments con-
ducted under the Global Land Ice Measurements from Space
(GLIMS) framework confirmed that artificial interpretation
remains the best tool for extracting higher-level information
from satellite images for glaciers, especially debris-covered
glaciers (Paul and others, 2004b; Raup and others, 2007a).

The glacier outlines are mapped manually with the DEM
using commercial GIS software (ArcView), as well as using
the topographic maps and satellite images. ArcView is a
useful tool for extracting detailed information from satellite
imagery of glaciers (Raup and others, 2007b), particularly
when mapping is conducted by the same person using a
combination of different types of imagery (Paul and others,
2002). A DEM with a grid spacing of 25m was used to
derive the elevation and slope orientation data for the
glaciers. Area and other parameters of the glaciers in
different periods can be computed from the extracted glacier
polygons, resulting in a total sample of 446 glaciers. For
some images and sections containing clouds or fresh snow
cover, the outlines of some glaciers were not validated
accurately; these were omitted. Some glaciers in the Ebinur
lake basin are covered to a varying extent by supraglacial
debris, which has the same spectral characteristics as the
surrounding terrain and thus cannot be spectrally discerned
from it. The debris outline was derived from ASTER data by
on-screen digitizing and was verified by real-time kinematic
GPS (RTK-GPS; Unistrong E650) surveys conducted in
August 2004.

3.3. Accuracy analysis

Glacier area mapping from the comparatively low-reso-
lution (15m) ASTER image is less accurate than that from the
SPOT-5 image (5m), especially for the smaller (area
<0.1 km2) and debris-covered glaciers (Pan and others,
2013). The best imagery for studying changes in glacier
area and volume is the higher-resolution satellite image (e.g.
SPOT-5). However, obtaining good-quality images (no
clouds and minimal seasonal snow cover) during similar
time periods was difficult, so two different types of satellite
imagery (SPOT-5 and ASTER) were used.

Fieldwork and interpretation methods are extremely
important for ensuring accuracy (Paul and others, 2004b;
L. Wang and others, 2011; P. Wang and others 2011). In the
study of glacier remote sensing, error derives mainly from
the uncertainty of glacier boundary extraction, sensor
resolution and co-registration error. The first of these errors
can only be reduced through field verification and glacio-
logical experience. For the latter two types of error, the
uncertainty of remote-sensing images can be evaluated
using the formula to calculate their error (Ye and others,
2006). For multiple images, the linear uncertainty can be
expressed as

UL ¼
ffiffiffiffiffiffiffiffiffiffiffiX�2

r
þ

ffiffiffiffiffiffiffiffiffiffiffiX�2
r

ð1Þ

where UL is the measurement uncertainty of the glacier
terminus, � is the original pixel resolution of each individual
image or map, and � is the registration error of each
individual image compared to the topographic map.

Correspondingly, the area uncertainty between multiple
images can be deduced and expressed as

UA ¼
X�2 � 2ULffiffiffiffiffiffiffiffiffiP�2

q þ
X�2 ð2Þ

where UA is the measurement uncertainty of the glacier area
and UL is the linear uncertainty. In our case, glacier terminus
and area measurement uncertainty can be calculated using
Eqns (1) and (2), and the resulting values are 28.7m and
0.001 km2, respectively. In this study, in order to verify and
improve the accuracy of glacier outlines, glaciers No. 48
and No. 51 were surveyed in August 2004 using RTK-GPS
(accuracy is micrometer level). The results show that there is
about 0.8% difference in length and 0.5% difference in area
between our 200 surveyed points and the glacier mapping
generated from ASTER and SPOT data.

4. RESULTS

4.1. Glacier change in the Ebinur lake basin

Changes in glacier area extracted from repeat satellite data
show that glacier behavior has varied considerably within
the Ebinur lake basin since 1964 (Fig. 2). The results show
that the total area of the 446 studied glaciers decreased from
366.32 km2 to 312.53 km2, a loss of 53.79�0.03 km2

(14.7%), equivalent to 0.4%a–1 of the 1964 value, over a
period of 40 years. About 78% of these glaciers are <1 km2

in area. The mean length change of all analyzed glaciers
between 1964 and 2004 was –198.5�1.6m (5.0ma–1), or
15.6%.

Regions dominated by small glaciers are generally more
sensitive to change because small glaciers have a short
response time to climate variability (Bahr and others, 1998;
Ye and others, 2001). Thus, there is a strong bias toward the
large number of small glaciers that decreased in area.
Twelve lower-elevation glaciers with areas of <0.3 km2,
which were present on the topographic maps, had
disappeared completely by 2004. Eight of these had been
smaller than 0.1 km2. Eight of the twelve glaciers that
disappeared were located in the Kuitun river basin; the
others were in the Sikeshu and Jinghe river basins (Fig. 1a).
The latter two subregions belong to the most easterly part of
the Ebinur lake basin. Clear variations are seen in glacier
shrinkage, which has been strongly affected by variations in
climate due to the long distance from east to west of the

Fig. 2. Relationship between relative area change and initial glacier
size for 446 glaciers in the Ebinur lake basin. Mean values of glacier
area change (horizontal line) together with standard deviation
(vertical bar) are given for the six area classes (<0.1, 0.1–0.5, 0.5–1,
1–2, 2–5 and >5 km2).
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Ebinur lake basin. Meanwhile, 13 glaciers enlarged their
areas, with an average rate of increase of <7%; most were
smaller than 1.0 km2 and located on the lee side of the
ridges. Accumulation on such glaciers depends mainly on
snowdrift, and their behavior is determined by local
conditions rather than climatic variations (P. Wang and
others, 2011). The overriding importance of local conditions
for the behavior of small glaciers has been noted by
Surzakov and others (2007) for glaciers within the Altai
mountains. Larger glaciers typically extend to lower eleva-
tions than those reached by smaller glaciers (Li and others,
2011a). However, when subjected to climate warming,
differences in area loss depend less on glacier elevation and
more on glacier area, because smaller glaciers have a faster
climate response (Li and others, 2011a). In the Ebinur lake
basin, glaciers that initially extended over >2.0 km2 experi-
enced an area loss of 9%, whereas glaciers initially smaller
than 1.0 km2 lost 22% of their area.

4.2. Glacier change in the subregions

4.2.1. The Kuitun river basin
Our investigations of glaciers in the Kuitun river basin
covered by SPOT5 imagery identified 133 glaciers, with a
mean glacier area of 0.65 km2. This region has the largest
mean area of the four study regions. Figure 3 presents the
distribution of glacier coverage in the Kuitun river basin
according to glacier size class (<0.1, 0.1–0.5, 0.5–1, 1–2,
2–5 and >5 km2). About 84% of all glaciers in the basin in
1964 were <1 km2 and contributed �37.7% of the total
area, while �50% of the glaciers had an area of
0.1–0.5 km2, accounting for 19.6% of the total area. About
12.8% of the glaciers had an area of 1–5 km2, accounting
for 37.3% of the total area. Only four glaciers in this
sample were larger than 5 km2; they had a combined area of
20.74 km2 and accounted for 25% of the total area. Small
glaciers are remarkably prevalent in this region.

Over the 40 year period 1964–2004 the total glacier area
in the Kuitun river basin decreased by 15.4% of the 1964
value, from 87.06 km2 to 73.69 km2 (0.4%a–1). The total
area of glaciers <0.1 km2 in extent decreased by 0.76 km2

(46.9%), while the total area of glaciers >5 km2 decreased by
0.98 km2 (4.5%). The maximum area loss was in the
0.1–0.5 km2 size class, with a 33.5% decrease from
17.1 km2 to 11.4 km2. These observations suggest that larger
glaciers are responsible for greater ice loss to local water

resources than the more numerous small glaciers (Li and
others, 2011b). The mean area loss of individual glaciers that
were <0.1 km2 is 0.029 km2, compared to 0.245 km2 for
glaciers >5 km2 in area. Overall, glacial coverage decreased
by 34.1% and 10.0% for the southern and northern slopes,
respectively, indicating a significantly stronger area loss on
the south-side glaciers of the Kuitun river basin.

Glaciers No. 51 and No. 48, located in the Kuitun river
basin, have a history of glacial field monitoring (glacier
No. 51 has the longer observation period, 1999–2012; the
glacier No. 48 observation period was 2002–08). The field
observations include surveys of the glacier boundary and
terminus location by RTK-GPS and measurements of the
mass balance by ablation stakes and snow pits. The ablation
measurements are made using stakes inserted vertically into
the glacier. According to field data, the law of multi-year
average mass balance is better on glacier No. 51; ablation
decreases with increasing altitude, with a maximum mass
balance of 868.4mmw.e. and a minimum value of
–2691mmw.e. The glacier No. 51 field data show an area
reduction of 13.0%, from 1.558 km2 to 1.345 km2, an
average reduction of 0.3%a–1. The SPOT5 imagery shows
a similar relative change in area to that of the field study
(0.3%a–1). The modern average rate of loss was determined
from 2000–06 field data using RTK-GPS. This rate was
0.9%a–1, three times higher than the annual rate (0.3%a–1)
found by comparing modern and historical data (1964 and
2004). A DEM of the the Kuitun river basin at the 1 : 50 000
scale (DEM5) was created by contour digitization and
interpolation from the 1 : 50 000 topographic maps (1964).
The hypsography of glacier total area distribution by
elevation intervals of 100m is shown for 18 gradients, as
derived from glacier polygons and the DEM, in Figure 4. The
trend of glacier area with altitude increase is increase–
maximum–decrease, with the maximum value at 3700–
3800ma.s.l. Nine of the gradients are at 3400–4300ma.s.l.,
with a combined area of 77.36 km2 (88.9% of the total area).
The other nine have a combined area of 9.7 km2 (11.1%).
The area–elevation relationship reflects the local topography
and thermal lapse rate. Thus, glaciers usually develop in an
elevation interval from the mountainside to the ridge (Li and
others, 2011a). In Figure 4, the horizontal line indicates the

Fig. 3. Area, number, and area loss of glaciers by glacier size class
for 1964–2004 in the Kuitun river basin (glacier size classes
1–6: <0.1, 0.1–0.5, 0.5–1, 1–2, 2–5 and >5 km2 respectively).

Fig. 4. Glacier area distribution vs elevation interval in the Kuitun
river basin (black line shows the present ELA of glacier No. 51
reported from the field data).
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present equilibrium-line altitude (ELA) (3680m) of glacier
No. 51, reported from the field data, which is similar to the
peak of the glacier area distribution vs elevation interval.
Thus, the glacier area distribution vs elevation interval
probably reflects the ELA in regions that lack field data or are
difficult to access (Narama and others, 2010). However, we
acknowledge that topography may also be a factor.

There is a reduction in the glacier area from 3100 to
4900m elevation. The largest glacier area (51.6%) occurs at
3100–3200m, and the size of the reduction gradually
decreases with increasing altitude (Fig. 4). Ablation occurs
mainly below 4200m (11 gradients at this elevation interval),
with a combined area reduction of 12.29 km2 (91.9% of the
total). The other seven gradients, above 4200ma.s.l., have a
total area reduction of only 1.08 km2 (extraction error is
greater than for the entire study area at 0.001 km2) (8.1%).
These results are consistent with those from the Qomo-
langma (Everest) protected area, indicating that the warming
forced the glacier ablation area increase and the upslope
movement of snowlines (Kehrwald and others, 2008).

4.2.2. Other subregions and regional differences
The other subregions are the Sikeshu, Jinghe and Bortala
river basins. Glaciers in these three subregions are investi-
gated using advanced spaceborne ASTER imagery. In the
Sikeshu river basin, 150 glaciers were identified, with a
mean area of 0.76 km2. Their total area decreased by 15.3%,
from 114.57 km2 to 96.98 km2, over the 40 year period
1964–2004 (0.38%a–1), whereas over the 27 year period
1962–89 it decreased by 2.6% (0.1%a–1) (Liu and others,
2002). The decrease has been intensified by the ablation
trend in recent years. The Jinghe river basin contained 91
glaciers, with a mean area of 1.0 km2. Their total area
decreased by 15.2%, from 91.39 km2 to 77.42 km2, over the
40 year period (0.38%a–1). The Bortala river basin contained
72 glaciers, with a mean area of 1.0 km2. Their total area

decreased by 12.6%, from 73.31 km2 to 64.07 km2, over the
40 year period (0.32%a–1). Because the Bortala river basin is
in the interior part of the Tien Shan, affected by local
climatic conditions and glacier topography, it has a lower
rate of glacier change than the other three subregions
(Narama and others, 2010).

Figure 5 presents the distribution of glacier coverage in
the four subregions from 1964 to 2004, according to
glacier size class (<0.1, 0.1–0.5, 0.5–1, 1–2, 2–5 and
>5 km2). The distribution is similar in all the subregions.
Glaciers with areas of <1 km2 occupy 80% of the Sikeshu
river basin, 68.1% of the Jinghe river basin and 70.8% of the
Bortala river basin. The proportion of glaciers with areas of
0.1–0.5 km2 in these basins is 32%, 34% and 44%,
respectively. Small glaciers predominate, but larger glaciers
were responsible for a greater ice loss to local water
resources than the numerous small glaciers.

Thus, the relative abundance of glaciers in the different
size classes strongly affects the total percentage glacier area
loss (Fig. 5). Glacier shrinkage in all glacier size classes was
greatest in the Kuitun river basin, with its many small
glaciers (<1 km2), followed by the Jinghe river basin (15.4%)
and the Sikeshu river basin (15.3%). Both of the latter are in
the outer ranges of the Tien Shan. The Bortala river basin,
located in the interior, exhibited comparatively small
reductions (12.6%).

5. DISCUSSION

5.1. Reasons for glacier change

5.1.1. Glacier retreat and climate
Of all the factors contributing to glacier variation, climate
change may be the most important (Liu and others, 2002;
Wang and others, 2009). Glacier fluctuations on timescales
longer than a century are controlled mainly by temperature,

Fig. 5. Area, number, and area loss of glaciers by glacier size class for 1964–2004 in the four study subregions of the Ebinur lake basin
(glacier size classes 1–6: <0.1, 0.1–0.5, 0.5–1, 1–2, 2–5 and >5 km2 respectively).
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not precipitation. Glacier fluctuations on timescales shorter
than 10 years, or in a limited spatial scale, are determined by
precipitation (Gao and others, 2000). Glacier changes in the
study area were predominantly influenced by annual
temperature and precipitation. Therefore, daily air tempera-
ture and precipitation data from five high-altitude meteoro-
logical stations in the Ebinur lake basin with a long period of
observations were used (Table 2; Fig. 1a). All the data used
were from 1959 to 2005.

Annual mean temperature and total precipitation over the
47 year period 1959–2005 were analyzed from the five
closest stations in the study area (Fig. 6). The linear trend
analysis of mean temperature indicated that the average rate
of temperature increase was 0.318C (10 a)–1. The periods
1959–90 and 1990–2005 were chosen because of a climate
shift at the end of the 1980s in northwest China which
resulted in a trend change (Shi and others, 2007). There is a
warming trend of 0.258C (10 a)–1 during the period 1959–90,
which increases to 0.548C (10 a)–1 from 1990 to 2005. Thus,
we have observed an increased rate of warming in recent

times. From 1959 to 2005, records at the five stations
displayed a gradual increase in annual precipitation, at an
average rate of 7.12mm (10 a)–1. The rate of increase was
13.6mm (10 a)–1 from 1959 to 1987, 14.3mm (10 a)–1 from
1980 to 1995, and 123.3mm (10 a)–1 from 1987 to 2005.
Thus, annual precipitation has continually increased since
1980. Increasing temperature leads to: (1) increased energy
available for ice- and snowmelt, (2) decreased snow
accumulation and (3) lower albedo of the glacier surface
(Ageta and Kadota, 1992; Fujita and Ageta, 2000). The
precipitation increase has provided good conditions for
glacier accumulation. However, the temperature increase
has caused an increase in rain, rather than snow, in the high-
altitude glacierized area, leading to reduced accumulation
and accelerated ablation, especially in the summer (Chau-
lagai, 2003). Although the annual temperature generally
increased between 1959 and 2005, slightly increasing
annual precipitation leads to significant glacier melt, which
appears to be the most significant factor for recent glacier
shrinkage in the Ebinur lake basin.

5.1.2. Glacier retreat and size
During the period 1964–2004, the glaciers in the Ebinur lake
basin shrunk by 14.7%, from 366.32 km2 to 312.53 km2.
This strong relative reduction tended to affect smaller
glaciers the most (Fig. 7): �78% of these glaciers were
<1 km2 in area. Glaciers in different size classes (<0.1,
0.1–0.5, 0.5–1, 1–2, 2–5 and >5 km2) experienced different
area loss given different climate scenarios. With a short
climate warming response time, small-glacier change was
highly variable, which may be attributed to microclimate
conditions or complicated topographic settings. Thus, a
large number of small glaciers will affect the relative area
change on a regional scale. The results also show a shift
towards fewer and smaller glaciers over this period, due to
net area loss. It is suggested that more glaciers will shrink
and are likely to vanish in the near future.

5.1.3. Glacier retreat and slope
Glacier distribution was classified into 11 slope intervals
(<158, >608 and 58 intervals in between; Fig. 8). The six
intervals at <408 slope have a combined area of 336.27 km2

and account for 91.8% of the total area and 318 glaciers
(71.3% of the total number). The other five intervals have a
total area of 30.05 km2 and account for 8.2% of the total
area and 128 glaciers (28.7%).

Table 2. Meteorological stations used in this study (locations are
shown in Fig. 1a)

District station
No.

Meteorological
station

Lat. (N) Long. (E) Altitude

ma.s.l.

51232 Alashankou 458110 828350 284.8
51238 Bole 448540 828040 531.9
51330 Wenquan 448580 818010 1354.6
51334 Jinghe 448370 828540 320.1
51346 Wusu 448260 848400 478.8

Fig. 6. (a) Annual average precipitation and (b) annual average
temperature for 1959–2005 at the five meteorological stations in
the study area.

Fig. 7. Area, number, and area loss of glaciers by glacier size class
for 1964–2004 in the Ebinur lake basin.
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All slopes showed a reduction in glacier area from 1964
to 2004 (Fig. 8). The largest area change occurs for slopes of
<408, with a combined area reduction of 46.11 km2 (85.0%
of the total decrease). At slopes of >408 there is a total area
reduction of 8.15 km2 (15.0%). Therefore, the lower the
slope angle, the larger tends to be the area decrease, mainly
as a result of glacier size.

5.1.4. Glacier retreat and aspect
Glacier distribution as a function of aspect was analyzed
utilizing eight 458 intervals (Fig. 9). In the 1960s, the
proportion of the total number of glaciers was >10% in each
of four aspects (north, northeast, northwest and west),
accounting for 76.3% of the total number of glaciers, while
the other four aspects (south, southeast, southwest and east)
accounted for 23.7% of the total number of glaciers. The
total glacier area was >10% in each of three aspects (north,
northeast and northwest), accounting for 71.3% of total
glacier area. The difference in glacier area and number
distribution is predominantly influenced by local climate
and topography effects.

The different aspects all showed glacier retreat between
1964 and 2004 (Fig. 9). The largest relative rates of change,
shown in three aspects (south, southwest and west), were
26.5%, 21.1% and 16.8%, respectively. The largest absolute
rates of change were shown by the other five aspects (north,
northeast, northwest, east and southeast), with a combined
area reduction of 47.65 km2, accounting for 82.9% of the
total reduction in glacier area. The south, southwest and
west aspects included a smaller average glacier area. Thus,
in addition to local climate and topography, the average
area, the percentage of glacier area and the number of
glaciers are all impact factors.

5.2. Changes in ice volume

The significant decrease in the areal extent of glaciers
discussed above is accompanied by large volumetric ice
losses. The relationship between ice volume and area can be
defined as V= cS , where  =1.36 and 1.25 for glaciers and
ice caps, respectively (Bahr and others, 1997; Liu and others,
2003). However, this formula is limited by the determination
of the empirical constant c, and Bahr and others (2009)
suggested a volume dependence only on relative area
change: (1 +pv) = (1 + ps)

, where pv is the estimated change
in volume and ps is the change in area.

Based on the change in glacier area of the Ebinur lake
basin (14.7%), ice volume decrease is estimated to be
20.5% from 1964 to 2004. That is, during the past �40 years
the ice volume of the basin has shrunk from 47.5 km3 (Liu
and Ding, 1986) to 37.8 km3. Considering the southern and
northern slopes separately, the estimated volume losses are
37.6% and 21.6%, respectively. This ice loss, at a rate of
0.8%a–1, is due to the small sizes of the glaciers (<1 km2)
and is faster than in the eastern Xinjiang (Li and others,
2011b). The glacial meltwater in the Kuitun, Sikeshu, Jinghe
and Bortala river basins accounts for 23.7%, 29.6%, 20.6%
and 21.4% respectively of the river runoff (Liu and Ding,
1986). High ice depletion rates are a warning signal for
future local water supplies.

5.3. Potential effect on regional water resources

The Ebinur lake basin is seriously water-deficient. Glacier
melt runoff in this region plays a significant role in the
economic development of Xinjiang, and it is important to
determine where glacier shrinkage will have most potential
to affect lowland areas. Water supply for these rivers relies
on input from glaciers, snow and precipitation. The total
surface runoff in the Ebinur lake basin is 42.19� 108m3. In
the basin, the rivers with annual runoff greater than
1�108m3 are the Kuitun, Sikeshu, Jinghe, Daheyanzi and
Bortala rivers. However, due to large-scale water conser-
vancy construction since 1949, and especially since the
1980s, Kuitun river basin surface runoff has been exhausted
and the Bortala and Jinghe rivers have become the main
supply rivers of Ebinur lake. The measured data show that a
significant increase in air temperature and precipitation has
occurred in the Ebinur lake region since 1985 (Fig. 6).
Alpine glaciers, especially those on southern slopes, have
experienced strong retreat, and a marked warming trend has
resulted in glacier wastage. Currently, small glaciers
(<1.0 km2) are melting rapidly; the glacierized area within
the Ebinur lake basin decreased by 22.9% (from 110.2 km2

to 85.0 km2) during 1964–2004, which has added to the
flow of downstream rivers. However, the area of small
glaciers only accounts for 27.2% of the total area in 2004.
The larger glaciers (>1.0 km2) accounted for 23.3% in terms

Fig. 8. Number, area and area loss of glaciers during 1964–2004 by
slope in the Ebinur lake basin.

Fig. 9. Number, area and area loss during 1964–2004 by aspect in
the Ebinur lake basin.
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of numbers, but �72.8% of the total area in 2004. Thus,
glaciers larger than 1 km2 are the main supplier of water
resources. As glacier melting proceeds, larger glaciers
reduce to smaller glaciers, thus weakening the regulatory
effect of larger glaciers on river runoff.

Runoff in the Tarim river basin, which has a large number
of glaciers distributed in its upstream reaches, has signifi-
cantly increased since 1990 due to accelerated glacier
melting (Gao and others, 2010). However, there are fewer
glaciers in the Ebinur lake basin than in the Tarim basin, and
previous studies have suggested a different reason for runoff
variability in the region. Measured annual runoff was
236mm over the 43 years 1959–2001 (Fig. 10a; data from
Qiao and others, 2010). The minimum occurred in 1992
(188.5mm), the maximum occurred in 1988 (294.8mm),
interannual changes have increased and there is a clear
increasing trend since 1995. In the Ebinur lake basin, runoff
variation was observed to be closely related to precipitation
and air temperature. Clearly, glaciers in the upper reaches of
a river have an important role in stabilizing runoff. In
general, alpine glaciers collect solid precipitation that melts
to become meltwater to supply rivers in the summer or dry
seasons, thereby keeping river runoff stable. For a river
without a glacier supply, the coefficient of variation for
runoff is variable.

The northern foot of the Tien Shan is a vital ribbon of
economic development in the Xinjiang region (Tang and
others, 2013). The people of the Ebinur lake basin region
rely on glacier meltwater for domestic water, irrigation,
industry and hydropower (Liu and others, 2002). As
economic activities and population increase, the water
shortage in the Ebinur lake basin and in the lowland cities
limits economic development and domestic water use. In
the Kuitun river basin, for which there are more systematic
monitoring data, the river freeze factor (the percentage of
rivers that freeze in the winter) is 10.3%, the annual average
runoff is 6.44�108m3, and the volume of glacial meltwater
is 1.510�108m3, accounting for 23.7% of the river runoff
(Liu and Ding, 1986; Gao and others, 2009). As shown in
Figure 10b, annual runoff in the Kuitun river basin (data from
Jiangjunmiao hydrometeorological station, 1392m a.s.l.)
exhibits significant seasonal variation. The runoff was
concentrated in June–September and closely related to high
temperatures, snow and glacial meltwater. Runoff was
significantly higher from 1995 to 1999 than from 1965 to
1966. If climate warming causes ice loss to continue at rates
like those reported in the present study, downstream water
sources will also deplete, endangering local economic
development and people’s safety.

6. CONCLUSION AND FUTURE RESEARCH

Glaciers in the Ebinur lake basin decreased significantly in
area during the period 1964–2004: 446 glaciers investigated
decreased in area by 14.7% (0.4%a–1), corresponding to a
volume loss of 20.5%. Glaciers smaller than 0.5 km2

experienced the strongest retreat, whereas glaciers larger
than 2 km2 retreated less. The larger glaciers, however, may
be the main contributors to river runoff in the future. Over
the past �40 years, glacier area has decreased by 15.4% in
the Kuitun river basin, 15.3% in the Sikeshu river basin,
15.2% in the Jinghe river basin and 12.6% in the Boertala
river basin, these being the subregions investigated within
the Ebinur lake basin. Glacier shrinkage in the Ebinur lake
basin mainly resulted from increasing temperatures. Re-
gional differences in glacier area change are related to local
climate conditions, the relative proportion of glaciers in
different size classes and other factors. Glacial ablation in
the Ebinur lake basin tends to be strong and water resources
in this region are deteriorating. Glacier melt runoff in this
region has played a significant role in the economic
development of Xinjiang.

According to previous studies, alpine glaciers contribute
an average of 23.7% of the annual flow of the Kuitun river
(Liu and Ding, 1986; Gao and others, 2009). An under-
standing of the present state of glaciers is essential for the
reasonable development and utilization of regional water
resources, water cycle models and regional economic
planning. Although glacial change over the past few
decades has been investigated quantitatively here, the
volumetric change was estimated based on an empirical
formula. The effect of glacier change on water resources has
been limited to qualitative analyses. More detailed research
using reliable glacier field data is needed to confirm the
calculations made here. Simulation and projection of
future runoff trends are also needed to ascertain the
relationship between changes in glacier properties and
runoff variability.
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Fig. 10. Change curve of (a) annual runoff depth trend in the Ebinur lake basin and (b) runoff at Jiangjun Miao station.
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Paul F, Kääb A, Maisch M, Kellenberger T and Haeberli W (2004a)
Rapid disintegration of Alpine glaciers observed with satellite
data. Geophys. Res. Lett., 31(21), L21402 (doi: 10.1029/
2004GL020816)
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