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It is important to understand and quantify glacier changes and their impact on water resources in Hami
Prefecture, an extremely arid region in the eastern Xinjiang of northwestern China. Yushugou Glacier No.
6 and Miaoergou Ice Cap in Hami Prefecture were selected in this study. Results showed that the
thickness of Yushugou Glacier No. 6 decreased by 20 m with a rate of 0.51 m y�1 from 1972 to 2011 and
the terminus retreated by 254 m, or 6.5 m y�1 for the same period. The thickness along the main axis of
Miaoergou Ice Cap decreased 0e20 m during 1981e2007 and the terminus retreat rate was less than 3.0
m y�1 in 2013. The melting rate of Miaoergou Ice Cap was smaller than Yushugou Glacier No. 6, which
was directly related to the differences of glacier type and elevation. The impact of glacier changes on
water resources would be different in the various drainage basins of Hami Prefecture, depending on the
proportion of glacier coverage.

© 2014 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Glaciers are considered as important source of water aug-
menting the flow of streams and rivers, and have significant im-
plications for sea-level change. Due to climate warming,
observations have identified a general thinning and retreat of
glaciers globally (e.g. Li et al., 2006; Bolch, 2007; Vanlooy and
Forster, 2008; Kutuzov and Shahgedanova, 2009; Bolch et al.,
2012; Wang et al., 2011b; Wang et al., 2014a, 2014b, 2014c). The
glacier runoff derived from changes of glaciers is an important
source of fresh water to support the sustained development of the
ecological environment, industry, and agriculture of downstream
counties in arid regions (Fountain and Tangborn, 1985;
Braithwaite and Olesen, 1988; Aizen et al., 1995, 1996; Kaser
et al., 2010; Immerzeel et al., 2010, 2012; Jacob et al., 2012; Sorg
et al., 2012). Glacier changes including area, length, thickness
and volume in the Tianshan Mountains and several other regions
are known in detail from aerial photographs, topographic maps,
reserved.
remote sensing images, and in-situ observation data (Aizen et al.,
2007; Haeberli et al., 2007; Paul et al., 2007; Surzakov et al., 2007;
Bolch et al., 2010; Narama et al., 2010; Li et al., 2010; Wang et al.,
2011a, 2013, 2014).

Located in eastern Xinjiang of northwestern China, Hami Pre-
fecture is an extremely arid region, and glacier runoff is the main
contributor to water resources. A total of 179 glaciers were
distributed in Hami Prefecture with combined area of 155.9 km2

and ice volume of about 8.0 km3 (LIGG, 1986). Investigations were
carried out in the Miaoergou Drainage Basin of Hami Prefecture by
Lanzhou Institute of Glaciology and Geocryology (LIGG), Chinese
Academy of Sciences (now Cold and Arid Region Environmental
and Engineering Research Institute, Chinese Academy of Sciences)
in the 1970s, and the thickness of Miaoergou Ice Cap was measured
in August 1981. In September 2004, Tianshan Glaciological Station,
Chinese Academy of Sciences organized a field survey and selected
Miaoergou Ice Cap to be a long-term monitored glacier. Tianshan
Glaciological Station and Hami Hydrographical Bureau jointly
organized field observations of another typical glacier, Yushugou
Glacier No. 6, in 2011 to further strengthen the glacier monitoring
and assess the impact on water resources of Hami Prefecture. Gao
and Luo (2009) found that the temperature of Hami Prefecture
increased since 1957, particularly after 1986. Under climate
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Fig. 2. Radar survey lines on the tongue of Yushugou Glacier No. 6, the ice thickness
distribution and the glacier terminus changes. The radar survey lines are indicated by
the dotted lines. Various line styles represent glacier terminus in the different periods.
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warming, intensive ablation of glaciers were observed in recent
decades (Li et al., 2007, 2010, 2011; Wang et al., 2008; Wang et al.,
2011c). However, few of these studies were based on field survey
data and focused on the impact onwater resources. It is therefore of
paramount importance to understand and quantify the glacier
changes in Hami Prefecture and their impact on water resources.

The first aim of this study is thus to present recent changes of
Yushugou Glacier No. 6 and Miaoergou Ice Cap. Secondly, the
impact of glacier changes onwater resources under the background
of climate warming is discussed. Study can not only accumulate
observation data for the study of glacier changes, but also make
possible analysis of the relationship between changes in glacier
properties and runoff variability.

2. Study area

In the Hami Prefecture (40�530-45�06'N, 91�070-96�23'E), the
main mountain range is the eastern section of the Tianshan
Mountains, including the Harlik and Barkol Ranges from east to
west. The Harlik Range contains a total of 122 glaciers with an area
of 125.9 km2, covering nine drainage basins, including Yushugou
and Miaoergou. A total of 57 glaciers with a combined area of
30.0 km2 are distributed in the Barkol Range, discharging to the
Turpan-Hami Basin and Junggar Basin on the northern and south-
ern slopes (LIGG, 1986). Hami Prefecture is particularly character-
ized by high temperature and evaporation. The precipitation is low
in the piedmont, with more than 200 mm above 2000 m a.s.l. and
about 25e40 mm on the plains. The amounts of evaporation in
Hami City and Naomaohu Gobi reach 2800 and 4418 mm, 80 and
300 times local precipitation, respectively (http://www.hami.gov.
cn/; Wang et al., 2011c).

The area of Yushugou Drainage Basin is 308 km2. Nine glaciers
with a total area of about 22.85 km2 and ice volume of 1.59 km3 are
distributed in this basin, accounting for 14.7% of glacier area and
20% of ice volume, the drainage basin with the largest glacier area
and volume in Hami Prefecture (LIGG, 1986; Luo et al., 2002; Gao
and Luo, 2009; Ma and Luo, 2009). Located in the upstream of
Yushugou Drainage Basin, Yushugou Glacier No. 6 (43�05'N,
94�19'E) is a valley glacier facing towards the west, covering an area
of 4.06 km2 and ranging from 4744 m to 3610 m a.s.l. (LIGG, 1986,
Fig. 1). Miaoergou Drainage Basin with an area of 372 km2 is to the
east of the Yushugou Drainage Basin. Seven glaciers with a total
area of 18.43 km2 and ice volume of 1.27 km3 are distributed in this
drainage. According to the Glacier Inventory of China (LIGG, 1986),
Miaoergou Ice Cap (43�03'N, 94�19'E) covers an area of 3.45 km2
Fig. 1. Location of Yushugou Glacier No. 6 and Miaoergou Ice Cap in the Hami Prefecture of X
2007, respectively.
with a total length of 2.4 km. It ranges from 4512 to 3840 m a.s.l.
with southwest aspect (Fig. 1).
3. Data and methods

Topographic maps, remote sensing images, GPS survey and ice
thickness data used for Yushugou Glacier No. 6 and Miaoergou Ice
Cap in this study are shown in Table 1. For Yushugou Glacier No. 6,
the ice thickness was measured by An SSI (Sensor Software Inc.,
Canada) Pulse EKKO-PRO Ground Penetrating Radar (GPR). Five
profiles, including two longitudinal profiles (A1eA2 and B1eB2)
and three transverse profiles (C1eC2, D1eD2 and E1eE2), were
surveyed with a total of 498 points (Fig. 2) to calculate the ice
thickness distribution of the glacier tongue accurately. The
injiang, China. Photographs of the two glaciers were taken by Zhongqin Li in 2011 and
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locations of the GPR survey lines were dependent on the glacier
surface topography. A common-offset geometry with point
measuring mode was used in the survey with antenna set at
100 MHz. The transmitting and receiving antennae were arranged
parallel at a distance of 4 m and transverse to the profile direction.
The propagation velocity was assumed to be 169 m ms�1. The ice
thickness can be obtained using EKKO_View Deluxe software
(professional version). Through evaluation, the relative error of
radar thickness was 1.18%. Concurrent with GPR surveying, the
position of GPR points were surveyed using a Real Time Kinematic-
Global Position System (RTK-GPS) (Unistrong E650) with the rela-
tive accuracy of ±2 cm. The terminus position of Yushugou Glacier
No. 6 was also surveyed using RTK-GPS. The GPR survey profiles
after elevation-calibration are shown in Fig. 3. The ice thickness
distribution in the glacier tongue can be then obtained by Kriging
interpolation method based on the GPR survey data.
Table 1
Information of the data for Yushugou Glacier No. 6 and Miaoergou Ice Cap used in this study.

Glacier name Data

Topographic map Remote sensing image RTK-GPS survey data Ice thickness data

Yushugou Glacier No. 6 1972 (1:50,000) August 2005
SPOT5
(5 m resolution)

August 2011
(Glacier terminus and
GPR positioning data)

August 2011
(Two longitudinal and three transverse profiles)

Miaoergou ice cap e August 1981 (main axis)
August 2005 (seven points at different elevation)
August 2007 (main axis)
For Miaoergou Ice Cap, independent campaigns measuring ice
thickness were carried out in August 1981, August 2005, and August
2007. The first measurement was made with a B-1 radar-sounding
system, operated at 300 MHz central frequency, with theoretical
error less than 3 m within measuring range of 150 m, designed at
the former Lanzhou Institute of Glaciology and Geocryology (LIGG),
Chinese Academy of Sciences. The ice thickness was surveyed from
the glacier terminus to the elevation of 4380 m along the main axis
at a distance of 50 m. Both the second and the third measurements
were taken using the improved B-1 radar-sounding system.
Compared with the original B-1 radar-sounding system, it was
more portable and flexible and had higher precision. Seven points
at different elevations were surveyed in the second measurement.
However, only three points met the accuracy requirement for
studying the thickness changes. For the third measurement, the ice
thickness of the main axis and two transversal profiles were
measured. Changes of ice thickness, terminus, and area for
Miaoergou Ice Cap are analyzed systematically in this study, com-
bined with previous studies (Li et al., 2007, 2010; Wang et al.,
2011c).

Previous information of Yushugou Glacier No. 6 and
Miaoergou Ice Cap were determined from 1:50,000 topographic
maps prepared in 1972 and a SPOT5 remote sensing image taken
in 2005 with the resolution of 5 m. The systematic error of the
topographic map was <±11 m over slopes <15� and <±19 m
over slopes >25� (State Bureau of Surveying and Mapping
(2007)). The topographic map was scanned at 600 dpi, and
geometrically corrected to a precision of less than one pixel.
Then, the remote sensing image was co-registered and orthor-
ectified using the corrected topographic map. Clearly distin-
guishable terrain features were selected as ground control
points. Numerous ground control points were taken from the
topographic map for co-registration and orthorectification of the
SPOT5 remote sensing image. The registration error was limited
to less than one pixel for both images by overlaying the remote
sensing image and topographic map. Glacier boundaries in the
different periods were mapped manually and processed using
ArcGIS software.
4. Results and analyses

4.1. Changes of Yushugou Glacier No. 6

The elevation of ice-bed interface and glacier surface for the
different radar survey profiles of Yushugou Glacier No. 6 are shown
in Fig. 3, reflecting the ice thickness distribution and the subglacial
valley. The longitudinal profile A1eA2 indicated that the maximum
ice thickness was 33 m, and the average value was 26 m along the
direction of the main line from the terminus to an elevation of
about 3800 m. The average ice thickness reached 64 m, with the
maximum of 101 m between 3840 m and 4000 m for the longitu-
dinal profile B1eB2. As a whole, the ice was thin at the terminus
and thickened gradually from the elevation of about 3900 m along
the main axis of the glacier tongue. It reached to the maximum at
the elevation of about 3975 m, where a clear overdeepening was
formed in the bedrock topography. Both transversal profiles C1eC2
and D1eD2 showed the non-symmetric subglacial valley with
maximum ice thickness of 132 m.

The ice thickness distribution and recent terminus changes of
Yushugou Glacier No. 6 can be seen from Fig. 2. Graduations show
the variation range of the ice thickness, with the darkest area
indicating the location where the ice flow direction changed, the
maximum ice thickness. The average ice thickness of the glacier
tongue was estimated to be about 50 m in 2011. Field investigation
found that it was flat in the upper area of the glacier and the
overall slope was relatively even (~14�). Therefore, it could be
concluded that the average thickness of the whole glacier was
more than 50 m. By comparison of the survey data with the
Glacier Inventory of China (LIGG, 1986), the average ice thickness
of Yushugou Glacier No. 6 decreased by about 20 mwith an annual
reduction rate of 0.51 m y�1 from 1972 to 2011. The glacier ter-
minus retreated by 254 m at the rate of 6.5 m y�1 for the same
period, and showed accelerated retreat of 6.4 m y�1 and 7.0 m y�1

for 1972e2005 and 2005e2011, respectively (Table 2). Further-
more, due to serious ablation, surface streams were common on
the glacier tongue and a large moraine-dammed glacial lake was
formed at the glacier terminus (Fig. 4). The lower part of the
glacier tongue was debris covered and dust particles were
deposited in the exposed part. Previous studies (Takeuchi and Li,
2008) indicated that the glacier albedo was significantly reduced
by the surface dust, which was an important aspect accentuating
the glacier ablation.



Table 2
Changes of Yushugou Glacier No. 6 and Miaoergou Ice Cap.

Glacier name Terminus change Thickness change Source

Period Annual change (m a�1) Period Annual change (m a�1)

Yushugou Glacier No. 6 1972e2005 6.4 1972e2011 0.51 This study
2005e2011 7.0
1972e2011 6.5

Miaoergou ice cap 1972e2005 2.3 1981e2005 0.21
(4295e4357 m a.s.l.)

Li et al., 2007

2005e2009 2.7 1981e2007 0e0.77 This study

Fig. 3. The elevation of ice-bed interface and glacier surface for the longitudinal profiles ((a) A1eA2 and (b) B1eB2) and transversal profiles ((c) C1eC2, (d) D1eD2) of Yushugou
Glacier No. 6, reflecting the ice thickness distribution and the subglacial valley. The ice-bed interface and glacier surface are indicated by black and blue curves, respectively. The x-
axis is the distance from the starting point of the radar survey and the y-axis shows the elevation.
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4.2. Changes of Miaoergou Ice Cap

As shown in Fig. 5, the ice thickness along the main axis of
Miaoergou Ice Cap decreased by 0e20mduring 1981e2007, mainly
in the lower part of the ice cap. The largest thinning existed near
the narrowest part of the glacier (~4300 m a.s.l.), probably influ-
enced by the regional glacier terrain. During the period 1981e2005,
the ice thicknesses of Miaoergou Ice Cap decreased by about 5 m
from 4295 to 4357 m a.s.l. Glacier melting was accelerated in the
most recent 20e30 years, indicated by the ice core data analysis (Li
et al., 2007). The glacier area was reduced by 0.360 km2 or 9.9%,
from 3.64 km2 in 1972 to 3.28 km2 in 2005 (Table 2). The largest
average terminus retreat was 2.3 m y�1, increasing to 2.7 m y�1 in
2005e2009. Field observation found that the terminus retreat was
less than 3.0 m y�1 in 2013. The ablation rate of Miaoergou Ice Cap
(ice cap; 3840 m a.s.l.) was smaller than Yushugou Glacier No. 6
(valley glacier; 3610 m a.s.l.) due to the differences of glacier type
and elevation. Generally, ice caps with higher terminus elevation
respondmuchmore slowly to climate than do valley glaciers (Kuhn,
1985).
5. Discussion

Glacier changes in the Yushugou Drainage Basin and Miaoer-
gou Drainage Basin during the past four decades were studied by
Wang et al. (2008). Glacier areas in the Yushugou Drainage Basin
decreased by 2.5 km2, accounting for 11.3% of the value in 1959/
1961 and glacier volume declined by about 10.3% for the same
period. For the Miaoergou Drainage Basin, the total glacier area
reduced by 3.10 km2with areal shrinkage of 15.0% and volume loss
of 18.3% during the past 40 years. Glaciers in both drainage basins
are sensitive to climate change, and a slight increase of temper-
ature will cause significant glacier melting. Glacier shrinkage in
the Miaoergou Drainage Basin was significantly larger than in the
Yushugou Drainage Basin, although the ablation rate of Miaoergou
Ice Cap was smaller than Yushugou Glacier No. 6, probably
because of the larger glacier average area in the Miaoergou
Drainage Basin. Generally, the relative changes of small glaciers
were usually higher than those of large ones, which exhibit larger
absolute loss (Li et al., 2010; Narama et al., 2010; Wang et al.,
2011a).



Fig. 4. Intensive ablation of Yushugou Glacier No. 6. (a) Streams in the glacier surface, and (b) a moraine-dammed glacial lake in 2011.
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Under the background of climate warming, glacier melting will
experience three stages in terms of runoff production: (1) runoff
increases caused by the shrinkage of glaciers; (2) runoff then rea-
ches its peak (i.e. reaching a ‘turning point’); and (3) runoff de-
creases due to loss of ice volume and reduction of ice-covered area.
The evolution of precipitation and runoff during the periods of the
year was analyzed to show the relationship between glacier
shrinkage and runoff trends. Therefore, annual precipitation and
runoff data from the three hydrological stations in the Toudaogou
Drainage Basin, Guxiang Drainage Basin, and Yushugou Drainage
Basinwith a long period of observations were used (Table 3). All the
data used were from 1979 to 2007 and provided by the Hami Hy-
drological Bureau. Guxiang Drainage Basin is covered by small
glaciers and Yushugou Drainage Basin is mainly supplied by glacier
melt. Toudaogou Drainage Basin, without glacier coverage, is
mainly dependent on precipitation and ground water.
Table 3
Hydrological stations used in this study (locations are shown in Fig. 1).

Hydrological
station

Altitude
(m)

Basin Glacier
coverage

Observation
period

Toudaogou 1430 Toudaogou drainage basin No 1979e2007
Baiji 1500 Guxiang drainage basin Yes 1979e2007
Yushugou 1670 Yushugou drainage basin Yes 1979e2007

Fig. 5. Ice thickness changes along the main axis of Miaoergou Ice Cap during
1981e2007. The x-axis is the distance from the starting point of the radar survey and
the y-axis is the ice thickness. The ice thickness changes are calculated by the com-
parison of ice thickness in 1981 and 2007, indicated by the polygon.
An average of the annual runoff anomalies from 29 years
(1979e2007), as well as annual precipitation, was analyzed over
the same time period from the three hydrological stations in
Table 3. Fig. 6 shows the trends in annual precipitation and runoff
over the period 1979e2007 through linear trend analysis. The
annual runoff variation of Guxiang Drainage Basin and Yushugou
Drainage Basin with glacier coverage was small. However, the
runoff indicated from Toudaogou Hydrological Station fluctuated
and increased yearly for the Toudaogou Drainage Basin. Due to
strong glacier melting in the past several decades, the released
runoff will be gradually reduced for the Guxiang Drainage Basin,
along with the coverage of small glaciers. For Yushugou Drainage
Basin, the river runoff is from the snow/glacier melting water and
precipitation in the mountainous region. Hence, the runoff varia-
tion is the reflection of temperature and precipitation in the
drainage basin. Intensive glacier ablation causes an initial increase
of runoff, decreasing when ablation reaches a critical extent (Hock
et al., 2005). By comparison, runoff is controlled by precipitation for
drainage basins with glacier coverage, but is controlled by energy
for the glacier-free drainage basin. Glaciers release most water re-
sources in the arid dry periods, a direct response to climate
warming.
Many studies concluded that climate change was the principal
reason for the variation of glaciers and runoff (Wang et al., 2011a;
Shahgedanova et al., 2012). In addition, disturbances from
anthropogenic activities can also be a main reason (Liu and Yan,
2002). Glacier recession can result in the development of glacial
lakes, which have increased the potential risk for glacial lake
outburst floods (GLOFs) (Quincey et al., 2007; Wang et al., 2012).
Observation of the glacial lake at the terminus of Yushugou Glacier
No. 6 found it was formed by the increase of glacier meltwater and
had the potential to burst. Outburst would eventually result in
flooding and debris flow, necessitating special attention and
precautions.
6. Conclusions and outlook

Taking Yushugou Glacier No. 6 and Miaoergou Ice Cap as
representative, this study focused on a comprehensive analysis of
recent glacier changes in Hami Prefecture of Xinjiang and their
impact on water resources. The average ice thickness of the tongue
of Yushugou Glacier No. 6 was about 50m in 2011, and it thinned by
20 m at the rate of about 0.51 m y�1 from 1972 to 2011. The ter-
minus retreated by 254 m with an average annual retreat of 6.5 m.
Due to significant ablation, the surface meltwater runoff of Yush-
ugou Glacier No. 6 was obvious and a moraine-dammed lake was



Fig. 6. Annual precipitation and runoff anomalies of (a) Toudaogou, (b) Baiji and (c) Yushugou Hydrological Station during the period 1979e2007. The three hydrological stations are
located in the Toudaogou Drainage Basin, Guxiang Drainage Basin, and Yushugou Drainage Basin, respectively.
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formed at the glacier terminus. For Miaoergou Ice Cap, the thick-
ness along themain axis decreased 0e20m during 1981e2007. The
area was reduced by 0.36 km2 (9.9%) from 3.64 km2 to 3.28 km2,
with a terminus retreat rate of 2.3 m y�1 during the period
1972e2005. The largest average terminus retreat was 2.3 my�1 and
then increased to 2.7 m y�1 in 2005e2009. The observed terminus
retreat was less than 3.0 m a�1 in 2013. The ablation of Miaoergou
Ice Cap was more serious than Yushugou Glacier No. 6 due to the
differences of glacier type and elevation. By analyzing the obser-
vation data of Toudaogou, Baiji, and Yushugou Hydrological Sta-
tions, the impact of glacier changes on water resources showed
regional differences in Hami Prefecture depending on the propor-
tion of glacier coverage in the drainage basins. The annual river
runoff variation was relatively large for the drainage basin without
glacier coverage (Toudaogou), whilst it was small for the drainage
basins with glacier coverage (Guxiang and Yushugou). However,
the impact of glacier changes on the runoff is still limited to qual-
itative or semi-quantitative analysis, which causes uncertainty in
the prediction of future glacier meltwater change in the different
regions of Hami Prefecture. An observation system of glaciers of
different types and sizes and continuous hydrological monitoring
should be established to make further predictions of the evolution
of glaciers and glacial water resources.
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