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Article history: Mountain glaciers are indicators of climate change and of current water resources. They are important ecological
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systems and can be used to support sustainable development of industry and agriculture. However, due to
climate warming, most glaciers are in a state of rapid retreat. Using topographic maps in 1959, ASTER remote
sensing data in 2008 and ASTER digital elevation models (DEMs), area, ice surface elevation, and volume changes
of glaciers on the Friendship Peak in the Chinese Altai Mountains were analyzed. Results showed that the collec-
tive area of all 201 glaciers investigated was reduced by 30.4% from 1959 to 2008. Fifty-five glaciers disappeared
entirely. The average rates of reduction in area of glaciers with sizes <0.5, 0.5-1, 1-4, 4-10, and >10 km? were
25.9%, 30.8%, 30.9%, 35.9%, and 27.4%, respectively. From 1959 to 2008, the elevation of the glacier surface
decreased by 20 m at an average rate of 0.4 m a~ . For the Kanas Glacier, the changes in ice surface elevation
ranged from — 101 to + 38 m. Results showed that glaciers at lower altitudes and smaller sizes experienced
more extensive changes in elevation. The intensive glacier ablation over the Friendship Peak in the Altai Moun-
tains was found to be caused by increases in the regional temperature, which occurred at an average rate of
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0.52 °C per decade.
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1. Introduction

The Altai Mountains, located on the border of China, Russia, and
Mongolia, are the highest latitude glaciated region in China, and they
provide important water resources for local residents and economic
development. The region is affected by the westerlies and there is plen-
tiful ice and snow during the winter. Glaciers and snow melt are the
main sources of the Irtysh River (Lanzhou Institute of Glaciology and
Geocryology, Chinese Academy of Sciences, 1982; Shi, 2008). This area
is the only representative of the Siberian taiga ecosystem in China. At
present, the government of the Xinjiang Uygur Autonomous Region
has paid significant attention to forestry, wildlife protection, and devel-
opment of tourism resources in the area. However, work related to
glacier and snow monitoring and local hydrometeorology is still limited.
Research into changes in the glaciers is urgently needed because the
glaciers in the Chinese Altai Mountains are extremely sensitive to
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climate change due to their relatively small individual area (average
of approximately 0.82 km?; Lanzhou Institute of Glaciology and
Geocryology, Chinese Academy of Sciences, 1982). Conducting glacier
change research in the Altai Mountains has considerable practical signif-
icance given the predicted effects of global climate change.

Research into changes in glaciers in China has mainly focused on
the Tianshan Mountains, Kunlun Mountains, Qilian Mountains, and
Hengduan Mountains. However, glacier research in the Chinese Altai
Mountains has been sparse. The glacier inventory in the Altai Mountains
was completed from 1978 to 1980 using aerial photographs and topo-
graphic maps (Lanzhou Institute of Glaciology and Geocryology,
Chinese Academy of Sciences, 1982). In 1980, a field survey was con-
ducted for the Kanas Glacier, the largest valley glacier in the Altai Moun-
tains, which included glacier ablation, temperature, and glacier velocity.
Results indicated that the maximum terminus retreat reached 424 m at
an annual rate of 20 m a~ ' from 1959 to 1980 (Lanzhou Institute of
Glaciology and Geocryology, Chinese Academy of Sciences, 1982).
Wang et al. (2011a) found that glaciers in the Altai Mountains were in
a state of retreat from 1959 to 2000 based on topographic maps and
Landsat ETM images. During this period, the glacier shrinkage in the
Chinese Altai Mountains was more severe than that in the Russian
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part of the mountain range. In the Burjin River Basin, 100 glaciers disap-
peared entirely. The annual shrinkage rate was 29.94% by area, and the
total area of the Kanas Glacier decreased by 4.21% with an annual rate of
0.0011 km? a~ . In order to study changes in the glaciers in the Chinese
Altai Mountains in greater depth, an expedition was jointly organized
by the Tianshan Glaciological Station, the Chinese Academy of Sciences,
and the government of Xinjiang Uygur Autonomous Region. The survey
quantified glaciological, ecological, and hydrological conditions on
Friendship Peak of the Altai Mountains during August 2009. In 2011,
Kanas Station (Altai Mountains) was established to monitor the glaciers,
snow, and ecology of this region.

The elevation of the glacier surface was determined through repeat-
ed measurement by global positioning system (GPS) surveys (e.g. Jezek,
2012; Nuimura et al,, 2012; Rivera et al,, 2005; Wang et al,, 2012, 2014).
However, this method can be costly and labor intensive. Several studies
have utilized satellite images and DEMs for calculation of changes in
glacier area, elevation, and volume by comparison to earlier topographic
maps and aerial photographs (e.g. Aizen et al., 2006; Herzfeld and
Wallin, 2014; Larsen et al., 2007; Rignot et al., 2003; Sauber et al.,
2005; Schiefer et al., 2007; Surazakov and Aizen, 2006; Vanlooy and
Forster, 2011). Herein, multi-temporal remote-sensing images and digi-
tal elevation models were used to calculate glacier area, surface elevation,
and spatial variability of a sample of 201 glaciers on the Friendship Peak
of Altai Mountains. The interactions between climate change and glacier
variation are discussed.

2. Study area

The Altai Mountains are a mountain range in East-Central Asia on the
borders of Russia, China, Mongolia, and Kazakhstan. These mountains
contain the headwaters from the Irtysh River and the Ob River. Friend-
ship Peak (4374 m a.s.l.) is the highest peak in the Chinese Altai Moun-
tains and the Friendship Peak Region (48.67°-49.17° N, 87°-88°E) is the
highest latitude glaciated region in China. The Burqin River is a branch of
the Irtysh River that is supplied by glaciers in the region. Glacier melt-
water does not account for a large amount of river runoff; however, sea-
sonal snowmelt accounts for 45-50% and is the main source of the rivers
in this region (Lanzhou Institute of Glaciology and Geocryology, Chinese
Academy of Sciences, 1982). The river runoff in the Altai Mountains is

86°30'E 87°E

49°20'N

49°N

48°40'N

86°30'E

12,611 x 10° m> and accounts for 16% of the total river runoffin Xinjiang
Uygur Autonomous Region. This is the second highest level in China
after Yili Prefecture. The local climate is controlled by westerlies and
polar air masses. In the Altai Mountains, the annual mean temperature
is below 4.7 °C and the annual temperature range is relatively large.
The annual precipitation is usually above 150 mm, which is more plen-
tiful than the nearby Junggar Basin and precipitation is relatively evenly
distributed across the year. Both the temperature and precipitation
decrease gradually from west to east along the mountains (Lanzhou
Institute of Glaciology and Geocryology, Chinese Academy of Sciences,
1982).

According to the Glacier Inventory of China, there are 416 glaciers in
the Altai Mountains, with a collective area of 293.20 km? and an average
individual area of 0.70 km? (Lanzhou Institute of Glaciology and
Geocryology, Chinese Academy of Sciences, 1982). Glaciers on the
Friendship Peak account for 72.6%, 84.4%, and 89.7% of the number,
area, and total volume, respectively, of all the glaciers in the Altai
Mountains. The average area of glaciers on this peak is 0.82 km? and
the average glacier terminus is approximately 2600 m (Wang et al.,
1983). The largest glacier in this area is the Kanas Glacier, which had
an area of 30.13 km? and length of 10.8 km in 1959. It is a compound
valley glacier with a northwest aspect. It is the glacier with the lowest
terminus elevation in China, approximately 2416 m a.s.l. (Lanzhou
Institute of Glaciology and Geocryology, Chinese Academy of Sciences,
1982). Kanas glacier tongue terminates on a very low altitude of around
2400 m a.s.l. in comparison with the other glacier terminus. It is even
surrounded with a rich plant cover depending on certain environmental
factors such as the availability of soil moisture, air temperature and light
which are indicating a moderate summer climate (Fig. 1).

3. Data and methods
3.1. Data and processing

Topographic maps, satellite images, and digital elevation models
(DEMs) from different periods were used to assess changes in the
glaciers on the Friendship Peak in the Altai Mountains. The Glacier
Inventory of China for the Altai Mountains was also included to investi-
gate the glacier distribution (Lanzhou Institute of Glaciology and
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Fig. 1. Locations of glaciers on the Friendship Peak in the Altai Mountains. The photo in the lower-left corner was taken in 2009 by Zhongqin Li.
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Geocryology, Chinese Academy of Sciences, 1982). Topographic maps
with the scale of 1:50,000 (derived from aerial photographs) from the
Chinese Military Geodetic Service. The systematic error of the topo-
graphic map was <411 m over slopes <15° and <4+ 19 m over slopes
>25° (State Bureau of Surveying and Mapping, 2007). To establish a
1959 DEM, the topographic maps were firstly scanned at a resolution
of 300 dpi and rectified geometrically so that the error was less than
1 pixel. The 20 m interval contours of the topographic maps from
1959 were then digitized and the contours were interpolated to a raster
with a cell size of 5 m x 5 m. The Advanced Spaceborne Thermal Emis-
sion and Reflection Radiometer (ASTER) level 1B image was acquired on
August 2008 with a resolution of 15 m. The satellite image processing
was conducted using ENVI software and the images were orthorectified
using methodologies described by Paul et al. (2004 ). Geocorrection and
co-registration were then conducted. The co-registration used was
feature-based registering the ASTER images to align with the topo-
graphic maps. Clearly distinguishable terrain features that could also
be identified on the satellite images were selected from the topographic
map. In total, 40 ground control points (GCPs) were collected with the
root-mean square error (RMSE) <1 pixel in both the x and y directions.
These points were spread in the non-glaciated area over the scenes and
then the satellite images and topographic maps were warped. The poly-
nomial method and the resampling as nearest neighbor were adopted.

For generating the 2008 DEM, the VNIR nadir and backward images
(3N and 3B) of ASTER level 1B data were used. Using the DEM Extraction
Wizard module in the ENVI software, the images were matched auto-
matically through a comparison of the respective gray values of the
image which generates a DEM. In addition to the 40 GCPs, 49 tie points
(TPs) were collected for obvious features at the different altitudes
(e.g. peak, valley). The 2008 DEM was then generated at a 30 m resolu-
tion with the highest possible level of detail, and small holes were filled
by automated interpolation.

The climate data were from the Habahe Meteorological Station (48°
03’ N, 86° 24’ E) which is the station nearest to the study area. The data
was provided by the meteorological data sharing service system of
China (http://cdc.cma.gov.cn). Linear analyses were performed to
study the response of glacier changes to atmospheric warming.

3.2. Changes in glacier area and surface elevation

Assessments of changes in glacier area are dependent on the delin-
eation of the glaciers. The glacier boundaries were mapped manually
based on the topographic map, satellite images, and DEM using ArcGIS
software. The manual interpretation method was used to obtain for
the glacier boundaries. This method remains the best tool for extracting
higher-level glacier boundary information from satellite images, espe-
cially for debris-covered glaciers (Paul et al., 2004). Here, 201 glaciers
were identified. Changes in area were then assessed using coverage in
1959 and 2008.

Glacier elevation changes were obtained by the comparison of the
1959 DEM and the 2008 ASTER DEM. Changes in elevation were then
used to determine changes in volume by multiplication by the entire
glacier area (i.e., the 201 glaciers were considered one large glacier)
and changes in mass were calculated by multiplying change in surface
elevation and glacier density (850 + 60 kg m™3). Huss (2013) reported
that assuming a value of 850 + 60 kg m > to convert changes in volume
to changes in mass is appropriate for a wide range of conditions.

3.3. Uncertainty analysis

Uncertainties of our derivation of glacier area come from the follow-
ing respects. Firstly, satellite image selection is an important part. Al-
though we intended to choose satellite images with high-resolution
(e.g. SPOT-5), the period and quality requirement (e.g. cloud-free and
minimal snow cover) limited the choices for the images. Therefore,
ASTER image obtained in (nearly) cloud-free conditions during a period

with minimal snow cover was used despite of its less desirable resolu-
tion. The uncertainty is related to the spatial resolution of the satellite
image and uncertainties due to errors in imagery registration. These
components can be evaluated by the formula (Ye et al., 2006):

UA:Z(\/Z)\2+\/Z)\82>\/Z)\2+ AE2.

Here, U, is the uncertainty in glacier area for an individual glacier, A
is the resolution of each image, and ¢ is the registration error of each
image to the topographic map. The resulting uncertainty for the individ-
ual glacier area caused by the spatial resolution of the satellite image
and imagery registration was <0.0024 km? and the total uncertainty
of glacier area was less than 0.3504 km?.

The other part derives mainly from the uncertainty of glacier bound-
ary delineation. Although it is difficult to estimate the delineation asso-
ciated error, there are two ways to reduce potential uncertainty. One
way is to perform field verification and a field survey has been carried
out on Friendship Peak of the Altai Mountains in 2009. The other
requires rich glaciological experiences, which an interpreter uses to de-
termine the boundaries of the glacier. For example, experience is re-
quired to identify the placement of the boundary in accumulation
zones (e.g. flow divides) or the ablation zones (e.g. where debris-
covered glacier is adjacent to non-glacier morainal material). The inter-
preter of this region is glaciological experienced and has already joined
in the expedition of Friendship Peak, Altai Mountains.

The sources of error for the DEM derived from the topographic map
include the preexisting error in the topographic maps, manual digitizing
error, coordinate conversation error, and interpolation error. The accu-
racy of this process was estimated by the method described by Binh
and Thuy (2008). This method indicated the maximum error to be ap-
proximately 14.2 m. This meets the accuracy requirements of the
1:50,000 DEMs of the State Bureau of Surveying and Mapping (SBSM).
For the ASTER DEM, the accuracy was estimated using the checkpoint
method (Tan and Xu, 2014). Here, 60 corresponding points of elevation
in both the ASTER DEM and the topographic map were compared. This
analysis showed the maximum error to be 13.5 m for the ASTER DEM.

4. Results
4.1. Changes in glacier area from 1959 to 2008

Two hundred and one glaciers were identified on the Friendship
Peak in the Altai Mountains. They had an average area of 1.06 km?.
The distribution of glacier coverage is presented in Table 1 and Fig. 2 ac-
cording to five area classes (<0.5, 0.5-1, 1-4, 4-10 and >10 km?). Ap-
proximately 57% of all glaciers (114 glaciers) were smaller than
0.5 km? in 1959 and these accounted for 10.1% of the total glacier
area. Roughly 18% of the glaciers (36 glaciers) were 0.5-1 km? in 1959
and these accounted for 12.3% to the total glacier area. In addition, ap-
proximately 20% of the glaciers (41 glaciers) were 1-4 km?, and these
accounted for the most total area of any group, 34.8%. Only 10 glaciers

Table 1
Changes in number and area of glaciers in different sizes categories.

Glacier 1959 2008 Glacier changes
2{2{;2) Number Area Number Area Number Area  Relative change
(km?) (km?) (km?) inarea (%)

<05 114 2170 87 16.08 27 562 259

0.5-1 36 2633 27 1822 9 8.11 308

1-4 41 7454 26 51.51 15 23.03 309

4-10 7 38.60 4 2475 3 13.85 359

>10 3 52.87 2 3838 1 1449 274

Total 201 214.04 146 148.94 55 65.10 304



http://cdc.cma.gov.cn

P. Wang et al. / Cold Regions Science and Technology 116 (2015) 24-31 27

80 120

3 I 1959 glacier arca
70 4 I 2008 glacier area 100

. - 4@+ 1959 glacier number
-+ 4@+ 2008 glacier number

60 L

=3 =3
< (=1

Total area (km2)
£

Number of glaciers

(]
o

<0.5 0.5~1 1~4 4~10 >10
Area class (kmz)

Fig. 2. Glacier area, number of glaciers, and decreases in both for glaciers on the Friendship
Peak from 1959 to 2008.

were 4-10 km? and >10 km? in size. These two groups accounted for
42.7% of the total area, even though they only made up 5% of the total
number of glaciers.

During the period from 1959 to 2008, the total glacier area decreased
by 65.10 km? (30.4%) from 214.04 km? to 148.94 km? with an average
reduction in area per glacier of 0.32 km?. Fifty-five glaciers had disap-
peared completely by 1998 and nearly half of these were smaller than
0.5 km?. The shrinkage rate varied for glaciers in different size classes.
The largest relative change in area was for glaciers 4-10 km? which
decreased by 35.9% from 38.60 km? to 24.75 km?. The shrinkage rates
for 0.5-1 km? (30.8%) and 1-4 km? (30.9%) glaciers were similar. The
total area of glaciers <0.5 km? decreased by 5.62 km? (25.9%), while
the total area of glaciers >10 km? decreased by 14.49 km? (27.4%)
(Table 2).

4.2. Changes in glacier surface elevation from 1959 to 2008

As shown in Fig. 3, the glacier surface elevation decreased by 20 m
on average at an average rate of 0.4 m a~ ' from 1959 to 2008. The sur-
face lowering was mostly existed in the glacier ablation area. There was
also some decrease in glacier surface elevation in the steep ridges of the
glacier accumulation area. It was probably caused by an avalanche. The
maximum value of thinning at the glacier terminus was more than
100 m over the past five decades. Glaciers in this region display sensitive
responses to atmospheric warming due to the low altitude of glacier
terminus.

The first investigation of Kanas Glacier, the largest glacier near
Friendship Peak, was carried out in 1980 (Wang et al., 1983). In August
2009, another field study was conducted. The firn in the accumulation

area of the Kanas Glacier was found to have thinned significantly and
the elevation of the snow line to have increased by at least 30 m since
1980. Several caves and a large hole formed at the lower part of the
glacier, and with melt water flowed from both. Comparing with the pre-
vious topographic maps, the glacier area was here found to have
decreased from 30.13 km? in 1959 to 28.80 km? in 2008 with an area
loss of 4.4%. The terminus retreated at a rate of 164 m a™'. As shown
in Fig. 4, changes in the elevation of glacier surface ranged from — 101
to 38 m. The level of ablation decreased as elevation increased. This
pattern is likely related to the correlation between temperature and
elevation. However, the glacier terminus is covered by thick debris
that becomes thinner higher up on the glacier, and this can obscure
the glacier's boundaries and introduce bias to the results. A 2009 field
observation showed that the moraine on the outlet of glacier meltwater
runoff had collapsed.

4.3. Changes in glacier surface elevation vs. changes in glacier elevation
or size

The changes in ice surface elevation are roughly correlated with alti-
tude for the 10 selected glaciers larger than 3 km? (Fig. 5). The changes
in elevation were more pronounced at lower altitudes, a maximum
decrease of more than 60 m. The changes in surface elevation at regions
above 3400 m were small, within 0 to —40 m. However, the changes in
ice surface elevation fluctuated at higher elevations. This is related to
the error of the DEM as derived from ASTER. Generally, the ablation
for glaciers at the lower elevations was greater than at high elevations.
The higher the glacier terminus altitude is, the less intensive ablation
is and more delayed the response to climate change is. Ablation was
nonetheless intense for some glaciers at high elevations, due primarily
to their small size. The relative changes of small glaciers were usually
higher than those large ones (Narama et al., 2010) and Xu et al.
(2011) suggests that the larger the glacier area, the slower the absorbed
heat can be transferred into the ice center. This also supports the view
that larger glaciers respond slowly to atmospheric warming (Kutuzov
and Shahgedanova, 2009).

Fig. 6 shows changes in ice surface elevation by glacier size for the
201 investigated glaciers. Changes in ice surface elevation changes for
105 glaciers smaller than 1 km? were within the range of —20 to
—10 m with an average value of —15.25 m. For 48 glaciers larger
than 1 km? and smaller than 10 km?, the changes in ice surface elevation
ranged from —30 to — 20 m with a mean value of —20.68 m. For the 3
glaciers larger than 10 km?, the changes in ice surface elevation were
relatively large with a mean value of —23.48 m.

5. Discussion

Climate change is one of the crucial factors driving changes in gla-
ciers. Summer temperature and annual precipitation determine glacier

Table 2

Glacier reduction in the Altai Mountains and other parts of China.
Location Period Reduction in area Source

km? %
South slope of the Altai Mountains (China) 1959-2000 87.38 313 Wang et al. (2011a)
North slope of the Altai Mountains 1952-1998 56.89 7.1
(Russia and Kazakhstan)

Friendship Peak in the Altai Mountains (China) 1959-2008 65.1 304 This study
Tianshan Mountains 1960-2000 - 115 Wang et al. (2011b)
Middle Chinese Tianshan Mountains 1963-2000 7 13 Li et al. (2006)
Tibetan Plateau interior area 1970s-2009 766.7 9.5 Wei et al. (2014)
East Pamirs 1962/66-1999 66.02 7.9 Shangguan et al. (2006)
Tuanjiefeng Peak of the Qilian Mountains 1966-2010 16.1 9.9 Xu et al. (2013)
Geladandong 1969-2000 1491 1.7 Yang et al. (2003)
China 1960s/1970s-2000s 2089 10.1 Zhang et al. (2011)
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Fig. 3. Changes in the surface elevation of glaciers on the Friendship Peak from 1959 to 2008.

ablation and accumulation, respectively. The investigation found that
the ablation period is from June to August and the accumulation period
is from November to March. In order to analyze the influence of changes
in temperature and precipitation on changes in glaciers, climatic data
from the Habahe Meteorological Station was used in this study. The
air temperature at the altitude of the glaciers was calculated using
the lapse-rate of 0.65 °C/100 m according to the previous studies
(Lanzhou Institute of Glaciology and Geocryology, Chinese Academy of
Sciences, 1982). The annual mean temperature increased 2.65 °C at a
rate of 0.52 °C per decade from 1958 to 2009. This is higher than the
rate of 0.34 °C per decade in the Tianshan Mountains (Wang et al.,
2011b) and 0.22 °C per decade average across China (Liu et al., 2009).
The linear analyses indicated that the average temperature in both the
ablation (0.33 °C per decade) and accumulation periods (0.67 °C per
decade) underwent an increasing trend, particularly since the late
1980s. The increase of temperature in the ablation period was more

87°44'E 87°46'E 87°48'E

obvious. The increase in the air temperature in the summer intensified
the glacier ablation, and the increase in temperature during the accu-
mulation period led to earlier and longer thawing periods. These com-
bined effects eventually resulted in significant ablation (Fig. 7).
According to the previous studies (Lanzhou Institute of Glaciology
and Geocryology, Chinese Academy of Sciences, 1982), the precipitation
gradient was 19-22 mm/100 m and the annual precipitation was more
than 350 mm in the glaciated area in the Chinese Altai Mountains.
Therefore, the precipitation in the glaciated area was calculated using
the average value of 20.5 mm/100 m as precipitation gradient. The pre-
cipitation displayed an increasing tendency during 1959-2008 with a
rate of 9.8 mm per decade. The increase in precipitation in this area
has become more obvious since the late 20th century. The increasing
tendency of temperature and precipitation is consistent with the results
of Shi et al. (2003) showing that the climate in Xinjiang is changing from
warm-dry to warm-wet. By analyzing the equilibrium line altitude
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Fig. 4. Changes in the surface elevation of the Kanas Glacier from 1959 to 2008. The glacier boundary is based on topographic maps and Glacier Inventory of China from 1959. The contour
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Fig. 5. Changes in ice surface elevation of ten glaciers larger than 3 km? at different eleva-
tions during the period from 1959 to 2008. All these glaciers were covered by debris.

(ELA) of twelve glaciers and the relation with summer temperature,
Kang (1996) found that the altitude of the equilibrium will rise
100-160 m when the mean summer temperature increases by 1 °C. In
order to keep the altitude of the equilibrium line remain unchanged,
the precipitation increase needs to reach 40% or even doubled. Obvious-
ly, increased precipitation usually benefits ice accumulation. However,
the increase cannot offset the accelerated glacier retreat. The intensive
glacier retreat in the Altai Mountains is mainly resulted from a strong
temperature effect (Fig. 8).

Changes in glacier area as assessed in this study (30.4%) were consis-
tent with previous research. Wang et al. (2011a) reported that glaciers
on the south slope of the Altai Mountains (in China) decreased in area
by 31.3% during 1959-2000 while glaciers on the north slope (in
Russia and Kazakhstan) decreased by 7.1% during 1952-1998. This
discrepancy with the current study is likely due to the different climate
warming rates from 1959 to 2000. Zhang et al. (2011) showed that
glacier area in China decreased from 23,982 km? in the 1960s/1970s
to 21,893 km? in the 2000s with an area-weighted shrinkage rate of
10.1%. Over the course of 37 years (1963-2000), the total glacier area
in the middle of the Chinese Tianshan Mountains decreased by 13%,
from 55 km? to 48 km? (Li et al., 2006). Continuous glacier retreat was
observed in the interior of the Tibetan Plateau and glacier area de-
creased by 9.5%, or approximately 766.7 km? from the 1970s to 2009
(Wei et al., 2014). Glacier area has decreased significantly between
1962/66 and 1999, with a total area loss of 66.02 km? (7.9% of the

Surface elevation change (m)

Area (km’)

Fig. 6. Changes in ice surface elevation for glaciers with the different sizes from 1959 to 2008.

original area in the 1960s) (Shangguan et al., 2006). Yang et al. (2003)
found that glacier areas in the Geladandong decreased by 14.91 km?
(1.7%) from 1969 to 2000. Xu et al. (2013) found that the total area of
glaciers on Tuanjiefeng Peak of the Qilian Mountains decreased by
16.1 & 6.34 km? (9.9 + 3.9%) from 1966 to 2010. They also found that
the average change in glacier thickness was —7.3 + 1.5 m (—0.21 +
0.04 ma~!) from 1966 to 1999. Glaciers in the Altai Mountains and
China are in the state of shrinkage and thinning due to global climate
change. However, regional glacier changes have varied as a function of
the regional climate conditions, elevation, and glacier-size distribution.
Glacier shrinkage over the Friendship Peak in the Altai Mountains is
more serious than the other regions. The average temperatures in
both winter and summer over the Friendship Peak in the Altai Moun-
tains showed an obvious increasing trend. Moreover, the rate of in-
crease in summer temperatures is relatively large and glacier surface
temperature has increased accordingly. Winter accumulation cannot
compensate for the loss of mass caused by increasing temperature,
and this has caused glacier ablation to accelerate. In addition, the alti-
tude of the snow lines in this region is the lowest in China and the
areas of the glaciers are relatively small (Li et al., 2010). These are addi-
tional reasons for the serious glacier changes in area and obvious glacier
thinning.

The impact of changes in glaciers on water resources and local ecol-
ogy merits special attention. Although glacier meltwater does not ac-
count for a substantial proportion of total water resources, the runoff
caused by glacier melting can increase over a relatively short period.
The rapid retreat will increase the instability of rivers supplied by glacier
meltwater. These rivers and especially their small and medium-sized
branches will face the threat of running dry. Generally, river runoff in-
creases as glaciers shrink and eventually peaks (i.e. reaches a turning
point). Then the runoff decreases due to the loss of ice volume. If the
current rate of glacier loss continues, future river runoff will be affected.

6. Conclusion and future research

Topographic maps, ASTER images, and ASTER DEM were used to
study glacier area and changes in surface elevation of glaciers over
Friendship Peak in the Altai Mountains. The area of the 201 glaciers
investigated here decreased by 30.4% from 214.04 km? in 1959 to
148.94 km? in 2008. Fifty-five glaciers disappeared during the same
period. Half of these were classified as small (<0.5 km?) and their size
made them more sensitive to climate warming. The average change in
surface elevation for the glaciers on the Friendship Peak in the Altai
Mountains was 20 m (0.4 m a~') from 1959 to 2008. The thinning in
surface elevation took place mostly in the glacier ablation zone with
some in the steep ridges of the glacier accumulation zone. For the
Kanas Glacier, the changes in ice surface elevation ranged from — 101
to 38 m and the area decreased in size by 4.4% from 1959 to 2008.
Changes in glacier surface elevation were found to be related to both
elevation and glacier size. The changes in elevation of small glaciers at
lower altitudes were found to be more sensitive to climate change
than that of either larger glaciers or glaciers at higher altitudes. The
annual mean temperature increased by 2.65 °C at a rate of 0.52 °C per
decade from 1959 to 2008. The rate was 0.33 °C per decade and
0.67 °C per decade for the ablation period and accumulation period,
respectively. The meteorological data suggests that increasing tempera-
tures in the region were responsible for the glacier shrinkage from 1959
to 2008. Glacier shrinkage on the Friendship Peak in the Altai Mountains
is more serious than in other glaciated regions in China. The regional dif-
ferences in glacier changes may have been affected by several different
factors, such as regional climate conditions, glacier elevation, and glacier
size.

The current analysis of the area and changes in surface elevation of
glaciers over the Friendship Peak in the Altai Mountains was found to
be limited by the estimation of accuracy. There is still a dearth of field
survey data for this region, and more observation work is needed. This
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would include measurements of ice thickness measurement and GPS
surveys. A monitoring system for glaciers of different sizes and types
is needed and should be based on a combination of remote sensing
and detailed field survey.

Acknowledgments

This research was funded by the Funds for Creative Research Groups
of China (41121001), the Major National Science Research Program
(973 Program) (2013CBA01801), the National Natural Science Founda-
tion of China (41301069), the SKLCS founding (SKLCS-ZZ-2012-01-01),

750
700
650

600 -

Precipitation (mm)

550

y=0.98x+583.108
500 L L L L L )

1960 1970 1980 1990 2000 2010

Fig. 8. Annual precipitation at the altitude of the glaciers calculated from the Habahe Mete-
orological Station from 1959 to 2008 using the precipitation gradient of 20.5 mm/100 m.

the West Light Program for Talent Cultivation of Chinese Academy of
Sciences, and the Special Financial Grant from the China Postdoctoral
Science Foundation (2014T70948).

References

Aizen, V.B., Kuzmichenok, V.A., Surazakov, A.B., Aizen, E.M., 2006. Glacier changes in
central and northern Tien Shan during the last 140 years based on surface and
remote sensing data. Ann. Glaciol. 43, 202-213.

Binh, T.Q., Thuy, N.T., 2008. Assessment of the influence of interpolation techniques on
the accuracy of digital elevation model. VNU J. Sci. Earth Sci. 24, 176-183.

Herzfeld, U.C., Wallin, B., 2014. Spatio-temporal analysis of surface elevation changes in
Pine Island Glacier, Antarctica, from ICESat GLAS data and ERS-1 radar altimeter
data. Ann. Glaciol. 55 (66), 248-258.

Huss, M., 2013. Density assumptions for converting geodetic glacier volume change to
mass change. Cryosphere 7, 877-887.

Jezek, K.C,, 2012. Surface elevation and velocity changes on the south-central Greenland
ice sheet: 1980-2011. J. Glaciol. 58 (212), 1201-1211.

Kang, E.S., 1996. Characteristics of energy balance and computation on the mass balance
change of the High-Asia cryosphere. ]. Glaciol. Geocryol. 18 (SI), 12-22.

Kutuzov, S., Shahgedanova, M., 2009. Glacier retreat and climatic variability in the eastern
Terskey-Alatoo, inner Tien Shan between the middle of the 19th century and begin-
ning of the 21st century. Glob. Planet. Chang. 69, 59-70.

Lanzhou Institute of Glaciology and Geocryology, Chinese Academy of Sciences, 1982.
Glacier Inventory of China (II): Altay Mountains. Science Press, Beijing.

Larsen, C.F, Motyka, RJ., Arendt, A.A., Echelmeyer, KA., Geissler, P.E., 2007. Glacier changes
in southeast Alaska and northwest British Columbia and contribution to sea level rise.
J. Geophys. Res. 112, F01007. http://dx.doi.org/10.1029/2006]F000586.

Li, B.L., Zhu, A.X,, Zhang, Y.C,, Pei, T., Qin, C.Z,, Zhou, C.H., 2006. Glacier change over the
past four decades in the middle Chinese Tien Shan. J. Glaciol. 52 (178), 425-432.


http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0005
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0005
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0005
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0010
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0010
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0015
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0015
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0015
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0020
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0020
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0035
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0035
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0175
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0175
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0040
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0040
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0040
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0025
http://dx.doi.org/10.1029/2006JF000586
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0045
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0045
Image of Fig. 8
Image of Fig. 7

P. Wang et al. / Cold Regions Science and Technology 116 (2015) 24-31 31

Li, Z.Q,, Li, KM., Wang, L., 2010. Study on recent glacier changes and their impact on water
resources in Xinjiang, North Western China. Quat. Sci. 30 (1), 96-106.

Liu, B,, Feng, ].M.,, Ma, Z.G., Wei, R.G., 2009. Characteristics of climate changes in Xinjiang
from 1960 to 2005. Clim. Environ. Res. 14 (4), 414-426.

Narama, C,, Kadb, A., Duishonakunov, M., Abdrakhmatov, K., 2010. Spatial variability of recent
glacier area changes in the Tien Shan Mountains, Central Asia, using Corona (~1970),
Landsat (~2000), and ALOS (~2007) satellite data. Glob. Planet. Chang. 71, 42-54.

Nuimura, T., Fujita, K., Yamaguchi, S., Sharma, RR., 2012. Elevation changes of glaciers re-
vealed by multitemporal digital elevation models calibrated by GPS survey in the
Khumbu region Nepal Himalaya, 1992-2008. ]. Glaciol. 58 (210), 648-656.

Paul, F., Huggel, C., Kaab, A., 2004. Combining satellite multispectral image data and a dig-
ital elevation model for mapping debris-covered glaciers. Remote Sens. Environ. 89
(4),510-518.

Rignot, E., Rivera, A., Casassa, G., 2003. Contribution of the Patagonia icefields of South
America to sea level rise. Science 302, 434-437.

Rivera, A., Casassa, G., Bamber, ]., Kddb, A., 2005. Ice-elevation changes of Glacier Chico,
southern Patagonia, using ASTER DEMs, aerial photographs and GPS data. J. Glaciol.
51 (172), 105-112.

Sauber, ., Molnia, B., Carabajal, C., Luthcke, S., Muskett, R., 2005. Ice elevations and surface
change on the Malaspina Glacier, Alaska. Geophys. Res. Lett. 32, L23S01.

Schiefer, E., Menounos, B, Wheate, R., 2007. Recent volume loss of British Columbian glaciers,
Canada. Geophys. Res. Lett. 34, L16503.

Shangguan, D., et al., 2006. Monitoring the glacier changes in the Muztag Ata and Konggur
Mountains, east Pamirs, based on Chinese Glacier Inventory and recent satellite imagery.
Ann. Glaciol. 43, 79-85.

Shi, Y.F., 2008. Glaciers and Related Environments in China. Science Press, Beijing.

Shi, Y.F,, Shen, Y.P,, Li, D.L,, Zhang, G.W., Hu, RJ,, Kang, E.S., 2003. Discussion on the present
climate change from warm-dry to warm-wet in northwest China. Quat. Sci. 23 (2),
152-164.

State Bureau of Surveying, Mapping, 2007. Technical rules for producing digital products
of 1:10 000 1:50 000 fundamental geographic information. Part 1: Digital line graphs
(DLG), CH/T 1015.1-2007.

Surazakov, A.B., Aizen, V.B., 2006. Estimating volume change of mountain glaciers using
SRTM and map-based topographic data. IEEE Trans. Geosci. Remote Sens. 44 (10),
2991-2995.

Tan, QL. Xu, X, 2014. Comparative analysis of spatial interpolation methods: an experi-
mental study. Sensors Transducers 165 (2), 155-163.

Vanlooy, J.A., Forster, RR., 2011. Use of historical elevation data to calculate surface-
elevation and volume changes of Ha-Iltzuk Icefield, southwest British Columbia,
Canada, 1970 to mid-1980s. Ann. Glaciol. 52 (59), 109-115.

Wang, LL, Liu, CH., Kang, X.C., You, G.X., 1983. Fundamental features of modern glaciers
in the Altay Shan of China. ]. Glaciol. Geocryol. 5 (4), 27-38.

Wang, S.H., Xie, Z.C, Dai, Y.N,, Liu, S.Y., Wang, X., 201 1a. Structure, change and its tendency
of glacier systems in Altay Mountains. Arid Land Geogr. 34 (1), 115-123.

Wang, SJ., Zhang, MJ, Li, Z.Q., Wang, F.T., Li, H.L,, Li, Y.J., Huang, X.Y., 2011b. Response of
glacier area variation to climate change in Chinese Tianshan Mountains in the past
50 years. Acta Geograph. Sin. 66 (1), 38-46.

Wang, P.Y., Li, Z.Q, Li, H.L, Cao, M., Wang, W.B., Wang, F.T., 2012. Glacier no. 4 of Sigong
River over Mt. Bogda of eastern Tianshan, Central Asia: thinning and retreat during
the period 1962-2009. Environ. Earth Sci. 66, 265-273.

Wang, P.Y,, Li, Z.Q., Li, HL., Wang, W.B., Yao, H.B., 2014. Comparison of glaciological and
geodetic mass balance at Urumgqi Glacier no. 1, Tian Shan, Central Asia. Glob. Planet.
Chang. 114, 14-22.

Wei, J.F,, Liu, S.Y., Guo, W.Q,, Yao, XJ., Xu, J.L,, Bao, W], Jiang, Z.L.,, 2014. Surface-area
changes of glaciers in the Tibetan Plateau interior area since the 1970s using recent
Landsat images and historical maps. Ann. Glaciol. 55 (66), 213-222.

Xu, XK, Pan, BL, Hu, E., Li, Y.J,, Liang, Y.H., 2011. Response of two branches of Glacier no.
1 to climate change from 1993 to 2005, Tianshan, China. Quat. Int. 236 (1-2),
143-150.

Xu, J.L, Liy, S.Y., Zhang, S.Q., Guo, W.Q., Wang, ], 2013. Recent changes in glacial area and
volume on Tuanjiefeng peak region of Qilian Mountains, China. PLoS ONE 8 (8),
e70574.

Yang, ., Ding, Y., Chen, R, Liy, S., Ly, A., 2003. Causes of glacier change in the source
regions of the Yangtze and Yellow rivers on the Tibetan Plateau. ]. Glaciol. 49 (167),
539-546.

Ye, Q.H., Kang, S.C,, Chen, F., Wang, J., 2006. Monitoring glacier variation on Geladandong
Mountain, central Tibetan Plateau, from 1969 to 2002 using remote sensing and GIS
technologies. J. Glaciol. 52 (179), 537-545.

Zhang, MJ., Wang, SJ., Li, Z.Q., Wang, F.T., 2011. Variation of glacier area in China against
the warming in the past 50 years. Acta Geograph. Sin. 66 (9), 1155-1165.


http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0050
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0050
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0055
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0055
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0060
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0060
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0060
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0060
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0060
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0060
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0065
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0065
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0065
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0070
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0070
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0070
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0075
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0075
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0080
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0080
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0080
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0180
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0180
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0085
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0085
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0185
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0185
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0185
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0095
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0100
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0100
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0100
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf2015
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf2015
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf2015
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0105
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0105
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0105
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0110
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0110
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0115
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0115
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0115
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0120
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0120
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0135
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0135
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0140
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0140
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0140
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0125
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0125
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0125
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0130
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0130
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0130
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0145
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0145
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0145
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0190
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0190
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0190
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0150
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0150
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0150
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0160
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0160
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0160
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0165
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0165
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0165
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0170
http://refhub.elsevier.com/S0165-232X(15)00081-6/rf0170

	Five decades of changes in the glaciers on the Friendship Peak in the Altai Mountains, China: Changes in area and ice surfa...
	1. Introduction
	2. Study area
	3. Data and methods
	3.1. Data and processing
	3.2. Changes in glacier area and surface elevation
	3.3. Uncertainty analysis

	4. Results
	4.1. Changes in glacier area from 1959 to 2008
	4.2. Changes in glacier surface elevation from 1959 to 2008
	4.3. Changes in glacier surface elevation vs. changes in glacier elevation or size

	5. Discussion
	6. Conclusion and future research
	Acknowledgments
	References


