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A B S T R A C T

This paper employs remote sensing methods to address a large number of glaciers and 
their change in the Chinese Tien Shan Mountains for the period from 1959/1972 to 
2010/2012. Our results show that the total area of the 1428 glaciers studied decreased 
from 1299 ± 4 km2 in 1959/1972 to 1013 ± 4 km2 in 2010/2012. This 22% reduction 
in glacier surface area represents a total loss of 287 km2. The rate of glacier shrinkage 
throughout the nine regions varied from 0.3% a–1 to 0.8% a–1, and approximate individ-
ual glacier area loss varied from 0.002 km2 a–1 to 0.008 km2 a–1. The greatest decrease in 
glacier extent occurred in the Ili River valley, followed by the Toutun River valley and 
Urumqi River valley. In contrast, relatively minor decreases occurred in the Miaoergou 
Gully and Aksu River valley regions.

Introduction

Global warming has triggered a large-scale retreat of 
glaciers throughout the world (Haeberli, 2005; Sorg et 
al., 2012; IPCC, 2013; Nuimura et al., 2015; Guo et al., 
2015). This has resulted in most glaciers in mountainous 
regions receding substantially during the past century, 
and it has affected stream runoff (Hall et al., 2001; Bolch, 
2007). Previous studies have shown that the indicative 
role of glacier change in global climate change in this 
century has been more obvious (Shi and Liu, 2000; IPCC, 
2013). Qin et al (2006) reported that modern glacier 
change has an important effect on water resources in the 
Tien Shan Mountains. In China, glaciers are predicted to 
lose 27.20% of their total area during the first half of the 
21st century (Qin et al., 2006). This is important because 
alpine glaciers constitute vast solid reservoirs, serving to 
regulate annual runoff and providing water for sustain-
ing ecology, industry, and agriculture in the Chinese Tien 
Shan (Yao et al., 2004; Shangguan et al., 2009). Moreover, 
because the headwaters of numerous rivers in Xinjiang 
lie within the Chinese Tien Shan, alpine glaciers play a 
fundamental role in regional development. Thus, advanc-

ing our understanding of modern glacier change in the 
Chinese Tien Shan is a matter of growing importance.

Interest in monitoring glacier change in the Tien 
Shan has grown as evidence of rapid glacier recession 
in many regions of the world has been reported (Aizen 
et al., 2006; Niederer et al., 2007; Narama et al., 2009). 
However, although glacier variability was reported by 
the first comprehensive field survey in 1958 (Ren, 1988), 
long-term observations have been limited. Remote 
sensing (RS) provides an effective means to address this 
shortcoming by assessing the spatial distribution of gla-
ciers, particularly in remote areas (Frezzotti et al., 1998; 
Raup et al., 2001; Bishop, 2004). Glacier monitoring in-
volves primarily the detection of spatial variations and 
mass or thickness changes (Josberger et al., 1993; Bayer 
et al., 1994). Moreover, multitemporal and multispectral 
satellite data enable simultaneous monitoring of large 
areas of remote mountainous terrain via automated gla-
cier mapping (Paul et al., 2002; Kargel, 2005; Pieczonka 
and Bolch, 2015; Earl and Gardner, 2016). Thus, with 
the development of Geographic Information System 
(GIS) and RS technology, long-term observation of gla-
cier variability has become practicable.
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Previous work on glacial change in the Chinese Tien 
Shan has focused on the Tarim and Junggar drainages, 
and has revealed significant regional variability in gla-
cier sensitivity to climate warming (Wang et al., 2008; 
Shangguan et al., 2009). To our knowledge, however, 
there has been no systematic assessment of glacier vari-
ability using GIS and RS. In the present study, we pre-
sent more than 50 years of glacier-change data from the 
Chinese Tien Shan derived from topographic maps and 
RS. The aims of this study are to (1) analyze glacier vari-
ability between the periods 1959/1972 and 2010/2012; 
(2) examine spatial variability and regional differences in 
glacier evolution; and (3) discuss potential climatic driv-
ers of glacial change in the Chinese Tien Shan.

Study Area

The Tien Shan Mountains of Central Asia run 
through China, Kirghizstan, and Kazakhstan and con-
tain 15,953 glaciers with a combined area of 15,416 
km2. Of these, 9081 glaciers are located in China, with 
a total area of 9235.96 km2 and a volume of 1011.748 
km3, according to the first Glacier Inventory of China 
(GIC 1st; Shi et al., 2009). The main factors determin-
ing the climatic regimes of the Tien Shan Mountains 
are three dynamical elements: the Siberian anticyclonic 
circulation, the westerly jet stream in the upper tropo-
sphere, and the cyclonic disturbances of the west wind 
circulation (Aizen et al., 2001; Bothe et al., 2012).

The computation of glacier variability for the entire 
Chinese Tien Shan presents considerable difficulty ow-
ing to the large number of glaciers and the poor repre-

sentation of certain glaciers because of snow and cloud 
cover or errors in the original topographic maps. In this 
study, we investigated 1428 glaciers with a combined 
area of 1299.32 km2 (Table 1). Our selection was based 
on existing studies and is broadly representative of the 
Chinese Tien Shan, comprising both small and large gla-
cier systems, debris-covered and debris-free glaciers, and 
high- and low-elevation regions (Narama et al., 2009). 
Selected glaciers were subdivided into nine groups: Ili 
River, Aksu River, Kuytun River, Manas River, Kaidu 
River, Toutun River, Urumqi River, Bogeda Range, and 
Miaoergou Gully. We discuss each group below (Fig. 1).

Data and Methods

Data Acquisition
RS data used in this study are shown in Table 2. The 

main sources were Landsat TM/ETM+ scenes, which 
were available from the U.S. Geological Survey (USGS; 
http://glovis.usgs.gov/) and were orthorectified au-
tomatically by the USGS using the Shuttle Radar To-
pography Mission (SRTM) Digital Elevation Models 
(DEMs).

The topographic maps used were acquired from 1959 
to 1972 at the scale of 1:50,000 or 1:100,000 in differ-
ent regions. The errors assessments of the topographic 
maps were reported as 3–5 m over flat and hilly areas 
and vary regionally by 8–14 m (State Bureau of Sur-
veying and Mapping, 2007). Glacier elevation data are 
provided by a 90-m-resolution SRTM DEM (fourth 
version), which is jointly measured by the U.S. National 
Aeronautics and Space Administration (NASA) and the 

TABLE 1

Summary of glaciers in the nine regions of the Chinese Tien Shan.

Study area Period

Selected glaciers*

Number Areas (km2)

Ili River 1959/1964 to 2011 113 54.80

Aksu River 1972–2011 113 435.44

Kuytun River 1964–2011 144 94.27

Manas River 1964–2011 131 76.20

Kaidu River 1963/1964 to 2011 293 265.81

Toutun River 1964–2012 167 50.67

Urumqi River 1964–2012 121 39.84

Bogeda Range 1962–2010 205 151.73

Miaoergou Gully 1972–2010 141 130.56

Total 1959/1972 to 2010/2012 1428 1299.32

*The number and areas of the selected glaciers are according to the first Glacier Inventory of China (GIC 1st) (Shi et al., 2009).
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U.S. Department of Defense National Mapping Agency 
(NIMA). The SRTM in the region was also used for 
visual examination of glacier boundaries. The nominal 
vertical accuracy of SRTM is 6 m relatively and 16 m 
absolutely, whereas the nominal horizontal accuracy is 
15 m relatively and 20 m absolutely (Rabus et al., 2003).

We used the GIC 1st as a reference to assist identifi-
cation of glacier boundaries in the Chinese Tien Shan. 
These data were provided by the Cold and Arid Re-
gions Environmental and Engineering Research Insti-
tute (CAREERI), Chinese Academy of Sciences (CAS).

Temperature and precipitation data are provided by 
China Meteorological Data Sharing Service System, 
which is administered by National Meteorological In-
formation Center (NMIC) of the China Meteorologi-
cal Administration (CMA). According to the geophysi-
cal boundary of Chinese Tien Shan Mountains (Hu, 
2004), 14 meteorological stations were chosen in this 
study: Wenquan, Qitai, Zhaosu, Urumqi, Baluntai, Da-
bancheng, Qijiaojing, Kumux, Bayanbulak, Baicheng, 
Torugart, Akqi, Barkol, and Yiwu (Fig. 1). Annual tem-
perature and precipitation data recorded by each station 

FIGURE 1.    Sketch map showing the study area and the distribution of glaciers.

TABLE 2

Remote sensing data used in this study.

Date* Landsat TM/ETM+ Resolution (m) Path/Row Utilization

2011-09-11 TM 30 148-029 Ili River

2011-09-10 ETM+ 30 147-031 Aksu River

2011-09-06 TM 30 145-029, 
145-030

Kuytun River

2011-07-13 TM 30 144-030 Manas River

2011-07-13 TM 30 144-030 Kaidu River

2012-08-17 ETM+ 30 143-030 Toutun river

2012-08-17 ETM+ 30 143-030 Urumqi river

2010-08-13 ETM+ 30 142-030 Bogeda Range

2010-08-13 ETM+ 30 138-030 Miaoergou Gully

*Dates recorded as yyyy-mm-dd.
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were incorporated for the period 1960–2012. Addition-
ally, several typical glaciers were chosen for a detailed 
discussion of change in glacier area and length (Fig. 1).

Methods

Geocorrection and coregistration were established 
in ENVI 5.0 for all images. Topographic maps were 
scanned into digitized products at a resolution of 600 
dpi and georegistered using the Beijing 1954 geodetic 
coordinate system. Fifteen ground control points that 
could be identified on each image were selected from 
topographic maps. All images, topographic maps, and 
RTK-GPS data were reprojected in a Universal Trans-
verse Mercator (UTM) coordinate system referenced to 
the World Geodetic System of 1984 (WGS84), based on 
a seven-parameter transformation model.

The glacier outlines of the period 1959/1972 were 
interpreted by ArcGIS 10 from topographic maps. For 
the period 2010/2012, we generated preliminary gla-
cier boundaries automatically using the the band ratio 
method, which is most appropriate for glacier mapping 
in larger study areas (Paul and Svoboda, 2010). Spe-
cifically, we applied the band ratio approach using the 
TM4/TM5 combined manual interpretation to pro-
duce glacier outlines (Bayer et al., 1994; Jacobs et al., 
1997; Bolch, 2007). For non-debris-covered glaciers, 
identification of snow, ice, and rock on satellite images 
is possible because of substantial differences in spectral 
reflectance. We checked glacier polygons derived from 
the ratio method visually for gross errors, and manu-
ally improved them where necessary. The technical 
method overview is shown in Figure 2. Some glaciers 
are covered to varying degrees by supraglacial debris, 
which has the same spectral characteristics as the sur-
rounding terrain and thus cannot be discerned from 
it spectrally. Consequently, mapping of debris-covered 

glaciers required a combination of manual delineation 
and the band ratio method. Debris outlines were then 
verified by real-time kinematic GPS (RTK-GPS; Unis-
trong E650) surveys conducted in July 2013. To estimate 
changes in glacier extent over time, we incorporated the 
topographic-map-derived and Landsat-derived glacier 
boundaries in ArcGIS for overlay analysis.

Uncertainty in the interpretation of remote sensed 
images arises from the image resolution and coregistra-
tion errors. We evaluated this error in two ways. First, we 
assessed image resolution and coregistration errors. Ac-
curacy of measurements is affected by the spatial resolu-
tion of the RS image and the Root Mean Square Error 
(RMSE) of coregistration. The uncertainty (un) of each 
position can be calculated as follows (Hall et al., 2003; 
Silverio and Jaquet, 2005; Shangguan et al., 2009):

	 un
n n

= ∑ ∑λ ε2

1

2

1

+  ,	 (1)

where λ is the image resolution (30 m for TM or 
ETM+) and ε is the registration error of each image to 
the topographic map. The mean uncertainty of glacier 
terminus derived from 10 images can then be calculated 
by:

	 un uni
i

′ =
=
∑ / 9

1

10

.	 (2)

Therefore, the mean uncertainty for all glacier ter-
minuses is 44.2 m. Uncertainty in the measurement of 
individual glacier area is calculated as follows (Hall et 
al., 2003):

	 a A un= ′′∗ ∗( / )2 λ  ,	 (3)

FIGURE 2.   Technical flowchart of glacier outline extraction.
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where a is the uncertainty of glacier area and A = λ2. 
Thus, uncertainty of glacier-change area measurements 
are calculated with an accuracy of ±0.003 km2 using 
TM or ETM+ imagery. Second, the greatest difficulty 
in using automatic classification for map glacier outlines 
is the presence of supraglacial debris. In order to deline-
ate debris-covered glaciers, corrections must be based 
on visual interpretation and field data. As the Qing-
bingtan glacier No. 72 and Tomur glacier were surveyed 
as representative glaciers for debris-covered glaciers in 
Aksu River (Wang, et al., 2013), the field surveying data 
were referenced for delineating debris-covered glaciers.

For the glacier area error, it is mostly inversely pro-
portional to the length of the glacier margin (Pfeffer 
et al., 2014). We estimated the uncertainty by the buff-
er method suggested by Guo et al. (2015). The aver-
age uncertainty of the mapped glacier area was 6% for 
1959/1972 (topographical maps) and 4% for 2010/2012 
(satellite images).

Results

Glacier Area Changes

According to vector data statistics, the total number 
of selected glaciers in the Chinese Tien Shan has de-
creased from 1428 in 1959/1972 to 1344 in 2010/2012. 
However, in the Aksu River and Kaidu River regions, 
some larger glaciers have divided into several smaller 
glaciers, thereby increasing the total number of gla-
ciers counted (Fig. 3, parts b and e). Consequently, the 
change in glacier number does not reflect accurately the 
overall glacier shrinkage situation. In the Urumqi River 
and Toutun River regions (Fig. 3, parts f and g), where 
mean glacier area was relatively small in the period 
1959/1972, many small glaciers have since disappeared. 
Over the same period, the total area of the 1428 glaciers 
decreased from 1299.3 ± 4.3 km2 to 1012.5 ± 4 km2, 
which means an area reduction of 286.8 km2, or 22.1% 
(Fig. 3). Among the nine regions, total area loss ranged 
from 15.7 ± 0.4 km2 (Urumqi River) to 64.1 ± 0.9 km2 
(Kaidu River), with values of 22.8 ± 0.3 km2 for the Ili 
River, 50.1 ± 0.3 km2 for the Aksu River, 26.7 ± 0.4 
km2 for the Kuytun River, 23.1 ± 0.4 km2 for the Manas 
River, 20.4 ± 0.5 km2 for the Toutun River, 43.5 ± 0.6 
km2 for the Bogeda Range, and 20.5 ± 0.4 km2 for the 
Miaoergou Gully region. Rates of area reduction varied 
among the nine regions from 0.3% a–1 to 0.8% a–1.

Figure 4 shows that the greatest decreases in glacier 
area occurred in the Ili River (42%), followed by the 
Toutun River (40%), and Urumqi River (39%). Smaller 
decreases occurred in the Miaoergou Gully (16%) and 
Aksu River (12%). Mean glacier area shrank from 0.91 

km2 in the period 1959/1972 to 0.75 km2 in 2010/2012. 
Among the nine study regions, the Toutun River and 
Urumqi River regions exhibit similar values (0.30 km2 
and 0.33 km2, respectively) for mean glacier size in 1964.

We selected six representative glaciers (Fig. 1) of the 
Chinese Tien Shan to perform a detailed analysis of gla-
cier change (Table 3). Examples of the recession of three 
of these glaciers are given in Figure 5. Between 1962 
and 2011, the glacier terminus of Heigou glacier No. 8 
and Kuytun glacier No. 51 retreated 409 m and 159 m, 
respectively. Moreover, imagery from 2010 shows that 
terminus retreat of Heigou glacier No. 8 has resulted in 
the formation of a proglacial lake that was not present 
in 1962 (Fig. 5).

Although all six glaciers show negative trends in 
both area and length throughout the period of inves-
tigation (Table 3), rates of change are variable. For ex-
ample, the rate of area shrinkage is significantly higher 
for Urumqi Glacier No. 1 than for the remaining five 
glaciers, whereas the Tailan Glacier underwent relatively 
low rates of shrinkage. Changes in glacier length show a 
similar pattern. Total area loss for the six glaciers ranged 
from 0.8% (Tailan Glacier) to 15.7% (Urumqi Glacier 
No. 1), whereas length changes ranged from –0.2% to 
–11.1%.

Glacier Variation in Different Altitude 
Ranges

We investigated the characteristics of glacier distribu-
tion in the study regions by analyzing statistically the el-
evation of glaciers from the two periods (Fig. 6). For the 
Aksu River region, the majority of glacier terminuses 
(70.8%) was located at elevations of <3200 m in 1972, 
and at elevations of 3200–3400 m in 2011 (52.1%). This 
pattern suggests that the higher rate of glacier recession 
at lower elevations resulted in the increasing dominance 
of terminuses at higher elevations within each region. 
Moreover, in all nine regions the glaciers at lower el-
evations underwent more obvious change than those at 
higher elevations.

The equilibrium line altitude (ELA) separates the 
ablation area of a glacier from the accumulation area. 
The mean elevation of a glacier is probably the most 
glaciologically relevant elevation variable since it can 
be considered as a proxy of the ELA (Braithwaite and 
Raper, 2010). Figure 7 shows that the mean ELA of all 
these nine region glaciers displayed an ascended trend 
within a normal fluctuation range from 5 m (Toutun 
River) to 151 m (Kaidu River) between 1959/1972 
and 2010/2012, indicating that the elevations of glacier 
ELAs rose in concert with changes in terminus eleva-
tions.
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FIGURE 3.    Glacier recession for 1959/1972 to 
2010/2012 in (a) Ili River, (b) Aksu River, (c) Kuytun 
River, (d) Manas River, (e) Kaidu River, (f) Toutun 
River, (g) Urumqi River, (h) Bogeda Range, and (i) 
Miaoergou Gully.
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Glacier Changes and Size

As for the relative change of different glacier sizes 
(Jóhannesson et al., 1989), percentages of area reduc-
tion of small glaciers were usually higher than those 
of large glaciers. Taking into account the influence of 
the glacier size distribution, we observed a nonlinear 
relationship between initial glacier size and percent-
age area loss in the Urumqi River region. As shown 
in Figure 8, part a, the relative change of glaciers in 
Urumqi River increased with decreasing glacier size. 
For the 121 glaciers selected, variability in the percent 
area lost is higher for small glaciers, ranging from 0 to 
100%, and lower for large glaciers (20–40%). For gla-
ciers with areas of 0.1–0.5 km2 and 1–2 km2 (which 
account for 39.43% and 22.87% of the total glacier 
area, respectively), total glacier loss was relatively high, 
contributing ~38.13% and 51.72% of the total loss of 
glacier area, respectively. In contrast, the total area of 
smaller (<0.1 km2) glaciers increased by as much as 
68.7% between 1964 and 2012 due to the fragmenta-
tion of larger ice bodies. These statistical results con-
firm the importance of initial glacier size in dictating 

patterns of subsequent ice retreat. In this case, small 
glaciers with narrow altitudinal ranges lose a relatively 
higher percentage of their areas, suggesting that smaller 
glaciers are inherently more sensitive to climate forc-
ing than larger glaciers.

To further examine relationships of glacier size and 
shrinkage rate, we focused on glaciers in the Urumqi 
River, Toutun River, Kuytun River, and Bogeda Range 
regions (Fig. 8, part b). For the Toutun River region, 
glaciers with areas of <0.1, 0.1–0.5, 0.5–1, 1–2, 2–5, 
and >5 km2 underwent area changes of –38.7%, 30.8%, 
64.3%, 47.9%, 0%, and 0%, respectively. In the Kuytun 
River region, respective area losses for each size class 
were –8.5%, 14.7%, 37.7%, 7.1%, 51.3%, and 25.9%. 
Meanwhile, both the Urumqi River and Bogeda Range 
regions experienced a significant increase in the total 
area of small (<0.1 km2) glaciers. Apparently, the increase 
in the total area of glaciers <0.1 km2 is because of the 
fragmentation of larger glaciers over time. Specifically, 
although such glaciers comprise 4.1% of the total area 
of the Urumqi River region, 4.9% of the Toutun River 
region, 2.4% of the Kuytun River region, and 1.33% 
of Bogeda Range region, their total areas increased by 

FIGURE 4.    Glacier area 
change of each region for 
1959/1972–2010/2012.

TABLE 3

Typical glacier areas and length changes.

Glacier name GIC number

1959/1972 2010/2012 Change rate

Length 
(km)

Area 
(km2)

Length 
(km)

Area 
(km2)

Length 
(% a–1)

Area 
(% a–1)

Urumqi glacier No. 1 5Y730C0029 2.2 2 2 1.7 –0.2 –0.3

Tailan glacier 5Y674B0028 21 257.5 20 255.5 –0.1 –0.02

Kuytun glacier No. 51 5Y741C0051 1.4 1.5 1.3 1.3 –0.2 –0.3

Yushugou glacier No. 6 5Y822B0006 4.3 4.3 3.9 3.8 –0.2 –0.3

Yushugou glacier No. 9 5Y822B0009 4.2 3.5 3.9 3.1 –0.2 –0.3

Heigou glacier No. 8 5Y813B0008 5.3 5.8 4.9 5.5 –0.2 –0.1
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FIGURE 5.    Change of (a) Heigou glacier No. 8 for 1962–2010; (b) Kuytun glacier No. 51 for 1964–2011; and (c) 
Yushugou glaciers No. 6 and No. 9 for 1972–2010.

68.7%, 38.7%, 8.5%, and 85.5% for each region, respec-
tively. Thus, the relative abundance of glaciers in the 
different size classes strongly affects the percentage of 
total glacier area loss. In all classes of glacier size, reces-
sion was greatest (40.3%) in the Toutun River region, 
with its many small (<1 km2) glaciers, followed by the 
Urumqi River (39.3%). Indeed, all four regions show 
similar trends of glacier shrinkage within size classes of 
<0.1, 0.1–0.5, 2–5, and >5 km2. Within the size classes 
0.5–1 and 1–2 km2, there are obvious nonsynchronous 
changes between the Urumqi River region and the oth-
er three regions.

Glacier Fragmentation

The fragmentation of the glaciers is also an impor-
tant index that reflects the shrinkage state. As shown in 
Table 4, considering all the fragments still should be as 
an initial single unit, and then we calculated the glacier 
number change. Actually, 82 glaciers had fragmented, 
the total number of selected glaciers changed from 1428 
to 1246, and 182 glaciers have disappeared. It shows that 
the number change varied among the nine regions from 
10 (Aksu River and Miaoergou Gully) to 32 (Kaidu 
River).

Discussion

Regional Differences in Glacier Variation

Our analysis shows that rates of area loss among the 
nine study regions varied from 0.3% a–1 to 0.8% a–1 be-
tween the periods 1959/1972 and 2010/2012, and that 
each glacier lost between ~0.002 km2 a–1 and ~0.008 km2 
a–1 in surface area. Furthermore, the mean area of indi-
vidual glaciers among the 1428 glaciers declined from 
0.91 km2 to 0.75 km2, highlighting the general trend of 
glacier recession between 1959/1972 and 2007/2012.

Nonetheless, significant variability in glacier change 
exists among the different regions (Fig. 9). For exam-
ple, whereas retreat rates have been relatively high in 
the Ili River (0.83% a–1), Touyun River (0.82% a–1), and 
Urumqi River (0.8% a–1) regions, recession in the Aksu 
River, Miaoergou Gully, and Kaidu River regions has 
been comparatively minor, with glacier areas decreasing 
at rates of 0.29%, 0.4%, and 0.5% a–1, respectively. Simi-
larly, the mean glacier area is 3.85 km2 in the Aksu River 
region, but only 0.3–0.9 km2 in the Toutun River and 
Urumqi River regions.

Much work has been done to investigate glacier vari-
ability in Tien Shan Mountains. Sorg et al. (2012) re-
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ported average glacier ice loss of 0.3% a–1 in Tien Shan 
over the past half century. The strongest annual area 
shrinkage rates were found in the outer ranges (0.4% to 
0.8% a–1), whereas smaller rates were reported for gla-
ciers in the inner (0.2% to 0.4% a–1). Our investigation 
of the studied 1428 glaciers in the nine regions during 

the period from 1959/1972 to 2010/2012 also showed 
a high retreat speed (0.3% a–1 to 0.8% a–1), and the over-
all range of annual area changes in Tien Shan Mountains 
was similar to that for the Himalaya-Karakorum region, 
which represents the southern margin of the Asian high 
mountains complex (Bolch et al., 2012).

FIGURE 7.    Glacier area change with 
different altitude ranges in the nine 
regions in 1959/1972 to 2010/2012.

FIGURE 6.    Glacier area change in different altitude range of the nine regions in 1959/1972 to 2010/2012.
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FIGURE 8.    Glacier-size changes. (a) Single glacier area loss for 1964–2012 of different size in Urumqi River. (b) 
Total glacier area loss for 1962/1964 to 2010/2012 by different glacier area size class.

FIGURE 9.    Glacier recession rate distribu-
tion. DEM = Digital Elevation Model.

TABLE 4

Glacier fragmentation in the nine regions of Chinese Tien Shan.

Study area 

Glacier units Fragmented glaciers Fragmented areas (km2)

1959/1972 2010/2012 1959/1972 2010/2012 1959/1972 2010/2012

Ili River 113 93 6 14 11.7 7.6

Aksu River 113 103 3 9 299.5 270.5

Kuytun River 144 119 11 25 17.1 12.4

Manas River 131 112 13 28 14.1 9.6

Kaidu River 293 261 14 29 30 22.3

Toutun River 167 142 6 13 4 2.3

Urumqi River 121 100 6 12 5.2 2.8

Bogeda Range 205 185 8 16 25.5 22.3

Miaoergou Gully 141 131 15 34 38.6 30.9

Total 1428 1246 82 180 445.4 380.6
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Recent Glacier Variation Related to 
Local Climate Changes

The glacier system is influenced by several factors, 
including climate, topography, and glacier-supply condi-
tions (Hoffmann et al., 2007; Racoviteanu et al., 2008). In 
the Chinese Tien Shan, glaciers are primarily of the sum-
mer-accumulation type, whereby maximum accumula-
tion and ablation both occur in the summer (Ageta and 
Fujita, 1996). Thus, precipitation and temperature may 
be the most important factors controlling mass balance. 
The linear trend analysis of annual temperature shown in 
Figure 10 indicates that the average rate of temperature 
increase was 0.29 °C per decade over the study period 
(statistically significant at the 0.001 level), which exceeds 
the global average of 0.148 °C per decade (IPCC, 2007). 
Over the same period, annual precipitation increased 
gradually at an average rate of 10.6 mm per decade, serv-
ing to increase glacier sensitivity to temperature. There-

fore, modern climatic conditions in the Chinese Tien 
Shan are conductive to the areal shrinkage and rise of the 
ELA observed throughout the study area.

The amplitudes of changes in temperature and pre-
cipitation varied among the regions, indicating that 
glacier recession is closely related to regional climate 
conditions observed at meteorological stations (Fig. 11). 
The linear trend in annual mean temperature for the 
period 1960–2012 varied between 0.17 °C and 0.79 
°C per decade, whereas trends in annual precipitation 
varied between –2.19 mm and 27.6 mm per decade. We 
note that temperature increased at all stations, where-
as precipitation increased at all but two (the Torugart 
and Qijiaojing stations recorded little change in annual 
precipitation). Climate warming was strongest in the 
Urumqi River and Toutun River regions and is corre-
lated with the high rates of glacier recession in these re-
gions. However, glaciers in the Ili River region lost 42% 
of their total area due to a low trend of the annual mean 

FIGURE 10.   Annual mean temperature and total precipitation trends during 1960–2012 at 14 meteorological 
stations.

FIGURE 11.   Trends for temperature and precipitation at 14 meteorological stations: (a) trends for annual mean 
temperature (°C [10 a]–1 ); (b) annual precipitation (mm [10 a]–1).
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temperature and an obvious positive trend of the annual 
precipitation. We suggest that this pattern is due to the 
low elevation (3200–3600 m) and small mean glacier 
size (0.28 km2) of this region (DeBeer and Sharp, 2009).

Conclusions

We assessed changes in the areal extent of 1428 gla-
ciers in the Chinese Tien Shan between 1959/1972 and 
2010/2012. Over this period, total glacier area decreased 
from 1299 ± 4 km2 to 1013 ± 4 km2, representing a total 
loss of 287 km2. This value translates to a change in glacier 
surface area of –22%. Rates of glacier shrinkage across the 
nine regions range from 0.3% a–1 to 0.8% a–1. We iden-
tified a correlation between patterns of recent climate 
change and glacier retreat in the Chinese Tien Shan.

Acknowledgments

This work was supported by the Natural Science 
Foundation of China (41401074, 41330526, 41171052, 
and 41321062) and the Chinese Academy of Sciences 
(XDB03030101-4). The authors are very grateful to the 
USGS (http://www. usgs.gov) for the Landsat data.

References Cited

Ageta, Y., and Fujita, K., 1996: Characteristics of mass balance 
of summer-accumulation type glaciers in the Himalayas 
and Tibetan Plateau. Zeitschrift Fuer Gletscherkunde and 
Glazialgeologie, 32: 61–65.

Aizen, E., Aizen, V., Melack, J., Nakamura, T., and Ohta, T., 
2001: Precipitation and atmospheric circulation patterns at 
mid-latitudes of Asia. International Journal of Climatology, 21: 
535–556.

Aizen,V. B., Kuzmichenok, V. A., Surzazkov, A. B., and Aizen, 
E. M., 2006: Glacier changes in the central and northern 
Tien Shan during the last 140 years based on surface and 
remote-sensing data. Annals of Glaciology, 43: 202–213.

Bayer, K. J., Hall, D. K., and Kovalick, W. M., 1994: Observations 
on glaciers in the eastern Austrian Alps using satellite data. 
International Journal of Remote Sensing, 15(9): 1733–1742.

Bishop, M. P., 2004: Global land ice measurements from space 
(GLIMS): remote sensing and GIS investigations of the 
Earth’s cryosphere. Geocarto International, 19(2): 57–84.

Bolch, T., 2007: Climate change and glacier retreat in northern 
Tien Shan (Kazakhstan/Kyrgyzstan) using remote sensing 
data. Global and Planetary Change, 56(1-2): 1–12.

Bolch, T., Kulkarni, A., Kääb, A., Huggel, C., Paul, F., Cogley, 
G., Frey, H., Kargel, J., Fujita, K., Scheel, M., Bajracharya, 
S., and Stoffel, M., 2012: The state and fate of Himalayan 
glaciers. Science, 336: 310–314, doi: http://dx.doi.
org/10.1126/science.1215828.

Bothe, O., Fraedrich, K., and Zhu, X., 2012: Precipitation 
climate of Central Asia and the large-scale atmospheric 
circulation. Theoretical and Applied Climatology, 108: 345–
354.

Braithwaite, R. J., and Raper, S. C. B., 2010: Estimating 
equilibrium-line altitude (ELA) from glacier inventory 
data. Annals of Glaciology, 50: 127–132.

DeBeer, C. M., and Sharp, M. J., 2009: Topographic influences 
on recent changes of very small glaciers in the Monashee 
Mountains, British Columbia, Canada. Journal of Glaciology, 
55(192): 691–700.

Earl, L., and Gardner, A., 2016: A satellite-derived glacier 
inventory for North Asia. Annals of Glaciology, 57(71): 50–60.

Frezzotti, M., Capra, A., and Vittuari, L., 1998: Comparison 
between glacier ice velocities inferred from GPS and 
sequential satellite images. Annals of Glaciology, 27: 54–60.

Guo, W., Liu, S., Xu, J., and Wu, L., 2015: The second Chinese 
glacier inventory: data, methods and results. Journal of 
Glaciology, 61: 357–372.

Haeberli, W., 2005: Mountain glaciers in global climate-
related observing systems. In Huber, U. M., Reasoner, M. 
A., and Bugmann, H. (eds.), Global Change and Mountain 
Regions. A State of Knowledge Overview. Dordrecht: Kluwer 
Academic, 169–175.

Hall, D. K., Bayr, K. J, and Bindschadler, R., 2001: Changes in 
the Pasterze Glacier, Austria, as measured from the ground 
and space. 58th Eastern Snow Conference, 187–193.

Hall, D. K., Bayr, K., and Schfner,W., 2003: Consideration of 
the errors inherent in mapping historical glacier positions 
in Austria from ground and space (1893–2001). Remote 
Sensing of Environment, 86: 566–577.

Hoffmann, M. J., Fountain A. G., and Achuff, J. M., 2007: 20th 
century variations in area of cirque glaciers and glacierets, 
Rocky Mountain National Park, Rocky Mountains, 
Colorado, USA. Annals of Glaciology, 46: 349–354.

Hu Ruji, 2004: Physical geography of the Tianshan Mountains 
in China. Beijing: China Environmental Science Press, 
1–198 (in Chinese).

IPCC, 2007: The Fourth Assessment Report of the Intergovernmental 
Panel on Climate Change. Cambridge: Cambridge University 
Press, 1–996.

IPCC, 2013: Climate Change 2013: The Physical Science Basis. 
Contribution of Working Group I to the Fifth Assessment Report 
of the Intergovernmental Panel on Climate Change. Stocker, 
T. F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K., 
Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P. M. 
(eds.). Cambridge and New York: Cambridge University 
Press, 1535 pp.

Jacobs, J. D., Simms, E. L., and Simms. A., 1997: Recession of 
the southern part of Barnes Ice Cap, Baffin Island, Canada, 
between 1961 and 1993, determined from digital mapping 
of Landsat TM. Journal of Glaciology, 43(143): 98–102.

Jóhannesson, T., Raymond, C., and Waddington, E., 1989: 
Time-scale for adjustment of glaciers to changes in mass 
balance. Journal of Glaciology, 35: 355–369.

Josberger, E. G., Campbell,W. J., Gloersen, P., Chang, A. T. 
C., and Rango, A., 1993: Snow conditions and hydrology 

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 21 May 2019
Terms of Use: https://bioone.org/terms-of-use



Arctic, Antarctic, and Alpine Research  / H uai Baojuan et al.  /  225

of the upper Colorado River Basin from satellite passive 
microwave observations. Annals of Glaciology,17: 322–326.

Kargel, J. S., 2005: Multispectral imaging contributions to 
global land ice measurements from space. Remote Sensing of 
Environment, 99(1-2): 187–219.

Narama, C., Kääb, A., and Duishonakunov, M., 2009: Spatial 
variability of recent glacier area changes in the Tien 
Shan Mountains, Central Asia, using Corona (~1970), 
Landsat (~2000), and ALOS (~2007) satellite data. Global 
and Planetary Change, 71: 13 pp., doi: http://dx.doi.
org/10.1016/j.gloplacha.2009.08.002.

Niederer, P., Bilenko, V., Ershove, N., Hurni, H., Yerokhin, 
S., and Maselli, D., 2007: Tracing glacier wastage in the 
Northern Tien Shan (Kyrgyzstan/Central Asia) over the 
last 40 years. Climate Change, 86: 227–234, doi: http://
dx.doi.org/10. 1007/s10584-007-9288-6.

Nuimura, T., Sakai, A., Taniguchi, K., Nagai, H., Lamsal, D., 
Tsutaki, S., Kozawa, A., Hoshina, Y., Takenaka, S., Omiya, 
S., Tsunematsu, K., Tshering, P., and Fujita, K., 2015: The 
gamdam glacier inventory: a quality-controlled inventory 
of Asian glaciers. The Cryosphere, 9: 849–864.

Paul, F., and Svoboda, F., 2010: A new glacier inventory on 
southern Baffin Island, Canada, from ASTER data: data 
analysis, glacier change and applications. Annals of Glaciology, 
50(53): 22–31.

Paul, F., Kääb, A., Maisch, M., Kellenberger, T., and Haeberli, 
W., 2002: The new remote-sensing-derived Swiss glacier 
inventory. I. Methods. Annals of Glaciology, 34: 355–361.

Pfeffer, W. T., Arendt, A. A., Bliss, A., Bolch, T., Cogley, J. G., 
Gardner, A. S., Hagen, J., Hock, R., Kaser, G., Kienholz, 
C., Miles, E. S., Moholdt, G., Mölg, N., Paul, F., Radic, 
V., Rastner, P., Raup, B. H., Rich, J., Sharp, M. J., and The 
Randolph Consortium., 2014: The Randolph Glacier 
Inventory: a globally complete inventory of glaciers. 
Journal of Glaciology, 60: 537–552, doi: http://dx.doi.
org/10.3189/2014JoG13J176.

Pieczonka, T., and Bolch, T., 2015: Region-wide glacier 
mass budgets and area changes for the Central Tien Shan 
between ~1975 and 1999 using Hexagon KH-9 imagery. 
Global and Planetary Change, 128: 1–13.

Qin, D. H., Xiao, C. D., and Ding, Y. Y., 2006: Progress 
on cryospheric studies by international and Chinese 
communities and perspectives. Journal of Applied 
Meteorological Science, 17(6): 649–656.

Rabus, B. M., Eineder, A., Roth, and Bamler. R., 2003: The 
Shuttle radar topography mission—A new class of digital 
elevation models acquired by spaceborne radar. Journal of 
Photogrammetry and Remote Sensing, 57(4): 241–262.

Racoviteanu, A., Williams, M., and Barry, R., 2008: Optical 
remote sensing of glacier characteristics: a review with 
focus on the Himalaya. Sensors, 8: 3355–3383.

Raup, B., Scharfen, G., Khalsa, S., and Kääb, A., 2001: The 
design of the GLIMS (Global Land Ice Measurements from 
Space) glacier database. EOS Transactions Supplement, 
American Geophysical Society, 82(47): Fall Meeting 
Supplement, abstract #IP41A-12.

Ren, B., 1988: Existing glacier fluctuation and its relation to 
the climatical changes in China. Journal of Glaciology and 
Geocryology, 10(3): 244–249 (in Chinese).

Shangguan, D., Liu, S., and Ding, Y., 2009: Glacier changes 
during the last forty years in the Tarim Interior River basin, 
northwest China. Progress in Natural Science, 19: 727–732, 
doi: http://dx.doi.org/10.1016/ j.pnsc. 2008.11.002.

Shi, Y. F., and Liu, S. Y., 2000: Estimation on the response of 
glaciers in China to the global warming in the 21st century. 
Chinese Science Bulletin, 45(7): 668–672.

Shi, Y., Liu, C., and Kang, E., 2009: The Glacier Inventory of 
China. Annals of Glaciology, 50(53): 1–4, doi: http://dx.doi.
org/10.3189/172756410790595831.

Silverio, W., and Jaquet, J. M., 2005: Glacial cover mapping 
(1987–1996) of the Cordillera Blanca (Peru) using satellite 
imagery. Remote Sensing of Environment, 95(3): 342–350.

Sorg, A., Bolch, T., Stoffel, M., Solomina, O., and Beniston, 
M., 2012: Climate change impacts on glaciers and runoff 
in Tien Shan (Central Asia). Nature Climate Change, 2 (10): 
725–731.

State Bureau of Surveying and Mapping, 2007: Technical 
rules for producing digital products of 1:10000 1:50000 
fundamental geographic information, CH/T1015.1-2007. 
Beijing: State Bureau of Surveying and Mapping.

Wang, P. Y., Li, Z. Q., Wang, W. B., Li, H. L., Zhou, P., and 
Jin, S., 2013: Changes of six selected glaciers in the Tomor 
region, Tien Shan, Central Asia, over the past ~50 years, 
using high-resolution remote sensing images and field 
surveying. Quaternary International, 311: 123–131.

Wang, X., Xie, Z., and Li, Q., 2008: Sensitivity analysis of 
glacier systems to climate warming in China. Journal of 
Geographical Sciences, 18(2): 190–200.

Yao, T., Liu, S., and Pu, J., 2004: Glacier retreat in high Asia 
and their impacts to water resource of Northwest China. 
Science of China D, 34(6): 535–543 (in Chinese).

MS submitted 3 May 2015
MS accepted 17 January 2017

Downloaded From: https://bioone.org/journals/Arctic,-Antarctic,-and-Alpine-Research on 21 May 2019
Terms of Use: https://bioone.org/terms-of-use


