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SCIENCE

Presumed Little Ice Age glacial extent in the eastern Tian Shan, China
Yanan Lia , Yingkui Lia, Yixin Chenb and Xiaoyu Lua

aDepartment of Geography, University of Tennessee, Knoxville, TN, USA; bCollege of Urban and Environmental Sciences, Peking University,
Beijing, People’s Republic of China

ABSTRACT
Mountain glaciers across the Tian Shan provide critical freshwater resources for the arid and
semi-arid areas in Central Asia. Glacial extent during the Little Ice Age (LIA) has been
investigated in individual valleys, but its spatial characteristic across a large region still
remains unclear. We delineated the presumed maximum LIA glacial extents in three study
regions of the eastern Tian Shan (the Boro-Eren, the Bogeda, and the Barkol-Karlik ranges)
using Google Earth and the 30 m Shuttle Radar Topography Mission digital elevation model.
The corresponding contemporary glaciers were extracted from the Second Glacier Inventory
Dataset of China. The total area of 865 contemporary glaciers was estimated to cover 791.6
km2 during a LIA Maximum and decreased to 484.6 km2 around 2006–2010, with a relative
area loss of 38.8%. The spatial pattern of glacier area loss exhibits a west–east decreasing
trend between these three regions. This map provides a data set to investigate the pattern
of LIA glacial extents and assess climate impact on water resources in the eastern Tian Shan
at a centennial time scale.
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1. Introduction

Meltwater from mountain glaciers provides critical
freshwater resources for populated lowlands in Kyrgyz-
stan, Kazakhstan, Uzbekistan, and northwestern China
in Central Asia (Aizen, 2011; Farinotti et al., 2015). The
Tian Shan, a major mountain range and known as the
‘Water Tower of Central Asia’ (Sorg, Bolch, Stoffel,
Solomina, & Beniston, 2012), consists of a large glacier
repository in this arid and semi-arid region. It stretches
approximately 2500 km west–east from the western
boundary of Kyrgyzstan to Xinjiang Uyghur Auton-
omous Region in China, and almost reaching Mongolia
(Figure 1). Reconstructing the pattern of glacier
changes is critical to understand global and regional
climate change and assess the impact of climate change
on regional water resources, ranging from residential,
agricultural, and industrial water uses to building
national defense infrastructure (Gao, Han, Ye, & Jiao,
2013; Lioubimtseva & Henebry, 2009; Solomina &
Alverson, 2004). A number of studies have investigated
the timing and extent of past glaciations in the Tian
Shan for individual locations (e.g. Chen et al., 2015;
Koppes, Gillespie, Burke, Thompson, & Stone, 2008;
Li et al., 2011, 2014; Narama et al., 2007; Zhao, Zhou,
He, Ye, & Liu, 2006; Zech, 2012). With the advance
of remote sensing technology, geomorphological map-
ping was also provided in conjunction with these site-
specific glacial investigations. Stroeven, Hättestrand,
Heyman, Kleman, and Morén (2013) presented a
regional map of glacial geomorphology across the

Tian Shan. This map includes various glacial landforms
and a series of marginal moraines to indicate the
extents of multiple glacial stages. However, the focus
of this published map was mainly on glacial events
prior to the Holocene; the glacial extent during the
late Holocene, in particular, the Little Ice Age (LIA),
and the glacial retreat pattern since then, were not
illustrated.

The concept of the LIA was first introduced by
Matthes (1939) to describe glacial advances to an
extensive position after the warm epoch of the mid-
Holocene and before the twentieth century. Abundant
evidence, including tree rings, sediments, and ice cores,
has revealed a cold and wet climate during the LIA in
Central Asia (e.g. Chen, Huang, Zhang, Holmes, &
Chen, 2006; Esper et al., 2003; Liu & Han, 1992). The
map presented here (Main Map) focuses on the maxi-
mum glacial extent during the LIA in the eastern Tian
Shan. Previous studies suggest that glaciers reached
their LIA maximum extent at different cold periods
during the last millennium (Chenet, Roussel, Jomelli,
& Grancher, 2010; Liu, Sun, Shen, & Li, 2003; Xu &
Yi, 2014), and have been retreating since the end of
the LIA around AD 1850 (Grove, 2004; Matthews &
Briffa, 2005; Sorg et al., 2012). Various techniques
have been applied to constrain the age of presumed
LIA moraines in the Tian Shan (Chen, 1989; Chen
et al., 2015; Koppes et al., 2008; Li et al., 2014; Solo-
mina, Barry, & Bodnya, 2004; Yi et al., 2004). For
example, at the Urumqi River headwaters (Figure 2),
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fresh-looking moraines in front of Glacier No. 1 have
been constrained to LIA ages using lichenometry
(Chen, 1989), AMS 14C dating (Yi et al., 2004), and cos-
mogenic 10Be exposure dating (Li et al., 2014). In the
easternmost Tian Shan, Chen et al. (2015) constrained
the LIA moraines based on 10Be exposure dating. In the
western Tian Shan, Koppes et al. (2008) reported two
LIA 10Be exposure ages from moraines in the Kyrgyz
Front Range. Xu and Yi (2014) summarized chronolo-
gies of the LIA moraines on the Tibetan Plateau (TP)
and surrounding mountains, including the Tian
Shan, and noted that most glaciers in the northwestern
TP advanced to their LIA maximum earlier than in the
southern TP in the fourteenth century. Although LIA

glacial events have been constrained at these individual
sites, the spatial pattern of the LIA glacial extents is still
lacking, especially in the eastern Tian Shan that was not
fully included in the previous mapping (Stroeven et al.,
2013). In combination with previous knowledge of the
dated LIA extents, this map would be useful in studying
glacier dynamics and examining spatial characteristics
of past ice extents at a centennial time scale.

2. Study area

Our study area is the eastern Tian Shan, ranging from
approximately 85°40′E to 94°50′E and from 42°40′N to
44°00′N, and stretching about 800 km in length with

Figure 1. Overview map showing the location of the study area (red box) and surrounding climate systems (blue arrows).

Figure 2. Three study regions in the eastern Tian Shan. Field sites of the Urumqi River headwaters, the Heigou Valley, and the
Turgan Valley are illustrated as red dots.
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an area of ca. 154,000 km2. Mountain glaciers are
developed at high elevations of >3000 m above sea
level (a.s.l.). The mid-latitude westerlies and the Siber-
ian High are the main climate systems in this area, pro-
viding precipitation and temperature conditions to
maintain the mass balances of the glaciers; while the
Asian monsoon systems hardly penetrate here due to
the orographic barriers of the Himalayas and the TP
(Aizen, Aizen, Melack, Nakamura, & Ohta, 2001;
Benn & Owen, 1998; Sorg et al., 2012; Figure 1).

We define three study regions from west to east
(Figure 2) based on their geographic locations. The
first region is the Boro-Eren Range, including the

eastern Borohoro and the Eren Habirga ranges. The
second region is the Bogeda Range, located north of
the Turpan Depression and 50 km east of Urumqi,
the capital city of Xinjiang Uyghur Autonomous
Region, China. The third region is the Barkol-Karlik
Range, located at the easternmost end of the Tian
Shan, including the Barkol and Karlik ranges. The
highest peaks are Mt. Heyuan (5298 m a.s.l.), Mt.
Bogeda (5445 m a.s.l.), and Mt. Tomurty (4886 m a.s.
l.), for the three regions. Abundant glacial landforms
have been identified in these regions, including U-
shaped valleys, cirques, moraines, and striations (Cui,
Xiong, Liu, Zhu, & Yi, 1998; Figure 3).

Figure 3. Field photos of glacial landforms and features: (a) fresh-looking LIA moraines in the Heigou Valley; (b) LIA moraine in front
of Glacier No. 1 at the Urumqi River headwaters; (c) a pond dammed by LIA moraines at the Turgan Valley; (d) fresh-looking LIA
moraines overlay vegetated older landforms at the Turgan Valley; (e) striations; (f) a close-up view of boulders on top of the fresh
moraine at the Glacier No. 1 site.
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3. Methods

3.1. Data sources

Google Earth high-resolution imagery was utilized as
the major source to map the LIA glacial extents. In
recent years, Google Earth has become a popular plat-
form for visualizing various types of remote sensing
data, such as Landsat, SPOT, IKONOS, GeoEye, and
DigitalGlobe, in a 3D and interactive manner (Sun
et al., 2012; Yu & Gong, 2012). The enhanced 3D
and interactive visualization make Google Earth a
unique platform for landform mapping, even though
the acquisition date and spatial resolution of the ima-
gery may vary from place to place (Butler, 2006). Goo-
gle Earth also provides historical imagery, allowing an
easy check on the availability of alternative imagery
with better resolution in the area of interest. In this
study, LIA glacial landforms were identified and deli-
neated using the best available imagery in Google
Earth (most images are from DigitalGlobe®).

The other data source used for mapping is the Shut-
tle Radar Topography Mission (SRTM) 1 arc-second
digital elevation model (DEM), downloaded from the
USGS Earth Explorer (http://earthexplorer.usgs.gov).
This DEM is about 30 m resolution and was clipped
to the mapping area to help identify and calculate land-
form characteristics.

The contemporary glaciers in the eastern Tian Shan
were extracted from the Second Glacier Inventory of
China (Guo et al., 2014). As part of the world glacier
inventory of the Global Land and Ice Measurements
from Space (GLIMS) project (Paul et al., 2009), the
Second Glacier Inventory of China provides data
sources and attributes for each individual glacier in
China. The glacier boundary was delineated based on
Landsat TM/ETM+ scenes acquired between 2006
and 2010 using band ratios and was manually checked
against topographic maps, ASTER images, and Google
Earth. The uncertainty of the delineated glacier bound-
ary is about ±30 m, comparable to one pixel size of the
Landsat TM/ETM+ imagery (Guo et al., 2014).

3.2. Mapping procedure

LIA moraines in the Tian Shan are commonly ident-
ified as fresh, bouldery, and sharp-crested moraines
located within a few hundred to thousand meters
away from the present glacier terminus (Shi & Ren,
1990; Solomina et al., 2004; Figure 3). In western
China, some LIA moraine sets include two or three lat-
eral/terminal moraine ridges, indicating multiple gla-
cial events during the LIA (Liu et al., 2003; Shi &
Ren, 1990; Xu & Yi, 2014). We define the outermost
fresh moraine to represent the maximum extent of
LIA glaciers. We interpret potential LIA features
according to their geomorphic location/relationship,

morphology, vegetation cover, and weathering charac-
teristics. Marginal moraines, including terminal and
lateral moraines, of LIA glaciers are typically deposited
within glacial valleys, while some developed in the
tributary valleys and can extend to the main valley
floor in the eastern Tian Shan. In addition, most LIA
moraine ridges appear to override vegetated, gentle,
and old-looking moraines to form a distinct boundary
(Figure 3(a)–(d)). Moraine-dammed lakes are
occasionally present between fresh moraine ridges
and the contemporary glaciers (Figure 3(a) and 3(c)).
Meltwater from glaciers also cuts through some parts
of the marginal moraine, causing a low degree of degra-
dation (Figure 3(b)).

The delineated LIA moraines were saved as KML
files from Google Earth and converted into shapefiles.
Polygons of LIA glacial extents were derived from over-
lapping the delineated LIA marginal moraine with
its corresponding contemporary glacier(s) (Figure 4).
Only contemporary glaciers with LIA glacial extents
were exported as a polygon shapefile and were pre-
sented in the final map product. Note that one particu-
lar LIA extent may correspond to several contemporary
glaciers due to ice retreat.

To produce the final map, the SRTM 1 arc-second
DEM and contemporary and LIA glacial extents were
integrated in ArcGIS 10.1 and projected to the Univer-
sal Transverse Mercator coordinate system, zone 45 N,
in datum WGS1984 (see Supplementary Materials).
Hillshaded relief was produced with 60% transparency
and stacked under the DEM layer that was set with 30%
transparency.

3.3. Accuracy assessment

We visited several glacial valleys in the three regions to
validate the mapping results and assessed the accuracy
of the delineated LIA extents during two field trips in
2009 and 2012. In the Urumqi River headwater area
in the Boro-Eren Range, we visited Glacier No. 1 and
other surrounding glaciers and recorded 15 coordi-
nates using a global positioning system (GPS) receiver
on top of LIA moraines (Figure 4(a)). In the Bogeda
Range, we recorded a GPS receiver track by walking
on top of the LIA moraine in the Heigou Valley on
the southern slope of Mt. Bogeda (Figure 4(b)). In
the Karlik Range, fresh moraines in front of two valley
glaciers in the Turgan Valley were examined and dated
to the LIA period (Chen et al., 2015; Figure 4(c)).

We applied a revised automated proximity and con-
formity analysis (Li, Napieralski, & Harbor, 2008) to
quantify the offset between the GPS receiver measure-
ments and mapped LIA extents. The offsets between 15
GPS-located points and their corresponding delineated
boundaries at Glacier No. 1 range from 1.8 to 18.8 m,
with an average of 10.5 m; the average offset between
the GPS track and the delineated LIA boundary in
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Heigou Valley is about 9.4 m; and the two GPS coordi-
nates in the Turgan Valley are within 5.0 and 13.2 m of
the delineated LIA outline. All these offsets are within
one pixel size (∼30 m) of the Landsat TM/ETM+
imagery, a commonly used image source for glacier
delineation (e.g. Bhambri, Bolch, Chaujar, & Kulsh-
reshtha, 2011; Bolch, 2007; Paul, Huggel, & Kääb,
2004). Therefore, the accuracy of our delineated LIA
boundaries (∼10 m) is acceptable for the glacial land-
form mapping purpose.

4. Landform descriptions

4.1. Contemporary glaciers

The map presented 865 contemporary glaciers in
association with the presumed LIA glacial extents in
the eastern Tian Shan (Main Map). These glaciers
have a total area of 484.6 km2 (Table 1). Among the
three regions, the Boro-Eren Range contains the most
glaciers which account for about half of the total glacier
area; the glacier areas in the Bogeda and Barkol-Karlik
ranges are similar, although the Barkol-Karlik Range
contains only 122 glaciers, 80 less than in the Bogeda
Range (Table 1). Among the 865 glaciers, the glacier
area ranges from 0.01 km2 (in the Bogeda Range) to
9.67 km2 (also in the Bogeda Range), and 760 of the

865 glaciers are <1 km2. Specifically, such small glaciers
(<1 km2) account for 91.5% of the glacier area in the
Boro-Eren Range, 85.6% in the Bogeda Range, and
75.4% in the Barkol-Karlik Range.

Most contemporary glaciers are valley glaciers (at
high elevations in the U-shaped valleys), hanging gla-
ciers, and cirque glaciers. The latter two are both fre-
quently found dispersing individually close to
mountain ridges. These glaciers are mainly northerly
facing as they receive less incoming solar radiation
and preserve snow/ice better than the southerly facing
glaciers (Li & Li, 2014). In addition, glaciers in the east-
ern Tian Shan are mostly clear-ice glaciers. Among
these 865 glaciers, only 9 glaciers are recorded with
debris cover in the Second Glacier Inventory of
China (see Supplementary Materials).

Figure 4. Google Earth view of three areas with field validation: (a) the Urumqi river headwaters area in the Boro-Eren study region,
with 15 GPS receiver points. Four ages in the box are derived using cosmogenic 10Be ages calculated with the Lal/Stone time-
dependent production rate in Li et al. (2014) with 60 years correction to make them compatible to the unit of year BP (year before
1950); (b) the Heigou Valley in the Bogeda study region, with a GPS receiver track route (blue line in the inset graph) lined up with
the LIA glacier boundary (in yellow); (c) the Turgan Valley in the Karlik study region, with two GPS receiver points located at the
outermost moraine. The background images are screenshots of Google Earth imagery.

Table 1. Descriptive statistics of glaciers and percentages of
glacier area loss between the LIA and present (2006–2010) in
the study regions.

Boro-Eren Bogeda Barkol-Karlik Overall

Contemporary glaciers
Number 541 202 122 865
Total area (km2) 244.2 128.9 111.5 484.6

LIA extents
Number 397 169 81 647
Total area (km2) 432.1 201.1 158.4 791.6

Estimated area change (%) 43.5% 35.9% 29.6% 38.8%
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4.2. LIA glacial extents

In the eastern Tian Shan, we mapped 640 presumed
maximum LIA glacial extents in front of correspond-
ing contemporary glaciers. The total area of the deli-
neated LIA glacial extents is approximately 791.6 km2

in three regions (Table 1). Overall, the total glacial
extent has reduced by 307.0 km2 (38.8%) from their
LIA maximum to contemporary extents. Specifically,
the reduction in glacier area is about 43.5%, 35.9%,
and 29.6%, in the Boro-Eren Range, the Bogeda
Range, and the Barkol-Karlik Range, respectively,
indicating a west to east decreasing trend in glacier
loss. These percentages most likely represent the
minimum estimates of glacier area loss because they
are based on our delineations in front of 865 glaciers,
while some glaciers that may have completely disap-
peared (100% of area loss) and left only ice-free catch-
ments today are not included in the calculation. Also,
note that it is difficult to identify LIA moraines in
front of some small glaciers that reside on steep
slopes. The delineation of some moraines might also
be prevented by the poor quality of Google Earth
images, such as cloud cover, shadow, and coarse res-
olutions found in some areas (Figure 5), but as Google
Earth regularly updates image scenes with better
quality, the identification of landforms in these
areas could be re-checked and improved in the future.
Thus, at the time of this study, we only focused on
mapping the moraines that could be clearly identified
in Google Earth with the characteristics mentioned
above.

5. Conclusions

We produced a geomorphological map of presumed
LIA glacial extents in the eastern Tian Shan, with a
focus on three regions: the Boro-Eren Range, the
Bogeda Range, and the Barkol-Karlik Range (Main
Map). Based on SRTM DEM and Google Earth data,
we manually delineated 640 LIA outermost moraines
to represent the maximum LIA glacial extents in differ-
ent valleys. These LIA glacial extents correspond to 865
contemporary glaciers extracted from the Second Gla-
cier Inventory of China. Field validation using a GPS
receiver indicates that the offsets between field
measurements and our delineations are about 10 m,
lower than or comparable to the uncertainty of glacier
extraction commonly derived using Landsat TM/ETM
+ imagery.

This map provides a useful dataset to understand
climate change over last several hundred years in this
critical region. In particular, the map illustrates the
spatial distribution of LIA glacial extents that can be
used to estimate the pattern of glacial retreat since
the LIA. The total area loss is estimated to be about
307.0 km2 from the LIA to 2006–2010, about 38.8%
of the area of mapped LIA glaciers. Estimates of relative
glacier area change in the three study regions from west
to east are 43.5%, 35.9%, and 29.6%, respectively. These
estimates are likely minimum because some glaciers
that may have completely disappeared today were not
included in the calculation. This decreasing trend
may be related to the proportion of small glaciers
that tend to have a relatively large percentage of glacier

Figure 5. Illustration of difficulties in identifying presumed LIA moraines (yellow lines) due to poor Google Earth imagery at the
time of delineation. (a) and (b) show the disturbing effects from shadow and snow cover; (c) shows cloud cover blocking the land
surface view.
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loss (Bhambri et al., 2011; Khromova, Dyurgerov, &
Barry, 2003; Li & Li, 2014; Liu et al., 2003). Other fac-
tors, such as climate and/or topographic controls, may
also play a role in the observed patterns of glacier
retreat between these regions, and more studies are
required to quantify the impact of these factors.

Software

Google Earth provided the 3D visualization and an
interactive interface to delineate glacial landforms.
Esri ArcGIS 10.1 was used to process the DEMs and
map layers. Adobe Illustrator CS6 was used to design
the map.
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