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Although studies based on satellite gravimetry (2003−2010) and laser altimetry (2003–2009) measurements
have achieved region-wide glaciermass change for the Tien Shan, the dynamic process of glacier yet to be closely
monitored and understood so that its impact can be assessed accurately. In this study, we investigated region-
wide glacier thickness change in the Central Tien Shan (CTS) during 2000–2012 by differencing the Shuttle
Radar Topographic Mission (SRTM) digital elevation model (DEM) with a newly constructed DEM from 27
TanDEM-X images. For a total glacier area of 7239.8 ± 527.2 km2, an average glacier thickness change rate of
−0.24± 0.22m/awas derived. This result agrees well with the result based on satellite laser altimetrymeasure-
ments reported earlier (−0.31 ± 0.41 m/a). With temporal synchronization, a fine spatial resolution and wide
coverage, our measurements are able to reveal abundant glacier change features and dependencies in the CTS.
Firstly, the lower mountains have seen a more severe glacier decline, and the glaciers facing the prevailing
wind (westerlies) have experienced a greater decline because of the stronger evaporation. Furthermore, those
glaciers lying along the extremely high Meridian mountain range have obviously gained mass in their upper
reaches, because the air current from the west is blocked and lifted by the Meridian mountain range. Secondly,
for the entire glacier body, the theoretical hyperbolic dependence between debris thickness and ice decline
was very difficult to establish. Somehuge glaciers covered byheavy debris have still experienced a severe decline.
However, even though the heavy debris did not prevent the ablation, its attenuating effects were considerable.
Thirdly, for the glaciers that surged before 2000, the mass gain in the restoring zones has not been enough to
cover the mass loss in ablation zones. Some large glaciers surged again during 2000–2012; however, with
much lowermagnitudes than in previous surges. In general, the surge glaciers have experienced a greater decline
than the non-surge glaciers. Fourthly, due to the ice front calving and subglacial thermal erosion, glaciers con-
nected to proglacial lakes have receded and thinnedmuchmore rapidly than the land-terminated glaciers. Over-
all, the glaciers in the CTS are more stable than those in other parts of the Tien Shan. However, the glacier state
there is still alarming. Amoderate average thinning rate was derived because the drastic thinning in the ablation
zones was balanced by the slight thinning in the broad accumulation zones.
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1. Introduction

Mountain glaciers are sensitive to climate change. In remote inland
areas where glacial meltwater serves as a vital fresh water resource,
constant deglaciation since the 1980s has placed both the local societies
and ecosystems under pressure (Li et al., 2008; Yao et al., 2012). Mean-
while, glacial hazards become increasingly frequent after glaciers lose
substantial mass, such as floods and mudslides. Major social issues in-
volving mountain glaciers are how much influence the glacier change
will make and how long the glaciers will remain on the mountains.
Technically, these issues can be answered by the region-wide glacier
mass balance;more precisely, the representative thickness changemag-
nitude and the high-resolution thickness change maps. Therefore, since
the beginning of systematic glacier study, thickness change measure-
ment has always been the major undertaking of glaciologists.

The Tien Shan is known as the ‘Water Tower of Central Asia’.
According to the latest version of the Randolph Glacier Inventory
(RGI5.0) (Arendt et al., 2015), the glaciated area in the Tien Shan covers
~11,856.4 km2 in total (not including the 520.9 km2 of the Dzhungar
Alatoo). The Tien Shan can be divided into five parts, i.e. Northern,
Western, Eastern, Inner and Central (see Fig. 1). The glaciated areawith-
in the CTS amounts to 56.6% of the glaciated area of the Tien Shan. Clear-
ly, among the five sub-regions, the CTS plays a dominant role in terms of
glaciation. The CTS peripheral forelands are basically arid. Taking Aksu
(a prefecture-level city located between the CTS and the Takla Makan
Desert) as a typical example, it receives precipitation of only 60–
80 mm per year. Nevertheless, Aksu serves as a significant commodity
grain and cotton base of China, and is regarded as an area of high-quality
fruits. It is the glacial meltwater flowing from the CTS that provides
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Fig. 1. Hydrology and topography in the Central Tien Shan. Names of the mountain ranges are shown in deep blue. The thickest dashed line polygon represents the measured glaciated
region. Glaciers within it are separated into 31st level (ETASAKEK, HHKTXT and BHT) and 10 2nd level sub-regions. Note that the separation of sub-regions in HHKTXT is based on
mountain orientations rather than mountain ranges. The insert panel shows the approximate location of the Central Tien Shan.
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most of the fresh water supply of the peripheral forelands, especially in
dry summers (Sorg et al., 2012). Owing to the abundant glacial meltwa-
ter, the CTS peripheral forelands played a pivotal role in the ancient ‘Silk
Road’, and have become a densely populated area with prosperous
multi-cultural exchange. However, there is some evidence that the gla-
ciers in the CTS are undergoing significant changes (Pieczonka et al.,
2013; Pieczonka and Bolch, 2015; Shangguan et al., 2015). Hence, re-
gion-wide glacier thickness change measurement in the CTS is of great
importance for both local hydrological policy making and an input to
glaciological modelling.

Conventional thickness change measurements, such as Global
Position System (GPS) surveys, stake records and ground radio echo
sounding, are directly conducted on the ice fields. Undoubtedly, such
field measurements can acquire accurate information. However, due
to the vast extent of the glaciers, the great altitude variation and the
difficult logistics, conventional thickness change data are still scarce.
To the best of our knowledge, in the CTS, only seven glaciers have
been measured via conventional methods (see Table 1). Mathematical
extrapolation or glaciological modelling based on inadequate and
Table 1
Field glacier measurements in the CTS.

Glacier Time Method

Sary-Tor 1985–1989 Stake record
Kara-Batkak 1957–1998 Stake record
Suek Zapadniy 2010–2013 Stake record
Akshiirak No. 354 2010–2013 Stake record
Gregoriev 2006–2007 GPS survey
Qingbingtan No. 72a 1964–2008 Photogrammetry in 1964 and GP
Koxkarb 1981–2004 Ground radio echo sounding

a The mass balance is limited to glacier tongue.
b The measurements were available at only two cross profiles of glacier tongue.
uneven observations can result in great uncertainty, since glacier chang-
es are subject to many local factors, e.g., altitude, location, orientation,
surge activity, debris cover and glacial lakes. In terms of large-scale
thickness/mass measurements in polar ice sheets, satellite laser altime-
try and gravimetry are efficient and suitable approaches (Sørensen et
al., 2011; Gardner et al., 2013). However, in terms of small-scale moun-
tain glacier monitoring, the rough spatial resolution of satellite gravim-
etry and the sparse spatial coverage as well as large footprint size of
satellite laser altimetry limit the reveal of thickness change features
and dependencies. To date, to the best of our knowledge, three teams
have measured the Tien Shan glacier thickness/mass changes via satel-
lite laser altimetry or gravimetry, i.e., Jacob et al. (2012), Gardner et al.
(2013) and Farinotti et al. (2015). These teams focused on deriving rep-
resentative glacier thickness changes, and only Farinotti et al. (2015)
presented sub-regional thickness changes by dividing the Tien Shan
into seven sub-regions.

Through the use of optical or synthetic aperture radar (SAR) images,
we can derive the region-wide glacier thickness changes via geodetic
measurement, i.e., generating a new DEM via photogrammetry or
Mass balance (m/a w.e.) Data source

−0.14 WGMS, 1991
−0.44 WGMS, 1999
−0.37 WGMS, 2015
−0.38 WGMS, 2015
−0.25 Fujita et al., 2011

S survey in 2008 −0.20 Wang et al., 2011
– Xie et al., 2007
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interferometric SAR (InSAR) and then comparing it with a historical
one. Characterized by the high spatial resolution, geodetic measure-
ment has great advantages in revealing glacier change details, especially
glacier surge. At present, in the CTS,most of the airborne photogramme-
try based geodetic measurements were obtained during the 1940s–
1970s (military use) and have not been fully declassified. Only the
thickness changes of the Arshiirak mountain range glaciers (1943–
1977 and 1977–2000) and the Qingbingtan No. 72 glacier (1964–
2008) have been measured via airborne photogrammetry (Aizen et al.,
2007; Wang et al., 2011). With the declassification of some optical re-
connaissance satellite stereo images, e.g., CORONA/KH-4/4A/4B (from
1962) and its successor HEXAGON/KH-9 (from 1971), the time span
of investigations based on spaceborne photogrammetry can be 40–
50 years (Bamber and Rivera, 2007; Pieczonka et al., 2013; Pieczonka
and Bolch, 2015). However, cloud cover, which is common in glaciated
regions, can significantly degrade the quality of the optical images. Con-
sequently, region-wide thickness change measurements obtained via
spaceborne photogrammetry based geodetic measurements are still
temporally or spatially limited in the CTS. The 1975–1999 CTS region-
wide glacier mass changes, the 1976–2009 Tuomuer Mountain south-
west slope glacier mass changes and the 1974–2007 Inylchek glacier
mass changes were measured using Hexagon/KH-9, ALOS/PRISM and
SPOT5/HRG stereo images, respectively (Pieczonka and Bolch, 2015;
Pieczonka et al., 2013; Shangguan et al., 2015). However, the early
21st century region-wide thickness change of the CTS has not yet
been derived by geodetic measurement. In addition, the previous stud-
ies have been concerned with the magnitude of the glacier thickness/
mass change, climate consideration and runoff contribution, but they
have rarely interpreted region-wide glacier thickness change features
and dependencies in the CTS. Moreover, elevations in glacier accumula-
tion zones, where the surface has high albedo, can be difficult to obtain
by photogrammetry because of low image brightness contrast. By
installing stakes around the summit (the accumulation zone) of the
Gregoriev glacier, Fujita et al. (2011) reported that the average surface
height change of the eight points was +0.185 m in one year (2006–
2007), which is considerable.

Although InSAR can work regardless of cloud and surface brightness
contrast, it is susceptible to variations in atmosphere characteristics
and target de-correlation. The widely applied SRTM DEM is a global
DEM derived by single-pass dual-antenna InSAR within only 11 days
in February of 2000 (Farr and Kobrick, 2000). The key to SRTM's success
is the excellent coherence assured by the synchronous acquisition of
master and slave images. Most SAR sensors (e.g., ERS1/2, ENVISAT,
ALOS/PALSAR1/2, RadarSat1/2, COSMO-SkyMed, TerraSAR-X) need a
revisit to collect the image pair for interferometry. Evenwhen the revisit
interval is as short as 1 day (ERS1/2 tandem mission), the backscatter
signals of amountain glacier surfacemay be decorrelated due to the ab-
lation and recrystallization. More importantly, the phase differences
will contain some parts that have been affected by glacier motion and
atmospheric variation. Since glaciers move continuously and the atmo-
sphere varies frequently, it is difficult to extract precise glacial elevation
from the repeat-pass SAR image pairs. Therefore, SAR images have been
mostly applied to measure glacier motion change (Li et al., 2014), and
for mountain glaciers the exact thickness changes are difficult to derive
by measuring motion change. The German Aerospace Centre (DLR)
started a new InSAR mission in 2010. In this mission, two satellites,
TerraSAR-X (TSX) and TanDEM-X (TDX), were launched successfully
and formed a constellation. This mission is designed to derive a new
global DEM through the innovative two-pass bistatic interferometric
mode, i.e., either the TSX or TDX satellite sends out a microwave signal,
and then the scattered echo is received by the two satellites simulta-
neously. Technically, the characteristics of imaging with a high spatial
resolution, and being independent of surface brightness contrast,
cloud cover, glacier motion and atmospheric variation, as well as the
uniformity of the image acquisition time and the full spatial coverage,
enable the TanDEM-X mission to derive precise region-wide glacial
elevations. In fact, one primary objective of the TanDEM-X mission is
to provide accurate surface topography for measuring glacier thick-
ness/mass changes (Hajnsek et al., 2010). In this study, we adopt the
TanDEM-X images and SRTM DEM to study the region-wide mountain
glacier thickness change in the CTS. In addition to the representative
glacier thickness change rates, abundant glacier change features and de-
pendencies are revealed.

2. Study area

The Tien Shan is one of the longest mountain ranges in Central Asia
(Liu et al., 1998). In accordance with previous studies, the mountains in
the range of 77°22′–83°47′E and 40°33′–43°50′N can be allocated to the
CTS (see Fig. 1) (Kutuzov and Shahgedanova, 2009; Narama et al., 2010;
Sorg et al., 2012; Unger-Shayesteh et al., 2013; Pieczonka and Bolch,
2015). Fromwest to east, it can bedivided into threemassifs: ETASAKEK
(East Terskey–Alatoo, Suek, Akshiirak, Koilu and East Kakshaal),
HHKTXT (Hadtior, Harajoriha, Khan Tengri, Xuelian and Tuomuer) and
BHT (Biyeek and Halk Tawu). In ETASAKEK and BHT, the mountain
ranges are separated bynon-glaciated valleys.We further group the gla-
ciers according to themountain range extent. However, in HHKTXT, the
mountain ranges are separated by glacier beds. Referring to previous re-
ports (Su et al., 1985; Pieczonka et al., 2013), we further group the gla-
ciers based on mountain range orientation. The major mountain ridges
are considered as boundaries of the sub-regions (i.e. the Intermontane
Basin, Northern Slope and Southern Slope, see Figs. 1 and 5). Extremely
high topography and abundant precipitation enable the CTS to develop
large-scale glaciers. In the central zone (i.e. the Tuomuer–Khan Tengri
mountain range), more than 40 peaks are above 6000 m a.s.l. (Su et
al., 1985). The moisture in the CTS is mainly brought by the westerlies.
The annual precipitation in the glacier accumulation area (5200–
5250m a.s.l.) can be asmuch as 1000mm. Moreover, 70% of the annual
precipitation occurs between May and September, i.e., the glaciers here
are the summer-accumulation type. In general, the precipitation is
greater in the west slope than in the east slope, and in the north slope
than in the south slope. From high mountains to piedmont, the precip-
itation decreases by approximately 30mmper 100m altitude (Su et al.,
1985). The distribution of natural vegetative cover presents vertical
zonality. In the forelands below 2000 m a.s.l., desert grasslands and
bush dominants, while over the hillsides between 2200 m a.s.l. and
4000 m a.s.l., snowy spruce and subalpine meadow grow well (Sun et
al., 2012). Rivers fed by the CTS glaciers are major tributaries of the
Tarim, Ili and Syr Darya, three prominent inland rivers of Central Asia.
Hence, the CTS glaciers also play a significant role in maintaining the
ecosystem balance of Central Asia.

3. Data and methods

3.1. DEMs

The DEMs acquired in 2000 and 2012 were utilized to measure the
glacier thickness change. The C-band SRTM DEM was employed as the
benchmark elevation. Its nominal relative/absolute vertical and hori-
zontal accuracy are 6/16 m and 15/20 m, respectively (with 90% confi-
dence level) (Rabus et al., 2003). Rodríguez et al. (2006) reported that
90% of the Eurasia SRTM has an absolute horizontal error of less than
8.8m and a vertical error of less than 6.2m. As a result of the data acqui-
sition consistency and accuracy, it has been proved to be a good bench-
mark DEM for glacier thickness change measurement in previous
studies (Berthier et al., 2007; Nuth and Kääb, 2011). The elevation has
already been referenced with WGS84 datum and EGM96 geoid. The
original pixel size is 1 arc sec, and in our study area, it is equal to
~23.0 m and ~30.9 m under UTM projection (zone 44 N) in the north
and east directions, respectively.

The new DEMs were generated from the TanDEM-X interferometric
images. For the TanDEM-X mission, three cooperative modes are
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adopted for interferometric data, i.e., Bistatic, PursuitMonostatic andAl-
ternating Bistatic.Meanwhile, the TanDEM-Xmission has three imaging
modes: StripMap, ScanSAR and SpotLight. However, only the bistatic
StripMap mode is used to derive the standard global TanDEM-X DEM.
For more details about the TanDEM-X mission, refer to Hajnsek et al.
(2010). The distributed TanDEM-X product is the coregistered slant
range single look complex (CoSSC) image pair, which is ready for inter-
ferometry. In this study, 27 bistatic StripMap CoSSCs acquired between
19 January and 25 March 2012 were collected to generate new DEMs
covering the major glaciated areas in the CTS (see Fig. 2). Note that
the image acquisition season is consistent with that of the SRTM DEM,
which greatly helps to interpret the glacier change results. The standard
single polarization StripMap TanDEM-X image covers a swath of
~30 × 50 km, with an azimuth and ground range resolution of 3.3 m
and 1.7–3.5m (corresponding to a 45–20° incidence angle), respective-
ly. Details of the 27 CoSSCs can be found in Table 2.

The TanDEM-XDEMswere produced via the differential interferom-
etry method. Basic procedures included interferogram generation, ex-
ternal DEM (SRTM DEM) coordinate transformation, phase simulation,
phase subtraction, interferogram filtering, phase unwrapping, height
retrieval, height addition andDEMgeocoding. Among these procedures,
the phase simulation andheight retrieval took thebistatic geometry and
zero Doppler Time into account. In order to simplify the phase
unwrapping, the original interferogram phase was differenced with
that simulated from the SRTMDEM (containing flat-earth phase) in ad-
vance. During the phase unwrapping, a reference point was chosen
from the non-glaciated region and set as the zero phase point. The
height differencewas then retrieved from the absolute phase difference.
By adding the height difference to the oversampled SRTM DEM and
transforming the Range-Doppler coordinates of the SAR height into
map coordinates, we obtained the new DEM. In this case, our new
DEMs are relative and share the same geographical reference as the
SRTM DEM. However, what we need is the height difference between
the new DEM and the SRTM DEM. A total of 27 TanDEM-X DEMs were
produced.
Fig. 2. TanDEM-X i
3.2. Glacier outlines

Glacier outlines are essential for deriving regional glacier thickness
changes. Referring to RGI 5.0, we delineated the glacier outlines from
the Landsat L1T images acquired around 2000, and further edited
them with the assistance of other information (Albert, 2002; Paul et
al., 2013). Due to the wide range, six standard Landsat frames (in
three tracks) were needed to cover the study area. In order tominimize
the impact of the snow, images acquired at the end of the melting sea-
son were preferred. Regarding the image acquisition time and shad-
ow/cloud/snow proportion, we collected 17 suitable Landsat L1T
images acquired on nine different days for the glacier delineation (18
September 1999, 5 August 2000, 8 August 2001, 18 August 2002, 25 Au-
gust 2002, 5 October 2002, 1 August 2013, 31 August 2013 and 25 Sep-
tember 2013, see Table 2).

The band ratiomethodwas adopted for the automatic glacier outline
delineation. This simple but robust method is regarded as themost suit-
able for mountain glacier classification (Albert, 2002; Paul et al., 2013).
The main idea is setting a band DN ratio threshold (band3/band5) and
an additional threshold on the band1 DN to classify the surface objects
into two types: glacier and non-glacier. This band combination can dis-
tinguish ice and snow in cast shadow, butmaymisclassifywater surface
as glacier body. However, the water surface can be easily remedied by
manual interpretation. After the automatic classification, the binary
maps were converted into polygon vectors for post-editing. Comparing
the images obtained on two adjacent dates is an effective way to distin-
guishmost seasonal snow and cloud from the glacier body. Images with
the least cloud were adopted for the automatic extraction of the glacier
outlines (5 August 2000, 18 August 2002 and 25 August 2002). The
other imageswere employed as references during the post-editing. Gla-
ciers that had surged or advanced could be correctly delineatedwith the
images acquired in 2013. To facilitate the post-editing, the vector map
was overlappedwith the Landsatmultispectral-panchromatic fused im-
ages (15 m pixel size), the terrain slope and aspect map, and the glacier
velocity and thickness changemap. Sincemost of the glaciers in the CTS
mage frames.

Image of Fig. 2


Table 2
Images employed in this study.

Satellite images Acquisition
date

Item ID/Scene No. (TanDEM-X); Path/Row (Landsat) Baseline (m)(TanDEM-X); Cloud
(Landsat)

TanDEM-X/Coregistered Slant Range Single Look
Complex

4 Feb. 2012 1,058,642/6 85.1
15 Feb. 2012 1,058,029/6 85.8
26 Feb. 2012 1,057,411/7 84.2
26 Feb. 2012 1,057,411/6 84.1
26 Feb. 2012 1,057,411/5 83.9
8 Mar. 2012 1,056,793/7 82.3
8 Mar. 2012 1,056,793/6 82.1
3 Mar. 2012 1,056,793/5 81.8
19 Mar. 2012 1,056,168/6 81.3
19 Jan. 2012 1,059,552/6 85.3
30 Jan. 2012 1,058,915/5 85.9
30 Jan. 2012 1,058,915/4 85.8
10 Feb. 2012 1,058,301/5 86.7
10 Feb. 2012 1,058,301/4 86.6
21 Feb. 2012 1,057,700/5 86.2
21 Feb. 2012 1,057,700/4 86.0
3 Mar. 2012 1,057,074/4 85.6
3 Mar. 2012 1,057,074/3 85.4
25 Mar. 2012 1,055,825/4 84.8
25 Mar. 2012 1,055,825/3 84.6
20 Mar. 2012 1,056,103/5 89.7
20 Mar. 2012 1,056,103/4 89.7
9 Mar. 2012 1,056,733/5 84.7
9 Mar. 2012 1,056,733/4 84.7
27 Feb. 2012 1,057,350/5 84.8
16 Feb. 2012 1,057,979/5 84.7
5 Feb. 2012 1,058,586/5 88.9

Landsat-7/ETM+ L1T 5 Aug. 2000 146/30 4.1%
5 Aug. 2000 146/31 0.7%
8 Aug. 2001 146/30 4.6%
8 Aug. 2001 146/31 20.6%
18 Aug. 2002 147/30 0.2%
18 Aug. 2002 147/31 7.0%
5 Oct. 2002 147/30 0.2%
5 Oct. 2002 147/31 1.2%
25 Aug. 2002 148/30 5.6%
25 Aug. 2002 148/31 1.2%
18 Sep. 1999 148/30 2.7%
18 Sep. 1999 148/31 1.4%
17 Aug. 1999 148/31 7.2%
24 Jul. 2002 148/31 7.7%
1 Jul. 2002 147/31 21.0%
17 Jul. 2002 147/31 11.0%

Landsat-8/OLI L1T 31 Aug. 2013 148/31 2.4%
25 Sep. 2013 147/30 1.6%
25 Sep. 2013 147/31 23.9%
12 Sep. 2014 147/31 8.1%
1 Aug. 2013 146/30 0.2%
1 Aug. 2013 146/31 26.1%
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have debris-covered tongues, the post-editing was a time-consuming
but non-trivial task.

We determined the glacier outlines under the debris via three steps.
Firstly, the slope threshold and visual interpretation were applied. Kääb
(2005) suggested that the areas with slopes lower than the threshold
(23°) and directly connectedwith the clean ice could be regarded as de-
bris-covered ice. This is quite useful when delineating the lateral out-
lines. Due to the underlying ice flow, the ice cliffs/falls and the uneven
ablation, the supraglacial debris has a loose and rugged surface, while
the proglacial moraine (unsorted till) and sediment (sorted till) in the
outwash plain appear compact and smooth (Evans and Gooster,
2005). Meanwhile, the colour of supraglacial debris is distinct from
that of proglacial till, and the supraglacial debris of the whole glacier
tongue basically has similar spectral properties. Secondly, as all glaciers
are moving, the active parts within the bed in the glacier velocity maps
can be considered to be the glacier body (Kääb, 2005). The glacier veloc-
ity maps derived in previous studies were adopted to extract the active
parts of the glaciers (Li et al., 2014). However, in practice, the precision
of themotion detection is limited, whichmeans that this criterion is ap-
plicable only for the fast-flowing glaciers. If the slow-flowing glaciers
have their tongues covered by thin debris, they are difficult to delineate
by both visual interpretation and activity detection. Therefore, we fur-
ther applied the height differencemap to enhance the delineation accu-
racy. As the temperature rises, the glaciers' tongue shape can be clearly
discerned due to the significant lowering. The height difference map is
also a useful tool to discover surge activity and revise the delineation
of advanced glaciers. The edited glacial areas were then divided into in-
dividual glaciers according to the terrain aspect, the glaciermotion field,
the height difference map and the other high-resolution optical images
(e.g. MapWorld images).

3.3. Glacier thickness change

3.3.1. Bias correction
Glacier thickness changes were measured by subtracting the SRTM

DEM from the new DEM. Before differencing, the vertical reference of
the new DEMs was converted from the WGS84 ellipsoid to the EGM96
geoid. The geolocation of the newDEMwas determined by the transfor-
mation between the coordinates of the SRTMDEM and SAR images, and
the transformation was built by the co-registration (image cross-
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correlation) between the SRTMDEM simulated SAR images and the real
SAR images. Due to potential co-registration errors, horizontal shift
might exist between the new DEM and the SRTM DEM. Since any
small horizontal shift will induce significant DEM differencing errors
in mountainous areas, checking the mismatches between the two
DEMs is necessary. Basically, significant positive and negative height
differences along the two sides of hill ridges are the indicators of hori-
zontal shift. When performing DEMmatching, we need to adopt an ap-
proach distinct from image cross-correlation. Kääb (2005) presented an
analytical DEM matching method based on the strong correlation
among raw height differences, horizontal shift, terrain aspect and local
slope in non-glaciated areas (see Fig. 3a). For further details, refer to
Kääb (2005), Nuth and Kääb (2011) and Paul et al. (2013). This method
is suited to mountainous DEM differencing since the magnitude of the
overall shift is sensitive to the terrain slopes. Furthermore, its iteration
convergence speed is faster than other surface matching methods
(Paul et al., 2013).

Previous studies have found systematic biases in height difference
maps (Berthier et al., 2007; Paul, 2008; Kääb, 2008; Nuth and Kääb,
2011; Pieczonka et al., 2013; Gardelle et al., 2013). Since the original
image acquisition procedures are complicated, to determine a physical
model for systematic bias is quite difficult. Generally, universal statisti-
cal approaches are employed to analyse and correct the systematic bias.
More precisely, assuming that the distribution of the systematic bias
shows no difference between the glaciated and non-glaciated areas, a
global bias trend can be fitted on all the nonglacial height difference
samples that are supposed to be zero (Berthier et al., 2007; Nuth and
Kääb, 2011). The corrections are then realized by subtracting the trends
from the new DEM. In this study, the different causes of systematic bias
(planimetric position, altitude, terrain aspect, terrain slope and terrain
curvature) were examined one by one in the 27 height difference
Fig. 3. Universal bias trends fitted for the nonglacial height differences in the area marked by r
over the tangent of the slope (dh/tan(slope)) and the terrain aspect (prior to co-registration co
view of the scatterplot of the nonglacial height difference vs planimetric positions. The surfa
nonglacial height difference vs terrain aspect. The red curve denotes the fitted trend using a
slope. The red curve denotes the fitted trend using a third-order polynomial. (e) Scatter plo
fitted trend using a third-order polynomial.
maps. In each raw height difference map, a west–east planimetric
trend was noted, which could not be relieved by co-registration correc-
tion.We found that the direction of the increasing trendwas correlated
with the direction of the CoSSC along-track baseline (vector). A positive
or negative along-track baseline corresponds to a trend increasing to-
wards the east or west, respectively. When the TDX or TSX satellite
acts as the bistatic active satellite, the along-track baseline in the meta-
data file of the CoSSC is defined as positive or negative. Apparently, this
kind of planimetric trend was induced by the residual baseline compo-
nents. Following Pieczonka et al. (2013) a second-order polynomial sur-
face fitting model was adopted to remove the planimetric position bias
(see Fig. 3b). Due to the slant-range image geometry, foreshortening is
inevitable in mountainous areas. As a result, a terrain aspect related
bias trend was detected in each raw height difference map. However,
the co-registration correction could relieve this bias. A first-order Fouri-
er series fitting model was adopted to correct the remaining terrain as-
pect related bias (see Fig. 3c). If the incidence angle of the TanDEM-X
image is significantly different from that of the SRTM image, an obvious
terrain slope related bias trend can be detected in rawmap. A quadratic
or cubic polynomial fittingmodel can be used to correct the slope-relat-
ed bias (see Fig. 3d). According to Paul (2008), the pixel spacingdiscrep-
ancy of two DEMs adopted for differencing can cause curvature-related
bias. To achieve the height difference map with a pixel spacing of 15 m,
the SRTM DEM and the TanDEM-X images were oversampled and
downsampled, respectively. Gardelle et al. (2012) proved that fitting
the trend on the maximum curvature is an effective way to diminish
this bias, and quadratic or cubic polynomial fitting was applied to cor-
rect the curvature-related bias (see Fig. 3e). Interestingly, unlike previ-
ous studies (Berthier et al., 2007; Kääb, 2008; Nuth and Kääb, 2011), no
significant altitude-related bias was detected in the non-glaciated
height differences in this study. The consistency of the slant-range
ed rectangle in Fig. 2. (a) Scatter plot between the ratio of the nonglacial height difference
rrection). The red curve denotes the fitted model (cosine function). (b) Three-dimensional
ce denotes the fitted trend using a quadratic surface polynomial. (c) Scatter plot of the
first-order Fourier series. (d) Scatter plot of the nonglacial height difference vs terrain
t of the nonglacial height difference vs maximum curvature. The red curve denotes the

Image of Fig. 3
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image geometry of the TanDEM-X images and the SRTM DEMmay ex-
plain this.

3.3.2. Microwave penetration correction
In addition to the above causes of bias, the intrinsic height difference

resulting from the distinct surface penetration capabilities of C-band
and X-band microwave should be considered (Berthier et al., 2006).
With a longerwavelength, the C-band adopted by the SRTM is supposed
to penetrate deeper into the ice/snow surface than the X-band adopted
by the TanDEM-Xmission. Gardelle et al. (2012, 2013) and Pieczonka et
al. (2013) estimated the C-band penetration-related bias by differenc-
ing the SRTM-C (C-band SRTM) and SRTM-X (X-band SRTM) DEMs
over the glaciated area. Distributed by the DLR, the SRTM-X DEM was
acquired simultaneously with the SRTM-C DEM. The SRTM-X and
SRTM-C DEMs were also coregistered before differencing, and bias cor-
rections were applied to the height difference map. We then extracted
the height difference over the glaciated areas. The final average C-
band penetration depth of the entire CTS was determined to be 2.7 ±
0.5 m, and 1.9 ± 0.5 m, 3.1 ± 0.5 m and 2.2 ± 0.5 m for ETASAKEK,
HHKTXT and BHT, respectively. Previously, Kääb et al. (2012) and
Gardelle et al. (2013) reported that the SRTM C-band penetration
depths in the Karakoram, East Nepal-Bhutan and Bhutan areas were
2.4 m, 2.5 m and 2.4 m, respectively. It is reasonable that the CTS has a
comparable SRTM C-band penetration depth (2.7 m). In addition,
Pieczonka and Bolch (2015) obtained an SRTM C-band penetration
depth of 2.2 m for the CTS by extrapolating the robust linear regression
on the average differences between the 2003–2009 ICESat/GLAS GLA14
elevations and the C-band SRTM.We took the discrepancy between the
two results as the measurement error of the C-band penetration depth,
i.e., 0.5 m. When calculating the average glacier thickness change of a
sub-region,we subtracted the average penetration depth from the aver-
age glacial height difference. To some extent, the distribution of C/X-
band height differences was correlated with the glacier sections. From
the foot to the head, more pure ice is exposed as the altitude increases,
and the surface dry snow/firn becomes increasingly thick. Correspond-
ingly, the penetration depth of the C-band increases and reaches its
maximum in the highest firn base. Before penetration depth correction,
almost all the accumulation zones of big glaciers in the high mountains
seem obviously heightened. In order to present a more accurate glacier
thickness changemap,we corrected the penetration depth of each point
according to the local altitude (Gardelle et al., 2013). Since the land-
forms can also affect the preservation of snow/firn, penetration correc-
tion based on altitude may result in errors. Tominimize such errors, we
grouped the glaciers in terms of their location, size, hypsometry and
debris coverage. For each kind of glacier, the polynomial fitting was
performed separately.

3.3.3. Average glacier thickness change calculation
Due to the extremely rugged terrain, InSAR will be faced with

decorrelation problems induced by the foreshortening, layover and
shadows. In order to obtain a full coverage, combining the images ac-
quired fromdifferent tracks (ascending/descending or adjacent) and in-
terpolating the thickness change map are usually adopted. However, in
this study, only the ascending TanDEM-X images met the demand of
temporal consistency. We excluded the raw height differences with an
absolute value larger than 100 m. In addition, a coherence threshold of
0.3 was set for the TanDEM-X interferograms. Consequently, the sur-
rounding areas of high horns (pointed pyramidal peaks created by
three or more arêtes) and arêtes (narrow crests) are often missing in
the height difference map. However, the major height difference voids
in the Intermontane Basin and Halk Tawu were due to the data voids
of the original SRTM DEM.We adopted a glaciological method to calcu-
late the representative thickness changes (Kääb, 2008). Note that the
surge and non-surge glaciers were treated separately. In each altitude
range, the points with thickness change magnitudes of three standard
deviations larger than the mean were excluded as outliers. On the
headwalls, the snow/ice thickness changes should be slight. As shown
in Figs. 4–6, the observed height changes in the joint parts between
firn bases and the steep sides of horns/arêtes were negligible. In this
case, the missing thickness changes on the sides of the high horns and
arêtes (with a slope larger than 23°) were assumed to be zeros. As for
the moderate glacier beds where thickness change observations were
missing due to the SAR signal decorrelation or the original data voids
in the SRTM DEM, we assigned them the average thickness change of
the altitude interval they were located in (Gardelle et al., 2013). Despite
themissing observations in some glacier beds, for the region-wide esti-
mation, the number of effective observations in each altitude range was
sufficient. Interpolation can result in large uncertainties, sowas not per-
formed. In order to facilitate interpretation of the results, all the height
difference maps in this paper share the same colour bar (−80– 80 m).

3.3.4. Snowline calculation
The accumulation and ablation areas are divided by equilibrium line

which cannot be simply detected on the surface. However, the snowline
can be considered as the approximation of equilibrium line. We there-
fore extract the snowline for each sub-region to differentiate the glacier
thickness changes in the accumulation and ablation zones. Firstly, firn/
snow was discriminated from ice by setting a threshold of 200 on the
0–255 stretched DN ratio (TM4 × TM2)/TM5 of Landsat images ac-
quired at the end of ablation season (Kääb et al., 2012).We thenmanu-
ally digitized regular snowlines (curves) from the discrimination result
(Gardelle et al., 2013). For each sub-region, the glaciers were grouped
into four ranks according to their sizes. The glaciers for snowline delin-
eationwere evenly sampledwith regard to location, altitude and aspect.
In total, the snowlines for 354 glaciers (covering an area of 4537 km2)
were delineated. A representative snowline was determined for each
sub-region using an area-weighted average. In the CTS (excluding
BHT), Pieczonka and Bolch (2015) computed the regional snowline
from the values specified in the Glacier Inventory of the Union of Soviet
Socialist Republics (1973) as ~4300ma.s.l., and ours is 4231ma.s.l. Spe-
cifically, for the large glaciers including Petrova, Dschamansu, Kaindy
(Akshiirak), Northern Inylchek, Southern Inylchek, Carind, Tuomuer,
Koxkar and Keqikete Liekesu, the area-weighted average snowline
listed in Pieczonka and Bolch (2015) is 4398 m, and ours is
4376 m a.s.l., so the differences are small.

3.4. Uncertainty

We needed to evaluate the uncertainty of the results before
interpreting them. In the study, four sources of uncertainty for the gla-
cier thickness change were taken into account. The first was the height
difference measurement error. In theory, the height difference of stable
regions should be zero. Assuming that the glacial and nonglacial height
differences are common and share the same measurement precision,
we can take the standard deviation (STD) of the height difference over
the stable regions to evaluate the height difference measurement
error. However, as proved byHöhle and Höhle (2009), the height differ-
ences between two mountainous DEMs derived by remote sensing
techniques inevitably contain a considerable number of outliers, and
therefore the normal STD is prone to being overestimated. According
to the suggestion of Höhle and Höhle (2009), we used the normalized
median absolute deviation (NMAD) to replace the STD. In essence, the
NMAD is a more robust estimator of the STDwhen a considerable num-
ber of outliers exist. It can be computed as follows:

NMAD ¼ 1:4826 �median Δhi−medianΔhj jð Þ ð1Þ

whereΔhi is the nonglacial height difference, andmedianΔh is themedi-
an of the nonglacial height difference samples. TheNMAD is proportion-
al to the median of the absolute difference between Δhi and medianΔh.
In order to be conservative, we only counted the nonglacial
samples above the lower altitude limit of the glacier distribution



Fig. 4. Surface height changes in ETASAKEK during 2000–2012. The solid black curves denote the glacier outlines. Numbers 1–4 denote the different glaciers, with the names given in the
lower left of the figure. Sub-regions are marked by the dotted red lines and black text. The inset panel is a 3D zoom of the glacier thickness change within dashed black rectangle A1.
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(2675 m a.s.l.). The final NMAD of the entire CTS nonglacial height dif-
ference above 2675 m a.s.l. was 2.47 m, and 1.86 m, 2.74 m and
3.04 m for ETASAKEK, HHKTXT and BHT, respectively. The second
source of uncertainty was the C-band penetration correction error, i.e.,
0.5 m. RGI 5.0 excluded thin ice on headwalls and derived a glacier
area smaller than those measured according to the GLIMS (Global
Land Ice Measurements from Space initiative) guidelines in High
Mountain Asia (Arendt et al., 2015). As mentioned in Section 3.3.3, the
headwalls should see only slight glacier thickness change, even though
they are considered as parts of the glacier in this study. With regard to
the glacier delineation in RGI 5.0,we considered thedifference in the av-
erage thickness change caused by excluding the samples on headwalls
as a further source of uncertainty. Furthermore, the uncertainty caused
by glacier outline delineation errorwas also computed. According to the
zoom level of the Landsat-7 ETM+ multispectral-panchromatic fused
images, we assumed a delineation uncertainty of one image pixel, i.e.,
15 m (Hagg et al., 2013). This uncertainty corresponds to a glacier
area deviation of ±7.3%, ±9.6%, ±5.8% and ±10.0% for the CTS,
ETASAKEK, HHKTXT and BHT, respectively. By setting a 15 m buffer
zone along the glacier outlines, we derived the glacier thickness change
rate with a difference of only ±0.004 m/a relative to the original one.
The above four sources of uncertainty were deemed independent, and
the final region-wide glacier thickness change rate uncertainty was
computed based on the standard error propagation principle. For the
CTS, ETASAKEK, HHKTXT and BHT, the values were ±0.22 m/a,
±0.17 m/a, ±0.24 m/a and ±0.26 m/a, respectively.

4. Results

4.1. Overall thickness changes

In total, 7239.8 ± 527.2 km2 of glaciers were delineated in the CTS,
and 78.9% of the glacier surface was covered by effective height differ-
ence measurements. Except for the surge glaciers, most glaciers in the

Image of Fig. 4


Fig. 5. Surface height changes in HHKTXT during 2000–2012. The solid black curves denote the glacier outlines. Numbers 5–21 denote the different glaciers, with the names given in the
uppermiddle and the lower right of the figure. The dashed black lines in the glacier trunks mark the locations of the profiles in Fig. 10. Sub-regions aremarked by the dotted red lines and
the black text. The inset panel is a 3D zoom of the glacier thickness change within dashed black rectangle A2.
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CTS have shown significant thinning in their ablation zones from 2000
to 2012. The average thinning rate was−0.24 ± 0.22 m/a. Strong thin-
ning (−4.80 ± 2.64 m) was observed in the glacier ablation zones
(2845.2 ± 207.2 km2) and moderate (−1.56 ± 2.64 m) thinning in
the accumulation zones (4394.6 ± 320.0 km2). Tables 3 and 4 show
the glacier thickness changes and the vital indexes for illustrating the
change features (such as the snowline, the debris coverage and the av-
erage glacier bed altitude). Glaciers without specific names were given
the glacier inventory ID.

4.2. Sub-region thickness changes

4.2.1. East Terskey–Alatoo, Suek, Akshiirak, Koilu and East Kakshaal
In ETASAKEK (see Fig. 4), the regional glacier thickness change rate

was−0.26 ± 0.17 m/a, and for the five independent mountain ranges,
i.e., Suek, East Terskey–Alatoo, Arshiirak, Koilu and East Kakshaal,
the values range from −0.37 ± 0.16 m/a to −0.17 ± 0.20 m/a (see
Table 3). The Suek mountain range is the shortest. Glaciers developed
here have smallest sizes, and the regional glacier thinning rate was
the highest (−0.37 ± 0.16 m/a). The Arshiirak mountain range saw
the most notable glacier decline; however, the glaciers developed here
are the largest, and the accumulation zones thinned at tiny rates
(−0.01 ± 0.17 m/a). Its regional glacier thinning rate (−0.23 ±
0.17 m/a) was below the average value of ETASAKEK. Although the gla-
ciers in the Koilu mountain range have relatively small sizes, the aver-
age altitude of their beds (4389 m a.s.l.) was the highest and the
average thinning rate of their ablation zones was the lowest
(−0.37 ± 0.16 m/a). Meanwhile, several surge glaciers in this area
gained a significant amount of mass in their upper reaches. Hence, the
Koilu mountain range saw the lowest regional glacier thinning rate
(−0.17 ± 0.20 m/a). Four prominent glaciers in ETASAKEK, i.e.,
Kopakovsky, Petrova, Dschamansu and Kaindy (see Fig. 4), were found
to thin at rates ranging from −0.23 ± 0.16 m/a to −0.34 ± 0.17 m/a
(see Table 4). Drastic thinning of up to −82 m and −89 m was ob-
served at the Kopakovsky and Petrova glaciers' distal parts (in small
local parts, see Figs. 3 and 7), respectively.

4.2.2. Hadtior, Harajoriha, Khan Tengri, Xuelian and Tuomuer
HHKTXT had a regional glacier thinning rate of −0.21 ± 0.24 m/a.

Among its three sub-regions (see Fig. 5), the Northern Slope has the
lowest altitude. Glaciers developed there are relatively small, and
most of their surfaces are exposed. Its regional glacier thinning rate

Image of Fig. 5


Fig. 6. Surface height changes in BHT during 2000–2012. The solid black curves denote the glacier outlines. Numbers 22 and 23 denote the different glaciers, with the names given in the
upper left of the figure. Sub-regions are marked by the dotted red lines and black text. The inset panel is a 3D view of glacier thickness change in dashed black rectangle A3.
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was the highest (−0.34± 0.24m/a). The Intermontane Basin is so high
in elevation that it gives birth to a number of huge glaciers, six of which
have an area of over 100 km2 (Northern and Southern Inylchek, Carind,
Tuge Biliqi, Wu Cuer and Muzart). These huge glaciers cover a large al-
titude range (2675– 6500ma.s.l.). Average thinning ratewas significant
in the ablation zone (−0.40 ± 0.20 m/a). Although thickening of up to
10 m was observed in the firn bases of huge glaciers, the Northern
Inylchek and Carind glacier trunks, as well as one major tributary of
the Southern Inylchek glacier, surged in the observation period. There-
fore, the average accumulation thickness change rate was still negative
(−0.06 ± 0.26 m/a). The Southern Slope is also extremely high in ele-
vation. Relative to the huge glaciers (say over 50 km2) in the Intermon-
tane Basin, those in the Southern Slope have smaller sizes but higher
proportions of debris coverage, and they basically experienced less in-
tensive thinning in their ablation zones (see Table 4). The regional aver-
age glacier thinning rate in the Southern Slope (−0.17± 0.24m/a) was
the lowest. However, due to the common surges, the average thinning
rate in the accumulation zones (−0.18 ± 0.24 m/a) was even higher
than that in the ablation zones (−0.15 ± 0.23 m/a). The 17 prominent
glaciers in HHKTXT (including Kara Cumai, Seminova, Musktov, Archur
Leter, CN5X046G0048 and the 12 glaciers mentioned above) were
found to thin at rates ranging from −0.10 ± 0.27 m/a to −0.33 ±
0.23 m/a. The greatest lowering (−82 m) was found on the drainage
outlet of the Southern Inylchek glacier (in small local parts, see Fig. 5).

4.2.3. Biyeek and Halk Tawu
In BHT, although the glacier distribution altitude range is similar to

that in ETASAKEK, the average glacier bed altitude is lower (4040 m
vs. 4280 m a.s.l.). The regional glacier thinning rate was the highest
(−0.29 ± 0.26 m/a) among the three 1st-level sub-regions. Significant
thinning rate was observed not only in the ablation zones (−0.44 ±
0.26 m/a) but also in the accumulation zones (−0.21 ± 0.26 m/a). A
number of empty glacier beds were found in BHT, indicating that strong
glacier shrinkage had occurred in BHT before 2000. BHT consists of two
long mountain ranges, Biyeek and Halk Tawu. The Biyeek mountain
range in the north is much lower than the Halk Tawu mountain range
(3840 m vs. 4075 m a.s.l.). The glacier area we delineated in the Biyeek
mountain range took up only 14.7% of BHT. Thinning rates in both the
ablation zones (−0.51 ± 0.26 m/a) and accumulation zones
(−0.23 ± 0.26 m/a) of glaciers in the Biyeek mountain range were
higher than in the Halk Tawu mountain range (−0.43 ± 0.26 m/a and
−0.21 ± 0.26 m/a). Two prominent glaciers in the BHT,
CN5X046E0089 and CN5X045D0025, were found to thin at rates of
−0.19 ± 0.27 m/a and −0.16 ± 0.26 m/a, respectively.
5. Discussions

5.1. Patterns of surface height changes

Ground surface height varies due to natural phenomena. If the spe-
cific natural phenomena that caused the height changes could be re-
vealed, our results would be more reasonable and convincing. Some
regions with typical height change patterns are selected for illustration.
Based on the features of these height changes and optical images, we
identified the specific natural phenomena to which the height changes
could be attributed. Note that the optical images were acquired in the
same season, making the view comparison more reasonable.

Image of Fig. 6
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5.1.1. Land change activities and normal glacier changes
The largest height changes in this studywere detected in thewest of

the Arshiirak mountain range (see rectangle B1 in Fig. 4). Seen from
Fig. 8, height changes E were caused by normal glacier decline, as they
become increasingly negative towards the glacier terminus (vary con-
tinuously) and resemble the shape of the glacier outline. Height changes
A were caused by land reclamation. The area between the lowered and
heightened regions remained unchanged, indicating that the earth was
artificially transferred from the lowered region to the heightened re-
gion. The largest lowering D and heightening C were caused by mining
and piling of mine waste, respectively. The Kumtor Gold Mine operates
at this location (David et al., 2015). In the place where height changes B
occurred, a new mine waste pile emerged after 17 August 1999. Note
that, in Fig. 8b, the pile front in the extending direction is steep, indicat-
ing that the pile was flowing forward naturally on 24 July 2002. Hence,
the slide of theminewaste pile caused height changes B. In addition,we
observed some slight lowering on the steep river sides (see rectangle B6
in Fig. 5) and in the barren river catchment (see rectangle B7 in Fig. 5),
respectively. To a large extent, the soil erosion during rainy season was
the cause of these changes.
5.1.2. Dead ice decline
Dead ice is the isolated ice defined in contrast to the living ice, i.e.,

the glacier body (Ren, 1990). If the decline in a lower part of a glacier
is too acute, the glacier snout can be ‘cut off’ from the main body.
Since the replenishment from the higher part is ceased, the remaining
ice body becomes increasingly thin and stagnant. However, if the re-
maining ice body is large enough, it will still move slowly, and will
take a long time to disappear. Furthermore, the original supraglacial de-
bris will still be attached to the ice body. Due to the underlying ablation,
the glacial thermal karsts will remain. Therefore, the cover of the dead
ice appears similar to that of the glacier snout. Dead ice usually emerges
ahead of a surge glacierwhich is in the quiescent phase. According to Su
et al. (1985) and Liu et al. (1998), the Musktov glacier (glacier No. 6)
surged 4.5 km between 1956 and 1957. Ahead of the Musktov glacier,
we observed two small lowered areas. Although the lowering was
much less than that of the main glacier body, the two small areas to-
gether with the main glacier body formed a typical glacier tongue
which has advanced. Therefore, we deduced that the lowering of the
two small areas was caused by the decline of the dead ice that emerged
during the earlier quiescent phase.

The optical image acquired on 5 October 2002 (Fig. 9a) shows
that the two small lowered areas shared similar debris cover to the
Musktov glacier's tongue. The sharp contrast in appearance between
the supraglacial debris and the proglacial moraine/sediment allowed
these two areas to be easily distinguished. However, in the image ac-
quired on 25 September 2013, the debris over these two small areas
had almost disappeared. Such changes indicated these two areas
used to be underlain by dead ice, but they were mostly ablated dur-
ing the observation period, which is consistent with the above de-
duction. To the best of our knowledge, the decline in the dead ice
was first revealed based on the spaceborne optical view and the
InSAR height change map.
5.2. Mechanism and features of the glacier change in the CTS

As mentioned in Section 1, due to the variation of altitude, location,
orientation, debris cover, surge activity and glacial lakes, even within
the same basin, the glacier change patterns can differ sharply. Ourmea-
surements are characterized by seasonal and annual synchronization,
high observation coverage (78.9%), fine spatial resolution (15 m) and
acceptable precision. Therefore, a comprehensive picture of the CTS gla-
cier changes was revealed. In this section, we interpret the glacier
change mechanisms and features from six aspects.



Table 4
Thickness changes of the 23 prominent glaciers (labelled in Figs. 4–6) in the CTS during 2000–2012.

No. Location Name/RGI ID Snowline
(m a.s.l.)

AAR Total
area
(km2)

Debris
coverage
(%)

Thickness change
measurement coverage
(%)

Accumu. zone
thickness change
(m/a)

Ablation zone
thickness change
(m/a)

Average Thickness
change (m/a)

1 ETASAKEK Kopakovsky 4312 0.46 25.2 4.5% 94.3% 0.06 ± 0.16 −0.48 ± 0.16 −0.23 ± 0.16
2 ETASAKEK Petrova 4387 0.42 62.3 4.6% 94.1% 0.07 ± 0.18 −0.64 ± 0.16 −0.34 ± 0.17
3 ETASAKEK Dschamansu 4378 0.44 25.0 6.4% 95.2% 0.11 ± 0.18 −0.62 ± 0.16 −0.30 ± 0.16
4 ETASAKEK Kaindy 4313 0.61 19.2 5.6% 95.3% 0.04 ± 0.17 −0.71 ± 0.16 −0.25 ± 0.16
5 HHKTXT Seminova 4103 0.65 63.2 7.8% 99.1% 0.06 ± 0.23 −0.73 ± 0.23 −0.22 ± 0.23
6 HHKTXT Musktov 4124 0.53 74.0 9.0% 94.7% 0.02 ± 0.25 −0.73 ± 0.25 −0.33 ± 0.25
7 HHKTXT Northern

Inylchek
4359 0.58 175.0 15.1% 74.0% −0.14 ± 0.23 −0.51 ± 0.25 −0.30 ± 0.24

8 HHKTXT Southern
Inylchek

4427 0.63 565.9 16.7% 80.6% 0.09 ± 0.29 −0.50 ± 0.23 −0.13 ± 0.27

9 HHKTXT Carind 4304 0.60 116.1 19.2% 78.4% −0.14 ± 0.23 −0.53 ± 0.23 −0.29 ± 0.23
10 HHKTXT Tuomuer 4345 0.66 324.4 20.2% 77.9% −0.03 ± 0.24 −0.38 ± 0.23 −0.15 ± 0.24
11 HHKTXT Koxkar 4423 0.49 77.3 29.8% 76.2% −0.06 ± 0.24 −0.25 ± 0.24 −0.16 ± 0.24
12 HHKTXT Western Qung

Telian
4371 0.66 133.2 16.4% 59.3% −0.17 ± 0.32 −0.29 ± 0.23 −0.22 ± 0.29

13 HHKTXT Eastern Qung
Telian

4255 0.63 72.2 24.6% 58.9% −0.04 ± 0.27 −0.19 ± 0.23 −0.10 ± 0.25

14 HHKTXT Keqi Kete
Liekesu

4247 0.59 81.0 21.4% 56.8% −0.08 ± 0.25 −0.17 ± 0.23 −0.11 ± 0.24

15 HHKTXT Qungku Ziwayi 4194 0.57 56.0 21.6% 80.7% −0.07 ± 0.25 −0.27 ± 0.23 −0.16 ± 0.24
16 HHKTXT Tuge Biliqi 4264 0.68 264.2 17.0% 49.4% 0.05 ± 0.28 −0.47 ± 0.23 −0.12 ± 0.27
17 HHKTXT Wu Cuer 4242 0.59 185.6 15.2% 80.5% 0.12 ± 0.23 −0.58 ± 0.24 −0.16 ± 0.24
18 HHKTXT Muzart 4262 0.56 165.4 16.9% 74.2% 0.07 ± 0.23 −0.61 ± 0.24 −0.23 ± 0.24
19 HHKTXT Kara Cumai 4217 0.60 54.8 24.0% 67.3% −0.11 ± 0.24 −0.42 ± 0.24 −0.24 ± 0.24
20 HHKTXT Archur Leter 4199 0.46 43.8 14.76% 89.1% 0.03 ± 0.23 −0.28 ± 0.25 −0.14 ± 0.24
21 HHKTXT CN5X046G0048 4072 0.53 71.0 20.7% 75.0% −0.02 ± 0.24 −0.39 ± 0.24 −0.19 ± 0.24
22 BHT CN5X046E0089 3946 0.69 40.1 9.2% 90.9% 0.01 ± 0.28 −0.65 ± 0.26 −0.19 ± 0.27
23 BHT CN5X045D0025 3835 0.64 16.0 1.7% 99.6% 0.24 ± 0.26 −0.90 ± 0.25 −0.16 ± 0.26
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5.2.1. Altitude
Section 4.2 partly illustrated the effect of altitude. The inhomogene-

ity of the average glacier thickness change of the sub-regions was pri-
marily caused by altitude variation. The lower regions saw a more
severe glacier decline. It was shown and is generally accepted that
lower altitudes warm up faster than higher ones. Furthermore, the
transformation of fresh snow to glacier ice takes several years and re-
quires sub-zero temperatures (Shi et al., 2008). The glaciers which
have source area in lower altitudes basically have smaller sizes, and
are more susceptible to warming since they hold less area to preserve
new precipitation (Ren, 1990; Hambrey and Alean, 2004). Accordingly,
the accumulation zones of the glaciers in the lower regions also suffered
remarkable mass loss (see Table 3). Likewise, for two adjacent glaciated
centres with similar topography and debris coverage, the one with
lower accumulation area ratio will see higher glacier thinning rate,
e.g., Arshiirak (−0.23 ± 0.17 m/a) vs. Koilu (−0.17 ± 0.20 m/a). In
fact, the ablation zones of some of the huge glaciers, such as Southern
Fig. 7. Statistics nonglacial height differences in three first-level sub-regions. Figures (a
Inylchek, Tuomuer, Tuge Biliqi and Wu Cuer, also suffered drastic de-
cline (see Table 4). However, these huge glaciers whose tributaries
form tree-like pattern and contain many high and broad firn basins.
The height changes in the firn basins were mostly positive or neutral
(see Fig. 5). In terms of the entire glacier body, the severe mass loss in
the ablation zones was partly counteracted by the slight mass gain or
neutral mass changes in the accumulation zones.

5.2.2. Location
Local topography can affect the distribution of moist air brought by

atmospheric circulation or monsoon. Therefore, even under the control
of the same air current, the glaciers in one centre may have different
chances of receiving precipitation. As Figs. 1 and 5 show, three of the
four major mountain ranges composing HHKTXT follow the west–east
direction (Tuomuer, Khan Tengri and Haditor-Harajoriha). The other
(Meridian) follows the north–south direction (not marked in Fig. 1)
and crosses the Tuomuer and Khan Tengri mountain ranges (Su et al.,
)–(c) represent ETASAKEK (Fig. 4), HHKTXT (Fig. 5) and BHT (Fig. 6), respectively.

Image of Fig. 7


Fig. 8. Landsat images (a)–(c) and surface height changes (d) of the area marked by rectangle B1 in Fig. 4. Images (a)–(c) were acquired on 17 August 1999, 24 July 2002 and 31 August
2013, respectively. Numbers 2 and 24 represent the Petrova and Sary-Tor glaciers, respectively. The area outlined by the black line is Lake Petrova. Projection coordinates (UTM 44N, unit:
m) are applied. Note that the real height changemagnitudes caused bymining and the piling of minewaste reach 205m. However, in order to be consistent with the other height change
maps, the range of the colour bar is confined to −80–80 m.

24 J. Li et al. / Remote Sensing of Environment 192 (2017) 12–29
1985). The average altitudes of theMeridian, Tuomuer, Khan Tengri and
Haditor-Harajoriha mountain ranges are approximately 6400 m,
6600 m, 6000 m and 5400 m a.s.l., respectively. The moist air in the
CTS is primarily brought by the westerlies (Su et al., 1985; Liu et al.,
1998; Shi et al., 2008). With an average altitude of about 6400 m a.s.l.,
the Meridian mountain range is capable of blocking and lifting part of
the current coming from the west. Hence, the precipitation over the
central section of the Meridian mountain range, especially in the wind-
ward side (thewest), is greater than that in other parts of HHKTXT. Over
the long term, it is the enhanced precipitation that guarantees the re-
plenishment of the Southern Inylchek glacier, the largest and fastest-
flowing glacier in the Tien Shan (Li et al., 2014). During the observation
period, the thickening in its accumulation zonewas themost significant
among the 17 selected glaciers in HHKTXT (see Fig. 5). However, as one
of its large tributaries experienced a large-scale surge, its average accu-
mulation zone thickening rate was slightly lower than that of the Wu
Cuer glacier (0.09 ± 0.29 m/a vs. 0.12 ± 0.23 m/a).

5.2.3. Orientation
Mountain glaciers lose mass in two major ways: ablation and evap-

oration (Ren, 1990; Xie and Liu, 2010). It is also well known that evap-
oration can be intensified by wind. Therefore, the windward glaciers
potentially lose more mass, especially for those with little debris
cover. Note that, despite facing the prevailing wind, the Seminova,
Musktov, Northern Inylchek and Carind glaciers experienced the most
significant decline in HHKTXT, because of surge activities. In the
Fig. 9. Landsat images (a)–(b) and surface height changes (c) of the area marked by rectangle
respectively. Number 6 represents theMusktov glacier. In order to give prominence to the targe
coordinates (UTM 44N, unit: m) are applied.
Arshiirak, Koilu, Southern Slope, Intermontane Basin, Northern Slope
and Halk Tawu sub-regions, where glacier distribution is relatively
even in terms of aspect, themost severe decline occurred in the glaciers
facing west. As shown in Fig. 5, among the huge glaciers that have not
surged in their trunks (e.g. Southern Inylchek, Tuomuer, Koxkar, Keqi
Kete Liekesu, Qungku Ziwayi, Tuge Biliqi, Muzart, Kara Cumai and
CN5X046G0048), the west-facing Muzart glacier experienced the
most significant decline in its upper reaches. The Southern Inylchek gla-
cier also faces west; however, it enjoys extra precipitation, so the de-
cline in its upper reaches was less. The reason why the east-facing
Tuge Biliqi and Wu Cuer glaciers also experienced significant decline
in their upper reaches is explained in Section 5.2.4. More clues can be
found by comparing the ablation zone thickness changes. It was the ab-
lation zone of the Muzart glacier that experienced the highest thinning
rate (−0.61 ± 0.24 m/a). Note that the high thinning rate observed on
the Wu Cuer glacier (−0.58 ± 0.24 m/a) includes the contribution of
surge (as described in Section 5.2.5). According to Xie and Liu (2010),
the largest northern tributary of the Wu Cuer glacier was found to
climb over the trunk and surge 5 km in 1959.

5.2.4. Debris cover
In theory, due to the albedo reduction or heat insulation effects, a

thin or thick debris cover can aggravate or attenuate the ice ablation, re-
spectively (the critical thickness ranges from 2 to 8 cm) (Hagg et al.,
2008; Xie et al., 2007).Without other impacts, a hyperbolic dependence
can be determined between debris thickness and ablation rate
B3 in Fig. 5. Images (a) and (b) were acquired on 5 October 2002 and 25 September 2013,
ts of interest, the two images are enhanced (band stretched) to the same extent. Projection

Image of Fig. 9
Image of Fig. 8


25J. Li et al. / Remote Sensing of Environment 192 (2017) 12–29
(Khodakov, 1972). The glacier debris ismainly produced by the scraping
during avalanches and glacier motion (Xie and Liu, 2010). Basically, a
regular-shaped glacier bed and a small altitude dropmean less frequent
avalanches and slower glacier motion, and therefore thinner debris. For
glaciers with little debris cover, the decline on trunks is increasingly
strong towards the terminus. Receding is the major form of mass loss.
Among this kind of glacier, the Archur Leter, Dschamansu and Kaindy
glaciers declined at rates comparable to the large surge glaciers. Glacier
surfaces in ETASAKEK and BHT are basically exposed to air, and the
strongest decline is supposed to occur at the glacier terminuses. Howev-
er, since the glaciers have been receding since before 2000, the maxi-
mum thinning was found in a slightly higher part (see the inset panels
in Figs. 3 and 5). The Archur Leter glacier is a special case. Its southern
tributary has a thick debris cover, while the much larger northern trib-
utary has little debris. When the two tributaries meet, the southern one
bypasses the northern one rather than integrating with it, i.e., the two
tributaries are independent and the debris-covered snout belongs to
the southern tributary. For the northern tributary, it was the terminus
that saw the greatest decline (see the inset panel in Fig. 5).

In contrast, debris cover is fairly common for the tree-like glaciers
flowing down from mountains with lofty horns/arêtes. Apart from the
large altitude drop, the motion of large glaciers is also promoted by
the abundant accumulation and intensive decline in the higher and
lower reaches, respectively (Li et al., 2014). Due to the incessant flow
of a glacier, the debris thickness increases towards the terminus. Al-
though thin debris cover can reduce albedo and aggravate the ice abla-
tion, the decline was slight in the upper reaches of most of the huge
glaciers (e.g. Southern Inylchek, Eastern Qung Telian, Keqi Kete Liekesu,
Qungku Ziwayi and Kara Cumai), because of the temperature drop with
increasing altitude. Only in a few glaciers could the aggravating effect of
thin debris be observed. The trunks of the Tuomuer, Tuge Biliqi, Wu
Cuer and Muzart glaciers are fairly long and have a relatively low alti-
tude. Hence, the aggravating effect of thin debris applied. Fig. 10
shows that, in the tongue of the Tuomuer (8.5– 18 km), Tuge Biliqi
(10– 27.5 km), Wu Cuer (4– 20 km) and Muzart glaciers (5– 19 km),
Fig. 10. Longitudinal thickness change profiles of the Tuomuer (glacier No. 10), Tuge Biliqi
(glacier No. 16), Wu Cuer (glacier No. 17) and Muzart (glacier No. 18) glaciers. Profile
locations are denoted by the dashed black lines in Fig. 5.
the ice ablation intensity first increased and then decreased. The aggra-
vating and attenuating effects of thin and thick debris were contrasting.

In theory, the ablation will cease when the debris thickness reaches
1–2 m (Hagg et al., 2008; Xie et al., 2007). Hence, the intensity decline
should reach the peak in a higher section and then become increasingly
weak towards the terminus. However, in HHKTXT, only the Koxkar gla-
cier was found to decline in such a way (see Fig. 5). Glaciers in HHKTXT
belong to the poly-thermal type (Shi et al., 2008), i.e., at the base of the
ablation zone, the temperature is close to the icemelting point. The sur-
face meltwater can flow down into the glacier body via crevasses or
moulins and survive in or beneath the ice. A field investigation on the
Koxkar glacier found that during the ablation period, the surface melt-
water has a positive temperature, varying between 0.1 and 4 °C (Xie
et al., 2007). As a result of heat conduction, the inner ablation can be sig-
nificantly promoted by the englacial or subglacial drainage, especially
near the main outlet. Furthermore, the coexistence of very thick debris
and severe inner ablation prompted the collapse of the englacial melt
holes/funnels/ditches, and therefore supraglacial lakes and ice cliffs
formed easily (Xie et al., 2007). In turn, the supraglacial lakes and ice
cliffs aggravated the glacier decline (see Fig. 11). Consequently, the gla-
ciers covered by thick debris (1– 5m) (Xie and Liu, 2010) still suffered a
severe decline, and even saw the greatest decline near their terminuses.
Meanwhile, the surface of ablation zones appears densely pitted, which
becomes a unique feature of gigantic glaciers (see the thickness changes
of the Southern Inylchek, Tuomuer, Tuge Biliqi, Wu Cuer and Muzart
glaciers in Fig. 5 and Table 4). In general, the effects of meteorological
and englacial thermal conditions can counteract much of the effect of
debris. For the entire glacier body, the hyperbolic dependence is very
difficult to establish.

However, although the heavy debris could not prevent the ablation,
its attenuating effects were considerable. We can corroborate this con-
clusion from three aspects. Firstly, it is the heavy debris that enables
the glaciers in HHKTXT to extend to a lower altitude (~2675m a.s.l) rel-
ative to those in ETASAKEK (~3200ma.s.l) and BHT (~3050ma.s.l). The
largest glacier, the Southern Inylchek glacier, has barely receded since
the 1850s because of its thick debris cover (Xie and Liu, 2010). Secondly,
in addition to the contrasting effects of thin and thick debris, Fig. 10 also
shows that, for the Tuomuer (21– 30km), Tuge Biliqi (30– 33.5 km),Wu
Cuer (20– 30.5 km) and Muzart (27– 33 km) glaciers, the decline was
relatively regular within a long section of their lower reaches (the
same applies for the Southern Inylchek glacier, see Fig. 5). This phenom-
enon indicates that the effects of meteorological condition variations
were isolated. Thirdly, in terms of the non-surge glaciers, within the
same altitude interval (3200– 3700 m a.s.l), the regional thinning rate
in HHKTXT (excluding the Northern Slope) (−0.73 ± 0.24 m/a) was
less than that in ETASAKEK (−0.93 ± 0.17 m/a) and BHT (−0.75 ±
0.26 m/a). Note that this pattern is distinct from that in the Pamir,
Spiti Lahaul, Karakoram and Everst areas reported earlier (Kääb et al.,
2012; Gardelle et al., 2013).

5.2.5. Glacier surge
Surge is a periodic glacier activity. Each period includes an active

phase and a quiescent phase. During the active phase, a huge volume
of icemoves rapidly from the reservoir zone to the receiving zone, caus-
ing remarkable heightening and lowering in the lower and upper
reaches, respectively. During the quiescent phase, the receiving zone
was lowered with a high and even intensity, because the entire bulk
of ice/firn transferred to the lower reaches is prone to melting, while
the reservoir zone was heightened again. In the late quiescent phase,
the heightened ice front begins to advance slowly; however, with a
speedmuch lower than after the start of the surge. The active phase usu-
ally lasts several days to several years, and is much shorter than the qui-
escent phase, which can last for tens of years (Xie and Liu, 2010). An
assemblage of surge activities can be clearly observed in the region
shown in Fig. 12. Within this region, six glaciers showed remarkable
height changes (glaciers 25–30, see Fig. 12a). The upstream and
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Fig. 11. Landsat images (a)–(c) and surface height changes (d) of the areamarked by rectangle B4 in Fig. 5. Images (a)–(c) were acquired on 1 July 2002, 17 July 2002 and 18 August 2002,
respectively. Number 8 represents the Southern Inylchek glacier. Projection coordinates (UTM 44N, unit: m) are applied.
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downstream parts of glaciers 27 and 28 experienced dramatic lowering
and heightening, respectively. The sharp contrast indicates that these
two glaciers surged between 2000 and 2012. A severely lowered region
was observed in front of the receiving zone of glacier 28. Such lowering
can be ascribed to the intensive decline during the last quiescent phase.
It also indicates that during the recent surge, glacier 28 did not advance
as far as the last time. For glacier 25, the heightening was dramatic and
dominant, and yet a small area of significant lowering occurred in its
distal area, indicating that glacier 25 had been in the late quiescent or
early active phase by 30 January 2012. Glacier 26 also surged during
the observation period (see Fig. 5). The heightening in its upstream
part can be seen as a sign of the quiescent phase. Glacier 29 had the
least surface lowering among the six glaciers. In addition, the lowering
was confined to the downstream part, and no heightening occurred in
the other parts, suggesting that it was caused by normal glacier decline.
As for glacier 30, its downstream part lowered significantly while the
upstream part heightened only slightly. The uneven lowering and slight
contrast are not convincing evidence of the quiescent phase.

In the optical image acquired on 5 October 2002 (Fig. 12a), glacier 27
had a steep and regular ice front, while glaciers 25, 28 and 29 had gentle
and irregular ice fronts, suggesting that glacier 27was advancing and the
other three were receding (Hambrey and Alean, 2004). Meanwhile,
dense and regular crevasses could be discerned in the midstream of
glacier 27 (corresponding to the location of the outflow zone (see
Fig. 12d)), suggesting that the icewasflowing rapidly. Comparing the op-
tical view on 5 October 2002 (Fig. 12a) with that on 25 September 2013
(Fig. 12b),we found that glacier 27 advancedwhile glaciers 25, 28 and 29
receded from 2002 to 2013, and during the following year, glacier 27
clearly shrunk (see Fig. 12b and c). Unlike glacier 27, glacier 28 saw its
snout broaden rather than advance during the recent surge (We delin-
eated the tongues of glacier 28 in the two periods since they appeared
Fig. 12. Landsat images (a)–(c) and surface height changes (d) of the area marked by rectangle
September 2014, respectively. Numbers 25–30 represent thedifferent glaciers. The light blue lin
m) are applied.
blurry). This tallieswith the earlier speculation that glacier 28 did not ad-
vance as much as last time. Furthermore, the front of glacier 25 had be-
come steep and regular by 25 September 2013, and no ice could be
found ahead of it, indicating that the receding terminus had shifted to ad-
vancing. However, it had not reached the terminus position by 5 October
2002, i.e., it was in the late quiescent phase. In fact, during the following
year, glacier 25 advanced only ~60 m (by comparing the optical view on
25 September 2013with that on 12 September 2014). Therefore, the de-
duction that glacier 25 had been in the late quiescent or early active
phase by 30 January 2012 was true. For glacier 30, none of the ice ex-
posed in the downstream and the views on the three days show little
changes, indicating that the downstream part was almost stagnant. Basi-
cally, the snout stagnancy is accompanied by strong down-wasting
(Quincey et al., 2009), which can result in intensive but uneven lowering.
A new ice layer was added to the upstream, which should be the reason
for the slight heightening. However, no crevasses could be found in the
upstream. Hence, glacier 30 was likely in a state of normal decline.

Besides, we found the largest glacier of the Biyeek mountain
range, CN5X045D0025 (see Fig. 6), may belong to surge type. The
CN5X045D0025 and CN5X046E0089 (see Fig. 6) glaciers in BHTwere se-
lected for specificmeasurements. As expected, the average thinning rates
observed in the ablation zones of the two glaciers were both very high
(−0.90± 0.25m/a and−0.65± 0.26m/a). However, in terms of the ac-
cumulation zones, the CN5X046E0089 glacier remained almost the same
(0.01 ± 0.28 m/a) while the lower and smaller CN5X045D0025 glacier
gainedmass at a remarkable rate (0.24±0.26m/a). In front of the termi-
nus of the CN5X045D0025 glacier, we found no obvious historic mo-
raines, which was anomalous relative to the surrounding cases. Hence,
it is likely that the CN5X045D0025 glacier had surged before 2000.

In general, surge glaciers are common in the west slope of the
Meridianmountain range and the south slope of the Tuomuermountain
B4 in Fig. 5. Images (a)–(c) were acquired on 5 October 2002, 25 September 2013 and 12
es in (a) and (b) denote the glacier tongue outlines. Projection coordinates (UTM44N, unit:

Image of Fig. 11
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range, but are scarce in the north slope of theHaditor-Harajorihamoun-
tain range and the entire region of BHT. The largest surge occurred in the
trunk of the Northern Inylchek glacier, which can be judged from the
size of receiving zone and the intensity of decline. These two points
manifest the large altitude drop and abundant precipitation can signifi-
cantly promote the glacier surge. Due to the surge activity, the Northern
Inylchek glacier shares similar precipitation condition and orientation
with the Southern Inylchek glacier but experiences quite different thick-
ness changes. The reason why surge did not occur in the trunk of the
Southern Inylchek glacier may be ascribed to glacier shapes. As shown
in Fig. 5, the tributaries of the Northern Inylchek glacier are short and
densely aligned along the trunks, while the tributaries of the Southern
Inylchek glacier are much fewer and longer. For the Northern Inylchek
glacier, the influx of mass collected on the mountain ridges into the
trunk costs much shorter time, which increases the possibility of surge.

The ablation zones of glaciers which had surged in their trunks be-
fore 2000, e.g., Seminova, Musktov, Northern Inylchek, Carind and the
largest northern tributary of the Wu Cuer glacier, experienced remark-
able thinning during 2000–2012 (mostly 30– 40 m/a, but the highest
was over 78 m/a, see Fig. 5), while the mass gain in the accumulation
zoneswas far from being enough to cover themass loss (see Fig. 5). Fur-
thermore, the Musktov, Northern Inylchek and Carind glaciers surged
again; however, with much lower magnitudes than the former surges.
Note that for the Musktov glacier, there was no transition area between
the lowered downstream and heightened upstream, and more impor-
tantly, the heightened zone had a regular and forward-inclining front,
indicating that it was in a surge active phase in 2012. In general, the
surge glaciers in HHKTXT experienced a greater decline than the non-
surge ones (−0.27 ± 0.25 m/a vs −0.19 ± 0.25 m/a), which was dis-
tinct from the pattern in the Karakoram reported earlier (Gardelle et
al., 2012). The cycle and magnitude of glacier surge can be influenced
by climate change. Adequate flow resistance to allow sufficient accumu-
lation in the restoring zone is the basis of another surge (Lingle and
Fatland, 2003; Flowers et al., 2011). Smaller surge amplitudes indicate
earlier arrival. We believe that such a phenomenon should be ascribed
to the acceleration of englacial stress change and the enhancement of
subglacial lubrication. Both factors reduce theflow resistance.More pre-
cisely, the former is caused by the unusual thinning in the lower reaches
rather than the increase in the firn basin load in the upper reaches. A
precipitation increase did accompany the temperature rise in HHKTXT
(Sheng et al., 2009a). However, even for the Southern Inylchek glacier,
which possesses the strongest advantage to preserve precipitation, the
accumulation in its firn bases increased only slightly (~10 m, see
Fig. 5). In contrast, rapid thinning in the lower reaches can facilitate
the transformation from compressional flow to extensional flow, and
therefore reduce the critical load for surge outburst. As mentioned
above, surface meltwater can flow down into the glacier body and sur-
vive in or beneath the ice. The intensified ablation contributes more
meltwater to the glacier base, and therefore strengthens the lubrication.
From the above two aspects, external climate changes can significantly
influence glacier surges. The surge itself does not deplete the mass;
however, it puts extra mass in ‘dangerous’ places relative to the normal
glacier flow. A temperature rise can stimulate a glacier to surge and lose
more of the mass preserved in the upper reaches.

5.2.6. Glacial lakes
In Section 5.2.4, we have mentioned that supraglacial lakes can pro-

mote the glacier surface decline. Here, we examine two prominent
proglacial lakes in the CTS. Lake Petrova, the largest glacial lake in
ETASAKEK (see Figs. 1 and 8), expanded remarkably during the obser-
vation period. This lake emerged because of the Petrova glacier reced-
ing. As the ice front was calved into Lake Petrova, the Petrova glacier
receded at a speed higher than that of the surrounding land-terminated
glaciers. Taking the Sary-Tor glacier (glacier 24 in Fig. 8) as an example,
from 17 August 1999 to 31 August 2013, it receded 393 ± 15 m. If the
Petrova glacier were also land-terminated, it should recede slower
than the Sary-Tor glacier, because of its thicker tongue and faster flow
(meaning more rapid mass replenishment). In fact, the Petrova glacier
receded 805 ± 15 m during the observation time. Meanwhile, due to
the thermal erosion of the lake water that was squeezed into the tongue
bottom, the Petrova glacier's ablation zone thinned more intensively
than those of the Kaindy and Dschamansu glaciers, two big land-termi-
nated glaciers in theArshiirakmountain range.Within the same altitude
range (3820– 3920 m a.s.l.), the thinning rates of these three glaciers
were−2.79 ± 0.16 m/a,−2.39 ± 0.16 m/a and−2.01 ± 0.20 m/a, re-
spectively. If the comparison was conducted among the thickness
changeswithin the 100maltitude range from the terminus, the discrep-
ancywould bemore obvious (−3.03±0.16m/a,−2.39±0.16m/a and
−2.21 ± 0.20 m/a, respectively). Due to the dramatic thinning and
rapid receding of the Petrova glacier, Lake Petrova's water capacity is
likely to further increase in the future. Steps should be taken to avoid
lake outburst, which could cause flooding in the downstream valley.

The other example is LakeMerzbacher, a big proglacial lake dammed
by the Southern Inylchek glacier's tributary. In the past, this lake has
caused severe flooding almost every year (Sheng et al., 2009b). Mayer
et al. (2008) reported that, during the ablation period, from the ice
dam to the junction of the tributary and trunk, the glacier flow velocity
increases dramatically to replenish themass loss caused by calving, and
the ice dam subsides after lake outburst. As shown in Fig. 11a, by 1 July
2002, theMerzbacher Lake had beenfilledwithmeltwater. Over the fol-
lowing 17 days, the lake area expanded by 25% (see Fig. 11b), and a
greater proportion of its surface was filled with floating ice bodies
(mini icebergs). The water pressure became increasingly strong as the
meltwater kept flowing into the lake. Finally, the ice dam burst. By 18
August 2002, the lake water had drained and the calved icebergs
remained at the lake bottom. For the gigantic Southern Inylchek glacier,
it was the part connected to Lake Merzbacher that saw the most
significant lowering (see Figs. 5 and 11d).

5.3. The global perspective of glacier thickness changes in the CTS

5.3.1. Sub-regional or individual scale
In June 1981 and July 2004, the Institute of Glaciology and

Geocryology belonging to the Chinese Academyof Sciences used ground
radio echo sounding to measure the Koxkar glacier's thickness. The re-
sults indicated that the average ice thinning rates were −0.48 m/a
and −0.75 m/a along the two cross profiles in the glacier tongue, with
altitudes of 3170 m and 3300m a.s.l., respectively (Xie et al., 2007). Re-
garding the DEM errors, we extracted the average thickness changes
from the buffer zones along the cross profiles (±15 m). Even though
the monitoring time period did not fully overlap with ours, the results
of the twomeasurements are close (−0.41m/a and−0.79m/a, respec-
tively). Pieczonka et al. (2013) investigated the glacier thickness chang-
es in the southern slopes of the Tuomuermountain range between 1999
and 2009, based on the difference between the SRTM DEM and the
SPOT5/HRG DEM. In this similar region, the glacier thinning rate they
derived (−0.26 ± 0.21 m/a) was slightly higher than ours (−0.19 ±
0.23 m/a). Furthermore, the captured surges were consistent with
ours (e.g. Western Qung Telian glacier). More recently, Shangguan et
al. (2015) utilized the SRTM, ALOS-PRISM (2006) and SPOT5-HRG
(2007) DEMs to study themass changes of the Inylchek glacier. They re-
ported that between 1999 and 2007, the Northern and Southern
Inylchek glaciers thinned at rates of −0.67 ± 0.54 m/a and −0.33 ±
0.54 m/a, respectively. Accordingly, our results were −0.30 ±
0.24 m/a and −0.13 ± 0.27 m/a, respectively. The discrepancy is dra-
matic for the Northern Inylchek glacier, and may have been caused by
the difference between the rates of missing observations in upper
reaches and the difference between the calculations of C-band penetra-
tion depth. We note that in the thickness change map presented by
Shangguan et al. (2015), the signal patterns over glacier tongues
(lower regions) looked quite similar to ours. Additionally, they detected
an obvious heightening of more than 100 m between 1974 and 1999 in
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the tongue of the Northern Inylchek glacier. The area change measure-
ments indicated that a surge between 1990 and 1999 could account
for the heightening. This finding is consistent with the drastic decline
(up to −70 m) in the Northern Inylchek glacier's tongue observed in
our study.

5.3.2. Regional scale
To date, a number of early 21st Century region-wide glacier mass

change measurements have been obtained in the Tien Shan (Jacob et
al., 2012; Gardner et al., 2013; Farinotti et al., 2015). Gardner et al.
(2013) estimated the High Mountain Asia glacier mass budget for
2003–2009 based on ICE/Sat GLAS measurements, and in the Tien
Shan, they obtained an regional glacier thinning rate of −0.58 ±
0.21 m/a. Further extending the ICE/Sat GLAS data processing options
of Gardner et al. (2013) in 15 different ways, Farinotti et al. (2015) de-
rived a regional thinning rate of−0.46±0.25m/a for the Tien Shan gla-
ciers for 2003–2009 (a density of 900 kg/m3 was adopted). The GRACE
measurements of Jacob et al. (2012) also covered the Tien Shan, and the
2003–2010 glacier mass budget was found to be −5 ± 3 Gt/a (one
sigma level). If the Tien Shan glacier area in Gardner et al. (2013) was
adopted for conversion, the regional thickness change in Jacob et al.
(2012) would be −0.38 ± 0.23 m/a. Among the three studies, only
Farinotti et al. (2015) further divided the Tien Shan into sub-regions.
For similar regions to ours (including the defined CTS, Halik Shan and
Inner Ranges in Farinotti et al. (2015)), the regional glacier thinning
rate was −0.31 ± 0.41 m/a (area-weighted average). Our result
(−0.24 ± 0.22 m/a) agrees well with that of Farinotti et al. (2015).

It should benoted that our CTS glacier thickness change rate is differ-
ent from Jacob et al.’s (2012) Tien Shan glacier thickness change rate.
This difference (−0.24 ± 0.22 m/a vs.−0.38 ± 0.23 m/a) is consistent
with the difference between Farinotti et al.’s (2015) CTS (including the
defined CTS, Halik Shan and Inner Ranges in Farinotti et al. (2015)) and
Tien Shan glacier thickness change rates based on ICESat/GLAS mea-
surements (−0.31 ± 0.41 m/a vs. −0.46 ± 0.25 m/a). Glaciers in the
CTS seem more stable than those in other Tien Shan sub-regions. In
Farinotti et al. (2015), the glacier thinning rates based on ICESat/GLAS
measurements were −0.74 ± 0.59 m/a and −0.80 ± 0.52 m/a for
Borohoro (Eastern Tien Shan) and Ile-Kungoy Alatau (Northern Tien
Shan), respectively, which are dramatically higher than the rate for
the CTS. The inter-region variability of glacier thickness change can be
partly corroborated by the glacier area change measurements.
Osmonov et al. (2013) reported that the glacier area in the Sary-Jaz
river basin (i.e. the part of the Kumalik river basin within Kyrgyzstan,
CTS) shrank by ~0.19% per year between 1990 and 2010. This rate is
very much lower than those of other Tien Shan regions between 2000
and 2007 reported by Narama et al. (2010), e.g., ~0.71% per year for
Pskem (Western Tien Shan), ~0.57% per year for lli-kungöy (Northern
Tien Shan) and ~0.57% per year for At-Bashy (Inner Tien Shan). The sit-
uations in the last decades of the 20th century were similar, e.g., ~0.09%
per year for the Aksu Basin (CTS, the major part of our study area) be-
tween 1963 and 1999 (Liu et al., 2006); ~0.09% per year for the Inylchek
region (CTS) and ~0.08% per year for the Tuomuer region (CTS) be-
tween 1975 and 2008 (Pieczonka and Bolch, 2015); ∼0.48% per year
for Ala Archa (Northern Tien Shan) between 1981 and 2003 (Aizen et
al., 2006); ~0.63% per year for Pskem (Western Tien Shan), ~0.40% per
year for lli-kungöy (Northern Tien Shan), ~0.40% per year for At-Bashy
(Inner Tien Shan), and ~0.30% per year for SE-Fergana (Inner Tien
Shan) between 1970 and 2000 (Narama et al., 2010); and ~0.35% per
year for the Middle Chinese Tien Shan (Eastern Tien Shan) between
1963 and 2000 (Liu et al., 2006).

Among the nine studied sub-regions in Gardelle et al. (2013), the
east four under the control of the westerlies, i.e. Pamir, Western
Karakoram, Eastern Karakoram and Hindu Kush, have seen positive or
slight negative glacier thickness change rates (0.16 ± 0.15 m/a,
0.11 ± 0.21 m/a, 0.13 ± 0.16 m/a and −0.14 ± 0.19 m/a), while the
west four under the control of the Indian and Southeast Asian summer
monsoons, i.e. Hengduan Shan, Bhutan, Everest and West Nepal, have
seen considerable negative glacier thickness change rates (−0.39 ±
0.16 m/a, −0.26 ± 0.15 m/a, −0.31 ± 0.16 m/a and −0.38 ±
0.15 m/a). The other sub-region located in the transition zone, i.e.,
Spiti Lahaul, has seen the most negative glacier thickness change rate
(−0.53 ± 0.15 m/a). In addition, Gardner et al. (2013) reported that
the West Kunlun region under the control of the westerlies has seen a
glacier thickness change rate of 0.17 ± 0.15 m/a. Hence, compared to
the other westerly-controlled regions, the CTS (−0.24 ± 0.22 m/a)
has theworst glacier state, but compared to themonsoon-controlled re-
gions, it has a better glacier state.

6. Conclusions

In this paper, a geodeticmethodwas adopted tomeasure the region-
wide glacier thickness changes in the CTS during 2000–2012. A new
DEM extracted from TanDEM-X CoSSC images was subtracted from
the SRTM DEM. Based on the glacial mask delineated from Landsat
L1 T images, we removed the systematic height difference bias related
to the horizontal shift, baseline estimation residue and terrain aspect/
slope/curvature. The glacier snowline was also delineated to differenti-
ate the thickness change in the accumulation and ablation zones.
Glaciers covering 7239.8 ± 527.2 km2 in the CTS were studied. The
overall glacier thinning ratewas−0.24±0.22m/a,whichdiffers slight-
ly from the result based on ICESat/GLAS measurement reported earlier.
Moderate thinning (−1.56 ± 2.64 m) and strong thinning (−4.80 ±
2.64 m) were observed above and below the average snowline
(4178 m a.s.l.) respectively. The average thickness change rates of the
10 2nd-level sub-regions ranged from −0.17 ± 0.20 m/a to −0.37 ±
0.16 m/a. And the 23 selected individual glaciers are with an average
rate ranging from −0.10 ± 0.25 m/a to −0.34 ± 0.17 m/a. In general,
the rate of glacier decline in the CTS appears to be behind that of other
parts of the Tien Shan (Northern, Western, Eastern and Inner Tien
Shan) as reported from previous studies. However, the situation in the
CTS is alarming since decline is prevailing among a huge number of gla-
ciers. We derived a moderate average thinning rate since the drastic
thinning in the ablation zones has been balanced by the slight thinning
in the broad accumulation zones. In fact, the aggregate glaciermass loss
across the region is considerable. Owing to the huge volume of ice stor-
age in the CTS, the impact of glacier decline will maintain on increasing
the downstream runoff in recent decades.

The glacier thickness change results were analysed and interpreted
frommultiple aspects. We first illustrated the typical height change pat-
terns based on visual interpretation, e.g., normal glacier mass loss/gain,
landslides,mining, reclamation, anddead ice decline. This illustration in-
dicated that ourmethod could achieve reasonable surface height chang-
es. We then highlighted the glacier change features and behaving rules
in the CTS. The factors causing the inhomogeneity of the glacier thick-
ness changes, such as glacier altitude, location, orientation, debris cover-
age, surge activities, and interaction with glacial lakes, were interpreted
in detail. The significantfindings are as follows. First, due to the heat con-
duction of the glacial drainage system, thick debris (1– 5 m) could not
prevent the ablation. However, its attenuating effectswere considerable.
Second, some large glaciers surged again between 2000 and 2012. How-
ever, the magnitudes are much lower than in previous surges. We as-
cribed this process to the acceleration of englacial stress change and
the enhancement of subglacial lubrication. Compared with non-surge
glaciers, the surge glaciers have experienced a greater decline. Third,
due to the thermal erosion of glacial lake water, the thinning of the gla-
cier bodies connected to the lakes is very rapid. Due to the ice calving
into the proglacial lakes, the glaciers recede at an abnormal rate.

The terrain of the CTS is quite rough. Nevertheless, we have success-
fully retrieved the thickness changes of mountain glaciers, which dem-
onstrates the potential of our approach. With the availability of global
TanDEM-X images, our approach will make considerable contributions
to better understanding the changes of mountain glaciers.
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