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bution of the glaciers' meltwater to the total runoff is hampered by the lack of long-term measurements of glacier
mass budgets. Digital terrain models (DTMs) for the different regions in the Central Tien Shan were generated
based on ~1975 KH-9 Hexagon imagery and compared to the SRTM3 DTM acquired in February 2000. Moreover,
glacier area changes for the period ~1975-2008 have been measured by means of multi-temporal optical satellite
imagery.
The geodetic mass budget estimates for a glacierized area of 5000 km? revealed increasing mass loss east to west
and from the inner to the outer ranges. Highest mass loss accompanied by the most pronounced glacier retreat
was found for the Ak-Shirak massif with a region-wide mass balance of —0.51 & 0.36 m w.e. a~ ! and a rate of
area change of —0.27 4 0.15% a~ !, whilst moderate mass loss was observed for the Inylchek (0.20 +
0.44 mw.e. a~!) and Tomur area (0.33 £ 0.30 m w.e. a~ ') despite partly debris cover. These latter regions
also revealed the lowest glacier shrinkage within the entire Central Tien Shan. The total glacier mass loss of
035 + 034 mw.e.a ! is, however, within the global average whilst the glacier area shrinkage is comparatively
low. On average, the investigated glacierized area of ~6600 km? shrank by 0.11 4 0.15% a~ ' only. We could also
identify several surge-type glaciers. The results are consistent with in-situ mass balance measurements for
Karabatkak Glacier and previously published results of the Ak-Shirak range proving the suitability of declassified
imagery for glacier change investigations. The contribution to the runoff of Aksu River, the largest tributary of the
Tarim River, due to glacier imbalance has been determined at ~20% for the 1975-2000 period.

© 2014 Published by Elsevier B.V.
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1. Introduction Therefore, glacier downwasting was the dominating process in the
last decades, except for a short period around 1970, when mass gains
could be observed for few glaciers based on aerial photography and gla-

ciological observations (Bolch, accepted for publication; Dyurgerov,

The Tien Shan accommodates several thousand glaciers in the
Uzbek, Kyrgyz, Kazak and Chinese part covering an area of about

16,400 km? (Kotlyakov et al., 2010), which are an important source
of freshwater for the surrounding arid regions (Sorg et al., 2012;
Unger-Shayesteh et al., 2013). Central Tien Shan glaciers receive most
of their accumulation during summer as precipitation is concentrated
between May and September (Kutuzov and Shahgedanova, 2009).

Observations at the Tien Shan meteorological station at 3614 m a.s.l.
revealed a continuous increase in mean annual summer air temperature
between 0.01 °C a~! (Aizen et al., 1997a [1940-1991 period]) and
0.03 °C a~ ! (Kutuzov and Shahgedanova, 2009 [1956-2007 period])
and a decrease in annual precipitation between the 1960s and 1990s
(Kutuzov and Shahgedanova, 2009; Kriegel et al., 2013).
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2010; Aizen et al,, 2007).

Several studies revealed a decrease in glacier area in the Inner and
Central Tien Shan between 13% in the Terskey Ala-Too (Khromova
et al., 2014; Kutuzov, 2012; Kutuzov and Shahgedanova, 2009 [1965-
2003 period]), 23% in the Naryn Catchment (Kriegel et al., 2013
[between 1970s and mid-2000s]), and only 1.3% in the Chinese part
(Shangguan et al., 2009 [between mid-1960s and 2000]) showing
increasing area losses east to west and from the inner to the outer
parts. However, glacier area changes show a delayed response and
only the glacier mass budget shows an almost direct signal to climate
(Oerelemans, 2001).

Comprehensive analyses of glacier elevation changes are of utter-
most importance in order to gain a better understanding on the recent
changes in the Central and South Asian ice cover with regard to the
ongoing climate change (Marzeion et al., 2014) and for the correct
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assessment of the contribution of the glaciers' meltwater to the total
runoff (Sorg et al., 2012) and sea-level rise (Gardner et al., 2013).
Region-wide geodetic mass balance studies based on national digital
terrain models (DTMs) and remote sensing data have been accom-
plished e.g. for British Columbia (Schiefer et al., 2007), for the Swiss
Alps (Paul and Haeberli, 2008), for Alaska (Berthier et al., 2010), and
for the Pamir-Karakoram-Himalaya (Gardelle et al., 2013). In contrast,
there are few mass balance studies focusing on single glaciers or small
catchments only for the Central (Shangguan et al.,, 2014; Pieczonka
et al., 2013; Wang et al., 2013) and Inner Tien Shan (Kutuzov, 2012;
Aizen et al., 2007; Surazakov and Aizen, 2006) which may not adequate-
ly represent the wide range of glacier behavior in the region.

Several existing in-situ mass balance measurements in the Tien
Shan were interrupted in the 1990s after the collapse of the Soviet
Union and new investigations have just started or are planned. Longest
in-situ mass balance time series exists for Urumqi Glacier No. 1 in the
Eastern Tien Shan and Tuyuksu Glacier located in the Northern Tien
Shan (WGMS, 2013). Region-wide mass balance estimates for the Tien
Shan have recently been determined by means of gravimetric (Jacob
et al., 2012) and laser altimetry (Gardner et al., 2013) measurements.
These measurements are, however, averaged over the entire Tien
Shan and limited to the 2003-2009/2010 period. The declassification
of U.S. reconnaissance imagery from the 1960s and 1970s offers huge
potentials to compare the state of the glaciers over more than four
decades (Pieczonka et al., 2013; Bolch et al., 2011; Lamsal et al., 2011;
Surazakov and Aizen, 2010).

The main objective of this study is to assess the region-wide glacier
mass budgets for the Central Tien Shan, the most heavily glacierized
part of the entire mountain range comprising ~6600 km? of ice cover
(Arendt et al., 2012). One focus is on the Aksu Catchment whose glacier
melt water is of high importance for the Tarim River (Xinjiang/China)—
one of the longest cohered intracontinental river systems in the world
and of high importance for the economic development of the oases at

o Cshkek

&Y & i —r

the northern margin of the Taklamakan desert—which is significantly
nourished by glacier melt (Sorg et al., 2012; Kaser et al.,, 2010).

Roughly 70% of the total runoff is contributed by its largest tributary
the Aksu River (Sary-Djaz in Kyrgyzstan) (Wang et al., 2003). Thus, the
water supply considerably depends on the glacial meltwater and is
therefore influenced by glacier changes.

In addition, we aim to extend the work by Osmonov et al. (2013),
who investigated glacier area changes for the 1990-2010 period for
the Sary-Djaz Catchment only, both in space and time and to provide in-
formation about area changes and relate them to mass changes.

The study region is covering the Aksu Catchment, and parts of the
Naryn, Issyk-Kul, Ili, and Muzat Catchment with an area of about
65,000 km? where ~10% are ice-covered (Fig. 2). It comprises the Ak-
Shirak massif, the Jengish Chokusu (Tomur Feng/Pik Pobeda)—Khan
Tengri massif, the Xuelian Feng (Snow Lotus Peak) massif, and parts of
the Terskey Ala-Too and KokShal-Too with large compound-valley gla-
ciers, e.g. Tomur or Inylchek glacier, and dendritic glaciers, e.g. Kaindy or
Koxkar Glacier whose termini are often debris-mantled (Fig. 3). About
~5% of all glaciers in the area under investigation reveal a layer of debris.
Debris-covered glacier tongues are characterized by exposed ice cliffs
and supraglacial ponds which significantly influence the overall glacier
mass budget (Juen et al., 2014; Sakai et al., 2000). Glaciers in the study
region are typically polythermal or cold (Osmonov et al., 2013; Shi
and Liu, 2000).

2. Data

Remote sensing data were selected in terms of complete ground
coverage. Therefore, we selected KH-9 Hexagon imagery and the almost
globally available SRTM3 dataset for elevation change assessments. In
addition, we used Landsat MSS, TM and ETM + as well as SPOT-5 data
for generating a glacier inventory and performing change assessments
(Fig. 1, Table 1).

Fig. 1. Data coverage of the utilized datasets for glacier delineation and DTM processing.
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Fig. 2. Study region showing the coverage of the KH-9 DTMs and the calculated glacier elevation differences. Detailed maps (cf. Fig. 7) have been generated for the Ak-Shirak and Tomur-
Inylchek region. Glacier mass budgets for single basins (depicted as gray polylines) reveal spatial heterogeneity.

2.1. KH-9 Hexagon—Mapping Camera (MC)

KH-9 Hexagon, whose images were declassified in 2002, was part
of the US keyhole reconnaissance satellite program. However, de-
tailed lens distortion information were not declassified with the
film. The Mapping Camera (MC) System operated between April 1973
(Mission 1205) and June 1980 (Mission 1216). During this time about
~209,000 km? were recorded in trilap mode, ~60,000 km? in bilap

mode and ~63,000 km? in mono mode. The utilized 12-inch terrain
lens system, with a maximum distortion of 26 pm and a field of
view of 80°, enabled a 129 x 259 km? ground coverage on a scale of
1:600,000 at an altitude of ~170 km (perigee) (Burnett, 2012). Due to
the frame camera design Hexagon images are characterized by four
fiducial marks and 1081 reseau crosses (Surazakov and Aizen, 2010),
which can be used to restore the image geometry at the time of image
acquisition. For the KH-9 missions the same film as for the KH-4

Fig. 3. Photographs of Kaindy Glacier in the Ak-Shirak massif [left] and Kaindy Glacier in the Tomur-Inylchek region [right] taken in August and September 2012.
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Table 1
Input and reference datasets.

Sensor Date ID/path-row Spatial res. Usage

KH-9 Hexagon 31/07/1973 7.6 m Glacier mass budget + mapping (P)
KH-9 Hexagon 16/11/1974 7.6 m Glacier mass budget + mapping (P)
KH-9 Hexagon 12/01/1976 7.6 m Glacier mass budget + mapping (P)
Landsat MSS 12/08/1975 159/031 60 m Glacier mapping (S)

Landsat MSS 13/08/1975 160/031 60 m Glacier mapping (S)

Landsat MSS 03/08/1977 161/032 60 m Glacier mapping (S)

Landsat MSS 08/08/1978 160/032 60 m Glacier mapping (S)

Landsat TM 08/08/2007 147/031 30 m Glacier mapping (P)

Landsat TM 16/09/2007 148/031 30 m Glacier mapping (P)

Landsat TM 16/08/2010 147/031 30 m Glacier mapping (S)

Landsat ETM + 18/02/2000 147/031 15 m Snow mapping

Landsat ETM + 22/08/2010 149/032 15 m Glacier mapping (S)

SPOT-5 24/08/2007 206/265 25m Glacier mapping (S)

SPOT-5 18/09/2007 203/266 25m Glacier mapping (S)

SPOT-5 19/09/2007 204/265 25 m Glacier mapping (S)

SPOT-5 01/02/2008 204/265 25 m Glacier mapping (S)

SPOT-5 30/07/2009 202/265 25m Glacier mapping (S)

SPOT-5 02/11/2009 205/265 25 m Glacier mapping (S)

SPOT-5 04/09/2010 205/265 25m Glacier mapping (S)

SRTM (STS-99) 11/02/2000 ~90 m Glacier mass budget

P ... Primary scene, S ... Secondary scene.

mission, which was the first mission providing stereo coverage, with
a film resolution of about 85 Ip/mm (line pairs per millimeter) was
used. KH-9 imagery is preferred, as one KH-9 scene covers an area of
250 x 125 km?, whereas the footprint size of one KH-4 filmstrip is
only 15 x 210 km? accompanied by complex panoramic distortions
making the stereo-processing more difficult (Pieczonka et al.,, 2011).

A scan resolution of about 4000 dpi is needed to get the image
content without any loss of information. Due to scratches on the images
as a consequence of the long time of storage and for performance rea-
sons we decided to use the data with a scan resolution of 14 micrometer
(1800 dpi) scanned by USGS Earth Resources Observation and Science
(EROS) Center. Three KH-9 MC stereopairs with 70% overlap acquired
in mission 1206 (1973), 1209 (1974), and 1211 (1975) were processed
for DTM generation. The Hexagon data cover most parts of the study re-
gion except the westernmost parts (Fig. 2).

2.2. Landsat/SPOT data

Data from the Landsat Mission provide a unique archive of satellite
imagery since the 1970s. It all started with the 4-channel Multi-
Spectral Scanner (MSS) operating in the visible and near-infrared-
(VNIR) spectrum having a spatial resolution of 79 m. Since the fourth
Landsat mission launched in 1984 the TM sensor, also equipped with
two short-wave infrared (SWIR) sensors, has acquired images with an
improved resolution of 30 m which allowed for the first time automated
mapping of snow and ice. The SPOT-1 satellite, operated by the Centre
national d'études spatiales (CNES), was launched in 1986 and had be-
side 4 VNIR (visible and near-infrared) bands a panchromatic band
with a geometric resolution of 10 m. Since 2002 SPOT-5 has been ac-
quiring imagery with a spatial resolution of 2.5 m. For this study, the
best available Landsat TM scenes from the period 2007-2010 were
downloaded from the USGS GLOVIS website (glovis.usgs.gov). Snow
conditions were suitable for most of the scenes except for the central
part of the study area where the highest peaks are located. Therefore,
we used two scenes with different snow conditions in different parts
of the scenes complemented by pansharpened SPOT-5 data recorded
between 2007 and 2010 with a spatial resolution of 2.5 m covering an
area of 60 x 60 km?. Landsat MSS data from the years 1975-1978
were used to obtain information about the glacier extents from the
1970s were Hexagon data was not available (Table 1). Landsat data
were available in the orthorectified level 1 T whilst SPOT-5 data have
been orthorectified using GCPs obtained from Landsat ETM + scenes
and the SRTM3 DTM.

2.3. SRTM3 digital terrain model

The SRTM3 dataset, which has an absolute horizontal accuracy of
20 m and a vertical accuracy of up to 10 m (Rodriguez et al., 2006)
with increasing inaccuracies towards steeper terrain (Racoviteanu
et al., 2007; Jacobsen, 2005), was chosen as vertical reference for GCP
collection. Because the original SRTM3 datasets suffer from radar related
data gaps in high mountain regions we used the gap-filled SRTM3 DTM
from the Consultative Group on International Agricultural Research
(CGIAR) Version 4.1 (Jarvis et al., 2008)—resampled to 25 m in a bicubic
manner in order to preserve the elevation structure of the original DTM
(Xiuping and Richards, 1999)—as master for the co-registration of the
Hexagon KH-9 DTMs. The non-filled SRTM3 DTM was used for the cal-
culation of the glacier elevation differences.

3. Methodology
3.1. Glacier mapping

Parts of our glacier inventory are based on glacier outlines of the pe-
riod ~2008 generated by Osmonov et al. (2013) for the Sary-Djaz basin
and Pieczonka et al. (2013) for the Tomur region which cover ~40% of
the studied glacier area but less than one third of the glacier number.
Glaciers in the regions to the east, west and south have been mapped
automatically based on the well-established Red/SWIR band ratio
(Paul et al., 2014; Bolch et al., 2010) using Landsat TM images. The out-
lines were visually checked and, if available, manually adjusted in terms
of seasonal snowpatches and missing debris-covered glacier parts using
the high resolution SPOT-5 scenes as supplementary information. We
also identified few debris-covered glacier parts missing and some
wrongly mapped seasonal snow in the Sary-Djaz inventory (Osmonov
et al., 2013). However, overall this inventory is of good quality and the
omission and commission areas were only about 0.5%. The contiguous
ice masses were separated into single glaciers based on hydrological ba-
sins following Bolch et al. (2010). The 2007-2010 outlines served as a
basis for the manual adjustment for the 1970s using the KH-9 Hexagon
and Landsat MSS scenes.

The precision of the automated delineation is commonly within half
a pixel with regard to the glacier perimeter (Paul et al., 2013; Bolch et al.,
2010). Consequently, the mapping uncertainty was calculated using a
buffer of 10 m taking into consideration that higher resolution datasets
were available for manual improvements. For the 1970s outlines we
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assumed a mapping inaccuracy of 1 pixel (~8 m in terms of the spatial
resolution of KH-9 imagery) and 30 m (i.e. half a MSS pixel) for the
parts where only MSS data was available. This led to an uncertainty of
3.0% for the ~2008 data and 3.8% for the ~1975 data which matches
well the uncertainty revealed in other studies (Paul et al., 2013; Bolch
etal, 2010; Paul et al., 2002). The overall uncertainty for the area change
was 4.8% considering the law of error propagation.

Because an insufficient amount of Landsat scenes of good quality
was available for the period around 2000 the inventory was generated
with the glacier area as constituted around the year 2008.

3.2. KH-9 Hexagon processing

All KH-9 DTMs were generated with LPS (Leica Photogrammetry
Suite) 2013 using the frame camera model with a fixed focal length of
30.5 cm. The pre-processing of the KH-9 images, comprising the remov-
al of internal film distortions based on reseau crosses, has been done
following Pieczonka et al. (2013). GCPs have been collected from
Landsat 7 ETM + imagery (15-meter panchromatic band) with SRTM3
as vertical reference. The coordinates of the fiducials were measured
manually starting from the image center. All stereopairs have been
processed with a RMS of triangulation of <~1 Pixel (Table 2). The spatial
resolution of the final DTMs was 25 m.

Both, the KH-9 mapping camera (MC) and the Large Format Camera
(LFC) have a similar camera design with comparable maximum lens dis-
tortions of about 26 pm (Burnett, 2012; Surazakov and Aizen, 2010).
Therefore, we transferred the radial lens distortion of the LFC camera
(Mollberg and Schardt, 1988) to the KH-9 MC camera.

To account for any tilt between two DTMs the global trend of eleva-
tion differences between — 150 m < Ah < 150 m over gently inclined
(<15°) non-glaciated terrain was calculated and added to the KH-9
DTM. In order to avoid including unmapped glacier pixel in our non-
glaciated terrain we chose a glacier mapping error of 3 pixels.

Then we subdivided the entire study region into single basins. This
gave us the possibility to better consider local horizontal and vertical
deviations for an optimal co-registration. In total, we deduced 24 basins
covering an area between 650 and 2700 km?. Subsequently, all subset
DTMs were co-registered following the approach described by Nuth
and K&ab (2011) and Pieczonka et al. (2013). The final displacement
vectors between KH-9 Hexagon and SRTM3 were less than or equal
one pixel (25 m) on average.

3.3. Data gaps and outlier handling

Data gaps mainly occur in areas with less image contrast when
working with optical imagery. In high mountain areas this is mainly re-
lated to the snow-covered accumulation regions and areas with cast
shadows. Together with radar induced data gaps the proportion of miss-
ing information on glaciers is comparatively high with ~30% over the
entire study region. The missing values predominantly occur in the east-
ern part, where the original SRTM3 shows large data gaps.

Outlier filtering was necessary for both the non-glaciated terrain
which is an indicator for the quality of the co-registration as these
areas are supposed to be stable over time, and for the glaciers where
the non-filtered difference image revealed peaks of surface lowering
in the accumulation regions due to mismatched pixels.

For the ice-free terrain, outliers are defined by the 1.5 fold inter-
quartile range (IQR). We calculated the NMAD (Normalized Median
Absolute Deviation) for stable terrain for all single basins as a robust

Table 2
Amount of GCPs and residuals of stereo image processing in LPS 2013.
KH-9 Ak-Shirak KH-9 Kaindy KH-9 Koxkar
No. GCPs 40 38 47
RMSE [pixel] 0.5 0.8 1.1

estimator for the standard deviation (Pieczonka et al., 2013). The overall
accuracy for the entire study region has then been determined as the
NMAD of all weighted NMAD values for all basins.

Outliers on glaciated terrain have been filtered under the assump-
tion that thickness change distributions for glaciers with negative
budgets typically have maximum lowering on the glacier front and
lowest downwasting at higher altitudes following a non-linear trend
(Schwitter and Raymond, 1993). However, this typical pattern is altered
by debris cover and does not consider special forms like surge-type
glaciers with high frequencies of extremly positive Ah values on com-
paratively low altitudes. Thus, heterogeneous glacier thickness changes
with volume gains and volume losses in ablation regions made it diffi-
cult to apply a general threshold to the entire glaciated terrain in
order to remove outliers. Therefore, we decided to filter in dependence
on the overall standard deviation of the glacier elevation differences
weighted by an elevation dependent coefficient. With respect to the
non-linear behavior of glacier thickness change the weighting coeffi-
cient has been determined using a sigmoid function (Eq. (E2)) which
is supposed to be a good reflection of the elevation dependency.
For this purpose, we first normalized the elevation of all glacier pixels
by the maximum elevation range (Eq. (E1)). In the second step the
weighting coefficient (rsyp) has been determined using Eq. (E2) with
w as the normalized glacier elevation. We found that the tenfold
standard deviation was suitable in order to preserve glacier surges. E2
was adapted accordingly resulting in a maximum value of 10 and a min-
imum of 0.02 for the highest elevations where only small glacier thick-
ness changes are expected. Thus, the weighting coefficient rs;p which
has finally been multiplied with the overall standard deviation of the
glacier elevation differences afflicted with outliers is small (rs7p << 1)
for high altitudes and large in the ablation regions (rsyp > 1)
warranting a larger range of Ah values in the less steep ablation regions
to preserve surge-type glaciers and a narrow range of Ah values
(—0.5 < Ah < 0.5 m) at the glacier head (Fig. 4).

W= (MaxEIevatimj — MinElevun'on) (El)
GlaaerElevation

I'sp = 5—5tanh(2m—5w) (E2)

Ahmax = Tgrp * STDGlacier (E3)

w...normalized glacier pixel elevation
MXgjeyqation---maximum glacier elevation, Ming,,qion-.-minimum glacier elevation
T'sp-..Weighting coefficient
Ahyyg...maximum thickness change, STDgqger-..0verall standard deviation of glacier Ah

All missing pixel values in the ablation and accumulation regions
were filled by means of ordinary kriging. Kriging was accomplished
without anisotropy modeling assuming a stationary variance but also
a non-stationary mean value within the search radius. However, huge
amounts of radar induced data gaps in the SRTM3 DTM east of Khan
Tengri impaired the filling and boundary effects are still visible (Fig. 2).

3.4. Radar penetration

Radar penetration for the C-band of SRTM is supposed to be highest
in the accumulation regions, where snow and firn is prevailing (Rignot
etal, 2001). We determined the penetration depth of the C-band signal
by comparing our SRTM3 elevations with available ICESat GLA14 foot-
prints following the approach described by Kddb et al. (2012). Due to
the C-band penetration SRTM3 is likely referring to the end of summer
1999 glacier surface. Therefore, in order to allow a direct comparison
to SRTM3 elevations we only selected footprints captured between
September and October assuming that they are representing the surface
at the end of the ablation season of the respective year.

All footprints have than been co-registered to SRTM3 and the SRTM3
elevations were bilinearly resampled. The shift vector in x-direction was
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Fig. 4. Distribution and 2D density of mean elevation differences for glaciated terrain after outlier-cleaning within 50 m elevation bands calculated for each individual glacier. The range of
the appearing ELA values—derived from snow line values specified in the Katalog Lednikov SSSR [Glacier Inventory of the USSR] (1973)—is illustrated as a buffer of 4= 100 m. Positive values
of up to +150 m in lower altitudes are indicators of surge-type glaciers and glacier thickening.

0.6 m and 14.7 m in y-direction. Erroneous ICESat elevations caused
e.g. by clouds were eliminated by applying a threshold of 4150 m to
the calculated elevation differences. Since the analysis is hampered
by different geometric resolutions of both datasets (90 m vs. 70 m)
we also eliminated all values on steep terrain (slope angle > 30°).In a
last step we classified the footprints into non-glacier, glacier without
debris-cover, debris-cover, and in one class only containing pixel in
accumulation regions. As ICESat was launched in 2003 the 1999 pene-
tration depth was extrapolated by a robust linear regression based on
the mean elevation differences of the available 2003-2009 tracks and
corrected by the non-glacier median offset of 0.43 m. The uncertainty
of the penetration depth was evaluated based on the standard error
for each class (Kdab et al.,, 2012).

We determined a mean penetration depth of —2.2 + 1.2 m for the
debris-free glacier regions, — 6.0 4 2.2 m for the accumulation regions,
+ 1.8 & 3.3 m for the debris-covered glacier parts,and — 0.5 4 0.2 m for
the non-glacier area. The positive value for the debris-covered part is
likely due to different geometric resolutions but is in agreement with
the values reported by K&db et al. (2012) for the debris-covered regions
in the Karakoram. To correct our elevation differences for radar penetra-
tion we finally added a constant penetration depth of — 2.2 m to all pixel
values in glacierized regions without debris-cover. The uncertainty of
4+ 1.2 m is considered within the accuracy assessment. The correction
for radar penetration decreases the mass budgets by 0.07 m w.e. on
average.

3.5. Accuracy assessment

The overall thickness change uncertainty was calculated by Eq. (E4)
considering the radar wave penetration accuracy Ap of +1.2 m and the
relative vertical accuracy Ao (NMAD) of non-glacier terrain after DTM
co-registration. Assuming an ice density of (p;) 850 kg/m> and adding
the ice density uncertainty Ap of 60 kg/m> (Huss, 2013) we finally got
the overall mass budget uncertainty uy, (Eq. (E5)) where t is the length

of the observation period, Ah is the measured glacier thickness change,
and pyy the density of water (999.972 kg/m?).

(40)* + (4p)? (E4)

Upry =

_ Ah Ap\? uprm . Pr\°
t = ﬂr*pv) + (o) )

The comparison with in-situ mass balance measurements necessi-
tates the correction for seasonality. This is true for the KH-9 Hexagon
images which were acquired in July 1973, November 1974 and January
1976 and do not coincide with the end of the ablation season (typically
end of September).

Winter precipitation in the Central Tien Shan is low, as about %
of the annual precipitation occurs between May and September
(Kutuzov and Shahgedanova, 2009). At Ts. Tuyuksu Glacier located at
the northern edge of the Tien Shan only 8% of the precipitation occurs
in winter (DJF) and the portion of winter accumulation should be simi-
lar or even less in the Central Tien Shan (Narama et al., 2010; Cao, 1998).
As the precipitation is not homogeneous over the entire Central Tien
Shan we assumed 15% of precipitation in the glaciological winter
(between first of October and end of February; cf. Tien Shan Station
and Karabatkak valley station) resulting in a mean winter accumulation
rate of 0.1 m w.e. (0.02 m w.e. per winter month) for all glaciers
draining into lake Issyk-Kul. This is in agreement with the mean winter
precipitation rate at the Karabatkak valley weather station (1699 m
a.s.l.) in the 1970-1979 period of 100 mm. With 0.05 m w.e. (0.01 m
w.e. per winter month) the mean winter accumulation at the Tien
Shan climate station (3639 m a.s.l. [since 1997 3614 m a.s.l.]) is only
half of that of Karabatkak Glacier. Hence, a value of 0.01 m w.e. per win-
ter month has been used to correct the mass balances of all glaciers
draining into the Sary-Djaz, Muzat, and Naryn. For the glaciers located
within the Ili River Catchment a correction of 0.03 m w.e. per winter
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month (taking annual precipitation at Ts. Tuyuksu Glacier of about
990 mm [Narama et al., 2010] into account) was used under consider-
ation of higher precipitation in the outer ranges. For the glaciers in the
western part (e.g. Ak-Shirak), where KH-9 Hexagon was recorded in
July, the correction was set to 0 assuming that ablation and accumu-
lation are balanced. In sum, all final mass budgets are corrected for
radar penetration and seasonality.

The standard error of the seasonality correction has been deter-
mined with 4-0.004 m w.e. which is negligible in terms of the long pe-
riod of investigation.

Glacier mass budgets are calculated for a sample of 16 single glaciers
(Table 5), for all separated catchments (Fig. 2), and for specific mountain
ranges (Table 6). Moreover, the influence of debris cover is analyzed.

4. Results

The study presents for the first time information about glacier area
and glacier mass changes for a large continuous area using KH-9 Hexa-
gon imagery from the 1970s. In general, glacier changes in the Central
Tien Shan are spatially heterogeneous with predominantly retreating
and thinning but also advancing and thickening glaciers.

4.1. Glacier area changes

The entire mapped glacierized area with an extension from the Ak-
Shirak range in the west to the Bohogo in the east was covering an
area of 6607 + 251 km? in ~1975 and 6362 + 191 km? in ~2008
(Table 3). Hence, the overall glacier area shrank by 245 + 315 km? or
3.7 + 4.8% (or 0.11 £ 0.14% a—'). The area of glaciers draining into
Aksu River decreased from 3539 + 135 km? to 3410 + 102 km?
(3.6 £ 48%o0r0.11 £+ 0.14%a™ ).

The glacier shrinkage was highest in the west (34 + 18 km? or 8.8 +
4.8% in the Ak-Shirak range) and lowest in the KokShal-Too range
(1.6 £ 49km?or 1.5 + 4.8% or 0.05 & 0.16% a~ !) (Fig. 5). In this highly
continental range several debris-covered glaciers with transitions to
creeping permafrost features (rock glaciers) exist and no visible area
changes could be identified here. Glacier shrinkage is also low in the
central ranges with the highest peaks and large debris-covered glaciers
like Inylchek, Tomur or Koxkar Glacier.

Taken together, the large debris-covered glaciers in the central
ranges (Southern Inylchek, Tomur, and Koxkar glacier) covered an
area of 802 + 30 km? in 1975 and shrank by only 1.7 & 4.8% until
~2008. In the same time, the area of Northern Inylchek Glacier increased
by ~6.5 km? due to a surge which occurred around 1997 (Mavlyudov,
1999). The largest area increase of more than 10% (1975: 5.96 km?,
2007: 6.63 km?) could be observed at Samoilowitsch Glacier (Glacier
No. 377) where a surge happened after 2000 (Osmonov et al., 2013).

4.2. Glacier mass changes

Glaciers in the Central Tien Shan show predominant downwasting in
the ~1975-1999 period with an average thickness decrease of 10.4 +
9.8 m resulting in an average mass loss of 0.35 + 0.34 m w.e. a~ !
(Table 4).

The highest mass loss could be observed for the western and north-
ern catchments with mass budgets between —0.55 + 0.24 and
—0.70 + 0.24 m w.e. a~ . Moderate rates are concentrated to the
areas south and north of Jengish Chokusu/Tomur Feng (Table 6). A
similar pattern can also be seen for the single glaciers (Table 5). Sary-
Tor Glacier and Bordu-Juschnaja Glacier in the Ak-Shirak massif
experienced the highest mass loss of 0.51 + 0.25 m w.e. a~ ! and
0.79 + 0.25 m w.e. a~ .. In contrast, the mass loss of North and South
Inylchek glaciers and Koxkar Glacier are roughly half as negative as
for the glaciers in the Ak-Shirak. A positive mass budget of 0.22 +
0.42 m w.e. a~ ! was observed for Bulantor Glacier, a west-oriented
valley glacier south of Kaindy Glacier. Keqikekuzibayi Glacier in the
Chinese part of the Central Tien Shan revealed a balanced budget of
+002 +022mwe.a .

Surging patterns with a characteristic increase in surface elevation at
the end of the glacier tongue and a surface lowering in the upper part
could be observed for a couple of glaciers in the Ak-Shirak and Tomur
area (Figs. 2, 7). The most pronounced surge was observed for North
Inylchek Glacier with a maximum surface increase of ~150 m in the
1974-1999 period (Shangguan et al., 2014) (Fig. 7b). The significant
thickening at the end of glacier tongue is due to a surge that happened
around 1997 (Mavlyudov, 1999). Some glaciers show a characteristic
bulge in the course of their glacier tongue indicating a surge in progress.
The strongest glacier lowering as a follow-up of a surge that happened
between 1943 and 1960 (Kotlyakov et al., 2010) could be observed for
Kaindy Glacier with a maximum downwasting of ~100 m.

To get a broader view over the region we subdivided the study site
into certain mountain ranges and larger catchments (Table 6). Here,
the mass budgets are strongly influenced by the largest glaciers in the
respective division. In the area north of Jengish Chokusu 76% of the
entire glacierized area is covered by only 2% of the glaciers with the re-
sult that the mean mass budget is similar to that of North and South
Inylchek Glacier. In general, the mass budgets of Tomur Area and Aksu
Catchment are within the average, whilst the Ak-Shirak shows more
negative and the Inylchek Area less negative mass budgets (Table 6,
Fig. 6).

Significant downwasting rates could also be found for large debris-
covered glaciers, e.g. Tomur Glacier, Kaindy Glacier, and Inylchek Glacier
(Table 5). The highest mean downwasting rates for debris-covered glacier
parts of more than 1.0 m a~ ! were measured for Tomur and Kaindy Gla-
cier. An exception is North Inylchek Glacier whose debris-covered part
shows a thickening of 0.36 + 0.53 m a~ ' which can be traced back to a
re-distribution of mass as a consequence of the mentioned surge.

Artifacts induced by data gap interpolation are visible in the basin
east of Mount Khan Tengri where the proposed outlier filtering
does not work sufficiently. This is because this region was also charac-
terized by the highest amount of missing pixel values in the original
SRTM3 DTM. Due to boundary effects and successive interpolation er-
rors, mass losses in the mid-eastern part are suspected to be slightly
overestimated.

5. Discussion

Sufficient image contrast is most import when calculating geodetic
mass budgets using optical stereo imagery. However, accumulation

Table 3

Glacier area changes between ~1975 and ~2010.
Region Area ~1975 Area ~2008 Change abs. Change rel. Change a™'

(km?) (km?) (km?) (%) (%)

Ak-Shirak 381 £ 15 348 + 10 —34 £+ 18 —88 + 48 —0.27 + 0.15
KokShal-Too 587 £ 22 577 £ 17 —10 £ 28 —1.6 +£ 49 —0.05 £+ 0.16
Inylchek region 1074 + 41 1042 + 31 —32 £+ 51 —3.0 + 48 —0.09 + 0.15
Tomur region 964 + 37 940 + 28 —24 + 46 —2.5+ 48 —0.08 &+ 0.15
Aksu Catchm. 3539 £ 135 3410 + 118 —129 + 169 —3.6 + 438 —0.11 + 0.15
All 6607 + 251 6362 + 191 —245 4+ 315 —37 + 48 —0.11 + 0.15
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Fig. 5. Glacier area changes in the Central Tien Shan since ~1975 with the most significant glacier area shrinkage in the Ak-Shirak massif.

regions, in particular, suffer from less contrast and large regions without
any information content. In order to get reliable information regarding
mass changes these regions need to be filled. The simplest way is to
assume stable conditions in the accumulation regions and substitute
missing pixel values by 0 (Pieczonka et al., 2013). Shangguan et al.
(2014) classified the elevation differences in terms of elevation bands
and replaced missing pixel values by the mean of the elevation differ-
ences in the respective elevation band. However, this method only
works properly when the sample size of existing pixels is sufficiently
large. Surazakov and Aizen (2006) proposed a linear interpolation
using TINs assuming stable conditions only at the upper boundaries of
the accumulation regions; though, this does not take the non-linear re-
lationship between glacier thickness changes at the glacier front and at
the glacier head (Schwitter and Raymond, 1993) into account. Here we
considered the non-linear behavior by applying an elevation dependent
outlier filtering in order to eliminate erroneous elevation differences on
glaciated terrain and filled occurring data gaps by means of ordinary
kriging.

5.1. Area changes

The observed shrinkage rates are comparatively small and for most
regions within the calculated uncertainty. However, clearly visible re-
treats at most glacier termini are prevailing. Our results, showing an
area decrease at a rate of ~0.05-0.27%a~ !, are in agreement with sever-
al previous published results proving low rates of glacier shrinkage in
the Central Tien Shan, e.g. 0.35% a—' between the mid-1960s and
2000 for the western Chinese Tien Shan (Shangguan et al., 2009) and
0.2% a~—! in the 1990-2010 period for the Sary-Djaz Catchment
(Osmonov et al., 2013). Slightly higher rates (up to ~0.40% a~ ') were
observed at adjacent ranges, e.g. Terskey Ala-Too, for the last decades
(Narama et al., 2010 [0.4% a~ ! in the 1970-2000 period], Kutuzov and
Shahgedanova, 2009 [0.3% a~ ! in the 1965-2003 period]). Aizen et al.

(2007) reported rates of —0.33% a~ ! for the entire Ak-Shirak for the
1977-2003 period based on topographic maps and ASTER data which
is comparable to the rate measured by Kriegel et al. (2013) of
—0.34% a~ ! for the western part of Ak-Shirak for the ~1970 to ~2005
period based on former inventory data and Landsat TM images. Both
numbers are similar to our data of —0.27 & 0.15% a~ . However, the ab-
solute area reported by Aizen et al. (2007) is higher than our values
(~406 km? [1977] vs. 382 km? [1975]). Comparing the reported value
of 406 km? for 1977 by Aizen et al. (2007) with our value of 348 km?
for 2008 reveals a shrinkage of ~14%. This is still significantly lower
than 23% of glacier wastage reported by Khromova et al. (2003) for
the 1977-2001 period but higher than the 8.8% of glacier shrinkage
found in the present study.

This study confirms that glacier shrinkage in the Central Tien Shan
was the lowest compared to the outer ranges of the mountain range
(Sorg et al., 2012; Narama et al., 2010; Niederer et al., 2008; Bolch,
2007).

Compared to other mountain ranges in High Asia the observed
shrinkage is also one of the lowest in entire High Mountain Asia
(Bolch et al., 2012; Yao et al., 2012). For the eastern Pamir Khromova
et al. (2006) determined a glacier area decrease of about 8% between
1978 and 1990 and ~11% for the 1990-2001 period which is significant-
ly higher than 3.7% observed for the Central Tien Shan in the 1975-2008
period. In contrast, no significant area changes are reported for the
Karakoram (Bhambri et al,, 2013; Minora et al., 2013). This region, how-
ever, showed only low or no mass loss during the last decades and long-
term irregular behavior (Gardelle et al., 2013; Bolch et al., 2012; Hewitt,
2011).

5.2. Mass changes

The calculated average mass loss for the Central Tien Shan of 8.8 +
8.5mw.e. (035 + 0.34mw.e.a~ ') for the 1975-1999 period is within

Table 4
Statistics for stable and glaciated terrain.
Period MeanGlacier STDGlacier Meanstable MedianStable STDstab]e NMADstable
(m) (m) (m) (m) (m) (m)
~1975-1999 —104 18.5 0.0 0.1 9.5 9.8

NMAD ... Normalized Median Absolute Deviation.
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Table 5

Mass budgets and surface lowering for the debris-covered parts for the ~1975-1999 period and area changes for the 1975-2008 period of selected glaciers. The ELA (equilibrium line al-
titude) was derived from snow line values specified in the Katalog Lednikov SSSR [Glacier Inventory of the USSR] (1973) assuming absence of superimposed ice. With regard to the ob-

served rise of temperature an ELA shift of ~50 m between 1974 and 1999 was considered.

ID Glacier GLIMS_ID Area Min elev. ELA MBaccumkrig Ahpepris Aaa~!
(km?) (m) (m) (mwe.a™') (ma™") [%]

1 Karabatkak G078275E42138N 2.5 3334 3880 —0.54 + 0.25 na. —0.11 £ 0.10
2 Bordu-Juschnaja G078163E41793N 6.9 3750 4240 —0.79 + 0.25 na. —0.18 &+ 0.09
3 Sary-Tor G078181E41826N 34 3837 4240 —0.51 4+ 0.25 na. —0.49 £ 0.16
4 Petrov G078298E41878N 63.5 3729 4240 —0.59 + 0.25 na. —0.10 & 0.09
5 Kaindy (Ak-Shirak) G078303E41787N 20.6 3796 4350 —0.64 + 035 na. —0.24 4+ 0.09
6 Dschamansu G078362E41897N 242 3624 4260 —0.68 & 0.38 na. —0.34 4 0.08
7 Sauntor G079101E41716N 9.7 3865 4310 —0.44 + 037 n.a. —0.13 £ 0.14
8 Bulantor G079566E42010N 11.9 3571 4310 +0.22 4+ 042 n.a. —0.17 £+ 0.15

9 Kaindy G079768E42050N 101.9 3221 4310 —0.27 4+ 042 —1.25 4+ 049 —0.14 £+ 0.14
10 Samoilowitsch G079775E41969N 6.7 3263 4310 —0.09 & 0.42 na. +0.34 £+ 0.19°
11 Tomur G079992E41824N 234.9 2631 4450 —0.57 + 048 —1.50 4+ 0.56 —0.02 &+ 0.08

12 South Inylchek G080121E42063N 481.5 2897 4420 —0.27 4+ 045 —0.87 + 0.53 —0.07 &+ 0.05

13 North Inylchek G080156E42248N 133.7 3327 4420 —0.19 &+ 045 +0.36 & 0.53 +0.13 & 0.08

14 Koxkar G080106E41800N 63.0 3006 4410 —0.34 + 0.26 —0.78 + 030 —0.03 £ 0.08

15 Kigikterang G080387E41995N 484 3067 4340 —0.48 + 030 —0.81 + 0.35 —0.05 £+ 0.10
16 Keqikekuzibayi G080548E41955N 15.9 3336 4300 +0.02 & 0.22 —0.49 £ 0.26 —0.04 £ 0.11

The minimum elevation is referring to the 1970s glacier extent.
¢ Glacier surge after 2000.

the global average of 9.7 mw.e. (0.33 mw.e a~ !) for the 1976-2005 pe-
riod derived from glaciological records only (Zemp et al., 2009).

Gardner et al. (2013) reported that the latter, compared to ICESat ob-
servations, are prone to be negatively biased. In the present case, how-
ever, remote sensing based mass balance assessments and regional
estimates from the interpolation of pointwise glaciological records fit
well.

The average mass budget is also in agreement with Dyurgerov
(2010) who determined a mass loss of 0.38 m w.e. a~ ! for the 1974-
1999 period for the entire Tien Shan mountain range, including outer
and inner ranges. He found the highest negative mass budgets during
the 1970s (—0.61 m w.e. a~! from 1974 and 1980) and the mid
1990s (—0.65 m w.e. a~ ! from 1994-1997) falling into our period of
investigation.

Our results show that glacier mass loss is lower in the central ranges
than in the outer parts of the study region which is also confirmed
by observations revealed by Pieczonka et al. (2013) for the region
south of Jengish Chokusu and Aizen et al. (2007) for the Ak-Shirak
massif. For the latter we found the most pronounced mass loss of
0.51 + 036 mw.e.a~ ! between 1975 and 1999. In contrast, only mod-
erate mass loss was measured for Inylchek and Tomur region where gla-
cier area changed only insignificantly.

The Ak-Shirak mountain massif has been comprehensively inves-
tigated by several studies with special focus on glacier area changes

(Engel et al., 2012; Aizen et al., 2007). Mass changes have been spec-
ified by Aizen et al. (2007) and Surazakov and Aizen (2006) by
means of topographic maps and SRTM3 data. They found a mean
thinning for the 1977-1999 period of about 15.1 £ 8.2 m corre-
sponding to a mass loss of 0.59 & 0.31 m w.e. a~ ! (when assuming
an ice density of 850 kg/m?>) which is in agreement with our result
of 0.51 £ 0.36 mw.e.a” .

For the Tomur area (Chinese side) Pieczonka et al. (2013) determined
the overall mass loss for the 1975-1999 period at 0.42 + 0.23 mw.e.a™ !
which is slightly higher than the 0.33 4+ 0.30 m w.e. a~ ' determined in
this study but still within the uncertainty range. This overestimation is
possibly due to the smaller overlap of the utilized KH-9 DTM, where
some glaciers west of Koxkar Glacier (e.g. Tomur Glacier) were not en-
tirely covered.

One of the most extensively investigated glaciers in the Chinese part
of the Central Tien Shan is Koxkar Glacier, a heavily debris-covered
glacier on the southern margin of the mountain range. The mean thin-
ning of Koxkar Glacier has been determined at 0.34 + 0.26 m a~ ! for
the 1975-1999 period which is in line with the result published by
Pieczonka et al. (2013) of 0.41 + 0.27 m a~'. We also measured the
most rapid downwasting for the debris-covered tongue with 0.78 +
0.30 m a~ " which is within the thinning range of 0.5-1.5 m a~ ! based
on repetitive GPR measurements on the glacier tongue conducted in
1981 and 2004 (Xie et al., 2007).
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Fig. 6. Mean thickness change calculated in 50 m elevations bands for non-surging glaciers in the Aksu, Tomur, Inylchek, and Ak-Shirak region. Surge-type glaciers have been excluded.
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Fig. 7. Difference image between KH-9 Hexagon and SRTM3 for the Ak-Shirak range (left) and Tomur-Inylchek region (right) and longitudinal profiles with normalized length for selected

glaciers. The profiles are generated applying a moving average with a bandwidth of 125 m.

Other studies in the region were focusing on single glaciers only. For
Qingbingtan Glacier No. 72, for instance, Wang et al. (2011) found an
average thickness loss of about 0.22 & 0.14 m a~— ! between 1964 and
2008 restricted to the glacier tongue. For the entire glacier we found a
less average thinning rate of 0.13 + 047 ma~ ' for the 1974-1999 pe-
riod as we are also considering the accumulation region.

In-situ records in the Central Tien Shan are sparse and often limited
to short periods. For Sary-Tor Glacier in the western Ak-Shirak massif,
for instance, observations are only available for a short period of 5
years in the 1980s (Table 7). Long-term in-situ mass balance measure-
ments are available for Karabatkak Glacier, located on the northern
slope of the Terskey Ala-Too (Fig. 2), for the period 1973-1998
(WGMS, 2013). The observed mass budget of —0.61 m w.e. a~' for

the 1973-1998 period is consistent with the results of our study of
—054+025mwe.a .

For the recent decade region wide mass balance estimates are avail-
able from gravimetric (GRACE) and laser altimetry (ICESat) mea-
surements (Gardner et al., 2013; Jacob et al., 2012). Extrapolating the
average mass loss over the total glacierized area of ~16,500 km?
(Kotlyakov et al., 2010; Shi et al., 2010) gives a mass balance rate of
—6.1 + 5.8 Gta~! for the 1975-1999 period which is slightly higher
than the —5 + 6 Gt a~ ! for the 2003-2010 period found by Jacob
et al. (2012) using GRACE data, but the uncertainties are high.

Gardner et al. (2013) found an average surface lowering rate
of 0.58 & 0.21 ma~' (0.49 & 0.18 m w.e. a~ ') between 2003 and
2009 by analyzing ICESat footprints for the entire Tien Shan. This is,

Table 6

Specific mass budgets for selected mountain ranges for the ~1975-1999 period based on KH-9 Hexagon and SRTM3.
Mountain range Glacier no. <1 >1-<5 >5 MBaccumkrig

(area) (km?) (km?) (km?)

AKk-Shirak 171 (383 km?) 66% (38 km?) 23% (90 km?) 11% (255 km?) —0.51 + 0.36
Aksu/Sary-Djaz Catch. 1600 (2556 km?) 76% (336 km?) 19% (528 km?) 5% (1692 km?) —0.35 £ 0.34
Inylchek area 485 (1117 km?) 83% (125 km?) 15% (147 km?) 2% (845 km?) —0.20 + 0.44
Tomur area 251 (953 km?) 66% (46 km?) 26% (140 km?) 8% (767 km?) —0.33 + 030

Assumed ice density 850 kg/m>; MBin m w.e. a~ .
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Table 7

Comparison of in-situ and remote sensing based specific mass budgets.
Glacier Reference period Mass budget Period Mass budget
Karabatkak 1973-1998 —0.61 mw.e. a '® 1973-1999 —0.54 + 025 mw.e. a '?
Sary-Tor 1984-1989 —013mwe.a”'® 1973-1999 —051 + 025 mw.e.a ®

2 Ice density 850 kg/m>.
b WGMS 2013.

though within the uncertainty range, larger than our downwasting rate
of 0.41 £ 040 ma~!(0.35 + 0.34mw.e.a~ ') for the Central Tien Shan
for the 1975-1999 period. However, for the recent decade Pieczonka
et al. (2013) and Shangguan et al. (2014) found decelerated mass loss
for the Tomur and Inylchek region of about 0.2 mw.e.a™ ' (1999-2009).

The overall spatial pattern of the observed mass changes is compara-
ble to that of the measured glacier area changes, with the most signifi-
cant loss of glacier area of 8.8 £+ 4.8% in the Ak-Shirak massif in the
Inner Tien Shan, despite delayed response times. However, on individu-
al glacier basis the area change cannot be well related to mass changes
(Table 5). This is especially the case for strongly debris-covered and
surge-type glaciers, e.g. the highly debris-covered Southern Inylchek,
Tomur and Koxkar Glacier had significant mass loss but only little gla-
cier shrinkage. In contrast, Northern Inylchek Glacier had a significant
area increase due to a surge event but an overall mass loss. It is impor-
tant to underline the fact that mass changes in the Central Tien Shan re-
gion are within the global average but area changes are significantly
below the mean for the Tien Shan. This highlights that volume and
mass change estimates based on the glacier area alone can be consider-
ably biased.

5.3. Climatic considerations and runoff

The melt-regime of the glaciers in the study region is strongly influ-
enced by solar radiation (Aizen et al., 1997b), but several studies have
shown that temperature change is the main component controlling gla-
cier evolution in the Tien Shan (Krysanova et al., 2014; Kriegel et al.,
2013). This is even more important as Central Tien Shan glaciers receive
most of their accumulation during summer due precipitation is concen-
trated in the warm season (May-September) comparable to Himalayan
glaciers. The mean annual air temperature (MAAT) at the Tien Shan
Station (3614 m a.s.l.) increased by about 0.01-0.02 °C a~ ' during the
period 1940 and 1991 (Aizen et al., 1997a), with a similar trend thereaf-
ter (Kriegel et al., 2013; Osmonov et al.,, 2013; Bolch, 2006), and 0.02-
0.03 °C a~ ! at Karabatkak Station (3415 m a.s.l.) located close to
Issyk-Kul basin (Giese et al., 2007; Kutuzov and Shahgedanova, 2009).
In the Chinese part of the Central Tien Shan an increase of about
0.02 °C a~ ! has been observed since the 1960s (Shangguan et al.,
2009; Shi et al., 2007) which is similar to the temperature trend in the
Kyrgyz part going along with pronounced changes in glacier mass
balance (Cao, 1998). In general, the increase in mean summer air tem-
perature is not more pronounced than the increase in MAAT. However,
the magnitude of the temperature change is strongly influenced by the
chosen start and end points as shown by Unger-Shayesteh et al. (2013)
and Giese et al. (2007).

Trends in annual precipitation were insignificant for the Central Tien
Shan during the 1940-1991 period (Aizen et al., 1997a). At the same
time, Kriegel et al. (2013) and Osmonov et al. (2013) found decreasing
annual precipitation (until 1997) in the Kyrgyz part of the Central Tien
Shan towards higher altitudes over the last decades predominantly
caused by decreasing summer precipitation.

In contrast, since 1997, when the Tien Shan Station was dislocated,
increasing precipitation could be observed. The reliability and compara-
bility of these measurements are, however, questionable as measure-
ment methods have also been changed (Giese et al., 2007). Common
to all the studies is the observation that at high altitudes in the Kyrgyz
part there is no precipitation increase during the warm season.

Increasing precipitation of about ~1 mm a~! since 1961 particularly
during the cold season, going along with more accumulation, has been
proven for the Chinese part of the Central Tien Shan with uncertainties
in high altitude regions due to sparse coverage of weather stations
(Krysanova et al., 2014; Wang et al.,, 2013; Shangguan et al., 2009; Shi
et al,, 2007).

As a consequence of the observed temperature increase in the study
period there is likely less accumulation during the warm period, a plus
of energy available for melting processes and a prolongation of the
melting season (Narama et al., 2010). These climatic patterns favor ac-
celerated glacier wastage, in particular since the 1970s, as glacier melt
exceeds snow accumulation (Cao, 1998). In conclusion, dependent on
their size and response time, glaciers will react with more negative
mass budgets or accelerating retreat accompanied by an uplift of the
equilibrium line altitude (ELA). Aizen (2011), for instance, reported an
ELA-uplift of 23 m for the Tien Shan in the 1973-2003 period.

The spatially inhomogeneous climate change is consistent with the
observed mass loss with moderate rates in the Chinese part and stron-
ger mass loss in the western part of the study region. Accelerating
mass loss in the regions south of Jengish Chokusu as consequence of cli-
mate warming is partly counterbalanced by an increase of accumulation
in the respective regions.

Annual discharge of Aksu River—in which summer runoff accounts
for three quarters of the yearly runoff, whilst winter runoff only
accounts for 5% (Fan et al., 2013)—is strongly influenced by the glacial
headwaters. Therefore, rising precipitation in the Chinese part and
accelerated mass loss in the Kyrgyz part were associated with a pro-
nounced increase in annual runoff in the last decades (Krysanova
et al,, 2014; Shi et al., 2007; Ye et al., 2006). To calculate the runoff
contribution of the glaciers in the Aksu/Sary-Djaz Catchment we ex-
trapolated the measured mass budget over the entire catchment
(~2600 km?) assuming that the average mass loss is also valid for the
675 km? which are not covered by the KH-9 DTMs. These results were
compared to the discharge at Xiehela Station (Figs. 2 and 5) because
the runoff measurements at Xidaquiao Station, located further down-
stream, might be biased by irrigation activities (Krysanova et al.,
2014). The mean annual runoff at Xiehela Station between 1957 and
2003 was measured with 4.87 km? a=! (Ye et al., 2006). Under consid-
eration of the average mass loss in the Aksu/Sary-Djaz Catchment of
8.8 m w.e. the annual glacial runoff has been calculated with
0.92 km? a~ . Thus, the contribution to the total runoff due to glaciers
imbalance at Xiehela Station is roughly ~20% for the 1975-2000 period
and more than twice as high as the estimated water contribution due to
glaciers imbalance in the second half of the 20 century in the Naryn
Catchment, directly north-west of the Aksu Catchment, of ~8% (Hagg
et al., 2013). Hence, a significant reduction in runoff can be expected
in the long-term as the glacier runoff will reach the turning point with
further glacier wastage.

6. Conclusion

The present study revealed continuous glacier mass loss and glacier
shrinkage in the Central Tien Shan since the 1970s despite partial thick
debris-cover. Since glaciers in the Central Tien Shan receive most of
their accumulation during the warm season between May and Septem-
ber glacier mass loss is mainly triggered by an increase of the mean
summer and annual air temperatures since the 1970s.
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amass loss of 0.35 + 0.34 m w.e. a~ ' has been measured in the Central
Tien Shan region for the ~1975-1999 period which is not higher than
the global average for that period. The highest mass loss could be ob-
served for the Ak-Shirak mountain massif which is about 30% higher
than the average for the Central Tien Shan. In contrast, the mass budgets
for Inylchek and Tomur region—accommodating large debris-covered
glaciers—were roughly half as negative. Downwasting rates of more
than 1 m a~! were measured at the debris-covered tongues in the
Jengish Chokusu area significantly influencing the overall glacier mass
budgets. The glaciers behavior is, however, heterogeneous as some gla-
cier also showed volume gains or surge-type characteristics. The contri-
bution to the overall discharge due to glaciers imbalance is high and has
been estimated with ~20% and is likely to increase with further glacier
wastage.

The observed spatial pattern of high mass losses in the western
and northern parts of the study region and moderate mass losses
around the Jengish Chokusu (Tomur Feng)-Khan Tengri massif
correlates with comparatively low and partly insignificant glacier
shrinkage rates in the region at —0.27 + 0.15%a~ ! in the Ak-Shirak re-
gion and —0.08 + 0.15% a~ ! in the Tomur region. Glacier shrinkage in
the Central Tien Shan was the lowest compared to the outer ranges of
the mountain range.

Relatively low glacier shrinkage accompanied by a mass loss being
similar to the global average underlines that hydrological conclusions
and mass change estimates based on area changes only can be signifi-
cantly biased.
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