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• We assessed area and volume of glaciers
in the Ak-Shyirak massif in 2003 and
2013.

• In 2003–2013 the glaciers lost 0.59
± 0.34% a−1, twice the rate of 1977–
2003.

• Summer warming and open pit mining
appear the main drivers of glacier re-
duction.

• Mining accounts for only 7% of the gla-
cier area and 5% of the glacier volume
loss.

• Slope-dependent models underestimate
ice thickness in glacier headwaters.
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The observed increase in summer temperatures and the related glacier downwasting has led to a noticeable
decrease of frozen water resources in Central Asia, with possible future impacts on the economy of all
downstream countries in the region. Glaciers in the Ak-Shyirak massif, located in the Inner Tien Shan, are
not only affected by climate change, but also impacted by the open pit gold mining of the Kumtor Gold Com-
pany. In this study, glacier inventories referring to the years 2003 and 2013 were created for the Ak-Shyirak
massif based on satellite imagery. The 193 glaciers had a total area of 351.2 ± 5.6 km2 in 2013. Compared to
2003, the total glacier area decreased by 5.9 ± 3.4%. During 2003–2013, the shrinkage rate of Ak-Shyirak
glaciers was twice than that in 1977–2003 and similar to shrinkage rates in Tien Shan frontier ranges. We
assessed glacier volume in 2013 using volume–area (VA) scaling and GlabTop modelling approaches.
Resulting values for the whole massif differ strongly, the VA scaling derived volume is 30.0–26.4 km3

whereas the GlabTop derived volume accounts for 18.8–13.2 km3. Ice losses obtained from both approaches
were compared to geodetically-derived volume change. VA scaling underestimates ice losses between 1943
and 2003 whereas GlabTop reveals a good match for eight glaciers for the period 2003–2012. In comparison
to radio-echo soundings from three glaciers, the GlabTop model reveals a systematic underestimation of
glacier thickness with a mean deviation of 16%. GlabTop tends to significantly underestimate ice thickness
in accumulation areas, but tends to overestimate ice thickness in the lowermost parts of glacier snouts.
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Direct technogenic impact is responsible for about 7% of area and 5% of mass loss for glaciers in the Ak-
Shyirak massif during 2003–2013. Therefore the increase of summer temperature seems to be the main
driver of accelerated glacier shrinkage in the area.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Glaciers are recognized as key indicators for climate change (IPCC,
2007; Zemp and vanWoerden, 2008) and an important source of fresh-
water, especially inmountains surroundedby arid lowlands. In these re-
gions, glacier meltwater has been described to play a crucial role for
irrigation during the hot and dry seasons (Kaser et al., 2010; Sorg
et al., 2012, 2014a). In addition, any decrease of glacier runoff often
also leads to economic losses and associated negative social conse-
quences (e.g., Vergara et al., 2007).

In Central Asia,meltwater fromglaciers provides an estimated 20–40%
of total runoff during summers, both as seasonal contribution and from
glacier imbalance, up to 70–80% in extremely hot and dry periods (IPCC,
2007; Kääb et al., 2015). Glaciermeltwater runoff seems still not to dimin-
ish as the reduction of contributing glacier area to runoff is compensated
by increased ablation so far (Aizen et al., 2007). But further shrinkage of
glaciated area is expected to lead to a decrease of river runoff during the
summer period (Hagg et al., 2013, Sorg et al., 2012, 2014a).

During recent decades glaciers in Tien Shan, surrounded by highly
populated lowlands and piedmonts with extensive agricultural areas,
were downwasting after a relatively stable period from the late 1950s
to the early 1970s (Sorg et al., 2012). During 1960–2006, the glacier cov-
ered area reduced from 15,416 to 12,815 km2, volume over this period
reduced by 219 km3 (Dyurgerov, 2010). As reported by Farinotti et al.
(2015), during 1961–2012 glacier area losses in Tien Shan were
2960 ± 1030 km2 whereas mass losses were 270 ± 140 Gt. Especially
high rates of glacier shrinkage were observed at the outer ranges of
the mountain system (Northern and Western Tien Shan; Aizen et al.,
2006, 2007; Bolch, 2007; Narama et al., 2009; Niederer et al., 2007). In
Inner, Central and Eastern Tien Shan, glacier recession rates were re-
ported to be lower (Aizen et al., 2006, 2007; Hagg et al., 2013;
Khromova et al., 2003; Kutuzov and Shahgedanova, 2009; Li et al.,
2007; Narama et al., 2006, 2009; Osmonov et al., 2013; Sorg et al.,
2012). Taking into account the expected glacier shrinkage, changes in
glacier coverage in the Central Asian mountains should be monitored
as recent climate change continues (Narama et al., 2009).

Existing assessments of glacier volume in Tien Shan vary from
1048 km3 (Aizen et al., 2007) to 1369 km3 (Liu and Han, 1992) and
1840 km3 (Aizen et al., 2008). Traditionally, glacier volume is assessed
from volume–area (VA) scaling (e.g., Bahr, 1997; Erasov, 1968;
Macheret et al., 1988, 2013; Frey et al., 2014). In the Tien Shan region,
this approach has, for instance, been used byHagg et al. (2013) to assess
glacier volumes in the Big Naryn catchment.

By contrast, the assessment of glacier thickness from surface topog-
raphy (Haeberli and Hoelzle, 1995; Huss and Farinotti, 2012; Farinotti
et al., 2009; Frey et al., 2014; Linsbauer et al., 2009, 2012; Paul and
Lindsbauer, 2012) allows to obtain data on ice thickness distribution
and glacier bed geometry. So far, however, this approach has not been
used for the Inner Tien Shan ranges despite its apparent andwidespread
potential (Frey et al., 2014). Direct information on the volume of Tien
Shan glaciers is, by contrast, very limited. In the past, any decrease of
glacier volume in Tien Shan was assessed mostly as surface lowering
and extracted from multi-temporal remote sensing data in the Terskey
AlaToo (Kutuzov, 2012), Ala-Archa (Kyrgyz range) and Ak-Shyirak
(Aizen et al., 2007) regions, in the Aksu-Tarim catchment (Pieczonka
et al., 2013), and at Inylchek glacier (Shangguan et al., 2014). Future
projections demonstrate significant volume losses in the 21st century,
(Radić et al., 2013). For future predictions of glacier areas and melt
water yield, the current volume of glaciers is required (Hagg et al.,
2013).
The challenges related to changing glacier areas and volumes is very
important as water allocation is a highly sensitive topic in the Central
Asian region (Lutz et al., 2013; Beniston et al., 2014; Sorg et al.,
2014b). Donor countries of freshwater (Kyrgyzstan, Tajikistan) use
watermostly for hydropower generation duringwinter,whereas the re-
ceiving downstream countries need water for irrigation during sum-
mers (China, Kazakhstan, Turkmenistan and Uzbekistan). In the latter
three countries N20 million people depend on irrigated agriculture
(Siegfried et al., 2012). Issues related to water availability and distribu-
tion have repeatedly led to political tensions, especially between
Kyrgyzstan and Uzbekistan.

Typical conditions for such potential conflicts can be identified in the
Ak-Shyirakmassif, as it holds among the largest glacier-covered areas in
the Inner Tien Shan (Dyurgerov and Mikhalenko, 1995). Meltwater
from glaciers of the Ak-Shyirak feeds theNaryn (a tributary of Syrdarya)
and Sary-Jaz (a tributary of Aksu and Tarim) rivers. Both rivers are
transboundary, with the water from Syrdarya being used for irrigation
in Uzbekistan and Kazakhstan and thewaters from Sary-Jaz serving irri-
gation purposes in China.Within Kyrgyzstan, by contrast, theNaryn and
Syrdarya rivers are used extensively for hydropower generation, and
the country plans to establish further cascades of hydropower plants
along the Naryn and Sary-Jaz rivers.

While the glaciers of the Ak-Shyirak region were apparently close to
a stationary state during the mid-20th century (Bondarev, 1963), they
started to exhibit signs of retreat in the 1970s and 1980s (Aizen et al.,
2007; Engel et al., 2012). As the Ak-Shyirak massif is among only a
few sites in the world (Citterio et al., 2009; Colgan and Arenson, 2013;
Kronenberg, 2013) where glaciers are prone to direct technogenic im-
pact — i.e. open pit excavation of glacier ice realized by the Kumtor
Gold Company (KGC) for gold mining — the role of mining on the
downwasting of Ak-Shyirak glaciers has repeatedly been subject of
speculations.

The aim of this contribution therefore is to (i) create a contemporary
glacier inventory for the Ak-Shyirak massif based on remote sensing
data; (ii) estimate ice volume contained in the Ak-Shyirak area in
2013 using volume–area (VA) scaling and ice-thickness estimates;
(iii) assess glacier changes between 2003 and 2013; as well as to (iv)
quantify the impact of gold mining and climate change on glacier
downwasting.

2. Study area

The Ak-Shyirak includes three subparallel ranges isolated from sur-
rounding mountains (Fig. 1), the northern, medial and southern ranges.
The northern range is in fact a continuation of the Kuiloo Range, with
maximum elevations within Ak-Shyirak at 4946 m asl, the medial range
represents a continuation of the Terekty Range (maximum altitude:
5126 m asl) and the southern range, being a continuation of the Ishigart
Range, culminates at 4983 m asl. The highest point of the Ak-Shyirak re-
gionhas an elevation of 5126maslwhereas the lowermost area is located
in deep valleys of the eastern sector at an elevation of around 3000m asl.

Depressions between the individual ranges are mostly occupied by
glaciers (Figs. 1 and 2). In the late 1950s an estimated 44% of the entire
Ak-Shyirak area has been covered by glaciers (Bondarev, 1963). The
highest concentration of glacier-covered area was observed in the cen-
tral part of the massif whereas glacier cover was smallest in the south-
ern and eastern periphery of the study area. In the central part of the
massif accumulation areas of different glaciers partially coalesce into
one whereas in the Aktash and Tez catchments small glaciers predomi-
nate and have a sporadic distribution (Fig. 2). Most ice area is



Fig. 1.Ak-Shyirakmassif in a panchromatic SPOT-5 image of 25 September 2013with 2.5m resolution. 1— old Tien Shanweather station, 2— new Tien Shan/Kumtorweather station, 3—
watershed between the main Naryn/Syr-Daria and Sary-Jaz/Aksu catchments, 4 — watersheds between secondary catchments, 5 — small catchments, 6 — name of the secondary
catchment, a, b, …, f — location of glacier photos presented in Fig. 2. Country codes on the location map (top left): CN—China, KG—Kyrgyzstan, KZ—Kazakhstan, TJ—Tajikistan,
UZ—Uzbekistan. The panel (bottom left) show seasonal variations in monthly precipitation, P, mm, and monthly air temperature, T, °C for 1930–2014 for the Tien Shan (1930–1996)
and Tien Shan/Kumtor (1997–2014) weather stations.
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concentrated in the valley glaciers which covered ca. 75% of the
glacierized area of the Ak-Shyirak massif in the late 1950s (Bondarev,
1963).

The largest glaciers in the massif are Petrov, Dzhaman-Su, Koyandy,
and Northern Karasay glaciers. These four glaciers cover ca. 40% of the
total glacier area in the massif. The Ak-Shyirak region has the second
largest glacierized area within Tien Shan.

According to data from the Kumtor-Tien Shan weather station (alti-
tude 3659masl) the study area has a cold (MAAT=−7.5 °C) continen-
tal climate with coldest temperatures in January (monthly average in
1930–2014: −21.4 °C) and warmest in July (+4.5 °C) (Fig. 1).
Precipitation occurs mainly in summer with monthly precipitation of
about 50 mm during May–August whereas November–February is the
driest period with measured monthly precipitation of b10 mm
(Fig. 1). This low precipitation during winter is explained by the effect
of the Siberian High blocking the influx of moist air. The annual sum
of precipitation is 317 mm. These dry-cold climatic conditions lead to
the widespread occurrence of permafrost in the study area. According
to limited geophysical data, glaciers are mostly polythermal or even
cold in the snout areas (Petrakov et al., 2014).

As glaciers in the study area receive most precipitation (including
snow) during summers, the total accumulation/ablation is much higher



Fig. 2. Oblique photos of the Ak-Shyirak massif glaciation: a) valley glaciers in the Koyondy catchment; b) retreating snout of the Northern Karasay Glacier and cirque glaciers in Karasay
catchment; c) accumulation area of the Northern Karasay Glacier; d) small glaciers at the southern slope of the Ak-Shyirak massif, Aktash catchment; e) valley glacier in the Kumtor
catchment; f) Petrov Glacier, the largest in the Ak-Shyirak massif, with Petrov Lake in front of it. Helicopter and ground photos were taken by D. Petrakov during 2012–2014. The
location of photos is shown in Fig. 1.
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than the winter and summer balances (Dyurgerov and Mikhalenko,
1995). As a result, glaciers in the Tien Shan as well as in the Ak-
Shyirak massif are highly sensitive to changes in summer temperature
(e.g., Kriegel et al., 2013). Increase of summer temperature leads not
just to increased ablation through ice melt but also to a reduced share
of solid precipitation (i.e. accumulation), even if the total amount of an-
nual precipitation remains constant. Increase of summer temperatures
accompanied by decrease of summer (and annual) precipitation has
been reported for the Inner Tien Shan by Aizen et al. (2007) and
Kutuzov and Shahgedanova (2009).
Fig. 3. Example of glacier outlines in the Koyandy catchment digitized in the a) SPOT-5 panchrom
outlines are from 2013, red outlines are from 2003. (For interpretation of the references to col
3. Material and methods

3.1. Satellite images

To assess the glacier covered area in the Ak-Shyirak massif in 2003
and 2013, a Terra ASTER image acquired on 19 August 2003, with a spa-
tial resolution of 15m/pixel and a SPOT-5 panchromatic image acquired
on 25 September 2013, with a spatial resolution of 2.5 m/pixel were
used for analysis (Fig. 3). Terra ASTER images acquired on 20 September
2003 and 14 August 2004 aswell as a SPOT-2 panchromatic image with
atic image of 2013 (2.5m/pixel); b) Terra ASTER image of 2003 (15m/pixel). Blue glacier
or in this figure legend, the reader is referred to the web version of this article.)
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a spatial resolution of 10m/pixel acquired on 27August 2006were used
as supplementary data to obtain additional information in some areas
with difficult mapping conditions such as snow or debris cover. For
the same reason we also referred to Google Earth© to analyze high res-
olution Digital Globe images for some part of the Ak-Shyirak massif. All
images andmapswere re-projected into 1984WGSUTMzoneN44 pro-
jection and then co-registered using the SPOT-5 data as amaster image.
All images were clear of clouds and were taken near the end of the ab-
lation season when glacier boundaries are the most visible because of
the limited extent of snow cover.

Mosaics from four sheets of former Soviet Union topographic maps
from the 1980s (at a scale of 1:50,000) and a digital elevation model
(DEM) from the Shuttle Radar Topography Mission (SRTM3) were
used for orthorectification of the Terra ASTER, SPOT-2 and SPOT-5
data using the ScanEx Image Processor software, version 4.2. The
orthorectification Root Mean Square Error (RMSE) for the 18 ground
control points was 2.7 and 10m for the SPOT-5 and Terra ASTER images,
respectively.

To validate modelled volume change we also acquired high-
resolution satellite optical stereo data from Quickbird (1 September
2003, 0.6 m resolution) and GeoEye-1 (29 July 2012, 0.5 m resolution)
over eight glaciers in the SW part of the Kuiloo Range (see Fig. 7c). De-
tails about these data can be found in Kronenberg et al. (2016), who,
however, produced and analyzed repeat DEMs over only one glacier in
our much larger study area.

3.2. Extraction of glacier outlines

The semi-automatic approach,which is based on the thresholding of
ratio images, has been commonly used for the delineation of glacier out-
lines since the early 2000s (Paul and Kääb, 2005; Narama et al., 2009;
Bhambri et al., 2013). Despite the fact that this approach is time efficient
for large-scale inventories, it still requires manual corrections in many
cases (Bolch et al., 2010). Furthermore the approach cannot be used
for panchromatic SPOT-5 images. We also note that human interpreta-
tion remains the best tool for extracting detailed information from sat-
ellite imagery for glaciers (Raup et al., 2007), especially when mapping
is done by the same person using a combination of different types of im-
agery (Paul et al., 2002).

To achieve maximum accuracy and due to the relatively small num-
ber of glaciers in our study area, we chose manual delineation of glacier
boundaries by one single person tomap glacier outlines. In areas where
glaciers were free from debris cover, boundaries were defined from the
change of brightness from one pixel to another. In areas covered by de-
bris we used features indicating ice movement, convex morphological
shapes and sources of streams as limits of glacier termini. As debris
cover occurs only on a relatively small part of the Ak-Shyirak glacier
area, representing just 1 km2 of the six largest glaciers according to
Aizen et al. (2007), potential impacts of inaccuracies related to debris
cover can be considered limited. In addition, glacierswith joint accumu-
lation areas were separated along topographic ice divides, which were
visually traced using a hillshaded relief of the ASTER GDEM v.2 (www.
gdem.ersdac.jspacesystems.or.jp).

After delineation of the glacier boundaries, the area of each individ-
ual glacier polygonwas computed in ArcGIS 10.1. Other glaciological pa-
rameters, such asminimum,maximum andmean elevation, and aspect,
were obtained by intersecting the glacier outlines with the ASTER
GDEM v.2.

3.3. Uncertainty assessment for glacier area

Uncertainties in glacier surface area relate to (i) errors in
georeferencing of satellite images and (ii) errors in delineation of glacier
boundaries. The first set of errors depends on the quality of co-
registration of satellite images and DEMs used for orthorectification. In
the present case, Visual inspection of overlapped images revealed
good matches with an RMSE of 2.7 m. The second source of errors, i.e.
delineation errors, depends on image resolution and observation condi-
tions at the time of acquisition, namely cloud and snow cover, presence
of shadows and debris covered ice. In our case cloudswere absent, snow
cover was close to a minimum and deep shadows were practically
absent.

Image resolution has an impact on the quality of glacier delineation
(Hagg et al., 2013) and thus on the determination of glacier covered
area. Following O'Gorman (1996) and Pieczonka and Bolch (2015) for
glaciological applications we assume that the maximum error of the
area determination is in the order of half a pixel. For each glacier this
error has been assessed by buffering the glacier perimeter considering
the area uncertainty. Buffer width was 7.5 m for Terra ASTER and
1.25 m for SPOT-5. The total uncertainty in the glacier coverage assess-
ment for thewhole Ak-Shyirak area was then determined as the sum of
all the buffer areas. It was ±9.7 km2 or 2.6% for 2003 (Terra ASTER)
and ±1.9 km2 or 0.5% for 2013 (SPOT-5). About 3% of the total glacier
area in Ak-Shyirak is debris covered. For some small glaciers with sub-
stantial debris cover the additional error may reach up to 13%. These
cases are very limited and the total uncertainty for the glacier area
was assessed as ±11.2 km2 or 3.0% for 2003 (Terra ASTER)
and ±5.6 km2 or 1.6% for 2013 (SPOT-5) and the total uncertainty for
the area change was estimated as ±12.3 km2 or 3.4% (root sum of
squares, RSS, of the uncertainty of the two area estimates).

3.4. Assessment of glacier volume

For the assessment of glacier volumes in the Ak-Shyirak massif we
applied two different volume estimation approaches, namely the VA
scaling and the modelling of ice thickness distribution using the
GlabTop model (Paul and Lindsbauer, 2012). The choice of approaches
is driven by the lack of data required for more complex modelling
(e.g., Farinotti et al., 2009; Huss and Farinotti, 2012).

3.4.1. Volume–area scaling
Developed in the 1960s as an empirical relationship (Erasov, 1968)

and further theoretically justified (Bahr, 1997; Bahr et al., 1997), the
VA scaling has been the most frequently used approach for regional
(e.g. Bolch et al., 2012; Chen and Ohmura, 1990; Cogley, 2011; Frey
et al., 2014; Macheret et al., 1988) and global (Radic and Hock, 2010;
Grinsted, 2013) glacier volume estimates. Despite the fact that the VA
scaling has disadvantages (Farinotti and Huss, 2013; Frey et al., 2014),
this approach provides the simplest method to roughly estimate the
order of magnitude of glacier volume changes from repeat glacier
areas. For some fundamental concerns and discussion of the approach
see Haeberli (2016). Here, our aim is to illustrate the difference of this
approach with a more physically-based one. Principally, the ice volume
is calculated as a function of area according to Eq. (1) showing the gen-
eral form of VA scaling:

V ¼ kAγ ð1Þ

where V is glacier volume, A is glacier area and k and γ are two scal-
ing parameters. Bahr (1997) defined γ=1375 for mountain glaciers. In
our study we have used different values of k and γ as shown in Table 1.

3.4.2. Modelling of ice thickness distribution with GlabTop
Haeberli andHoelzle (1995) developed a physically-based approach

for the assessment of glacier volumes based on the mean surface slope
along centerline. Following the same approach, Paul and Lindsbauer
(2012) developed the GlabTop model which allows assessment of the
spatial distribution of ice thicknesses. GlabTop uses glacier outlines,
DEM and central flowlines of each glacier branch as main input data
(Linsbauer et al., 2012). The model allows estimation of ice thicknesses
at several base points along glacier centerlines and interpolation of data
between these points and the glacier boundaries. The model has been

http://www.gdem.ersdac.jspacesystems.or.jp
http://www.gdem.ersdac.jspacesystems.or.jp


Table 1
Parameters of the applied VA relations. Volumes are calculated inm3 for input glacier areas
measured in m2 (1) and in km3 for input glacier areas measured in km2 (2–4).

No Reference k γ

1 Bahr et al. (1997) 0.191 1.375
2 Macheret et al. (1988) 0.0298 1.379
3 Grinsted (2013), glaciers b25 km2 0.0435 1.23
4 Grinsted (2013), glaciers N25 km2 0.0540 1.20
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applied to the Alps (Linsbauer et al., 2012), but also to the Hindu Kush–
Karakoram–Himalayas (HKH; Frey et al., 2014). A detailed description
of this model is given in (Paul and Lindsbauer, 2012).

It is assumed in the model that the shear stress at the glacier bed is
constant along the central line of the glacier (Nye, 1952), and that gla-
cier flow is laminar. Then ice thickness along the glacier's centerline
may be calculated with Eq. (2):

h ¼ τ
fρg sinα

; ð2Þ

where h is ice thickness (in m); τ is basal shear stress (kPa); f is the
shape factor; ρ is density of ice (900 kg/m3); g is gravitational accelera-
tion constant (9.81 m/s2); and α is surface slope along the centerline of
the glacier (in degrees).

Basal shear stressτ can be calculated for each glacier from the empir-
ical relation based on the difference of altitude (ΔH) between the
highest and the lowest point of the glacier under investigation
(Haeberli and Hoelzle, 1995):

τ ¼ 0:005þ 1:598ΔH−0:435ΔH2: ð3Þ

The shear stress τ can be found by reverse calculation, by substitut-
ing the known values of ice thickness in Eq. (2). For ice thickness esti-
mation we used the GlabTop model reconstructed on the basis of
publications (Paul and Lindsbauer, 2012; Linsbauer et al., 2012). The dif-
ference of altitude for glaciers in the Ak-Shyirak massif as well as the
surface slope were extracted from the (i) ASTER GDEM V2 and (ii)
SRTM DEM; the model was then run for both DEMs. The shape factor f
is related to resistance arising on the glacier borders as a result of fric-
tion between moving ice and valley slopes and may vary from 0.5 to
0.9 (Paterson, 1994). For valley glaciers with elliptic cross section the
recommended value of f is 0.8 (Nye, 1965). The centerlines weremanu-
ally digitized along the main branches of glaciers, perpendicular to con-
tours. Each centerline was converted into a 100 m raster band and
separated in 50 m elevation bins. The use of the elevation bands has
its advantage as the averaging distance changes automatically depend-
ing on the surface slope e.g. larger for flat areas. Similar to (Paul and
Lindsbauer, 2012) smoothed slope was then averaged within the 50 m
sectors. Ice thickness was calculated for centroids of each sector using
Eq. (2). The ice thickness was interpolated between the points along
the flow centerlines and the glacier boundaries with ice thickness
equal to zero using Topo to Raster tool in ArcGIS. Glacier volumes
were also calculated in ArcGIS.

3.4.3. Validation of volume–area scaling and GlabTop modelling
Both approaches were validated using existing regional data.
Taking into account that applying of VA scaling for individual gla-

ciers is not recommended (Bahr et al., 2015) we cannot validate results
using geophysical data. For rough validation of VA scaling we used data
on volumetric losses of Ak-Shyirak glaciers in 1943–2000 obtained by
Aizen et al. (2007) by comparison of multi-temporal DEMs. We com-
pare our assessments of glacier volume to information published in
the Soviet Glacier Inventory (Katalog, 1969; Katalog, 1970; Katalog,
1977) which reflects the situation of the late 1950s to early 1960s
with volume calculated from 2003 glacier areas.
To evaluate GlabTop model uncertainties, the following approaches
have been used.

1. We used areal geophysical data from Sary-Tor Glacier where 17 km
of ice thickness measurement tracks were completed in May 2013
using a monopulse VIRL-6 GPR with a central frequency of 20 MHz
(Petrakov et al., 2014). In addition we used data from Glacier No.
354 published in Hagg et al. (2013) and our data from Davydov Gla-
cier (Lavrientiev et al., 2014). The ice thicknesses determined by GPR
measurements at Davydov Glacier (Lavrientiev et al., 2014), SaryTor
Glacier (Petrakov et al., 2014), Glacier No. 354 (Hagg et al., 2013) at
141 points were directly compared with GlabTop modelling.

2. Two DEMs with spatial resolutions of 1.2 and 1 m were generated
from the two optical stereo-pairs of Quickbird (1 September 2003)
and Geo-Eye (29 July 2012) high-resolution satellite imagery using
the ScanEx Image Processor software. A detailed description of
DEM generation from the same stereo-pairs and related problems
is given in Kronenberg et al. (2016). We used the 2003 and 2012
DEMs and images for additional GlabTop modelling of ice thickness.
Eight glaciers were delineated on both images. Changes of glacier
ice thickness and volumes between 2003 and 2012 obtained through
GlabTop were compared to the difference of glacier volumes obtain-
ed from differencing the two DEMs.

4. Results and discussion

4.1. Glacier inventory 2013

A total of 193 glaciers with an area of 351 km2 have been delineated
in the SPOT-5 image (Fig. 4). Among them, 26 small glaciers with a total
area of 3.4 km2 were not listed in the Soviet Glacier Inventory (Katalog,
1969; Katalog, 1970; Katalog, 1977). For each glacier, we determined
area, length, minimum, maximum and mean elevations, mean slope
and aspect, and grouped them according to their location within hydro-
logical units (see Table 2). We also determined the morphological type
as well as hypsography in 100 m elevation bins for all glaciers. Most of
the glaciers (137 or 72%) mapped in the study region are smaller than
1 km2 and 25 of these glaciers are smaller than 0.1 km2. Glaciers
b1 km2 cover ca. 12% of the total glacierized area, whereas glaciers larg-
er than 1 km2 (29%) cover 88% of the total area. Five glaciers larger than
10 km2 contain 43% of the total area and seven glaciers with areas be-
tween 5 and 10 km2 contribute 14% to the total area. Glaciers with
areas ranging from 1 to 5 km2 cover 31% of the total glacier area. The
large number of small glaciers covering a relatively small area is also
typical for the Big Naryn catchment where glaciers b1 km2 (83%) have
been found to contribute 26% to the total area (Hagg et al., 2013).

Amajority of the glacier-covered area is concentrated in the Kumtor
and Karasay catchments (Table 2), where the mean area of individual
glaciers is also larger than elsewhere in the study region.

Glaciers are located at elevations between 3700 and 5100masl, with
ca. 50% of the total glacier area being concentrated at elevations of
4200–4500 m asl (Fig. 4c), i.e. close to the equilibrium line altitude.
The distribution of glacier aspect shows significant differences between
individual catchments and depends on prevailing aspect of the catch-
ment. In catchments located in the outer parts of themassif, like Kumtor
and Sary-Chat, N, NE andNWoriented glaciers are dominating, whereas
S oriented glaciers are most frequently observed at Aktash and Tez. In
the Karasay, Dzhaman-Su, Chomoy and Koyandy catchments, located
in the inner part of the massif, the aspect of glaciers is more complex.
Distribution of glacier aspect derived from individual cells (Paul et al.,
2010) is presented in Fig. 4a. N50% of the glacierized area are N, NE
and NW oriented cells. ASTER GDEM v.2-derived mean slope of glacier
area in the Ak-Shyirak massif is 19°, but the median slope is 15°.

Our assessment of glacier-covered area in the Ak-Shyirak massif in
2003 (373.2 ± 11.2 km2) is very close to the value of 371.6 km2 obtain-
ed by Aizen et al. (2007) using manual delineation of the same ASTER



Fig. 4. Distribution and change of Ak-Shyirak glacier parameters: a) distribution of glacier area by aspect during 2003 and 2013; b) change of glacier area by aspect during 2003–2013;
c) distribution of glacier area by altitude in 2013; d) distribution of glacier area by slope angle in 2013.
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image as used in this study. The same is true for the number of glaciers:
whereas Aizen et al. (2007) identified 177 glaciers in their survey, we
identified 178 glaciers. Using manual delineation of SPOT-5 scenes,
Hagg et al. (2013) reported that glacier area in the Kumtor and Karasay
catchments was 181.3 km2 in 2007, whereas our data show an area of
183.9 km2 in 2003 and 175.1 km2 in 2013.

The glacier-covered area in the Ak-Shyirak massif in 2013 was
351.2 ± 5.6 km2. This value is slightly higher than the values reported
by Pieczonka and Bolch (2015) using automatic delineation of glaciers
from Landsat TM scenes with partial manual correction using SPOT-5
scenes (area 348 ± 10 km2 for 2008). We also note that the same au-
thors obtained a glacier area of 382 km2 for 1975 which is also smaller
than the values (406 km2) obtained by Aizen et al. (2007) who worked
on 1977 data. In summary, we can conclude that all differences men-
tioned above are within their range of uncertainty.

4.2. Change in area and number of glaciers

Changes in glacier-covered areas in the Ak-Shyirak massif in 1943–
1977 and 1977–2003 were analyzed in detail by Aizen et al. (2006,
Table 2
Number and area of glaciers for major catchments in the Ak-Shyirak massif.

Catchment

Number of
glaciers Glacier covered area, km2

2003 2013 2003 2013

Koyandy 18 18 59.1 ± 1.7 55.4 ± 1.0
Aktash 8 8 6.3 ± 0.3 5.5 ± 0.1
Tez 9 9 4.2 ± 0.2 3.8 ± 0.1
Karasay 28 31 73.2 ± 1.8 70.6 ± 0.7
Kumtor 15 16 110.7 ± 2.6 104.5 ± 1.5
Sary-Chat 28 31 35.1 ± 1.1 32.5 ± 0.4
Chomoy 4 4 16.6 ± 0.7 15.7 ± 0.2
Dzhaman-Su 13 15 52.6 ± 2.0 49.1 ± 1.3
Kurga-Tepchi 21 24 12.2 ± 0.6 11.1 ± 0.4
Small catchments 4 4 3.4 ± 0.2 3.0 ± 0.1
Ak-Shyirak, in total 179 193 373.2 ± 11.2 351.2 ± 5.6
2007). Therefore our analysis will mostly concentrate on the most re-
cent changes between 2003 and 2013 (see Table 2).

During this period the number of glaciers in the Ak-Shyirak massif
increased from 179 to 193. These 14 new glaciers formed as a result of
detachment of tributaries from the main trunks of large and medium-
sized glaciers. For example, Petrov Glacier produced, by separation,
two new glaciers with a total area of slightly b1.5 km2, and N. Karasay
Glacier gave birth to one new glacier with an area of 2.4 km2. Mean gla-
cier area in the Ak-Shyirak massif decreased from 2.10 km2 in 2003 to
1.87 km2 in 2013. By contrast, we did not observe cases of disappear-
ance of glaciers during the period 2003–2013. We also note that
Bondarev (1963) has listed 131 glaciers in the Ak-Shyirakmassif during
the compilation of the first Soviet Glacier Inventory and that the mean
glacier area at that time was close to 3.3 km2.

Over the last decade, the total glacier-covered area in the Ak-Shyirak
massif has decreased from 373.2 ± 11.2 km2 to 351.2 ± 5.6 km2. Total
shrinkage was equal to 22 ± 12.3 km2 or 5.9 ± 3.4% of the glacier area
in 2003. Annual area loss was 0.59 ± 0.34% a−1, with loss of glacier
area causedmostly by terminus retreat (Fig. 5). Mean rate of terminus re-
treat for this periodwas 110m or 11m per year. An estimated 1.5 km2 or
almost 7% of the total glacier area loss is explained by direct technogenic
impact on Davydov Glacier where a significant part of the glacier snout
was removed and/or buried under thick rock heaps (Fig. 9). By contrast,
we do not observe significant changes in the glacier headwaters. Relative
glacier area loss formajor catchments differs from 3.6% in Karasay to 4.9%
in Chomoy, 5.5% in Kumtor to 9.5% in Tez and 12.5% in Aktash (Fig. 5). Ca.
50% of glacier area loss happened forW, SWand S oriented cells (Fig. 4b).
Maximum relative loss (N11%) was also observed for SW aspect whereas
minimum relative loss was found for the NE sector (b3%).

No correlation was found between the individual glacier size and
relative area loss. By contrast, significant correlation (R = 0.73) can be
found betweenmean glacier size and relative area loss for major catch-
ments. The most intense relative area shrinkage was observed in the
Aktash, Tez and Kurga-Tepchi (Fig. 4) where glaciers are isolated and
thus could be more prone to regional warming due to, for instance,
the action of long-wave radiation from the surrounding slopes
(Olyphant, 1986).



Fig. 5.Ak-Shyirak glacier-covered area change during 2003–2013. Inset in the top-left: relative glacier area changes formajor catchments, %. Inset in the bottom-right: glacier area changes
for major catchments, km2; see also Table 1.
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Other studies are generally in agreementwith our results, andwhere
multiple periods were considered, they also confirm acceleration of
shrinkage in recent times. On the basis of a comparison of topographic
maps and glacier outlines derived from ASTER imagery, Aizen et al.
(2007), for instance, reported that area shrinkage in the Ak-Shyirak re-
gion was 4,2% from 1943 to 1977, and 8,6% between 1977 and 2003,
which corresponds to an annual area shrinkage of 0.12% a−1 and
0.33% a−1, respectively. Kriegel et al. (2013) compared data fromglacier
outlines extracted from 1970s Landsat MSS for Kumtor and Karasay
catchments with glacier outlines obtained from Landsat TM images in
the 2000s and found an area shrinkage of 13%, thus resulting in slightly
higher annual losses but still comparable to the data of Aizen et al.
(2007). For the same catchments, Hagg et al. (2013) used the Soviet Gla-
cier Inventory and glacier outlines derived from SPOT-5 imagery and re-
port 14% glacier area shrinkage between 1943 and 2007 or an annual
loss of 0.2% a−1. Pieczonka and Bolch (2015) compared glacier areas ob-
tained by interpretation of Hexagon KH-9, Landsat and SPOT-5 images
for the period 1975–2008 and reported total and annual losses for the
Ak-Shyirak massif of 8.8 ± 4.8% and 0.27 ± 0.15% a−1 respectively. By
contrast, Khromova et al. (2003) reported 23% of glacier area shrinkage
for the period 1977–2001 and thus annual losses close to 1% which is
significantly higher than data obtained in all the other available
assessments.

The annual shrinkage rate of glacier area over the second half of the
20th century in different outer ranges of the Tien Shan varied from 0.40
to 0.63% (Narama et al., 2009), 0.54% (Bolch, 2007) and 0.76% (Niederer
et al., 2007) per year. In the Inner Tien-Shan ranges, the annual shrink-
age rates varied from 0.12% in themid-20th century (Aizen et al., 2007)
to 0.27% (Pieczonka and Bolch, 2015) or 0.35% (Kutuzov and
Shahgedanova, 2009) by the end of the 20th century. For the early
21st century, Narama et al. (2009) report an increase in annual area
loss rate in comparison to the 1970–2000s from 0.4% to 0.57% in At-
Bashy (Inner ranges) and Ili-Kungöy (Northern outer ranges) and
from 0.63% to 0.71% in Pskem (Western outer ranges).
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Glaciers of the Ak-Shyirak massif have been fairly stable in compar-
ison to the outer Tien Shan ranges during the mid-20th century
(Dyurgerov and Mikhalenko, 1995). By the end of the 20th century,
the high glacier shrinkage as observed in the outer ranges did not yet af-
fect the central ranges in general and the Ak-Shyirak massif (Sorg et al.,
2012) and Pobeda Peak area in particular (Osmonov et al., 2013;
Pieczonka and Bolch, 2015). By contrast, accelerated glacier shrinkage
has started to occur in the Ak-Shyirak area in the early 21st century.

Thus, in comparison to other mountain ranges in High Asia the ob-
served glacier behavior in the Ak-Shyirak massif is comparable to the
rates observed elsewhere in the larger region, except for the Karakoram
Mts. for which no significant glacier area change has been reported for
the recent past (Bolch et al., 2012; Bhambri et al., 2013; Minora et al.,
2013).

4.3. Volume of glaciers in the Ak-Shyirak massif in 2003 and 2013

4.3.1. Volume–area scaling
The assessments of glacier volumes for the years 2003 and 2013,

based on VA scaling, are presented in Table 3. According to the values
used we obtain a total volume ranging from 28.8 to 32.5 km3 of ice for
2003 and from 26.4 to 30.0 km3 for 2013, respectively.

The major part of glacier volume is concentrated in the Kumtor and
Karasay catchments. We also note that glaciers larger than 10 km2 con-
tribute about 60% of total ice volume in Ak-Shyirak glaciers (from
19.7 km3 based on Bahr et al. (1997) to 16 km3 based on Grinsted
(2013)). Contribution of small (b1 km2) glaciers to the total ice volume
is b1 km3. According to VA scaling, the ice losses in 2003–2013 varied
within 2.1–2.5 km3 which is roughly equivalent to 5.8–6.9 m of glacier
surface lowering or to 4.9–5.9 m of loss in m w.e. assuming mean den-
sity at glacier surface as 850 kg/m3 (Huss, 2013). This value corresponds
well with the balance for Glacier No. 354 in the Kumtor catchment for
the same period. According to direct measurements and numerical
modelling the mass balance of Glacier No. 354 during 2003–2013 was
about −4.5 m w.e., and the geodetically derived mass balance during
2003–2012 was −0.48 m a−1 (Kronenberg et al., 2016) which gives
−4.8 m w.e. during 2003–2013 using simple extrapolation.

We also applied VA scaling to assess volumetric change using data
on glacier area published in the Soviet Glacier Inventory anddata on gla-
cier area derived from the ASTER 2003 image. Ice losses varied then
from 6.1 km3 (Grinsted, 2013) to 7.3 km3 (Bahr et al., 1997). This is
lower in comparison to Aizen et al. (2007) who reported 3.6 km3 ice
losses during 1943–1977 and an additional 6.1 km3 between 1977 and
2003. Pieczonka and Bolch (2015) reported a geodetically-obtained an-
nual glacier mass balance of the entire Ak-Shyirak massif of 0.51 ±
0.36 m w.e. a−1 for the period 1975–1999 which is close to a loss of
5.3 km3 of ice and matches well results of Aizen et al. (2007).
Table 3
Volumetric assessments for main catchments in the AkShyirak massif in 2003 and 2013
based on volume–area (V–A) scaling. For scaling parameters used here see Table 1.

Catchment name

Sources for scaling parameters in volumetric assessments

Bahr et al.
(1997)

Macheret et al.
(1988)

Grinsted
(2013)

Volumes, km3

2003 2013 2003 2013 2003 2013

Koyandy 4.6 4.3 4.1 3.8 4.2 3.9
Aktash 0.2 0.2 0.2 0.2 0.3 0.2
Tez 0.1 0.1 0.1 0.1 0.2 0.1
Karasay 6.7 6.3 5.9 5.4 6.1 5.7
Kumtor 13.0 12.0 11.6 10.7 10.7 10.0
Sary-Chat 2.0 1.9 1.8 1.6 2.0 1.9
Chomoy 0.9 0.9 0.8 0.7 0.9 0.9
Dzhaman-Su 4.3 4.0 3.8 3.4 3.8 3.5
Kurga-Tepchi 0.6 0.5 0.5 0.4 0.6 0.5
Ak-Shyirak 32.5 30.0 28.8 26.4 28.8 26.7
Underestimation of ice losses obtained by the VA scaling approach
could be explained by the specific behavior of continental glaciers
where, at some stages of glacier recession, decrease of surface elevation
is not accompanied by shrinkage of area (Mikhalenko, 1990), e.g. in
1943–1977 Sary-Tor glacier surface decreased by 19.4 m on average
while the area reduction was just 0.08 km2 or 2% (Kuzmichenok,
1988). Delayed reaction was probably caused by low ice dynamics.
4.3.2. GlabTop modelling
At all glaciers with geophysical thickness data, the modelled ice

thicknesses using shear stress τ calculated from Eq. (3) and f = 0.8
mostly are lower in comparison to GPR thickness data. The average dif-
ference betweenmodelled andmeasured ice thicknesses over all valida-
tion points was −15.5 m and the relative difference was −16%. The
Root Mean Square Error (RMSE) for all validation points was 38.3 m
for GlabTop. A negative difference between modelled and measured
ice thicknesses has been also reported by Frey et al. (2014) for some gla-
ciers in the HKH region. Mean deviation of modelled and measured ice
thicknesses along central flowlines was as follows: at Davydov Glacier
−11% (ASTER GDEM v.2), at SaryTor Glacier−11% (ASTER GDEM v.2)
and −14% (SRTM DEM) and at Glacier No. 354 −16% and 14% conse-
quently. A map with differences of modelled (with uncertainty 1.5%
(Petrakov et al., 2014)) and measured ice thickness at SaryTor Glacier
is presented in Fig. 6. It is clearly visible that at the lower part of the
snout GlabTop significantly overestimates ice thickness whereas in the
accumulation area and area of snowline migration GlabTop underesti-
mates ice thickness. Similar spatial distribution between modelled and
measured ice thicknesses was also noted by Frey et al. (2014). Compar-
ison of modelled and measured volumes for SaryTor Glacier led to
−24% deviation which is within the stated model accuracy of ±30%
(Paul and Lindsbauer, 2012).

The GlabTop model has only slightly (b6%) overestimated the mean
difference of volume in comparisonwith the geodetic volume difference
from subtracting the 2003 and 2012 satellite stereo DEMs but the stan-
dard deviation of differences for individual glaciers is 40% and for indi-
vidual glaciers the difference was as high as −55% or +42%. These
differences could be partially (ca. 15%, Kronenberg et al., 2016) ex-
plained by uncertainties of our DEMs but values still remain higher
than the expected GlabTop model accuracy of ±30%.

Results of the GlabTop modelling are presented in Fig. 7. Ice thick-
ness depends on DEM quality and resolution used for modelling. If we
apply the ASTER GDEM v.2, the total glacier volume in the Ak-Shyirak
massif is about 13.2 km3. If we use the SRTM DEM, total glacier volume
is about 18.8 km2. In both cases the largest ice thicknesses aremodelled
at Petrov Glacier with 280 m for ASTER GDEM v.2 and 420 m for SRTM
DEM. In general terms we can state that for large glaciers the GlabTop
model run with the SRTM DEM yields much larger thicknesses and vol-
umes as compared to ASTER GDEM v.2 (see Fig. 7c, d). Possible reasons
could be the stair-stepped terrain in the ASTER GDEM v.2 caused by
poor stereocorrelation in wide snow-covered areas and artifacts due
to residual cloud cover in some stereopairs. As a consequence the
above difference between SRTM-based and ASTER-based GlabTop runs
could be very specific for the data and site investigated here, and should
not be generalized. For the five glaciers larger than 10 km2, the total vol-
ume calculated through SRTM DEM is ca. 12.4 km3. It is 4.9 km3 or 65%
larger in comparison to the volume calculated through ASTER GDEM
v.2. For all glaciers with an area smaller than 10 km2 the total volume
calculatedwith the SRTMDEM is 12% larger in comparison to the values
obtained with the ASTER GDEM v.2. For some glaciers, including the
Sary-Tor, the SRTM DEM gives smaller values of volume in comparison
to ASTER GDEM v.2. We note that correlation between series of glacier
volumes calculated through ASTER and SRTM DEMs is very high with
R2 = 0.99. We also tested GlabTop using DEM and glacier outlines gen-
erated from a GeoEye stereo image pair. The total volume of eight gla-
ciers within these images estimated using the GeoEye DEM was 2%



Fig. 6. Comparison of modelled and measured ice thickness at Sary-Tor glacier: a) ice thickness pattern on obtained from GlabTop modelling, b) map of difference for measured and
modelled ice thickness, c–f) cross-sections and longitudinal profile with measured and modelled ice thickness (c–f), names of profiles correspond to parts of the figure, e.g. c–c1 is
shown in figure c.
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lower in comparison to the SRTM DEM and 5% lower in comparison to
the ASTER GDEM v.2.

In all cases VA scaling gives larger glacier volumes in comparison to
the GlabTop model. The same was noted by Frey et al. (2014) for the
HKH region where in some cases resulting ice volumes for the sub-
regions deviated by a factor of 1.6 or more. In their study the accuracy
of both methods was assessed by applying a sensitivity test with the
specific boundary conditions. The VA scaling was modified by varying
the initial glacier covered area by±5%which resulted in a total volume
variation of±6.9%. In our case this would lead to an even lower relative
difference as higher accuracy of the glacier outlines delineation is as-
sumed (±3.0% for area and ±3.7–4.2% for the scaling approach for
the volume in 2003 and ±1.6% for area and ±1.9–2.2% for the volume
in 2013). For the GlabTop model the sensitivity test included the modi-
fication of model parameters (f by ±0.1 and τ max by ±30 kPa) (Frey
et al., 2014). The combination of upper and lower boundary parameters
led to a total volume variation of the HKH region from−26% to +36%.
The latter result is also valid for our estimations. The difference between
the VA scaling and slope-dependent model was expected as it was
shown before that despite the good agreement of the two methods on
a global scale (e.g. Pfeffer et al., 2014; Huss and Farinotti, 2012) the re-
gional estimations using the VA scaling approach are often
overestimating the total volume of glaciers, while the slope-
dependent models are able to account for some regional topographic
effects (Frey et al., 2014) but generally underestimate ice thickness in
comparison to in-situ thickness measurements.

4.4. Possible drivers of glacier downwasting in the Ak-Shyirak area

4.4.1. Climate change
A series of warm season (May–September or MJJAS) temperatures

from the Kumtor-Tien Shan weather station is presented in Fig. 8. We
usedMJJAS temperatures because all melting and ca. 76% of annual pre-
cipitation occurs during these months. A clear positive and statistically
significant trend (at the 0.01 confidence level) is observed for the period
of 1930–2014, despite the fact that the station was shifted from 3614 to
3659 m asl in elevation and 2.5 km closer to Davydov Glacier. Both the
old and the new stations are located in flat areas with the same aspect.
Between 1943 and 2013, air temperature has been increasing at a rate
0.02 °C per year. During 1990 to 2013, air temperature was growing
by up to 0.04 °C per year. A 7-yearmoving average illustrates the gener-
al, yet slow increase of MJJAS temperature from 1930 to 1990 with pe-
riods of almost stable temperatures between 1975 and 1990 or even a
slight decrease of temperatures during 1943–1957. During the period
1990–2000, by contrast, the 7-year moving average clearly indicates a
dramatic increase of air temperature with a rate of 0.1 °C per year. A
similar tendency for the same period has been reported for annual tem-
peratures in Naryn (Giese et al., 2007). Comparison with data from the



Fig. 7. Ice thickness pattern of the Ak-Shyirak massif glaciation in 2013 obtained from GlabTop modelling using: a) SRTM DEM and b) ASTER GDEM v.2; c) difference of ice thickness
derived from a) and b) approaches, the hatched area shows coverage of the DEMs generated from QuickBird and GeoEye satellite images; d) comparison of glacier volumes derived
from a) and b) approaches.
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Naryn weather station shows that a statistically significant correlation
exists with air temperatures throughout the period of observations
(1930–2015) (r=0.8). This correlationwas not affected by the replace-
ment of the weather station in 1997.

By contrast, we do not observe significant trends in annual sums of
precipitations for the period 1930–2014, but a rapid decrease of annual
precipitation has been observed for 1981–1997. We also note that ac-
cording to data from the late 1950s, the vertical gradient of annual pre-
cipitation at altitudes of 3600–3700 m asl was 60 mm per 100 m
elevation (Bondarev, 1963). Precipitation data from the two weather
stations (Naryn and Kumtor-Tien Shan) correlate well until 1990
(r = 0.5, p b 0.05), thereafter, correlation becomes insignificant be-
tween 1990 and 1997 (r=−0.2). Moreover, average annual precipita-
tion was twice lower during the period 1990–1997 as compared to
1930–1990, a change which was not observed for other stations in
Tien Shan. Correlation increases again after 1997 (r=0.35) but remains
insignificant. We conclude that the strong decrease of annual precipita-
tion in the 1990s at Tien Shan station could have been caused by a de-
crease in measurement quality due to the economic and political
instabilities in the region. Also, themethods used to collect precipitation
data have changed after 1997. Thus data of precipitation after 1997 can
be considered as a separate time series.

As a result of regional climate change, mean MJJAS temperature in-
creased from +1.7 °C (1943–1977) to +2.4 °C (1978–2003)
and +3.0 °C (2004–2013). These changes have resulted in a significant
increase of glacier ablation and probably in a decrease of the share
of solid precipitation during the warm season. Taking into account
that the mean MJJAS temperature gradient in Tien Shan is 0.5–



Fig. 8. Series of warm season (May–September, or MJJAS) temperatures in 1930–2014
(blue line) and 7-year moving average (orange line), Tien Shan and Tien Shan-Kumtor
weather stations. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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0.6 °C 100 m−1 (Aizen et al., 1995), the rise in air temperatures as de-
scribed above also resulted in a significant rise of the equilibrium line al-
titude (or ELA) during 2004–2013 in comparison to 1943–1977 when
glaciers in the Ak-Shyirak massif were mainly stable. An ELA rise of
100 m in the altitudinal bin of 4200–4500 m means losses of accumula-
tion areas close to ca. 15% of the total glacier area of the Ak-Shyirakmassif
and thus a strongly negative effect on glacier mass balance.
Fig. 9. Technogenic impact on Ak-Shyirak glaciers. The Davydov Glacier snout in: a) 1971, decl
d) 2013, SPOT-5 image; e) main pit of Kumtor Gold Company in 2012. Photo by D. Petrakov. Du
the glacier headwaters (left).
4.4.2. Technogenic impact on Ak-Shyirak glaciers
All results on areal and volumetric change reported above include

mined glaciers. Here we try to distinguish the role of technogenic im-
pact from the effect of regional climate change in glacier downwasting
in the Ak-Shyirak massif.

Technogenic impacts on glaciers include open-pit excavation (di-
rect impact) and pollution of the glacier surface by dust and related
change in albedo (indirect impact). Open-pit ice excavation exists
at a few sites in the world, mostly in Greenland (Colgan and
Arenson, 2013). As noted by Kronenberg (2013), although changes
in glacier area and volume introduced by mining are minor com-
pared to those caused by climate change, society can more easily
counteract the latter. This is also true for the Kumtor gold mine
where technogenic impacts on glaciers were among the triggers for
the initiation of the so-called ‘Glacier Law’ in Kyrgyzstan. As a conse-
quence, the role of open-pit ice excavation on glacier area loss in the
AkShyirak massif has been studied before. According to Khromova
et al. (2003), a significant local loss of glacier area has been caused
by the direct impact of opencast mining. Parts of the Davydov and
Lysyi glaciers with a total area of 0.7 km2 were removed mechanical-
ly during the 1980s and 1990s. This removal represents 0.6% of the
total area loss in the Ak-Shyirak massif in the late 20th century. Ac-
cording to our analyses, 1.5 km2 or b7% from the total glacier area
loss in 2003–2013 is explained by the direct technogenic impact on
Davydov Glacier where a significant part of the glacier snout was
assified Corona satellite photograph; b) 2003, Terra ASTER image; c) 2006, SPOT-2 image;
e to themain pit (centre of the photo), the Davydov Glacier snout (right) is detached from
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partially removed and partially buried under thick rock heaps and
thus cannot be detected anymore in satellite images (see Fig. 9).

According to data from the Kumtor Gold Company, 106 × 109 kg of
ice were removed from Lysyi and Davydov Glaciers in the period
1995–2013, 88 × 109 kg of which between 2011 and 2013 (Kumtor
Gold Company, 2013). This is roughly equal to 0.12 km3 of ice in
1995–2013 but 0.10 km3 of ice for the period 2011–2013 or ca. 5% of
the total volumetric losses of AkShyirak massif in 2003–2013 (see
Table 3). Noteworthy, the open-access data of the Kumtor Gold Compa-
ny are also confirmed by Soviet data. In the mid-1980s, according to
geophysical data, the volume of Davydov Glacier snout was assessed
as 0.16 km3 (Vasilenko et al., 1988). Roughly assuming climate induced
ice losses at the Davydov Glacier snout at 0.02± 0.04 km3 during 1985–
2000 (see Fig. 4 fromAizen et al., 2007) and extrapolating the same rate
to the early 2000s, we estimate that the volume of the Davydov Glacier
snout during the active ice excavation phase has reduced by up to
0.12 km3. This means that most of the ice from the snout has been re-
moved and thereafter buried under the slug rock heaps. This has result-
ed in a formation of a huge technogenic rock glacier at the site where
the upper part of the Davydov Glacier snout has been located earlier.
Thick debris prevents the removed ice frommelting. Recentmovements
of this rock glacier and another one in the catchment of the Lysyi Glacier
have been described in detail by Jamieson et al. (2015). We conclude
that the direct technogenic contribution to the total ice losses in the
AkShyirak massif in 2003–2013 might in fact be b5%.

Pollution of the glacier surface by thin layer of dust leads to decreas-
ing of albedo and thus to increasing ablation. For the particular case of
the AkShyirak massif, the effect of dust could theoretically be compen-
sated by an increasing albedo due to more frequent summer snowfalls.
Earlier studies (e.g., Torgoev and Aleshin, 2001) assess daily emitted
dust at the mine site as 3–4 t such that increasing ablation in the area
should be expected (Kronenberg, 2013). By contrast, Kuzmichenok
(2012), on the basis of data on total suspended particles concentrations
in the air, considers the action of themine site on dust content in the at-
mosphere and glacier surface negligible. For a rough assessment of the
indirect impacts of the Kumtor Gold Company on glacier shrinkage
through dust deposition on glaciers, we compared the shrinkage of gla-
cier areas (in %) to distance to the main pit for 15 glaciers. We consider
glaciers with areas similar to Sary-Tor and Lysyi glaciers located
the most closely to the mine site. The low correlation coefficient of
R=0.16with a p-value of 0.06 does not support a relation between gla-
cier area losses and the distance between glaciers and themain pit. Thus
the indirect impact of Kumtor Gold Company activities on glaciers in the
Ak-Shyirak massif does not apparently result in a more pronounced
shrinkage of glacier area close to the main pit. However, as glacier
areas, or terminus positions, would react in a delayed and attenuated
way, in particular in the cold-dry climate of the study region, the ques-
tion remains open as towhether glacier albedo or volume/mass changes
of the glaciers under investigation will show a relation with proximity
to the mine. Detailed and precise studies of albedo changes and glacier
mass balances would be required to this end, exceeding the purpose
of this regional-scale research.

5. Conclusions

The present study confirms continuous glacier mass loss and accel-
erated glacier area shrinkage during the period 2003–2013 in the Ak-
Shyirakmassif, Inner Tien Shan. Both regional climate change and direct
technogenic impact through ice excavation and removal contributed to
glacier area and mass loss. The role of the latter is one order of magni-
tude smaller than the total area and mass losses, accounting for b7%
and b5%, respectively. The increase of warm season (May–September)
temperatures seems responsible for the pronounced glacier retreat.

An updated glacier inventory based on an SPOT-5 image with 2.5 m/
pixel resolution has been compiled for the Ak-Shyirak massif. Glacier-
covered area decreased from 373.2 ± 11.2 km2 in 2003 to 351.2 ±
5.6 km2 in 2013 which means an annual area decrease of 0.59 ±
0.34%. This is twice as high as during 1977–2003. During 2003–2013,
the shrinkage rate of Ak-Shyirak glaciers was similar to shrinkage
rates in Northern and Western Tien Shan glaciers, but much higher in
comparison to Central Tien Shan glaciers.

Glacier volume has been assessed using VA scaling and GlabTop
modelling approaches. Resulting values for the whole massif differ
strongly, from 30.0 to 13.2 km3. Comparison of volumetric losses ob-
tained from volume–area scaling with geodetically-derived volume
change during 1943–2003 reveals underestimation of ice loss. The
GlabTop model results were validated using radio-echo sounding data
from three glaciers and revealed systematic underestimating of glacier
thickness with a mean deviation value of 16%. In some cases, especially
in the accumulation area, underestimation of glacier thicknesswasup to
50%. Comparison of GlabTop-modelled volume changes, however, for
eight glaciers with geodetically-derived volume change during 2003–
2012 reveals a goodmatch (6% overestimation by GlabTop on average).
Despite of differences for individual glaciers being much higher,
GlabTop showed thus a good correlation with geodetic glacier volume
changes for a small group of glaciers. In particular, for small glaciers,
the application of GlabTop using ASTER DEM v.2 and SRTM gives similar
results, whereas in the case of large glaciers (N10 km2) SRTM yields
much higher volumes. GlabTop modelling at glacier sections with
smoother terrain agrees better with GPRmeasurements, in comparison
to steep accumulation areas where GlabTop tends to significantly un-
derestimate ice thickness, and in comparison to the lowermost parts
of the glacier snoutswhere GlabTop tends to overestimate ice thickness.
Thus, more GPR data are needed for more robust glacier volume assess-
ments in Tien Shan.
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