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In this study we present an analysis of measured annual mass balances for the period 2011 to 2016 and a
reconstruction of seasonal mass balances from 2004 to 2010 for Batysh Sook Glacier located in the Kyrgyz Tien
Shan. Conventional methods and a model-based extrapolation of the point measurements were used to obtain
glacier-wide mass balances and to analyze glaciological measurements. Especially at the beginning of the re-
established glacier mass balance monitoring program, deviations between the different methods were
significant, having a range of 0.40 m w.e. a—'. With the improvement of the measurement network in later
years, the results of the different extrapolation methods showed better agreement (range of 0.10 to 0.22 m
w.e.a~ ). For 2011 to 2016, the profile method revealed a mass loss of —0.41 & 28 m w.e. a . The contour
line method yielded a negative mean mass balance of —0.34 4+ 20 m w.e a~ ', whereas the model-based
extrapolation clearly resulted in the most negative value of —0.43 & 16 m w.e. a~ ' for the same period.

The same distributed accumulation and temperature index melt model used to extrapolate point measurements
from 2011 to 2016 was applied in order to reconstruct the mass balance from 2004 to 2010. The model was
driven by daily air temperature and precipitation data from a nearby meteorological station and the model
parameters were calibrated with in-situ measurements of annual mass balances collected from 2011 to 2016.
Winter accumulation measurements taken in May 2014 were used for calibration purposes and to deduce
snow distribution patterns. Subseasonal model performance was validated based on the snow cover depletion
pattern observed on satellite images during the summer months from 2004 to 2016. For Batysh Sook Glacier
an average annual mass balance of —0.39 4+ 0.26 m w.e. a~ ' was found for the period 2003/04 to 2015/16.

1. Introduction

Glaciers located in high mountain areas such as the Kyrgyz Tien
Shan are indispensable water reservoirs (Kaser et al., 2010;
Immerzeel et al., 2010). Changes in glacier mass are a key focus of
glacier monitoring program which aims to assess climate change
and evaluate water resources (Zemp et al., 2015). The inhabitants
of arid and semi-arid lowlands in Central Asia are highly dependent
on the water originating in mountain areas (Narama et al., 2010;
Lutz et al.,, 2013; Kriegel et al., 2013). The water volume in
Kyrgyzstan is estimated at 2458 km?, of which 50 km? stems from
surface river runoff and 13 km? from ground water reserves. Of the
remainder, 1745 km? is stored in lakes, and approx. 650 km> (26%
of the total volume) in glacier ice and snow (Mamatov et al., 2004).
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The total water storage of the Tien Shan has a strong decreasing
trend with an annual average of —3.72 mm a~ ' (Chen et al.,
2016). This trend is expected to increase in future, leading to an im-
portant water shortage for the next half-century (Chen et al., 2016).
Considering the major contribution of fresh water stored in the
Kyrgyz Mountains, a detailed understanding of the evolution of
Tien Shan glaciers as an important component of the cryosphere is
of crucial interest. Improved model-based assessments are a
prerequisite for sound estimates of future water availability and
natural hazards in the context of climate change (Unger-Shayesteh
et al., 2013; Sorg et al., 2014).

Various authors have detected substantial glacier area decreases in
the Tien Shan using remote sensing techniques (e.g. Vilesov and
Uvarov, 2001; Khromova et al., 2003; Jing et al., 2006; Li et al., 2006;
Hagg et al., 2007; Bolch, 2007; Ozmonov et al., 2013; Petrakov et al.,
2016). Glacier volume assessments from satellite surveys confirm a
trend toward mass loss over the recent decades for the Central and
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Inner Tien-Shan (e.g. Aizen et al., 2006; Pieczonka et al., 2013; Gardner
et al,, 2013; Wu et al., 2014; Pieczonka and Bolch, 2015; Farinotti et al.,
2015; Petrakov et al., 2016).

In addition to such remote sensing approaches, long-term
glaciological mass balances facilitate a better process understanding,
calibration/validation of mass balance models and their application
for future projections at Central Asian glaciers and water resources.
In-situ glacier mass balance measurements have been rare in the
Tien Shan, especially since the mid-1990s, when several long-term
glacier monitoring programs were discontinued (WGMS, 2012;
Sorg et al., 2012; Unger-Shayesteh et al., 2013). During the Soviet
regime, glaciological measurements were performed on selected
glaciers. In the Kyrgyz Tien Shan, Golubin Glacier (Ala Archa region,
Northern Tien Shan), Glacier No. 131, Davydov, Gregoriev,
Karabatkak, Sary-Tor and Batysh Sook Glaciers (all in the Inner
Tien Shan) were investigated to a thorough extent (Fig. 1) (e.g.
Dyurgerov et al., 1994; Dyurgerov and Mikhalenko, 1995;
Kronenberg et al., 2016).

Batysh Sook Glacier (in earlier studies also known as Suyok (Suek)
Zapadniy Glacier or Glacier No. 419), was observed during short periods
in 1970/71,1983/84 and from 1988 to 1991 (WGMS, 1998).1n 2010, the
glacier was chosen for long-term monitoring by a group of researchers
from Kyrgyzstan, Germany and Switzerland as a part of the Central
Asian Water (CAWa) and Capacity Building and Twinning for Climate
Observing Systems (CATCOS) projects. Since then, glaciological mea-
surements have been carried out continuously thanks to the joint efforts
of local and international scientists.

The main goals of this study are: (1) to analyze the seasonal
glacier-wide mass balance of Batysh Sook Glacier from 2010/11 to
2015/16 using different conventional extrapolation methods and a
model-based extrapolation of the glaciological measurements, and
(2) to reconstruct the mass balance from 2003/04 to 2009/10 based
on the application of a distributed mass balance model. The model
was calibrated using in-situ measurements of both annual mass
balance collected from 2010/11 to 2015/16 and winter accumulation
measurements from May 2014. The subseasonal model performance
was validated based on the observation of snow cover depletion
patterns on Landsat satellite images.
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1.1. Study area and data

The Tien Shan is a vast mountain system in Central Asia (Fig. 1).
Batysh Sook Glacier (41° 46.668'N, 77° 45.071'E) is located within the
Sook range, Inner Tien Shan. The Sook range consists of 44 glaciers
with a total area of 30.9 km? and a volume of 1.2 km?, as estimated in
2007 (Hagg et al., 2013). From 1956 to 2007, these glaciers lost over
12% of their volume (Hagg et al., 2013). Batysh Sook Glacier spans an al-
titudinal range of 3950 to 4450 m a.s.l and in 2016 covers an area of
around 1.08 km?.

The mean annual temperature measured at the Tien Shan Kumtor
automatic weather station, (AWS) situated in the Akshiirak massive
at an elevation of 3660 m a.s.l, is — 5.8 °C (2003-2014). The warmest
month is July with an average temperature of 4.4 °C (2003-2014,
Fig. 2) and the lowest temperatures are measured in January, with
a long-term mean value of —21.6 °C (1930-1996, Kutuzov and
Shahgedanova, 2009). Mean annual precipitation is 360 mm
(2003-2014), and on a long-term perspective (1930-1996) up
to 76% of the annual precipitation was recorded during the
summer months (May-September) (Kutuzov and Shahgedanova,
2009).

The Tien Shan Kumtor AWS started to operate on the 19th of August
1996, replacing the former Tien Shan station located nearby. The new
AWS is situated at a distance of 32 km from Batysh Sook and records
data every hour. Daily precipitation totals and daily mean temperatures
are calculated for the use as model input. Monthly temperature lapse
rates calculated by Aizen et al. (1995) from six stations in the Central
Tien Shan are used to extrapolate the temperature data to the mean gla-
cier elevation (Kronenberg et al., 2016).

Annual glacier outlines are digitized manually from Landsat
images with suitable quality (Table 1). For 2005 no suitable image
is available and outlines from the previous year are adopted. For
topography, the Shuttle Tomography Mission (SRTM) DEM v3 from
February 2000 is downscaled to a pixel size of 20 m to match the
model resolution. The topography is kept constant for the considered
period due to the lack of data. To test the effect of the unchanged
glacier elevation, a sensitivity analysis is performed described in
the section “Uncertainty analysis”.
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Fig. 1. Location map of Batysh Sook Glacier, Inner Tien Shan, Kyrgyzstan. The black square indicates the inset and shows a zoom into the study area. Indicated are former and currently

monitored glaciers and the Tien Shan Kumtor automatic weather station (AWS).

Source: Environmental Systems Research Institute (ESRI)/US Geological Survey/US National Oceanic and Atmospheric Administration.
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Fig. 2. Monthly precipitation totals (bars) and air temperature averages (line) for the Tian
Shan Kumtor AWS (3660 m a.s.l.) during the period 2003 to 2014 (modified after
Kronenberg et al. (2016)).

1.1.1. Glaciological mass balance data

The re-establishment of the glacier long-term monitoring program
in 2010/11 included an observation network of seven stakes and two
snow pits measured at annual visits in late summer. Observation dates
are constrained by access and logistics and could not be tied to the
end of the hydrological year (end of September). Thus, observations pe-
riods vary considerably from year to year. The monitoring network has
been improved annually to increase the representativeness of ablation
and accumulation measurements to a total of 14 stakes and four snow
pits in 2016 (Fig. 3a and Table 2). Ablation is measured using wooden
and plastic stakes, which are drilled into the ice with a Heucke steam
drill. When melted out, the stakes are replaced at the original location
to account for ice flow. Point ablation measurements are converted to
water equivalent by using an ice density of 900 kg m~>. In the accumu-
lation area, snow pits are dug to the previous year's summer horizon to
measure snow depth and density. Density is determined gravimetrically
for each pit. Snow probings are taken following the path of observers
along the various snow pits in order to cover an area as large as possible
in the accumulation zone. For each probing location, a sample of three
probes is taken to prevent outliers. The measured density in the snow
pits is used to convert snow probings into water equivalent. In May
2014, winter snow accumulation distribution with two snow pits and
~200 densely spaced snow depth measurements distributed over the
entire glacier area were collected (Fig. 3b). Further information on
mass balance data can be obtained from the World Glacier Monitoring
Service (WGMS, 2014).

Table 1
Input data for topography, outlines and for glacier snowline mapping.

Sensor Date
SRTM-DEM V3  Feb 2000

Landsat 5 12.06.2006 08.07.2007 13.07.2007 24.07.2007 05.04.2008
07.05.2008 27.06.2009 26.05.2009 11.05.2009 18.07.2009
16.05.2010 12.07.2011

14.06.2004 04.05.2004 18.04.2004 11.04.2004 26.05.2006
13.07.2006 17.07.2007 18.07.2008 02.07.2008 10.08.2009
27.06.2010 21.08.2010 06.09.2010 24.05.2011 27.07.2011
11.06.2012 29.07.2012 28.08.2012 01.08.2013 09.07.2013
14.04.2014 09.05.2014 25.05.2014 01.06.2014 28.06.2014
15.07.2014 31.07.2014 01.09.2014 11.07.2015 23.09.2016
30.05.2013 06.06.2013 04.08.2013 08.07.2013 24.07.2013
04.08.2013 01.05.2014 28.06.2014 11.07.2014 10.07.2015
20.08.2015 04.06.2016 22.06.2016 08.08.2016 15.09.2016

Landsat 7

Landsat 8

2. Methods

2.1. Conventional extrapolation methods to determine glacier-wide mass
balance

Three different methods are used to analyze the glaciological mass
balance: (1) the profile method, (2) the contour line method and (3) a
model-based extrapolation.

The profile method is based on the assumption that local mass
balance values vary as a function of elevation f(z) only (Escher-Vetter
et al., 2009). The mass balance (Bprofie) is the integration of f(z) over
the entire glacier area (Agiacier):
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Here we analyze the mass balance for 100 m elevation bands, each
with an area (A). For the ablation area we define f(z;) as the linear re-
gression fitted to all annual ablation measurements using generalized
least squares. The equilibrium-line altitude (ELA) is extrapolated using
the ablation gradient. In the accumulation area, mass balance values
do not show a strict relation to elevation but express a more
complex distribution. To avoid overestimation of accumulation
rates at high elevations, we used the mean of all point measurements
in the accumulation zone to define a constant f{z;) for the accumulation
area.

Applying the contour line method, lines of equal specific mass bal-
ance (isopleths) are manually drawn based on point measurements
and expert knowledge (Kaser et al., 2003). In this way, surface mass bal-
ance, topography, terrain characteristics, snow relocation processes and
elevation can be taken into consideration by the observer (Ostrem and
Brugman, 1991). We use a constant interval of 0.50 m w.e. a~ ! for the
isopleths. The lines are drawn manually over the glacier area (Agjacier)
in ArcGIS and the mass balance is interpolated between the lines
(TopoToRaster interpolation). The interpolation pattern is carefully
checked afterwards to prevent artefacts due to the interpolation
algorithm. A mean mass balance (b;) is then calculated for each
individual zone. The mass balance value is multiplied by the area (A;)
of each zone, totalled and then divided by the total glacier surface area
(Aglacier) to obtain the mean specific mass balance (Bcontour):
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To calculate the mean mass balance per 100 m elevation band, the
zones of equal mass balance are intersected with the elevation bands
in ArcGIS. From this, the ELA can be deduced.

2.2. Model-based extrapolation to determine glacier-wide mass balance

We evaluated the in-situ point mass balance data for the period
2010/11-2015/16 with a mass balance model. The model is a combined
distributed accumulation (Huss et al., 2008) and temperature index
melt model (Hock, 1999), which was previously used to analyze mass
balance for a glacier located in the same region (Kronenberg et al.,
2016). Surface ablation and accumulation is calculated for each grid
cell (20 m resolution) and each day of the year. The model is, thus,
capable of resolving glacier-wide mass balance on (1) a daily resolution,
including the main mass balance processes, and (2) for an arbitrarily
chosen period, e.g. the hydrological year (here from the beginning of
October to the end of September).

Ablation is calculated on the basis of melt factors, which are varied as
a function of potential clear-sky direct solar radiation (). This term for
radiation is calculated individually for each grid cell and thereby allows



¥ ablation stakes 2016
I snow pits 2016
% snow probings 2016

¥ Snow depth measurements
(spring 2014)

Fig. 3. Observation network on Batysh Sook Glacier in 2016. Annual mass balance was measured every year. Observation dates range between 17th of July and 13th of September for 2010/
11 to 2015/16. (a) The locations of ablation stakes, snow probings and snow pits are indicated. (b) In May 2014, snow depth measurements were performed.

the effects of slope and aspect to be accounted for (Hock, 1999). The
daily (t) surface melt rates (M) for a grid cell (, y) are calculated as:

M(x.y,t) _ { (fM + rsnovtlo/icelpot(xy)) * T(x.y,t) ;:2%1% (3)
where fy is a melt factor and rspow,ice are radiation factors for snow and
ice surfaces. Here, the air temperature (T) is extrapolated from the mean
glacier elevation to every grid cell using a constant lapse rate of dT/
dz. = —7.3 °C km™ . The value for dT/dz. corresponds to the average
monthly lapse rate for which melt is expected for the Central Tien
Shan published in Aizen et al. (1995). The lapse rate is held constant. Ac-
cumulation is calculated from solid precipitation, which is defined as oc-
curring when air temperatures lies below a threshold temperature
(Tenr = 1.5 °C) (e.g. Hock, 1999). The accumulation rate (C) is based
on solid precipitation measured at the meteorological station (P,) for
each day (t) and each grid cell (x, y):

CxYt) = Pys(t) * Cprec * Dsnow(,Y) (4)

A correction factor (cprec) €nables the adjustment of precipitation
totals to account for systematic errors such as gauge under-catch and
differences between the measurement locations. Cpr. varies for
SUMMer (Cprec_summer) aNd WINter (Cprec winter) dU€ to varying measure-
ment errors related to the type of precipitation (solid/liquid, wet/dry

Table 2
Amount of in-situ measurements since the re-establishment of the glacier monitoring of
Batysh Sook Glacier in 2010.

Date Stakes Snow pits Probings
01/09/2010 7 - -
20/08/2011 7 3 -
27/08/2012 9 3 13
26/07/2013 10 1 -
16/05/2014 10 2 ~200
29/08/2014 10 2 12
07/08/2015 12 3 17
17/07/2016 14 4 34
13/09/2016 14 2 6

snow). Accumulation via solid precipitation during summer and winter
months can vary in continental regions due to different conditions
during snow deposition. As the snow during winter months is deposited
under very cold conditions, the snow is dry and can be transported
easily by means of wind. By contrast, during summer month snow is
more likely to be deposited in a wetter state and thus wind
displacement is diminished and further limited by fast ice crust
formation (called Firnspiegel) due to strong radiation and higher
temperature conditions. For this reason, the gauge under-catch is
more pronounced in the winter than in the summer months.

A dimensionless spatial snow distribution multiplier (Dsnow)
(Tarboton et al., 1995; Farinotti et al., 2010) accounts for the spatial
variability of the snow distribution over the glacier. Dgpow(X,VY) is
derived by spatially interpolating a dense network of snow depth
measurements distributed over the entire glacier area with an
enhanced inverse-distance scheme (Fig. 4). The scheme has a search
radius of 150 m around each grid cell increasing stepwise until at
least three measurements are found. In a second step, a grid
including the small-scale variability is combined with the grid pro-
duced by means of inverse distance interpolation. This index-based
grid takes into account: (1) terrain curvature, (2) slope, and (3) ele-
vation. The curvature is evaluated around each grid cell. Concave grid
cells are attributed more snow whereas convex cells receive less
snow. A linear relation relates the degree of curvature to the snow
distribution. Snow accumulation is reduced linearly with slope
increasing from 40° to 60°. Slopes steeper than 60° are set to zero
accumulation (Huss et al., 2008). Snow distribution is fixed to
decrease linearly above a critical elevation (here: 4400 m a.s.l.)
where wind processes relocate snow and hamper accumulation.
Thus, processes of preferential deposition of snow, as well as
snowdrift are indirectly included in the model (Huss et al., 2009).
This snow distribution map is then normalized to an average of 1.
We assume that the spatial snow distribution does not change
significantly from one year to another (e.g. Helfricht et al., 2014).
Observations in May 2014 are thus used for all years without
extensive winter surveys. The impact of this assumption is analyzed
by means of a sensitivity experiment proposed in Kronenberg et al.
(2016) and further described in the “uncertainty analysis”.
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Fig. 4. Modelled snow distribution (Ds,.) is normalized to an average of one. Do,y iS
derived from a dense snow probing network obtained in May 2014. Snow pits and snow
probes from May 2014 are indicated additionally.

The mass balance model is calibrated using the available measure-
ments to provide a consistent mass balance time series for the hydrolog-
ical years from 2010/11 to 2015/16. Thus, by using an iterative
procedure, modelled mass balances are fitted to best represent the di-
rect observations. The melt parameters Fyy, 'snow and ric. are adjusted au-
tomatically in order to minimize the root-mean-square error (RMSE)
with point measurements for each year individually (Table 3). For
2014, Cprec_winter is constrained by direct winter accumulation measure-
ments and reduced by a factor of 0.25 for the summer months
(Cprec_summer)- For all other years with annual mass balance surveys but
no winter measurements, Cyre. is adjusted manually to obtain an optimal
fit with the annual in-situ measurements. Table 3 illustrates the RMSE
obtained between modelled and measured point values.

Table 3

Root mean square errors (RMSE) for the comparison
between the measured and modelled point values for
annual mass balances.

Year RMSE (m w.e.)
2011 0.19
2012 0.17
2013 0.15
2014 0.19
2015 0.12
2016 0.22

Table 4
Average values of calibrated model parameters, their standard deviations (stdv) and units.
dT/dz is based on a study by Aizen et al. (1995).

Parameter Value stdv Units

Fu 3.82 +0.23 10 3mw.e.d™ ' 'C!

Tsnow 0.35 +0.01 10 "mwe. (Wm=2)~! d=' ‘¢!
Tice 0.71 +0.02 10 °mwe.(Wm=2)~"! ¢=' ‘¢!
dT/dz 73 °Ckm™!

Cprec_winter 1.29 +0.10 -

Cprec,summer 1.07 + 0.03 -

2.3. Reconstruction of the glacier-wide mass balance from 2003/2004 to
2009/10

The mass balance model described above is used to reconstruct the
mass balance for the period from 2003/04 to 2009/10 for Batysh Sook
Glacier, thus for years without glaciological observations. The model
parameters (Cprec_winter/summer» Fm, Tsnow and Tice) are averaged, which
have been automatically and partly calibrated manually based on direct
glaciological measurements over a period of six years (Table 4). They
are held constant in order to model daily mass balances from 2003/04
to 2009/10. Dspo is constrained to the extensive field measurements
in May 2014. The temperature lapse rate and the potential clear-sky
direct solar radiation are kept unchanged over the entire modelling
period.

2.4. Snow-covered area fraction for model validation

We use georeferenced Landsat satellite images to map the snowline
on Batysh Sook Glacier using ArcGIS 10. The transient snowline on the
glacier marks the limit between snow-covered and snow-free area
(idem ice surface) on a glacier and is a proxy for the sub seasonal
mass balance. From the delineation of the snowline it becomes possible
to calculate the snow-covered area fraction (SCAF), which is the glacier
area covered by snow in relation to the total area of the glacier at this
time. Comparison of the SCAF derived from remotely sensed images
with the modelled SCAF for the exact same date enables an independent
model validation to be performed (Barandun et al., 2015; Kronenberg et
al,, 2016). We found a total of 57 Landsat scenes with sufficient visibility
for observing SCAFs (Table 1). A drawback to the validation is the limit-
ed number of images with good visibility, as is the case in 2005.

The uncertainty related to calculating the SCAF on the Landsat im-
ages depends primarily on the snowline delineation. We estimated
the snowline delineation uncertainty to be within a range of 7 image
pixels (30 m resolution) taking into account the visible transition zone
between ice and snow surface on the satellite images. For all satellite
images the encountered values ranges from 4% to 35% depending of
the location of the snowline. The average for all observed SCAFs is
10%. Similar uncertainties (4 11%) are found by means of a “round
robin” exercise for a selected range of Landsat images from 2004 to
2016.

The observed SCAF is in general a bit higher than the modelled frac-
tions (Fig. 5), leading us to expect the modelled mass balance to be
somewhat too negative. However, with an RMSE of 14%, including all
observation dates, the agreement is satisfactory. A mismatch is observed
mainly around fresh snowfall events and a shift in timing (Fig. 6).
However, modelled snowfall is reproduced in most cases within
45 days around the actual observed precipitation event (Fig. 7). On
22 satellite images, the glacier was entirely snow-covered (observed
SCAF = 100%).

2.5. Uncertainty analysis

The error estimates of in-situ measurements of ablation (0,¢.) and
accumulation (0,c) are adopted from Thibert et al. (2008).
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Fig. 5. Observed snow-covered area fraction (SCAF) in comparison to the modelled SCAF
for all observation dates. The line indicates a perfect agreement between observed and
modelled SCAF, and each diamond represents an actual SCAF observation. The
uncertainty for the modelled SCAF is estimated at 412%, corresponding to an
uncertainty in the mass balance of +0.26 m w.e. a~! (e.g. Huss et al, 2013).
Uncertainties in the observed SCAF range from +4 to 4 35%.

Uncertainties inherent to point observations are related mainly to errors
in stake readings, mass conversion, the accuracies of observations of
snow depth and density as well as to stratigraphic errors (Thibert et
al,, 2008).

Uncertainties related to the profile method primarily depend on the
representativeness of the point measurements and the linear relation of
those measurements with altitude. The main limitation of the method is
related to data scarcity in the accumulation area. Here, the uncertainty
estimate is composed of: (i) uncertainties in the in-situ measurement
(as described above), (ii) the uncertainty related to the extrapolation
from point measurements to the entire glacier area in the accumulation
zone, and (iii) the uncertainty related to the fit of the linear function in
the ablation area.

To assess the uncertainty related to the choice of extrapolation
method in the accumulation area (Oacc_area), We used three different ap-
proaches to obtain annual accumulation from point measurements for
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each year: (1) a constant value (average of all accumulation measure-
ments) is extrapolated to all the elevation bins in the accumulation
area, (2) a linear gradient through accumulation measurements, and
(3) an inverse gradient for the two uppermost elevation bins is used.
The standard deviation from those results is interpreted as the
uncertainty related to the extrapolation scheme above the ELA
(Oace_area = +0.18 m w.e. a~ ). The uncertainty related to the extrapo-
lation in the ablation area (Oap;_area) iS €stimated from the one-sigma
confidence intervals of the regression coefficient and leads to a value
0f O area = £0.12mw.e.a” ! (e.g., Sold et al,, 2016). The combination
of these different uncertainties of the profile method results in a total
annual uncertainty of Opofie = +0.28 m w.e. a~ ! (Table 5).

The uncertainty of the contour line method consists of the uncertain-
ty of the point measurements (see above) and the uncertainty related to
the extrapolation method. The latter is linked with the subjective inter-
pretation and manual drawing of the contours by the observer (Sold et
al., 2016). Here, the respective uncertainty is assessed with using a
“round-robin” test. Twelve observers with different level of expertise
independently analyzed the point measurements from 2016 using the
contour line method. The standard deviation obtained from this
experiment is interpreted as the uncertainty of the extrapolation
method and it is assumed to be similar for all years. The uncertainty
range of the contour line method is the combination of this extrapola-
tion uncertainty and the uncertainty of the point measurements, and re-
sults in an average value of Ocontour = +0.20 m w.e.a~ ! (Table 5).

To quantify the uncertainty components of the model-based extrap-
olation, we performed an analysis following Kronenberg et al. (2016).
The uncertainty in the calculated glacier-wide balance (Ogjac for 2010/
11-15/16) is related to the uncertainties of: (i) the in-situ measure-
ments of ablation (03p;) and accumulation (0,¢) (as described above),
(ii) the extrapolation from point measurements to the entire glacier sur-
face (model uncertainty (Omoq)) and (iii) the extrapolation of the mass
balance to the hydrological year (Oey). Additionally, (iv) the effect is
estimated of the non-adjusted topography (6opo) and (v) the uncertain-
ty related to the use of the snow distribution multiplier (Ds;o) based on
limited snow accumulation measurements (Osq). The uncertainty pro-
duced by the extrapolation algorithm used in the mass balance model
(Omod) is assessed by re-running the model for the period 2003/04 to
15/16 with a set of parameters that differ from the calibrated values
influencing the extrapolation scheme. We vary the values for
Cprec_winter/summer DY &= 25% and temperature lapse rate by 4 20%. The
standard deviation of the annual differences in mass balance obtained
from the calibrated and altered parameter sets is then interpreted as
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Fig. 6. Validation of modelled daily SCAF throughout the ablation season with the SCAF detected on Landsat imagery for the years 2004, 2007 and 2013, 2014.
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an estimate for 0p,0q. To estimate the uncertainty related to the extrap-
olation of the mass balance from the observation date to the hydrolog-
ical year (Oexty), We compare the daily modelled mass balance
calibrated to the in-situ measurements from the end of July 2016 to
the daily modelled mass balance calibrated with data collected in mid-
September 2016, thus close to the end of the hydrological year. A
disagreement of Ouyyr pw = £ 0.04 m w.e. a~ ' was found for the winter
balance and of Gexir pn = 4+ 0.08 m w.e. a~! for the annual balance.
These values are assumed to be similar from year to year. To test the ef-
fect of the unchanged glacier elevation (Oopo), a sensitivity analysis is
performed by adding and subtracting the highest possible elevation
change to the SRTM DEM. The highest elevation change for one year is
deduced from the highest snow depth and ablation point observation.
A maximal possible elevation change of +25 m from 2000 to 2016 is
estimated based on point measurements. The effect on the measured
annual mass balances (2010/11-2015/16) is only Oopo = +0.001 m
w.e a~ L. For the modelled mass balance (2003/04-2009/10) the effect
is somewhat higher (Oopo = £0.05 mw.e.a™ 1. The snow distribution
multiplier Dspo,, is based on measurements from one field survey only.
No information is available on the temporal evolution of the
snow depth pattern. To estimate the impact of this effect, the model
was re-run with the assumption of a uniform snow distribution with
Dsnow (X, ¥) = 1 = const. The standard deviation of the differences

Table 5

Uncertainty analysis of glaciological and reconstructed mass balances. Averages of the un-
certainty components are given for the annual and the winter balances. It is indicated for
which mass balance year this uncertainty component is considered in order to calculate
the total uncertainty of the glaciological Ogic: (2011-2016) and reconstructed Or:
(2003 —2010) mass balances, respectively 0ycc and 0y are the uncertainties from the
point measurements, 0, is the uncertainty due to a missing parameter optimization, Gyoq
is the model uncertainty, Oex, is the uncertainty related to the extrapolation in time from
the last observation of the year to fit the hydrological year, Otopo is the uncertainty due to
the non-adjusted surface elevation and 0 is the uncertainty of the snow distribution.
Oprofile aNd Oconour indicate the uncertainty related to the profile and contour line method,
respectively.

Annual Winter Years Unit
Oacc +0.09 +0.09 2011-2016 mwe.a
Oabl +0.04 - 2011-2016 mwe.a"'
Oopt +0.30 +0.01 2003-2010 mw.e.a !
Omod +0.04 +0.01 2003-2016 mwe.a '
Oextr +0.08 +0.04 2011-2016 mw.e.a” '
Otopo +0.03 +0.03 2003-2016 mwe.a !
Osd +0.08 +0.02 2003-2016 mw.e. a !
Orec +0.34 +0.11 2003-2010 mw.e.a !
Oglac +0.16 +0.10 2011-2016 mwe.a !
Oprofile +0.28 - 2011-2016 mw.e.a”!
Ocontour +0.20 - 2011-2016 mw.e.a '

between the annual mass balance obtained including the snow distribu-
tion pattern from 2014 and using the uniform snow distribution is
interpreted as Osq (Table 5).

For the modelled glacier-wide balance from 2003/04 to 2009/10 an
additional uncertainty is introduced due to (v) the missing direct mea-
surements (2003/04 to 2009/10), the missing parameter optimization
uncertainty (Oop¢). To quantify Oy, the calibrated model runs for the
years 2010/11 to 2015/16 are compared to non-calibrated runs.
The standard deviation is interpreted as the uncertainty related to
non-optimized mass balance results from 2003/04 to 2009/10. Table 5
summarizes all the calculated uncertainties for the winter and the
annual mass balance applying the rules of Gaussian error propagation
to combine the different uncertainty components.

3. Results
3.1. Mass balance from 2010/11 to 2015/16

The annual mass balance measured using the glaciological method
(model-based extrapolation) is negative between 2010/11 and 2015/
16 (Table 6 and Fig. 7). The strongest mass loss is observed for 2014/
15 due to strongly enhanced ablation during June and July, which is
not compensated for by the exceptionally high accumulation during
the winter season (Fig. 8). The average summer month (JJA) air temper-
ature 2015 registered at Tien Shan station was 5.7 °C, which is more
than one degree higher than average summer air temperature of the
preceding years (Fig. 2). These extreme conditions in early summer
2015 with enhanced ablation caused flooding and other natural hazards
in many regions of the Tien Shan (personal communication: R.
Usubaliev). Almost equally negative mass balances were measured in
2011/12 and 2015/16. However, homogenized to fit the hydrological
year, both years show a less negative annual mass balance than the ex-
treme year 2014/15 (B, (fix) in Table 6). Summer air temperatures
measured at the Tien Shan station in 2012 were average, whereas
2016 again showed relatively high air temperatures (5.2 °C JJA).
Nevertheless, annual precipitation was considerably higher in 2015/16
than in the previous extreme year. The year 2013/2014 shows a
comparable negative balance which is, by contrast, related to reduced
accumulation in winter, not to high summer temperatures (Fig. 8).
The year 2010/11 was characterized by close to average conditions
with somewhat higher annual precipitation resulting in a slight positive
winter balance anomaly (Fig. 8). The balance for the 2010/11 measure-
ment period is less negative than for the other years (model-based
analysis), balanced (contour line approach) or even positive (profile
method). Here, however, it must be kept in mind that the measurement
period in 2010/11 does not span 12 months. If we consider the results



Table 6

(A) Modelled seasonal mass balance of Batysh Sook Glacier from 2003/04 to 2009/10 with B, the winter balance from 1st of October to 31st of May, B, the mass balance over the hydro-
logical year (fixed period) for the model results. For the years 2010/11 until 2015/16, the mass balances are based directly on the in-situ measurements and given for the measurement
period and the hydrological year. Additionally, the mass balance gradient for each year is calculated. (B) Mass balance calculated with the profile line and (C) contour line methods from
2010/11 to 2015/16. Note that B, for the profile and contour line method is the balance that corresponds to the measurement period. The Equilibrium-Line Altitude (ELA) is calculated to
the point where zero mass balance is located, and the mass balance gradient (6b/6z) represents the gradient found from the lowermost elevation band to the ELA.

Reconstructed mass balance (A)
By (mw.ea 1) B.(mwea ') B.(mw.ea ')
Area ELA Fixed period Uncertainty (measured Uncertainty fixed period &b/dz
Year (km?) (mas.l.) (1.0ct.-30.Sep.) (mw.ea ') period) (mw.ea ') (1.0ct.-30.Sep.) (mw.e100 m™ 1)
2003/04 1.15 4255 0.17 +0.11 +0.34 —0.31 0.44
2004/05 1.15 4255 0.14 4+0.11 +0.34 —0.30 0.46
2005/06 1.15 4285 0.11 +0.11 +0.34 —0.63 0.43
2006/07 1.14 4255 0.09 +0.11 +0.34 —0.29 0.29
2007/08 1.13 4265 0.09 +0.11 +0.34 —0.34 041
2008/09 1.13 4175 0.15 +0.11 +0.34 +0.14 0.21
2009/10 1.13 4255 0.13 +0.11 +0.34 —043 0.52
2004-2010 114 4249 0.13 +0.11 +0.34 —0.31 0.39
Mass balance derived by model-based extrapolation
2010/11 1.13 4255 0.15 +0.10 —0.24 +0.17 —0.38 0.52
2011/12 1.13 4265 0.21 +0.10 —0.59 +0.15 —0.48 0.54
2012/13 1.12 4255 0.14 +0.10 —0.42 +0.16 —0.37 0.46
2013/14 1.11 4265 0.06 +0.10 —047 +0.16 —0.46 0.45
2014/15 1.11 4305 0.21 +0.10 —0.69 +0.15 —0.82 0.45
2015/16 1.11 4245 0.22 +0.10 —0.16 +0.14 —0.37 0.60
(6 Aug.-17 Jul.)
2015/16 1.11 4265 0.22 +0.10 —0.63 +0.14 —0.42 0.63
(6 Aug.-13 Sep.)
2011-2016 112 4265 0.16 +0.10 —043 +0.16 —048 0.51
2004-2016 113 4257 0.14 +0.11 +0.26 —0.39 045
Mass balance derived by profile method (B)
2010/11 1.13 4125 +0.13 +0.28
2011/12 1.13 4300 —0.73 +0.28
2012/13 1.12 4225 —0.29 +0.28
2013/14 1.11 4225 —045 +0.28
2014/15 1.11 4325 —0.59 +0.28
2015/16 1.11 4190 +0.13 +0.28
(6 Aug.-17 Jul.)
2015/16 1.11 4250 —0.53 +0.28
(6 Aug.-13 Sep.)
2011-2016 112 4250 —0.41 +0.28
Mass balance derived by contour line method ()
2010/11 1.13 4205 —0.06 +0.20
2011/12 1.13 4225 —0.35 +0.20
2012/13 1.12 4215 —0.28 +0.20
2013/14 1.11 4250 —0.37 +0.20
2014/15 1.11 4275 —047 +0.20
2015/16 1.11 4185 —0.06 +0.20
(6 Aug.—17 Jul.)
2015/16 1.11 4245 —0.48 +0.20
(6 Aug.-13 Sep.)
2011-2016 112 4236 —0.34 +0.20

covering the period of the hydrological year, no exceptional balance is
found for 2010/11 (B, (fix) in Table 6).

3.2. Mass balance from 2003/04 to 2009/10

The reconstructed annual mass balances from 2003/04 to 2009/10
are negative except for 2008/09 (Fig. 7). In this year, due to lower air
temperatures and a snow cover protecting the ice surface from ablation
during a considerable part of the summer months (Kronenberg et al.,
2016), ice and snow melt are significantly diminished (Fig. 8). Accumu-
lation is close to the 13-year-mean of the investigation period (Fig. 8).
The most negative balance of the reconstructed period is found for
2005/06; a year with low annual precipitation and average summer
air temperatures. The combination of both led to a winter balance

which is lower than average and increased ablation in summer. The
result is a very negative balance at the end of the hydrological year.

4. Discussion
4.1. Mass balance variability

Overall, the annual mass balance of Batysh Sook is very sensitive to
summer air temperatures, typical for continental glaciers. We observed
amuch higher variability in the summer balance (stdv = 0.21 m w.e.) in
comparison to the winter balance (stdv = 0.05 m w.e). The most nega-
tive mass balance of the investigation period occurred when summer air
temperatures were highest and the only positive mass balance was
found in 2008/09 with an average JJA air temperature of 3.2 °C. The air
temperature plays a critical role, determining the precipitation phase
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during the summer months and thereby affects the albedo and the
shortwave radiation budget at the glacier surface. The effect of summer
accumulation on glaciers in the Inner Tien Shan has been described pre-
viously by Dyurgerov et al. (1994) and the importance of summer snow
fall events and its consequences on albedo and the short-wave radiation
budget are in accordance with findings in nearby regions. In their
energy balance study for Chhota Shigri glacier, Western Himalaya,
India, Azam et al. (2014a) detected the net shortwave radiation as
being the major energy source for ablation. The precipitation intensity
and air temperature determining the precipitation phase during the
summer-monsoon were most important drivers of mass balance. At
decadal scale as well, summer air temperatures were identified an
important driving force of mass balance for Chhota Shigri (Azam et al.,
2014b). Furthermore, on the Tibetan Plateau an early onset of the sum-
mer monsoon precipitation could be associated with reduced ablation
mainly through changes in absorbed shortwave radiation (Mélg et al.,
2012).

Additionally, for Batysh Sook, a difference in inter-annual mass
balance variability depending on elevation can be observed (Fig. 12).
The standard deviation and the range of the mass balance within
each altitude band show a higher variability in the ablation area

0.60
0.40

0.20

- model based extrapolation

(stdv = 0.27 m w.e,, range = 1.12 m w.e.) and a slightly lower one in
the accumulation area (stdv = 0.20 m w.e., range 0.82 m w.e.). We as-
sume that probably the quite simple geometry pattern of the glacier is
mainly responsible for such a homogenous accumulation pattern,
which is not at all obvious.

4.2. Comparison of different methods

The measured mass balances from 2010/11 to 2015/16 are analyzed
using conventional methods and a model-based extrapolation. In gener-
al, all three methods lead to a similar result illustrating a clear mass loss
for the 6 years considered (Table 6 and Fig. 9). The most significant dif-
ferences between the three methods are found for 2010/11 and 2011/12
(beyond the estimated uncertainties). This discrepancy mirrors the lim-
ited data availability for the first years of observation. Over the years the
measurement network was improved, leading to more robust results.

The profile method shows its main weaknesses in the uppermost
and the lowermost part of the glacier where point measurements are
scarcely represented and the mass balance result does not agree with
the other two methods (Fig. 10). The glacier does not conform to a strict
relation between elevation and mass balance, particularly in the
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Fig. 9. Comparison of annual mass balance between different methods.
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accumulation area (Fig. 4). Wind drift processes in the uppermost zones
as well as avalanche depositions create a more complex mass balance
distribution. This pattern cannot be represented appropriately based
on the profile method. Nevertheless, the profile method is a simple ap-
proach to analyzing point measurements which works satisfactorily
well for a rough analysis of mass balance measurements for Batysh
Sook.

The contour line method is based on a certain quantity of expertise
necessary to draw the isopleths, and in general represents very well
the observed spatial melt pattern and snow distribution of a glacier.
For Batysh Sook, the mass balance analyzed using the contour line
method is generally less negative than the results obtained by the
other two methods (Fig. 9). The elevation distribution of the contour
line mass balance is similar to the one derived from the model-based ex-
trapolation (Fig. 10). An important advantage of the contour line meth-
od is that the net mass balance of a glacier can be calculated
independently of altitudinal information.

Due to inaccessibility and logistical difficulties, observation dates
vary considerably from year to year, leading to irregular measurements
periods. These varying observation periods hamper a sound interpreta-
tion. With the model-based approach, the mass balance can be
extrapolated to match the hydrological year. The output can then be
evaluated between the years and compared to other glaciers. Further-
more, the model is capable of calculating the glacier-wide mass balance
on a daily basis, allowing a validation based on transient snowline ob-
servations. In addition, the model enables seasonal mass balances to
be reconstructed based on meteorological data for years when no direct
measurements are available. However, the use of the mass balance
model is not a straightforward approach as it depends on additional
input data and calibration procedures. Furthermore, this method is
much more time-consuming than conventional methods.

Although temporal resolution of the conventional methods is limit-
ed to the measurement dates, calculation procedure is easier and nei-
ther additional input data nor calibration is needed. We recommend
choosing the extrapolation method with a view to the goal of the
study and the characteristics of the study site as well as the measure-
ment network. For glaciers where no clear elevation dependency of
mass balance is detected, the profile method cannot be considered suit-
able. Also, if the observation network is limited, the contour line or the
model based approach may provide more robust results.
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Furthermore, the study shows that for all methods used, large uncer-
tainties are related to the extrapolation of point information in the accu-
mulation area. Despite the highly variable deposition of snow related to
redistribution processes by wind or avalanches in this zone, the spatial
distribution of the observations is in general limited to accessible parts
of the accumulation area. In our study, this is clearly shown in Fig. 10.
A good estimate of the accumulation gradient seems to be very difficult
because of insufficient data to better constrain the spatial distribution of
snow. Several studies (e.g., Sold et al., 2016; Helfricht et al., 2012, 2014)
show that an improvement in the mass balance determination is possi-
ble through the combination of conventional mass balance data and
data obtained by new methods such as helicopter-borne Ground
Penetrating Radar or Light Detection And Ranging (LiDAR) measure-
ments. Such data also enables an improvement in the interpolation of
the accumulation distribution. Furthermore, accurate digital terrain
models can be obtained by complementary methods such as LiDAR, or
Structure for Motion and used for geodetic mass balance assessments
(e.g. Huss et al., 2008).

Another shortcoming of the methods applied in this study is the fact
that they are limited to surface processes. We investigate only the sur-
face mass balance and do not take into account internal accumulation
processes. However, on cold and polythermal glaciers, refreezing of
meltwater beneath the previous year's summer horizon may contribute
to the total mass balance. The only available estimates of internal accu-
mulation in the region date back to 1986-89 on Sary-Tor Glacier and
Gregoriev Ice Cap (Fig. 1) (Dyurgerov and Mikhalenko, 1995). The con-
tribution of internal accumulation (12%) and superimposed ice (22%) to
net accumulation on Sary-Tor was determined at a value of 34% (cf.
Kronenberg et al. (2016) for more details). Adopting the mean contribu-
tion of internal accumulation assessed for Sary-Tor, as a basis, we esti-
mate the superimposed ice and internal accumulation for Bathysh
Sook and obtain an insignificant contribution of <0.005 m w.e.a~ ' to
the glacier-wide mass balance.

Furthermore, in this study sublimation is not individually assessed
and neglected. This is an important shortcoming when considering the
interpretation of the runoff pattern and quantity. Sublimation processes
play an important role in the hydrological balance. However, if we look
at the mass changes of the glacier only, the modelled melt factors are
calibrated to reproduce the total mass loss, for each point measurement
and therefore the parametrization includes both terms of surface mass



loss, that is, melt and sublimation. If, on the other hand sublimation is
important, then we have overestimated melt rates and as a result, the
deduced runoff could also be considerably overestimated.

4.3. Comparison of the mass balance of Batysh Sook Glacier with other gla-
ciers in the region

The mean annual mass balance of —0.29 + 0.34 m w.e. a~ ! from
2003/04 to 2008/09 calculated for Batysh Sook Glacier is somewhat
less negative than the result found by Gardner et al. (2013). They esti-
mated a mass balance of —0.52 + 24 m w.e. a~ ! for the entire Tien
Shan from 2003 to 2009 based on geodetic measurements. Based on a
modelling study, Farinotti et al. (2015) indicated a mass balance of
—0.36 + 22 m w.e. a~ ! for the period 1961 to 2012 and a balance of
—0.41 4+ 21 mw.e. a ! for the Inner Tien Shan for the period 2003 to
2009. The recent study of Petrakov et al. (2016) also reveals a clear
glacier area (—5.9 + 0.34%) and volume loss (—2.1 to —2.5 km?) in
the nearby Akshiirak massiv for 2003 to 2013. Overall, these values
agree quite well with our mass balance reconstruction for Batysh Sook
Glacier.

We compare the results from Batysh Sook Glacier with those from
five other glaciers with direct mass balance measurements in the region.
Fig. 11 shows the measured and reconstructed annual mass balance of
glacier No. 354 (Kronenberg et al., 2016), the measured mass balance
of Tuyuksu and Urumgihe No.1 (e.g. WGMS, 2014), reconstructed
values for Gregoriev Glacier (Fujita et al., 2011) located in the Tien
Shan, and Abramov in the Pamir-Alay (Barandun et al., 2015). For all
glaciers, annual mass balances were negative, with the exception of
the hydrological year 2008/09, in which a positive or an almost balanced
mass budget was found. The nearby located glaciers show a quite simi-
lar evolution of the annual mass balances as Batysh Sook for the past de-
cade, whereas Tuyuksu and Abramov glaciers, which are situated
further away, show a different behavior, mainly characterized by a
more pronounced mass loss. The mass balance calculated for Glacier
No. 354 by Kronenberg et al. (2016) indicates a somewhat more nega-
tive balance with an annual mass loss of —0.43 + 0.09 m w.e.a™ ! for
the period 2003 to 2014. Batysh Sook Glacier is in general slightly less
negative (—0.31 & 0.28 m w.e.a~ !). Variability of glacier mass balance
from one glacier to another on decadal time scales can have manifold

controlling factors and are not purely depending on glacier surface
area and length characteristics (Rabatel et al., 2016). Batysh Sook
Glacier however has a very simple geometry, typical for smaller glaciers.
For such glaciers, lower mass turnovers in comparison to larger glaciers
with more complex geometry and ice dynamics have been observed in
many other mountain ranges (Hoelzle et al., 2003).

Temperature and precipitation are not the only driving forces of
glacier mass balance. In fact, the overall mass change is determined
mainly by the energy balance at the glacier surface, which is responsible
for the direct reaction of the glacier to a certain change in climate.
Therefore, the different reactions of glaciers in close vicinity are often re-
lated to other influencing factors such as: a) their different hypsometry
(Kuhn et al., 1985), b) the influence of changing shortwave net radia-
tion, which is controlled by the diverse characteristics of the albedo re-
lated to dirt or debris materials on the glacier surface, and varying fresh
snowfalls during the summer months (Fujita and Ageta, 2000; Fujita,
2008a,2008b; Liet al., 2011; Naegeli et al., 2015), or ) a strong increase
in the freezing level as discussed for Urumgqihe Glacier No. 1 by Wang et
al. (2014).

4.4. Mass balance gradients

The mean mass balance gradient found for Batysh Sook is 6b/6z =
0.45 m w.e. (100 m)~' (2004 to 2016) indicates the continentality of
the glacier. Mass balance gradients differ strongly from region to region
and depend on local climatic conditions and particularly on accumula-
tion amounts and seasonality (Kuhn, 1984). Topographic factors such
as exposure, slope and shadowing can have additional effects
(Oerlemans and Hoogendoorn, 1989). Kronenberg et al. (2016) found
a somewhat higher 8b/6z (0.68 m w.e. (100 m)~!) for Glacier No. 354
located nearby from 2004 to 2014. This rather high value for a glacier
in such a dry and continental region is explained by the sensitivity of
the mass balance gradient to summer accumulation, altering the surface
type in the ablation area and as a result, the melt pattern (Kronenberg et
al., 2016). Glacier No. 354, has a much more complex geometry and ex-
posure. Batysh Sook, by contrast, has a very simple and homogenous
hypsometry. Former studies indicate lower values for two glaciers in
the Akshiirak range. That is a 8b/6z of 0.3 m w.e. (100 m)~ ' for Davydov
Glacier (Fig. 1) from 1983 to 1995 (Aizen and Zakharov, 1989), and for
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Fig. 11. Comparison of different mass balance values from reconstructed (Gregoriev), reconstructed and measured (Glacier No. 354 and Abramov) and measured (Tuyuksu and Urumgihe
Glacier No. 1) series for glaciers in Central Asia. Values refer to the observation period 2003/04 to 2013/14. Mass balance data sources: World Glacier Monitoring Service (WGMS, 2014 for
measured data, Kronenberg et al. (2016) for No. 354, Fujita et al. (2011) for Gregoriev and Barandun et al. (2015) for Abramov Glacier.
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Fig. 12. Comparison of different modelled mass balance gradients with elevation of Batysh Sook Glacier from 2003/04 to 2015/16.

Sary-Tor, a db/6z of 0.4 m w.e. (100 m)~! from 1985 to 1989
(Ushnurtsev, 1991) were recorded.

An aspect discussed in the literature (e.g. Dyurgerov and Dwyer,
2001; Dyurgerov, 2003; Oerlemans and Hoogendoorn, 1989) which
has to be taken into account is a change in the mass balance gradient re-
lated to climate change effects. In a warmer climate, many glaciers will
show an increase in accumulation and at the same time an increase in
ablation (Dyurgerov and Dwyer, 2001). We investigated this effect
also at Batysh Sook Glacier (Figs. 7 and 12), but could not detect any
trend at this time. However, the 2015/16 mass balance year shows a
strongly increased winter accumulation (Fig. 8) and a more negative an-
nual balance. A much steeper gradient of 0.60 m w.e. (100 m)~ ! than
the mean found for the period 2004 to 2016 (0.45 m w.e (100 m)™ 1)
is the result. Such mass balance gradient changes are quite typical for
summer accumulation-type glaciers such as Batysh Sook. If such alter-
ations occur over longer time periods, with a concurrent rise in ablation,
the activity index increases and the glacier dynamics can change
(Dyurgerov et al., 1994; Meier, 1965; Meier et al., 2003; Oerlemans,
2001; Klok and Oerlemans, 2003; Haeberli et al., 2002). However, only
by conducting sound measurements in the near future such changes
can be recognized.

5. Conclusions

The aim of this study was to determine the subseasonal glacier-wide
mass balance for Batysh Sook Glacier between 2003/04 and 2015/16.
The study was based on annual glaciological measurements between
2010/11 and 2015/16. The mass balances for 2003/04 to 2009/10 were
reconstructed by the application of the calibrated mass balance model.
The model output shows a good agreement with observations from
Landsat imagery of the snow-covered area fraction throughout the
melting season. Batysh Sook Glacier had a mean annual mass balance
of —0.39 + 26 m w.e.a~ ! from 2003/04 to 2015/16. For the measure-
ment period from 2010/11 to 2015/16, mean annual mass balance spa-
tially extrapolated with the mass balance model was —0.48 4 0.16 m
w.e.a~ L. A similar mass loss of —0.41 4 28 m w.e. a~ ! was found by
applying the profile method for the same period. Application of the
contour line method resulted in a slightly less negative balance of
—0.34 + 20 mw.e.a~ . Among the conventional approaches, we iden-
tified the contour line method as more suitable. The reconstructed cu-
mulative mass balance is in agreement with several remote sensing
studies, which report an overall mass loss for glaciers in the Inner Tien
Shan, and thus delivers support for the indicated imbalance of glaciers
in the region. The reconstructed data series provides information with
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a high temporal resolution on glacier mass balance for a data-sparse re-
gion. This study is a further step toward increasing the understanding of
glacier response to climate change in the region and provides a further
basis for runoff studies.
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