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ABSTRACT. This study presents a reconstruction of the seasonal mass balance of Glacier No. 354,
located in the Akshiirak range, Kyrgyzstan, from 2003 to 2014. We use a distributed accumulation and
temperature-index melt model driven by daily air temperature and precipitation from a nearby
meteorological station. The model is calibrated with in situ measurements of the annual mass balance
collected from 2011 to 2014. The snow-cover depletion pattern observed using satellite imagery
provides additional information on the dynamics of mass change throughout the melting season. Two
digital elevation models derived from high-resolution satellite stereo images acquired in 2003 and 2012
are used to calculate glacier volume change for the corresponding period. The geodetic mass change thus
derived is used to validate the modelled cumulative glacier-wide balance. For the period 2003-12 we
find a cumulative mass balance of -0.40 £ 10 m w.e.a™". This result agrees well with the geodetic balance

of —0.48 £0.07 mw.e. a ' over the same period.
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INTRODUCTION

Changes in glacier mass balance directly reflect short- and
long-term fluctuations of glaciers in relation to driving
meteorological conditions and climate evolution (Oerle-
mans, 1994; Haeberli and others, 2007). When assessing the
future behaviour of a glacier, understanding its response in
the past is an asset. In dry regions, such as continental central
Asia, water availability is limited but water resources are
essential for drinking, agricultural irrigation and energy
production (Kaser and others, 2010). In this region, water
scarcity and its seasonality could give rise to conflicts (e.g.
Allouche, 2007; ECE, 2011). The Tien Shan, with a glacier-
ized area of ~7300 km? within the former USSR (Khromova
and others, 2014), represent a vital water tower for the
densely populated lowlands and contribute significantly to
runoff during the summer months (Sorg and others, 2012;
Kriegel and others, 2013). Hence, understanding the evolu-
tion of Tien Shan glaciers is of great interest, to allow greater
accuracy in projections of future water availability (e.g.
Unger-Shayesteh and others, 2013; Sorg and others, 2014).

Several studies based on remote sensing indicate a large
decrease in glacier area (e.g. Aizen and others, 2006; Bolch,
2007; Narama and others, 2010; Ozmonov and others,
2013) and ice volume (e.g. Pieczonka and others, 2013; Wu
and others, 2014; Pieczonka and Bolch, 2015) for the Tien
Shan. In situ glacier mass-balance measurements are sparse,
especially since the mid-1990s when several long-term
mass-balance measurements in central Asia were suspended

(WGMS, 2012). Glaciological measurements have been
performed on only a few glaciers and over short time
periods. In the Kyrgyz Tien Shan, Golubin glacier (Ala Archa
region) and Glacier No. 131, Davydov, Gregoriev, Kara-
batkak, Suek Zapadniy and Sary-Tor glaciers (all in the inner
Tien Shan) were investigated (e.g. Dyurgerov and Mikha-
lenko, 1995). Analysis of the difference between glacio-
logical and geodetic mass balances has been reported for
Tuyuksu glacier, northern Tien Shan, Kazakhstan (Hagg and
others, 2004) and Uriimqi glacier No. 1, eastern Tien Shan,
China (Wang and others, 2014a). Bolch (2015) compared
geodetic mass changes of Kyrgyz Ala Archa glaciers with
available glaciological measurements.

In the Akshiirak range (Fig. 1), mass-balance observations
date back to the 1980s. Glaciological measurements were
performed on Sary-Tor glacier for the period 1985-89
(Dyurgerov and others, 1994), and its mass balance was
reconstructed from 1930 to 1988 using modelling by
Ushnurtsev (1991a). A recent investigation based on remote
sensing, modelling and radio-echo sounding determined the
ice volume and a slightly decreased rate of area loss for
Sary-Tor glacier from 2003 to 2012 compared with 1977-
2003 (Petrakov and others, 2014). Although some mass-
balance data based on the glaciological method exist for
Sary-Tor, it was decided to transfer new monitoring efforts to
nearby Glacier No. 354 because of restricted access to Sary-
Tor due to mining activities. Glacier No. 354 was selected
for long-term monitoring by a group of researchers from
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Fig. 1. Location map of Glacier No. 354, Akshiirak range, inner Tien Shan, Kyrgyzstan. Inset: zoom to the Akshiirak range, with the locations
of Sary-Tor, Glacier No. 354 and the meteorological station indicated. Source: Environmental Systems Research Institute (ESRI)/US
Geological Survey/US National Oceanic and Atmospheric Administration.

Kyrgyzstan, Germany and Switzerland within the projects
Central Asian Water (CAWa) and Capacity Building and
Twinning for Climate Observing Systems (CATCOS).

The reconstruction of mass-balance time series for
glaciers with no or limited in situ measurements is a
prerequisite for increasing our understanding of the glacier
response to climate forcing. Today, models are common
tools for reconstructing glacier-wide surface mass balance.
A prevalent approach is the use of degree-day models,
which are based on empirical relations (e.g. Braithwaite and
Olesen, 1989; Hock, 2003; Pellicciotti and others, 2005;
Huss and others, 2008). Degree-day models are well suited
for mass-balance reconstruction if only limited input data
exist. As they are based on the high correlation between
certain components of the energy balance (longwave
incoming radiation and sensible heat flux) with air tempera-
ture (Ohmura, 2001) they perform well, especially for
periods for which calibration data are available.

The main objective of this study is to determine the
seasonal glacier-wide mass balance of Glacier No. 354 from
2003 to 2014 with a distributed mass-balance model. The
model is calibrated with in situ measurements of both
annual mass balance collected from 2011 to 2014 and
winter accumulation measurements in 2014, and is driven
with meteorological data from a nearby automatic weather
station (AWS). Using observations of the transient snowline
obtained from remotely sensed images, the seasonal mass-
balance values given by the model are evaluated. In
addition, we produce a set of two digital elevation models
(DEMs) from QuickBird and GeoEye satellite stereo images
acquired in 2003 and 2012 to estimate the glacier volume
change for the corresponding period, and to subsequently
validate the modelled cumulative mass balance. By
combining these different approaches we provide evidence
of mass loss for a glacier within a mountain region for which
very little information on mass-balance evolution was
available for the last decade.

STUDY SITE AND FIELD DATA

Glacier No. 354 (41.80° N, 78.15° E) is a non-surging valley-
type glacier located in the Akshiirak range, inner Tien Shan
(Fig. 1). According to data from the nearby Tien Shan
Kumtor AWS (Fig. 1), mean annual precipitation was
360 mm in 1997-2014, of which 75% was recorded during
summer (May-September; Fig. 2). The polythermal glacier,
with a compound basin of three tributary accumulation
zones, has a surface area of 6.44 km? (in 2012) and an ice
volume of ~272 x10°m? according to ground-penetrating
radar measurements in 2010 (Hagg and others, 2013). The
glacier covers an altitude range of 3750-4680 ma.s.l.
Since 2010, in situ mass balance has been determined
annually in late summer on Glacier No. 354. Ablation is
measured using wooden and plastic stakes which are drilled
into the ice with a Heucke steam drill. In the accumulation
area, snow pits were dug to measure snow depth and
density. The observation network consists of 9—-12 ablation
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Fig. 2. 1997-2014 monthly precipitation sums (blue) and air
temperature averages (orange) for the Tien Shan Kumtor AWS
(3660ma.s.l.).
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Fig. 3. (a) Observation network on Glacier No. 354 installed in
2010. Annual mass balance was measured annually between 17
and 29 August for 2010/11 to 2013/14. Crosses show the location
of ablation stakes, and circles show the snow-pit locations. In May
2014, snow depth measurements were performed (dots).
(b) Distribution of elevation change between the DEMs from
2003 and 2012. (c) Calculated mass-balance distribution for the
hydrological year 2011/12 based on in situ stake and snow-pit data
(indicated by symbols).
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Table 1. Input data for DEM generation (QuickBird and GeoEye)
and for glacier and snowline mapping (Landsat)

Sensor Date
dd/mm/yy
QuickBird 01/09/03
GeoEye 29/07/12
Landsat 5 12/08/06, 13/09/06, 11/05/07, 30/07/07, 16/09/07,
26/07/09, 27/08/09, 11/09/11
Landsat 7 11/06/04, 14/08/04, 01/10/04, 01/08/05, 20/06/07,
08/09/07, 24/09/07, 11/07/09, 17/07/11, 26/09/11,
03/07/12, 28/09/12, 29/07/13, 01/10/013, 09/07/14,
25/07/14, 10/08/14 18/09/14
Landsat 8 06/08/13, 15/08/13, 07/09/13, 23/09/13, 01/07/14,

10/09/14

stakes and one or two snow pits (Fig. 3a). Further
information on stake data can be obtained from the World
Glacier Monitoring Service (WGMS, 2014). In May 2014 we
also measured winter snow accumulation distribution with
five pits and ~200 manual snow probings (Fig. 3a). Meas-
ured ice ablation is converted into water equivalent
assuming an ice density of 900 kgm™3.

We use precipitation and temperature data recorded
between 1 October 2003 and 30 September 2014 at the
Tien Shan Kumtor AWS (41.92°N, 78.23°E), ~14km from
Glacier No. 354, located at 3660 ma.s.l. (Fig. 1). The AWS
is located next to the mine camp and began operating on 19
August 1996, replacing the old Tien Shan station. Hourly
data are calculated as a mean from measurements which
have been acquired every 5s. Sensors are calibrated
annually. Here we use daily precipitation sums and daily
mean temperatures which are derived from the official
hourly values. Unfortunately, no information on data quality
and filtering is available. Monthly temperature lapse rates
calculated from six stations (Aizen and others, 1995) are
applied to extrapolate measured temperature to the mean
elevation of Glacier No. 354.

We use two stereo pairs of the QuickBird and GeoEye
satellites from 1 September 2003 and 29 July 2012 to create
two DEMs (see below) and corresponding glacier outlines.
Orthorectified and georeferenced Landsat Thematic Mapper
(TM)/Enhanced TM Plus (ETM+) and Operational Land
Imager (OLI)/Thermal Infrared Sensor (TIRS) images of
appropriate quality are chosen to manually map the glacier
boundary for each year from 2003 to 2014. No suitable
images were found for 2008 and 2010. Uncertainties related
to manually digitized glacier outlines on remote imagery are
expected to be within 5% (Paul and others, 2013), i.e.
+0.35km? for Glacier No. 354. Additionally, all available
Landsat TM/ETM+ and OLI/TIRS scenes with low cloud
coverage during the study period between May and
September (i.e. during the ablation season, 32 scenes in
total), are used to gain information on snow depletion
patterns (Table 1).

METHODS
Mass-balance model

The idea behind the method used to determine the glacier-
wide surface mass balance for Glacier No. 354 is to constrain
a distributed model with seasonal field observations.
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Required input data are (1) point mass-balance measure-
ments at a limited number of locations over an arbitrary
period of ~1 year, (2) snow probings in spring, (3) a DEM
and glacier outlines and (4) daily air temperature and
precipitation data. The model provides daily mass-balance
time series for every gridcell of the glacier and thus allows
(1) an extrapolation of measured point mass balance based
on an algorithm that includes the main processes governing
mass-balance distribution, (2) the determination of glacier-
wide mass balance over, for example, the hydrological year
and (3) the separation of mass-balance components (accu-
mulation/ablation).

Here we use a distributed accumulation and temperature-
index melt model (Hock, 1999; Huss and others, 2008).
Degree-day factors are varied as a function of potential
direct solar radiation, in order to account for the effects of
slope, aspect and shading. Daily surface melt rates,
M =M(x,y,t), at day t and for gridcell (x,y) of the DEM
are computed by

M = { (fM + I'snow/ice Ipot)T T>0°C
0

TSOOC, : (1)

where fyy denotes a melt factor, rg,o.ice are radiation factors
for ice and snow surfaces and Ipot = lpot(x, y, 1) is the
potential solar radiation under clear-sky conditions (calcu-
lated after Hock, 1999). Air temperature, T =T(x,y,t), is
extrapolated from mean glacier elevation to every gridcell,
using a constant lapse rate, dT/dz = —4.7°Ckm~" (Aizen
and others, 1995). Snow accumulation, C, is calculated
based on the measured precipitation, Pws(t), at the weather
station occurring at temperatures smaller than a threshold
temperature, Ty, =1.5°C, by

C(X/ Y, t) = PWS(t) * Cprec - Dsnow(X/ )/) (2)
A correction factor, Cprec, allows the adjustment of precipi-
tation sums. The spatial variation in accumulation over the
glacier is taken into account using a dimensionless spatial
snow distribution multiplier, Dsnow(X, y) (Farinotti and
others, 2010). Dsnow(X, y) is derived by spatially inter-
polating the snow water equivalent, measured in the field
over the entire glacier using an inverse-distance scheme,
and the interpolated field is normalized to an average of 1.
Thus, processes of preferential deposition of snow, as well
as snowdrift, are included in the model via field measure-
ments integrating the winter accumulation season. We
assume that the spatial snow distribution observed in May
2014 is valid for all years, but assess the impact of this
assumption with a sensitivity experiment.

For the years with in situ measurements (2011-14) the
model is calibrated for each year individually in a semi-
automatic procedure. Cprec (Eqn (2)) is constrained based on
the direct winter accumulation measurements in May 2014,
and is assumed to remain constant over time. Initially, Cprec
was set to 1.3, assuming that precipitation at the elevation of
the glacier was somewhat higher than at the AWS. cprec was
then automatically varied until the root-mean-square error
(RMSE) between modelled and observed winter accumu-
lation measurements was minimal. The melt parameters, fu,
I'snow and rice (Eqn (1)), are set to initial values based on the
literature and then automatically adjusted with a constant
ratio between them, so that the RMSE between modelled
and observed point annual balances is minimized. The
remaining RMSE were in the range 0.29-0.38 mw.e.a™".
The average values from the consolidated parameter set

95

Table 2. Averaged values of calibrated model parameters (used for
2003/04-2009/10) and ranges of calibrated model parameters
(2010/11-2013/14) and units

Parameter ~ Value Range Unit

fm 1.41 1.36-1.47 103 mw.e.d™1°C!

Fenow 1.13 1.08-1.18 10 °mw.e.(Wm=2)~1d-"°C"!
Fice 2.26 2.18-2.35 10 mw.e.(Wm=2)~1d-T°C!
d7/dz —4.7 const. °Ckm™!

Cprec 1.63 const. -

determined over 2011-14 are then used to drive the model
for 2003 to 2010 using the meteorological input from the
AWS (Table 2).

The presented mass balances are given in a fixed-date
system for the hydrological year (1 October-30 September;
Cogley and others, 2011). Mass-balance values are calcu-
lated over a changing glacier surface (conventional mass
balance; Elsberg and others, 2001) to allow direct com-
parison between glaciological and geodetic methods. We
used annually updated DEMs and glacier masks for the
modelling between 2004 and 2011, and constant glacier
geometry after 2012. Approximated annual DEMs were
obtained by linearly interpolating observed surface eleva-
tion changes (Huss and others, 2008) between the Quick-
Bird and GeoEye DEMs of 2003 and 2012 (see below), and
glacier area was adapted based on Landsat imagery.

Snow-covered area fraction

We used transient snowline observations derived from
remotely sensed images from 2004 to 2014 to verify the
plausibility of the modelled seasonal mass-balance values.
The transient snowline is regarded as a proxy for sub-
seasonal mass balance (Pelto, 2011; Huss and others, 2013).
For each year, between one and six georeferenced Landsat
TM/ETM+ and OLI/TIRS images with good visibility were
identified during the period of depletion of the winter snow
cover (Table 1). We manually digitized the snowline by
visual separation of bare ice and snow (Hulth and others,
2013; Huss and others, 2013) on the false-colour compo-
sites of the satellite images. The snow-covered area fraction
(SCAF), i.e. the fraction of the glacier area covered by
seasonal snow, is calculated for each observation date. This
quantity is then compared with the modelled SCAF at the
corresponding dates. The mass-balance model provides the
surface type (snow or ice) per pixel at daily resolution,
which allows direct extraction of the SCAF.

DEM generation and comparison

We created DEMs with a spatial resolution of 4 m from the
two stereo pairs of QuickBird (1 September 2003) and
GeoEye (29 July 2012) high-resolution satellite imagery,
using standard procedures and the software PCl Geomatica.
The two stereo pairs were connected using common tie
points before DEM extraction, and no horizontal shift
between the two DEMs was found (Nuth and Kaab, 2011).
The mean elevation difference for non-glacierized areas was
0.5 m, indicating a higher mean elevation for the year 2003
than for 2012. This offset was corrected to obtain a zero
mean elevation difference outside the glaciers. For this
vertical co-registration, only flat terrain sections were
selected and areas with parallax-matching problems were
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Table 3. Uncertainty analysis of glaciological and geodetic mass
balances. oy, is the average uncertainty in glaciological mass
balance for 2011-14, and oy is the average uncertainty for the
reconstructed period 2003-10. oy is the total uncertainty of
individual elevation differences, ogound is the uncertainty in the
vertical stable ground offset, o, is the uncertainty resulting from
the density assumption and og.oq is the total uncertainty of the
geodetic mass balance

Symbol Uncertainty in Value

Tglac Glaciological balances 2011-14 +0.24mw.e.a”’
Orec Reconstructed balances 2003-10 +0.33mw.e.a”!
Oah Individual elevation differences +0.34mw.e.a”’
Oground Stable ground offset correction +0.14mw.e.a”’
op Density assumption +0.03mw.e.a”"
Tgeod Geodetic balance 200312 +0.07mw.e.a”!

avoided. As the 2003 image has a quite oblique view angle
(~30°), the two images of the stereo pair are strongly
distorted relative to each other in the steep upper parts of the
glacier. This results in problems for parallax matching and
thus obvious DEM errors (Fig. 3b). We therefore used robust
statistics to estimate the total volume change (Hoéhle and
Hohle, 2009). For each 100 m elevation bin, the median
elevation difference was computed, and these medians were
multiplied by the area of each bin and then integrated over
the entire glacier to obtain the total volume change, AV.
To compare the glaciological and the geodetic mass
balance, the volume change was corrected to the start and
end dates of the hydrological year (1 October 2003 to
30 September 2012) with modelled information on mass-
balance evolution for the periods between image-acquisi-
tion dates and the start/end of the hydrological year. The
difference in volume change calculated in this way was
converted into a mass change, Bgeod, Using a density of
pav = 850 £ 60 kg m~3 (Huss, 2013):
T ®
- At
where A is the average glacier area from 2003 and 2012
over the time interval At =9 years.

geod —

Uncertainty analysis

The uncertainty in the calculated glaciological glacier-wide
mass balance for 2011-14, ogj.c, and in the reconstructed
glacier-wide mass balance, oo, for 2003-10 is the result of
a combination of uncertainties that are related to (1) the in
situ measurements, o, and o, for ablation and accumu-
lation measurements, respectively, (2) the model uncertainty
related to the chosen parameters, o,,04, (3) the uncertainties
of assumptions on the snow distribution, oy, and (4) a
missing parameter optimization for the period without
available measurements (2003-10), oop.

The uncertainties in point measurements of ablation and
accumulation are adopted from Thibert and others (2008).
They performed repeated tests for ablation measurements on
ice and found an uncertainty of 15 cm. With an ice density of
900 kg m—3 and the number of ablation measurements per
year, N, the total uncertainty in the annual point ablation
measurements is o,p = 0.14/v/Nmw.e.a~'. The uncer-
tainty in the accumulation, o,c, (excluding stratigraphic
errors) consists of the uncertainty in the density measurement

Kronenberg and others: Mass-balance reconstruction for Glacier No. 354

and the uncertainty in the observed snow depth. The
annual uncertainty resulting from these components is
Oace =0.13mw.e.a .

The uncertainty oo is mainly affected by the choice of
model parameters. This uncertainty was assessed by re-
running the model for the period 2003-14 with a set of
parameters that differ from the calibrated values. In the
altered parameter set, the values for cyec Were varied by
+25%. The temperature lapse rate was varied between
different literature values, i.e. between 3.0°Ckm~" (Aizen
and others, 1995) and 5.8°C km~" (Aizen and Aizen, 1997).
The standard deviation of the annual differences between
the results obtained from the calibrated and altered par-
ameter sets is interpreted as an estimate for oyq. In our
experiment, we found o, = 0.19mw.e.a™".

The snow distribution used in the modelling 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 we reran the
model with the assumption of a uniform snow distribution
with Dgnow (X, y) = 1 = constant. The standard deviation of
the annual differences between the results obtained in-
cluding the snow distribution pattern from 2014 and using
the uniform snow distribution is interpreted as oy. We
found oy =0.12mw.e.a™ .

To quantify model uncertainties due to missing parameter
optimization from 2003 to 2010, ooy, we compared model
runs with and without calibrating them to in situ measure-
ments for the years 2011-14 with available point data. The
standard deviation of g = 0.17 mw.e. a~!is interpreted as
the uncertainty related to non-optimized modelled mass-
balance results from 2003 to 2010. We also analysed the
model-based temporal homogenization using the same
parameter set as for the quantification of oy,4. Differences
in mass balances at the end of the hydrological year
between model runs with the calibrated and the altered
parameter sets are not significant, so we assume that this
uncertainty is negligible. The final estimates for the overall
uncertainties, gg,c for 2011-14 and oec for 200310, were
then obtained by combining all components described
above using the rules of Gaussian error propagation
(Table 3).

The uncertainty in the annual geodetic mass change,
Ogeod, Was estimated as the root-sum-square (RSS) of (1) the
uncertainty of individual elevation differences, (2) the
uncertainty of the vertical stable ground offset of —0.5m
and (3) the uncertainty in the density assumption. The
individual components were estimated as follows. (1) The
uncertainty of individual elevation differences is estimated
as the normalized median absolute deviation (Hohle and
Hohle, 2009). This is a rather pessimistic estimate as it is
based on both elevation errors and real spatial variations of
elevation change. (2) The elevation offset from stable ground
around the glacier of —0.5m has a standard deviation of
1.5 m that was added to the error budget. (3) The uncertainty
of the density assumption, +£60kgm~3, was also added to
the error budget. The RSS of the above three error
components was the estimated accuracy of individual
water-equivalent elevation changes. To arrive at the accur-
acy for the mean elevation change and the total mass
change, the accuracy of individual elevation changes has
to be divided by the square root of the effective number
of independent measurements, Ngs. As neighbouring
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photogrammetric measurements are highly correlated, the
distance between independent measurements is far larger
than the DEM grid size. Here, we assume a distance
between independent measurements of 500 m (Gardelle and
others, 2013), which results in Ny ~ 25.

RESULTS

By subtracting the DEMs of 2003 and 2012, a total volume
change of —28 x 10°m?, corresponding to an annual
geodetic mass balance of —0.48 +£0.07mw.e.a”!, was
found. The glacier experienced elevation losses of up to
25m over the glacier tongue, with gradually decreasing
values towards the accumulation area (Fig. 3b). We detect
elevation changes in the range of —5 m in the region of the
modelled ELA (Table 4), providing evidence that the glacier
has not been in steady state over the last decade. The
observed volume change corresponds to a reduction in total
glacier volume (Hagg and others, 2013) of 10% between
2003 and 2012, or slightly more than 1%a"'.

Between 2011 and 2014, annual mass balances based on
the glaciological method are clearly negative (Table 4). For
this period, the strongest mass loss was found for 2013/14
(—=0.64 mw.e.a"). The modelled annual melt and accumu-
lation is shown in Figure 4 for every mass-balance year. The
year 2013/14 was characterized by rather small accumu-
lation, although melting was close to average. The mass-
balance distribution for 2011/12 is shown in Figure 3c.
Glacier No. 354 experienced slightly above average snow
accumulation and ablation in 2011/12 (Fig. 4), resulting in a
mass balance of —0.46mw.e.a”'. The ELA for the same
hydrological year was found to be at 4205 ma.s.l., which is
close to the mean over the study period (Table 4).

The reconstructed annual mass balances from 2003-10
are negative except for 2008/09 (Table 4). In this year, snow
and ice melt were strongly reduced, due to lower air
temperatures and a snow cover protecting the ice surface
from melting for much of the ablation season (not shown).
The most negative mass balance is found for the year 2005/
06 (—0.82 mw.e.a™ "), characterized by the highest ablation
during the study period (Fig. 4).
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Table 4. Modelled seasonal mass balance of Glacier No. 354 from
2003/04 to 2013/14 with B,, the winter balance between 1 October
and 31 May, and B, the mass balance over the hydrological year.
For the years 2010/11-2013/14 the mass balances are directly
based on the in situ measurements. The model was used to
extrapolate these measurements to the entire glacier surface. For
the other years (2003/04-2009/10) an averaged parameter set was
used and the mass-balance values are based on the model. Stated
confidence intervals refer to ogjac and orec. Bgeod is the mass change
determined with the geodetic method for 2003-12

Year Area ELA By, B,
km? ma.s.l. mw.e. mw.e.

2003/04 6.53 4175 0.38+0.18 —-0.31+0.34
2004/05 6.51 4185 0.31+0.17 —-0.35+0.32
2005/06 6.51 4295 0.23+0.15 —0.82 £0.35
2006/07 6.49 4185 0.224+0.16 -0.37+0.33
2007/08 6.49 4245 0.194+0.15 —-0.48 £0.31
2008/09 6.48 4115 0.30+0.16 +0.21 £0.29
2009/10 6.47 4235 0.26 +0.16 —0.60 +£0.35
2010/11 6.47 4195 0.30+0.18 —-0.41+£0.24
2011/12 6.44 4205 0.34+0.17 —0.46 £0.26
2012/13 6.42 4225 0.29+0.17 —0.55+0.25
2013/14 6.41 4275 0.12+£0.15 —0.64 +0.22
2003-10 4205 0.27 +0.06 —-0.39+0.12
2003-14 4212 0.27 +0.05 —0.43 £0.09
2003-12 4204 0.28 +0.06 —0.40+0.10
Bgeod(2003-12) —0.48 £0.07

Over the period 2003-14, the mass balance of Glacier
No. 354 only showed small interannual variations (Fig. 5).
The calculated 2003-12 cumulative mass balance agrees
well with the independent geodetic mass change (Fig. 5),
although the mass balance inferred from the glaciological
method and modelling is somewhat less negative than that
from the geodetic method. The difference (0.08 mw.e.a™")
is, however, not significant and is within the error bars of
both methods. Hence, we do not correct our reconstructed
annual mass-balance series to the mass change found by
DEM differencing.
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Fig. 4. Reconstructed annual mass balance (dark grey bars) with calculated total annual melt (red) and accumulation (blue) for 2003-10.
Mass balances from 2011 to 2014 (light grey bars) are directly based on the in situ measurements. The model was used to extrapolate these
point measurements to the entire glacier surface and to the hydrological year. The error bars indicate combined uncertainties, ogjoc and orec.
The black line refers to the mean annual geodetic mass balance with its uncertainty (dashed lines).
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Fig. 5. Cumulative mass balance of Glacier No. 354 (solid curve)
and corresponding uncertainties (dashed curves). Mass balances for
2011-14 are measured, and they are modelled for 2003-10.
Triangles show the geodetic mass balance, and related uncertain-
ties are indicated.

DISCUSSION

Validation using snowline observations

The accuracy of the reconstructed mass-balance series over
the period 2003-12 was assessed by comparing cumulative
results against the independent geodetic ice volume changes
(Fig. 5). We also utilized multiple snowline observations
from Landsat imagery throughout the ablation season to
validate the model-based seasonal to annual balance and its
calculated distribution. For each Landsat image, observed
snow-covered area fractions are compared with the model
results for the corresponding dates. We find satisfying
agreement, with a RMSE of +14.3%, including all 32
observation dates from 2003-14. Twelve of the 14 fresh
snowfall events observed on the Landsat images are correctly
identified by the model (not shown). Figure 6 illustrates a
comparison between the modelled and observed SCAF over
the 2004, 2007 and 2013 ablation seasons.

Mass-balance variations in the Tien Shan

The average mass balance of —0.43 mw.e.a™! for 200314
estimated in this study agrees with the results of Gardner and
others (2013), who determined a mass balance of —0.494
0.08mw.e.a~! for the entire Tien Shan for 2003-09 using
Ice, Cloud and land Elevation Satellite (ICESat) data. For the
Akshiirak range, Pieczonka and Bolch (2015) calculated a
mass budget of —0.51 +0.36 mw.e.a~! during 1975-99,
indicating more mass loss than in other regions of the central
Tien Shan. The same authors quantified the geodetic mass
balance for Glacier No. 354 (Bordu-Juschnaja in their study)
from 1975 to 1999 as —0.79 + 0.25 mw.e.a~'. Since 2003,
our assessment indicates a significantly less negative mass
balance for Glacier No. 354 relative to the late 20th century.
Comparing our results with different studies (Aizen and
others, 2006; Dyurgerov, 2010; Gardner and others, 2013;
Pieczonka and Bolch, 2015) we confirm the significant mass
loss of the investigated glacier over recent decades. We sug-
gest that the mass loss over the past 40 years has continued,
but at a somewhat decreased rate during the last decade.
Information on annual mass balance is available for other
glaciers in the region. We compare the results from Glacier
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Fig. 6. Validation of modelled snow-covered area fraction with the
snow-covered area fraction (SCAF) detected on Landsat imagery for
2004, 2007 and 2013, with estimated uncertainties due to
delineation errors of snowline on Landsat images.

No. 354 with those from four other glaciers with direct mass-
balance measurements. Figure 7 shows the measured annual
mass balance of Tuyuksu and Uriimqgi No. 1 (e.g. WGMS,
2014), reconstructed values for Gregoriev (e.g. Fujita and
others, 2011) located in the Tien Shan, and Abramov in the
Pamir-Alay (M. Barandun, unpublished information). For all
glaciers, annual mass balances were negative, with the ex-
ception of the hydrological year 2008/09, in which a positive
or almost balanced mass budget was found. The cumulative
mass balances from 2003-12 were —3.59 mw.e. for Glacier
No. 354, —5.54mw.e. for Abramov, —4.62 mw.e. for
Tuyuksu, —7.26 mw.e. and —5.14 mw.e. for Uriimqi No. 1
east and west, respectively. Reconstructed values for
Gregoriev ice cap until 2007 show the most negative annual
mass balances for the years 2004-07. Fujita and others
(2011) explain mass losses after the 1990s mainly by high air
temperatures. For the study period 2003-12, Glacier
No. 354 showed the least negative mass balance of the
considered glaciers, whereas Uriimqi No. 1 had the most
negative mass balance. Urimqgi No. 1 is situated in a
relatively dry environment, was split into two branches in
1993 and its mass balance was especially negative after 1996
(Wang and others, 2014a; Zhang and others, 2014). Previous
studies mention several reasons for the increased mass loss at
Uriimgi No. 1. Wang and others (2014b) discuss an increase
in freezing level height and other authors mention a decrease
of surface albedo by reduced fresh snowfalls during summer
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(unpublished information) for Abramov glacier.

and by accumulation of dirty surface materials through
increased surface ablation (Fujita and Ageta, 2000; Fujita,
2008a,b; Li and others, 2011).

Mass-balance gradient

The area-altitude distribution of Glacier No. 354 reveals that
the ELA fluctuates around the altitude at which the glacier has
its maximum area (Fig. 8). This indicates that the glacier
might respond sensitively to a rise in the ELA, as expected
with future atmospheric warming. The mean mass-balance
gradient in the ablation area is —0.68 mw.e.(100m)~!,
which is similar to values for glaciers in much less contin-
ental environments (e.g. Oerlemans, 2001). A minimum
gradient of —0.49 mw.e. (100 m)~" was found for 2009. Past
investigations of nearby glaciers indicated lower gradients of
—0.3mw.e.(100m)~" for Davydov glacier in 1983-95
(Aizen and Zakharov, 1989) and of —0.4mw.e.(100m)~"
for Sary-Tor in 1985-89 (Ushnurtsev, 1991b). According to
Dyurgerov and others (1994) an ongoing change towards
higher mass-balance gradients is assumed with a shift in
climate conditions.

Such changes in mass-balance gradients are typical for
summer-accumulation-type glaciers (Oerlemans, 2001).
Glaciers dominated by such mass-balance regimes are
characterized by dry winters, and most of the solid precipi-
tation is deposited during summer. Summer accumulation is
dominantin the central Tien Shan, and its relative importance
increases eastwards, corresponding to the higher continen-
tality (Voloshina, 1988). Summer accumulation strongly in-
fluences melt rates via albedo changes, by reducing the
absorbed shortwave radiation during the solstice period
(Fujita and Ageta, 2000; Fujita, 2008a,b). A small change in
summer accumulation has a significant impact on the surface
type in the ablation area (snow/ice) and is thus able to change
the mass-balance gradient considerably.

Annual accumulation sums (Fig. 4) are substantially
higher than the calculated winter balances evaluated on
31 May (Table 4) for all investigated years. The mass-balance
evolution over the hydrological year is characterized by an

accumulation maximum in summer. The importance of
summer accumulation in the region was also noted by
Dyurgerov and Mikhalenko (1995), who found substantial
differences between the winter balance and annual accumu-
lation as well as between summer balance and annual
ablation for Sary-Tor glacier. Thus, the separation of the year
into a winter period with no melting and a summer period
provides important information on the processes determining
the total mass balance.

Internal accumulation and complementary
investigations

In our study, we only considered surface mass balance and
did not quantify internal accumulation. For polythermal and
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Fig. 8. Elevation dependence of annual mass balance. Dashed
curves are for the reconstructed period (2004-10) and solid curves
for years with direct observations (2011-14). The lowest (2009),
highest (2010) and two nearly average (2006 and 2012) gradients
are indicated. Bars show the surface hypsometry in 2012.
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cold glaciers, however, refreezing processes of meltwater
beneath the summer surface are not negligible (Cogley and
others, 2011) and might have a considerable effect on total
mass change. Investigations on Sary-Tor based on repeated
snow pits in 1986-89 indicated an average contribution of
22% internal accumulation to net accumulation (Dyurgerov
and Mikhalenko, 1995). Dyurgerov and Mikhalenko (1995)
defined internal accumulation as the refreezing of infiltrated
water below the previous year’s summer surface and
considered superimposed ice separately. To assess internal
accumulation and superimposed ice at Sary-Tor, Dyurgerov
and Mikhalenko (1995) extrapolated data from the location
with the maximum thickness of the superimposed ice layer
situated close to the ELA over the accumulation area. This
assumption was independently controlled with repeated
deep snow and firn pits located at 4550 ma.s.l. The inferred
range of uncertainty was £10%. The mean contribution of
superimposed ice to net accumulation at Sary-Tor glacier in
1986-89 was 12%. The highest contribution was observed
in years with a positive balance. For the period 1986-89 the
mean contribution to the glacier-wide mass balance of Sary-
Tor was ~70mmw.e.a~" by internal accumulation and
~45mmw.e.a”" by superimposed ice, whereas the meas-
ured contribution of internal accumulation to Gregoriev ice
cap was 180-200mmw.e.a~' in 1987 (Dyurgerov and
Mikhalenko, 1995). We note that 70 mmw.e. of internal
accumulation for the whole glacier means that ~7.5% of
the meltwater is refrozen below the annual layer (12%
refreezing of meltwater if superimposed ice is included).
This is significantly lower than in colder environments, such
as the Tanggula Mountains where refreezing of 20% of
infiltrated water has been reported for Xiao Dongkemadi
glacier (Fujita and Ageta, 2000). This variability might be
explained by differences in ice temperatures which are
about —6 to —7°C at Xiao Dongkemadi glacier (Fujita and
others, 1996) and —2.6 to —3.94°C at Gregoriev glacier
(Takeuchi and others, 2014) located <50 km from Sary-Tor
at a similar elevation.

Assuming that the rates of internal accumulation assessed
for Sary-Tor are valid for Glacier No. 354 over the last
decade, we calculate a contribution of internal accumu-
lation to glacier-wide annual mass balance of about
+0.04mw.e.a~'. The uncertainties in these estimates are,
however, high, and an exact field determination of internal
accumulation rates is difficult. Furthermore, it is likely that
internal accumulation showed some changes over time,
related to a depletion of the firn volume and a change in firn
temperature. We therefore did not explicitly include i
nternal accumulation in the mass-balance results evaluated
in this study.

The results presented here are based on limited in situ
data. Only four years of annual mass-balance measurements
were available, and information on snow distribution is
based on only one field campaign. More and denser in situ
measurements would be beneficial and uncertainties in the
results could be reduced if such data were available.
However, access to the accumulation area is difficult or
impossible, due to crevasses and the risk of avalanches. To
complement the measurements, different investigation
strategies, such as helicopter-borne radar measurements
(e.g. Machguth and others, 2006; Sold and others, 2013),
should also be considered. Such investigations might help to
improve knowledge of the accumulation pattern rather than
repeated in situ snow probings.
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CONCLUSIONS

In this study the seasonal mass balance of Glacier No. 354
was reconstructed for the period 2003-14, based on a
combination of glaciological modelling and various in situ
and remotely acquired data. By calibrating a spatially
distributed mass-balance model driven by daily meteoro-
logical data to direct point measurements of ablation and
accumulation, the glacier-wide seasonal mass balance for
the period 2011-14 was calculated. Using the calibrated
model parameter set, mass-balance time series since 2003
were derived. The results show good agreement with
(1) independent geodetic ice volume changes derived for
the period 2003-12 from two DEMs and (2) observations of
the snow-covered area fraction throughout the melting
season based on Landsat imagery. We find a modelled
cumulative mass balance of —4.78 +£0.98 mw.e. for the
period 2003-14, with a mean annual value of —0.43+
0.09 mw.e.a~'. A similar mass loss was found, independ-
ent of any meteorological information, by the geodetic
method. By combining in situ glaciological observations
and geodetic surveys with modelling it is possible to
downscale the decadal mass loss to sub-seasonal changes.
Thanks to this increased temporal resolution, the mass-
balance evolution and the underlying processes can
be addressed.

The last decade is characterized by a scarcity of direct
information on glacier mass balance in the Tien Shan.
Limited availability of long-term series of seasonal mass
balance hampers understanding of the drivers of regional
glacier change. We show that the glacier mass balance was
persistently negative throughout the last decade, with only
one year with a balanced mass budget. This supports the
results of several remote-sensing studies and thus indicates a
strong imbalance of glaciers in the central Tien Shan. The re-
establishment of glacier mass-balance observations based
on a combination of in situ and remote methods is crucial
for improved process-based estimates of glacier response to
climate change in this region, and as a basis for future runoff
studies. The mass-balance series presented in this study is
expected to be a new starting point for long-term mass-
balance observations in one of the most glacierized regions
in central Asia, contributing data to the Global Terrestrial
Network for Glaciers (GTN-G) within the Global Climate
Observing System (GCOS).
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