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ABSTRACT

The Altai Mountains contain 1281 glaciers covering an area of 1191 km?. These glaciers have undergone
significant changes in glacial length and area over the past decade. However, mass changes of these gla-
ciers and their impacts remain poorly understood. Here we present surface mass balances of all glaciers
in the region for the period 1990-2011, using a glacier mass-balance model forced by the outputs of a
regional climate model. Our results indicate that the mean specific mass balance for the whole region
is about —0.69 m w.e. yr~! over the entire period, and about 81.3% of these glaciers experience negative
net mass balance. We detect an accelerated wastage of these glaciers in recent years, and marked differ-
ences in mass change and its sensitivity to climate change for different regions and size classes. In par-
ticular, higher mass loss and temperature sensitivity are observed for glaciers smaller than 0.5 km?. In
addition to temperature rise, a decrease in precipitation in the western part of the region and an increase
in precipitation in the eastern part likely contribute to significant sub-region differences in mass loss.
With significant glacier wastage, the contribution of all glaciers to regional water resources and sea-
level change becomes larger than before, but may not be a potential threat to human populations through
impacts on water availability.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The Altai Mountains, a region with large ice bodies, are moun-
tains comprising the westernmost extent of Mongolia, and the
common border regions of north-western China, eastern Kaza-
khstan, and Russia. The region rises from 2000 m above sea level
(a.s.l.) in the north-western Altai to more than 4500 m a.s.l. in
the central plateau of the Russian Altai Mountains, in which gla-
ciers are primarily distributed in the Katun and Chuya Ridges,
the Tavan Bogd Range, and the Kharkhiraa and Tsambagarav mas-
sifs (Fig. 1). These glaciers are an important source of freshwater
for the upper tributaries of the Ob, Irtysh and Yenisei rivers
(Wang and Cho, 1997; Li et al., 2010; Pan, 2013). Their role in local
water supply becomes especially important in semi-arid and arid
regions that seasonally lack sufficient water supply from precipita-
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tion (Kaser et al., 2010; Viviroli et al., 2011). Glaciers in the Mongo-
lian Altai Mountains provide an estimated 10.8% of the total water
resources within the Mongolia (Pan, 2013), and these in the
Chinese Altai Mountains contribute 7.7% of the total runoff of the
Irtysh River (Li et al.,, 2010). In addition, the contribution to sea-
level change from these glaciers has grown during the past decades
(Dyurgerov, 2010; Radi¢ and Hock, 2011).

Recent investigations of glacier fluctuations in the Altai Moun-
tains indicate a significant, continued shrinkage of the glaciers over
the past decades (Kadota and Gombo, 2007; Surazakov et al., 2007;
Shahgedanova et al., 2010; Kadota et al., 2011; Narozhniy and
Zemtsov, 2011; Yao et al., 2012; Konya et al., 2013; Krumwiede
et al., 2014; Syromyatina et al., 2015; Wei et al., 2015). Glacier area
decreased by 9.0-27.0% in the Russian Altai Mountains for the per-
iod 1952-2008 (Narozhniy and Zemtsov, 2011), by 10.0-30.0% in
the Mongolian Altai Mountains since the 1950s (Kadota and
Gombo, 2007), and by 36.9% in the Chinese Altai Mountains for
the period 1960-2009 (Yao et al., 2012). In particular, decline in
glacier area is more pronounced in the Chinese Altai Mountains
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Fig. 1. Location of the Altai Mountains and glacier distribution. Abbreviations refer to: AKT, Aktru River Basin (including Leviy Aktru (LA), Maliy Aktru (MA), and Praviy Aktru
(PA) and Vodopadniy (VP) glaciers); PTN, Potanin Glacier; TGV, Tsambagarav Glacier. No. 1-10 show the weather stations, which are Habahe, Jimunai, Aletai, Fuhai, Fuwen,

Qinghe, Ust-Coksa, Kara-Tureck, Kosh-Agach and Mugur-Aksy, respectively.

than those in other mountain systems of the Tibetan Plateau and
surroundings (Yao et al., 2012; Wei et al., 2015). Consequently, gla-
cier wastage in this region has had many impacts on matters rang-
ing from regional sustainability of water supplies and ecosystem to
global sea-level change.

So far, studies on the Altai glaciers have focused mainly on
changes in glacier area and length (e.g., Kadota and Gombo,
2007; Surazakov et al., 2007; Shahgedanova et al., 2010; Kadota
et al, 2011; Yao et al, 2012; Krumwiede et al., 2014;
Syromyatina et al., 2015; Wei et al., 2015), but an up-to-date regio-
nal assessment of surface mass balances for these glaciers is miss-
ing. The surface mass balance of a glacier is particularly important
in the context of the links between glacier and climate change
(Oerlemans and Fortuin, 1992; Braithwaite et al., 2002; Cuffey
and Paterson, 2010). In fact, the surface mass balance is more clo-
sely related to the atmospheric forcing compared to changes in gla-
cier area and length, thus providing an opportunity to understand
glacier-climate interactions. However, in situ observations of sur-
face mass balances have been carried out only on six glaciers in
the entire Altai Mountains during different periods (Table 1), and
these glaciers cover less than ~4% of the total glacier area. Of these
records, two start in 2005 and 2008, and four are located in a river
basin (Table 1). These field observations in the same basin only
allow for the detection of one climate change signal for this region,
however, climatic regimes of the region vary from the wet condi-
tions of the northwest to the dry conditions of the southeast

(Klinge et al., 2003). Therefore, the lack of temporally and spatially
long-term information about variations in glacier mass balance in
the Altai Mountains hampers the possibility of gaining insights into
the mechanisms driving these changes; on the other hand, these
field observations of surface mass balances in the region treated
as regionally representative for global estimation of glacier mass
balance may lead to substantial uncertainties due to the short time
spans and unevenly distribution of these field records. For a better
understanding of how glaciers have been changing when subjected
to climate change on a multi-decadal scale, quantitative assess-
ment of glacier mass balance for the whole Altai Mountains is a
pressing need.

Furthermore, the availability of hydrometeorological data sets
in high-elevation regions of the Altai Mountains is extremely lim-
ited. In particular, there is little information about the variability in
space and time of temperature and precipitation in these high-
elevation regions. To overcome this problem, one way is through
the use of regional climate model (RCM) outputs. In a number of
studies, RCM outputs have been used as forcing data for large-
scale modelling of glacier mass balance (e.g., Machguth et al.,
2009; Molg and Kaser, 2011; Mblg et al.,, 2012, 2013; Collier
et al, 2013; Ligtenberg et al., 2013; Lang et al., 2015; Moller
et al., 2016). Among the available RCMs, the Weather Research
and Forecast (WRF) model is often used to address the issue of spa-
tial resolution to generate climate data in different regions
(Maussion et al., 2011; Mélg et al., 2012, 2013; Collier et al,,
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Table 1

Characteristics of monitored glaciers in the Altai Mountains. Glacier information is from the GAMDAM Glacier Inventory (Nuimura et al., 2015) and the RGI (Arendt et al., 2014).

Glacier Region Elevation (m a.s.l.) Length (km) Area (km?) Observed period
Leviy Aktru (LA) Aktru basin 2665-4030 5.9 5.95 1977-2011
Maliy Aktru (MA) Aktru basin 2267-3710 4.4 2.73 1962-2011
Praviy Aktru (PA)* Aktru basin 2445-3668 53 3.88 1980-1990
Vodopadniy (VP) Aktru basin 2716-3549 14 0.98 1977-2011
Potanin Tavan Bogd 2831-4241 104 24.81 2005/08-2012
Tsambagarav Tsambagarav massif 3160-3800 3.6 7.2 2008-2011

2 Observations on Praviy Aktru is not used due to different periods for measurement and simulation.

2013; Gao et al.,, 2015; Moller et al., 2016). This model provides
high spatial-resolution forcing data for glacier mass balance simu-
lation without statistical downscaling (Molg et al., 2012, 2013;
Collier et al., 2013). In particular, the increased resolution allows
for improved representation of local features (Maussion et al.,
2011).

In this study, we present variation in the surface mass balance
of each of the Altai glaciers for the period 1990-2011 using a gla-
cier mass-balance model. Outputs from the WRF model with 5 km
resolution are used as an input for a 22-year run of the glacier
mass-balance model for the entire Altai Mountains. The aim of this
study is not only to compute mass balance distribution over entire
mountain ranges but also to assess the role of these glaciers in
regional water supply and the contribution to sea-level change.
This, in turn, allows us to analyze differences in surface mass bal-
ance and its response to climate change for different sized glaciers
and how patterns of their sensitivity to climate change at the
mountain-range scale. Overall, our study provides an integrated
view of the main patterns and forcings of glacier mass changes in
the Altai Mountains, where some basic questions are still poorly
known regarding the glacier-climate relationship.

2. Study area

The Altai Mountains have 1281 glaciers with a total area of
1191 km? (Arendt et al., 2014; Nuimura et al., 2015). Glaciers span
an elevation range of 2000-4500 m a.s.l., within which nearly 80%
of glacier area lies between 2800 and 3700 m a.s.l. (Fig. 2a). The
size class of glaciers smaller than 0.5 km? dominates in terms of
the total number, while covering only 13.8% of the total area
(Fig. 2b). Most of the area is concentrated in the glaciers belonging
to the size class of 1.0-5.0 km?, covering 44.1% of the total area
(Fig. 2b). Small glaciers (<0.5 km?) are predominant in the Katun
and Chuya Ridges and the Tavan Bogd Range, while they are spar-
ser in the Mongolian Altai Mountains.

The region is under the influence of two wind systems: the
westerly circulation in summer and the Siberian High in winter
(Panagiotopoulos et al., 2005). Westerly flow dominates in summer
(April-October), and humid air masses from the Atlantic Ocean and
recycled moisture are the main sources of precipitation (Aizen
et al., 2006). In winter (November-March), the region, located
close to the center of the Siberian High, is dominated by high atmo-
spheric pressure blocking the westerly flow (Panagiotopoulos
et al., 2005), resulting in widespread extreme cold and dry condi-
tions. The precipitation decreases from the western part to the
eastern part of the region (Klinge et al., 2003; Narozhniy and
Zemtsov, 2011), and winter precipitation accounts for 10-30% of
annual totals (Surazakov et al., 2007; Shahgedanova et al., 2010).

Meteorological observations indicate that increases in air tem-
perature vary strongly between different regions, which are from
0.6 to 1.1 °C (Surazakov et al., 2007; Shahgedanova et al., 2010;
Narozhniy and Zemtsov, 2011; Bezuglova et al., 2012; Yao et al,,
2012), while precipitation shows a complicated trend during
recent decades (Surazakov et al, 2007; Shahgedanova et al,

2010; Narozhniy and Zemtsov, 2011; Wei et al., 2015; Malygina
et al, 2017). Multiproxy reconstructions of past climate (e.g.,
Henderson et al., 2006; Kalugin et al., 2007; Okamoto et al.,
2011) also indicate that the region has experienced significant
warming since the Little Ice Age minimum.

3. Data

We use various data sets, including mass balance observations,
geodetic mass changes, change rate in glacier area, and daily pre-
cipitation and temperature simulated by the WRF model and
observed at ten weather stations. These data sets are briefly
described below.

3.1. Mass balance

Direct observations of surface mass balance are available on six
glaciers in the study region. Four of these glaciers, Leviy Aktru,
Maliy Aktru, Praviy Aktru and Vodopadniy (No. 125) glaciers, are
located in the Aktru River Basin of the Northern Chuya Ridge
(Table 1), the data of which are obtained from the World Glacier
Monitoring Service (WGMS, 2014). The data of two glaciers, Pota-
nin and Tsambagarav glaciers located in the Tavan Bogd Range
and the Tsambagarav massif (Fig. 1), are derived from previous
studies (Kadota et al., 2011; Konya et al., 2013). Due to different
periods of measurement and simulation, the record of Praviy Aktru
Glacier is not used in this study. In addition to Praviy Aktru Glacier,
Leviy Aktru, Maliy Aktru, and Vodopadniy glaciers have continuous
and uninterrupted observations since the 1960s (Table 1). In the
following analysis, the time series of glacier mass balance of the
Aktru River Basin is averaged from the observations on above three
glaciers over the period 1990-2011.

3.2. Geodetic mass change

Glacier-specific geodetic mass changes for the period 1999-
2008 are available for the fourteen glaciers in the Chinese Altai
Mountains from Wei et al. (2015). They intersected the Shuttle
Radar Topography Mission (SRTM) Digital Elevation Model and
the Advanced Space-borne Thermal Emission and Reflection
Radiometer (ASTER) stereo images with glacier outlines to calcu-
late geodetic mass balance. The average uncertainty in annual
geodetic mass balance of these glaciers is estimated as +0.13 m
water equivalent (w.e.) yr~! (Wei et al., 2015). The details of these
data and glaciers can be found in the study of Wei et al. (2015).

3.3. Glacier area change

Reduction rates in area of the eighteen glaciers are available in
two regions, which are derived from satellite data (Narozhniy and
Zemtsov, 2011; Wei et al,, 2015). Fourteen of these glaciers are
located in the Chinese Altai Mountains, the area change of which
is estimated for the period 2000-2008 (Wei et al., 2015). The four
glaciers are located in the Aktru River basin, the area change of
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Fig. 2. (a) Area-altitude distribution of the Altai glaciers, (b) glacier distribution for different area size classes and (c) mass balance and sensitivities to temperature and

precipitation changes for different area size classes.

which is calculated for the period 1999-2008 (Narozhniy and
Zemtsov, 2011). We use these data to validate the model capability
of capturing the feedback between glacier mass balance and
change in glacier area. The details of these data and glaciers can
be found in Narozhniy and Zemtsov (2011) and Wei et al. (2015),
respectively.

3.4. Meteorological data

To reconstruct variation in the surface mass balance of the Altai
glaciers, we use daily data sets of precipitation and near-surface
temperature simulated by the Advanced Research version of the
WREF version 3.4 (Skamarock et al., 2008). The WRF model is a fully
compressible and nonhydrostatic model (Skamarock and Klemp,
2008; Skamarock et al., 2008), further information of which can
be found in Skamarock et al. (2008). The WRF model was per-
formed for a domain of 1000 km x 1000 km covering the whole
Altai Mountains with 45 vertical levels (Kitabata et al., 2014).
WRF outputs are available in the study region for the period
1988-2011 (Kitabata et al., 2014). Its spatial resolution is 5 km.

Surface air temperature and precipitation observations
obtained from ten weather stations in the study region (Fig. 1

Table 2

and Table 2) are used to evaluate the WRF outputs. Six weather
stations are located in the Chinese Altai Mountains (Fig. 1), data
of which are provided by the National Climate Center of China
Meteorological Administration. Four weather stations are located
in the Russian Altai Mountains (Fig. 1), data of which are provided
by the official site of Administration and All-Russia Research Insti-
tute of Hydrometeorological Information-World Data Centre
(RIHMI-WDC). The details of these stations are indicated in Table 2.
Measurements of daily air temperature and precipitation are avail-
able for the period 1990-2011. Most weather stations have the
slight elevation difference with the WRF grid points nearest to
the weather stations (Table 2). In the following comparison, the
time series of surface air temperature and precipitation over the
study period averaged from the observations at ten weather sta-
tions is used.

4. Methods
4.1. Glacial and meteorological data pre-processing

Glacier area, length and elevation range (mean, maximum and
minimum elevations) needed for the model are extracted from

Summary of ten weather stations collected around the Altai Mountains. Lon, Lat, and Alt indicate the longitude (°E), latitude (°N) and altitude (m a.s.L.). The location of these

stations is shown in Fig. 1.

No. Name Lon Lat Alt WREF Alt
1 HABAHE 86.40 48.05 534.0 503.0
2 JIMUNAI 85.87 47.43 984.0 1150.0
3 ALETAI 88.08 47.73 736.9 749.0
4 FUHAI 87.47 47.12 502.0 496.0
5 FUWEN 89.52 46.98 826.6 828.0
6 QINHE 90.38 46.47 1220.0 1280.0
7 UST-COKSA 85.62 50.27 977.0 1647.0
8 KARA-TURECK 86.40 50.00 2600.0 1919.0
9 KOSH-AGACH 88.67 50.00 1759.0 1754.0
10 MUGUR-AKSY 95.12 50.27 1100.0 1798.0
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the Glacier Area Mapping for Discharge from the Asian Mountains
(GAMDAM) Glacier Inventory (Nuimura et al., 2015) and the Ran-
dolph Glacier Inventory version 4.0 (RGI; Arendt et al., 2014). For
the glaciers lacking elevation information, we drop glacier outline
over the ASTER GDEM2.0 (Tachikawa et al., 2011), then obtain the
elevation information from the ASTER GDEM2.0. For the glaciers
lacking length information, we calculate glacier length based on
arelation between glacier length and maximum and minimum ele-
vations from Hirabayashi et al. (2013).

For the discretization of the study area, we divide each glacier
into a set of elevation bands at intervals of 50 m. To generate tem-
perature and precipitation time series for each elevation band of a
glacier as inputs to the model, we calculate the time series from
the grid point of the WRF data set closest to the glacier according
to the mean elevation of the band using altitude-dependent lapse
rates. However, there is no information about the spatial variability
of the temperature lapse rate and the precipitation vertical gradi-
ent in the Altai Mountains due to the lack of observed meteorolog-
ical data sets in high-elevation regions. Here, we estimate these
parameters at each glacier location through regressing the temper-
ature and precipitation of 4 x 4 WRF grid points around the glacier
onto elevation, longitude, and latitude. This approach has been
confirmed that it is useful for temperature and precipitation esti-
mations at unsampled sites (e.g., Fang and Yoda, 1988; Marzeion
et al.,, 2012; Li et al.,, 2013; Zhang et al., 2016).

4.2. Mass balance model

Surface mass balance for each individual glacier in the Altai
Mountains is calculated using a temperature index-based glacier
mass-balance model. The model computes the major components
of the glacier mass budget, including snow accumulation, snow
and ice melt, and refreezing, and considers the feedback between
the surface mass balance and changing glacier hypsometry. We
run the model at daily temporal resolution for each 50 m elevation
band of each individual glacier, and define the mass-balance year
as the period from 1 October to 30 September of the following year.
A detailed description of the model components is given in
Hirabayashi et al. (2010) and Zhang et al. (2016).

In the present mass-balance model, snow accumulation for each
elevation band is modelled from the precipitation value using a
temperature threshold (2 °C) to discriminate rain from snow. Pre-
cipitation is assumed to fall as snow at or below the threshold tem-
perature, while it is assumed to be rain above the threshold
temperature. A mixture of snow and rain is assumed within a tran-
sition zone ranging from 1 K above to 1 K below the threshold tem-
perature. Within this temperature range, the snow and rain
percentages of total precipitation are obtained by linear interpola-
tion. Redistribution of snow by wind or avalanches is not consid-
ered in this study.

We calculate snow and ice melt for each elevation band through
a temperature-index model that is based on an empirical relation-
ship between melt and air temperature (Braithwaite and Zhang,
2000; Hock, 2003). For an elevation band ice melting occurs only
if no snowpack remains in the band. The model differentiates
between degree-day factors (DDFs) for ice and snow, which show
significant variability from site to site (Hock, 2003; Zhang et al.,
2006). To assign the DDFs for ice and snow to each individual gla-
cier of the Altai Mountains, we use a set of empirical functions to
estimate the DDFs for ice and snow. The empirical functions relate
the observed DDFs for snow and ice on the forty glaciers in the
Tibetan Plateau and surroundings to the climatic setting of each
glacier (defined by annual temperature and precipitation from
the WRF data set closest to the glacier), the mean glacier elevation,
and the geophysical location from the glacier inventory (Zhang
et al, 2017a). Overall, the DDFs for ice vary from 6.0 to

11.0mmd~'°C~! with an average value of 8.6 mmd~'°C~!, and
for snow vary from 1.5 to 6.1 mm d~! °C"! with an average value
of 41mmd~"'°C

Surface melting does not necessarily equate to mass loss for a
glacier due to refreezing (Woodward et al., 1997; Fujita and
Ageta, 2000; Wright et al., 2007). If melting occurs at the surface
of a cold snowpack some of the surface meltwater will percolate
into the snowpack and refreeze. To account for the impact of this
process, we adopt a parameterized approach to estimate refreez-
ing. Our approach follows that developed by Woodward et al.
(1997). They proposed a relation between potential depth of melt-
water refreezing and mean annual air temperature. Any snow
melting from a given elevation band refreezes at depth in the
snowpack until the potential depth of refreezing has been melt,
after which additional meltwater runs off the glacier. A detailed
description of the approach can be found in the study of
Woodward et al. (1997).To capture the feedback between the sur-
face mass balance and changing glacier hypsometry (i.e., changes
in volume, surface area and elevation range), volume-area and
volume-length scaling is used to adjust glacier volume and length
after computing surface mass balance. This approach is based on a
theoretical analysis of glacier dynamics and glacier geometry (Bahr
et al., 1997; Bahr, 1997), which has been used widely to model
changes in glacier hypsometry in different studies on different
scales (e.g., Radic¢ et al., 2008; Radi¢ and Hock, 2010, 2011;
Marzeion et al., 2012; Hirabayashi et al., 2013). The volume (V)
of a glacier is related to its surface area (A) and its length (L) via
a power law:

V= A (1)

V=gl 2)

where c,, ¢;, 7, and q are scaling parameters, the values of which are
0.2055 m>~2Y (Chen and Ohmura, 1990), 1.7026 m>~2 (Radi¢ and
Hock, 2010; Hirabayashi et al., 2013), 1.375 (Bahr et al., 1997),
and 2.0 (Hirabayashi et al., 2013), respectively.

Initial glacier volume is estimated from glacier area using
volume-area scaling. After the computation of surface mass bal-
ance, glacier area is updated, and thus volume changes after each
time step. Furthermore, volume-length scaling is used to adjust
glacier length when volume changes. The change in glacier length
determines the elevation range of the glacier, which allows for
removing or adding area along the entire length of the glacier
(Radic et al., 2008). When glacier retreats, the area change is com-
puted from the area-altitude distribution of the lost elevation
bands, while in case of glacier advance, the length is allowed to
increase assuming that the area-altitude distribution is kept
unchanged. The area for each elevation band is calculated using a
normal distribution derived from glacier area and the range
between maximum and minimum elevation (Hirabayashi et al.,
2010; Zhang et al., 2016). This approximation relies on the argu-
ment that the observed area-altitude distribution tends to have a
normal distribution for the Altai glaciers (Fig.2a).

4.3. Model validation

Due to the sparsity of observational data in the Altai Mountains,
validating our modelling approach to more than a thousand gla-
ciers is challenging, but it is crucial for the model to realistically
capture the governing processes of glacier mass budget. Therefore,
we apply a multilayer procedure to cross-validate our modelling
approach based on all available observed or previously estimated
data sets in the study region. These data include: (1) observed
annual mass balances for the five glaciers (Leviy Aktru, Maliy
Aktru, Vodopadniy, Potanin and Tsambagarav glaciers); (2) geode-
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tic mass changes of the fourteen glaciers in the Chinese Altai
Mountains; and (3) area change rates of the eighteen glaciers in
the Chinese Altai Mountains and the Aktru River Basin. Although
the data series are generally short and partly discontinuous, the
combination of in situ observations of surface mass balance, geode-
tic mass changes, and satellite-derived observations of glacier area
changes allows us to draw an integrative validation of our mod-
elling approach in the Altai Mountains.

In a first step, the model is validated against in situ measure-
ments of annual mass balances on Leviy Aktru, Maliy Aktru,
Vodopadniy, Potanin and Tsambagarav glaciers. This allows evalu-
ating the ability of the model to reproduce annual mass balance
variability. Then, our model results are compared to geodetic mass
changes of the fourteen glaciers in the Chinese Altai Mountains for
the period 1999-2008, which are fully independent from our
results. Finally, we use satellite-derived area changes of the eigh-
teen glaciers in the Aktru River Basin for the period 1999-2008
and the Chinese Altai for the period 2000-2008 to validate the pre-
dictive capability for capturing the feedback between the surface
mass balance and changing glacier hypsometry.

Two assessment criteria are used to evaluate the model perfor-
mance, which are the correlation coefficient (r) and the mean abso-
lute error (MAE) between observed and modelled balance. The
correlation coefficient provides an indication of the ability of the
model to capture the mass balance variation, while the MAE cap-
tures the model’s ability to match the magnitude of the surface
mass balance, indicating how well the model reproduces surface
mass balance. The MAE is preferred to the commonly used root
mean square error because MAE provides a more robust indicator
of the sizes of errors.

5. Results
5.1. Model performance

We first evaluate the WRF outputs against observations at ten
weather stations over the Altai Mountains. Unless otherwise sta-
ted, all significance levels of correlation coefficients (r) presented
herein are p < 0.001. Daily, monthly and annual WRF temperature
and precipitation means correlate well with ground observations
averaged from ten weather stations for the period 1990-2011
(Fig. 3). Analysis of the daily, monthly, and annual temperature
data yields correlation coefficients (r) of 0.98, 0.99 and 0.88, and
MAEs of 2.0, 1.2 and 0.1 °C (Fig. 3a, ¢ and e), respectively. As
expected, the correlations for precipitation are lower than those
for temperature (Fig. 3). Analysis of the daily, monthly, and annual
precipitation data yields correlation coefficients (r) of 0.63, 0.77
and 0.71, and MAEs of 0.8, 0.4 and 0.2 mm d~! (Fig. 3b, d and f),
respectively. Seasonally, the correlations between the observed
and WRF temperatures are 0.94, 0.88, 0.92 and 0.82 for the spring
(March, April, May (MAM)), summer (June, July, August (JJA)),
autumn (September, October, November (SON)), and winter
(December, January, February (DJF)), respectively, and the MAEs
are 2.5, 0.3, 0.6 and 0.8 °C. This implies that the WRF temperature
is able to capture the observed seasonal variability well (Fig. 4a).
The seasonal temporal trend in temperature during 1990-2011
estimated from the weather stations and the WRF simulation is
presented in Fig. 4a. We find good agreement for the seasonal tem-
poral trend between ground observations and WRF simulations.
With the exception of the winter experiencing the decreasing trend
in temperature, the increasing trend occurs in other seasons
(Fig. 4a). Similar to temperature, the observed seasonal variability
in precipitation is captured well (Fig. 4b). The correlations between
the observed and WRF precipitation are 0.73, 0.61, 0.70 and 0.88
for the spring, summer, autumn, and winter, respectively, and

the MAEs are 0.5, 0.6, 0.4 and 0.6 mm d~'. Moreover, the temporal
trend of the WRF precipitation matches the observation well
(Fig. 4b). The largest increasing trend occurs in March, while the
significant decreasing trend occurs in July and September.

While the observed seasonal variability in precipitation is well
captured, the WRF model overestimates the precipitation com-
pared to ground observations (Fig.4b). Similar results showing an
overestimation in precipitation have been found over the Tibetan
Plateau (Gao et al., 2015). It is well known that there is no optimal
model strategy of precipitation applicable for high-mountain
regions due to extremely complex topography. Although the prob-
lem of the orographic bias remains unsolved in high-elevation
regions, the WRF model has been confirmed its good accuracy in
simulating snow- and rainfall on the Tibetan Plateau and sur-
roundings (Maussion et al., 2011; Collier et al., 2013; Gao et al,,
2015). In high-elevation regions of the Altai Mountains, validation
studies of the WRF outputs were carried out (Kitabata et al., 2014;
Sugiura et al., 2014). The daily temperature, accumulated precipi-
tation amount, and snow water equivalent (SWE) simulated by
the WRF model were compared to the Global Surface Summary
of the Day product provided by the National Climate Data Center
(NCDC), in situ observations of summer precipitation in 2006 in
different high-elevation sites, and snow surveys from the Mongo-
lian Altai Mountains of >2000 m a.s.l. in 2008. This comparison
confirmed that the WRF model can accurately simulate the surface
temperature, precipitation, and SWE in high-elevation regions of
the Altai Mountains, especially for the elevation dependency and
seasonality of precipitation and SWE in the presence of spatial
variability (Kitabata et al., 2014; Sugiura et al., 2014). Overall, the
above analyses suggest that the WRF temperature and precipita-
tion data used in this study correspond sufficiently well with
ground observations, which can be used as input for the mass bal-
ance model in the Altai Mountains.

To validate the model performance, we run our modelling
approach to calculate the surface mass balance of each of the five
glaciers over the corresponding observation period (Table 1). Alto-
gether, a total set of 72 pairs of modelled and observed annual
mass balances is obtained. A scatter diagram of modelled and
observed mass balances of the five glaciers is presented in
Fig. 5a, along with the observed and modelled time series of annual
mass balance in the Aktru River Basin (Fig. 5b). We find a good
agreement between the modelled and observed annual mass bal-
ances of the five glaciers. The correlation coefficient (r) between
simulations and observations is 0.80, and the overall MAE is 0.23
m w.e. The long-term variation in glacier mass balance of the Aktru
River Basin indicates that our modelling approach slightly overes-
timates the magnitude of negative mass balances in some years
(Fig. 5b). This can be attributed to the limited skill of the estimated
the DDFs for ice and snow to reproduce year-to-year mass balance
variability. However, most observed annual mass balance time ser-
ies fall within one standard deviation of the estimated annual mass
balance, which demonstrates that our modelling approach is able
to capture much of the observed temporal variability (Fig. 5b).

Moreover, we validate model results against satellite-based
mass change rates on the fourteen glaciers in the Chinese Altai
Mountains. The satellite-based observations are fully independent
from our model results. A comparison between the modelled
results and the satellite-based mass change rates of these glaciers
indicates that the results from the two independent approaches
agree well (Fig. 5b). It yields r=0.82 and MAE=0.20 mw.e. yr .
The satisfying agreement with geodetic approach allows us to
use our model to calculate annual surface mass balance on individ-
ual glaciers for a longer time period.

In addition, reduction rates in area of the four glaciers in the
Aktru River Basin and the fourteen glaciers in the Chinese Altai
Mountains were obtained from satellite data, respectively, during
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Fig. 3. Scatter plots of daily (a and b), monthly (c and d), and annual (e and f) temperature and precipitation between the WRF simulation and station observation.

1999-2008 (Narozhniy and Zemtsov, 2011) and during 2000-2008
(Wei et al., 2015). For each of these glaciers, our model simulates
its surface area for the years of satellite-based observations. A com-
parison of the modelled results and satellite-based observations
indicates that our modelling approach provides good results for
periods of glacier area change (Fig. 5d), yielding the r value of
0.83 and the MAE value of 0.015 km? yr~!. This implies that the
approach is capable of capturing the feedback between glacier
mass balance and change in glacier area.

As discussed above, our model generally reproduces the obser-
vations and the previous estimations well, explaining a large pro-
portion of the variability in the annual mass balance. In
particular, the two independent approaches show a satisfying
agreement, indicating the capability of the model for simulating
mass balance variation and changes in glacier area in the study
region. This gives us confidence to use the model to extend the
estimates on individual glaciers over a considerably longer time
period and to obtain insights in differences from site to site.

5.2. Mass balance since 1990

The time series of the modelled annual specific mass balance for
the entire Altai Mountains is depicted in Fig. 6a. The results reveal
an average annual glacier mass balance rate of —0.69 m w.e. yr—!
over the period 1990-2011. Compared with the mass loss rate esti-
mated in other regions, the mass loss rate of the study region is
slightly larger than those of the Tien Shan (—0.45 m w.e. yr—' over
the period 1971-2009; Liu and Liu, 2015) and the Suntar-Khayata
Range (—0.52 m w.e. yr~! over the period 1991-2014; Zhang et al.,
2017b). This implies that the Altai Mountains show marked mass
loss in the Northern part of Asia.

Although three positive balance years occur within the 22-year
period (1990-2011), mass loss rates have grown progressively for
the whole region since 1990 (Fig. 6a). We detect two periods of
rapid mass loss over the 22-year period, which are 1996-2000
and 2007-2011 (Fig. 6a). The mean annual mass balance of the
two periods is about —1.1 m w.e for the whole region. Although
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one positive mass balance year occurs during 2007-2011, the mass
loss rate is approximately two times as much as the mean value
over the period 1990-2006. Such an accelerated mass loss is con-
firmed by observed mass balances on different glaciers (Fig. 6b).
Observations in the Aktru River Basin indicate that glaciers of the
basin are dominated by the positive mass balance before 1990,
while negative mass balances become dominant after 1990
(Fig. 6b). The mean specific mass balance of the Aktru River Basin
is about +0.01 m w.e. for the period 1977-1990, whereas it is about
—0.23 m w.e. for the period 1991-2011. Specifically, observations
on the glaciers of the Aktru River Basin suggest a dramatic decrease
in ice mass with a rate of —0.42 m w.e yr~! in recent years (2007-
2011). Such a trend is also observed on the Potanin and Tsamba-
garav glaciers (Fig. 6b), where the mass loss rates are —0.84 and
—0.99 mw.e. yr !, respectively, during 2008-2011. For the entire
study period, the cumulative mass balance of the whole region is
about —15.2 m w.e. for the period 1990-2011 (Fig. 6a), about 35%
of which is observed during 2007-2011.

The spatial variability of the surface mass balance for the Altai
glaciers is shown in Fig. 7. Of all Altai glaciers, about 81.3% experi-
ence considerable mass loss, representing approximately 78% of
the total glacier area. We find marked differences in the rate of
mass change from site to site for the period 1990-2011 (Fig. 7).
The highest mass-loss rates are found in the Katun Ridge and west-
ern parts of the Chuya Ridge and Tavan Bogd Range during the
entire period (specific mass-loss rate: —1.1 m w.e. yr—'). Tsamba-
garav and Kharkhiraa massifs are characterized by a relatively
moderate mass loss over the past 22 years (—0.77 m w.e.yr™ ).
Comparable low mass-loss rates or slight mass gain are found in
the eastern parts of the Chuya Ridge and Tavan Bogd Range and
the southeastern part of the Mongolian Altai Mountains
(-0.1 mw.e. yr 1)

For different size classes, glaciers for the size class of 0.1-
0.5 km? dominate in the region in terms of the total number
(Fig. 2b). These glaciers experience the most considerable mass
loss in the region over the past 22 years, with a mass loss rate of
—0.98 m w.e. yr'. Glaciers for the size class of 1.0-5.0 km? domi-
nate in terms of the total area (Fig. 2b), the average mass-loss rate

of which is similar to that of the whole region (Fig. 2c). Note that
the glaciers for the size class of larger than 10.0 km?, representing
12.0% of the total glacier area, experiences the smallest mass loss in
the region (Fig. 2c).

5.3. Influence of glacier mass change on water resources and sea-level
change

The majority of glaciers in the Altai Mountains have experi-
enced considerable shrinkage during the past decades (Kadota
and Gombo, 2007; Surazakov et al., 2007; Shahgedanova et al.,
2010; Kadota et al., 2011; Narozhniy and Zemtsov, 2011; Yao
et al., 2012; Krumwiede et al., 2014; Syromyatina et al., 2015;
Wei et al., 2015), and accelerated mass loss trend is found during
recent years (Fig. 6). Accelerated glacier wastage in the region is
a potential impact on regional water availability. Such issue
becomes of particular concern due to the local demand water
increasing with the local population growth (Lutz et al., 2014;
Pritchard, 2017), rapid urbanization and economic development
(Priess et al., 2011) and the continued glacier shrinkage anticipated
in response to climatic changes.

For the period 1990-2011 and the entire Altai Mountains, the
results indicate a total meltwater discharge from glaciers of
401.1 x 108 m°. This amount is about four times as much as the
average annual discharge of the Irtysh River Basin in China (Li
et al., 2010). Such a loss of glacial meltwater is of vital significance
to water resources in the Altai Mountains, especially in the semi-
arid and arid regions where the water supply is extremely limited.
In the Mongolia, about 10.8% of the total water resources is stored
in glaciers, which is the second source of freshwater within this
region, besides lakes (Pan, 2013). Our estimates indicate that in
addition to Tsambagarav and Kharkhiraa massifs characterized
by a relatively moderate mass loss over the past 22 years, other
regions experience comparable low mass-loss rates or slight mass
gain in the Mongolian Altai Mountains (Fig. 7). This implies that in
combination with a positive change in precipitation (Fig. 8), such
low glacier mass-loss rate may not be a potential threat to human
populations through impacts on water availability, and will con-
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tinue to sustain the increasing water demands expected in the
Mongolia. Furthermore, the meltwater discharge significantly
increases in recent years, accompanied by a significant decrease
in glacier area and mass. On average, glaciers in the study region
provide an extra 7.1 x 108 m? of meltwater annually for the period
2007-2011 compared to that for the period 1990-2006, about 7.1%
of average annual discharge of the Irtysh River basin in China. This
implies that to a certain extent, the influence of glacier mass
change on water resources has become stronger than ever before
in the Altai Mountains.

For sea-level change calculations, we simply convert the rate of
glacier net mass loss into sea-level equivalent by dividing the vol-
ume of water lost by the ocean area (362.5 x 10'2m?), thus
neglecting the effects of altering ocean area and terrestrial hydrol-
ogy. According to our results and previous estimates (Dyurgerov,
2010; Radi¢ and Hock, 2011), we find that the contribution to
sea-level rise from the glaciers of the Altai Mountains has grown
during the past decades (Fig. 9). For the period 1961-2006 the con-
tribution to sea-level rise is only 0.0005 mm yr~!, whereas it is
0.0010 mm yr~! during 1993-2006 (Dyurgerov, 2010). During
recent years (2007-2011) the contribution to sea-level rise from
the entire glaciers is about 0.0023 mm yr~!, more than four times
as much as that during 1961-2006 (Dyurgerov, 2010).

6. Discussion
6.1. Climate change and glacier mass change
The glacier mass changes in the Altai Mountains for the period

1990-2011 are characterized by significant sub-regional differ-
ences (Fig. 7). Note that climate forcing is a major external control

on the mass change of a glacier (Cuffey and Paterson, 2010). An
overview of mean annual temperature and precipitation and their
changes for the period 1990-2011 calculated from WRF data sets is
presented in Fig. 8. The distinct patterns of mean annual air tem-
perature and annual precipitation are clearly detectable, that is,
the climatic environment of the region varies gradually from cold
and dry conditions of the southeast to warm and wet conditions
of the northwest (Fig. 8a and c). The air temperature has increased
significantly during the study period over the Altai Mountains
(Fig. 8b), with warming rates varying from 0.02 to 0.25°C
(10 yr)~! as calculated by a linear trend. This trend coincides with
the findings suggested by instrumental records in the Chuya Ridge
(Surazakov et al., 2007; Shahgedanova et al., 2010; Narozhniy and
Zemtsov, 2011) and the Chinese Altai Mountains (Yao et al., 2012)
and reconstructions of past climate from the ice cores drilled in
Belukha Glacier (Henderson et al., 2006; Okamoto et al., 2011).
The warming rates for most glaciers over the 22 years are larger
than the global warming rate calculated during 1951-2012
(Hartmann et al., 2013). For the entire region, previous studies
found a decrease in precipitation since the 1980s (Kitabata et al.,
2014; Malygina et al., 2017), and an accelerated decrease trend is
especially observed since the year 2000 (Kitabata et al., 2014).
Wei et al. (2015) suggested that the annual precipitation in the
Chinese Altai Mountains decreases by 4-8 mm during the period
1999-2008. As shown in Fig. 8d, precipitation change over the
region is relatively complicated with rates varying from —7.0 to
+8.0mm yr 1.

To assess the relationship between the glaciers and climate
change, mass balance sensitivities to changes in air temperature
and precipitation are often used (Oerlemans and Fortuin, 1992;
Braithwaite et al., 2002; Radi¢ and Hock, 2011). For all Altai gla-
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ciers, we calculate mass balance sensitivities to an air temperature
rise of 1 °C (AB/AT) and a change in precipitation of +10% (AB/AP).
The results indicate that the average mass balance sensitivities to a
+1 °C rise in temperature and a 10% increase in precipitation are
about —0.56mw.e.yr'°C"! and +0.11mw.e.yr’! (10%)7,
respectively, for the whole Altai Mountains. The average AB/AT
agrees well with that estimated by Radic¢ and Hock (2011), and is
slightly higher than a global sensitivity of —0.4 m w.e.yr ! °C™!
(Oerlemans and Fortuin, 1992). Compared with the AB/AT esti-
mated in other regions, we find that the AB/AT of the study region
is similar to those of the Tibet, Tien Shan and Suntar-Khayata
Range (Radic¢ and Hock, 2011), and is smaller than those of Iceland,
Scandinavia and Alps (Braithwaite et al., 2002; Radi¢ and Hock,
2011). The average AB/AP of the region is slightly higher than that
estimated by Radi¢ and Hock (2011); —0.07 m w.e.yr' (10%)71).
This value is slightly larger than those of its surroundings, such
as the Suntar-Khayata Range, Tien Shan and Pamir (Radi¢ and
Hock, 2011), and is smaller than those of Iceland, Scandinavia
and Alps (Braithwaite et al., 2002; Radic¢ and Hock, 2011). In addi-
tion, an experiment is made by involving changes in precipitation
as well as temperature. We find that increased precipitation would
partly offset the effect of higher temperature, but a 10% increase in
precipitation cannot compensate for the increased ablation due to
a 1 °C temperature rise.

Fig. 10 shows the spatial variability of AB/AT and AB/AP for
individual glaciers of the Altai Mountains. Temperature sensitivi-
ties for individual glaciers show a strong variability, which are
between —0.05 to —1.38 mw.e. yr ! °C~!, whereas precipitation
sensitivities vary from +0.03 to +0.23 mw.e.yr ! (10%)"!. The
majority of glaciers in the western part of the region have statisti-
cally significant AB/AT and AB/AP, which are largely higher than
those in the eastern part of the region. In particular, glaciers in
the Mongolian Altai Mountains show the lowest sensitivities to
temperature and precipitation changes compared to other regions.
Such spatial characteristics of AB/AT and AB/AP are mainly related
with the climate conditions, i.e. the western part of the study
region is much wetter than its eastern part (Fig. 8c). This demon-
strates that the glaciers in wetter climate conditions are more sen-
sitive to climate change compared to those in drier climate
conditions. For different size classes, temperature sensitivities of
the glaciers significantly varied are found (Fig. 2¢), which are from
—0.48 to —0.73 m w.e. yr~ ! °C"'. Small glaciers for the size classes
of <0.1 and 0.1-0.5 km?, which are dominant in the region in the
light of the total number (Fig. 2b), show the higher sensitivity to
temperature change (Fig. 2c). On the other hand, precipitation sen-
sitivities of the glaciers for different size classes show the slight
variability (Fig. 2c), which are between +0.10 and +0.13 m w.e.
yr ! (10%)71.

The majority of glacier locations in the Katun Ridge, the western
parts of the Chuya Ridge and Tavan Bogd Range, and Tsambagarav
and Kharkhiraa massifs have experienced a decrease in precipita-
tion over the past 22 years (Fig.8d); meanwhile, an increase in air
temperature is observed in these regions (Fig.8b). The mass bal-
ance sensitivity experiments mentioned above indicate that the
glaciers in these regions are more sensitive to temperature and
precipitation changes (Fig. 10). Consequently, these glaciers have
experienced considerable mass loss for the period 1990-2011
(Fig. 7). Other regions of the Altai Mountains, such as the eastern
parts of the Chuya Ridge and Tavan Bogd Range and the south-
eastern part of the region, have experienced increasing both tem-
perature and precipitation (Fig. 8). Although precipitation
increases

(Fig. 8d), the limited change in precipitation is not sufficient to
compensate for the increased melting due to temperature rise. This
is confirmed by our experiment, which is made by involving

changes in precipitation as well as temperature, and reveals that
a 10% increase in precipitation cannot compensate for the
increased melting due to a 1 °C temperature rise. As a result, gla-
ciers in these regions experience slight mass loss. Our finding is
consistent with the detailed analysis of the links between glacier
area changes of these regions and observed meteorological tem-
perature and precipitation in previous studies (e.g., Surazakov
et al., 2007; Shahgedanova et al., 2010; Narozhniy and Zemtsov,
2011; Yao et al,, 2012), all of which suggest that glacier shrinkage
is caused primarily by an increase in air temperature, although an
increase in precipitation is observed.

6.2. Model parameters and uncertainty

For regional glacier mass balance modelling, part of the diffi-
culty arises from the determinations of model parameters. In this
study, temperature lapse rate (),,), precipitation gradient
(Vprecip) @and the DDFs for snow and ice are mainly required param-
eters for our modelling approach. The DDFs for ice and snow can be
computed from direct measurements for a glacier (e.g., Hock, 2003;
Zhang et al., 2006) or calibrated based on mass balance observa-
tions for a large scale (e.g., Hirabayashi et al., 2010; Radic¢ and
Hock, 2011). In contrast, temperature lapse rate and precipitation
gradient are difficult to estimate in high-elevation glacierized
regions due to the lack of available temperature and precipitation
data and their large spatial variability. The performance of glacier
mass-balance models relies to a large degree on the data used to
force the models in different elevations (Petersen and Pellicciotti,
2011; Immerzeel et al., 2014). In general, a constant free air lapse
rate for temperature is used, which is often assumed to be the
moist adiabatic lapse rate (—0.65 °C (100 m)~!), whereas precipita-
tion vertical gradient is more complicated.

To quantify the importance of these parameters for modelling
mass balance, we rerun our modelling approach for all glaciers of
the region using the six runs listed in Table 3. Runs 1-3 are to
examine the impact of },,,, and 7., and runs 4-6 are to assess
the impact of the DDFs for snow and ice. In runs 1 and 2, temper-
ature lapse rate and precipitation gradient are considered to be
constant values of —0.7 °C (100 m)~! and 9.0% (100 m)~! (Table 3),
respectively, which are the average values of the region, and other
parameters remain the same as for the reference run in which
these parameters are estimated as mentioned earlier. The result
indicates that the rates of the regional mass balance estimated in
runs 1 and 2 become less negative compared to the reference
run, changes of which are about 11.1% and 7.3% (Table 3), respec-
tively. In runs 4 and 5 the DDFs for snow and ice are considered to
be constant values of 4.1 and 8.6 mm day~' °C~! (Table 3), respec-
tively, which are the average values of the region, and other
parameters remain the same as for the reference run. As a result,
similar to runs 1 and 2, the rates of the regional mass balance esti-
mated in runs 4 and 5 slightly change relative to the reference run
(Table 3). Concerning run 3, both the lapse rates of temperature
and precipitation are constant in space, whereas the DDFs for snow
and ice are constant in run 6. Run 3 results in a significant change
in the rate of regional mass balance with respect to the reference
run, whereas run 6 leads to a slight change in the rate of regional
mass balance (Table 3). These results indicate the high importance
of spatial variability in these model parameters for the mass bal-
ance modelling. In particular, the spatial variability in temperature
lapse rate and precipitation gradient plays an important role in
these simulations on the regional scale.

Most modelling studies involve a calibration procedure, in
which the model parameters are adjusted to yield maximum
agreement between modelled and observed data. This process is
a compromise between the methodological requirements for an
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Table 3

Mass balance simulation experiment for different parameters required in the glacier mass-balance model. These parameters include temperature lapse rate (

675

°C(100m) 1),

Veemp’

precipitation vertical gradient (7,,q;,; % (100 m)~") and DDFs for snow (ddfyno) and ice (ddf.; mm day~! °C~"). Reference run is the simulation using estimated parameters in the
study.

Model run Parameter constant Values Mass balance Change (%)

Reference run - - —0.690 -

Run 1 Veemp —-0.70 -0.610 111

Run 2 Vprecip 9.0 —0.640 73

Run 3 Veemp AN Vprecip —0.70 and 9.0 —0.560 18.6

Run 4 ddfsnow 4.1 —0.659 4.5

Run 5 ddfice 8.6 —0.664 3.8

Run 6 ddfsnow and ddfie. 4.1 and 8.6 —0.662 4.0
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Fig. 11. Influences of changing in (a) the DDFs for snow and ice and (b) temperature lapse rates and precipitation gradients on modelling mass balance in the Aktru River
Basin. Here, the DDFs for snow and ice changes by +10% (DDF + 10%) and +30% (DDF * 30%), respectively, and temperature lapse rates and precipitation gradients changes by
+10% (TP £ 10%), £30% (TP + 30%) and +50% (TP + 50%), in which other parameters remain the same as before (Modelled).

unambiguous model calibration and the available data basis. In the
Altai Mountains, only six glaciers have observed mass balance data,
of which four glaciers are located in the same basin and three gla-
ciers have short-term observations (Table 1). Therefore, the cali-
brated parameters by the model using the available data result in
strong limits on the reliability and representativeness for the
whole Altai Mountains. For the model parameters, values are
assigned pseudo-randomly from our established methods. A some-
what surprising result from our simulation of surface mass balance
is that the model performs well compared to the observations,
although it slightly overestimates the magnitude of negative mass
balances in some years due to the limited skill of the estimated
DDFs for snow and ice. To quantify uncertainties resulted from
the estimated parameters, we perform the following analyses for
the surface mass balance modelling in the Aktru River Basin: one
is to change the estimated DDFs for snow and ice by +10% and
+30%, respectively, in which other parameters remain the same
as before, the other is to change temperature lapse rates and pre-
cipitation gradients by +10%, +30% and +50%, respectively, in which
other parameters remain the same as before. As shown in Fig. 11,
changing in the DDFs for snow and ice significantly increases the
discrepancy between modelled and observed mass balances in
some years, while changing in temperature lapse rate and

precipitation gradient slightly reduces the discrepancy, even
changing in +50%. However, uncertainties in other years increase
significantly with changing in these parameters (Fig. 11). These
results indicate that the model parameters estimated through the
methods mentioned above are acceptable for modelling surface
mass balance in the Altai Mountains.

7. Conclusions

Glacier mass balance of the Altai Mountains is estimated for the
22-year period from 1990 to 2011 using a temperature-index gla-
cier mass-balance model. The model is driven by daily data of air
temperature and precipitation simulated by the WRF model. In
addition to validate our model performance using observations
on the five glaciers, we cross-validate the model performance dur-
ing the period for which geodetic mass changes and area change
data are available in different regions. Results indicate that mass
loss rates have grown progressively for the entirety of the Altai gla-
ciers since 1990, and about 81.3% of these glaciers experience con-
siderable mass loss. The resulting mean annual specific mass
balance is —0.69 m w.e over the modelling period. In particular, a
markedly rapid wastage of the Altai glaciers is found in recent
years. Such glacier wastage provides a total meltwater discharge
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of 401.1 x 10® m® for the entire study period and a contribution of
0.0023 mm yr~! to sea-level rise.

We detect marked differences in surface mass balance for dif-
ferent regions and size classes. In addition to small areas dis-
tributed in the central and south-eastern parts of the Altai
Mountains where mass gain occurs, glaciers in most parts of the
region show considerable mass loss, especially in the western part.
Small glaciers with the size class of 0.1-0.5 km? experience the
most considerable mass loss in the region over the past 22 years.
The average mass balance sensitivities to a +1 °C rise in air temper-
ature and a 10% increase in precipitation are about —0.56 m w.e.
yr-'°C " and 0.11 mw.e. yr~! (10%)~", respectively, for the Altai
glaciers. Temperature sensitivity of the glaciers is characterized
by strong variability among different size classes, while precipita-
tion sensitivity varies relatively little. Some regions, such as the
Chuya Ridge and the Chinese Altai Mountains, experience consid-
erable mass loss, although temperature and precipitation increase.
In addition, temperature rise and precipitation decrease lead to
dramatic mass loss of the glaciers located in the western part of
the Altai Mountains.
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