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As the direct measurements for the mass balance estimation can be applied only for a limited number of
glaciers, alternative methods of estimation need to be developed. One of the most promising approaches is
physically-based modelling, that is now being applied globally. In this study the mass balance of the Sary-Tor
valley glacier was reconstructed for the period of 2003—2016. Originally developed for the North Caucasus
AMelt model was modified to fit the conditions of continental glaciers. A block of snowpack processes was
added to the model, including: head conductivity in the snowpack and in the active layer, water filtration in the
snowpack and firn, congelation and regelation. The modelling results were verified using: 1) direct measurements
on the ablation stakes net; 2) mass balance estimation according to geodetic method. The calibration parameters
are compared to their measured values. Contrasting modeled mass-balance components for 2003—-2016 and
measured in 1985-1989 provided possibility to reveal climatically induced change of the Sary-Tor glacier dy-

namics.
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INTRODUCTION

Glaciers are one of the key indicators of climate
change and an important source of fresh water, espe-
cially in mountains surrounded by arid areas [ Kaser et
al., 2010; Carey et al., 2017; McDowell et al., 2019]. In
Central Asia, the population of the foothills is highly
dependent on water flowing from the mountains [ Lutz
et al., 2013]. The situation with freshwater resources
is complicated by disputes between water-donor
countries (Kyrgyzstan, Tajikistan) and water-con-
sumer countries (Turkmenistan, Uzbekistan, and, to a
lesser extent, Kazakhstan) [ Zhupankhan et al., 2017].
The former are mainly interested in using water to
generate electricity in the winter time, whereas the
latter need water for irrigation farming in the sum-
mer. According to recent estimates, more than 20 mil-
lion people in Kazakhstan, Turkmenistan, and Uz-
bekistan depend on irrigated agriculture [Siegfried et
al.,, 2012].

Glaciers play a significant role in the runoft of
the main rivers of Central Asia. According to [Sorg et
al., 2012], more than two dozen studies are devoted
to estimates of the contribution of glacial runoff to
the river flow in Central Asia. On average, it is esti-
mated at about 15 % for rivers of Kyrgyzstan. Glacial
runoff is defined as the total runoff from the glacier,
including water from melting ice, firn, and snow and
rainwater runoff. The contribution of glaciers to river
runoff increases by 1.5—3 times in summer, up to 50 %
for the Amu Darya River, 27 % for the rivers of the
Lake Tssyk-Kul basin, and 80 % for the Tarym River.

The contribution of glacial runoff to the Amu Darya
River runoff is estimated at about 40 % in August and
25 % in July [Armstrong et al., 2019]. From the stand-
point of the formation of river runoff, the widespread
reduction in the area of the Tien Shan glaciers [Nara-
ma et al., 2010; Bolch et al., 2019] is still compensated
by an increase in ablation [Aizen et al., 2007; Huss,
Hock, 2018]. Tt is expected that the continuing reduc-
tion in the area of glaciation will lead to a decrease in
river runoff in summer [Sorg et al., 2012, 2014; Huss,
Hock, 2018]. Detailed studies of glaciers in Central
Asia will make it possible to reduce the errors of sce-
narios of changes in water resources in the future
[ Unger-Shayesteh et al., 2013; Sorg et al., 2014] and
will contribute to ensuring the water security of the
region. Obviously, in order to predict correctly the
evolution of glaciers, the detailed information on the
response of glaciers to current and past climate
changes is required [ Kronenberg et al., 2016].

Such information can be provided both by direct
observations of the mass balance and by modeling the
mass balance of the glacier. After the collapse of the
Soviet Union, all observations of the mass balance in
the Tien Shan, Alai, and Pamir territories within the
borders of the former USSR were curtailed (with the
exception of Kazakhstan). They have been resumed
only recently (https://wgms.ch). Mathematical mod-
eling of the components of the mass balance of gla-
ciers is used to solve a wide range of problems. There
are models designed to carry out calculations on a
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scale of whole mountain systems and for global gener-
alizations [Bliss et al., 2014; Huss, Hock, 2015, 2018;
Shea, Immerzeel, 2016; Shannon et al., 2019] and mod-
els with a more detailed description of the processes
applicable to individual glaciers and glacial regions
[Klok, Oerlemans, 2002; Lehning et al., 2006, Ayala et
al., 2017]. Mathematical modeling was previously
used to model the mass balance of individual glaciers
in Kyrgyzstan — the Abramov Glacier [Barandun et
al., 2015], Glacier no. 354 [Kronenberg et al., 2016],
and the Suek West Glacier [Kenzhebaev et al., 2017].
The mathematical model of the Sary-Tor glacier was
constructed in [Rybak et al., 2019] to carry out nu-
merical experiments in order to study the possible
evolution of glacier characteristics under different
scenarios of climate change.

Reconstruction of the mass balance of the Sary-
Tor Glacier for various periods was previously carried
out on the basis of the relationship between the mass
balance and the Equilibrium line altitude (ELA)
[ Ushnurtsev, 1991; Mikhalenko, 1993], as well as on
the empirical dependences of the mass balance com-
ponents on meteorological predictors [ Popovnin et al.,
2021].

The objectives of this study are: (1) to construct
the mass balance model of the Sary-Tor Glacier (Ak-
Shiyrak massif, Inner Tien Shan), basing on the spa-
tially distributed energy-balance AMelt model | Rets
et al., 2011]; (2) to reconstruct the glacier mass bal-
ance for 2003/04 to 2015/16 balance years; (3) to
verify the results of modeling using in-situ data and
geodetic mass balance, and (4) to analyze changes in
the mass balance of the glacier in comparison with the
period of 1985—1989 [Dyurgerov, 1995].

STUDY AREA

The Sary-Tor Glacier is a valley glacier in the up-
per reaches of the Naryn River within the Ak-Shyirak
massif. In 2018, the glacier area was 2.63 km? (Fig. 1)
[Shpuntova et al., 2019]. The Ak-Shiyrak massif is
characterized by a continental climate, which is
mainly manifested in the frequent recurrence of air
masses of the continental type and a small amount of
atmospheric precipitation. In the annual distribu-
tion of precipitation, the summer maximum is well
pronounced: on average, 70—-80 % of the annual pre-
cipitation fall from May to September [ Dyurgerov,
1995]. The mean annual precipitation according to
records of the nearest Kumtor weather station
(3659 m a.s.l.) is 317 mm [Petrakov et al., 2016]. At
altitudes of about 4000 m, more than 90 % of the an-
nual precipitation is in the solid form [Voloshina,
1988].

The Sary-Tor Glacier was recognized as a refer-
ence glacier for the Ak-Shiyrak massif and was the
object of mass balance monitoring in 1985-1991. In
2014, the mass balance measurements on the Sary-
Tor Glacier were resumed by the Institute of Water
Problems and Hydropower of the National Academy
of Sciences of Kyrgyzstan.

METHODS AND INITIAL DATA

Brief description of modeling approaches

To model the mass balance of the Sary-Tor gla-
cier, the AMelt model of snow and ice melting in al-
pine basins was used. This energy-balance model with
distributed parameters was suggested by E.P. Rets
with co-authors [2077]. It implies the solution of the
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Fig. 1. Location of the Sary-Tor Glacier, other considered glaciers, and the Kumtor weather station.
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energy balance equation at each point of the compu-
tational grid:

—0=(S8p + Sap)(1 —A) + Epg — Ejpu =

+ H+LE+ Qu* Qup* Ques

where o is the energy balance of the surface, W /m? S},
Sqris the incoming direct and diffuse short-wave radia-
tion, respectively, W /m?; A is the surface albedo; Ejyis
the counter radiation of the atmosphere, W /m?; Ej,,, is
the long-wave radiation of the earth’s surface, W ,/m?;
H is the sensible turbulent heat exchange with the
atmosphere, W/m?; LE is the latent turbulent heat
exchange with the atmosphere, W /m?; Q,, is the heat
flux through the debris cover, W/m?; Q) is the en-
ergy change due to processes in the snowpack and at
the snow/ice interface, W,/m?; and Q, is the energy
change due to processes in the active layer of ice and
firn, W/m?

All calculated values are distributed over the
cells of a regular grid.

To separate the incoming short-wave radiation
(S,) into direct (S,) and diffuse (S4/) radiation,
the following dependency [Bindi et al., 1992; Boland,
Ridley, 2008] is used:

Sar /Sp = J(R), k= Sg/So,

where £ is the transparency coefficient of the atmo-
sphere, and; S, is the shortwave radiation at the upper
boundary of the atmosphere.

The spatial distribution of the incoming short-
wave radiation at a grid cell at each time point is
based on:

— the angle of incidence of sun rays, calculated
from the height of the sun above the horizon and the
coordinates of the normal vector to the surface of the
i-th elementary area centered at the grid cell;

— the angle of closure of the horizon by the sur-
rounding relief of the surface of the i-th elementary
area centered at the grid cell in the j-th sector of the
horizon, corresponding to the current azimuth of the
sun for each time step.

Diffuse solar radiation arriving at the surface of
the i-th elementary area centered at the grid cell

(S df ) consists of diffuse short-wave radiation coming

from the visible part of the sky and re-reflected from
the surrounding area:

S =S, (1—ai)+aiAlf'S§i,
where S, is the scattered radiation flux at a fully
open sky, W,/m?; a; is the average proportion of
the closure of the firmament by the surrounding relief
on the i-th elementary area; A’ is the albedo of the
surrounding area of the i-th elementary area; and Sy
is the total short-wave radiation arriving at the surface
of the i-th elementary area, W /m?.

The albedo of the surface of the i-th elementary
area is determined in accordance with the type of its
surface. The albedos of melting snow, ice, firn and de-
bris are set as constants based on field measurements
and literature sources. In case of snowfall, the albedo
increases to the albedo of fresh snow, then exponen-
tially decreases to the albedo of melted snow, depend-
ing on the time elapsed since the last snowfall [ Rokrer,
Braun, 1994].

Long-wave surface radiation (Ej,) is calculated
using the Stefan—Boltzmann equation. The counter
radiation of the atmosphere (Ey) is calculated using
the Angstrom formula. Turbulent heat exchange with
the atmosphere (latent and sensitive heat fluxes) is
calculated using the empirical formula of P.P. Kuzmin
[1961].

The model was previously tested for the
Djankuat and Bashkara glaciers (North Caucasus)
[ Rets, Kireeva, 2010; Rets et al., 2011, 2014, Belozerov
et al., 2020] and the Grenfjord glacier (Spitsbergen)
[Elagina et al., 2021]. Comparison of the simulation
results with the results of direct observations on the
network of ablation stakes attested to a good repro-
ducibility of the results of field observations by the
model.

The model was originally developed for the con-
ditions of the North Caucasus [Rets et al., 2011] and
had to be adapted for the climatic conditions of Cen-
tral Asia. The model was supplemented with the
blocks of water filtration through the snowpack and
firn; water refreezing in the snowpack, at the snow/
ice boundary, and in the firn; and the heat transfer in
the active layer of the glacier. The snowpack in the
design scheme was presented as a system of layers,
between which the heat transfer and the gravitation-
al filtration of water took place. Also, the calculation
of melt water yield per unit area of the glacier was
added.

In the modified version of the model, the snow-
pack is divided into layers. The snow layers have a
fixed thickness & (specified in mm by the StepTprof
parameter), except for the top layer, the thickness of
which is variable: it increases with fresh snow falling
and decreases with melting. If the increasing thick-
ness of the top layer reaches the StepTprof value, an-
other layer is added to the snowpack. If the thickness
of the top layer becomes zero, the snowpack becomes
reduced by one layer.

In this version of the AMelt model, the vertical
precipitation gradient (dP, %,/100 m), which is a cali-
brated parameter, is used to describe the spatial dis-
tribution of liquid precipitation. When precipitation
falls at an air temperature of less than —2 °C, it is con-
sidered that precipitation falls in solid form at each
point of the grid cell.

Each layer has a set of characteristics that are
averaged for a given layer: T — temperature, °C;
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¢ — heat capacity, J /(kg-°C); H,, — gravitational water
content, mm; ©,;, — capillary water content, mm;
psn — snow density, g/cm?; Ay, — coefficient of molecu-
lar thermal conductivity of snow, W /(m-K).

The initial values of the snow density and the
gravitational and capillary water contents are set the
same for all snow layers, based on the available obser-
vation results, the archived data for adjacent areas
and the theoretical concepts [ Konovalov, 1985; Singh,
Singh, 2001; Seo et al., 2008].

The heat capacity of snow is calculated from the
heat capacity of ice, air and water in accordance with
the density of snow and the content of gravitational
and capillary water. The coefficient of thermal con-
ductivity of the snow layer is calculated at each time
step using its dependence on the density of snow
[Sturm et al., 1997].

The initial temperature distribution in the snow
stratum is set as uniform, equal to the mean air tem-
perature for January—February.

In the extended version of the AMelt model, the
change in the temperature of the snow layers occurs
in the process of molecular heat transfer between the
snow layers and heat release during the refreezing of
infiltrated melt water into this layer.

1. Molecular thermal conductivity is calculated
layer by layer as:

Q= b (T; — T /dlh,

where Qjis the heat flux due to molecular thermal con-
ductivity between snow layersiandj, W/ m? Ay, is the
coefficient of thermal conductivity of snow averaged
for layers i and j, W /(m-K) and given as a function of
snow density [Sturm et al., 1997]; T;is the temperature
of the i-th layer of snow, °C; T;is the temperature of the
j-th layer of snow, °C; and dh is the distance between
snow layers, m.

2. The release of heat inside the layer during the
refreezing of infiltrating melt water into this layer
(Qrm, W/m?) is calculated as:

Qrm = Lm,

where L is the specific heat of fusion of ice
(3.335-10° J /kg); m is the mass of refreezing water, kg.

Infiltration is calculated from an adapted version
of Darcy’s law [ DeWalle, Rango, 2008; Snow..., 2008].
The infiltration rate u, is given as a function of the
psn, the average grain diameter d, the proportion of
gravitational water in the snow pores Sy, and the wa-
ter-holding capacity @,;:

Uz =f(psna d: S, G)vi)~

The water-holding capacity of snow (in fractions
of a unity) is calculated from its dependence on the
porosity of the snow p [ Coleou, Lesaffre, 1998]:

@,: = 0.057p/(1 - p) + 0.017.

The porosity of the snow is calculated approxi-
mately from the snow density as (1 — psy).
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The density of the snow layer increases in the
course of refreezing of infiltration water. In this case,
the snow density is calculated at each step as:

ol = (e h+0.917(HL +61, )) / (e 1L +€L).

The density of the newly accumulated fresh
snow layer is set by the RoFreshSnow parameter.

If the thickness of the top snow layer is less than
0.7 StepTprof, then it is combined with the underly-
ing snow layer or with the surface ice layer (if this is
the only snow layer) during the layer-by-layer calcu-
lation of thermal conductivity.

The active layer of the glacier is also divided into
layers, the number of which is set by the nLIce model
parameter. Heating/cooling of the active layer of ice
proceeds due to molecular thermal conductivity; an
additional source of thermal energy is the refreezing
of water on the surface of ice at a temperature below
the melting point. The initial temperature distribu-
tion in the active ice layer is linear: from the surface
layer, the initial temperature of which is equal to the
mean January—February temperature, to the bottom
of the active layer with a constant temperature speci-
fied by the Tact parameter.

Water loss from the firn occurs after the cold
content (CC) condition of the firn is satisfied [ Takeu-
chietal, 2014)].

The filtration coefficient for describing the pro-
cess of water filtration through the firn was adopted
according to the published data of experimental mea-
surements by various scientific groups | Oerter, Moser,
1982].

The modeled accumulation values include the
total accumulation, as well as the refreezing of melt
water in the snow stratum, on the ice surface, and in
the firn layer. Avalanche feeding is not taken into ac-
count in this version, since it is practically absent for
the object under study due to the features of the re-
lief. Wind redistribution of solid precipitation is tak-
en into account indirectly, considering the position of
the firn line: for areas above the firn line of a given
year, an additional coefficient is applied to the altitu-
dinal increase in precipitation. For the Sary-Tor gla-
cier, in the areas above the firn line, the value of pre-
cipitation additionally increases by 30 %.

Adaptation of the AMelt model
for the Sary-Tor Glacier

The following input data were used to build a
model of the Sary-Tor glacier:

1) a digital elevation model composed of a highly
detailed model obtained for the surface of the Sary-
Tor Glacier from a GeoEye stereoscopic pair (July 29,
2012) and an SRTM model for the surrounding land-
forms;

2) meteorological data with a 1 h resolution for
2003-2016 from the automatic weather station
(AWS) Campbell located less than 5 km from the gla-
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cier at the height of 3659 m asl, including incoming
shortwave radiation (S5, W/m?), air temperature
(T(H), °C), wind speed (U, m/s), relative air humid-
ity (e, %), and precipitation (P, mm) (provided by
the Kumtor Gold Company);

3) the position of the firn line and glacier bo-
undaries for each year as determined from Landsat
images;

4) field data on melting regime as measured in
2015 on a network of ablation stakes was used for
model calibration;

5) field data on melting regime as measured in
2014 on a network of ablation stakes was used for
model validation.

In the model adapted for the Sary-Tor Glacier,
the heat flux through the debris cover was not taken
into account, since there is practically no debris cover
on the glacier.

The albedo values of ice, firn, melted snow, and
freshly fallen snow were taken as 0.25, 0.4, 0.55, and
0.8, respectively, according to the averaged results
obtained by D.A. Petrakov with coauthors in the
studied region [Petrakov et al., 2019].

As we had no data on air temperatures and pre-
cipitation, as well as on the snow depths at different
heights during the modeled period, the altitudinal
gradients of precipitation and air temperature were
calibrated.
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Melting layer measured on a network
of observation stakes, mm w.e.

Modeled melting layer, mm w.e.

Fig. 2. Calibration of the Sary-Tor Glacier model
according to the results of field measurements on a
network of ablation stakes in 2015.

Blue line — linear approximation function. Results of model
experiments with different values of calibration parameters of
air temperature (dP, precipitation gradient; dT, temperature
gradient; ¢y, temperature shift); 7 — dP = 20 %/100 m,
dT = -7 °C/1000 m, ¢ty = 0 °C; 2 — dP = 20 %/100 m,
dT = -6 °C/1000 m, ¢ty =1 °C; 3 — dP = 20 %/100 m,
dT = -5.5 °C/1000 m, tg = 0.5 °C; 4 — dP = 20 %/100 m,
dT = -5 °C/1000 m, tg5 = 0.5 °C; 5 — dP = 20 %,/100 m,
dT = -5°C/1000 m, ¢y, = 0.75 °C; 6 — dP = 20 %/100 m,
dT=-5°C/1000 m, t5, =1 °C.

The best agreement of the model data with the
field data for all altitudinal zones was obtained at a
temperature gradient of —7 °C per 1000 m, a tempera-
ture shift equal to 0 °C, and a precipitation gradient
of 20 % per 100 m. The choice of these parameters is
analyzed in the Discussion section. In this case, the
deviation of the simulated values from the measured
values in different parts of the glacier may be associ-
ated with spatial differences in the temperature re-
gime and the distribution of snow, which cannot be
described by a constant gradient (Fig. 2).

The simulation results were validated using two
independent methods:

1. Comparison of the results of modeling with
the field data obtained in 2014, which demonstrated
a good agreement between them (Fig. 3). The corre-
lation coefficient was 0.99. The Nash-Sutcliffe model
efficiency coeflicient (NSE) for 2014 was 0.95 [ Gar-
rick et al., 1978]. A small systematic deviation was
noted: the model overestimated the melting in the
middle and lower zones of the glacier by about 0.05—
0.1 m w.e. (neters of water equivalent).

2. Comparison of the change in the average sur-
face height of the Sary-Tor Glacier from July 29, 2003
to September 29, 2013 as determined from the analy-
sis of stereoscopic pairs of QuickBird and GeoEye
satellite images [Petrakov et al., 2016] with the total
modeled mass balance of the glacier for this period.
The average decrease in the surface height was 3.8 m
according to the geodetic method and 4.3 m accord-
ing to the modeling. The deviation of the simulation
results from the measured data was 13 % over the
10 mass balance years, or 0.05 m per year. Thus, we
can say that the simulation by the AMelt model reli-
ably represents the dynamics of the mass balance of
the glacier.
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Fig. 3. Verification of the model based on the results
of field observations on a network of ablation stakes
on the Sary-Tor Glacier in 2014.

Dashed line: graph y = x; solid line: linear approximation func-
tion.
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Fig. 4. Schematic maps of mass balance fields of the Sary-Tor Glacier for glaciological years of (a, b, ¢)
2008/09 and (d, e, f) 2014/15: (a, d) mass balance Bal; (b, ¢) surface lowering due to ablation Abl; and
(¢, /) accumulation Acc.

The color shows the change in the surface height, m w.e.

Table 1. Annual values of the mass balance (Bal),
ablation (Abl), and accumulation (Acc)
of the Sary-Tor Glacier according to modeling data

mw.e.
Mass balance Bal Abl Acc 157
year m w.e. 1.0
2003,/04 —0.44 1.03 0.59 0-51
2004,/05 0.52 0.99 0.48 01
2005,/06 ~0.71 1.24 0.54 —0.51
2006,/07 ~0.47 1.09 0.62 -1.01
2007,/08 -0.63 1.10 0.46 -1.5 T8 g5 8g o oo ¥w o
2008,/09 0.37 0.53 0.89 S8 8383835838 ss¢s s
2009,/10 ~0.62 1.34 0.72 Years
2010/11 ~0.37 1.05 0.68 W Bal W Abl O Acc
2011712 ~0.56 1.24 0.68 Fig. 5. Accumulation (Acc), change in the height of
2012/13 —0.36 0.98 0.62 the glacier surface due to ablation (Abl), and mass
2013/14 -0.50 0.96 0.46 balance (Bal) of the Sary-Tor Glacier for the period
2014,/15 -0.76 1.42 0.67 2003/04-2015/16 according to the modeling.
2015/16 -0.48 1.09 0.61
Average value -0.463 1.08 0.618
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RESULTS

The output of the model is the depth of snow,
firn, and ice melt and corresponding water yield cal-
culated for each point of the regular grid (30 x 30 m)
at each time step (in this work, 1 h). Examples of the
spatial distribution of the total values of ablation, ac-
cumulation, and mass balance of the Sary-Tor Glacier
calculated for the mass balance year are shown in
Fig. 4. According to the model, the annual accumula-
tion on the Sary-Tor Glacier varies from 0.48 to
0.89 m w.e. in different years, and the ablation chang-
es from 0.53 to 1.42 m w.e. (Table 1 and Fig. 5). For
most of the years during the study period, the glacier
mass balance is negative and averages —0.46 m w.e.
per year. With regard to mass balance, the only posi-
tive year was 2009 because of the low ablation and
increased accumulation.

DISCUSSION

Despite the fact that the AMelt model is focused
on physically-based simulation of snow and ice melt-
ing, the lack of complete information about the simu-
lated objects necessitates the use of calibration pa-
rameters: the gradients of temperature and precipita-
tion in this case. The problem of the presence of
calibration parameters in hydrological models has
long been known and widely discussed [ Christophers-
en et al., 1990; Beven, Freer, 2001; Kirchner, 2006;
Vinogradov, Vinogradova, 2010; Semenova, Beven,
2015]. When calibrating, the modeler strives to
achieve, first of all, the correspondence of the main
sought parameter (in the case of hydrological mo-
deling, the runoff in the outlet; in the case of glacio-
logical modeling, the final mass balance) to the obser-
vational data. It is important that the same sati-
sfactory result can be obtained using different
independent sets of values, i.e., calculations with dif-
ferent initial values in hydrological modeling are
equifinal. Moreover, the values of the calibration pa-
rameters can go beyond their physical limits for a
given object and lose their physical meaning. Accord-
ingly, in the course of model calibration, the mecha-
nisms of the simulated process can be significantly
distorted.

In accordance with this, the authors consider it
appropriate to analyze the selected values of the cali-
bration parameters (see the Methods and data sec-
tion), as well as the results of modeling individual
components of the dynamics of the Sary-Tor Glacier
mass balance, for which observational data can be
found for comparison.

The altitudinal temperature gradient was taken
equal to =7 °C per 1000 m, and the altitudinal pre-
cipitation gradient was 20 % per 100 m. The represen-
tation of the vertical distribution of air temperature
and precipitation as a linear function with a constant

slope is a significant simplification. In reality, the ver-
tical distribution of these parameters in the moun-
tains is not described by a linear function; it is strong-
ly affected by local factors and changes significantly
both during the entire season and during one day
[Barry, 2008).

The results of simultaneous observations over
the air temperature at the Tien Shan weather station
(it was located in the same trough valley as the mod-
ern Kumtor weather station, 9 m lower) and in the
middle part of the ablation zone on the Davydov Gla-
cier (which occupies the neighboring valley) in July—
August 1984 were presented in the study by A.P. Vo-
loshina [1988]. In summer, during the daytime in
clear weather, the air temperature at the weather sta-
tion can exceed the air temperature in the middle
part of the ablation zone on the glacier by 4-6 °C,
while temperature inversions are usually observed at
night. On average, the recorded difference in air tem-
peratures between the two points was 1.6-2.6 °C,
which corresponded to a temperature gradient of
5.5-8.9 °C per 1000 m; on average, —7.2 °C per
1000 m. This value turned out to be extremely close
to the calibration parameter of the temperature gra-
dient, which gave the best fit of the simulated melting
to the results of factual measurements at the Sary-Tor
Glacier.

The work [ Voloshina, 1988] also contained data
on simultaneous measurements of precipitation at the
same points. The magnitude of the precipitation gra-
dient, according to the observation results, depended
on the amount of precipitation at the height of the
weather station: with an increase in the amount of
precipitation, the gradient decreased exponentially,
settling at a level of 25-30 % per 100 m with the
amount of precipitation equal to 3 mm or more.

Thus, the precipitation gradient adopted in the
model (20 % per 100 m) may be somewhat underesti-
mated, but it is close to the values typical for this re-
gion.

The altitudinal distribution of solid precipita-
tion on a glacier is determined by a combination of
the altitudinal distribution of liquid precipitation and
air temperature.

According to [Dyurgerov et al., 1992], the altitu-
dinal gradient of solid precipitation during summer
snowfalls in 1987—-1989 was variable. It usually in-
creased with an altitude from 0-20 % per 100 m in
the lower glacier zones to 40—100 % per 100 m at the
height of 4200-4400 m a.s.l., and decreased to 10—
40 % at the heights above 4400 m a.s.l. The average
value of the altitudinal gradient of solid precipitation
was 46 % per 100 m. The simulated altitudinal distri-
bution of annual precipitation and accumulation is
relatively even because of constant temperature and
precipitation gradients: the accumulation gradients
increase from 20—40 to 40—100 % per 100 m; this
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Fig. 6. Annual values of the mass balance on the Tien Shan glaciers in the period from 2003,/04 to 2015/16

balance years.

According to the glaciological method (https://wgms.ch/ ): 7 — Abramov Gl, 2 — Golubev Gl, 3 — Tuyuksu Gl, 4 — Glacier no. 1
Urumgj, eastern branch; 5 — Glacier no. 1 Urumgi, western branch; 6 — Glacier no. 354; 7 — Western Suek Gl, and 8 — Sary-Tor Gl.
Mass balance reconstruction: 9 — Glacier no. 354 [Kronenberg et al., 20161, 10 — Western Suek Gl [Kenzhebaev et al., 2017, 11 —
Sary-Tor Gl [Popovnin et al., 2021], and 712 — Sary-Tor Gl (present study).

gradient decreases at the altitude above 4400 m. The
average simulated accumulation gradient is 52 % per
100 m. It can be stated that the model simplifies the
real field of snow distribution due to the simplified
consideration of the vertical distribution of tempera-
ture and precipitation.
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Fig. 7. Comparison of cumulative mass balance
curves for Tien Shan glaciers.

According to modeling data: 7 — Sary-Tor Gl (present work);
2 — Sary-Tor Gl (reconstruction based on empirical depen-
dences on meteorological predictors [Popoonin et al., 2021]);
3 — Glacier no. 354 [Kronenberg et al., 2016]; 4 — Western Suek
Gl [Kenzhebaev et al., 2017]. According to the glaciological
method (https://wgms.ch/): 5 — Glacier no. 1 Urumgi, west-
ern branch; 6 — Glacier no. 1 Urumqji, eastern branch; and
7 — Tuyuksu Gl.
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According to the modeling data, the mass ba-
lance of the Sary-Tor Glacier in 2004—2016 repeated
the trends observed on the Tien Shan glaciers accord-
ing to the data of direct observations and reconstruc-
tions by various authors (Figs. 6 and 7). For most of
the glaciers, a positive mass balance was observed in
2009. The simulated annual mass balance values of
the Sary-Tor Glacier fit into the range of measured
and modeled elsewhere mass balance values of the
Tien Shan glaciers (Fig. 6). The obtained annual val-
ues are closest to the measured and modeled values
reported for the nearby glaciers no. 354 and Western
Suek.

The mass balance of the Sary-Tor Glacier simu-
lated for 2015 demonstrated a good agreement with
the mass balance determined by the glaciological
method (-0.76 and —0.82 m w.e., respectively). In
2016, the discrepancy between the simulated and fac-
tual (glaciological method) mass balances was 0.31 m
w.e. (=0.48 and —0.79 m w.e., respectively). The dif-
ferences may be associated primarily with the differ-
ent methodology for extrapolating the values of the
glacier mass balance to the area, for which observa-
tional data are absent, or with errors of both the gla-
ciological method (estimated at about 0.2 m w.e. for
this region [Kronenberg et al., 2016; Kenzhebaev et al.,
2017]) and the modeling method. For the present
model, the average error in calculating the annual
balance is approximately 0.1 m w.e. (see the Results
section). It should also be noted that the values of the
modeled and experimentally determined mass ba-
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lance of the Sary-Tor Glacier in 2015 (-0.76 and
—0.82 m w.e., respectively) are within the range of the
mass balance values observed for most of the glaciers
in the region (from —0.499 to —0.93 m w.e.), except
for the Abramov Glacier with a mass balance close to
zero in that year (https;//wgms.ch/). In 2016, the loss
of mass of glaciers in the region was less significant
than in 2015: from —0.37 to —0.5 m w.e. (the excep-
tion was Urumqj, the eastern branch). For many gla-
ciers, the mass balance was even positive (from 0.287
to 0.561 m w.e.) (https;//wgms.ch/). Thus, the mo-
deled value of the mass balance of the Sary-Tor Gla-
cier for 2016 (—0.48 m w.e.) was closer to the regional
distribution than that obtained by the glaciological
method (—0.79 m w.e.).

In general, according to the obtained results, the
mass of the Sary-Tor Glacier decreases slower than
that of the Urumchi and Tuyuksu glaciers, and faster
than that of the Western Suek Glacier. The cumula-
tive curve obtained from the reconstruction of the
mass balance of glacier no. 354 [Kronenberg et al.,
2016] is the closest to the one obtained for the Sary-
Tor Glacier.

Reconstruction of the mass balance of the Sary-
Tor Glacier based on empirical relationships between
the components of the mass balance and the meteoro-
logical predictors [ Popovnin et al., 2021] demonstrat-
ed good agreement with the results of our modeling
for 2005, 2006, 2008, 2010, and 2012. In other years,

the values of the mass balance reconstructed from the
empirical dependences on meteorological predictors
were lower than those obtained with the help of the
AMelt model (Fig. 6). As a consequence, the cumula-
tive mass balance curve of the Sary-Tor Glacier ob-
tained by the reconstruction method with the use of
empirical dependences on meteorological predictors
[Popovnin et al., 2021] lies significantly lower than
the curve obtained in our study and closer to the
curve obtained for the Tuyuksu Glacier (Fig. 7).

Comparison of the simulation results with obser-
vational data on the Sary-Tor Glacier in 1984/85—
1988/89 [Dyurgerov et al., 1992; Dyurgerov, 1995]
reveals the intensification of the glacier mass loss.
The average value of the mass balance in the modern
period (2003/04 to 2015/16) was —0.46 m w.e.; in
1984,/85-1988/89, it was —0.14 m w.e. According to
the reconstruction by S.N. Ushnurtsev [1991] based
on the relationship between the mass balance and the
height of the feeding boundary, the mass balance of
the Sary-Tor Glacier in the period from 1930 to 1984
ranged from —0.6 to 0.2 m w.e. A similar tendency for
the intensification of mass loss is observed for all Tien
Shan glaciers provided with long-term observation
series (Fig. 8).

The intensification of the loss of mass by the
Sary-Tor Glacier occurred primarily due to the in-
creased melting in the lower altitudinal zones. In the
accumulation zone, the annual mass balance values
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Fig. 8. Long-term fluctuations in the mass balance of the Tien Shan glaciers.

1 — Karabatkak Gl; 2 — Golubev GI; 3 — Tuyuksu Gl; 4 — Urumgqi GI; 5 — Abramov Gl, 6 — moving average with a three-year window;
7 — Sary-Tor Gl (1984,/85-1988/89, observation data [ Dyurgerov, 1995]; 2003,/04—2015/16, modeling data); 8 — linear approxima-
tion of a moving average with a three-year window. Graphs 7—5 are based on data from the Internet resource https://wgms.ch/.
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Fig. 9. Altitude distribution of the annual mass
balance for the model period (2004—2016) and the
period of field observations (1985-1989).

averaged over altitudinal zones for 1984,/85—1988/89
and 2003,/04—2015/16 are generally close: the ranges
of variation coincide for both periods, and the aver-
age for the latter period is shifted towards more nega-
tive values by 0—0.25 m w.e. (Fig. 9). At the altitude
below 4300 m asl, the averaged curves begin to di-
verge: at the altitudes of 3900—4000 m, melting in the
recent period was 1.0-1.2 m w.e. higher than that in
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Height, m
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the 1980s. The ELA shifted upwards by 125 m: from
4225 m in 1984,/85-1988/89 to 4350 m in 2003 /04—
2015/16 with a range of variation from 4254 to
4446 m.

A smoother pattern of the altitudinal distribu-
tion of the mass balance in the model period com-
pared to the period of field observations in the 1980s
is associated with a simplified representation of the
altitudinal distribution of precipitation and tempera-
ture. Spatial differences in the structure of the mod-
eled values of the glacier balance are due to the distri-
bution of solar radiation and the surface topography
(Fig. 10).

The intensification of the ablation of glaciers in
the Ak-Shyirak massif occurs against the background
of an increase in the annual and summer air tempera-
tures (Fig. 11, a). Thus, the air temperature of the
warm (May—September) season in 1984,/85—-1988,/89
at the Tien Shan weather station was +1.8 °C; in
2003/04—2015/16, it increased to +3.0 °C. The rise in
temperature was not offset by a significant increase in
the annual precipitation: from 288 mm in 1984/85—
1988/89 to 373 mm in 2003/04-2015/16. An in-
crease in precipitation was noted during the ablation
period; there was no significant increase in precipita-
tion during the accumulation period. The rise in tem-
perature could have led to a significant decrease in
the proportion of solid precipitation in the lower part
of the glacier in the summer. In addition, the increase
in precipitation could be related to the relocation of
the weather station. The unevenness of the precipita-
tion curve after the relocation of the station was not-
ed in a number of studies [ Kutuzov, Shahgedanova,
2009; Petrakov et al., 2016].

Mass balance, m w.e.

Fig. 10. Distribution of the annual mass balance depending on the absolute height according to the data of

all grid cells of the model in 2014/15.
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Fig. 11. Average air temperatures of the warm season (May—September) (a) and annual precipitation (b)
according to the data of the Tien Shan and Kumtor weather stations for 1930—2018.

CONCLUSIONS

In this work, the physically based AMelt model
of snow and ice melting in alpine zones was adapted
to simulate the mass balance of glaciers under the cli-
matic conditions of Central Asia. Approbation of an
improved version of the model on the Sary-Tor Gla-
cier for the period 2003,/04 to 2015/16 demonstrated
a good agreement with the results of glacial ablation
measurements on a network of ablation stakes and
the average subsidence of the glacier surface calcu-
lated using the geodetic method. The calibration co-
efficients (altitudinal gradient of temperature and
precipitation) turned out to be close to the values
observed in July—August 1984.

According to the modeling data, the annual ac-
cumulation values on the Sary-Tor Glacier in
2003/04—2015/16 varied within the range from 0.48
to 0.89 m w.e. and the ablation values, from —1.42 to
—0.53 m w.e. The glacier mass balance was negative
for most of the years during the study period and
averaged —0.46 m w.e. per year. This value is signifi-
cantly lower than the value observed in 1984—1989
(on average, —0.14 m w.e. per year). The ELA in-
creased by 125 m: from 4225 in 1984,/85-1988,/89 to
4350 1in 2003/04—-2015/16. Such an intensification of
mass loss is typical for all Tien Shan glaciers, on
which mass balance observations have been per-
formed.

According to modeling data, the dynamics of the
mass balance of the Sary-Tor Glacier in the period
from 2004 to 2016 repeats the trends noted for the
Tien Shan glaciers according to direct observations
and reconstructions by various authors. The obtained
annual values of the mass balance are closest to the

measured and modeled values characteristic of the
nearby glaciers no. 354 and Western Suek. In general,
according to the obtained results, the Sary-Tor Gla-
cier is melting slower than the Urumgqi and Tuyuksu
glaciers to the east and faster than the Western Suek
glacier.
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