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 COMPARISON OF THE MODELLED AND  
MEASURED MASS BALANCE OF THE CENTRAL TUYUKSU GLACIER, 

NORTHERN SLOPE OF ILI-ALATAU
 

The study considers the results of numerical modelling of the mass balance of the Central Tuyuksu 
Glacier, located on the northern slope of the Ile Alatau, Northern Tian Shan, using the DMBSim model. 
A comparison was conducted between the computed values of both winter and annual mass balances 
and the measurements obtained during the balance years of 2006-2023. The input data for the modelling 
included data on glacier accumulation, ablation, and mass balance derived from stakes, as well as snow 
surveys with pit measurements. Additionally, air temperature and precipitation data from the Tuyuksu 
weather station and total precipitation gauges were incorporated.

The largest difference between the simulated winter mass balance and the measured values on ac-
tual dates was observed during the 2006/07 period, amounting to 0.37 m w.e. (68%), with an average 
of 0.17 m w.e. (29%). The maximum disparity in annual mass balance, also on actual dates, was 0.34 m 
w.e. (40%), with an average of 0.05 m w.e. (9%). These findings provide valuable data for use in predic-
tive calculations for the surface mass balance and glacier runoff.

Key words: Central Tuyuksu Glacier, mass balance, mathematical model, ablation, accumulation, 
snow cover.
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 Іле Алатауының солтүстік беткейіндегі Орталық Тұйықсу мұздығының  
модельденген және гляциологиялық массалық балансын салыстыру

 
DMBSim моделін қолдана отырып, Солтүстік Тянь-Шань, Іле Алатауының солтүстік беткейін-

дегі Орталық Тұйықсу мұздығының, балансын математикалық модельдеу нәтижелері қаралды. 
2006-2023 баланстық жылдарындағы өлшенген өлшемдермен қысқы және жылдық масса ба-
лансының есептік мәндерін салыстыру жүргізілді. Мәліметтердің негізгі көзі ретінде рейкалық 
өлшеулерден алынған мұздықтың аккумуляция деректері, абляция және массалық балансы, сон-
дай-ақ шурфтар қолдану арқылы қар өлшеу түсірілімнің деректері пайдаланылды; Тұйықсу ме-
теостанциясынан және жиынтық жауын-шашын өлшегіштерден ауа температурасы мен жауын-
шашынды бақылау деректері де қоса пайдаланылды. Модельденген қысқы масса балансының 
нақты күндерде өлшенген нәтижелермен максималды сәйкессіздігі 2006/07 жылдары байқалды 
және 0.37 м w.e. (68%) пен орташа 0.17 (29%) құрады. Жылдық масса балансының максималды 
айырмашылығы, нақты күндер бойынша, 0.34 М w.e.(40%) орташа есеппен алғанда 0.05 (9%) 
болды. Зерттеу нәтижесіндегі мәліметтер массаның жерүсті балансы мен мұздық ағынының бол-
жамды есептеулерінде пайдаланылуы мүмкін.

Түйін сөздер: Орталық Тұйықсу мұздығы, масса балансы, математикалық модель, абляция, 
аккумуляция, қар жамылғысы.
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 Сравнение смоделированного и гляциологического баланса массы ледника  
Центральный Туйыксу, северный склон Иле Алатау

 
Рассмотрены результаты математического моделирования баланса ледника Центральный 

Туйыксу, северный склон Иле Алатау, Северный Тянь-Шань, с применением модели DMBSim. 
Выполнено сравнение расчётных значений зимнего и годового баланса массы с измеренными за 
2006-2023 балансовые годы. В качестве входных данных использовались данные аккумуляции, 
абляции и баланса массы ледника по рейкам, а также снегомерных съемок с закладкой шурфов; 
данные наблюдений за температурой воздуха и осадками с метеостанции Туйыксу и суммарных 
осадкомеров. Максимальное несоответствие смоделированного зимнего баланса массы с изме-
ренным, по фактическим датам, отмечено в 2006/07 гг. и составило 0.37 м w.e. (68%); среднее 
0.17 (29%). Максимальная разница годового баланса массы, так же по фактическим датам, со-
ставила 0.34 м w.e.(40%) при средней 0.05 (9%). Полученные данные могут быть использованы 
при прогностических расчётах поверхностного баланса массы и ледникового стока. 

Ключевые слова: Ледник Центральный Туыйксу, баланс массы, математическая модель, 
абляция, аккумуляция, снежный покров. 

Introduction 

Water resources in arid continental regions, such 
as Central Asia (CA), heavily depend on cryospher-
ic components: snow, glaciers, and permafrost. The 
two largest mountain systems in the world, the Tian 
Shan and Pamir, serve as water sources for Central 
Asia (Hoelzle et al., 2019).The cryospheric compo-
nents of these mountain systems store substantial 
volumes of water in solid form and play a crucial 
role in the current and future availability and man-
agement of water resources in the face of a changing 
climate(Hoelzle et al., 2019).

Glaciers worldwide continue to retreat, with an 
unprecedented historical loss of mass observed since 
the beginning of the century, exceeding the rates of 
ice loss in the 1990s (Zemp et al., 2021; Zemp et 
al., 2015). According to results from the 2017/18 
and 2018/19 hydrological years, and preliminary 
results for 2019/20 the annual mass balance aver-
aged -1.0 m w.e. per year, which is 25% more nega-
tive than the annual mass balance for the first de-
cade of the 21st century (2001-2010: -0.8 m w.e. per 
year), which was unparalleled on a global scale, at 
least during the period of available observations. In 
Central Asia, regional mass balance values for the 
2017/18 and 2018/19 hydrological years were -488 
mm w.e. and -527 mm w.e., respectively (Zemp et 
al., 2021). Analysis of the average Accumulation 
Area Ratios (AAR) indicates that glaciers are in a 
strong and increasing imbalance with the climate 
and will continue to lose mass even if the climate 

remains stable (Zemp et al., 2021; Shahgedanova, 
2021; Kraaijenbrink et al., 2017).

Most research has focused on assessing changes 
in glacier area, for example (Sakai, 2019; Mölg et 
al., 2018; Severskiy et al., 2016; Cogley, 2016; Pe-
trakov et al., 2016; Farinotti et al., 2015; Osmonov 
et al., 2013; Kriegel et al., 2013). However, data on 
changes in glacier area in Central Asia are still in-
complete and inconsistent (Barandun et al., 2020; 
Mölg et al., 2018).

From the perspective of global sea-level changes 
(Zemp et al., 2019), regional water resources (Shan-
non et al., 2023; Saks et al., 2022; Huss, Hock 2018; 
Shahgedanova et al., 2018; Hagg et al., 2018), and 
the evaluation of modelling results, information on 
changes in glacier volume and mass is more crucial 
(Shannon et al., 2023; Kapitsa et al., 2020; Barand-
un et al. 2020).

Glacier mass balance monitoring was initiated 
in the mid-1950s during the Soviet era, but many 
mass balance observation programs were terminated 
in the early 1990s. To date, there is only one contin-
uous series of observations for the Central Tuyuksu 
Glacier, Ile Alatau, Kazakhstan, from 1957 to the 
present. Glacier No.1 in the Eastern Tian Shan, 
China, has a relatively complete set of observations 
from the 1980s, with a reconstructed period dating 
back to the late 1950s (Barandun et al., 2020). Ef-
forts to reinstate glacier observations began in 2010 
(Hoelzle et al., 2017). However, such datasets are 
limited to a few selected, easily accessible glaciers, 
but they are significant for verifying modelling re-
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sults and regional assessments. Gaps in long-term 
mass balance data for several glaciers have been 
filled using a combination of mass balance modeling 
and satellite data analysis (Barandun et al., 2020; 
Kapitsa et al., 2020; Barandun et al., 2018; Hoelzle 
et al., 2017).

M. Zemp et al., 2019 and Wouters, Gardner, and 
Moholdt, 2019, estimated glacier mass loss for Cen-
tral Asia as -0.15 ± 0.12 m w.e. per year from 2006 
to 2016 and -0.06 ± 0.09 m w.e. per year from 2002 
to 2016, respectively. Studies assessing glacier mass 
changes in the Pamir region are somewhat contra-
dictory, e.g., (Shean et al. 2020; Barandun et al. 
2019; Brun et al. 2017; Farinotti et al. 2015; Kääb 
et al. 2015; Gardelle et al. 2013), while for the Tian 
Shan, better consistency has been observed, e.g., 
(Barandun et al., 2020; Shean et al., 2020; Barandun 
et al., 2019; Brun et al., 2017; Goerlich et al. 2017; 
Farinotti et al., 2015; Pieczonka, Bolch, 2015).

Despite differences in published glacier mass 
loss data, most studies emphasize the complex and 
heterogeneous response of glaciers in Central Asia 
to climate change (Barandun et al. 2020).

The aridity of the region means that during dry 
periods, when water sources like meltwater and pre-
cipitation are depleted, glacial meltwater constitutes 
a significant portion of the region’s water resources. 
From this perspective, forecasting the future extent 
of glacierization and ice mass volume in the Tian 
Shan is of great interest (Van Tricht, Huybrechts, 
2023).

A reduction in meltwater volume in the future 
will inevitably lead to water scarcity and a high 
likelihood of water conflicts (Xenarios et al., 2019; 
Pritchard, 2019; Huss,Hock, 2018; Sorg et al., 2012).

Another important aspect of forecasting glacier 
volume and mass is related to assessing the danger 
of glacier lake outburst floods and the increased 
frequency and intensity of spring floods and debris 
flows due to more intense (high, extreme) runoff, 
as reported, for example, (Van Tricht, Huybrechts, 
2023; Compagno et al., 2022; Narama et al., 2018; 
Sorg et al., 2012; W. Hagg et al. 2006). All of this 
makes glaciers important for monitoring and predic-
tion (Van Tricht, Huybrechts, 2023; Tennant et al., 
2012).

Glacier mass balance models, designed to pre-
dict glacier conditions, range from simple models 
using cumulative air temperature anomalies (posi-
tive degree days) to models using the full energy 
balance (Tennant et al., 2012; Hock, Holmgren, 
2005; Hock, 2003; Braithwaite, Zhang, 1999). 
These models are used to reconstruct gaps in glacier 

mass balance measurements and the historical and 
future evolution of glacier mass (Van Tricht, Huy-
brechts, 2023; Kronenberg et al., 2022; Azisov et 
al., 2022; Popovnin V.V. et al., 2021; Van Tricht et 
al., 2021; Rybak et al., 2019; Barandun et al., 2018; 
Kenzhebaev et al., 2017; Kronenberg et al., 2016; 
Barandun et al., 2015).

Predicting the state of mountain glaciers requires 
reliable melt modeling strategies and uniformly dis-
tributed data in time and space that can be used to 
verify these approaches. The use of remote sensing 
data has allowed an increase in the number of gla-
ciers studied and the expansion of mass balance data 
in regions where traditional mass balance data are 
limited. Direct measurements of changes in glacier 
volume and mass serve as a more reliable indicator 
of climate change and can be used to verify mass 
balance model results (Tennant et al., 2012).

The objective of this study is to test the DMB-
Sim mass balance model and assess the consistency 
of results obtained by different methods of glacier 
mass balance components for the Central Tuyuksu 
Glacier from 2006 to 2023. The choice of this pe-
riod is due to the update of the stake field in 2006, 
increasing the number of stakes to 120 and the fre-
quency of snow density measurements at different 
elevations. This allowed for minimizing the mea-
surement error of the glacier’s mass balance compo-
nents (Kapitsa et al., 2020).

 
Study area

The left tributaries of the lower Ile River origi-
nate from the glaciers on the northern slope of the 
Ile (Zailiysky) Alatau, which represents one of the 
northern most arcs of the Tian Shan Mountain range. 
It spans 280 kilometers from west to east along 43°N 
within the range of 75-78°E. The northern slopes of 
the ridge descend towards foothill plains, transition-
ing in the north to deserts. To the south, the ridge 
sharply drops towards the intermountain valleys of 
Chilika and Chonkemina, separating the Zailiysky 
Alatau from the Kungey Alatau (Kokarev et al., 
2022; Vilesov, 2016).

The region is characterized by significant sea-
sonal fluctuations in temperature and precipita-
tion. In autumn and spring Westerlies dominate the 
weather pattern, resulting in maximum precipitation 
in April-May on the plains, shifting to June-July in 
the mid-mountain and high-mountain areas, where 
the peak snow accumulation occurs in spring and 
early summer (Vilesov. 2016). The snow and gla-
cier melting period typically occurs between June, 
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July, and August, though in some years, it can ex-
tend into September. In the glacier zone, the aver-
age annual air temperature at heights of 3400-3800 
meters ranges from -4 to 8°C and decreases to -10-
12°C and below at altitudes exceeding 4000 meters. 
The average annual precipitation ranges from 700 to 
1500 mm (Vilesov. 2016; Kapitsa et al., 2020).

The Central Tuyuksu Glacier is located in the 
basin of the Kishi Almaty River (Figure 1), at 43° 
02’ 44” N, 77° 04’ 46” E. It is one of the most 
studied glaciers in Kazakhstan and Central Asia, 
holding a prominent place among the glaciers 
worldwide undergoing long-term mass balance 
research.

Figure 1 – Study area

Central Tuyuksu Glacier belongs to valley-type 
glaciers with well-defined accumulation and ablation 
areas. It has northern exposure, and the maximum el-
evation is 4219 m a.s.l. The glacier’s catchment area 
occupies a single-cirque, with slope steepness rang-
ing from 35-40°, which presents certain challenges 
and risks for observations. Nevertheless, detailed 
measurements were conducted on the slopes and 
near-cirque areas of the glacier over 18-20 years, al-
lowing the establishment of a relationship between 

the mass balance components in the altitude zone 
of 3700-3800 m a.s.l. and the mass balance of the 
upper glacier sections. The glacier tongue, with rare 
crevasses and 8-10° slope, is relatively accessible. 
As of 2023, 87 stakes have been installed for snow 
measurements, ice and snow ablation observations, 
ice velocity measurements, and assessing contem-
porary glacier retreat. The measurement results, 
including annual accumulation, ablation, and mass 
balance values, are reported to the World Glacier 
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Monitoring Service (WGMS) (Kokarev et al., 2022; 
Makarevich, Kassatkin, 2011).

The glaciation of the northern slope of the Ile 
Alatau continues to decrease. Between 1955 and 
2022, glaciers in the area have shrunk by 140.4 
km², representing a 49% reduction, losing about 
2.1 km² or 0.73% of their area annually (Mukanova 
et al., 2023, in press; Severskiy et al., 2016). The 
area of the Central Tuyuksu Glacier has decreased 
from 2.99 km² in 1958 to 2.19 km² in 2023. These 
changes are largely attributed to rising air tempera-
tures and a negative precipitation anomaly observed 
in the 1970s-1980s, which was caused by changes 
in atmospheric circulation and affected a significant 
portion of the Tian Shan region (Kapitsa et al., 2020; 
Shahgedanova et al., 2018).

Materials and methods

Winter Balance: The maximum snow accumula-
tion, referred to as the winter mass balance, is a key 
component of the annual mass balance. Typically, 
the cold period ends between May 25 and June 10, 
although deviations from these dates can be signifi-
cant and depend on the meteorological conditions 
of a particular year. In glaciology, the end of the 

cold period (also known as the day of maximum 
snow accumulation during the cold period) is gener-
ally defined as the date when the daily average air 
temperature stabilizes above 0°C. In practice, snow 
measurements were rarely taken on the exact day 
when the daily average air temperature exceeded 
0°C. They were more often conducted before or af-
ter this day. Therefore, from 2006 to 2023, in order 
to accurately determine the date and magnitude of 
the maximum snow accumulation, measurements 
of snow depth were taken approximately every ten 
days on the glacier, starting from late March. This 
involved both measuring the snowpack’s height 
from the stake field and excavating five snow pits 
to measure the snow density along the glacier’s cen-
treline from the foot of the back wall to the glacier 
terminus. The stake field consists of wooden stakes 
anchored 3 m into the glacier. The number of stakes 
decreased from 124 to 87 between 2006 and 2023 
due to the glacier’s reduced size. In areas not direct-
ly observed (mainly within the accumulation zone), 
snow accumulation is estimated using the relation-
ships between the winter balance, annual accumula-
tion, and ablation, obtained from direct continuous 
measurements within the 3700-3800 m a.s.l. eleva-
tion interval (Makarevich, 2007) (Table 1).

Table 1 – Percentage distribution of mass balance components in the slopes with direct measurements within the one hundred-meter 
height interval 3700-3800 meters above sea level

Elevation interval, m a.s.l. Winter balance Сw, % Annual accumulation Ct, % Annual ablation At, %

4 219-4 100 40 64 16
4 100-4 000 74 73 21
4 000-3 900 93 90 22

3 900-3 800 111 104 59

*Example calculation: If the average winter balance (Сw) in the 3,700 m-3,800 m elevation zone is 1000 mm, then in the 3,800 
m-3,900 m elevation zone, it is 1110 mm, in the 3,900 m-4,000 m elevation zone it is 930 mm, in the 4,000 m-4,100 m elevation 
zone, it is 740 mm, and in the 4,100 m-4,219 m elevation zone it is 400 mm.

Based on the obtained data, a map of snow cover 
distribution is created across the entire glacier area 
using Surfer or ArcGIS software. The values be-
tween measured points are interpolated using the 
Kriging method.

The annual mass balance of the Central Tuyuk-
su Glacier has been subject to systematic observa-
tions since 1957 and continues to the present day. 
The calculation is performed using the glaciological 
method, based on direct measurements of snow and 
ice accumulation and ablation within specific eleva-

tion intervals. The annual mass balance is the alge-
braic sum of the incoming (annual accumulation) 
and outgoing (annual ablation) components of the 
glacier’s mass. Observations are conducted accord-
ing to a stratigraphic system that reflects the dura-
tion of the balance year, the start and end of which 
can vary, depending on meteorological conditions, 
from early September to mid-October.

The annual accumulation is the sum of the winter 
mass balance and summer precipitation. Data on the 
amount of summer precipitation are obtained from 
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three cumulative precipitation gauges located on the 
lateral moraines and beneath the glacier’s tongue. 
Precipitation is measured twice a year, at the end of 
the cold and warm periods.

Annual ablation encompasses the volume of 
melted snow, firn, and ice, derived from observa-
tions using an existing network of stakes. Measure-
ments of snow and ice ablation are performed sub-
decadally, and during the summer period when the 
glacier’s ice surface becomes exposed, the measure-
ment frequency increases to 3-5 days. This is be-
cause the melting rate of the ice leads to the collapse 
of stakes, resulting in data loss. Typically, the stakes 
are re-drilled when the residual length of the stake 
within the glacier’s body reaches 20-40 cm. For 
hard-to-reach elevation intervals, a computational 
method is applied using the relationships outlined 
in Table 1.

DMBSim model. The mass balance model sim-
ulates glacier mass balance on a gridded domain, 
which is defined by a digital elevation model (DEM). 
The simulation is driven by a daily meteorological 
series of air temperature and total precipitation.

The model starts from an initial condition of snow-
water equivalent (SWE) distribution, which is com-
puted according to several factors – topography, snow 
line altitude, avalanches, and (if available) winter mea-
surements of accumulation. Then daily accumulation 
and ablation are calculated for each grid cell, with an 
approach derived by Huss and others, (2009).

Snow accumulation is calculated from the mea-
sured precipitation. This is first corrected for mea-
surement under-catch using a multiplication factor. 
Then accumulation is gridded over the model do-
main, increasing with a constant elevation gradient, 
and it is additionally redistributed according to topo-
graphic curvature (reduced on ridges, increased in 
depressions).

Melt is computed with an enhanced temperature/
radiation index (Equation 1) based on Hock, (1999):

m1,2,3(x, y) = [Mf + 24 · r1,2,3 · Q(x, y)] · T(x, y)   (1)

where m is the total melt over one day (mm w.e.), 
subscripts 1,2,3 refer to snow, firn and ice surfaces, 
x and y are the grid cell coordinates, Mf is a tem-
perature melt factor (mm w.e. °C-1), r is a radiation 
melt factor for snow (mm w.e. °C -1 h-1 (W  m-2)-
1), Q is the daily mean potential incoming solar ra-
diation (W m-2), and T is the daily mean air tem-
perature (°C). 

Thus, the model calculates different melt rates 
for various types of surfaces: snow, firn, bare ice and 

debris‑covered ice. The model can also simulate the 
occurrence of avalanches using a process-based for-
mula (Gruber, 2007), which redistributes snow also 
from/to terrain outside the glacier. If mass balance 
measurements are supplied (such as ablation stakes 
or snow pits), the model optimizes the parameters 
over the corresponding observation periods, to find 
the best match with the measurements. In particular, 
the melt factor Mf and the radiation factors r1,2,3 are 
automatically optimized until the simulation is un-
biased (at the measured locations) compared to the 
measurements. When winter snow measurements 
are also supplied, the model will additionally opti-
mize the precipitation correction factor. The model 
can be run over multiple years, including periods 
without mass balance measurements: in this case, it 
will use the parameters optimized over the measured 
years to calibrate the simulation for the other years.

Daily mass balance values are recorded over the 
course of the simulation, to finally compute the total 
mass balance over specific, standard periods – the 
hydrological year, and the period between measure-
ments. Additionally, the model calculates the equi-
librium line altitude (ELA), the accumulation-area 
ratio (AAR), and the daily water discharge from the 
glacier.

When the simulation is finished the model also 
computes a “corrected” mass balance distribution 
over each measurement period: the simulated mass 
balance is corrected within elevation bands, by sub-
tracting the local model bias with respect to the point 
measurements (similar to the contour-line method: 
(Østrem, Brugman, 1991). This improves the final 
estimate for the spatial distribution of mass balance.

In this study, the input data included measured 
values of winter mass balance and ice ablation across 
the stake field; daily average air temperature, and 
daily precipitation sums obtained from the Tuyuksu 
MS (Meteorological Station) located along the gla-
cier; the glacier contour for each year within the 
study period (2006-2023), obtained based on annual 
tacheometric surveys of the glacier. Additionally, a 
digital elevation model (DEM) from Pleiades for the 
year 2016 with a 0.5-meter resolution was utilized. 

Results and discussions

The obtained results for the winter mass balance 
of the Central Tuyuksu Glacier from 2006 to 2023 
are presented in Table 2 and Figures 2 and 3.

The “DMBSim” model generates two variants 
of the winter balance values: the first based on fixed 
dates from October 1 to April 30 of the following 
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year (further in the text “Variant 1”), and the sec-
ond based on the actual dates of the beginning and 
end of the cold period (further in the text “Variant 
2”). Fluctuations in the winter mass balance values 
are influenced by the amount of precipitation during 
the cold period and wind-driven transport of freshly 
fallen snow from the surrounding glacier slopes and 
lateral moraines onto the glacier’s surface. The total 
precipitation during the actual and fixed cold peri-
ods significantly differs. This is particularly evident 
in the case of the 2015/16 balance year when an ex-
ceptionally large amount of precipitation fell in May 
2016, which was not considered by the model in the 
calculations of the first variant.

The temporal evolution of the winter balance 
values, modelled using the second variant, shows 
better agreement and correlation with the measured 
values, with a correlation coefficient of 0.93 (Table 
2, Figures 2 and 3). However, the average balance 
value over the study period for the fixed dates is 
closer to the measured one. The difference between 
the winter balance values from the actual data and 

the measured data can be explained by the fact that 
the model assumes an increase in precipitation with 
altitude every 100 meters, and only on the moraine 
sections of the glacier does the snow deposition de-
crease. However, direct observations on the Tuyuk-
su Glacier have shown that the largest snow accu-
mulations are concentrated in the altitude zone of 
3800-3900 m a.s.l. at the base of the cirque. Further-
more, besides solid atmospheric precipitation, large 
masses of redistributed snow are accumulated here, 
the reserves of which decrease further up the slope 
with altitude and are reduced by almost half on the 
moraine sections (Makarevich et al., 1984: 97). To 
reduce this difference, additional direct observations 
in the glacier’s accumulation area are required. As a 
result, adjustments in the model’s input parameters 
during the calibration and validation stages are nec-
essary, including the introduction of an additional 
input parameter such as the precipitation gradient 
over altitude intervals. It should be noted that such 
changes to the model parameters are specifically tai-
lored to the Tuyuksu Glacier.

Table 2 – Difference between the winter mass balance values of the Central Tuyuksu Glacier for the balance years from 2006/07 to 
2022/23

Balance year DMBSim fixed 
dates, м w.e.

DMBSim actual 
dates, м w.e.

Measured,  
м w.e.

Difference м w.e.
Measured-fixed Measured-actual

1 2 3 4 5 6

2006/07 0.784 0.914 0.544 -0.240 -0.370

2007/08 0.417 0.476 0.411 -0.006 -0.065

2008/09 0.591 0.765 0.626 0.035 -0.139

2009/10 0.945 1.247 0.887 -0.058 -0.360

2010/11 0.676 0.861 0.585 -0.091 -0.276

2011/12 0.397 0.537 0.414 0.017 -0.123

2012/13 0.469 0.574 0.466 -0.003 -0.108

2013/14 0.162 0.260 0.195 0.033 -0.065

2014/15 0.755 0.881 0.654 -0.101 -0.227

2015/16 0.688 1.293 1.024 0.336 -0.269

2016/17 0.695 0.798 0.699 0.004 -0.099

2017/18 0.566 0.651 0.558 -0.008 -0.093

2018/19 0.607 0.809 0.536 -0.071 -0.273

2019/20 0.724 0.693 0.462 -0.262 -0.231

2020/21 0.415 0.461 0.429 0.014 -0.032

2021/22 0.729 0.649 0.526 -0.203 -0.123

2022/23 0.611 0.797 0.733 0.122 -0.064

Mean 0.602 0.745 0.573 -0.028 -0.171
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Balance year DMBSim fixed 
dates, м w.e.

DMBSim actual 
dates, м w.e.

Measured,  
м w.e.

Difference м w.e.
Measured-fixed Measured-actual

1 2 3 4 5 6

Max 0.945 1.293 1.024 0.336 -0.032

Min 0.162 0.260 0.195 -0.262 -0.370

Amplitude 0.783 1.033 0.829 0.597 0.337

Correlation coefficient 0.73 0.93

 

Figure 2 – Winter mass balance of the Central Tuyuksu Glacier from  
the balance years 2006/07 to 2022/23, as modelled and measured.

Continuation of the table

Table 3 and Figures 4 to 6 present a compari-
son of annual mass balance values obtained through 
modelling.

Over the entire observation period from 1958 
to 2023, the mass balance of the Central Tuyuksu 
Glacier amounted to -28.0 m or -0.43 m w.e a-1 
(see Figure 7). The average annual mass balance 
of the glacier for the studied period from 2006 to 
2023 was -0.542 m w.e. Positive balances were ob-
served in the balance years of 2008/09, 2009/10, 
and 2015/16, with the most negative balance year 
being 2007/08. The modelled annual mass balance 
values, both based on fixed dates and actual dates 

of the beginning and end of the balance year, were 
closer to the measured values compared to the win-
ter balance.

Despite a high correlation coefficient between 
the modelled and measured mass balance values, 
significant differences are observed in some years. 
The absence of direct observations in the accumula-
tion zone is likely one of the sources of this incon-
sistency when extrapolating data. Maximum differ-
ences are observed at around 3770 m a.s.l. (Figure 
4), where the ablation stakes end, and the mass bal-
ance is calculated based on the relationships (see 
Table 1).
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a b c

Figure 3 – Winter mass balance for the 2015/16 balance year. Modelled using fixed dates from October 1, 2015,  
to April 30, 2016 (a), for the period from September 20, 2015, to June 1, 2016 (b), and measured (c).

 

Figure 4 – The relationship between the mass balance of the Tuyuksu Glacier  
and absolute elevation for the 2015/16 balance year
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Table 3 – The difference between the annual mass balance values of the Central Tuyuksu Glacier for the balance years from 2006/07 
to 2022/23 simulated using fixed dates (hydrological year from October 1 to September 30), based on the actual dates of stable 
transition of the daily air temperature to negative values, and those obtained from direct field measurements.

Balance year DMBSim fixed 
dates, м w.e.

DMBSim actual 
dates, м w.e. Measured, м w.e.

Difference, м w.e.

Measured-
fixed

Measured-
actual

1 2 3 4 5 6

2006/07 -0.579 -0.533 -0.845 -0.266 -0.312

2007/08 -1.425 -1.415 -1.357 0.068 0.058

2008/09 0.199 0.072 0.205 0.006 0.133

2009/10 -0.114 0.052 0.030 0.144 -0.022

2010/11 -0.133 -0.179 -0.314 -0.181 -0.135

2011/12 -1.163 -1.158 -1.023 0.140 0.135

2012/13 -0.411 -0.476 -0.340 0.071 0.136

2013/14 -1.366 -1.289 -1.088 0.278 0.201

2014/15 -0.660 -0.719 -0.756 -0.096 -0.037

2015/16 0.217 0.222 0.561 0.344 0.339

2016/17 -1.247 -1.210 -1.113 0.134 0.097

2017/18 -0.190 -0.194 -0.075 0.115 0.119

2018/19 -0.693 -0.616 -0.580 0.113 0.036

2019/20 -0.039 -0.012 -0.287 -0.248 -0.275

2020/21 -0.747 -0.738 -0.609 0.138 0.129

2021/22 -1.060 -1.062 -1.130 -0.070 -0.068

2022/23 -0.706 -0.793 -0.488 0.218 0.305

Mean -0.647 -0.591 -0.542 0.053 0.049

Max 0.206 0.222 0.561 0.344 0.339

Min -1.430 -1.415 -1.357 -0.266 -0.312

Amplitude 1.636 1.637 1.918 0.610 0.651

Correlation coefficient 0.96 0.94

We believe this difference arises due to different 
approaches (relationship method and model’s calcu-
lation method) in assessing the influence of local 
meteorological and geomorphological conditions 
on snow and ice ablation and accumulation, reach-
ing significant differences in anomalous years (see 
Figure 5). However, due to the lack of alternatives, 
model parameter tuning is necessary for a more ac-
curate reproduction of the observed data.

With a given set of parameters, the model shows 
more negative annual mass balance values for the 
glacier. It is essential to consider relatively signifi-
cant interannual variability in precipitation, near-
surface temperature, and, consequently, melting 
rates. This calls for a more precise calibration of the 
model, which requires a longer series of contempo-
rary observations as the initial data, necessitating 
additional research.
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Figure 5 – Annual mass balance of the Central Tuyuksu Glacier from the 2006/07 to 2022/23  

balance years, simulated and measured.

a b c

Figure 6 – Annual mass balance for the 2015/16 balance year. Simulated based on fixed dates from October 1, 2015,  
to September 30, 2016 (a), for the period from September 20, 2015, to September 24, 2016 (b), and measured (c).
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Figure 7 – Cumulative glaciological mass balances of the Central Tuyuksu glacier

The observed changes in the mass balance of 
the Central Tuyuksu Glacier are consistent with 
estimates obtained in regional studies conducted 
for the Tian Shan and Pamir regions, demonstrat-
ing a unified negative trend in evolution, differing 
only in the magnitude of values. For example, in 
the study by Barandun and others, (2021), the mass 
balance is reported as -0.30 m w.e. yr-1 with a sig-
nificant negative trend in the period from 1999/2000 
to 2017/2018 for the North and West Tian Shan. 
In (Pieczonka, Bolch. 2015), the mass balance is 
shown as -0.42 ± 0.66 m w.e. a-1 for the period from 
1999 to 2012 for the Alatau Glacier Basin, Central 
Tian Shan. Kenzhebaev and others (2017) reported 
a mass balance of -0.39 ± 26 m w.e. a-1 from 2003/04 
to 2015/16 for the Batysh Sook Glacier, Inner Tian 
Shan. Azisov and others (2022) also showed a nega-
tive trend with a mass loss of -0.18 ± 0.17 m w.e. 
yr-1 from 2010/2011 to 2020/2021 for the Golubina 
Glacier in the North Tian Shan. Popovnin and oth-
ers (2021) reported an average mass loss of -0.53 m 
w.e. yr-1 for the Sary-Tor Glacier in the Ak-Shiyrak 
massif, Inner Tian Shan, during the period from 
1985 to 2019. Kabutov and others (2022) presented 
a mass balance of -0.26 m w.e. for the 2018/2019 
year for Glacier No. 139 in the Karakul Lake basin, 
Eastern Pamir. Barandun and others (2019), Hoelzle 
and others (2019) estimated changes in glacier mass 
for the Western and Eastern Pamir as 0.37 ± 0.42 m 

w.e. and +0.19 ± 1.47 m w.e., respectively.
The application of mass balance models for 

the reconstruction (recovery) of glacier mass bal-
ance values and historical and future evolution, 
despite simplifying the actual conditions of glacier 
existence and development, shows a satisfactory 
correspondence between measured and calculated 
(modeled) glacier mass balance values, as observed 
in this study and in studies such as (Azisov et al., 
2022; Popovnin et al., 2021; Van Tricht et al., 2021; 
Rybak et al., 2019; Kenzhebaev et al., 2017).

The Central Tuyuksu Glacier is considered as a 
reference glacier for the Ile Alatau, and the assess-
ment scenarios for its future state can reasonably be 
extended to other glaciers in the northern slope of 
the Ile (Zailiysky) Alatau. The research conducted 
and further studies will allow the development of a 
methodology for modelling the dynamics of other 
glaciers in the study area not covered by direct ob-
servations. This will improve our understanding of 
glacier response to observed climate change and 
provide additional data for assessing changes in run-
off in the region.

Conclusions

The mass balance of the Central Tuyuksu Gla-
cier for the observation period from 1958 to 2023 is 
predominantly negative, with a few individual years 
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being exceptions. This confirms the ongoing loss of 
glacier mass and volume in the region.

Despite differences between measured and 
modeled mass balance values, these values are 
comparable, and the calculated values also demon-
strate a negative mass balance trend of the Central 
Tuyuksu Glacier. Significant differences are mainly 
observed for anomalous seasons, such as 2009/10 
and 2015/16.

Future plans include continuing the calibration 
and validation of the model for the purpose of its 
use in predictive calculations to assess changes in 
glacier mass balance components in the region’s 
changing climate.
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