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Abstract—The analysis of satellite images revealed by 25% decrease of the Altai mountains’ glaciation
area over last 50 years. In 2008–2017, deglaciation rate increased twice. This tendency is in good agree-
ment with an observed increase in the Katun River flow by 9% in 2008–2017 as compared to 1940–
1968 (under invariable total precipitation). The analysis of trends of main meteorological parameters
based on weather station data and the ERA-Interim reanalysis demonstrated that statistically significant
warming in the region occurs only during the warm season and does not exceed 0.5°C/10 years. For this
reason, “atmosphere–glaciers” turbulent heat transfer has increased by 4 W/m2 in last two years, that
caused an annual melting layer increase by 100 mm water equivalent (w.e.). However, the main reason
for the Altai mountains’ deglaciation is an increase of downward solar radiation flux, which amounted
to 5 W/m2 per decade and increased the melting layer by 365 mm w.e. per year. A positive trend in net
radiation agrees well with a decrease in cloud amount, which is associated with an increase in the
moisture divergence flux and geopotential height and with the weakening of zonal winds in the middle
troposphere.
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IN TRO DUC TION

In the re cent de cades, there has been a rapid gla ci ation re duc tion in the main moun tain-glacier re gions
of the world, its trend is 0.5–1%/year [21]. Ac cord ing to the pro jec tions based on the IPCC sce nar ios, gla -
ciers will com pletely melt in some moun tain sys tems by the early 22nd cen tury [23]. This may re sult in
the cat a strophic fresh wa ter short age for the coun tries whose cli mate is char ac ter ized by lack of mois ture
(Kyrgyzstan, Tajikistan, Kazakhstan, Peru, Chili, etc.). The re duc tion of area and vol ume of gla ciers
drives interannual run off re dis tri bu tion as well as re gion-dependent changes of moun tain land scapes and
fre quency of mudflows [27, 38]. In ad di tion, moun tain gla ciers melt ing makes sig nif i cant con tri bu tion to
global seas level change [23]. The above prob lems ini ti ate the stud ies whose fi nal goal is to sim u late
moun tain gla cier dy nam ics and to re veal the phys i cal mech a nisms of the mod ern deglaciation which de -
pend much on the spe cific of a moun tain-glacier re gion. The stud ies deal ing with the in ven tory of moun -
tain gla ciers and the in ves ti ga tion of their dy nam ics were suc cess ful enough 30–40 years ago [2, 10].
How ever, the new ap proaches based on the joint anal y sis of sat el lite data and nu mer i cal at mo spheric
mod els’ out puts al low a more detailed study of deglaciation causes in dif fer ent re gions of the globe. For
ex am ple, the main fac tor of the mod ern gla cier re duc tion in the Cau ca sus re gion is a pos i tive trend in net
ra di a tion. It is as so ci ated with a de crease in to tal cloud amount, which is ev i dently ini ti ated by the in -
creas ing fre quency of an ti cy clones [37]. The cat a strophic deg ra da tion of Kilimanjaro gla ciers is pri mar -
ily de ter mined by the grow ing pre cip i ta tion de fi ciency [28]. The main fac tor of deglaciation in the In do -
ne sian moun tains is a rapid growth of the con tri bu tion of liq uid pre cip i ta tion to the an nual to tal amount,
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that is linked to the es sen tial change in the al ti tude of gla ciers equi lib rium line so that most of gla ci ation is
lo cated be low it [30]. In the trop i cal An des, gla ciers shrink against a back ground of rap idly in creas ing tem -
per a ture and equi lib rium line altitude [32]; the sim i lar sit u a tion seems to be de vel op ing in the po lar Urals
[7]. The deglaciation in the Alps is de ter mined both by the pos i tive trend on the heat bud get com po nents
[36] and by the neg a tive anom aly of pre cip i ta tion, which is partly linked to the prev a lence of the pos i tive
phase of the At lan tic Multidecadal Os cil la tion over the last de cades [24]. 

First data on the deg ra da tion of the Altai moun tain gla ciers were pub lished in [8, 35]. In the same time,
the es ti ma tion of main cli ma tic val ues in the South Si be ria moun tains were car ried out. For in stance, the
mod ern change in the gla ci ation-climate re gime is caused by the in ten si fi ca tion of zonal cir cu la tion pat terns 
[9]. In [11], the Altai deglaciation in the re cent 40 years is linked to the ab nor mal high val ues of av er age an -
nual tem per a ture, es pe cially due to the sum mer tem per a ture rise. The sim i lar as sump tions based on the sta -
tis ti cal anal y sis of ob ser va tional and model data are made in [35].

The present research provides an updated estimate of the change in the area of the Altai mountain glaci-
ation in 2007–2018 as compared to 1968. A rather detailed meteorological interpretation of the Altai glacier
shrinkage in the 21st century as compared to the Greater Caucasus is given [10, 37]. Both mountain systems 
are located sublatitudinally in the southern part of the temperate climate zone. This geographic similarity
causes a unity of the heat budget structure with the prevalence of the radiative factor of melting [4, 14, 15],
that allows expecting the similarity of the mechanisms for the modern deglaciation.

DATA AND METHODS

The method for the glaciation area estimation. The glaciation of the Altai Mountains being the
highest part of the Altai-Sayan mountain system was chosen as a research object (Fig. 1). This territory is
characterized by the combination of the vast planation surface with the high-mountain Alpine terrain. The
glaciers are non-uniformly distributed across the territory and are grouped around three main mountain
massifs: the Katun, Northern Chuya, and Southern Chuya ranges, whose altitudes exceed 4000 m. In this
area, various and numerous forms of modern glaciation are common, among which valley and corrie-valley 
glaciers with the vast firn areas dominate [2, 5, 6].

Data of Sentinel-2 satellite observations on August 15, 2017 were used to estimate the modern size of
glaciers in this mountain country. These images provide the simultaneous coverage of the whole analyzed
territory. The images from CORONA (September 3, 1968) and ALOS PRISM (August 13, 2008) satellites
were selected for evaluating trends in the glaciation area on the same territory. Both image sets allow
comparing changes in the glacier boundaries both over the large (half-century) time period and for the
recent decade. The spatial resolution of Sentinel-2, CORONA, and ALOS PRISM images is 10, 3, and 2.5 m.
The images obtained at the end of the ablation period of the corresponding year, when the area occupied by
the snow cover on glaciers and surrounding slopes was minimal (most often, in the middle of August), were 
used. This provided the control of initial data uniformity. Immediately before the procedure for the glacier
boundary interpretation, all satellite images were subjected to orthotransformation and were composed in
the UTM WGS 84 map projection. The Sentinel-2 images were used as the base ones. The root-mean- square
error of the image composition did not exceed 5.3 m. The vectorization of glacier boundaries was performed
manually using the ArcInfo 10.2.2 software (https://doc.arcgis.com/ru/). The interpretation errors due to
the effects of clouds and snow cover may be neglected, because the influence of these factors was almost
absent in the selected images. If the glacier boundary interpretation was hampered by the shadows from the
neighboring mountain slopes, the contrast stretching function was applied (in the framework of the ENVI
5.0 software package). The ASTER GDEM V3 digital elevation model (https://asterweb.jpl.nasa.gov/
gdem.asp) was used to detect the positions of ice divides in the glacier reservoirs. An important source of
errors in the determination of the Altai glacier boundaries in the ablation zone is morainic deposits, whose
area varies from 3 to 20%. The comparison of the results of interpretation of glaciers’ boundaries based on
satellite data with the data of ground-based measurements performed by the authors revealed that the presence 
of the morainic cover on the glacier surface makes additional contribution of ±0.3% to the error of estimating
the changes in their area [35]. The error caused by the subjective factor was assumed equal to ±1.7% in
accordance to the data presented in [29]. The minimum value of the glacier area, which was taken into account
in the interpretation algorithm, is determined by the Sentinel-2 image resolution and is equal to 0.1 km2. The
error of the area determination was estimated using the ratio of the area of the buffer zone along the glacier
perimeter to its area within the boundary; it varied in the range from ±2.3 to ±7.8% depending on the glacier size.

The method for the cli mate change as sess ment. The monthly mean val ues of sur face air tem per a ture
with the 0.75°  ́0.75° res o lu tion from the  ERA-Interim reanalysis [18] and the val ues of monthly to tal
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pre cip i ta tion from the CRU TS 4.02 (Cli ma tic Re search Unit Time-Series ver sion 4.02) dataset with the
0.5°  ́0.5° resolution were an a lyzed [20]. The af fir ma tive re sults of us ing reanalyses data and var i ously
gridded datasets to as sess the me te o ro log i cal re gime and cli mate changes in the high-mountain re gions has
been dis cussed in many pa pers (for ex am ple,  [1, 14, 19, 28, 35]). The pres ent study fo cuses on the anal y sis
of mod ern changes in the gla ci ation area and cli mate of the Altai Moun tains; there fore, the pe riod of
1979–2017 was cho sen. This time pe riod is char ac ter ized by rather ho mo ge neous den sity of the global ob -
ser va tion net work and con sid er able amount of sat el lite data. The co ef fi cient of lin ear trend is used as a
mea sure of cli ma tic and glaciological changes. The sig nif i cance of re gres sion was checked by the F-test,
and the sig nif i cance of cor re la tion co ef fi cients was checked by the t-test with the sig nif i cance level of 0.05.
The trends in tem per a ture and pre cip i ta tion over the pe riod of 1979–2017 were also an a lyzed us ing the data 
of five weather sta tions sit u ated in rel a tive prox im ity to the Altai moun tain ranges (Fig. 1).  Con sid er able
at ten tion was given to these trends, as they are based on ob ser va tional data. How ever, due to the low den -
sity of me te o ro log i cal net work in the re gion, the ERA-Interim data on tem per a ture and the CRU TS data on 
pre cip i ta tion for 1979–2017 were used as a ba sis. The qual ity as sess ment for these data for the moun tain re -
gions was per formed in [1, 37] for the Cau ca sus re gion, a high cor re la tion with field data was re vealed (the
nor mal ized cor re la tion co ef fi cient is 0.75–0.85 for air tem per a ture and 0.55–0.65 for pre cip i ta tion). Due to
the macrogeographic sim i lar ity of the two moun tain sys tems (the Cau ca sus and Altai moun tains), the qual -
ity of gridded datasets is as sumed ap prox i mately iden ti cal. This as sump tion is cor rob o rated by the close
val ues of the trends ob tained from the data of gridded datasets and five weather sta tions (www.meteo.ru).
To re veal the mech a nisms of cli ma tic anom a lies which fa vor the gla ci ation deg ra da tion, the quan ti fi ca tion
of changes in such char ac ter is tics as to tal col umn wa ter va por (the mass of wa ter va por in the air col umn
with the sec tion of 1 m2 from the sur face to the at mo sphere top), mois ture flux di ver gence, 500 hPa geo-
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Fig. 1. The dy nam ics of the high-mountain Altai gla ci ation and me te o ro log i cal data avail abil ity: (a) the Altai-Sayan re gion
(the color scale is al ti tude above sea level, m) and its cov er age with me te o ro log i cal ob ser va tions (the green cir cles are rep re -
sen ta tive and long-series weather sta tions); (b) the area of the Altai moun tain gla ci ation, the av er age an nual trends to wards its
de crease (the yel low cir cles) over the pe ri ods of 1968–2009 (white) and 2008–2017 (pink).



potential height anom aly, and vorticity at this level was per formed. All these pa ram e ters were also taken
from the  ERA-Interim [18].

THE RESULTS OF ASSESSING THE DYNAMICS OF GLACIATION
AND CLIMATE IN THE ALTAI MOUNTAINS 

The glaciation dynamics in the recent 50 years. Based on the results of satellite image interpretation,
three time sections of the boundaries of the Altai Mountains glaciers were constructed in vector format,
which corresponded to their state in 1968, 2008, and 2017. This allowed quantifying the area of glaciation and 
its changes (Fig. 1, Table 1). The obtained data indicate the clearly pronounced deglaciation in the Altai
Mountains; the average annual rate of the glaciers’ area reduction in the recent decade is almost twice higher
than the trend typical of the period of 1968–2008 (Table 1). The values of the trends are region-dependent:
the maximum values are typical of the Southern Chuya Range (0.52%/year) and the minima are typical of the
Northern Chuya Range (0.37%/year). This is evidently associated with the average long-term differences in
total precipitation: under the same positive temperature trend, the slopes of the Southern Chuya Range are
characterized by more arid conditions than the Northern Chuya Range. As a result, the glaciers of the
Southern Chuya Range are more sensitive to the warming, their area decreases 1.5 times faster. In general,
over last 50 years the Altai glaciation area reduced by about 25% (Table 1), such changes may be called
catastrophic. If the modern trends stay, the glaciers in the Altai Mountains will completely melt in 100 years.
The similar estimates for the mountain systems of the temperate climate zone based on the IPCC scenarios
were made in [23]. The results of the previous estimates of the glaciers reduction for the Katun Range based 
on the ASTER satellite images in 2004 and 2012 also demonstrated an increase in the deglaciation rate by
1.5–2.0 times [8]. The obtained data allow supposing that the radical change in the Altai Mountains glacier
regime occurred at the turn of the 20th and 21st centuries. One of the main reasons for these changes is the
climate forcing.

The tem per a ture and pre cip i ta tion trends for the warm and cold sea sons. The anal y sis of tem per a -
ture trends based on sta tion and reanalysis data dem on strates that the Altai-Sayan re gion and the nearby ar -
eas of Mon go lia, China, and Kazakhstan are gen er ally char ac ter ized by the sta tis ti cally sig nif i cant in crease
in av er age tem per a ture for the warm sea son (May–Sep tem ber), whose mean value is 0.3°C/10 years
(0.5°C/10 years in June and July) (the fig ure is presented in the supplementary materials at the website
http://link.springer.com). In the cold sea son (from No vem ber to March), there are no sta tis ti cally sig nif i -
cant trends from sta tion and ERA-Interim data (ex cept for three sta tions near the east ern bor der of the study 
re gion). The ab sence of the win ter warm ing in south ern Si be ria and even the growth of the fre quency of
neg a tive tem per a ture anom a lies in these re gions [22, 25] are in good agree ment with the Arc tic sea ice re -
duc tion be ing most clearly man i fested in the Barents Sea [13, 33]. A sig nif i cant de crease in the tem per a ture 
gra di ent be tween the high and mid dle lat i tudes due to the ac cel er ated warm ing in the Arc tic may lead to the
weak en ing of zonal cir cu la tion in the mid-latitudes and, as a re sult, the win ter cool ing in the in land ar eas of
the North ern Hemi sphere [34].

There were no statistically significant trends in annual and seasonal precipitation amounts from obser-
vational and CRU TS dataset (see the figure in the supplementary materials at the website http://link.sprin-
ger.com).  The analysis of weather station data revealed a significant precipitation increase during the cold
season observed in northern China and in the steppe regions of southern Siberia (in the east of the study
area). A significant increase in winter precipitation was detected according to CRU data in the Western
Sayan mountains located near Altai. However, this tendency is not observed from station data analysis. No
significant changes in precipitation are registered during the warm season either. 
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Table 1. The area of glaciers in the Altai Mountains and the average annual rate of its change in 1968–2017

Range
S, km2 DS, % per year

1968 2008 2017 1968–2008 1968–2017 2008–2017

Katun
Southern Chuya
Northern Chuya
Total

267.3
165.0
151.9
584.2

217.6
130.9
129.5
477.9

198.0
118.0
112.9
428.9

0.47
0.52
0.37
0.46

0.53
0.58
0.52
0.54

0.81
0.87
1.21
0.93



De spite a rel a tively small trend in sum mer tem per a ture in the high-mountain Altai re gions, its anom aly
in 2008–2017 as com pared to 1980–1990 was equal to about 1°C. The ad di tional en ergy in flux due to an
in crease in the sen si ble heat flux re sult ing from the air tem per a ture rise by 1°C will be ap prox i mately equal
to 4 W/m2, that is equiv a lent to the melt ing of 100 mm of ice in wa ter equiv a lent (mm w.e.). This es ti mate
was per formed sim i lar to [37], where the anom a lies of tur bu lent sen si ble heat flux are eval u ated us ing the
aero dy namic for mu las [4, 15] as sum ing that wind speed and tem per a ture of the ice sur face do not sig nif i -
cantly change dur ing sum mer. In re al ity, the growth of downslope wind storm fre quency can be an im por -
tant ad di tional rea son for the in crease of tur bu lent heat trans fer  be tween ice and air [17].

The changes in the radiation regime for the warm and cold seasons. Another important manifes-
tation of the regional response to global warming in the Altai Mountains is a change in the radiation regime. 
The analysis revealed that the net radiation over the Altai-Sayan mountain country does not almost change
in winter, whereas its statistically significant growth is registered during the warm season (see the figure in the 
supplementary materials at the website http://link.springer.com). According to the ERA-Interim data, the
mean value of the trend in net radiation over the Altai Mountains during May to September is 5 W/m2 per
decade. Thus, during last 10 years the mean values of downward short-wave radiation flux in warm season
in the high-mountain Altai regions can be 15 W/m2 higher than in 1980–1990. In terms of the glacier heat
budget, this means that during the melting season, whose active phase in the high-mountain Altai continues
from June to August, the horizontal surface (not taking into account the exposure and inclination angles)
receives 120 MJ/m2 of additional energy, that is equivalent to the melting of 365 mm of ice in water
equivalent. The radiation budget anomaly made a significantly greater contribution to melting than the
summer increase in surface air temperature. The positive trend of radiation budget in the Altai mountains
can be caused by increase in downward short-wave and long-wave fluxes (the second fact may be driven by 
increase in moisture content and anthropogenic emissions of greenhouse gases) [31]. Assuming a relative
constancy of high-mountain landscapes, it may be considered that their reflectivity and heat radiation have
slightly changed (this is indicated by the ERA-Interim data). The trend in the downward long-wave
radiation over the Altai Mountains did not exceed 1 W/m2. Therefore, the main reason for radiation budget
increase is probably the growth of the incoming short-wave radiation, which is in good agreement with a
decrease in cloudiness in the warm season.

It should be noted that the reanalysis data should be used very carefully, especially if we consider such
values as the net radiation and cloudiness, which are characterized by a high level of errors. On the other
hand, the studies [14, 18, 37] demonstrated that reanalyses data, including ERA-Interim, generally well
simulate the real pattern of long-term variability of clouds and net radiation. Some papers, in particular,
[31] discuss a trend towards an increase in net radiation, which is typical of modern climate change and is
registered from in situ data.

The possible hydrological response to the deglaciation. Data on ice area changes coupled with the
estimates of possible melting increase which is driven by heat budget anomaly, can be used to calculate a
possible contribution of the Altai deglaciation to the runoff. The basin of the Katun River upstream Tyungur
village is used as an example, because long-term observational data series on runoff, including average
monthly and annual discharges are available for it (https://gmvo.skniivh.ru). The total area of glaciation in
the selected part of the basin is currently equal to ~115 km2 and has been reduced by 26% in the last 50 years
(Table 2). Based on average long-term data on the main components of the mass balance for the representa-
tive glacier Malyi Aktru (www.wgms.com) and assuming the measured values typical of the glaciers of the
Katun basin, it is possible to evaluate the average long-term glacier component of river flow. According to
measurement data, the average values of summer mass balance for the Malyi Aktru glacier in 1970–1990
were equal to –950 mm w.e., that corresponds to the typical values for the mountain glaciers in Northern
Eurasia [39]. According to the Kara-Tyurek high-mountain weather station data (www.meteo.ru) recalculated 
by the typical alpine rain-rate gradient [16] in the altitude range 3000–3500 m, the mean total summer
precipitation on glaciers’ surface is about 350 mm. Assuming that most of precipitation falling to the
glacier surface in summer is added to the river runoff, we found that the average long-term melting layer in
summer amounts to 1300 mm w.e. If the joint contribution of the anomalies of incoming solar radiation and 
surface temperature in summer in the recent 10 years is added to this value, we get the heat budget increase
in 2008–2017 by 19 W/m2 (or, in terms of the summer season, 151 MJ/m2), that is equivalent to the melting
of additional 465 mm w.e. Thus, due to the radiation and temperature effects in 2008–2017 the melting
layer could increase by 36% as compared to 1980–1990. It follows from the observational data that the
mean water discharge of the Katun River in the area of Tyungur village averaged for July and August in
2008–2017 will grow by 9% as compared to the period of 1940–1968 against a background of almost
unchanged total precipitation in summer (Table 2). Assuming that in July and August in the upper part of
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the Katun River basin the snow cover is kept only in the mountain glacier accumulation zone, the observed
river flow increase is logically linked to the increasing ice melting due to the positive trend in the heat budget.

DIS CUS SION OF RE SULTS

Climate change in the high-mountain Altai region over the last decades come to the statistically signifi-
cant summer warming against a poorly varying precipitation regime. The main reason for the catastrophic
deglaciation in the Altai Mountains is the positive trend in net radiation, which agrees well with the nega-
tive trend in total cloudiness. The interpretation of these results comes to the estimation of trends in meteo-
rological parameters, which are inseparably linked to the changes in atmospheric circulation conditions:
500 hPa geopotential height, zonal component of wind speed, and vorticity at this level, moisture flux
divergence (Fig. 2). A statistically significant positive trend in geopotential height in the middle troposphere
is observed in most of Russia, except for the Urals and Western Siberia, during the warm season (May–
September) (Fig. 2à). Over the southern areas of Siberia, including the Altai, positive geopotential height
trends are statistically significant and are equal to 5 gpdam/10 years. At the same time, a statistically
significant decrease in the zonal component of wind speed is registered over the southern areas of Siberia,
as well as over Central Asia, Mongolia, and China, whereas no essential changes occur over the northern
part of Eurasia (Fig. 2c). An increase in the integral moisture flux divergence over the Altai (Fig. 2d) and a
certain growth in the relative vorticity (Fig. 2b) should also be noted. The combination of the factors
presented in Fig. 2 indicates that a possible reason for the cloudiness reduction and, consequently, for the
net radiation growth in the south of Siberia, in particular, over the Altai Mountains is an increase in the
frequency of anticyclonic conditions in May to September. 

Pa per [3] pro vides a fairly com plete re view of the fre quency of an ti cy clones in Rus sia (in clud ing block -
ing ep i sodes). For in stance, it is shown that a sharp in crease in the num ber of an ti cy clonic days over Mon -
go lia and south ern Si be ria oc curred in the 1970s–1990s. This re sult is in good agree ment with ba sic con clu -
sions pre sented in [12]. So, a ten dency to wards the de crease of zonal cir cu la tion and in ten si fi ca tion of me -
rid i o nal syn op ti cal phe nom ena has been reg is tered in the last 20 years over North ern Eur asia and south ern
Si be ria. Among them, block ing an ti cy clones that cause tem per a ture anom a lies and the growth of
short-wave ra di a tion in sum mer can be an im por tant fac tor. On the other hand, pa per [9] an a lyzes the Katz
cir cu la tion in dex and shows that the zonal cir cu la tion over south ern Si be ria, on the con trary, has in ten si fied 
over last de cades. How ever, most re search ers (for in stance, [34]) did not note a fact of wes ter lies in ten si fi -
ca tion over Si be ria. On the con trary, its weak en ing is reg is tered, that leads to the in crease in the fre quency
of sta tion ary plan e tary waves [33] and in the prob a bil ity of long-term cold anom a lies in the win ter sea son
and pro longed and in tense sum mer warm ing. The re sults ob tained in the cur rent study gen er ally con firm
this well-known hy poth e sis. 
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Table 2. The factors which determine the hydrological regime of the Katun River in the upper reaches (Tyungur
village) in different periods from 1940 to 2017 

Parameter Station Months
Period

1940–1968 1968–2008 2008–2017

S, km2

R, mm

Q, m3/s

Qyear, m
3/s

Kara-Tyurek
Ust’-Koksa
Kara-Tyurek
Ust’-Koksa
Tyungur
Tyungur
Tyungur

November–April
November–April
July, August
July, August
April–June
July, August

155
110
109
120
160
585
400
270

122.6
113
110
118
147
  –
  –
  –

115.1
130
127
112
143
632
436
288

Note: The analyzed periods do not correspond to the WMO recommendations, their choice is determined by the
availability of data on the glaciations area in the upper reaches of the Katun River obtained by the authors (1968, 2008,
2017), as well as by the availability of data on water discharge (these data are absent for the period of 1968–2008). S  is
the total area of 225 glaciers in the upper part of the Katun River basin (upstream of the Argut River mouth) in 1968,
2008, and 2017; R is total precipitation; Q is mean water discharge; Qyear is average annual water discharge.



The phe nom e non of in creas ing an ti cy clone fre quency in the North ern Hemi sphere mid-latitudes is as so -
ci ated by some re search ers with ex pan sion of the Hadley cell down ward branch to the north [26]. This ef -
fect may ex plain a growth in the num ber of an ti cy clonic days in the North Cau ca sus [34] but it is hardly
true for the cen tral part of North ern Eur asia. The mech a nism of wes ter lies weak en ing seems to be more log -
i cal, that may lead to the in crease in the fre quency of block ing an ti cy clones [33]. The is sue of the mech a -
nisms of for ma tion of anom a lous re gime of an ti cy clonic cir cu la tion in the mid-latitudes re mains open due
to the rel a tively poor ex plo ra tion of the dy nam ics and cli ma tol ogy of an ti cy clones in gen eral [3].

CON CLU SIONS

This research demonstrated that the Altai mountains’ deglaciation has decreased by ~25% over the last
50 years, and the deglaciation rate has increased by 1.5–2 times since the beginning of the 21st century. This
process has been observed against a background of the statistically significant rise in the warm-season tem-
perature (by 0.3°C/10 years on average), whereas the winter temperature regime has not essentially changed.
The similar results for the Altai temperature trends are discussed in [35]. The precipitation regime also
remained almost unchanged in the Altai Mountains. An increase in summer surface air temperature led to the
positive anomaly of the heat influx to the ice surface due to the turbulent heat transfer, which was equal
to 4 W/m2 in 2008–2017 as compared to 1980–1990. Another important factor in this period was the
positive anomaly of net radiation due to the downward shortwave radiation, which amounted to 15 W/m2.
Thus, the total anomaly of heat budget in 2008–2017 reached 19 W/m2 and was evidently a reason for the
melting layer growth by 465 mm w.e. It is shown that the observed increase in runoff in the Altai Moun-
tains by 9% in July and August (for the case of the upper reaches of the Katun River) against a background
of invariable amount of precipitation is in good agreement with the performed estimate for the positive
anomaly of the melting layer. 
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Fig. 2.  The coefficients of linear trend in (a) the 500 hPa geopotential height, (b) relative vorticity, and (c) zonal component
of wind speed on the 500 hPa geopotential height and (d) moisture flux divergence in the water column derived from the
ERA-Interim data for the Altai-Sayan region, 1979–2017 for the warm period (May–September). The areas with statistically
significant trends (the level of 0.05) are shaded.



The positive trens of radiation budget is evidently determined by the statistically significant decrease in
cloudiness. The latter highly correlates with the increase in the integral moisture flux divergence and with
the intensification of downward air movement. These tendencies correspond to the statistically significant
positive trend in geopotential height in the middle troposphere and to the weakening of zonal circulation
over Central Asia, Mongolia, and northern China. Combination of these factors indicates the increase in the 
frequency of anticyclonic conditions over southern Siberia in summer, which leads to the positive trend in
net radiation. As a result we observe the deglaciation rate growth. This mechanism is important because
radiation budget plays the main role in the heat balance of glaciers in the south of the boreal zone [4, 13].
This can explain the similarity of causes for deglaciation in the Altai and North Caucasus [34]. The issue of
the genesis of anticyclone frequency increase in southern Siberia, which caused the intensification of
glacier melting, remains open. One of the most substantiated versions is a decrease in the interlatitude
temperature gradient in the middle troposphere related to the Arctic warming, which led to the westerlies
weakening, to the increase in the frequency of stationary planetary waves and, hence, of blocking
anticyclones [11, 31, 33].
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