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Abstract

The reduction in the area and volume of glaciation in all mountain regions of

the Earth has strongly accelerated for the last decades. In this work, we ana-

lysed the trends of the main climatic parameters which caused the glacier

recession in the Kamchatka Peninsula. It was shown that the glaciers of the

northern part of the Sredinny Range decreased by 125 km2 (35.6%) from 1950

to 2016–2017. The average rate of their reduction in the period from 2002 to

2016–2017 (1.45%/year) increased approximately 4.3 times compared to the

period 1950–2002 (0.34%/year). The greatest reduction is observed in small gla-

ciers with an area of less than 0.1 km2 and in glaciers with southeastern and

southern expositions. On the Kronotsky Peninsula, the glacier area reduction

for 1957–2019 was equal to 32.1 km2 (35.6%), and the rates were almost the

same in the periods of 1957–2000 (0.61%/year) and 2000–2019 (0.67%/year).

According to the data of weather stations and ERA5 reanalysis, it was shown

that, in the ablation (summer) period the warming rate was minimal

(0.3�C/10 years) and in the accumulation period a significant decrease in pre-

cipitation (5%–10%/10 years) was revealed in some areas. At the same time, a

significant increase in the radiation balance was revealed in the warm season

along with a tendency in downward shortwave radiation increase for the last

two decades due to a decrease in cloud amount. These trends are in good

agreement with the growth of the geopotential height over the North Pacific

during the warm season in the 21st century, and with the growth of velocity

divergence in the middle troposphere and the intensification of downward air

movements. All this confirms an increase in anticyclone frequency in the

warm season, which could be the cause of a radiation balance increase and,

consequently, an increase in glacier ablation.
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1 | INTRODUCTION

The reduction in the area and volume of glaciation in all
mountain regions of the Earth started in the 1980s and
for the last 15–20 years on average over the globe was
equal to −1.5%/year (Hock et al., 2019), which can be

considered catastrophic. At first sight, such intense degla-
ciation is one of the responses to modern global warming:
numerous studies in the 21st century showed a noticeable
mean annual air temperature increase in the high moun-
tain regions of the Earth (Pepin et al., 2022). For exam-
ple, in the Mountains of Tibet, the air temperature
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increased by 0.3–0.4�C for the years 1980–2010 (You
et al., 2010). In the Alps, the air temperature trend over
the 20th century was equal to +0.14�C/10 years
(Gilbert & Vincent, 2013), and this value hasn't changed
in the 21st century (Rottler et al., 2019).

However, as it can be seen from different studies the
air temperature rise is not always the main reason for gla-
cier recession. For example, in the high mountainous
regions of the Caucasus, the positive air temperature trend
in the warm season is statistically insignificant (Toropov
et al., 2019), while the negative trend in the glaciation area
reaches 1.5%/year (Tielidze & Wheate, 2018), exceeding the
global average (Hock et al., 2019). It is assumed that the
main trigger for the Caucasus glaciers reduction is the
increase of incoming shortwave radiation associated with
the negative trend of cloud cover. The decrease in cloud
cover is linked with an increase in the frequency of anticy-
clones in the region, which may be one of the consequences
of the Hadley Cell Expansion to the north (Lu et al., 2007).
Some researchers attribute the air temperature rise and gla-
cier recession in the Alps to an increase in the frequency of
anticyclones (Rottler et al., 2019). On the contrary, an
incoming shortwave radiation increase in the mountain-
glacial regions of the Earth (for example, in the Alps) can
be associated with a global decrease in the aerosol optical
thickness of the atmosphere (Norris & Wild, 2007;
Philipona, 2013; Philipona et al., 2009).

Another effective mechanism for the glacier recession
through the summer mass balance is a surface albedo
decrease due to a reduction in snow cover extent and dura-
tion, the dust storms frequency increase (Di Mauro
et al., 2019; Dumont et al., 2020) and black carbon deposi-
tion (Ginot et al., 2014). In addition, a significant factor for
melting acceleration may be an increase in downward long-
wave radiation, both due to carbon-containing greenhouse
gases concentration increase, and an increase in atmo-
spheric moisture content due to heat content growth
(Philipona et al., 2005). In addition, in some regions, a more
active melting of mountain glaciers may be associated with
an increase in Foehns frequency, when the turbulent heat
exchange between air and the ice surface is very intense
(Elvidge et al., 2020; Shestakova et al., 2022). Finally, the
area of mountain glaciation may decrease due to winter
precipitation decline – this effect is clearly observed for
example in the Caucasus (Toropov et al., 2019).

Despite Kamchatka being the second largest
mountain-glacier region in Russia (after the Caucasus),
the climate and glaciation of the region are poorly
explored due to rather severe climatic conditions and the
large distance from major economic cities. A good over-
view of the glacier dynamics in Kamchatka in response
to changing air temperature and precipitation is given
in Fukumoto et al. (2023). However, the analysis

presented in that article covers only the period
2000–2016. There was no detailed comparison with the
variations in the 20th century, as well as an extensive
analysis of the climatic and atmospheric circulation
effects on the glacier reduction. The main goal of our
work is to identify trends in basic glaciological charac-
teristics for the two large mountain–glacier regions of
Kamchatka – the northern part of the Sredinny Range
and the Kronotsky Peninsula. These areas of glaciation
in Kamchatka are not influenced by modern volcanism
(Muraviev, 2020b), therefore they are suitable for inves-
tigating the response of glaciers to climate change. In
this article, we analyse the trends in glaciation total
area from the middle of the 20th century to the present
and their altitudinal distribution. At the same time, the
main climatic parameter changes are estimated by
weather stations and reanalysis data and are compared
with the glacier area trends. In the final part of the
work the main conclusions about the causes of Kam-
chatka climate change and consequently, the glacier
area changes are made, based on the analysis of large-
scale atmospheric circulation over the Pacific region
and the eastern part of Northern Eurasia.

2 | RESEARCH AREA

Kamchatka is a large peninsula located in the east of
Russia between 52–62 degrees north latitude and 155–
163 degrees east longitude, stretching in the meridional
direction for about 1200 km. More than three-fourths
of Kamchatka are mountain areas and the unique fea-
ture of the peninsula is an extremely high concentra-
tion of active volcanoes (currently 29) (Fedotov &
Masurenkov, 1991). The highest point of the peninsula
and the Asian part of Russia is the Klyuchevskoy vol-
cano (about 4750 m), which is covered with significant
glaciation.

According to the latest data, there are 732 mountain
glaciers in Kamchatka with a total area of
682.8 ± 29.0 km2 (Khromova et al., 2021). The largest
areas of glaciation in Kamchatka are the northern part
of the Sredinny Range (465 glaciers with a total area
of 255 ± 15 km2 (Muraviev, 2020a)) and the Klyuchevs-
kaya group of volcanoes (40 glaciers with a total area of
214.3 ± 6.6 km2 (Muraviev, 2020b)). Cirque and cirque-
valley glaciers predominate, while the largest areas are
occupied by cross-valley and cirque-valley glaciers
(Muraviev, 2020b). Morphological types of glaciers
specific to volcanic structures (barrancos, caldera-valley,
crater, etc.) are common in Kamchatka.

The glaciation of areas of active volcanism in Kamchatka,
such as the Klyuchevskaya and Avachinskaya groups of
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volcanoes, is currently not shrinking (Khromova et al.,
2019; Muraviev & Muraviev, 2016). This is primarily due
to the thick surface moraine of volcanic origin covered the
glaciers surface in these regions, which significantly
reduces surface ablation. Therefore, the dynamics of gla-
ciers located on active volcanoes cannot be used as an

indicator of climate change. Fluctuations of such glaciers
are primarily determined by volcanic activity, which often
exceeds the climatic factor of the glaciers existence
(Muraviev, 2017).

The main factors that forms the Kamchatka climate are
very intense cyclonic activity (Brief description…, 2020) and

FIGURE 1 Research Area (Kamchatka Peninsula) and climate diagrams at the individual weather stations; 1 – the location of the

Northern part of Sredinniy Ridge (NpMR) and Kronotsky Peninsula (KP): the glaciation, analysed in this paper, is located within these

areas; 2 – weather stations: (a) Ossora, (b) Ust-Voiampolka, (c) Ust-Khayryuzovo, (d) Kluchi, (e) Esso, (f) Icha, (g) Dolinovka, (h) Sobolevo,

(i) Semyachik, (j) Nachiki, (k) Sosnovka, (l) Petropavlovsk-Kamchatsky, (m) Bolsheretsk, (n) Mys Lopatka; 3 – volcanoes; 4 – precipitation;

5 – air temperature. [Colour figure can be viewed at wileyonlinelibrary.com]
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the cold sea surface (the Kuril Current in the east and the
Sea of Okhotsk in the west). The radiation balance and air
temperature are characterized by pronounced seasonality:
the annual temperature amplitude on the sea coasts is 15–
20�C and in the interior and northeastern regions of the
peninsula it sometimes reaches 30�C (Figure 1), corre-
sponding to continental climate. In general, Kamchatka cli-
mate has monsoon features: winter is characterized by
northwestern winds blowing along the eastern edge of the
Asian anticyclone, and summer – by southeastern winds
blowing from the ocean driving by North Pacific High and
the low-pressure system over Southeast Asia (Lozhkin &
Shevchenko, 2021). Therefore, in general, most regions of
Kamchatka are characterized by a summer–autumn maxi-
mum of precipitation (Figure 1). This feature is broken on
the Pacific coast of the peninsula, where the annual precipi-
tation pattern looks more uniform (with weakly pro-
nounced maxima in spring and autumn – Figure 1, weather
stations ‘i’ and ‘l’). This is due to the extremely intense
cyclonic activity over the Pacific Ocean in winter: in total,
up to 100 cyclones can be observed during the cold season
in Kamchatka (Shkaberda & Vasilevskaya, 2014). The influ-
ence of dry cold air from Siberia can be visible already 100–
150 km to the west of the coast, where winter precipitation
significantly decreases (Figure 1, weather station ‘e’). In
general, the peninsula belongs to the zone of excessive
moisture, where the annual precipitation significantly
exceeds the annual evaporation. Therefore, the plains and
valleys of the peninsula are characterized by waterlogged
soils and swampiness, and the glaciation in the mountain
regions. The maximum annual precipitation (similar to the
humid subtropics – about 2000 mm) falls on the windward
slopes of the ridges of the southern volcanic region, as well
as in the central part of the Kronotsky Peninsula
(Kondratyuk, 1974). The minimum (400 mm) precipitation
falls in the north of the peninsula in the central part of the
Kamchatka River valley. In other parts of the peninsula pre-
cipitation varies from 1500 mm in the eastern mountain
volcanic region to 500 mm on the northwestern coast. Kam-
chatka's climate unique feature is a thick snow cover, its
average depth is one of the highest on Earth – about 1.5 m.
In general, snow cover increases from the northwest (about
0.5 m) to the east and southeast (up to 2.5 m) and from the
coasts to the mountains.

3 | DATA

3.1 | Glaciological data

The following data were used to assess the glaciation
changes in the studied areas: (1) results of the investiga-
tion of glaciation changes in the northern part of the Sre-
dinny Range for the periods from the year 1950 to 2016–

2017, 1950–2002 and from the year 2002 to 2016–2017
(Muraviev, 2020a); (2) Sentinel-2 satellite image of L1C pro-
cessing level dated 12 September 2019 with a spatial resolu-
tion of 10 m for Kronotsky Peninsula; (3) Landsat-7 satellite
image of L1TP processing level dated 9 June 2000 for Kro-
notsky Peninsula; (4) digital elevation model mosaic (here-
inafter – DEM) ArcticDEM v3.0 (Porter et al., 2018) with a
spatial resolution of 2 m; (5) DEM ASTER GDEM V3
(NASA/METI/AIST/Japan Space Systems & U.S./Japan
ASTER Science Team, 2018) with a spatial resolution of
30 m in the geographic coordinate system on the WGS 1984
ellipsoid; (6) data from the Catalogue of Glaciers of the
USSR (Vinogradov, 1968).

Information on the glacier boundary's location in
the northern part of the Sredinny Range in 2016–2017
(Muraviev, 2020a) was obtained as a result of proces-
sing data from the glacier boundaries interpretation
on satellite images of Sentinel-2 (with spatial resolu-
tion 10 m) dated 19 August 2016, 10 September 2017
and 31 August 2018 (Table 1). At the same time, 43.1%
of the total number of glaciers were processed using
four images dated 19 August 2016; 53.4% – based on
four images dated 10 September 2017; 3.4% – based on
two images dated 31 August 2018. The area of
glaciers, whose boundaries were interpreted from
images dated 31 August 2018, is only 1.3% of the total
glaciation area. Based on this we can conclude that the
results of this work reflect the glaciation parameters of
the northern part of the Sredinny Range in 2016–2017.

Initial data on the glacier boundary's location in the
northern part of the Sredinny Ridge in 2002 were taken
from Muraviev and Nosenko (2013). They were obtained as
a result of manual interpretation of four ASTER satellite
images (orthoproduct) dated 18 August 2002 with a spatial
resolution of 15 m (Table 1). The original data files in the
vector format ‘shapefile’ (polygonal) were analysed after
correcting the three glaciers' boundaries positions. It should
be noted that the spatial coverage of the northern part of
the study area by the 2016–2017 Sentinel-2 images slightly
exceeds its coverage by the 2002 ASTER images used
(Muraviev, 2020a, 2020b; Muraviev & Nosenko, 2013), and
its coverage by the schemes used in Glacier Catalogue
(Vinogradov, 1968). The spatial coverage reflecting the gla-
ciation parameters of the northern part of the Sredinny
Range in 2016–2017 and the Kronotsky Peninsula in the
year 2019 was included in the Catalogue of Russian Glaciers
(Glaciers-of-russia-english/main-page, 2022; Khromova
et al., 2021).

3.2 | Meteorological data

The main climate data used in this work were the data
from 15 network weather stations of the Kamchatka
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Peninsula (Table 2, Figure 1), which have operated almost
continuously since the 1960s and some of them started in
the 1930s. The oldest station in this region is
Petropavlovsk-Kamchatsky, the data here is available since
1894. We used both the data at meteorological times (air
temperature, cloud cover, snow depth) and average daily
characteristics (air temperature and precipitation (Bulygina

et al., 2014a, b, c)). The percentage of missing values is less
than 9% except for Semyachik station, where it is equal to
16%. The monthly averages were calculated if the half of
daily values in the month were available and the seasonal
averages – when more than 1 month was available. The
data were obtained from the Russian climate archive
of RIHMI–WDC.

TABLE 1 Satellite images are used in this work.

Satellite Survey date Satellite image identificator (ID)

The northern part of the Sredinny Range

Sentinel-2 19.08.2016 S2A_OPER_MSI_L1C_TL_SGS__20160819T005149_20160819T023316_A006048_T57VWD_N02_04_01

S2A_OPER_MSI_L1C_TL_SGS__20160819T005149_20160819T023316_A006048_T57VWE_N02_04_01

S2A_OPER_MSI_L1C_TL_SGS__20160819T005149_20160819T023316_A006048_T57VXE_N02_04_01

S2A_OPER_MSI_L1C_TL_SGS__20160819T005149_20160819T023316_A006048_T57VXF_N02_04_01

10.09.2017 L1C_T57VWD_A011582_20170910T003603

L1C_T57VWE_A011582_20170910T003603

L1C_T57VXE_A011582_20170910T003603

L1C_T57VXF_A011582_20170910T003603

31.08.2018 L1C_T57VWD_A007750_20180831T003556

L1C_T57VWE_A007750_20180831T003556

ASTER 18.08.2002 AST14DMO_00308182002003918_20100420061734_1343

AST14DMO_00308182002003900_20100420061734_1350

AST14DMO_00308182002003926_20100420061734_1371

AST14DMO_00308182002003909_20100420061734_1373

Kronotsky Peninsula

Sentinel-2 12.09.2019 L1C_T57UXA_A013141_20190912T002608

Landsat-7 06.09.2000 LE07_L1TP_098022_20000906_20170210_01_T1

TABLE 2 Weather stations in the Kamchatka Peninsula were used in this work.

WMO station number Station name Latitude �N Longitude �E Height, m Time period

32213 Mys Lopatka 50�520 156�410 48 1966–2020

32246 Ossora 59�180 163�100 3 1966–2020

32252 Ust-Voiampolka 58�300 159�100 4 1936–2020

32287 Ust-Khayryuzovo 57�050 156�420 5 1932–2020

32363 Esso 55�550 158�430 480 1941–2020

32389 Kluchi 56�190 160�500 28 1914–2020

32411 Icha 55�350 155�350 8 1936–2020

32447 Dolinovka 55�070 159�040 101 1966–2020

32477 Sobolevo 54�180 155�560 13 1937–2020

32509 Semyachik 54�070 159�590 28 1936–2020

32539 Nachiki 53�070 157�440 315 1935–2020

32547 Sosnovka 53�050 158�180 40 1966–2020

32562 Bolsheretsk 52�500 156�180 30 1966–2020

32583 Petropavlovsk-Kamchatsky 52�590 158�390 32 1894–2020
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The number of meteorological stations in the Kam-
chatka Peninsula unfortunately is not sufficient for the
investigation of the climatic anomalies spatial structure
in detail: most meteorological stations are located on the
coast (Figure 1) and far from the selected glacial regions.
Therefore, the latest version of ECMWF Reanalysis
ERA5 (ERA5: data documentation…) was also used, with
hourly and monthly temporal resolution and spatial reso-
lution of 31 km (on the grid 0.25� × 0.25�) for the years
1979–2020, the parameters used in this work are pre-
sented in Table 3. The time period started only from 1979
to exclude relatively low-quality reanalysis data before
the 1970s (less available observational data (Chen
et al., 2008)) as well as to include the start of modern
global warming (Gruza & Rankova, 2012; IPCC, 2021).

4 | METHODOLOGY

4.1 | Glaciation area and its changes

The glacier boundaries on modern satellite images were
interpreted manually in accordance with the methodol-
ogy of the International GLIMS project (Raup &
Khalsa, 2010). The Landsat-7 image of 9 June 2000 was
preliminarily prepared as follows before interpretation: a
synthesized image was created from channels B3, B4 and
B5 with a spatial resolution of 30 m, which was pan-

sharpened with data from the B8 channel with a spatial
resolution of 15 m.

Satellite images used in our work and previous works
(Muraviev, 2020a; Muraviev & Nosenko, 2013) were
selected at the end of the ablation period before the first
snowfalls. This has reduced the influence of seasonal
snow cover and snowfields on the results of interpreta-
tion of glacier boundaries. The second criterion in the
selection of satellite images was the absence of clouds
over the glaciers.

The errors in glacier area estimates were determined
as follows:

• as a product of the glacier boundaries length and the
accuracy of images spatial referencing (about 11 m
with a confidence level of 95.5%) (SENTINEL, 2020)
for the data from Sentinel-2 images (Muraviev, 2020a).

• as the product of the glacier boundaries length and the
resolution of the B8 panchromatic channel (15 m) as a
result of processing data from the Landsat-7 image
interpretation.

• as a product of the glacier boundaries length and their
resolution (15 m) as a result of processing ASTER
image interpretation data (Muraviev, 2020a)

The main information about the glaciers of the
northern part of the Sredinny Range in the Catalogue
of Glaciers of the USSR (Vinogradov, 1968) was
obtained from the analysis of aerial photographs of
1950, and the information about the glaciers of the
Kronotsky Peninsula was obtained from the processing
of aerial photographs of the year 1957, supplemented
by fieldwork data in 1960. The Catalogue of Glaciers of
the USSR does not contain accurate data on the gla-
ciers boundary's location. The Information about the
glacier's location and their shape in the plan is given in
a schematic form and is not suitable for measurements.
This Catalogue recorded glaciers with an area of more
than 0.1 km2.

It is not possible to estimate the area errors for all gla-
ciers in the study areas registered in The Catalogue of
Glaciers of the USSR (Vinogradov, 1968), since the origi-
nal aerial photography data are not available. However,
in some cases it was possible. In Muraviev and Nosenko
(2013), it was made for the Slyunin and Grechishkin gla-
ciers located in the northern part of the Sredinny Range.
From processing the data of these glaciers' boundaries
interpretation on registered aerial photographs of 1950, it
was shown that the resulting areas differ from the data of
the Catalogue of Glaciers of the USSR (Vinogradov, 1968)
by 0.7% for the Slyunin glacier and by 2.2% for the Gre-
chishkin glacier. For the area of the Kronotsky Peninsula,
the data of the Catalogue of Glaciers of the USSR were

TABLE 3 Meteorological parameters by ERA5 Reanalysis for

the period 1979–2020 are used in this work.

Name Vertical level Units

Air temperature 2 m �C

Precipitation Surface m�day−1

Horizontal components of
wind (u, v)

10 m; 500–
1000 hPa (step
50 hPa)

m�s−1

Analogue of vertical
velocity (w)

500–1000 hPa
(step 50 hPа)

Pa�s−1

Divergence of wind speed 500–1000 hPa
(step 50 hPa)

s−1

Atmospheric pressure Surface hPa

Geopotential height 500 hPa m

Downward shortwave
radiation, net shortwave
radiation

Surface W�m−2

Downward longwave
radiation, net longwave
radiation

Surface W�m−2

Cloud cover Integral Fraction

6 KORNEVA ET AL.



checked on the Koryto and Levy Tyushevsky glaciers.
When comparing the obtained results with the data of
the Catalogue, it was found that the discrepancy in the
areas for the Koryto glacier is 3%, and for the Levy Tyush-
evsky glacier – 3.9% (Muraviev, 2017).

To determine the glaciers altitudinal characteristics
the ArcticDEM v3.0 DEM mosaic (Porter et al., 2018)
with a spatial resolution of 2 m was used. For the north-
ern part of the Sredinny Range (Muraviev, 2020a) the
datasets of 29 August 2018–30 August 2018 were used.
The analysis of the glacier area dynamics on the Kro-
notsky Peninsula in this study was based on the data
from 06/23/2020 DEM ASTER GDEM V3 (NASA/METI/
AIST/Japan Space Systems & U.S./Japan ASTER Science
Team, 2018), which was used similarly to ArcticDEM
v3.0 for six glaciers in the northern part of the Sredinny
Range that were not covered by ArcticDEM v3.0. For the
Kronotsky Peninsula ASTER GDEM V3 was used to
cover several small areas not covered by the ArcticDEM
v3.0 data.

Also, the ArcticDEM v3.0 mosaic (Porter et al., 2018)
was used as extra data for drawing glacial divides. For
this purpose, raster images of the exposure and slope of
the surface were built, which significantly increase the
accuracy of drawing glacial divides, compared with inter-
pretation based on visual features. It should be noted that
the conduct of glacial divides in the Catalogue of Glaciers
of the USSR (Vinogradov, 1968) and in the present study
may differ significantly. Therefore, in some cases, the
analysis of changes in individual glacier areas that have
extended glacial divides with the other glaciers doesn't
make sense. In such cases, changes in the area of the
entire group of glaciers with common glacial divides
should be analysed.

For the statistical analysis of glaciation changes in the
northern part of the Sredinny Range (Muraviev, 2020a)
glaciers were divided into groups according to their areas
in 2016–2017. In the case of glaciers division into parts,
registered in the Catalogue of Glaciers of the USSR
(Vinogradov, 1968 or Muraviev & Nosenko, 2013), the
total area of all fragments of divided glaciers in 2016–
2017 was taken into account. For Kronotsky Peninsula
glaciers were divided into groups according to their areas
in 2019. In the case of division into fragments 2019 of gla-
ciers registered in the Catalogue of Glaciers of the USSR
(Vinogradov, 1968), the total area of all fragments was
taken into account.

All satellite images and DEM used in this work
were recorded in the UTM projection (zone 57N) on
the WGS 1984 ellipsoid. Remote sensing data were
processed in the ESRI ArcGIS and QGIS software
packages. Statistical processing was carried out in
LibreOffice Calc.

4.2 | Climate changes

Estimates of climate averages and linear trends were car-
ried out for a single period for all data – 1979–2020,
except the stations near selected glaciological
areas – their data are presented from the year 1950. The
linear trend was calculated using the least squares
method, its significance was determined by Student's
parametric criteria (Gandin & Kagan, 1976; Isaev, 1988).
In Shkaberda (2015) it was shown that most of the
annual and monthly series of air temperature and precip-
itation at meteorological stations in Kamchatka follow a
normal statistical distribution, therefore, to assess the sig-
nificance of trends, it is correctly to use parametric cri-
teria (such as Student's t-test).

The calculations were carried out using the Python
programming language and the MS Excel package; maps
and graphs of climate parameters were built in the
Python libraries Matplotlib and Basemap.

4.2.1 | Assessment of the grid climate data
reliability

Since the data of grid archives contain errors, it is neces-
sary to compare them with the reference source of infor-
mation, that is, with the data of weather stations. For this
purpose, ERA5 data has been interpolated to station
points. For both air temperature and precipitation, Pear-
son's correlation coefficients are significant according to
the Student's t-test at a significance level of 5%. For air
temperature, the correlation coefficient between the sta-
tion data and the reanalysis turned out to be higher than
0.85 (Figure 2a). Relative deviations of monthly air tem-
peratures on average for the period for all stations do not
exceed 50% of the standard deviation absolute value
(Figure 2c). The monthly precipitation data by ERA5 rea-
nalysis for the same period also show relatively high cor-
relation coefficients (Figure 2b) – at all stations, it is
higher than 0.6. For most points, the relative deviations
do not exceed 50% of the standard deviation in absolute
value (Figure 2d), and the highest values are observed for
stations in the central part of the peninsula: up to 137%.
Apparently, this is due to the significant contribution of
mesoscale processes in the Kamchatka River valley
between the two main ridges of the peninsula: Vostochny
and Sredinny, which are poorly reproduced by the global
ECSMF model (ERA5 reanalysis).

The nearest weather stations are located at a distance
of 100–150 km from the test areas where the analysis of
glaciation area trends was performed (Figure 1). There-
fore, at least general estimates of the spatial homogeneity
of the monthly air temperature and precipitation fields
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are required. One of the basic spatial homogeneity mea-
sures of the field is a spatial correlation function, which
is the dependence of the normalized correlation coeffi-
cient on the distance (Gandin & Kagan, 1976). This func-
tion was calculated for three meteorological stations
located near the areas of glaciation characteristics trend
assessment: Ust-Voiampolka, Esso and Semyachik. For
mean monthly air temperature, the normalized coeffi-
cient of spatial correlation for each weather station is
higher than 0.9, which demonstrates a very high spatial
homogeneity of this parameter. Based on this, it can be

concluded that the weather stations of the peninsula reli-
ably describe the thermal regime of the areas where gla-
cier dynamics' assessment was made.

The correlation function of total precipitation for the
hydrological year (October–September), calculated for
the stations of Kamchatka in Glazyrin et al. (1985),
showed that the circulation processes over the seas sur-
rounding Kamchatka are the same in time, and the main
role in precipitation distribution in the interior of the
peninsula plays the relief. The estimation of the spatial
correlation function performed in this work confirms the

FIGURE 2 Quality assessment of

ERA5 data on the Kamchatka

Peninsula for the period 1966–2020:
Pearson correlation coefficients at

station points for monthly air

temperatures time series (a) and

monthly precipitation time series

(b) according to weather stations and

ERA5 reanalysis; average relative

deviations (in % of weather station data

standard deviation) of monthly mean

air temperatures (c) and monthly

precipitation sums (d) according to

ERA5 reanalysis data.
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value of the correlation radius of about 150 km (if the
threshold value of the correlation coefficient is 0.6).
Based on these considerations, we can conclude that the
Esso weather station describes well the precipitation of
the southern part of the test area within the Sredinny
Range and the entire test area of the Kronotsky Peninsula
(Figure 3).

The Ust-Voiampolka weather station is located
approximately 99 km from the northernmost glacier of
the Sredinny Range; therefore, it can be said that its data
characterize the background precipitation falling on the
glaciers of the northern part of the Sredinny Range
(Figure 1). The Semyachik station is located approxi-
mately 130–150 km from the Kronotsky glaciers, that is,
they are located within the radius of a significant correla-
tion. As a result, we can conclude that the observation
network in Kamchatka describes the precipitation field
much worse than the air temperature field. However,
most of the studied mountain–glacier regions fall into the
area of significant correlation.

4.2.2 | Spatial uncertainties in
mountain areas

As it was mentioned above, most of the weather stations
in Kamchatka are situated on the coast or in low-land
areas (less than 500 m, see Table 2), but the glacier areas
considered in our work are situated at altitudes up to
2500 m (as in the case with the northern part of the

Sredinny Range). Thus, we almost don't have any infor-
mation about the climate in mountain areas except the
reanalysis data. Nevertheless, in this work, we don't ana-
lyse the absolute values of the climate parameters, but
only their tendencies for recent decades. So, we assume
that the coefficients of linear trends of the main meteoro-
logical parameters almost don't change with the increas-
ing altitudes, or change slightly.

In Toropov et al. (2019), it was obtained that the air
temperature trends in Caucasus were decreasing from the
1500 m height by the stations data and reanalysis ERA-
Interim data. The tendency for to warming rate to decrease
with the altitude was also revealed in other works
(Sherwood et al., 2008; Vuille & Bradley, 2000). In the case
of the precipitation trend, there were no significant changes
in the altitude noted in Caucasus (Toropov et al., 2019).

5 | RESULTS

5.1 | Glaciation area changes

In 2016–2017, there were 465 glaciers with a total area of
255 ± 17 km2 in the northern part of the Sredinny Range
according to the work of Muraviev (2020a). A quantita-
tive comparison with the Catalogue of Glaciers of the
USSR (Vinogradov, 1968) showed that 106 glaciers
retained their integrity, 46 broke up into 143 fragments
and 45 glaciers were not found on modern Sentinel-2 sat-
ellite images.

FIGURE 3 Spatial correlation of monthly precipitation sums for weather stations: Ust-Voiampolka (a), Esso (b), Semyachik (c). 1 –
weather station location (Ust-Voiampolka-b, Esso-e и Semyachik-i), 2 – the location of test areas at the northern part of Sredinniy Range

(NpMR) and the Kronotsky Peninsula (KP), 3 – the areas not covered by spatial correlation function estimates.
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In total, 197 glaciers were registered in the Catalogue
of Glaciers of the USSR (Vinogradov, 1968) for the terri-
tory of the northern part of the Sredinny Range. Obvi-
ously, their number was significantly underestimated.
The northern part of the Sredinny Range is characterized
by a large amount of snow in winters and a wide distribu-
tion of large perennial snow patches (Vinogradov &
Ogorodov, 1966). Probably, when compiling the Cata-
logue of Glaciers (Vinogradov, 1968), many small glaciers
were mistaken for large perennial snow patches and were
not included in it. It should also be taken into account
that the Catalogue of Glaciers (Vinogradov, 1968)
recorded glaciers with an area of at least 0.1 km2. In the
work by Muraviev and Nosenko (2013), 190 glaciers were
identified in this area that were not registered in the Cat-
alogue of Glaciers of the USSR. In total, 55 of them had
an area of less than 0.1 km2, and the area of another
116 was in the range of 0.1–0.5 km2.

Thus, according to the RGI 6.0 Catalog (RGI
Consortium, 2017), there are 533 glaciers with a total
area of about 421 km2 in the northern part of the Sre-
dinny Range. RGI 6.0 data covering the study area were
obtained as a result of automatic interpretation of gla-
cier boundaries on satellite images from 2000 to 2011.
The glacier inventory in the northern part of the Sre-
dinny Range carried out by Muraviev and Nosenko
(2013) showed that in 2002 there were 388 glaciers in
this area with a total area of about 335 km2. Only
32 glaciers found on modern Sentinel-2 images were
not previously recorded in works (Muraviev &
Nosenko, 2013; Vinogradov, 1968). Some of them are
outside the coverage area of the 2002 ASTER satellite
images and schemes of the Catalogue of Glaciers of
the USSR.

In this context, the change in the area of glaciers for
different time periods was calculated for two different
samples. Table 4 presents data on glacier area changes in

the northern part of the Sredinny Range, registered
in the Catalogue of Glaciers of the USSR
(Vinogradov, 1968) and found on modern Sentinel-2 sat-
ellite images (Muraviev, 2020a). A significant part of the
glaciers broke up into smaller fragments, so 152 glaciers
registered in the Catalogue (Vinogradov, 1968) corre-
sponded to 187 glaciers interpreted in 2002 and 249 – in
2016–2017. From 1950 to 2016–2017 the total area reduc-
tion of these glaciers was about 125 km2 or 35.6%. At the
same time, approximately half of the reduction (about
62 km2) occurred in the period 1950–2002, which is
1.20 km2 or 0.34% of the initial glacier area per year. The
remaining losses (63 km2) occurred in the period from
2002 to 2016–2017, which is 4.20 km2 or 1.45% of the area
per year. This means that the reduction rate of this gla-
cier group in the period from 2002 to 2016–2017
increased by about 4.3 times compared with the period
1950–2002.

The glacier area reduction in the northern part of the
Sredinny Range in all three periods turned out to be
inversely proportional to their size (see Table 4). The
smallest reduction (10.9%) compared to the data from
the Catalogue of Glaciers of the USSR (Vinogradov, 1968)
was experienced by the largest (>5 km2) glaciers
(Muraviev, 2020a). The greatest reduction is observed in
glaciers with an area of less than 0.1 km2. Simultaneously
with the glaciers area reduction, they disintegrated into
smaller fragments. Thus, 46 glaciers registered in the Cat-
alogue of Glaciers of the USSR (Vinogradov, 1968) disin-
tegrated into 81 fragments by 2002, and by 2016–2017 –
into 143 fragments.

An analysis of the glacier area reduction, depending
on their exposition according to the Catalogue of Glaciers
of the USSR (Vinogradov, 1968), showed that the maxi-
mum decline for the period from 1950 to 2016–2017 was
observed for the glaciers oriented to the southeast
(by 62.9% or 19.6 km2) and south (by 43.6% or 5.0 km2)

TABLE 4 The changes in the area of glaciers of different sizes in the northern part of the Sredinny Range, registered in the Catalogue of

Glaciers of the USSR (Vinogradov, 1968) and found on modern Sentinel-2 images from 1950 to 2016–2017 (based on work (Muraviev, 2020a,

2020b)).

Glacier size in
2016–2017, km2

Glacier area, km2 Glacier area changes, km2/%

1950 2002 2016–2017 1950–2016–2017 1950–2002 2002–201–2017

>5 132.7 134.5 ± 7.7 118.2 ± 4.0 −14.5/−10.9 1.8/1.4 −16.3/−12.1

2–5 65.7 55.6 ± 5.2 43.2 ± 2.7 −22.5/−34.2 −10.1/−15.4 −12.4/−22.3

1–2 59.3 45.1 ± 5.5 32.2 ± 2.6 −27.1/−45.7 −14.2/−23.9 −12.9/−28.6

0.5–1 36.1 22.9 ± 3.0 15.2 ± 1.5 −20.9/−57.9 −13.2/−36.6 −7.7/−33.7

0.1–0.5 49.8 28.0 ± 4.7 16.5 ± 2.2 −33.3/−66.9 −21.8/−43.8 −11.5/−41.1

<0.1 7.9 3.2 ± 0.7 0.9 ± 0.2 −7.0/−88.6 −4.7/−59.5 −2.3/−71.0

Total 351.5 289.3 ± 26.8 226.2 ± 13.2 −125.3/−35.6 −62.2/−17.7 −63.0/−21.8
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(Muraviev, 2020a). These groups of glaciers are also char-
acterized by the largest area reduction in the years 1950–
2002 (by 42.1% and 23.0%, respectively) and from 1950 to
2016–2017 (by 35.9% and 26.7%, respectively). It should
be noted that glaciers of southeastern and southern expo-
sitions, compared to glaciers of other expositions, have
relatively small average sizes both according to the Cata-
logue (Vinogradov, 1968) and according to the data of
2002 and 2016–2017 years.

A minimum decrease in glacier area from 1950 to
2016–2017 occurred for glaciers oriented to the northeast
(by 25.8% or 13.5 km2), southwest (by 29.4% or 13.1 km2)
and north (by 29.7% or 11.1 km2) (Muraviev, 2020a). For
glaciers with northeastern and southwestern expositions,
such dynamics can be explained by two reasons. Firstly,
this is the orientation of these glaciers to the moisture-
carrying air masses coming from the Sea of Okhotsk and
the Bering Sea from the west and east, respectively. Sec-
ondly, the glaciers of these expositions are characterized
by the biggest average sizes in the study area.

For further understanding of the glaciation changes
of the northern part of the Sredinny Range in the period
from 2002 to 2016–2017 the changes in the areas of
344 glaciers identified on the ASTER images dated
18 August 2002, and the corresponding areas of
433 glaciers identified on the modern Sentinel-2 images
(Muraviev, 2020a) were analysed. Table 5 presents data on
glacier area changes in the northern part of the Sredinny
Range, recorded in Muraviev and Nosenko (2013) and
found on modern Sentinel-2 images (Muraviev, 2020a).
The glacier area reduction, as for the sample in Table 4,
turned out to be inversely proportional to their size. The
total reduction in the area of these glaciers was 88.1 km2

(26.0%). The average reduction rate was 1.73% (5.87 km2)
of the original area (2002) per year. This is significantly
higher than the average reduction rate (1.45%) of the sam-
ple of glaciers presented in Table 4. The difference is
explained by the fact that the glaciers that are not included
in the Catalogue of Glaciers of the USSR, included in the

sample of Table 5, have a small area (<0.5 km2) and are
decreasing in size much faster than larger glaciers.

Muraviev (2020a) studied the glaciation decline from
2002 to 2016–2017 by altitude zones (Figure 4a). Most of
the glaciation in the northern part of the Sredinny Range
(76.6% in 2002 and 77.4% in 2016–2017) is concentrated
in the altitudinal range of 1200–1800 m. The main glacier
losses from 2002 to 2016–2017 also occurred in this alti-
tude zone – 65.5 km2 (25.2%) with a total reduction in
glaciers for this period by 88.1 km2. The percentage of
glaciation area below 1000 m from 2002 to 2016–2017 has
not changed and is equal to 2.6%.

TABLE 5 Change in the area of

glaciers of different sizes in the

northern part of the Sredinny Range,

recorded in the work (Muraviev &

Nosenko, 2013), from 2002 to 2016–
2017 (based on the work

(Muraviev, 2020a, 2020b)).

Glacier size in
2016–2017, km2

Glacier area, km2 Glacier area change
from 2002 to
2016–2017, km2/%2002 2016–2017

>5 128.4 ± 7.1 112.6 ± 3.7 −15.8/−12.3

2–5 59.1 ± 5.3 46.5 ± 2.7 −12.6/−21.3

1–2 41.4 ± 4.6 30.2 ± 2.2 −11.2/−27.1

0.5–1 33.3 ± 3.9 21.1 ± 1.9 −12.2/−36.6

0.1–0.5 59.8 ± 10.8 35.0 ± 4.9 −24.8/−41.5

<0.1 16.8 ± 4.3 5.3 ± 1.4 −11.5/−68.5

Total 338.8 ± 36.0 250.7 ± 16.8 −88.1/−26.0

FIGURE 4 Altitude distribution of glaciation area in the

northern part of the Sredinny Range in 2002 and 2016–2017 (a),

and in the Kronotsky Peninsula in 2000 and 2019 (b). [Colour

figure can be viewed at wileyonlinelibrary.com]

KORNEVA ET AL. 11

http://wileyonlinelibrary.com


In 2019, there were 60 glaciers on the Kronotsky Pen-
insula with a total area of 61.4 ± 3.4 km2. A quantitative
comparison with the Catalogue of Glaciers of the USSR
(Vinogradov, 1968) showed that 26 glaciers retained their
integrity, 4 glaciers broke up into 10 fragments, 2 glaciers
were not found in the Sentinel-2 image from 09/12/2019.
Twenty-four small glaciers with a total area of
3.3 ± 0.4 km2 are not registered in the Catalogue of Gla-
ciers of the USSR.

Data on the glacier area changes on the Kronotsky
Peninsula, registered in the Catalogue of Glaciers of the
USSR (Vinogradov, 1968) and found in the Sentinel-2
image dated 12 October 2019, are presented in Table 6.
Due to the disintegration of glaciers into smaller frag-
ments, 30 glaciers registered in the Catalogue
(Vinogradov, 1968) corresponded to 34 glaciers in 2000
and 35 in 2019. The reduction in the area of these glaciers
for 1957–2019 was equal to 32.1 km2 (35.6%), of which
23.5 km2 was lost in the period 1957–2000, and another
8.6 km2 in the period 2000–2019. Thus, the average rate
of glaciation area reduction on the Kronotsky Peninsula
increased from 0.61% in the years 1957–2000 to 0.67% in
2000–2019.

Glacier area reduction on the Kronotsky Peninsula in
the periods 1957–2019 and 1957–2000 was inversely pro-
portional to their size (see Table 5). This pattern was bro-
ken for groups of small glaciers (<0.1 and 0.1–0.5 km2) in
the period 2000–2019. This is probably due to measure-
ment errors in the interpretation of glacier boundaries,
caused by the wide distribution of snowfields near the
glacier boundaries.

Additionally, the altitudinal distribution of the area of
all 60 glaciers of the Kronotsky Peninsula, detected in the
Sentinel-2 image on 12 September 2019, in the years 2000
and 2019, was analysed (Figure 4b). More than 82% of
the total glaciation area of the region in 2019 was located
in the altitudinal range of 700–1100 m, in the year 2000 –
more than 80%. The largest glaciation area reduction for

2000–2019 occurred at altitudes below 500 m (55.1%) and
500–700 m (27.9%). The percentage of glaciation located
above 1100 m is stable – 9.3% in the years 2000 and 2019.

5.2 | Climatic parameters changes

5.2.1 | Air temperature

As in most of the globe, the air temperature at all stations
on the Kamchatka Peninsula increases in all seasons
(Table 7). The warming rate for the period 1966–2020 is
higher at stations on the western coast (0.4–
0.7�C/10 years) than on the eastern coast of the peninsula
(0.3�C/10 years). According to Ippolitov et al. (2008), the
average warming rate over the Asian territory of Russia
for the period 1975–2005 was 0.34�C/10 years. In Kam-
chatka, the warming rate is regionally and seasonally
dependent: minimum rates are observed in summer and
winter (Table 7), and in winter at half of the stations the
trend is not statistically significant. If we consider tem-
perature changes in certain months of the year, then the
highest warming rate is observed in March: the maxi-
mum values are +0.84�C/10 years and 0.9�C/10 years at
the stations of the western coast Bolsheretsk and
Sobolevo.

Our estimates coincide with those obtained in Shka-
berda (2015): the maximum rate of air temperature
growth was also found here in March (0.57�C/10 years),
the lowest rate was in January and December (0.07–
0.08�C/10 years). Cooling in Kamchatka in all winter
months, as well as a maximum of warming in March,
were revealed in the work of Ippolitov et al. (2008). It is
also noted in Shkaberda (2015) and Shkaberda and
Vasilevskaya (2014) that on the western coast, the rate
of increase in air temperature is higher than on the
eastern one: +0.3�C/10 years and +0.14�C/10 years,
respectively, for the period 1951–2009. The author

TABLE 6 Change in the area of glaciers of different sizes on the Kronotsky Peninsula, registered in the Catalogue of Glaciers of the

USSR (Vinogradov, 1968) in 1957–2000–2019.

Glacier size in
the year 2019, km2

Glacier area, km2 Glacier area changes, km2/%

1957 2000 2019 1957–2019 1957–2000 2000–2019

>5 24.5 24.0 ± 0.9 21.7 ± 0.7 –2.8/−11.4 −0.5/−2.0 −2.3/−9.6

2–5 38.6 28.1 ± 1.6 24.4 ± 1.2 −14.2/−36.8 −10.5/−27.2 −3.7/−13.2

1–2 11.3 7.9 ± 0.7 6.5 ± 0.5 −4.8/−42.5 −3.4/−30.1 −1.4/−17.7

0.5–1 5.4 4.0 ± 0.3 3.1 ± 0.3 −2.3/−42.6 −1.4/−25.9 −0.9/−22.5

0.1–0.5 9.5 2.6 ± 0.4 2.3 ± 0.3 −7.2/−75.8 −6.9/−72.6 −0.3/−11.5

<0.1 0.9 0.1 ± 0.0 0.1 ± 0.0 −0.8/−88.9 −0.8/−88.9 0.0/0.0

Total 90.2 66.7 ± 3.9 58.1 ± 3.0 −32.1/−35.6 −23.5/−26.1 −8.6/−12.9
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shows that the period 1971–1980 was relatively cold in
all regions of the peninsula, and steady warming began
only in 1987.

ERA5 reanalysis data also show a statistically insignif-
icant warming trend in winter, and even a slight cooling
in the northern part of the peninsula (Figure 5).

Along with the increase in air temperature, the duration
of the frost-free season also increases – with the exception
of some stations located on the coasts (Figure 6). At most
stations the increase in the duration of the frost-free period
is statistically significant and averages 3.5 days/10 years
(Figure 6). The number of days with a stable positive tem-
perature is directly related to the duration of the glaciers'
ablation period (Ohmura, 2001).

5.2.2 | Precipitation

Most weather stations on the Kamchatka Peninsula
revealed insignificant trends in precipitation for the
period 1966–2020, but there are some stations which
showed significant precipitation decreases (Table 8).
For example, winter precipitation decline at Mys
Lopatka station was equal to −22.4%/10 years and at
Ust-Voiampolka station −10%/10 years. Significant
winter precipitation decrease was also noted at
Ust-Khayryuzovo, Dolinovka and Petropavlovsk-
Kamchatsky. At Icha station the precipitation has
decreased for all seasons. A similar trend of decreasing
precipitation at Icha station was found in 1996–2005 at

work (Shatilina & Anzhina, 2008). Ippolitov et al.
(2008) showed a decrease in average annual precipita-
tion over the entire territory of Kamchatka to
−60 mm/10 years for 1975–2005.

According to the ERA5 reanalysis, precipitation
decrease for the years 1950–2020 up to −10%/10 years
was also observed in winter in the northern and cen-
tral part of the peninsula (Figure 7a), in autumn, and
in summer almost for the whole region (Figure 7c). In
spring, the precipitation increased. Almost all changes
are statistically insignificant according to the Student's
t-test (except for summer decrease in some areas).

5.2.3 | Snow cover

Following the warming in the region, the number of days
with stable snow cover has been decreasing during the
period of 1966–2020 at almost all stations of the Kam-
chatka peninsula (Figure 8a,c), most significantly – at
coastal stations. The height of snow cover (Figure 8b) has
different tendencies – a slight decrease in the inland
areas of the peninsula and an increase in some coastal
stations, and many of them are statistically insignificant
according to Student's t-test. An increase in the maxi-
mum height of snow cover over the winter, as well as in
the number of days with a snow coverage of the station
surroundings of more than 50%, was revealed in the cen-
tral and southern parts of Kamchatka for 1976–2021 in
(A Report on climate features, 2022). At stations that are

TABLE 7 Coefficients of the air temperature linear trend (°C/10 years) according to weather stations’ data for the period 1966‐2020.

Station WMO ID Station name Year Winter Spring Summer Autumn

32213 Mys Lopatka 0.3 0.4 0.3 0.3 0.3

32246 Ossora 0.3 0.1 0.5 0.3 0.5

32252 Ust‐Voiampolka 0.2 0.3 0.6 0.2 0.2

32287 Ust‐Khayryuzovo 0.4 0.5 0.5 0.3 0.4

32363 Esso 0.5 0.6 0.5 0.4 0.5

32389 Kluchi 0.4 0.3 0.5 0.4 0.5

32411 Icha 0.7 0.3 0.4 0.3 0.4

32447 Dolinovka 0.4 0.4 0.4 0.3 0.4

32477 Sobolevo 0.5 0.7 0.6 0.3 0.4

32509 Semyachik 0.3 0.2 0.3 0.3 0.4

32539 Nachiki 0.5 0.6 0.5 0.4 0.5

32547 Sosnovka 0.3 0.2 0.4 0.3 0.4

32562 Bolsheretsk 0.5 0.6 0.5 0.3 0.5

32583 Petropavlovsk‐Kamchatsky 0.3 0.3 0.3 0.3 0.3

Stations’ average 0.4 0.4 0.4 0.3 0.4

Note: Values significant at the 5% significance level according to Student's t-test are marked in bold.
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FIGURE 5 Coefficient of the linear trend of the mean seasonal air temperature for the period 1950–2020 according to the ERA5

reanalysis: (a) winter, (b) spring, (c) summer, (d) autumn. Black shading shows grid points with significant trends at the 5% significance

level. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Coefficients of the linear trend (a, days/10 years) of the duration of the frost-free season at the stations of the Kamchatka

Peninsula and the time course of the duration of the frost-free season (b) at weather stations Semyachik (black) and Kluchi (grey) for the

years 1966–2020. The black circles outline show the points with significant trends at the 5% significance level.
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close to the mountain–glacier regions considered in our
work (Ust-Voiampolka and Semyachik), a decrease in
both characteristics is observed (Figure 8), and for the
duration of snow cover it is statistically significant.

5.2.4 | Radiation balance and cloud cover

Air temperature increases during the warm period can
be associated with an increase in downward shortwave
radiation, which in turn can be caused by an increase
in the frequency of fair weather and anticyclonic con-
ditions. In several mountain–glacier regions exactly
these processes lead to a mountain glaciation reduc-
tion, for example, in the Caucasus (Toropov
et al., 2019). According to the ERA5 reanalysis, in
Kamchatka, there is an increase in downward short-
wave radiation in the warm season (with a maximum
in June) which was more pronounced for the last two
decades (Figure 9b), up to 15 W/m2/10 years in some
areas. ERA5 reanalysis data also show a decrease in
cloudiness for the years 2003–2020 (within
2%/10 years), however, for station data this trend is
observed only at some coastal stations (up to
3%/10 years, Figure 10). Chernokulsky et al. (2011)
showed that the total cloudiness and the number of
cloudy days according to station data in Kamchatka
almost didn't change in summer in 2001–2010 com-
pared to the years 1991–2000, but a significant decrease
in cumulus clouds amount occurred at almost all sta-
tions in the region in summer and autumn. According

to our estimates (Figure 10d), the lower cloud cover at
some stations in Kamchatka and by ERA5 reanalysis
data decreased by 2–3%/10 years, and part of the
changes are statistically significant at the 5% signifi-
cance level. The changes in downward solar radiation
mostly occur due to lower cloudiness changes, so the
shortwave radiation balance increase for the period
2003–2020 can be associated exactly with this process.
It should be noted that cloudiness is a rather difficult
parameter for analysis, because it has a large spatial
variability and depends on local factors, especially
in mountain regions, and station data describe
cloud conditions in their vicinity (as in the case of
precipitation).

For the period of 1950–2002, the most pronounced
tendency in radiation characteristics is a decrease in
shortwave radiation reflected from the surface
(Figure 9c). This effect is observed in May and June and
is caused by surface albedo decrease due to an earlier
melting of snow cover and sea ice.

The longwave balance for the warm season in most
of the Kamchatka Peninsula has a negative trend
(Figure 9g,h), which is more pronounced in the years
2003–2020. It is most likely caused by a thermal radia-
tion increase due to surface temperature growth.
Another possible factor is a decrease in cloudiness,
which may increase the transmission of longwave radi-
ation by the atmosphere. Probably, here these effects
turn out to be stronger than the increase in the thermal
radiation of the atmosphere due to an increase in its
heat and moisture content.

TABLE 8 Coefficients of precipitation linear trend (%/10 years) according to weather stations for the period 1966–2020.

Station WMO ID Station name Year Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)

32213 Mys Lopatka −8.8 −22.4 −7.9 2.9 −6.0

32246 Ossora −2.4 −4.0 3.6 −4.0 −2.0

32252 Ust-Voiampolka −10.3 −10.0 −10.3 −4.0 −1.8

32287 Ust-Khayryuzovo −3.1 −8.3 −4.7 −4.0 −0.6

32363 Esso −3.1 −7.1 1.9 −3.8 −2.0

32389 Kluchi 0.8 1.1 4.8 −2.5 1.2

32411 Icha −14.2 −11.5 −11.3 −12.7 −7.0

32447 Dolinovka −0.8 −7.5 3.4 −1.7 3.1

32477 Sobolevo −0.3 1.4 0.1 −4.5 1.3

32509 Semyachik −3.7 1.3 5.2 −0.5 −9.6

32539 Nachiki −1.7 −5.7 −0.4 1.6 −1.2

32547 Sosnovka 0.9 −3.3 5.1 −0.8 1.7

32562 Bolsheretsk 0.2 1.5 0.4 −0.1 −1.2

32583 Petropavlovsk-Kamchatsky −4.0 −9.4 −1.8 −1.4 −1.6

Note: Values significant at the 5% significance level according to Student's t-test are marked in bold.
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Thus, the total radiation balance increase in the Kam-
chatka region for the period of 1950–2002 was connected
with the upward shortwave radiation decrease and for
the period 2003–2020 – with the downward shortwave
increase due to cloud cover decrease.

6 | DISCUSSION

6.1 | Possible causes of Kamchatka
glacier recession

To analyse the climatic factors in glaciation reduction on
the Sredinny Range and the Kronotsky Peninsula, the
nearest weather stations, Ust-Voiampolka and Semya-
chik, were chosen. The distance from the weather station
to the main glaciers is less than the spatial correlation
radius, which was set above. If we follow the classical ‘T-
index’ or ‘degree-day factor’ approaches (Ohmura, 2001),
we can assume that the glacier dynamics are mainly

influenced by air temperature during the ablation season
(on average for the peninsula it coincides with summer
period – June–August). According to our results the sum-
mer air temperature at both stations slightly (but statisti-
cally significant according to the Student test) increased
with the same rate– on average about 0.2�C/10 years
from the year 1950 (Figure 11). Similar values of the air
temperature trend were also obtained from the ERA5 rea-
nalysis data (Figure 5c). Such insignificant summer
warming could hardly be the reason for the Kamchatka
glaciers' reduction (for example in the Caucasus the sum-
mer warming rate is equal to 0.6–1�C/10 years).

Another reason for the intense melting of glaciers may
be a precipitation decrease during the accumulation sea-
son. Indeed, both according to Ust-Voiampolka weather
station data and the ERA5 reanalysis, there was a signifi-
cant decrease in winter precipitation in the northern part
of Kamchatka – up to 10%/10 years (Table 7, Figure 7).
Nevertheless, at Semiachik weather station, which is close
to the Kronotsky Peninsula precipitation during the

FIGURE 7 Coefficient of linear trend of seasonal precipitation (a – winter, b – spring, c – summer, d – autumn, %/10 years) for the

period 1950–2020 according to ERA5 reanalysis. Black shading shows grid boxes with the significant trend at the 5% significance level.

[Colour figure can be viewed at wileyonlinelibrary.com]
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accumulation season (Figure 11b) and during winter
(Table 7) almost haven't changed or slightly (insignifi-
cantly) increased.

One more factor that could significantly affect the
reduction of glaciation in Kamchatka is a radiation bal-
ance, as well as an increase in turbulent heat exchange
between the atmosphere and the glacier surface during
short but very intense heat advections in the warm sea-
son. Increase in the shortwave balance in May–August
in 2011–2020 up to 5 W�m−2 compared to the beginning
of the 21st century, which is observed by ERA5

reanalysis data (Figure 9) is equivalent to a monthly
amount of 41 MJ�m−2, which transforms into the melt-
ing of an additional 120 mm w.e. of ice, or ablation
layer increase by about 25%. In the case of intense
warm air advection along the western periphery of an
anticyclone located over the Pacific Ocean, cloudy
weather is accompanied by a positive temperature
anomaly with a strong wind, which leads to a sharp
increase in turbulent heat exchange between the ice
surface and the atmosphere, and an additional increase
in the melting layer.

FIGURE 8 Linear trend coefficients for the number of days with snow cover per year (a) and annual average snow depth (cm/10 years)

(b) based on station data for the period 1966–2020; time series of the number of days with snow cover (black line) and snow depth (grey line)

for Ust-Voiampolka station (c) for the period 1966–2020. The black circles outline shows the points with significant trends at the 5%

significance level.
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If we assume that the main reason for the degradation
of mountain glaciers of the Sredinny Range was an
increase in the radiation balance in summer by 5 W�m−2

(which is equivalent to an increase in the melting layer
by approximately 60 mm/10 years), as well as a decrease
in precipitation during the accumulation period by

FIGURE 9 Coefficients of

the linear trend in average for

May–September of downward

shortwave radiation (a, b),

upward shortwave radiation (c,

d), downward longwave radiation

(e, f), net longwave radiation (g,

h) and total net radiation balance

(i, j) in average for the period

1950–2002 (a, c, e, g, i) and 2003–
2020 (b, d, f, h, j) according to

ERA5 reanalysis. [Colour figure

can be viewed at

wileyonlinelibrary.com]
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approximately the same amount, then we obtain that the
average mass balance decrease for the glaciers of the Sre-
dinny Range will be equal to 240 mm for the period
2000–2020 years. Therefore, we can set the annual mass
balance trend value to −12 mm�year−1, and implement a
simple numerical experiment for the ‘hypothetical’ gla-
cier of the Sredinny Range with typical morphometric
parameters: area – 3.5 km2, length – 3.5 km, average
thickness – 30 m, front width – 350 m. The minimal Oer-
lemans model was used (Oerlemans, 2008), which has
proven itself quite well as a tool for describing the mod-
ern evolution of typical Caucasus glaciers with detailed
meteorological parameters (Toropov et al., 2023). If we
start to decrease the mass balance from a value of
−300 mm (a typical value for glaciers in Northern Eur-
asia in the last decade of the XX century), we obtain that
for the period 2000–2020, the glacier area in Sredinny
Range has decreased by approximately 22%, which is con-
sistent with the observational data given in Table 5. For a
typical glacier of the Kronotsky Peninsula, the area
reduction has been 11% compared to 13% given in
Table 6. Thus, the proposed mechanism of glaciation deg-
radation can be considered a working hypothesis.

According to the data in Tables 1 and 3, the glaciers
of the northern part of the Sredinny Range had

experienced the strongest decline in the last 2 decades of
the 21st century, while the glaciers of the Kronotsky
group, on the contrary, lost a large area in the 20th cen-
tury. As we can see there are almost no differences in
dynamics of air temperatures according to the data of the
nearest weather stations (Figure 11). The precipitation
revealed slight differences during the last two decades: a
decrease at Ust-Voiampolka station and an increase at
Semyachik station. The different dynamics of the precipi-
tation in the XXI century on the western and eastern
coast of the Kamchatka Peninsula are connected with the
changes in large-scale atmospheric circulation over the
Asian continent and the northern part of the Pacific
Ocean, which are mainly characterized by the indices
Pacific Decadal Oscillation (PDO), Pacific-North Ameri-
can Index (PNA) and West Pacific Index (WP). Some
studies show that the negative phase of PDO, which pre-
vailed at the beginning of the 21st century, contributed to
a weakening of the contrast between temperatures in the
tropics and polar regions, and, accordingly, to a weaken-
ing of the western transport and an increase in the fre-
quency of blocking anticyclones, in particular, in the
Kamchatka region (Bokuchava & Semenov, 2021). The
authors (Khen et al., 2019b) wrote that while the PDO
index went into the negative phase in 2007, there was a

FIGURE 10 Coefficients of the linear trend of total cloud amount (a, b) and low cloud amount (c, d) in average for May–September for

the period 1950–2002 (a, c) and 2003–2020 (b, d) by ERA5 reanalysis data (shading) and weather station data (circles).
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sharp cooling in the Bering Sea and the North Pacific
Ocean and positive anomalies in Kamchatka surface tem-
peratures. In the first decade of the 2000s, negative values
of the PNA index prevailed. The cold phase of the PNA
index is characterized by the predominance of high pres-
sure in the North Pacific Ocean and the weakening of the
Aleutian Low (Khen et al., 2019a). The Western Pacific
Index WP characterizes the western part of the Pacific
Ocean and has the greatest impact on the climate of the
Russian Far East and, in particular, the Kamchatka Pen-
insula (Khen et al., 2019a). The positive phase of the WP
index is accompanied by an atmospheric pressure
increase over Shelikhov Gulf and weakening of the Aleu-
tian Low, the trajectory of cyclones in the Far East region
shifts northward, and air temperature and precipitation
increase in Kamchatka and Chukotka (Khen
et al., 2019a; Kiktev et al., 2015). In the negative phase,
the trajectories of cyclones, on the contrary, shift to the
south and there is a shortage of precipitation. Since the
2000s, there was a gradual decrease towards negative
values of the Western Pacific WP index. Shatilina and
Anzhina (2008) showed that, starting from 1996, the
cyclonic depression over the Sea of Okhotsk shifted to
the south in the winter season and weakened, which
resulted in a precipitation decrease on Kamchatka west-
ern coast.

We calculated the correlation coefficients of the aver-
age monthly air temperature and precipitation by station
data with PDO, PNA, and WP indices for the years 1979–
2020: for three stations on the western coast of Kam-
chatka (Icha, Ust-Khayryuzovo and Ust-Voiampolka),
and three stations on the eastern coast (Ossora, Semya-
chik and Petropavlovsk-Kamchatsky). We found a signifi-
cant correlation only for precipitation with the WP index:

the coefficients are positive at stations on the western
coast and in some months of the cold period reach signif-
icant values equal to 0.6, and negative on the eastern
coast – from −0.3 to −0.6. Therefore, the increase in pre-
cipitation in the cold season on the eastern Kamchatka
coast and the decrease on the western Kamchatka coast
can be an additional factor for different glaciers dynamics
in selected regions.

The most likely reason for the different dynamics of
glaciation in the northern part of the Sredinny Ridge and
the Kronotsky Peninsula is the significant differences in
their geographical conditions. The glaciation of the Kro-
notsky Peninsula is located at relatively low altitudes (see
Figure 4b). The absolute heights of the low-mountain
Kronotsky Range do not exceed 1300 m. It is represented
by warm glaciers, the areas of accumulation which are
formed by the warm firn ice-formation zone. The glaciers
of this region exist due to a large amount of solid
precipitation, as a result, the value of accumulation-
ablation at the height of the glacier feeding boundary can
exceed 4000 mm w.e. (Muravyev et al., 1999; Kotlyakov
& Kravtsova, 1997). The glaciers of the northern part of
the Sredinny Range are located at much higher altitudes
(see Figure 4a). They are of the cold type. Their areas of
accumulation are formed by cold firn, firn-ice and ice-
formation zones, and the values of accumulation-ablation
at the glacier feeding boundary are at least 2 times lower
than on the Kronotsky Peninsula (see map no. 234 in
Kotlyakov & Kravtsova, 1997).

Note that the study of the dynamics of glaciation in
these areas is significantly limited by the availability of
materials on the morphometric characteristics of gla-
ciers. Materials of the Catalogue of Glaciers of the
USSR (Vinogradov, 1968) are dated 1950 for the

FIGURE 11 Air temperature time series (line) for the ablation season (June–August) and precipitation (histogram) for the

accumulation season (October–May) for the years 1950–2020 at stations closest to the glacial region of the Sredinny Range (Ust-Voiampolka

(a)) and the glaciation of the Kronotsky Peninsula (Semyachik (b)). [Colour figure can be viewed at wileyonlinelibrary.com]
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northern part of the Sredinny Ridge and 1957 for the
Kronotsky Peninsula. The following time slices, pro-
vided with materials of suitable quality, date back to
2002 and 2000 respectively. It is obvious that changes in
the glaciers of the study areas during the long periods
of 1950–2002 and 1957–2000 could not be uniform, as
the climatic conditions were changing. However, there
is no additional data on the characteristics of glaciers
within these periods.

6.2 | Large-scale atmospheric circulation
anomalies that caused the Kamchatka
glacier recession

To explore the connection between air temperature and
radiation anomalies with circulation features, we ana-
lysed the trends in 500 hPa geopotential height, vertical
velocity and divergence of velocity. It can be seen that
there is a significant increase in the geopotential height
of the level of 500 mb up to 10 m/10 years in Kamchatka
in the warm season, observed from the 1980s
(Figure 12a). Mainly positive tendencies in vertical veloc-
ity and the increase in velocity divergence are also
observed in the Kamchatka region (Figure 12b,c), which
indicates an increase in downward air movements. These
features confirm the fact that the anticyclonic circulation
intensifies for the last decades in the warm season.

We found that the 850 and 500 mb heights growth for
the last decades (2000–2020) is associated with the
extending of the North Pacific Anticyclone to the North
and the forming an additional ridge over the Kamchatka
peninsula which enhances the warm advection from the
tropics. An increase in the intensity of the North Pacific
High at 500 hPa height in July was revealed for the years
1977–2006 in the work (Shatilina & Anzhina, 2008), and
the increase in surface pressure in July for 1975–2005 up
to 1 hPa/10 years was identified in the work (Ippolitov
et al., 2008). Kim et al. (2021) found the North Pacific
High extension at 850 hPa height from 1984 to
2018 years.

The North Pacific High extension to the north is
probably a part of the process called «expansion of the
tropics», when the Hadley Cell expand to the North (Lu
et al., 2007). For example, in the recent work of Staten
et al. (2018), it was shown that the tropics have widened
at the rate of 0.5� latitude per decade since 1979. Corre-
spondingly, the zone of subtropical anticyclones should
shift to the north (Seager et al., 2007).

It should be noted that over the continental part of
Eastern Asia, a low-pressure system usually forms in the
warm season. In Shatilina and Anzhina (2008), it was
noted that the weakening of the Asian depression

intensity in summer also contributes to an increase in air
temperature on the Asian coast of Russia and the western
coast of Kamchatka and an increase in sea surface tem-
perature due to advection of warm continental air masses
to the coast. We can see that in the last two decades
simultaneously with the atmospheric pressure growth
over the Kamchatka region and the Sea of Okhotsk, the
growth of geopotential height over the Asian Low has
also occurred. These processes probably generated an
increase in warm advection and a shortwave radiation
balance, which caused the enhanced glacier ablation in
the Kamchatka region.

7 | CONCLUSION

The glaciation of the northern part of the Sredinny Range
and the Kronotsky Peninsula was decreasing from the
middle of the XX century to the beginning of the XXI
century. Simultaneously with the glacier area reduction
in both regions, their disintegration into smaller frag-
ments was observed. In the northern part of the Sredinny
Range from 1950 to 2016–2017 glaciers decreased by
125 km2 or 35.6%, and the rate of their reduction in the
period from 2002 to 2016–2017 (1.45%/year) increased
approximately 4.3 times compared to the period 1950–
2002 (0.34%/year). The greatest reduction is observed in
small glaciers with an area of less than 0.1 km2 and in
glaciers with southeastern and southern expositions. The
main glacier area loss in this region occurred in the alti-
tudinal zone of 1200–1800 m: 65.5 km2 (25.2%) for the
period from 2002 to 2016–2017. On the Kronotsky Penin-
sula, the glacier area reduction for 1957–2019 was
32.1 km2 (35.6%), and the rates were almost the same in
the years 1957–2000 (0.61%/year) and 2000–2019 (0.67%/
year). The largest glacier area declines in this area for the
period 2000–2019 occurred at altitudes below 500 m
(55.1%) and 500–700 m (27.9%).

A slight increase in air temperature in summer (up to
0.3�C/10 years) and a decrease in precipitation in winter
(on average 5%–10%/10 years) were revealed by weather
station data and ERA5 reanalysis at Kamchatka Penin-
sula. At the same time, a significant increase in the radia-
tion balance in May–September was found, along with a
tendency in downward shortwave radiation increase for
the last two decades due to a cloud amount decrease and
mainly due to lower clouds. These trends are in good
agreement with the geopotential height growth over the
Kamchatka region for the last decades, as well as with
the velocity divergence increase in the middle tropo-
sphere and the intensification of downward air move-
ments. All this indicates a frequency of anticyclones
increase over the region in the warm season, which,
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apparently, caused a radiation balance positive anomaly
and, consequently, ablation, which, according to rough
estimates, in the period 2010–2020 could be 25% higher
than at the end of XX century. This is probably a conse-
quence of the so-called ‘expansion of the tropics’ due to
the expansion of the Hadley cell to the north, which in
this region is manifested in the extending of the North
Pacific High.

A positive radiation balance trend of 5 W/m2/10 years
per season which causes an increase in the ablation layer
of 60 mm/10 years, combined with a decrease in winter
precipitation, gives an average mass balance trend of
−12 mm�year−1. Modelling the evolution of typical
glaciers of the Sredinny Range and the Kronotsky
Peninsula using the minimal Oerlemans model gave
reasonable estimates of the area reduction: −22% and
−11% correspondingly, which is consistent with the
observational data.
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