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ABSTRACT. The paper presents the results of analysis about relationship between climate changes and
coastal upwellings in Listvennichny Bay (Southern Baikal) from 1941 to 2023. A decrease in both full
and partial upwellings has been shown since the late 1950s. In addition, an increase in the proportion
of upwelling events in August compared to other months during 1970-2023 were found. It also showed
tendencies for longer upwelling durations and greater temperature drops during upwelling after 1970
compared to the previous period. Inferred from the analysis of the ERA5-Land data, it was determined
that the cause of the observed changes was a global course of decreasing wind activity and a particular
redistribution of the proportion of northerly and southwesterly winds in the Bay during the study
period. Two cases of full and intermittent upwellings were described and compared. Possible ecological
impacts on the Listvennichny Bay due to the combined effects of increasing anthropogenic pressure and

less frequent upwellings have been hypothesized.
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1. Introduction

Upwelling is the organized upward movement of
waters toward the surface of a water body. It is one of
the mechanisms of vertical water exchange that affects
the distribution of physical and chemical parameters
of water (temperature, salinity, density, chemical
composition, pollutants etc.) as well as biological
processes (for example, the life cycles of bacteria,
phyto- and zooplankton). It is known that upwelling
can develop in the coastal and pelagic zones. Coastal
upwelling in large lakes is quite well studied (e.g.,
Boyarinov and Petrov, 1991; Bell and Eadie, 1983;
Corman et al., 2010; Plattner et al., 2006).

The coastal upwelling in Baikal was first
described by G. Yu. Vereshchagin about a hundred
years ago (1927). He measured water temperature and
dissolved oxygen concentrations in the coastal surface
waters, which corresponded to the values observed in
the pelagic zones at 50-200 m depth. Later, upwellings
were identified in the coastal zones of Northern Baikal
using NOAA/AVHRR satellite imagery (Semovski
et al.,, 2001). Katz and co-authors (2011) suggested
that variability of currents is one of the factors
influencing water dynamics in the lake, especially
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the development of the coastal upwelling. The first
quantitative assessments (water temperature decrease,
duration and depth of upwelling development, vertical
water velocities) of the coastal upwelling in the
Southern Baikal have been obtained relatively recently
(Shimaraev et al., 2012).

Some biological studies have reported the effect
of upwelling on plankton distribution in Lake Baikal.
For example, M.M. Kozhov (1962) observed upwelling
in the Maloye More Strait and its adjacent areas of
the lake after a strong NW storm on September 4-9,
1951. The water surface temperature dropped from
12-13°C to 7-7.5°C in the Maloye More Strait and to
8-9°C near the eastern shore of Olkhon Island. After
this upwelling, plankton “was very sparse and rather
equally distributed in the upper 100-meter layer”. In
August 1963 (Kozhov et al., 1970), a strong NW wind
was over the Southern Baikal near the Bolshiye Koty
settlement, in result the water surface temperature
decreased to 5-6°C. The zooplankton biomass decreased
to 1.2 g/m? compared to the average annual value of
40-50 g/m?. Further, E.L. Afanasyeva (1977) also
showed that vertical water movements in the upwelling
zone could transport nauplii of the copepod Epishura
baikalensis from deep water layers to the surface.
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Based on phytoplankton measurements and satellite
SeaWiFS observations in 2001-2003, B. Heim et al.
(2005) concluded that reductions in concentration of
chlorophyll a along the eastern shore of the Northern
Baikal were associated with upwelling events. Complex
studies at the testing site near Cape Elokhin (the western
shore of the Northern Baikal) in August 1988 showed
that the concentration of chlorophyll a could increase
after upwelling relaxation (Verbolov et al., 1992).

In the past several decades, Baikal, as well as the
entire Northern Hemisphere, has been experiencing
changes in the thermal and ice regimes. (Livingstone,
1999; Magnuson et al.,, 2000; Shimaraev et al.,
2002; Todd and Mackay, 2003; Kouraev et al., 2007;
Hampton et al., 2008; Shimaraev et al., 2018; Sharma
et al., 2021). The under-ice period has been shortened
by almost three weeks (Livingstone, 1999; Magnuson
et al., 2000; Shimaraev et al., 2002). This resulted
in earlier dates of summer stratification and gradual
increase of water surface temperature. The transition
to winter stratification was shifted correspondingly to
later dates (Aslamov et al., 2024). Recent studies of
water temperature in individual lake basins (Shimaraev
et al., 2009) and water column heat content in the
Southern Baikal (Troitskaya et al., 2022) indicate
the transformation of the temperature field and
redistribution of heat content under climate change
conditions. Consequently, this should be reflected in the
intensity of vertical heat and water exchange processes
in Baikal, which are of particular importance for the
littoral, which is the habitat of the largest number of
hydrobionts.

The aim of this work was to quantify the
characteristics of the coastal upwelling in Listvennichny
Bay, and their correlation with the wind activity and
climate change for the last 80 years.

2. Materials and methods

Water temperature data obtained in the period of
1941-2023 at the pier of LIN SB RAS in the settlement of
Listvyanka, located on the shore of Listvennichny Bay
in the Southern Baikal (Fig. 1), were used to identify
upwelling events and assess their characteristics.
From 1941 to 2005, temperature was measured with
a mercury thermometer (accuracy +0.02°C) at 8, 14,
and 20 h, from 2006 to the present time with electronic
temperature sensors (accuracy +0.002°C, measurement
discreteness from 1 s to 2 min). The study analyzes only
the period of summer stratification, when the surface
water is warmer than the deep layers and upwellings
cause a sharp temperature drop, which makes them
easier to identify. Daily average water temperatures
were used to analyze the development of the coastal
upwelling. The start and end dates of upwelling, its
duration, and the value of the temperature decrease
were determined.

Upwelling was considered in those cases when
temperature dropped sharply by one or more degrees
and it persisted for more than 3 days. The upwelling start
date was taken as the day when the water temperature
dropped. The date of its end was considered to be the
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Fig.1. Map of Listvennichny Bay and measurement
locations  (https://earth.google.com/web accessed
29.11.2023). The inset shows the location of Listvennichny
Bay in the Southern Baikal.

day when the water surface temperature became close
to that before the upwelling. The difference between
these dates determines the duration of upwelling. The
value of water temperature decrease was calculated as
the difference between the water temperature before
upwelling and at the moment when it reached the
minimum value during upwelling.

Depending on the depth from which the water
rises to the surface of a water body, full and partial
upwelling events are distinguished. Full upwelling is
formed by subthermocline waters rising towards the
surface, i.e. hypolimnion waters. The subthermocline
waters does not reach the surface at partial upwelling.
In this regard, we identified full upwellings, determined
their characteristics and analyzed the conditions of
their development.

To analyze wind conditions, we used daily data
on wind speed and direction from 1954 to 2010 from
the Angara River Head meteorological station and from
2011 to the present time from an automatic weather
station installed on the pier of LIN SB RAS (Listvyanka
settlement). As the distance between them is about 4
km and the morphometric conditions are similar, the
wind data series are likely uniform. We determined the
directionally stable wind with a speed of at least 3 m/s
and a duration of at least 6 h observed during the day
before the development of upwelling and on the day
of its beginning. The average wind direction and speed
at which the upwelling started to develop were then
calculated. In 2011-2023, modern data enabled us to
determine the maximum values of wind speed at wind
gusts.

3. Resulits

Taking into account the influence of climate
on Baikal’s ice-thermal regime (Livingstone, 1999;
Magnuson et al., 2000; Shimaraev et al., 2002; Todd,
Mackay, 2003; Kouraev et al., 2007; Hampton et al.,
2008; Shimaraev et al., 2018; Sharma et al., 2021),
we divided the available water temperature over the
observation period into two intervals: 1941-1969 and
1970-2023. The period of 1941-1969 is characterized
by a decrease in water surface temperature, while the
period from 1970 to the present is characterized by its
increase (Fig. 2). The value of the trends in 1941-1969
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was -0.39°C/10 years (r = 0.38, p = 0.04), and it was
+0.26°C/10 years (r = 0.38, p = 0.009) in 1970-2023.

A total of 285 upwelling events were identified
and treated between May and October 1941-2023. Up to
four upwelling events were recorded in each individual
month. During the year, 1-3 upwelling events were
most often recorded (Fig. 3). The maximum number of
upwelling events was 13 within one year (in 1943).

A total of 129 upwelling events (an average of
4.5 events per year) were recorded for the period of
1941 to 1969, and 157 upwelling events (an average of
2.9 events per year) were detected from 1970 to 2023.
Figure 4 shows the frequencies of upwelling events
for selected months in two periods. Comparison of the
two periods revealed a change in the distribution of
upwellings by month: compared to the 1941-1969,
1970-2023 shows a greater concentration of upwelling
in August (from 38.0% to 46.5%), neighboring July
and September showed minor changes in the number
of upwellings, and in all other months the number of
upwelling decreased significantly (from 0.8% to 0% in
May, from 7.0% to 0.6% in June, and from 7% to 3%
in October).

Figure 5 shows the frequency of upwelling
events with different durations for the two analyzed
periods. With the same average duration of upwellings
(7 days), a shift in duration to a greater extent since
1970 was revealed (Fig. 5). In the period of 1941-
1969, upwellings lasting 4-6 days were more frequent
(57.7%), whereas in the period of 1970-2023, the
duration of upwellings increased to 5-8 days (56.1%).
The number of upwellings with durations of 10 days
or more has increased one and a half times in recent
decades (from 11.5% to 17.8%).

The magnitude of water temperature drop during
upwelling has also changed. Thus, in 1941-1969 and
1970-2023, the mean values were 4.2 and 5.3°C, and
the maximum was 12.0 and 13.5°C, respectively. The
pattern of the frequency distribution of upwellings by
temperature drops has also undergone a transformation
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Fig.2. The average values of water temperature for the
period of summer stratification at the pier of LIN SB RAS in
the Listvyanka settlement for 1941-2023 (solid blue line) and
linear trends for 1941-1969 and 1970-2023 (dotted green
lines).

(Fig. 6). While, in 1941-1969, 60% of upwellings were
characterized by a 1-4°C temperature drop, in 1970-
2023, 61% of upwellings showed a temperature drop
of 3-7°C.

Analyses of available wind data (since 1954) also
enabled us to assess changes in wind characteristics.
In 1954-1969 (Fig. 7), upwelling most often developed
under N and SW winds (64% of events), and from 1970
under W and SW winds (55% of events). The mean and
maximum wind speeds for the considered periods differ
a little and are 6 (12) m/s during 1954-1969 and 5 (14)
m/s during 1970-2023.

There were 42 full upwelling events identified
from 1941 to 2023; of these, 29 occurred from 1941
to 1969 and 13 occurred from 1970 to 2023. The
maximum number of full upwelling events 18 and 13
occurred in August and September, respectively, while
7 events were detected in October. Two full upwellings
each were recorded in June and July, and one in May.
The distribution of full upwelling by decades is shown
in Fig. 8.
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Fig.3. The number of identified upwellings in individual years for 1941-2023.
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Analysis of available wind data for 24 total
upwelling events showed that full upwellings occurred
most often (10 cases) with SW winds blowing at 4-7
m/s. Four events of full upwellings were connected
with W winds at wind speeds of 5-9 m/s.

4. Discussion

Thus, we identified summer upwellings
in Listvennichny Bay, ranked them by duration,
water temperature drop and direction and speed of
accompanying winds. Cases of full upwellings were
processed individually. The resulting data were divided
into two time periods corresponding to observed
climatic trends.

Analyzing the morphometry of Listvennichny
Bay, it can be concluded that nearshore upwellings can
develop under N-NW winds causing the runoff, or due
to the Ekman transfer of surface water under W-SW
winds and formation of anticyclonic eddy in the bay.
At the development of the anticyclonic vortex, there
is a sinking of water in its center and a compensating
rise of water at the periphery near the bay shores.
The analyzed data of winds accompanying upwelling
confirm the above assumptions (Fig. 7).

Analysis of upwelling distribution by years
showed that until 1960 there was a gradual decrease
in the number of upwellings per year. Then, until 2016
their average number remained constant at the rate of
about 2.5 upwellings per year, and in the last 8 years
there was a certain increase (Fig. 3). Of particular
interest was the narrowing of the frequency distribution
of upwelling events by month and the concentration
of upwellings in August in 1970-2023 (Fig. 4). A
redistribution of upwellings toward longer duration
and a larger temperature drop after 1970 compared to
the previous period was also noted (Fig. 5, 6).

The number of full upwellings has decreased
with each decade, from 12 in the 40s to only one in
the 2010s. After 2020, no full upwellings have been
observed yet.

To understand the possible reasons for these
tendencies, it is necessary to analyze how the winds
changed during these periods. It should be noted that
wind speeds in recent decades have become noticeably
lower than in the mid-40s-50s of the last century
(Atlas ..., 1977). Comparison of average wind speeds
for individual months in 1959-1968 and in 2000-2022
revealed their decrease in June-August by 0.8-1.1 m/s,
and by 1.1-2.0 m/s in September-November. Such
changes are observed over most territory of Russia
(Bulygina et al., 2013) and are probably caused by
the rapid warming in the Arctic and a decrease in the
poleward temperature gradient which could influence
mid-latitude atmospheric circulation and intensity of
winds (Coumou et al., 2015).

Since the initial wind data were available only
for the upwelling dates, we utilized the well-known
reanalysis of the European Centre for Medium-Range
Weather Forecasts, in its latest detailed release ERA5-
Land (Mufoz-Sabater et al., 2021), which aims to
summarize the global meteorological monitoring
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Fig.4. The frequencies of upwelling events for selected
months in 1941-1969 and 1970-2023.
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network based on a four-dimensional variational
assimilation system of retrospective data collected in
the most complete database (with a grid spacing of 0.1
degree and a temporal resolution of 1 h).

A homogeneous hourly series of winds in
Listvyanka from 1950 to 2022 was sampled and
obtained. Then a daily averaging was carried out, and
the temporal variability of wind frequencies during
summer months was plotted for 8 main directions with
a step of 45 degrees, as well as the average vector and
scalar velocities and wind stability were calculated.
Since in recent years there has been an increase in the
frequency of upwellings, it was decided to analyze this
period separately.

The study of winds for July-September (when
most of the upwellings occurs) showed that the average
monthly wind speed gradually increases from July to
September (2.2, 2.5 and 3 m/s, respectively), wind
stability also rises (0.27, 0.33 and 0.52, respectively).
At the same time, there is a reorganization of the main
wind directions: in July, westerly winds prevail, in
August the share of north-westerly winds increases
significantly, and by September they become dominant.
At the same time, a gradual transformation of the wind
rose for August was noted. If in the 50-60s of the last
century, westerly winds accounted for 33.5% and
north-westerly winds for 20.1% of the total number of
winds, then in the last decade, due to climatic changes,
the timing of wind reorganization was shifted, and,
accordingly, the frequency of occurrence of these winds
in August has changed: 28.6% and 29.4%, respectively.

An examination of the proportion of the two
main wind directions in August causing upwelling in
Listvennichny Bay (Fig. 7) revealed a slight gradual
increase in the proportion of northerly winds causing
runoff (from 1% in the 1950s, 2% in the 1960s-2010s and
3% in the last decade). The frequency of southwesterly
winds also slightly increased (from 2% in the 1950s to
3.1% in the last decade), but dropped to 1.7% during
the 1960-2010s, which is likely one of the reasons for
the reduced amount of upwellings during this period
(Fig. 3).

If one calculates the total frequency of N and
SW winds in August for two periods: before 1969
and since 1970, one can note that it increased from
3.6% to 5%, respectively. The observed rise in the
proportion of winds causing upwellings coincides with
the growth in the number of recorded upwelling events
in August 1970-2023 compared to the previous period
(Fig. 4). The smaller number of upwellings in July are
explained by the fact that this month is characterized
by minimum wind speeds for the whole summer-
autumn period and minimum wind stability. The share
of upwellings in September is also less in spite of the
general wind intensification. The reason for this is a
significant increase in the stability of north-westerly
winds (>0.5), and a reduced share of SW winds to 2%
(compared to 4-5% in August).

The observed redistribution of upwellings towards
longer duration and with a larger temperature drop in
1970-2023 compared to the previous period (Figs. 5,
6) has a common reason. This is directly related to the

Number of Full apwelling wvents

1940-1949 1950-1959 1960-1969 1970-1979 1980-1989 1990-1999 2000-2009 2010-2019 2020-2023

Years

Fig.8. The number of full upwellings by decades.

increasing share of upwellings around August. August
is characterized by the warmest water in the littoral,
and, accordingly, the upwelling that occurs, with the
same temperature of rising waters, will cause a greater
temperature drop in August than in other months. And,
accordingly, the incoming cold water, due to its high
heat capacity, will need much more time to warm up to
its initially high temperature values.

The influence of wind parameters on the
development of full upwellings can be judged by
analyzing the meteorological data during the full
upwelling on September 11-21, 2011, when the wind
parameters were measured with high discreteness by an
automatic weather station. Sustained winds of W-NW
direction began in the evening of September 11 and
lasted for three days. Wind speeds reached 17 m/s and
averaged 8.7 m/s. Water temperature at the beginning
of the upwelling was 10.6°C, dropped to 4.0°C by
September 15 and after relaxation of the upwelling
was 6.8°C on September 21. It should be noted that not
only wind strength and duration, but also its stability
is necessary for the full upwelling development. For
example, on August 16-27, 2023, at the maximum
observed western wind speeds (average speed of
14 m/s, gusts up to 35 m/s), the water temperature
dropped from 19.4°C to 4°C. However, since the wind
decreased and increased again many times during 10
days, water temperature fluctuations from 4 to 10-
15°C with a period of 12 to 24 hours were registered,
forming a so-called intermittent upwelling. Despite the
fact that water from hypolimnion was coming to the
surface, the unstable winds did not allow large water
masses to be involved in this movement, and the water
was immediately replaced by warm surface water at
the slightest wind attenuation. Therefore, we did not
refer this case to a full upwelling.

The revealed regularities of changes in
conditions of the formation and existence of upwellings
in Listvennichny Bay allow us to state the following
suggestions. On the one hand, reduction in the number
of full upwellings should influence the amount of
biogens transport from the hypolimnion to the littoral.
On the other hand, a decrease in the frequency of
upwellings should accompanied by an increase in
the average surface temperature in the coastal zone
during the summer season, which increases vertical
density gradients in the upper layers and may cause
eutrophication of littoral. As a consequence, the
sharp growth spike of Spirogira algae in Listvennichny
Bay observed in recent years (Kravtsova et al., 2012;
Timoshkin et al., 2014; Timoshkin et al., 2018) may
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be related to the complex influence of increasing
anthropogenic pressure (and rich input of biogens with
wastewaters) and climatic changes (Shimaraev and
Troitskaya, 2018). The latter, in turn, have a twofold
effect on the increase of littoral temperature, both
through greater warming due to higher air temperatures
and less frequent water exchange (and consequent
cooling) with the deep waters of Lake Baikal. Thus,
more favorable physical and trophic conditions may be
formed, for the development of algae not typical for the
littoral of Baikal.

5. Conclusions

As a result of the presented work, we analyzed
data on coastal water temperature and winds in
Listvennichny Bay. We identified summer coastal
upwellings, ranked them by duration, water temperature
drops and direction and strength of accompanying
winds. The obtained data were divided into two periods
corresponding to the observed climatic trends.

It was found, that the main winds causing
upwelling are from north and southwest directions,
which is confirmed by the morphometry of the bay.
Analysis of upwellings distribution by years showed
that until 1960 there was a gradual decrease in the
number of upwellings per year. From 1960 until 2016
the average number of events roughly constant at about
2.5 upwellings per year, with a slight increase in the
last 8 years. The maximum number of upwellings (13)
was recorded in 1943. The duration of upwellings
averages 7 days, with a maximum of 21 days in 1979.
Water temperature usually drops by about 5°C, with a
maximum of 13.5°C recorded in 2016.

An increase in the proportion of upwellings
in August compared to other months during 1970-
2023 was found. A redistribution of upwelling events
toward their longer duration and greater temperature
drops after 1970 compared to the previous period
was also revealed. The cause of these changes was the
global course of decreasing wind activity associated
with observed climatic changes, and a particular
redistribution of the proportion of N and SW winds in
the bay during the study period.

The number of full upwellings has decreased with
each decade, from 12 in the 40s to just one in the 2010s.
After 2020, no full upwellings have been observed yet.
Two cases of full and intermittent upwellings were
described and compared. Possible ecological impacts
on the Listvennichny Bay due to the combined effects
of increasing anthropogenic pressure and less frequent
upwellings have been hypothesized.
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BAMAHME U3MEHEeHUHM KAMMaTa Ha
BO3HMKHOBEHME U XapaKTePUCTUKH
npubpe)>XxHoro anBeAAMHra B 3aAMBe
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AHHOTAILIUSL. B craThe npe/icTaBjeHbl pe3yJIbTaThl aHAIM3a BJAUAHUA U3MEeHEeHUN KIMMarta Ha IOBTO-
PAEMOCTb U XapaKTEPUCTUKU MPUOPEXHBIX allBeJUTMHIOB B 3asuBe JlnctBeHHUYHbIN (FOxHBIN Batika)
¢ 1941 no 2023 rr. C koHIa 1950-x rogoB MOKa3aHO YMeHbIIIeHe KaK MOJIHbIX, TaK 1 HElIOJIHBIX anBeJsI-
JuHroB. KpoMe Toro, o0Hapy>xeHo yBeJrueHue A0JIU alBeJIJIMHIOB B aBrycTe II0 CPaBHEHUIO C APYTUMU
MecsanaMu B TeueHue 1970-2023 rr. Taxke 6b1T1 0OHapyXXeHBI TEHAEHIUM K YBEJIMYeHUI0 TPOJOJIKU-
TeJILHOCTH amBeJIIMHIa 1 OOJIBIINM IepenagaM TeMIEPATyphl BO BpeMs anBesinHra nocite 1970 r. mo
CpPaBHEHUIO C TMpeAbAyIuM nepruonoM. U3 aHanmusa gqanHex ERA5-Land ycTaHOBJIEHO, YTO MPUYHUHOMN
HabJr0jaeMbIX M3MEHEHUI CTaJl IJI00ajIbHBIM XOJ CHIXXEHNA BETPOBOU aKTHMBHOCTU U crnenuduye-
CKOe IlepepaclipeieJieHle J0JIM CEBEPHBIX 1 0ro-3alagHbIX BeTPOB B 3ajI1Be B [IepUOJ UCCJIeJOBaHUM.
OnucaHbl U COIOCTABJIEHBI [BA CJIy4Yas IIOJHOTO W HEINOJIHOI'O alBeJUIMHIOB. BhickazaHO IpeamnoJio-
JXKeHle O BO3MOXHOM 3KOJIOTHMYeCKOM BO3[elcTBUM Ha JIMCTBEHHWYHBIN 3aJIUB M3-3a KOMOWHHPOBaH-
HOI'O BO3JelCTBUA yBeJIMUeHNUA aHTPOIIOTeHHOM Harpy3Ky 1 yMeHbIIeH!s YacTOThl allBeJIMHIOB.

Kiouegwie ciioga: Batikan, JINCTBeHHUYHBIN 3aJIMB, allBeJUINHT, TeEMIlepaTypa BOABI, BeTep, U3MeHeH!s KiIuMara

1. Beepenue npubpexHbix parioHax CeBepHoro bBalikaia mo crmyT-

HukoBeiMu cHuMkamMu NOAA / AVHRR (Semovski et
al., 2001). Katz S.L. ¢ coaBTopamu (2011) mpenrmoJio-
KINJIY, YTO U3MEHYMBOCTb CprfIHbIX Te'-IEHI/Iﬁ ABJIAETCA

AnBeJUTUHT — 3TO YHOPAAOYEHHOE BOCXOJsAIIee
JBUXEHME BOJ K MOBEPXHOCTU Bojoema. OH ABJISETCA

OOHMM U3 MEXaHM3MOB BepTHKaJIbHOI'O BOJOOOMeHa
U BJMAET Ha BepTUKaJbHOE pacipefesieHue (Gusn-
YecKUX M XUMHUYECKUX IapaMeTpoB BojoeMa (Temie-
patypa BOZbl, COJIEHOCTb, IIJIOTHOCTb, XAMHUYECKUI
COCTaB BOJBI, 3arpsA3HAIONIME BelllecTBa), a Takxe Ha
OuoJioruyeckyre Mpolecch (Hampumep, XHU3HEHHBIE
LUKJIBL OaKkTepuli, GuTO- 1 300IJIaHKTOHA). M3BeCcTHO,
YTO allBeJUIMHI MOXeT pa3BUBAThCA B MPUOPEXHBIX U
nejiarnyeckux obsactax. [IpuOpexHble anBeJUIMHTU
JOCTaTOYHO XOPOIIO U3yYeHHl B KPYIHBIX O03epax Mupa
(manpumep, BosipunoB u [letpos, 1991; Bell and Eadie,
1983; Corman et al., 2010; Plattner et al., 2006).

Ha batikane mprOpeXHBIN anBeJIMHT BIIepBBIE
onwcaJ I'.}O. Bepemarux okosio cta JjieT Hazaf (1927).
OH wu3Mepws TeMmnepaTypy BOABl U KOHI[EHTpaluu
PacTBOPEHHOr0 KUCJIOpoAa B MNPUOpPEXHBIX IOBEPX-
HOCTHBIX BO/IaX, KOTOPEIE COOTBETCTBOBAJIN 3HAYEHUM,
HabJI0jaeMbIM B IeJlarnyeckux o0J1acTAX Ha TyOnHe
50-200 m. Ilo3gHee anBesJIMHTY ObLIM OOHApyXKeHHI B
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oAHUM 13 $aKTOpPOB, BJIMAIINM Ha AUHAMHUKY BOJ B
o3epe, B 4aCTHOCTH, Ha pa3BUTHE NPUOPEXHOIO anBesl-
JiuHra. [lepBble KoyiuecTBEeHHBbIE OIEHKU (IIOHMXeHe
TeMIepaTypbl BOABL, IPOJOJDKUTEIbHOCTh U ITyOuHa
pa3BUTHA allBeJUIMHIa, BepTHUKaJIbHble CKOPOCTH BOJ)
IpuOpexHbIX anBe/UIMHTOB B IOxHOM Dbatikane Obuiu
[OJIyueHBbl OTHOCHTesIbHO HefaBHO (IllumapaeB u p.,
2012).

BiusAHue anBesUIMHra Ha paciipefiejieHue IjIaH-
KTOHa B Baiikajie coo01jasoch B HEKOTOPBIX OHOJIO-
rudeckux ucciaegoBaHuax. Hampumep. M.M. Koxos
(1962) nabroman anBeJuTMHT B ipoJsiuBe Majioe Mope
U Mpuleramimx palioHax o3epa mnocje cujibHoro NW
mropma 4-9 centabpsa 1951 r. TemmepaTtypa noBepx-
HOCTHU BOZAHI MOHU3MIach ¢ 12-13° no 7-7.5°C B mposiuBe
MaJsioe Mope u o 8-9°C y BocTouHoro 6epera ocTposa
OsbxoH. [locie anBesIMHra IUIQHKTOH «ObLI OY€Hb
peaoK, M OTHOCUTEJBbHO PaBHOMEPHO pacnpejesieH
B BepxHeM 100-metrpoBom cjioe» (1962). B aBrycre

© Asrop(s1) 2023. DTa pabora pacnpocTpaHsi-
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Commons Attribution-NonCommercial 4.0.
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1963 r. (KoxoB u ap., 1970) cunbHbzi NW BeTep Haf
akBatopuenn IOxHoro Balikasma mpuBesa K INOgbEMY
rJIyOMHHBIX BoJ BO/M3u noc. Bosbmue Kotel. Tewmme-
parypa IOBEepXHOCTH BOJbl MOHU3MIach A0 5-6°C.
BruomMacca 300MIaHKTOHA CHH3MWJIach A0 1,2 r/m? mo
CpaBHEHMIO CO cpenHerofoBeiM 3HaueHueM 40-50 r/
M2, TTozxe D.JI. AdanacbeBa (1977) Takxke mokasaja,
YTO BepTUKAJIbHBbIE IBIKEHUsS BOAB B 30HE arBeJl-
JIMHTAa MOTYT MEPEHOCUTHh HAYTJTUU KOTIENO SIUIIY PBI
Epishura baikalensis 13 rjyOMHHBIX CJI0€B BOJH Ha ee
MOBepXHOCTh. Ha ocHOBe m3MepeHUH (PUTOIIAHKTOHA
u cnyTHUKOBBIX SeaWiFS Habmopenuii B 2001-2003
rr. Heim B. ¢ coaBTropamu (2005) mpunuii K BBEIBOLY,
YTO YMEHbIIIEHNS KOHIIEHTPAMU XJIOPOGUILIIa a BAOJIb
BocTOYHOTO 6epera CeBepHoro Batikasia ObLJIN CBA3aHBI
¢ anBejumHramu. KoMrjieKcHbie WCCJIEOBaHUsA Ha
MOJINTOHE B paiioHe Mbica EJjioxuH (3amamHbiil Geper
CeBepHoro Batikasna) B aBrycte 1988 r. mokasaiu, 4To
KOHI[eHTpalus XJIopopuiia a MOXeT yBeJTUYNBAThCS
rnocJjie pejakcanuu amnBesunHra (BepbosioB u ap.,
1992).

B nmociiegHue HECKOJIBKO OecCATUJIeTUN Ha
Batikase, kak 1 Bo BceM CeBepHOM IOJTyIIapuu OTMe-
YalTCsAd W3MEHEHUs JIeJIOBO-TEPMHYECKOT0 pPeXUMA
(Livingstone, 1999; Magnuson et al., 2000; [Ilumapaes
u np., 2002; Todd and Mackay, 2003; Kouraev et al.,
2007; Hampton et al., 2008; Illumapae u Ap., 2018;
Sharma et al., 2021). Cpoku JiejocTaBa COKpPaTUJINCh
moutu Ha Tpu Hefenu (Livingstone, 1999; Magnuson
et al., 2000; Illumapaes u Ap., 2002). DTO MPUBETO K
CIIBUTY CPOKOB YCTaHOBJIEHUA JIETHEHN CTpaTU(hUKAINN
Ha 6oJiee paHHUE JJaThl U YBEJIMYEHUIO TEMIEepPaTyPhl
MOBEPXHOCTU BOJIbl. CpOKU Tepexoda K 3UMHEHN CTpa-
TU(UKAIMM COOTBETCTBEHHO CABUHYJIMCh Ha OoJiee
no3auue nathl (Aslamov et al., 2024). HenaBHue ncclie-
JOBaHUsA TEMITEPATYPHI BOABI B OTAEJIBHBIX KOTJIOBUHAX
o3epa (Shimaraev et al., 2009) u TemIocoAepXaHUs
BomHo# Toymm B lOxHOM Batikane (Troitskaya et al.,
2022) yka3pBalT Ha TpaHCGHOPMAIUIO TOJIS TEMIIEpa-
TYPHI U Tlepepacnpe/iesieHre 3anacoB Tellia B YCJIOBUAX
u3MeHeHUs1 kiumarta. ClieqoBaTesIbHO, 3TO JOJIKHO
OTpaXaThCsi HA WHTEHCHMBHOCTU IIPOIIECCOB BEPTH-
KaJIbHOrO Temio- u BojgooOMeHa B Baiikase. Ocoboe
3HAUYeHNWe W3MEeHEHUs TeMIepaTypHOro pexuMa u
MPOI[ECCOB BEPTUKAJIBHOTO TEIUIO- W BOAOOOMeEHA
NpUOOPEeTaIoT JIJIs IMTOPAJIH, TIje o0UTaeT HanboJIbIIIee
KOJTUYECTBO TUAPOOUOHTOB.

Lensio maHHON paboOTH OBUIO OlpefdeJieHue
KOJTMYECTBEHHBIX XapaKTEPUCTUK TPUOPEXKHOTO arBeJI-
JIMHTA, pa3BUBAOIIErocsi B 3ajuBe JIMCTBEHHUYHBIH,
U UX CBA3U C BETPOM M HM3MEHEHUsMHU KJIMMaTa B
nocyaegaue 80 Jier.

2. MaTtepuanbl 1 MEeTOADI

JI1a BBIABJIEHNA CJIy4YaeB anBeJJIMHTa U OL[eHKU
€ro XapakTepUCTUK OBUIN HCIOJIb30BaHbl JaHHEBIE O
TeMIepaType BOZBI, IOJyueHHble B 1941-2023 rT. y
nupca JIMH CO PAH B n. JIucTBAHKA, PacloIOXKeHHOM
Ha 6epery JIucTBeHHUYHOrO 3a1uBa B FOxHoM Baiikae
(Puc. 1). B 1941-2005 rr. Temmnepatypa u3Mepsijiach
PTYTHBIM TepMoMmeTpoM (TouHocTh +0,02°C) B 8, 14
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Puc.1. Kapra JInCTBEHHUYHOIO 3ajiiBa U MECT IIpOBe-
Jenusa usMmepenuii (https://earth.google.com/web - pgara
obpameHnsa 29.11.2023). Ha Bpe3ke yka3aHO MeCTOIIOJIO-
xeHue JIncTBeHHUYHOroO 3amBa B FOxHoM Baiikase.

u 20 4., ¢ 2006 r. no Hacrosllee BpeMs 3JIEKTPOH-
HBIMM JaTyuKamu TemmepaTypsl (TouHocTs *+0,002°C,
JVCKPeTHOCTb n3MepeHuii ot 1 ¢ o 2 MuH). B uccre-
JIOBaHUN aHaJU3UpyeTCA TOJIbKO IIepuof JieTHel
cTpatTuduKalnny, Korja NOBepXHOCTHbIE BOABI TeIlee
IJIyOMHHBIX CJI0EB U amnBeJUJIMHTH BHI3BIBAIOT PE3KUi
nepenaj TeMieparyp, 4To obJierdaeT ux uAeHTUOU-
kanuo. Jly1A aHanu3a cjiydaeB pasBUTUA IIpUOpex-
HOI'O amnBeJIJIMHra HCIOJIb30BaJIUCh CpefHeCcyTOYHbIe
3HaueHus TemnepaTypbl BoAbl. Ompefesisjinuch AaThl
Hayajla 1 OKOHYaHU allBeJUIMHIa, ero IPOJ0JIKUTeIb-
HOCTb U BeJINYMHA IIOHWXeHUA TeMIepaTyphl.

AnBe/UIMHIOM  CUMTaJMCh  CJIydad, Korja
TeMIepaTypa pe3Ko IOHMXajlach Ha OAUH wiu Oojiee
rpajiycoB U COXpaHsJach B TeueHue Tpex u 6oJiee qHe.
3a maTy Havasa anBeJUJIMHIa IpUHUMAaJsICA AeHb, Koraa
TeMIepaTypa BOAbl Pe3KO IOHWXajach, 3a ATy ero
OKOHYaHUA, KOrjja TemMneparypa BoAbl Ha IOBEPXHOCTHU
CTaHOBWJIACh OJIM3KOM K TaKOBOM J[JO amBeJUIMHra.
[Tpoao/IXUTEeIbHOCTD anBesUJIMHra Ollpefesiaiach Kak
pasHuLla MeXAy JaTaMM Hauyaja ¥ OKOHYaHMA anBell-
JuHra. BenuumHa INOHMXeHUA TeMIlepaTyphl BOJBI
paccuuThiBajlach KaK pasHUIIA MeXxJy TeMIiepaTypoi
BOJBI Ilepe[] HauaJIoM alBeJUIMHIa U B MOMEHT, Korga
OHa JocCTHrajla MUHHMMAJIbHOIO 3HaueHUs BO BpeM:A
arnBeJUIMHTA.

B 3aBucuMOCTH OT TOTO, C KAKOU I'TyOUHBI [TOJHU-
MaloTcsA BOJbl Ha IIOBEPXHOCTh BOAOEMA, BBIAEJIAIOT
MIOJIHBIN Y HENOJIHBIN anBeJUTHUHT. [10JIHBIE anBeJLTUHT
XapaKTepu3yeTcs BbIXOJOM IOATepPMOKJIMHHBIX BOJ Ha
[IOBEPXHOCTB, T.€. BOJ I'MIOJIMMHMOHA. [Ipu HermosHOM
anBeJUIMHIe IIpoliecc ogbeMa BOJ ecTb, HO IOATEPMO-
KJIMHHBIE BOJbl He JOCTUTal0T IOBEpXHOCTU. B cBA3u ¢
3THM HaMmu OBbLIA OTAEJIbHO BblJieJIeHBl ITOJIHbIEe anBesl-
JIUHTY, onpefiesieHbl X XapaKTepPUCTUKU U NIpOoaHaIu-
3HPOBaHBI YCJIOBUA UX Pa3BUTUA.

YroObl NMpoaHaIM3MpOBaTh BETPOBbIE YCJIOBHS,
HCIIOJIb30BaJICh CYTOYHBle [aHHBIE O CKOPOCTU U
HamnpasJjieHnu BeTpa 3a 1954-2010 rr. ¢ MeTeoCTaHUU
Hctok Anrapsl, ¢ 2011 r. no HacTosIee BpeMs — C aBTO-
MaTUYeCcKOU MeTeOoCTaHIMY, YCTaHOBJIEHHOU Ha MUpce
JIMH CO PAH (moc. JluctBanka). Tak kak paccTosHue
MeXy HUMMU COCTABJIAET OKOJIO 4 KM U MopdomMeTpu-
yeckue ycJIOBUA OJIU3KHU, pAA NAHHBIX MO BeTpy ObLI
IIPUHAT OOHOPOAHBIM. [10 MCXOOHBIM JaHHBIM OIpefe-
JISIJICSL YCTOMYMBBIM MO HANpaBJIEHUI0 BETep CO CKOPO-
CTBI0O He MeHee 3 M/C U NPOLOJDXUTEJIBHOCTBIO He
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MeHee 6 4., HaGII0aBIINIICA B TeUeHre CYTOK A0 AaThl
pa3BUTHA allBeJUIMHTa U B IeHb Hayajla ero pasBUTHS.
3aTeM pacCUMTBHIBAJIUCh CpeqHME HalpaBjeHue u
CKOpPOCTb BeTpa, NMpU KOTOPOM HayMHAJ Pa3BUBATBHCA
ansesumHr. B 2011-2023 rr. coBpeMeHHBle AaHHBIE
MO3BOJIWJIA OIpele/IuTh MaKCUMaJIbHble 3HAuYeHUs
CKOPOCTHU BeTpa IIpU ero nophiBax.

3. Pe3yAbTarthbl

C yueToM BJIMAHUSA KJIMMAaTa Ha JIeJJ0BO-TEPMMU-
yeckuii pexuM Batikaina (Livingstone, 1999; Magnuson
et al., 2000; IMlumapaeB u Ap., 2002; Todd, Mackay,
2003; Kouraev et al., 2007; Hampton et al., 2008;
[MlumapaeB u ap., 2018; Sharma et al., 2021), umeto-
[Mecs: JaHHbIE 110 TeMIIepaType BOMABI 32 BeCh MEePUOJ
HaOmogeHu! ObLIM pa3dUTHl Ha J[ABa BpPEMEHHBIX
uHTepBaaa: 1941-1969 u 1970-2023 rr. Ilepuog 1941-
1969 rr. XxapakTepusyeTcs MOHMXXeHNeM TeMIlepaTyphl
MOBEPXHOCTU BOJHL, a Nepuof ¢ 1970 r. 1o HacTosmee
BpeMsi — ee noBbimeHueM (Puc. 2). BenunHa TpeHIOB
B 1941-1969 rr. cocraBuia —-0,39°C/rox (r = 0,38, p
= 0,04), a B 1970-2023 rr. - +0,26°C/ToA (r = 0,38,
p = 0,009).

B mae-oktsa0pe 1941-2023 rr. ObLIU BBIABJIEHBI
285 ciyvaeB amBe/UIMHra. B KaXxAgoM OTAeJbHOM
MecsIle PEerucTpPUpPOBAIOCh S0 YeThIPEX allBEJIJIMHTOB.
B TeueHme OIHOrO rojia vaimie Bcero (pUKCHPOBAIOCH
1-3 ansesutunra (Puc. 3). MakcumasibHOE KOJIMYECTBO
anBeJUIMHIOB cocTaBuiio 13 ciaydaes B 1943 ronay.

Bcero 3a nepuop ¢ 1941 no 1969 r. 3apeructpu-
poBano 129 anBesyiHTOB (B cpeiHeM 4,5 ciryvasi B TO[),
a ¢ 1970 no 2023 r. — 157 amnBeJUIMHIOB (B cpeHeEM
2,9 ciyvas B roj). Ha puc. 4 mokazaHa MOBTOPSEMOCTD
anBeJUIMHIOB 3a OT/IeJIbHbIE MECSIbl IBYX IEPUO/IOB.
CpaBHeHMEe TIEPUOJIOB BBIABUJIO M3MEHEHUE pacIpe-
eJleHus anBeJUIMHIOB 0 MeCsAaM: MO0 CPaBHEHUIO C
1941-1969 rr., 1970-2023 rr. moka3siBaeT OOJIBIIYIO
KOHI[eHTpanuio anseUinHroB B aBrycrte (¢ 38,0% mo
46,5%), coceHUEe UIOJIb M CEHTSAOPH MOKa3aJil He3Ha-
YuTeJIbHbIE U3MEHEHNS TI0 YKCJTy alBeJIJIMHTOB. Bo Bce
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Puc.2. CpenHue 3a mepuop IpsAMOH crpatuduKann
3HaueHUs Temneparypsl Boasl Ha nupce JIMH CO PAH B m.
JluctBsinka B 1941-2023 rr. (cruiomrHas CUHAS KpUBas) U
JuHelHble TpeH bl B 1941-1969 1 1970-2023 rr. (IyHKTUPHEIE
3eJIéHbIe KPUBHIE).

OCTaJIbHbIE MECSITH YHCJIO anBeJJIMHIOB CYI[eCTBEHHO
causmiock (¢ 0,8% mo 0% B Mae, ¢ 7,0% mo 0,6% B
uroHe u ¢ 7% 110 3% B OKTSOpE).

Ha pucynke 5 mnoka3zaHa 4dYacTOTa COOBITHI
anBeJUIMHTA C PA3JINYHON MPOAOJIDKUTEJIBHOCTBIO OJIA
JIBYX aHaJIM3UPYeMBIX TepuojoB. [Ipu oaMHAKOBOM
cpeHeN TPOAOJIKUTEJIBHOCTH amnBeJUTUHTOB (7 CyT)
BBHISIBJIEHO CMeIIeHNEe TTPOAOJIKUTETBHOCTH B OOJIBIITYIO
cTopoHy, HaumHasa ¢ 1970 r. (Puc. 5). B 1941-1969 rr.
yarre HaOJII0JaIMCh anBeJUIMHTU C MPOOJIKUTEIbHO-
cteio 4-6 cyt (57,7%), B TO BpeMs kak B 1970-2023
IT. IPOJIOJIXUTEIbHOCTD aNBEJJIMHIOB YBEJTUYMUIIACh IO
5-8 cyT (56,1%). B mocyieqHue qecATUIETHS B TOJITOPA
pasa BBIPOCJIO KOJIMYECTBO AMBEJJIMHIOB C MPOJIOJIKU-
TespHOCTHI0 10 cyT u Gostee (¢ 11,5 go 17,8%).

W3meHnsIach U BeJIMYMHA TOHMXKEHUS TEMIIepa-
TYpBI BOABI BO BpeMsA anBesuinHra. Tak, B 1941-1969 u
1970-2023 rr. cpenHue ee 3HaYe€HUA COCTaBUIU 4,2 U
5,3°C, makcumasbHbie 12,0 u 13,5°C, cOOTBETCTBEHHO.
[MpeTepriesn M3MeHEHWs W XapaKTep paclpeaeseHus
MOBTOPAEMOCTH aNBEJUUTMHTOB TI0 MOHXEHUAM TeMIIe-

1941 1946 1951 1956 1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016 2021
Tonst

Puc.3. KonnuecTBO BbIJIeJIEHHBIX alBeJJIMHIOB B pasHble rofsl 1941-2023 rr.
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patypnl (puc. 6). Eciim 1941-1969 rr. 60% ciiyyaeB
anBeJUIMHTa XapaKTePU30BAJIMCh MOHIKEHUEM TeMIle-
patypel Ha 1-4°C, To 1970-2023 1T. B 61% CIiyyaeB
anBeJUIMHIa TeMIepaTypa BoAbl oHMxasack Ha 3-7°C.

Ananu3 nMmeromuxcs JaHHBIX 0 BeTpe (¢ 1954 1.)
MO3BOJIAET TAaKXe OI[EHUTh U3MEHEHUS XapaKTEPUCTUK
BeTpa. B 1954-1969 rr. (Puc. 7) aniBeJUTMHTH Yallle BCEro
pa3BuBasiich rpu Berpax N u SW HanpasiieHuii (64%
ciyqyaeB), HaumHasA ¢ 1970 r. — W u SW HanpaBjieHUN!
(55% csyuaeB). CpefiHME M MAaKCUMAJIbHbIE CKOPOCTH
BETpAa 3a pacCMaTpUBAEMEBIE TIEPUOIbI HECKOJIBKO OTJIU-
4arTca U cocTasiAoT 6 (12) m/c B 1954-1969 u 5 (14)
m/c B 1970-2023 rT.

B 1941-2023 rr. BhIsABJIEHO 42 MOJIHBIX alBeJl-
gunara. Y3 Hux 29 ciyyaeB NpUXOMATCA Ha ONepUof C
1941 o 1969 rr., u 13 —Ha 1970-2023 rr. Hau6GoJibIlee
KOJIMYECTBO IIOJIHBIX AamlBEJUIMHIOB IMPOU3OILIO B
aBrycte u ceHTs0pe — 18 u 13, COOTBETCTBEHHO, B
OKTsI0pe BBHISIBJIEHO 7 cJTydaeB. B uioHe u uioJie 3adpuk-
CHUPOBAHO IO JIBa MOJIHBIX anBeJUnHra. OAWH MOJTHBIN
anBeJUTMHr HaOJoaacas B Mae. PacnpepesieHue
TIOJTHBIX AMBEJUIMHIOB 110 AECATUJIETUAM IPUBEAEHO HA
puc. 8.

AHanmu3 uMmeIUxcsa OaHHBIX O BeTpe A 24
TIOJTHBIX aNBEJUJIMHTOB MOKAa3aJl, YTO OHU PAa3BUBAJIUCh
yarie Bcero (10 ciyuaeB) mpu SW BeTpe CO CKOPOCTAMU
4-7 m/c. YeThlpe cjiyuas MOJIHBIX alBEJUIMHTOB OBLIN
cBsA3aHbl ¢ W BeTpaMu CO CKOpocTAMU 5-9 m/c.

4. 06cy)xpenue

Taxum 06pa3oM, MBI BHIAEJNJIN JIETHHE alBeJl-
JUHTU B JIMCTBEHHUYHOM 3aJIBe, PAHXUPOBAIM HUX
M0 TPOJIOJKUTETBHOCTY, TOHIKEHUIO TeMIepaTypPhl
BOJIBI, HANpPaBJIEHUI0 U CKOPOCTU COIYTCTBYIOUAX
BeTpoB. Cilyyau MNOJIHBIX amBeJIJIMHIOB paccMaTpUBa-
Jauck otheabHO. [loslyuyeHHBle OaHHBIe OBLIM paspe-
JIEHBI HA JIBa BPEMEHHHIX NEPUO/Ia, COOTBETCTBYIONUX
HabJII0JaeMbIM KJIMMAaTUYECKUM TeHIeHI[AM.

Ananmusupya mopdomeTpuio 3aamBa JIUCTBeH-
HUYHBIF, MOXHO CJeJIaTh BBIBOJI, YTO MpPUOpPEXHbIE
anBeJUIMHTU MOTYT pa3BuUBaTheA nof aerictsueM NNW
BETPOB, BHI3BIBAIOIIUX Cr'OH, JIMOO 3a CUeT 3KMAaHOB-
CKOT0 ITepeHoca MoBepXHOCTHBIX BoA Ipu WSW BeTpax
1 00pa3oBaHUU aHTUIIMKJIOHUYECKOTO BUXPA B 3aJIMBe.
[Ipr pasBUTHU AHTUIMKJIOHUYECKOTO BUXPS IPOUC-
XOAUT OMyCKaHUe BOABI B €ro I[eHTPe U KOMIIEHCHUDPY-
IOMMH ToAbeM BoABI Ha neprudepun y 6eperos 3ajiuba.
[TpoaHa/IM3UpPOBaHHbBIE JAHHBIE IO BETPY, BHI3HIBAIO-
[eMY anBeJUIVHT, TOATBEPXAAI0T BRICKa3aHHbBIE TIPe/I-
noJsioxenus (Puc. 7).

AnHanu3s pacrpefesieHUA anBeJUJIMHIOB IO rojjaM
nokaszaj, 4yro o 1960 r. Habioganochk IIOCTEIIEHHOe
yMeHbIlleHre Yucja alBeJUIMHTOB B rody. 3aTeM [0
2016 r. ux cpegHee KOJIMYECTBO OCTaBaJIOCh IOCTO-
SHHBIM M COCTaBJIAJIO 0KO0JIO 2,5 allBeJIJIMHTOB B I'OJl, a
B nocJieqHue 8 yieT HabJ10/1as1cs HEKOTOPhIH poct (Puc.
3). Oco0blit UHTEpeC BBI3BAJIO CyXeHHe pacipeesieHNs
MOBTOPAEMOCTU alBeJUIMHIOB MO MecAaM U KOHI[eH-
Tpalys anBeJUIMHTOB B aBrycte B 1970-2023 rr. (Puc.
4). OTMeYeHO TaKXXe Iepepaciipe/ieieHe alBeJUTMHTOB
B CTOPOHY O0JIbIlIelN MPOJOKUTEIBHOCTHA U OOJIBIIETO
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Puc.6. IToBTOpsAEMOCTb BeJIMUYMHBI MOHIXKEHUs TeMIlepa-
TYypHI BOABI IpU anBeJuinHre B 1941-1969 u 1970-2023 rT.
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Puc.7. TloBTOopsieMocTh anBeUIMHTroB (%), pa3BuBalo-
LIUXCA TPYU BETPax ONpeJEJIEHHOTO HalpaBJIeHUsA B TEUEHUE
JBYX MEPUO/IOB.
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MOHMXXeHUsA TeMmIepaTyp nocje 1970 r. no cpaBHEHUIO
¢ npeapiAymmm mepuoaom (Puc. 5, 6).

Yucsio MOJIHBIX alBeJUIMHITOB YMEHBINAI0Ch C
KaxabM JecatusieTeM: ¢ 12 B 1940-x IT. 4O OJQHOTO
B 2010-x rr. ITocsie 2020 r. moJiHBIE aNBEJUIMHTU ITOKa
He HaOJII0aJIUCh.

UYTOOBl BBIACHUTH BO3MOXHBIE IPUYMHBI 3THUX
TeHJeHNHl, HeoOXOAWMO IIPOAHAJIU3UPOBaTh, Kak
MeHsJICA BeTep B 3TU nepuodbl. CiegyeT OTMETHUTD,
YTO CKOPOCTH BeTpa B IOCJefHHE JeCATUJIETUA
cTajii 3aMeTHO Huxe, 4yeM B cepeauHe 40-50-x ronos
nponuioro Beka (Atnac ..., 1977). CpaBHeHne CpeJHUX
CKOpOCTeH BeTpa MO OTAeJbHBIM MecanaMm 1959-
1968 rr. n 2000-2022 rT. BBIABUJIO UX yMEHbIIEHHE B
utoHe-aBrycte Ha 0,8-1,1 Mm/c, B ceHTAOpe-HOAOpe — Ha
1,1-2,0 m/c. TTogoOHble U3MeHeHNsT HAOJIIOMAI0TCA Ha
Gosbmreir yactu Tepputopun Poccun (Bulygina et al.,
2013) u, BepoATHO, BBI3BaHBl YCKOPEHHBIM IIOTeILIe-
HUeM B ApKTHKe U yMeHbIlIeHHeM rpajueHTa TeMIie-
paTypbl MeXAy 3KBaTOPOM U IOJIIOCOM, YTO OTpaxa-
eTCsA Ha CpeqHelIPOTHON aTMochepHON HUPKYJIIUU U
WHTeHCUBHOCTH BeTpoB (Coumou et al., 2015).

[TockosibKy TNepBOHauyajbHBIE [JaHHBIE O BeTpe
OBLIM AOCTYHHBI TOJIBKO JJiA AaT anBeJUUIUHra, MBI
WUCIIOJIb30BAJIM HU3BECTHBIN peaHasu3 Eppomerickoro
LleHTpa CpeJHEeCPOYHBIX IPOTHO30B IIOTOABI B €ro
mocseqHeM moApo6HoM Beimycke ERA5-Land (Mufioz-
Sabater et al., 2021), 11€J1b10 KOTOPOTO ABJISIETCSA 00be-
OuHeHHe TJI00aJbHON CeTHU MeTeOpPOJIOTHYeCcKOro
MOHMTOpPUHIa Ha OCHOBE YeThIpeXMEepHOI BapHallu-
OHHOM CUCTEMBl AaCCUMWJIALUU PEeTPOCIEKTUBHBIX
JaHHbIX, cCOOpaHHBIX B HanboJiee MOJIHON 6a3e JaHHBIX
(c marom cetku 0,1° m BpeMeHHBIM paspemreHueM 1
yac).

beui oTOOpaHBl OOHOPOAHBIE YaCOBHIE PAABI
BeTpoB B JluctBaHke c¢ 1950 mo 2022 rr. Brimos-
HEHO CYTOYHOe oOocpefHeHHe U MpoaHaJIM3MpoBaHa
BpeMeHHasA W3MEHUYUBOCTh I[IOBTOPAEMOCTH BETPOB
B JIeTHHE MeCAIlbl M0 8 OCHOBHBIM HAMpaBJAHUAM C
marom 45°, a Takxe pacCUMTAHBI CpeJHNE BEKTOPHBIE
U CKaJIApHBIE CKOPOCTU U YCTOMYUBOCTH BeTpa.
ITockosibKy B MOcCJe[HHe Toabl HabJoJaeTcA yBeJiu-
YyeHHe MOBTOPSAEMOCTH alBeJUIMHIOB, OBLJIO pelieHO
MPOaHaJIM3NUPOBaTh 3TOT EepUOL OTAEJIBHO.

W3yyeHre BETPOB 3a HIOJIb-CEHTAOPh (Korma
MPOUCXOAUT OOJIBIIAS YACTh AMBEJUIMHIOB) IOKAa3aJIo,
YTO cpegHeMecAYHas CKOPOCTh BeTpa IIOCTENeHHO
BO3pacTaer ¢ MIOJA Mo ceHTAOps (2,2, 2,5 m 3 m/c,
COOTBETCTBEHHO), TIOBBIIIAETCSA U YCTOMYUBOCTh BETpa
(0,27, 0,33 u 0,52, cooTBeTcTBEHHO). [IpU 3TOM TIpPOUC-
XOOUT CMeHa OCHOBHBIX HalpaBJIeHUI BETPOB: B UI0JIE
npeobyaganT BeTpsl W HallpaBJieHN:A, B aBr'yCTe 3HauU-
TeJIbHO yBeJInurBaeTcA 001 BeTpoB NW HamnpaBJjieHuUs,
a K CeHTAOPI0 OHU CTAHOBATCA AJOMUHUpPYIOmUMU. [Ipu
3TOM OTMeuYeHa IMocTeleHHas TpaHcdopMmalsa po3bI
BeTpOB 3a aBrycr. Eciim B 50-60-e rr. nponutoro seka W
BeTpHI cocTasyiu 33,5%, a ceBepo-3anagHsie — 20,1%
OT 00111ero yrcja BeTPOB, TO B IOCJIeJHee JeCATUIIeTHe
13-3a KJIMMaTUYeCKUX M3MeHEeHUN CPOKU MepecTPOIKU
BEeTPOB CMECTUJIUCH, U, COOTBETCTBEHHO, M3MeHMJIach
MOBTOPAEMOCTh 3THX BETPOB B aBrycre: 28,6% u 29,4%
COOTBETCTBEHHO.
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Puc.8. KoyiuecTBO MOJIHBIX alBeJIJIMHIOB I10 JAECATUJICTUAM.

H3yyeHue AoJM OBYX OCHOBHBIX HalpaBJieHUN
BETPOB B aBryCTe, BbI3bIBAIOIINX alBEJUIMHT B JIUCTBEH-
HuyHOM 3ajiiBe (Puc. 7), BBIABUJIO He3HAUHUTEIbHOE
MOCTeNeHHoe YBeJInueHue [OJM CEBEePHBIX BEeTPOB,
BBI3BIBaIomux crod (c 1% B 1950-e rr. 1o 2% B 1960-
2020-e T. 1 3% 3a nmocjegHee necsaTuietue). IToBTo-
pseMocTb SW BeTpOB TakXe HeCKOJIbKO yBeJIM4unjiach
(c 2% B 1950-e rr. Mo 3,1% B mocjieqHee EeCSATH-
Jetue), HO Obla moHKXeHa 10 1,7% B TeueHne 1960-
2010-x IT., YTO, BEPOSTHO, ABJIAETCA OAHON U3 NPUYNH
YMEHbBIIIEHU KOJINYECTBA alBeJUIMHIOB B 3TOT MepUoj
(Puc.3).

Eciu nmofcuntaTh CyMMapHyI0 HOBTOPSEMOCTD
N u SW BeTpoB B aBrycre 3a Asa Iepuoga: o 1969
r. u ¢ 1970 r., TO MOXHO OTMETUThb, YTO OHA yBeJIU-
ypiack ¢ 3,6% 1o 5%, coorBeTcTBeHHO. Habsoma-
eMBII POCT JOJIM BETPOB, BBI3BIBAIOIIUX ANBEJLIMHTU,
COBIIaZlaeT C POCTOM YHCJA 3aPErUCTPUPOBAHHBIX
anBeJUIMHIoOB B aBrycte 1970-2023 IT. 10 CpaBHEHUIO
¢ npeasigymum nepuogoM (Puc. 4). MeHbliiee Kosimye-
CTBO aNBeJUJIMHIOB B UI0JIe OOBACHSAETCA TEM, YTO IJIA
3TOro Mecslja XapaKTepHbl MHHHMAaJIbHble CKOPOCTHU
BeTpa 3a Bech JIeTHe-OCeHHUH Mepuoj U MUHUMAaJIbHasA
YCTOMYMUBOCTh BeTpa. JloJil amBeJUIMHIOB B CEHTOpe
TakXe MeHbllle, HECMOTPs Ha oflllee ycuJjieHue BeTpa.
[TpuunHOI1 3TOrO ABJIAETCA 3HAYMTEIbHOE YBeJInueHe
ycroriunBoctT NW BeTpoB (>0,5), a Takxe CHUXeHUe
nom SW BetrpoB Ao 2% (mo cpaBHeHuio c¢ 4-5% B
aBrycre).

Habmiomaemoe  mepepacnpefesieHue — amBeJl-
JIMHTOB B CTOPOHY OOJIbIllell MPOAOIKUTEIbBHOCTU U
¢ 66spIIMM TTOHMXeHUEeM Temieparypsl B 1970-2023
IT. IO CPaBHEHUIO C MpeabAymuM nepuogom (Puc. 5,
6) uMmeeT 00M1IyI0 MPUYMUHY. DTO HANPAMYIO CBSA3aHO C
yBeJIMYeHUeM [I0JI alBeJUIMHTOB B aBrycTe. ABIYCT
XapakTepusyeTcsi caMoOl TeIJIol BOAOHM JIUTOpAasiy,
U, COOTBETCTBEHHO, BO3HUKAIOIIWI amnBeJUIUHT IpU
OQVHAKOBON TeMmmeparype MMOLHUMAIOIUXCA BOJ
BHI3OBET 60JIblllee MIOHMXXeHe TeMIIepaTypHl B aBIyCTe,
yeM B Apyrue mecsAnsl. M, cOOTBETCTBEHHO, NOCTYyIa-
IOIell XOJIOJQHOI BOJE M3-3a CBOEH BBICOKOI TEILJIOEM-
KocTu notpebyercs ropa3fgo OoJibllle BpeMeHU, YTOOb
MPOTPeThCs 0 CBOUX M3HAYAJIbHO BBICOKUX 3HaueHUN!
TeMIepaTyphl.

O BJIMAHUM TapaMeTpOB BeTpa Ha pa3BUTHE
MOJIHBIX AaNBEeJUIMHIOB MOXHO CYAUTb, aHaJIU3UPYA
MeTeopoJiornyeckre JaHHble BO BpeMs IIOJTHOTO alnBeJi-
qunara 11-21 cents6psa 2011 r., xorga napameTpsl
BeTpa U3MePsUINCh C BHICOKON IUCKPETHOCTHI0 aBTOMa-
TUYeCKON MeTeocTaHUMell. YcroiuuBeiii Betep WNW
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HamnpaBJieHUs HauajicA BeuepoM 11 ceHTAGPA v Ipo0JI-
xasica Tpu AHA. CKopocTh BeTpa gocturana 17 m/c u
cocrasyisia B cpegHeM 8,7 m/c. Temneparypa BoAsl B
Hayasie anBeJutnHra 6su1a 10,6°C, K 15 ceHTAOPA NOoHU-
suiachk a0 4,0°C, a mocje peJlakcaly anBeJUIMHIa
21 cenTsA6psa cocrtaBwia 6,8°C. Ciiemyer OTMETUTb,
YTO He TOJIbKO CHJIa U NPOLOJDKUTESBHOCTh BETpa,
HO U €ero yCTOMYMBOCTh HeoOXOoguMa JJiA Pa3BUTUA
NoJiHoro anBesutMHra. Hanpuwmep, 16-27 asrycra 2023
I. IpU MaKCHUMaJIbHBIX HabJjiofaeMblx ckopocTsax W
BeTpa (cpemHss ckopocTh 14 M/c, mOpHBHE A0 35 M/C)
TeMmnepaTypa BoAsl ynana ¢ 19,4°C go 4°C. Opnako,
[IOCKOJIBKY BeTep MHOTOKpPaTHO YMEHbIIAJICA U CHOBA
ycunuBajscsa B TedeHre 10 nHel, ObIIM 3aperucTpupo-
BaHBI KoJiebaHUA TeMIepaTyphl BoAsl oT 4 o 10-15°C
¢ meprozioM oT 12 10 24 4. oOpa3ysA Tak Ha3blBaeMbIN
IepeMexarnmuiica anBe/UIMHr. HecMoTpsA Ha TO, 4TO
BOJla 13 TUIIOJIMMHHOHA BBIXOJWJIa Ha [IOBEpPXHOCTb,
HeyCTONYMBble BETPHl He I03BOJIAJIM BOBJIEYb B 3TO
JBIKeHMe OOJblliie BOAHBIE MAcChl, ¥ IIpU MaJjlefiieM
ociabyieHnW BeTpa BOJAa HeMeJJIeHHO 3aMeHsulach
TEIUION TOBEpXHOCTHOM Bojou. [loaToMy MBI He
OTHeCJIU JaHHBIH cjIy4yail K IOJIHOMY anBeJUINHTY.

BoisiBJleHHBIE ~ 3aKOHOMEPHOCTU  U3MeHeHUA
ycJioBuil (OpMHpPOBaHMA U CYI[eCTBOBaHUSA amBeJl-
JIMHTOB B JIMCTBEHHUYHOM 3aJIMiBe IO3BOJIAIOT BHICKA-
3aTh cJefymome npeanoioxenus. C OQHON CTOPOHHI,
yMeHbllleHe KOJIM4YecTBa IIOJIHBIX  alBeJUIMHTOB
JOJDKHO HOBJIMATH Ha 06beM TpaHCIoOpTa OLOreHOB U3
TUIIOJIMMHMOHA B JIMTOpaib. C Ipyrof CTOPOHEI, YMeHb-
IieHye MOBTOPSAEMOCTU alBeJUIMHTOB JOJDKHO COIPO-
BOXJATbCA IIOBBIIIEHHEM CpefHell ITOBepXHOCTHOM
TeMnepaTyphl B IpUOPeXHOU 30He B JIETHUI Ce30H, YTO
yBeJINYMBaeT BepTUKaJIbHble TPaJeHTHl IIJIOTHOCTU B
BEPXHUX CJIOSAX Y MOXeT BBI3BaTh 3BTPOMUKALINIO JIUTO-
panu. Kak ciieqcTBue, HaO/II04aeMBblii B IOCJIeJHYE TOABI
pe3Kui1 BCIJIECK POCTa BOAOpOCJIel Spirogira B 3aymBe
JlucrBennnunsii (Kpasiosa u zip., 2012; TUMOIIKUH U
ap., 2014; Timoshkin et al., 2018) MoxeT GHITH CBA3aH
C KOMIUIEKCHBIM BJIMSHNEM BoO3pacTaiolleii aHTpPOIO-
reHHOU Harpysku (1 60raToro nocTyImjieHus 61oreHoB
CO CTOYHBIMHM BOJAMH) U KJINMaTUYeCKUX N3MeHeHUH
(IMumapaeB u Tpounkas, 2018). ITocaeqHue, B CBOKO
ouepe/ib, OKA3bIBAIOT JBOSAKOE BJIMAHNE Ha MOBHIIIEHNE
TeMIepaTyphl JIMTOpaJIK: Kak 3a cueT OOJIbIIero more-
IUIeHnA u3-3a OoJiee BBICOKMX TeMIepaTyp BO3[yXa,
TaK ¥ 3a CUeT MeHee 4YacToro BogoooMeHa (1, Kak cjef-
CTBUE, MEeHbILIero OXJIaXAeHUs) ¢ IITyOMHHBIMU BOJAMU
03. Baiikan. Takum ob6pasom, MOTyT cHOpPMHPOBATHCA
Oosiee OsaronpuATHBIe (usnveckre U Tpoduuyeckue
yCJIOBUA IJIA pa3sBUTUA BOAOPOCIIel, He XapaKTepHBIX
U1 tutopas Batikasa.

5. BoiBOADI

B utore mpencTtaBsieHHOI pabOTH ObLIU IpoOa-
HaJIM3UPOBaHbI JJaHHBIE O TeMIepaType IpUOpexXHON
BOABL U BeTpax B 3ajuBe JIMCTBEHHUYHBIN. BbIAB-
JIeHBl JIeTHHe MpubpexHble alBeJUIMHTH, PaHXHpPO-
BaHBl MO0 NPOAOJDKUTEIBHOCTH, MOHMXEHUSAM TeMIle-
paTyphbl BOABI, HalpaBJeHUI0 U CHUJIE COMYTCTBYIOIINX
BeTpoB. [TosyueHHbIe JaHHBIE OBLIN pa3feJieHbl Ha [iBa
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nepuojia, COOTBETCTBYIOIIME HAaOI0qaeMbIM KJIMMaTHU-
YeCKHM TeHJIeHIIUM.

YcTaHOBJIEHO, YTO OCHOBHEIE BETPHI, BHI3BIBA-
wmue anesunHr, uMeroT N u SW HanpasJsieHus, 4To
moATBepXxJaeTcsa MopdoMeTpuen 3anuBa. AHaIU3
paciipefiejieHlA aNBeJUIMHTOB IO TrofaM I[oKa3sall,
yto A0 1960 r. HabG04asioch MOCTeNeHHOe yMeHb-
IIeHre 4yrcja anseJUnHroB B rof. C 1960 o 2016 rop
cpeJiHee KOJINYeCTBO COOBITUH OBLIIO MPUMEPHO MTOCTO-
AHHBIM 1 COCTAaBJIAJIO OKOJIO 2,5 anBeJIJIMHTOB B T'OJl U B
nocjaegHue 8 jeT HaOsogaeTcAa uxX HeOOJIbIIoe yBeIu-
yeHre. MakcuMajibHOe KOJIMUEeCTBO AallBeJIJIMHTOB
(13) ormeueHo B 1943 r. [IpoAOIXUTETIBHOCTH allBEJI-
JIMHTOB B CpeJHEM COCTaBJisAeT 7 CyT, MaKCUMaJjbHas —
21 cyt (B 1979 r.). Temnepatypa BOALI OOBIYHO MagaeT
npuMepHo Ha 5°C, MakuUMaJbHBIN Ilepenaj COCTaBUJI
13,5°CB 2016 T.

O6HapyXeHO yBeJiueHNre AO0JIU alBeJUJIMHTOB B
aBTyCTe [0 CPaBHEHUIO C IPYTUMU MecANaMu B Iepro
1970-2023 rr. BriABJIeHO TakXe mepepaclpefeeHue
anBeJUJIMHIOB B CTOPOHY MX OOJIbllIell MPOAOJIXUTENIb-
HOCTHM W OOJIBIIMX TepenajgoB TeMIIEPaTyphl IOCJIe
1970 r. mo cpaBHEHUI0 C HOPeABIAYIINM HepPUOAOM.
[TpyumHON 5THX W3MEHEHUU CTaJl IJI00aJIbHBIA XO.
CHIXEeHMS BeTPOBOM aKTUBHOCTH, CBA3aHHBIN ¢ HaOJII0-
JaeMbIMU KJIMMaTHUYeCKMMU KM3MeHeHUSAMU, a TaKxke
ocoboe nepepacrpenenenvie goau N u SW BeTpoB B
3aJIMBe B [IepUOJ UCCJIeJOBAaHUII.

Yucsio MOJIHBIX alBeJUIMHITOB YMEHBINAIoCh C
KaxabiM JecatwierveM: ¢ 12 B 1940-x rT. 10 Bcero
oaHoro B 2010-x. ITocsie 2020 roa noJiHble anBeJLTUHT U
roka He HabJofanrch. OnrcaHbl ¥ COMOCTaBJIEHBI ABa
cJIiydas TMOJIHOTO U IepeMeXallerocs arnBeJIMHTOB.
Bricka3zaHO mOpeanoJiokeHre O BO3MOXHOM 3KOJIOTH-
YeCKOM BO3/eHiCTBMM Ha 3ajuB JIMCTBEHHUYHBIN M13-3a
KOMOVHMPOBAHHOT'O BO3[EMCTBUA yBeJMUYEHUSA aHTPO-
MOTeHHOW Harpy3kKu U yMeHbIIeHHA YacTOTHl arBeJsi-
JIMHTOB.
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