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ABSTRACT. The purpose of the study is to identify the possibilities of mathematical modeling in solving
problems of quantitative assessment and prediction of hydrothermodynamic characteristics of lakes of
different origins in the permafrost zone based on available information about their morphometry. The
object of the study is 420 of morphometrically studied lakes in Yakutia of different genetic origin. The
choice of an adequate hydrothermodynamic model of processes in the “atmosphere — lake — bottom
sediments” system, as well as sources of information on the atmospheric impact on lakes (reanalysis and
climate prediction) for the studied region was substantiated. Simulation calculations were carried out
to assess the retrospective interannual and intraannual dynamics of abiotic processes in water and bot-
tom sediments of lakes located in the permafrost zone of different climatic regions of Yakutia. To assess
the interannual dynamics of the studied processes in water and bottom sediments of thermokarst lakes
located in permafrost zones and being the most widespread in the region, forecast calculations were
carried out. In this case, two RCP scenarios for the evolution of anthropogenic greenhouse gas emissions
into the atmosphere in the future were used — “best” and “worst” in terms of environmental impact.
The prospects for further use of modeling methods in the creation of a system of remote monitoring of
unstudied and poorly studied lakes in the Arctic regions of the Russian Federation was assessed.
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1. Introduction ant for assessing the state of the ecosystem, and much

more. This approach significantly expands the possibil-
ities of studying lakes in the permafrost zone, providing
valuable data for environmental monitoring. However,
the use of remote sensing is limited by many factors,
the main of which are the resolving power of sensors
that makes it difficult to study small-scale objects and
processes (usually less than 10-30 m?) and the depth
of penetration of electromagnetic radiation into a body
of water, which prevents the obtaining of information
on thermal processes in the water depth. The lack of
information on the water mass of numerous lakes nega-
tively affects the planning of economic activities in the
northern regions, as well as on the scientific validity of
forecasts of possible changes in the characteristics of
lakes and their bottom sediments under the conditions
of climate changes.

At present, the absolute majority of lakes with an
area of up to 100 km? in the permafrost zone of Russia
can be categorized as unstudied, since no contact mea-
surements are carried out on them. (Rumyantsev et
al., 2021). The reason for this is their abundance and
inaccessibility. With the development of technology, it
has become possible to obtain information about inac-
cessibility lakes without carrying out laborious and
expensive contact measurements, using remote sens-
ing methods (active and passive). The use of remote
sensing data makes it possible to determine the depth
of a lake (including bathymetry), measure water tem-
perature, monitor ice formation, observe changes in the
coastline and area of water bodies, study the flora and
fauna of lake ecosystems, which is extremely import-

*Corresponding author.
E-mail address: arasulova@limno.ru (A.M. Rasulova)

© Author(s) 2024. This work is distributed
Received: July 23, 2024; Accepted: October 24, 2024; under the Creative Commons Attribution- BY NG
Avadilable online: December 25, 2024 NonCommercial 4.0 International License.

1380


https://www.doi.org/10.31951/2658-3518-2024-A-6-1380
mailto:arasulova@limno.ru

Kondratyev S.A. et al. / Limnology and Freshwater Biology 2024 (6): 1380-1398

Currently, from the 723 thousand lakes in the
Republic of Sakha (Yakutia), information about their
depth and surface area is available for less than 500
ones, which are considered morphometrically studied
(Balatsenko, 2016). At the same time, the lakes of the
republic are used for water supply, drainage, fishing,
recreation, sapropel extraction, as well as in many
other areas of human activity that require information
about the characteristics of their water mass and bot-
tom sediments.

The purpose of the study is to identify the possi-
bilities of mathematical modeling in solving problems
of quantitative assessment and prediction of hydro-
thermodynamic (HTD) characteristics of lakes of dif-
ferent origin in the permafrost zone based on available
information on their morphometry. The object of the
study is 420 genetically different lakes in Yakutia,
the morphometry of which is described in the work
(Balatsenko, 2016).

2. Object of study

Yakutia covers an area of about 3.1 million km?2
In the north, the territory is washed by the Laptev and
East Siberian seas. The relief forms of the underlying
surface are varied. Two main areas can be distinguished:
western platform and eastern geosynclinal, which were
formed during the Cenozoic Era under the influence of
Alpine Mountain formation, secular fluctuations of the
earth’s crust, flowing waters, glaciers, thermokarst and
other processes (Nestereva, 2011; Balatsenko, 2016).
Lakes are located in different physical-geographical
and climatic conditions, which affect on the origin
and structure of their basins, and, accordingly, the
HTD processes in lakes, as well as the functioning of
ecosystems. One of the features of Yakutia is perma-
frost. Most of the territory of Yakutia (90%), except the
southwestern and southern parts, is located in a zone of
continuous permafrost, the thickness of which depends
on the climate, terrain, nature of soil and vegetation
cover, composition and structure of rocks, slope expo-
sure and other natural conditions. The greatest thick-
ness reaches up to 1500 m in the upper river of the
Markha River (the left tributary of the Vilyui River).
The entire northern and partly central part of Yakutia is
a zone of continuous permafrost with a thickness of 400
m and more. In the southern and southwestern parts of
Yakutia, an intermittent distribution of permafrost with
a thickness of up to 60 m is observed.

The climate of Yakutia is sharply continental,
subarctic and arctic in the north and islands. For the
most part of Yakutia (Central Yakut Lowland) winter
is long, severe, with little snow and an anticyclonic
weather regime. January temperatures range from
-26°C to -68°C. Summer is short but warm and arid,
with July temperatures ranging from 2°C to 38°C. Due
to the characteristics of the relief and distance from
the sea, the climate has its own characteristics in dif-
ferent parts of the republic. Thus, a milder climate is
observed on the East Siberian Platform. The main cli-
matic regions of Yakutia are shown in Fig. 1.

The Fig.1 shows the location of the centroids
(centers of mass) of the indicated areas, the location
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of which will be used in subsequent calculations. The
coordinates of the centroids of each of the climatic
regions (135.905985° E, 71.075318° N - region 1,
130.522173°E, 66.934360° N —region 2, 124.756209°E,
60.887526° N — region 3) were determined using the
QGIS program. Each centroid represents the barycen-
ter of the climate region layer, its coordinates are the
average values of the coordinates of all nodes of the
polygon.

The morphometry of lakes reflects both the
specific evolution of the basin and the processes
occurring in the water column and bottom sediments
(Adamenko, 1985; Muraveysky, 1960; Nezhikhovsky,
1973; Nestereva, 2011; Balatsenko, 2016). The most
common types of lakes according to morphogenetic
classification (Zhirkov, 1983) include thermokarst,
erosion-thermokarst, water-erosion, glacial, tectonic
and other less common types. The main morphomet-
ric characteristics of lakes are average and maximum
lake depth, lake surface area, water mass volume,
length and indentedness of the shoreline and shape of
the lake basin. Table 1 presents the values of average
lake depth (H, m), lake surface area (A, km?) and lake
water mass volume (V, km?®) for different types of mor-
phometrically studied lakes in Yakutia (Balatsenko,
2016). Typically, lake modeling uses the average depth
of water bodies of the same morphogenetic origin as
input parameters. However, as a rule, not all morpho-
metric parameters are known for all lakes. The mutual
conditioning of the genetic origin of the lake and the
shape of its basin determines the correlation between
the morphometric parameters of water bodies of same
origin. Due to this it is possible to approximately esti-
mate the missing morphometric characteristics of lakes
based on one or more known parameters in a group
of water bodies homogeneous in genetic origin. Thus
in (Balatsenko, 2016) contains empirical geostatistical
relationships linking lake water volume to area. Such
dependencies can be used to quantify other morpho-

Fig.1. Climatic regions on the territory of the Republic of
Sakha: 1 - climate of arctic deserts and tundras, 2 — temperate
continental climate with sufficient moisture, 3 — taiga climate
with stable moisture (National Atlas..., 2007), 4 — centroids of
climatic regions, 5 — lakes
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Table 1. Average values of the main morphometric characteristics of lakes of Yakutia with different genetic types of origin

(Balatsenko, 2016)

Origin of the lake basin Number of lakes H, m A, km? V, km? V = f(A)
Thermokarst 231 1.4 0.8 0.001 V = 0.0024A'*
Erosion-thermokarst 95 1.9 3.0 0.011 V = 0.0012A%
Water-erosion 20 1.1 0.28 0.0004 V = 0.0036A'?
Tectonic 8 34.2 36.3 1.64 V = 0.085A32
Glacial 17 4.3 35.5 0.15 V = 0.085A32

metric characteristics of lakes, such as depth.

As can be seen from the sample under consider-
ation, lakes of thermokarst origin are the most wide-
spread in Yakutia. These lakes are mostly small in size
and have a round-oval shape. Their depths are equal to
1-3 m and only in some lakes reach 10-15 m. Water-
erosion lakes include floodplain, river and lakes located
in deltas or at river mouths. These lakes are formed as a
result of the separation of channels (branchs) and sec-
tions of the old channel (old channels) from the river,
or by flooding of low areas by hollow water. Lakes of
water-erosion origin are distributed along rivers, they
are characterized by an oblong shape and small depth
(0.9-3.6 m) and area (0.01-2.39 km?) (Gorodnichev et
al., 2020). Erosion-thermokarst lakes were formed in
the ancient valleys of large rivers, on the terraces of
the middle and upper complexes. These are the largest
lakes in the region, which, as they rise to higher hyp-
sometric levels, lost obvious signs of erosional origin
and acquired rounded and rounded-elongated outlines.
Lakes of glacial origin represent traces of stay and
movement of glaciers of the Quaternary period in the
form of scars, ram’s foreheads, which are clearly visible
on rocky shores and islands. The shores of the lakes
are composed mainly of hard rocks, which is weakly
erodible, which is one of the reasons for the weak sedi-
mentation process. Lakes of tectonic origin are charac-
terized by the greatest depth and transparency, most of
them are flowing. They are formed in places of fractures
and shifts of the Earth’s crust. As a rule, they are deep
narrow water bodies with steep bluff and rocky banks,
located in deep through gorges (Balatsenko, 2016).

3. Materials and methods

One of the main purposes of mathematical mod-
eling of natural processes is to carry out simulation and
prognostic calculations that allow us to go beyond the
limits of a possible field experiment (Samarsky, 1983;
Kondratyev, 2007). In order to achieve the set goal, i.e.,
to identify the modeling capabilities in assessing the
HTD characteristics of lakes of different origin in per-
mafrost conditions, as well as their possible changes as
a result of climatic impacts, the following tasks were
solved:

+ Selection of an adequate model of HTD processes
in the system “atmosphere — lake — bottom sedi-
ments”, as well as sources of information on the
atmospheric impact on lakes (reanalysis, climatic

prediction) for the studied region.

+ Simulation calculations to assess retrospective
interannual and intra-annual dynamics of HTD
processes in water and bottom sediments of lakes
located in the permafrost zone of different climatic
regions of Yakutia. The calculations were per-
formed for hypothetical lakes with average char-
acteristics from Table 1, located at the points with
the coordinates of centroids of climatic regions.

+ Carrying out prognostic calculations to assess
interannual and intra-annual dynamics of HTD
processes in water and bottom sediments of the
most widespread thermokarst lakes located in
the permafrost zone of different climatic regions
of Yakutia. The calculations were performed for
hypothetical lakes with average characteristics
(Table 1), located at points with the coordinates of
the centroids of climatic regions (Fig. 1), and using
different climate change scenarios in the region.

» Assessment of prospects for further use of model-
ing methods in the creation of a system for remote
monitoring of unstudied and poorly studied lakes
in the Arctic regions of the Russian Federation.

Selection of a model of HTD processes in the
system “atmosphere - lake — bottom sediments”, as
well as sources of information on the atmospheric
impact on lakes. The lakes of Yakutia considered in
this work, located in the zone of permafrost occurrence,
have one important feature — they almost always have
horizontal homogeneity of the temperature field and
predominance of vertical variability of thermal char-
acteristics of the water mass over horizontal variability
(Pavlov, 1999). When modeling the thermal regime of
water bodies of this class, it is often sufficient to use
simple one-dimensional models based on the integra-
tion of the vertical heat diffusion equation and various
ways of representing the vertical temperature distribu-
tion. Such models, as a rule, are based on fundamen-
tal physical laws, do not require specifying the vertical
turbulent exchange coefficients, are easy to implement
and convenient for numerical experiments. One such
model is Lake (Mironov, 2008).

The hydrothermodynamic model of lake FLake!
is an integral part of the proposed methodology and was
developed by joint efforts of the staff of the Institute
of Limnology of the Russian Academy of Sciences,
the Northern Water Problems Institute of the Russian

L HTD model Flake https://www.lakemodel.net (date accessed 15.03.2024) (Mironov, 2008)
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Academy of Sciences, the Institute of Freshwater
Ecology and Inland Fisheries of Germany (IGB) and
the German Weather Service (DWD) (Mironov, 2008;
Mironov et al.,, 2010; Golosov and Kirillin, 2010;
Kirillin et al., 2011). The model is a universal param-
eterized one-dimensional mathematical model of HTD
processes in the lake, which implements the results of
research obtained during many years of in-situ and lab-
oratory research performed at the Limnological Station
of the Institute of Limnology of the Russian Academy
of Sciences, as well as the latest world achievements in
the field of physical limnology. For successful use of the
model, the modeling object should meet the following
basic requirements:

+ the extent should not be so large as to generate
significant climatic differences between individual
sections of the water area, and not so small that
secondary wind circulation plays a very significant
role;

+ the bottom can be approximated by a horizontal
plane;

+ advective processes should not contribute signifi-
cantly to turbulent mixing.

Currently, FLake serves as a basic tool for devel-
oping models of aquatic ecosystems functioning and
water quality formation in natural and artificial water
bodies, and is used as a textbook for training ecolo-
gists and hydrometeorologists both in our country and
abroad. The product of a synthesis of the lake model
FLake and near-surface reanalysis meteorological
data was named FLake-Global (Kirillin et al., 2011).
It is noted that FLake-Global allows almost instanta-
neous estimation of the seasonal cycle of temperature
and mixing conditions in any shallow freshwater lake
around the world. As a method of taking into account
the influence of lakes on the formation of local climatic
conditions, the FLake model is widely implemented in
the practice of numerical weather forecasting in mete-
orological organizations of different countries and in
the International European Centre for Medium-Range
Weather Forecasts (Mironov, 2008). The European fore-
casting system COSMO?, which is used in our country
for weather forecasting by Hydrometcenter of Russia
for the whole territory of the Russian Federation, also
includes FLake as a means of assessing the impact
of freshwater lakes on the local climate around the
world. It follows that the model can be used a priori
on unstudied small and medium-sized water bodies of
our country.

In addition, the authors’ previous studies, carried
out jointly with colleagues from the Northern Water
Problems Institute, Karelian Scientific Centre of the
Russian Academy of Sciences and St. Petersburg State
University (Zdorovennov et al., 2020), presented the
results of FLake model verification on the lakes of
Samoilovsky Island, located in the southern part of the
Lena River delta. The island contains several lakes of
predominantly thermokarst origin. To verify the model,

we used the results of measurements of lake ice thick-
ness, bottom and surface temperatures of four lakes in
April 2013, conducted by a team of specialists from the
Alfred Wegener Institute for Polar and Marine Research
(AWI, Potsdam, Germany) as part of the “Lena” expedi-
tion (Zdorovennov et al., 2020).

Meteorological reanalysis data were used to set
the atmospheric forcing on the lakes. Reanalysis com-
bines deterministic modeling data with in-situ observa-
tions from around the world into a globally complete
and consistent data set. The principle of this data com-
bination is based on data assimilation used in numeri-
cal weather prediction centers, where every few hours
the previous forecast is optimally combined with newly
available observations to produce a new best estimate
of the state of the atmosphere. In this case, reanaly-
sis is not associated with the need to promptly issue
weather forecasts, and thus there is more time to collect
observations and to incorporate improved versions of
the original observations, which favorably affects the
quality of the reanalysis product.

In the present work, we used data from the ERA5®
family reanalysis as input information for hydrother-
modynamic modeling. The ERAS5 reanalyses contain a
series of reconstructed meteorological parameter val-
ues for the entire globe that are updated daily with a
delay of about 5 days. ERAS is the fifth generation of
reanalysis for global climate and weather over the past
8 decades. Data are available from 1940 to the present.
The ERA5 provides hourly estimates for a large num-
ber of atmospheric parameters, of ocean waves and the
surface of the Earth. The time step between “observa-
tions” is 6 hours, the spatial resolution of the reanalysis
is 0.25 ° in latitude and longitude. The data required for
the calculations are sampled using the coordinates of
the calculated point. To facilitate the work of many cli-
mate applications, monthly averages of hydrometeoro-
logical parameters are also calculated. When modeling
HTD processes in hard-to-reach regions, reanalysis data
are used instead of missing measurement data.

Climate change scenarios in the region. In
order to assess the consequences of possible climate
changes, two scenarios for the evolution of anthro-
pogenic greenhouse gas emissions into the atmo-
sphere in the future, the so-called RCP (Representative
Concentration Pathway) scenarios — RCP 2.6 and
RCP 8.5 — have been developed, which represent the
“best” and “worst” scenarios in terms of environmental
impact, respectively (Meinshausen, 2011; Moss, 2010;
Nakicenovic and Swart, 2000; Rogelj et al., 2012). The
RCP 2.6 scenario requires that carbon dioxide (CO,)
emissions begin a steady decline and reach zero by
2100. Methane (CH,) emissions should decrease by
half, with sulfur dioxide (SO,) emissions at about 10%
of 1980-1990 levels. In the RCP 8.5 scenario, emis-
sions continue to increase throughout the 21st century
at the same rate they are today. The numbers in the
scenario abbreviations (2.6 and 8.5) indicate the addi-
tional amount of energy (W/m?) that would be stored

2 COSMO forecast system, Roshydromet. https://www.meteorf.gov.ru/product/cosmo/ (date of access 15.03.2024) (Rockel et

al., 2008).

3 ERAS website https://confluence.ecmwf.int/display/CKB/ERA5 (accessed 15.03.2024) (Hersbach et al., 2020).
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by the atmosphere as a result of greenhouse gas emis-
sions. The values of the meteorological parameters
(precipitation and air temperature) corresponding to
the realization of scenarios of human socio-economic
activity RCP in the study region for the period up to
2100 were calculated using the MPI-ESM-MR climate
model (Max Planck Institute, Germany) participating
in Phase 5 of the World Climate Research Program
Model Intercomparison Project (WCRP CMIP5) and
recommended in the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC)*.
The data required for the calculations were obtained by
submitting an appropriate request including the coordi-
nates of points of interest (in our case, the coordinates
of the centroids of climate regions), the name of cli-
mate models (MPI-ESM-MR), the type of RCP scenario
(RCP 2.6 and RCP 8.5), the names of meteorological
variables, and the temporal resolution of the data on
the website of the European Center for Medium-Range
Weather Forecasts (CORDEX..., 2021). The baseline
information for climate projections consists of hydro-
meteorological parameters (RCP scenarios) for the
period 2006-2100.

For simulation calculations, the hydrometeo-
rological information from the reanalysis and climate
forecasts were combined. The RCP scenarios were
adapted to retrospective reanalysis data using the
method of adjusting the values of climatic parameters
calculated by the MPI-ESM-MR model for the period
2006-2022 according to the reanalysis data for the
same time period. The method is based on the use of
relations linking the values of reanalysis (analog of
measured climatic parameters) and those calculated by
the atmospheric general circulation model (Kondratyev
and Bovykin, 2003).

If the necessary initial information is available,
the model calculates the following characteristics of the
selected lake:
heat transfer between the atmosphere, ice, water
and bottom sediments;

vertical profile of water temperature, temperature
at the surface and at the bottom;

temperature profile in bottom sediments;

date of ice cover formation, its duration and
thickness;

thawing depth of bottom sediments in lakes in the
permafrost zone.

4. Results and their discussion

The possibilities of mathematical modeling in
solving the problems of quantitative assessment and
forecasting of possible changes in the HTD characteris-
tics of lakes of different origin in permafrost conditions
on the basis of information on their morphometry are
demonstrated on the example of solving the following
three simulation modeling problems:
Calculation of intra-annual dynamics of HTD char-

4 Link to the report https://www.ipcc.ch/sr15/ (date of
access 15.03.2024)
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acteristics of water mass and bottom sediments in
different climatic regions of Yakutia.

Calculation of intra-annual dynamics of HTD char-
acteristics of water mass and bottom sediments in
lakes of different origin.

Retrospective and prognostic assessment of the
dynamics of the average annual HTD characteris-
tics of lakes for the period 1940-2100.

The depth values of the first three lake types
(thermokarst, water-erosion, and erosion-thermokarst)
are close to each other (Table 1). Their differences do
not significantly affect the modeling results. Therefore,
only thermokarst lakes were considered in the follow-
ing calculations, as prevalent in the sample under con-
sideration. The modeling was performed for hypothet-
ical lakes located at the points with the coordinates of
centroids of the climatic regions, with average values
of morphometric characteristics contained in Table 1.

Calculation of intra-annual dynamics of HTD
characteristics of water mass and bottom sediments
in different climatic regions. The HTD simulation
modeling of water mass and bottom sediments was car-
ried out on the example of a thermokarst lake in the cli-
matic regions of arctic deserts and tundras, continental
climate with sufficient moisture, and taiga climate with
stable moisture (Fig. 1). The impact of climate in this
task on the HTD characteristics of water mass and bot-
tom sediments is realized through hydrometeorological
information of reanalysis for centroids of the mentioned
climatic areas. The results of simulations averaged over
the period 1940-2022 are presented in Fig. 2.

The data of Fig. 2 demonstrate the zonality of
intra-annual variations in the depth-averaged water
temperature, ice thickness and heat flux between
water, and bottom sediments in a thermokarst lake of
three main climatic regions of Yakutia. The warmest
lakes are in region 3, with a taiga climate and stable

t o
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

v
~

Fig.2. Intra-annual dynamics of HTD characteristics of
water mass and bottom sediments (depth-averaged water
temperature, ice thickness and heat flux between water and
bottom sediments) averaged over the period 1940-2022 in
thermokarst lakes of the regions with: 1 — Arctic desert and
tundra climate, 2 — temperate continental climate with suf-
ficient moisture, 3 — and taiga climate with stable moisture
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humidification; summer temperatures here can reach
16°C. They are followed by water bodies of region 2
with moderate continental climate and sufficient mois-
ture. The lowest water mass temperatures (no more
than 6-7°C in summer) are characteristic of lakes of the
region with the climate of Arctic deserts and tundras.
The result is rather predictable taking into account lat-
itudinal location of climatic areas. However, the tem-
poral dynamics of water temperature in lakes located
in permafrost-covered regions in winter differs signifi-
cantly from that in lakes without permafrost. In the lat-
ter, the ice-free period is characterized, as a rule, by the
effect of “subglacial warming” of the water mass due
to heat redistribution between warm bottom sediments
and cold overlying water. As a result, in such lakes the
water temperature under the ice increases in winter.
This effect is very weakly expressed in lakes with per-
mafrost. It is observed only in the first weeks of ice for-
mation, when the heat flux is negative (directed from
bottom sediments to water), then the heat flux changes
its sign and becomes positive, i.e. directed from water
to bottom sediments. At the same time, the temperature
of the water mass under ice decreases. This is because,
firstly, the summer warming season in lakes with per-
mafrost is short — only about two months, which does
not allow to significantly increase the heat content of
bottom sediments. Secondly, the influence of perma-
frost with negative temperatures is affected. A signif-
icant part of heat during the summer warm-up period
is spent on heating and thawing of the ice fraction of
the permafrost. As a result, the heat coming from the
water mass is spent first on the formation of the sea-
sonal thawing layer (STL) and only then on the direct
heating of the bottom sediments themselves. With the
formation of ice cover, the small amount of heat accu-
mulated in the STL during the summer warming period
is quickly consumed for minor heating of bottom water,
after which the STL degrades and the heat flux changes
direction from negative to positive.

Seasonal dynamics of ice cover thickness in lakes
with permafrost differs from that in lakes without per-
mafrost only in quantitative parameters. Here it is nec-
essary to note a long period of ice formation — up to
10 months, and a large ice thickness — average values
for the period under consideration are up to 1.5 m.
No qualitative differences are observed. The results of
the calculation of heat exchange through the bound-
ary “water-bottom” demonstrate the influence of per-
mafrost on the thermal regime of lakes. In lakes of all
climatic regions the heat flux has positive values for a
considerable part of the year, i.e. it is directed from the
water to the bottom. And only in a short time interval
in early fall, when the ice formation period begins, it
becomes negative, i.e. it is directed from the bottom
sediments to the water (see above).

Calculation of intra-annual dynamics of HTD
characteristics of water mass and bottom sediments
in lakes of different origin. The HTD modeling of
water mass and bottom sediments was carried out for
three types of lakes with the most different depths —
thermokarst, glacial and tectonic with average morpho-
metric characteristics (Table 1) for region 2b of conti-
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nental climate with sufficient moisture. The impact of
lake type in this problem on the HTD characteristics of
water mass and bottom sediments is realized through
differences in the average depths of lakes of the indi-
cated types. The results of simulations averaged over
the period 1940-2022 are presented in Fig. 3.

The origin of the lake determines the specificity
of its basin development and such an important mor-
phometric characteristic as the average depth, which
is an input parameter of the FLake model. As follows
from Table 1, the depth values of different lake types
differ significantly from each other, which affects the
modeling results. The threefold increase in the depth
of glacial lakes compared to thermokarst lakes leads
to significant differences in their thermal regime in the
subglacial period. In a thermokarst lake with a smaller
volume of water mass, the heat reserve decreases faster
due to the influence of negative-temperature perma-
frost, so that the water temperature approaches zero
values at the end of the ice-out period. In glacial lakes,
the temperature also decreases, but at a slower rate, and
remains positive by the end of the ice-out period. The
latter affects the starting conditions of the beginning of
summer warming of both types of lakes. Thermokarst
lakes start warming up from almost zero tempera-
ture values, while glacial lakes start warming up from
positive values. This is one of the reasons for the fact
that water in glacial lakes in general reaches higher
temperatures during summer warming compared to
thermokarst lakes. The simplest estimation shows that
the heat reserve of an average statistical thermokarst
lake by the end of the winter period (calculated accord-
ing to Table 1) is more than three times less than the
heat reserve of a glacial lake — 1.6-10° and 510° J/m?2,
respectively. Another possible reason for more effi-
cient heating of glacial lakes may be the conditions of
water mass mixing in lakes of both types. In shallow
thermokarst lakes during the period of summer warm-
ing, night convective cooling is more effective, which
in turn affects the rate of water mass warming. Deep

Ice thickness, m

Jan Feb Mar AprMay Jun Jul Aug Sep OctNov Dec
‘V !

_—

Fig.3. Intra-annual dynamics of HTD characteristics of
water mass and bottom sediments (water temperature, ice
thickness and heat flux between water and bottom sediments)
averaged over the period 1940-2022 in thermokarst — 1, gla-
cial — 2 and tectonic — 3 lakes of the region with moderate
continental climate and sufficient moisture.
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tectonic lakes warm up much slower compared to the
previous types of lakes. The maximum of water tem-
perature in them falls on the end of August — first half
of September (in thermocast and glacial lakes the max-
imum falls on the end of July — beginning of August).
At the same time absolute values of water temperature
are much lower compared to other types of lakes — only
6°C, while in thermokarst and glacial lakes — 12-14°C.
Due to the great depth, the effect of winter influence
of the MMP in tectonic lakes is practically impercep-
tible. Late warming of the water mass in a deep tec-
tonic lake leads to a temporary shift in the timing of
the ice formation start — practically by a month. Since
ice formation starts at significantly negative values of
air temperature, the ice formation rate exceeds that in
thermokarst and glacial lakes. This leads to the fact
that, in general, ice thickness in tectonic lakes is greater
than in thermokarst and glacial lakes.

Heat exchange through the water-bottom inter-
face in tectonic lakes is also very different from that in
thermokarst and glacial lakes. In the latter two types
of lakes, the character of heat exchange through the
bottom sediment surface differs only in quantitative
parameters — in glacial lakes it is slightly more inten-
sive. In tectonic lakes, due to the negative temperatures
of the permafrost throughout the year, the heat flow
is directed from the water mass to the bottom sedi-
ments. At the same time, there is no noticeable tem-
perature decrease in winter. The point is that due to
the great depth the mixing processes in tectonic lakes
are suppressed and heat exchange is carried out by an
extremely slow molecular mechanism. Nevertheless,
intensification of heat exchange through the water-bot-
tom interface occurs after reaching the temperature
maximum with the beginning of autumn cooling, when
at density convection mixing penetrates the bottom
regions, due to which heat exchange is intensified.

Retrospective and prognostic assessment of
the dynamics of annual average HTD characteristics
of lakes for the period 1940-2100. Calculations were
performed for a lake of glacial origin located in climatic
region 2 (Fig. 1) with average morphometric character-
istics (Table 1). Retrospective dynamics of mean annual
water mass temperature and mean ice cover thickness
for the period 1940-2022 were modeled using informa-
tion from the hydrometeorological reanalysis. Further
up to 2100, the data of climatic forecasts (RCP 2.6 and
RCP 8.5) for the considered climatic area were used
as input information in the calculations. The results of
simulations performed for the entire period 1940-2022
are presented in Fig. 4.

The presented figure clearly shows the trends of
retrospective changes in the thermal characteristics of
lakes under the conditions of changing climate from
1940 to the present. The average lake water mass tem-
perature increased by 0.7°C, while the ice cover thick-
ness decreased by 0.06 m. Further, the change in the
HTD characteristics of the lake significantly depends
on the climate development scenarios. According to the
“worst” scenario (RCP 8.5), when greenhouse gas emis-
sions continue to increase throughout the 21st century,
a further increase in lake water mass temperature of
another 1.5°C by 2100 is possible. Ice cover thickness
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Fig.4. Retrospective — 1, and prognostic — 2 (RCP 2.6),
3 (RCP 8.5) estimates of the dynamics of mean annual HTD
characteristics (mean annual water mass temperature and
mean ice cover thickness) of glacial lakes in region 2 (Fig. 1)
for the period 1940-2100

would decrease by 0.10 to 0.15 m. The “best” climatic
scenario (RCP 2.6), according to which carbon dioxide
emissions into the atmosphere will reach zero by 2100,
can substantially stabilize the dynamics of changes in
the HTD characteristics of the considered hypothetical
lake. The situation with ice thickness of different types
of lakes in the considered climatic regions of Yakutia
fully corresponds to the modern concepts of warming
in the Arctic. Ice thickness decreases in all water bod-
ies, with ice formation, growth and melting in lakes is
mainly the result of water mass interaction with the
atmosphere.

In connection with the obvious influence of pos-
sible climate warming on the dynamics of ice cover
thickness in lakes, the question arises about the impact
of such warming on permafrost, which is a component
of bottom sediments. The point is that the water mass of
any water body, including lakes, is a natural heat insu-
lator between the atmosphere and bottom sediments. In
addition, such a heat insulator also has an abnormally
high heat capacity. Atmospheric warming will lead to
some increase, first of all, of the surface temperature in
lakes, which will most likely increase vertical density
stratification in them, thus strengthening the insula-
tion of bottom layers from atmospheric heat penetra-
tion into them. Absolute values of heat flux through
the water-bottom interface is extremely small — up to
10 W/m? (Fig. 2, 3), moreover, during the year it can
be multidirectional, i.e. the total heat flux directed to
the bottom sediments will be even less. Thus, it can be
assumed that climate warming will have practically no
effect on the permafrost beneath the lakes.

It is reasonable to assume that the situation with
climate change as a result of human activity will pro-
ceed according to some intermediate scenario. In addi-
tion, it is important to remember that the theoretical
aspects of the impact of climate change on the environ-
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ment and water systems in particular are under inten-
sive development. It is very likely that new greenhouse
gas emission scenarios and climate models will be
developed in the near future. Therefore, it is necessary
to be prepared to refine predictive assessments of the
impact of future climate change on water systems.

The presented results of simulation and prognos-
tic modeling confirm a wide range of FLake model capa-
bilities in solving problems of quantitative assessment
and forecasting of changes in HTD processes in lakes of
different origin, located in various physical-geographi-
cal and climatic conditions under the lack or absence of
in-situ observations. Thus, one of the main purposes of
modeling is realized — to go beyond the limits of possi-
ble in-situ experiment.

5. Conclusion

As a result of a set of simulation and prognos-
tic calculations, the prospects for further use of mod-
eling methods in solving the problems of estimating
the HTD characteristics of different types of unstudied
and poorly studied lakes in various climatic regions
of Yakutia have been shown. Having a universal and
widely tested mathematical model of HTD processes in
lakes FLake, which is successfully used in the prepara-
tion of weather forecasts by Hydrometcenter of Russia,
we can talk about real prerequisites for the creation of
a system of remote monitoring of lakes in the Arctic
regions of the Russian Federation. The main stages of
creating such a system are summarized in the following
steps:

Using remote sensing of the Earth’s surface, the
water body of interest is interpreted, its geograph-
ical coordinates and water surface area are found.

Based on geostatistical relationships between the
morphometric characteristics of a homogeneous
group of water bodies, the lake depth is estimated.

According to the geographic coordinates of the
water body, meteorological information of the
required resolution is extracted from the databases
of meteorological reanalysis and climate model-
ing for subsequent retrospective and prognostic
calculations.

Lake depth and meteorological parameters are
input data for calculations of heat exchange in the
system “atmosphere — water mass — bottom sed-
iments”, mixing conditions and vertical tempera-
ture distribution in water and bottom sediments,
as well as lake ice regime according to the FLake
model. At the same time, the prognostic calcula-
tions will make it possible to assess the main trends
of changes in the HTD parameters of lakes under
the realization of different climate change scenar-
ios in the region.

The scheme of estimation and forecasting of
changes in HTD characteristics of different lake types
of different genetic origin constructed in this way can
be applied to a wide range of small and medium-sized
(area less than 100 km?) unstudied and poorly studied
lakes in Russia. Provided that the FLake model is sup-
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plemented with appropriate program modules, other
chemical and biological characteristics of water bodies,
such as, for example, oxygen regime, biomass and pri-
mary production of algae, water transparency, etc., can
also be estimated using the above scheme.
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OueHkKa TepMHMYeCKUX XapaKTepUMCTUK
o3ep 30Hbl MHOrOAETHEeH MepP3A0Tbl
MEeTOAOM MaTeMaTHYeCKOoro
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AHHOTAIIHSL. Llens vcciefoBaHUs — BhIABJIEHNE BO3MOXHOCTEN MaTeMaTHUYeCcKOoro MOJieTMPOBaHUsA
IIpU pelleHn! 3a4a4 KOJIMYeCTBEHHO! OIleHKH U MPOrHo3a riApoTepMOANHAMUYECKUX XapaKTepUCTUK
03ep pas3JIMYHOro MPOMCX0XEHNA B 30He MHOr'0JIeTHe Mep3JIOTEl HA OCHOBE AOCTYIIHOM MH(OpManuu
06 ux Mmopdomerpun. O6beKTOM HcciiefoBaHuA ABJAITCA 420 MopdoMeTpuiecKu U3yYeHHBIX 03ep
SKyTUM pa3IMYHOTO TeHeTUYeCcKOro IpoucxoxzaeHus. OO0CHOBaH BHIOOD afeKBaTHOW THPOTEPMO-
JAVHaAMHYeCcKOll MOJesii IIPOlLleccoB B CHUCTeMe «aTMocdepa — 03epo — JOHHBIE OTJIOXKEHHA», a Takke
HWCTOYHUKOB MHpOpMaImu o6 atMocepHOM BO3/IeliCTBUU Ha 03epa (peaHann3 U KJIMMaTUYeCcKUi mpo-
THO3) AJiA u3y4yaeMoro pervoHa. IIpoBefeHbl MMHTALMOHHBIE pAacyeThl IO OLleHKe PeTPOCIEeKTHBHOM
MEXIOJI0BOM ¥ BHYTPUIOAOBOM AMHAMUKHN abOMOTHYECKHX IIPOLEeCCOB B BOAE U AOHHBIX OTJIOXKEHUAX
03€ep, pacloJIoXXeHHBIX B 30He MHOTr'0JIeTHE Mep3JI0Thl pa3/IM4YHbIX KIMMaTUYecKuXx obJiacteil AkyTuu.
BhINOJIHEHB! TPOTHOCTHUYECKKE pacyeTsl [0 OLleHKe MeXTOoAOBOY AMHAMUKHU U3yYaeMBIX IIPOLEeCCOB B
BOJIe U JOHHBIX OTJIOXXEHUAX HanboJjiee pacipoCTpaHEeHHBIX TePMOKAPCTOBLIX 03€p, PACIOJIOXEHHBIX B
30HaX MHOroJIeTHel Mep3JIoThL. I1pu aToM ucnosbs3oBanuchk Asa RCP ciieHapuA 3BOIIOLUYM aHTPOIIOTeH-
HBIX BEIOPOCOB ITAPHUKOBBIX T'a30B B aTMocdepy B OyAyIlleM — «JIyUIIUN» U «XyOIINi» ¢ TOYKU 3peHns
BO3[EMCTBUA Ha OKpyXalollyio cpefly. [laHa OlleHKa NepCleKTHB Ja/IbHEeNNIero MCIob30BaHuA MeTo-
J0B MOJIeJINPOBaHusA NIPY CO3JaHNU CUCTEMBI AVMCTAaHIIMOHHOTO MOHUTOPHHIa HEU3yYeHHBIX U MaJIOn3-
YUYEeHHBIX 03ep apKTuieckux obnacrei Poccutickoii @efepanuu.

Kimouegwoie ciiosa: 03€po, MaTeMaTudeCcKasa MoaeJib, TEIJIONIEPEHOC B BOAE N JOHHBIX OTJIOXKEHUAX, MHOI'OJIETHAA
Mep3J10Ta, peaHaJlna, KJIMMaTHUUYeCKU cueHapr}I

Ja nutupoBanua: Kongpatees C.A., T'osocos C.[l., 3Bepes U.C., Pacynosa A.M., Kpsuiosa B.10., PeByHoBa A.B. OneHka Tep-
MMYECKUX XapaKTEePUCTUK 03ep 30HB MHOTOJIETHEH MepP3JIOTH MeTOAOM MaTeMaTH4eCcKoro MoJieJINpoBaHuA (Ha IpuMepe o3ep
Axytun) // Limnology and Freshwater Biology. 2024. - Ne 6. - C. 1380-1398. DOI: 10.31951/2658-3518-2024-A-6-1380

1. Beeaenue IMOHHBIMU METOAaMM HccJieoBaHus (aKTHUBHBIMH U

MMacCHMBHBIMU). HcIIob30BaHUE JaHHBIX AUCTAHI[LOH-

B HacTtosmee BpeMsa a0OCOJIOTHOE OOJIBIIVH-
CTBO 03ep IIomansio A0 100 KM? 30HBI MHOTOJIET-
Hell Mep3JioThl Poccun MOXHO OTHECTH K KaTeropuu
HEN3yYeHHBIX, TaK KaK Ha HUX He MPOBOJATCA KakKue-
b0 KOHTaKTHbie n3mepenus (PymsHues u fip., 2021).
[IpUunHOM 3TOr0 SBJIAETCS WX MHOT'OYHCJIEHHOCTD
U TPYOHOAOCTYHnHOCTb. C pa3BUTHEM TEXHOJIOTUI
MOABWJIMICh BO3MOXHOCTU IMOJIy4aTh MHGOPMAIUI0 O
TPYJHOJIOCTYITHBIX 03€paX, He MPOBOLA TPYAOEMKHUX
U JOPOTOCTOSININX KOHTAKTHBIX H3MepeHUH, ANCTaH-
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HOI'O 30HAWPOBaHUA NAaET BO3MOXHOCTb OIpeAesATb
ryybuHy o3epa (BkJiouass OaTUMETpPHIO), U3MEPATh
TeMIlepaTypy BOJBI, OTCJIeXMBaTh oOpa3oBaHue JIbAA,
Hab6JTI0JaTh 3a U3MeHeHUAMU 6eperoBoi JIMHUU U ILJI0-
naau BoAOEMOB, uaydaTh ¢Jiopy U (ayHy O3EpPHBIX
9KOCHCTEM, 4TO KpaliHe Ba’KHO JJif OLIeHKU COCTOSHUA
SKOCHCTEMBI, 1 MHOroe Jipyroe. Takoil ogxo[ 3Ha4u-
TeJIbHO paclupsAeT BO3MOXHOCTH HCCJIe[JOBaHUA 03ep
30HBI MHOTOJIETHEH Mep3JIOTHl, I03BOJIAA IOJIYYUTh
IleHHble JaHHble [AJIA 5KOJIOTMYecKOro MOHHUTOPHHIA.

© ABrop(s1) 2024. DTa paboTa pacnpocTpaHsi-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.


https://www.doi.org/10.31951/2658-3518-2024-A-6-1380
mailto:arasulova@limno.ru

KoHdpambes C.A. u dp. / Limnology and Freshwater Biology 2024 (6): 1380-1398

Opanako NpuMeHeHHe JUCTAHIMOHHBIX METOJOB Orpa-
HUYEeHO MHOTMMHU (aKTopaMH, OCHOBHBIMHU M3 KOTO-
PBIX ABJIAIOTCA paspellarllas CIOCOOHOCTh AATYMKOB,
3aTpyAHAINAas U3ydYeHHe MeJIKOMacmTaOHBIX OO0BbeK-
TOB M mporieccoB (06er9HO MeHee 10-30 M) u ryryGrHa
IIPOHMKHOBEHUA 3JIEKTPOMAarHUTHOIO H3JIyueHUsA B
BOJI0€M, UYTO MemlaeT MOJIy4eHH0 NHGOpManuu o Tep-
MHYecKux Ipoleccax B BOogHOH Tose. HemocraTok
nHbopManuu 0 BOJHOM Macce MHOI'OYMCJIEHHBIX 0O3ep
HeraTuBHO BJIMsAeT Ha IJIAHMpPOBaHUE XO3ANCTBEHHOH
J1esITeJIbHOCTH B CeBEpHBIX perroHax, a Takxe Ha Hayd-
Hy}0 000CHOBAHHOCTb IPOTHO30B BO3MOXHBIX H3MeHe-
HUI XapaKTepUCTUK 03ep U UX JAOHHBIX OTJIOXXKEHUH B
YCJIOBUAX KJIMMAaTU4eCKUX U3MeHeHU.

B mHacrosmee BpeMA u3 723 TBHICAY 03€p
Pecny6niuka Caxa (fIkytun) nadopmanusa ob UX riy-
OuHe U IUIOLMIAQY IIOBEPXHOCTU HMeeTcs MeHee 4eM
asa 500, koTophle cuuTarTCsa MOppoMeTpudecKy n3y-
yeHnHsiMU (Banarienko, 2016). IIpu aToMm o3epa pecmny-
6JIMKY UCIOJIB3YIOTCA 1A BOJOCHAOXeH!A, BOOOOTBe-
JeHus, peIO0JIOBCTBA, peKpeanuy, JOOBYH campoleis,
a Takke BO MHOTHMX APYIHMX 00JIacTAX 4esIoBeYecKOH
JeATeJIbHOCTH, TpeOylomux uHpopMaluy O Xapakre-
PUCTUKAX X BOJAHON MaccChl U JOHHBIX OTJIOXKEHUH.

Llenp HacToOAImero HuCCIeAOBaHUSA — BhIABJIE-
HUe BO3MOXHOCTENl MaTeMaTH4YeCcKOro MOJe/IpoBa-
HUA IIpU pellleHNU 3aJad KOJINYeCTBEeHHOH OLIeHKU U
nporHosa ruaporepmouHamudeckux (I'TH) xapak-
TEepUCTUK O3ep Pa3IMYHOro NPOMCXOXJEeHUA B 30He
3ajieraHudsl MHOroJieTHeMmep3sibix mnopon (MMII) Ha
OCHOBe J0CTyNnHOH nHdopManuu o6 ux MopHoMeTpUH.
O6BbekTOM HcciiefoBaHUsA ABJAIOTCA 420 reHeTUYeCKU
Pa3HOTUIHBIX 03ep fKyTuu, MopdoMeTpus KOTOPBIX
onucaHa B paborte (Banarenko, 2016).

2. 06beKT HccnepOBaHUA

SKyTHA 3aHUMAaeT IJIOI[Aa b OKoJIo 3.1 MITH. KM?.
Ha ceBepe Tepputopus oMbiBaeTcs MOpsAMH JlanTeBbIx
u Boctouno-Cubupckum. @opMel pesbeda NOACTUIIA-
IoIlell MOBEpXHOCTU pa3HOOOpa3Hbl. MOXHO BEIAEIUTD
JIBé OCHOBHBIe O0JIaCTU: 3alagHO-IIAaTGOPMEHHYI0 U
BOCTOYHO-T€OCHUHKJIMHAJIbHYI0, KOTOpHIe (POopMHpOBa-
JIVCh B TeueHHe KaliHO30VCKOI 3phl o[ BO3AeliCTBHIEM
aJBNUIICKOTO TropooOpa3oBaHNs, BEKOBBHIX KoJieba-
HUI 3eMHOM KOpBI, TeKy4YuX BOJ, JIEAHHKOB, TE€pMO-
kapcroBoro u Jpyrux mnpoijeccoB (Hecrepesa, 2011;
Bananenko, 2016). O3epa pacnoJsioXeHbl B pa3JIMYHBIX
dusuko-reorpagpuyecKux U KIMMaTUIECKUX YCIIOBUAX,
YTO OTpakaeTcs Ha NPOMCXOXOEHUU U CTPOEHUU UX
KOTJIOBMH, a COOTBeTCTBeHHO U Ha I'TJ] mporeccax
B O3epax, a Takke (PYHKI[MOHHDOBAHUU SKOCHUCTEM.
OpHolt u3 ocobeHHOCTeN IKyTUU ABJIAETCA MHOTOJIET-
HAA MepajoTa. Bosbmiag yacTh Teppuropuu AKyTuu
(90%), 3a WCKIIOYEHHEM IOro-3amagHoON U I0XHOI
YacTH pacrosio’keHa B 30He CIUIOIIHON MHOIOJIeTHeMH
Mep3JIOTHl, MOIIHOCTbh KOTOPOY 3aBUCHUT OT KJIMMarTa,
pesibedpa MECTHOCTH, XapaKTepa IIOYBEeHHOI'0 U pacTH-
TeJIbHOT'0 [IOKPOBA, COCTaBa U CTPOEHUs FOPHBIX TOPO/I,
SKCIIO3UINHU CKJIOHOB U APYIMX NPUPOJHBIX yCJIOBUI.
HaunGonbmasa momiHocts gocturaet Ao 1500 M B Bepxo-
BbAX peku Mapxa (JieBbiii mpuTOK p. Buutioit). Bes ceep-
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HasA 1 4aCTHUYHO LIeHTpaJjibHasA YacTh KyTuu npeacras-
JIs110T c060%1 30HY crtomHeix MMIT MomHocThIo 0T 400
M U OoJjiee. B 10XXHOH U I0ro-3anafgHoy yactax AkyTuu
HabrofaeTcsa OpephiBUCTOe pachpocrpaHeHue MMII,
MOIIIHOCTBIO 70 60 M.

Knumat fKyTuM pe3ko KOHTHHEHTAJIbHBIN, Ha
ceBepe U OCTpPOBax — Cy0apKTHU4eCKU U apKTUYeCKUI.
Ha Gompmeit yactu flkytum (LleHTpanpHO-AKyTcKas
HM3MEHHOCTb) 3uMa MNPOJOJIXUTesIbHAsA, CypoBasd,
MaJIoOCHeXHasA C aHTUIUKJIOHAJIBHBIM  PeXHMOM
noroabl. TemnepaTtypa sHBaps koJsebnercsa oT -26°C
o -68°C. JleTo KOpOTKOe, HO TEIJIOE U 3aCYILIMBOE,
TeMIlepaTypa utoJis cocrtasiser ot 2°C no 38°C. B cuny
ocobeHHOcTell pesibeda U yAaJIeHHOCTH OT MOPS KJIU-
MaT MMeeT CBOM OCOOEHHOCTH B pas/IMYHBIX YacTAX
pecny6iukuy. Tak Ha BocTouHo-Cubupckoii miatdopme
HabmonaeTcsa 6oJyiee MATKUN kauMaT. OCHOBHBIE KJIH-
MaTuueckue obsiactu AkyTuu npusefeHs Ha Puc.1.

Ha Puc. 1 ykasaHoO pacnoJioxeHue IeHTPOU-
JoB (LIeHTPOB TsXXKeCTH) yKa3zaHHBIX objacTteili, pac-
[I0JIOXKeHHe KOTOphIX OyAeT HCIIOJIb30BaHO B IOCJIe-
OyIOIMX BbUMCJIeHUAX. KoopAauHaTH LIEHTPOWUAOB
Kaxmou 13 KianMaTtudeckux obsacrert (135.905985° E,
71.075318°N-o6mnacts 1,130.522173°E, 66.934360° N
— obsacth 2, 124.756209° E, 60.887526° N — obyacThb
3) ompefiesieHH C UCIOJIb30BaHNEM IporpaMmel QGIS.
Kaxpapiii 1ieHTpouf NpejcTaBiseT cob6oil GapulleHTp
CJI051 KJINMaTU4YeCcKoi 00JIacTH, ero KOOPAUHATHL — 3TO
cpefHUe 3HaUYeHNUA KOOPAUHAT BCeX Y3JI0B MOJIUTOHA.

Mopdomerpus o3ep oTpaxaeT Kak crelUudUKY
Ppa3BUTHA KOTJIOBUHBI, TaK U MPOLECCH], IpOTeKalolre
B BOJHOI Macce M JIOHHBIX OTJIOXeHUAX (AgaMeHKO,
1985; Mypasetickuii, 1960; Hexuxosckuii, 1973;
HecrtepeBa, 2011; bamanenko, 2016). K uucny Hawu-
0oJiee pacnpoCTpaHEHHBIX TUIOB 03ep MO Mopdore-
HeTuueckol kiaccupukanum (Kupkos, 1983) oTHO-
CATCA TepMOKapCTOBhHIE, 3PO3MOHHO-TEPMOKAapCTOBHIE,
BOJHO-3PO3HUOHHEIE, JIeJHUKOBble, TEeKTOHHYecKue u
Jpyrve MeHee pacrpocTpaHeHHble. OCHOBHBIMU MOp-
(pomeTprUecKUMH XapaKTepUCTUKaMH 03ep ABJIAITCA
CcpefHAA M MaKcuMaJibHasA TJIyOMHBL 03epa, IUIOLajb
3epKaJjia o3epa, 00beM BOAHOI Macchl, AJIMHA U U3pe-
3aHHOCTh OeperoBoil JMHUU U (popmMa 0O3epHOU KOT-
JIoBUHHL. B Tabis.1 mpencraBiieHbl 3HAuYeHUA cpefHel
rayounsl o3epa (H, m), mmomanu 3epkana (A, km?)
1 obbeMa BOOHON Maccel o3epa (V, kM®) IJia pas-
JINYHBIX TUIOB MOpPGOMeTpHUYeCKN W3y4eHHBIX 03ep
Axytun (Bananenko, 2016). Kak mpasuio, npu Mojie-
JIUPOBaHUU O3ep B KadyecTBe BXOJHBIX IapaMeTpOB
HCIIOJIb3yeTCA CpelHAA IJIyOMHa BOJOEMOB OHOTO
Mop@doreHeTrueckoro mnporcxoxaeHuda. OgHaKo, Kak
[IpaBUJIO, He AJiA BCeX 03ep M3BeCTHHI Bce MopdoMe-
TpyUuyeckye InapaMeTphl. B3aumHasa 00yc0BJI€HHOCThb
reHeTUYecKoro IMpOUCXOXKAeHUsA o3epa U (POpMEI ero
KOTJIOBHHH onpefesifAeT KOppesALuio Mexay Mopdo-
MeTpUYecKUMH apaMeTpaM{ BOLOEMOB OJJHAKOBOI'O
npoucxoxaeHusa. biarogapa sToMmy MOXHO IpubJIn3n-
TeJIbHO OLeHUTh HeJocTalolue MopdoMeTpudecKue
XapaKTepUCTHUKHU 03€p Ha OCHOBE OJJHOI'0 MJIN HECKOJIb-
KHX WU3BECTHBIX [apaMeTpoOB B OJHOPOJHON IO reHe-
TUYECKOMY IIPOMCXOXAEHHUI0 Tpymnne BoJoéMoB. Tak,
Hampumep, B pabore (Banarenko, 2016) comepxarcs
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SMIIMpHUYECKHe reocTaTUCTHUYeCcKue 3aBUCUMOCTH, CBS-
3bIBaroIyie o0beM BOJBI B 03epe ¢ Itomabio. Takoro
poAa 3aBHCHMMOCTH MOTYT KCIOJIb30BaThCA AJIA KOJIM-
YECTBEHHOHM OLEHKM M [JPYrux MOppOoMeTHYecKux
XapaKTepHUCTHK 03ep, Halpumep — IJIyOrHEL.

Kak BugHO wu3 paccMmaTpuBaeMoll BBIOOPKHU
Hau0oJiee IMHPOKO paclpoCTpaHeHB Ha TeppUTOPHUU
AkyTum o3zepa mepmoOKapcmoGoZo IPOHCXOXAEHUA.
OTHu o3epa OoJiblliell YacTbi0 HeBEJIMKU IO pasMepam
U HMeIT OKpYyIJIo-oBajibHYI0 (opMy. Hx riyOuHBI
paBHB 1-3 M U TOJBKO B OTJEJIbHBIX O3epax HOCTH-
ralot 10-15 M. K GOOHO-3PO3UOHHBIM OTHOCSTCA
NOMMeHHble, pedyHble M pacloJIoKeHHBe B JeJbTax
WIN B YCTbAX peK o3epa. laHHbIe o3epa o0OpasyloTcA
B pesyJbTare OTAesIeHHWA OT peKu IPOTOK (pyKaBOB)
U y4acTKOB cTaporo pycia (crapuil), Jub0 Mpu 3aTo-
IJIGHWM [OJIBIMM BOAAaMM IIOHMXKEHHBIX YYacTKOB.
O3epa BOOHO-IPO3MOHHOIO IIPOMCXOXAEHHS pacIpo-
CTpaHeHB! BJOJIb peK, I HUX XapaKTepHa NpOAoJI-
roBaras ¢popma u HeboJpmas riyouHa (0.9-3.6 M) u
wiomagp (0.01-2.39 km?) (TopoaHuveB u ap., 2020).
Opo3uoHHO-MmepMmoKapcmossie o3epa 00pa3oBaslCh
B JIpeBHUX [IOJIMHAX KPYIHBIX peK, Ha Teppacax cpef-
Hero 1 BepxXHero KOMILIEKCOB. DTO HanboJiee KpyIIHble
o3epa permoHa, KOTOphle [0 Mepe NOAHATHA Ha Oosiee
BBICOKHE TMIICOMeTpHYecKre YPOBHU YTpaTU/IN SBHBIE
MIPYU3HAKY JPO3MOHHOIO IIPOUCXOXAEHHUs, IMpuodpesn
OKpYTJIble U OKpYTJIO-yAJIMHeHHBble ouepTaHusa. Osepa
JIeOHUKO0B020 TIPOMICXOXIEHUS INPeACTaBJIAT COOO0H
cijefbl NpeObIBaHUA U [BUXEHUA JIEAHUKOB 4YeTBep-
TUYHOTO IepHofa B BHAe HIpamMoB, O6apaHbUX JIOOB,
KOTOpBble XOpOIIO 3aMeTHBl Ha CKaJIMCThIX Oeperax u
ocTpoBax. bepera ozep cJjioXeHB IpPeHMMYyIleCTBEHHO
U3 TBepJOKaMEHHBIX IOpoJ, ¢Jjabo MNOAAAMNXCA
3PO3uH, UYTO ABJIAETCA OOHON U3 NPUYMH €J1a00ro Mmpo-
Iecca ocafgxkoHaKkoIuleHHA. O3epa mMeKMOHUYEeCK020
MPOUCXOX/eHUs OTJINYAIOTCA HauOOJIbIIeN TJIyOMHOM
Y [PO3PavyHOCTbI0, OOJIBIIMHCTBO M3 HUX IIPOTOYHEBIE.
OHu 00pa3syloTcs B MecTax pas3jiOMOB U CIBUIOB 3eM-
HOM kophl. Kak mpaBuiio, 3T0 Iyiy0okue y3Kue BOJO-
eMbl C KpPYThIMH OTBECHBIMM M KaMeHHCTHIMHU Oepe-
raMy, pacnoJioXeHHbIe B IJIyOOKHX CKBO3HBIX YIeJIbAX
(bananenko, 2016).

3. MaTrepuanbl U MeTOAbI

OOHUM U3 OCHOBHBIX HpeI[HaSHa‘IeHI/Iﬁ Mmare-
MAaTHU4YE€CKOT0 MOAEJIMPOBAaHUA IMPUPOAHBIX ITPOLECCOB
ABJIAECTCA MPOBEOAECHNE MMUTALOVOHHBIX W MNPOIrHOCTH-
YECKHUX pPaCyY€TOB, IMO3BOJIAKINNX OCYMIECTBUTH BBIXO[
3a paMK1 BO3MOXHOI'O HATYpHOI'O 3KCIE€pHMEHTa

(Camapckuii, 1983; Konapatbees, 2007). g gocTmxe-
HUSA MOCTaBJIEHHOM LeJIv, TO eCTh [JIA BhIABJIEHUA BO3-
MOXHOCTel MofieJiipoBaHus rpu orjeHke I'TJ] xapakre-
PUCTUK 0O3ep pas3jIMYHOIO MPOUCXOXIECHUA B YCIIOBUAX
3ajteranusa MMII, a Takke MX BO3MOXHBIX M3MEHEHUH
B pe3yJibTaTe KJINMaTHU4YeCcKUX BO3JEVCTBUN pellianch
cjeqyole 3agaun:

+ Bribop apmexBaTHOUl Momenu I'TJ| mpolieccoB B
cuctemMe «arMmocdepa — 03epo — OOHHBIE OTJIO-
KeHMsA», a TakKXe MCTOYHUKOB MHpoOpMaiuu o0
atMocepHOM BoO3felicTBUM Ha o3epa (peaHa-
N3, KJIMMaTU4YeCKUi NMPOrHO3) AJiA HU3ydyaeMoro
pervoHa.

+ TlpoBeneHure UMUTAIIMOHHBIX PACUETOB IO OIleHKe
PETPOCIIEKTMBHOM MeXIogOBOM UM BHYTPUTOZO-
ol auHamuku I'TJ] mporieccoB B BOJe U AOHHBIX
OTJIOKEHUAX O3ep, PacCIOJIOKEeHHBIX B 30HE MHO-
roJjieTHE! Mep3JIOTHl PA3JIMYHBIX KJIUMAaTUYeCKUX
obsnacreii fAxytun. PacueTsl BHIOJHAJNCH OJIA
TUTNIOTETUYECKUX O3ep CO CpeJHUMM XapaKTepu-
ctukamu u3 Tabsuiel 1, pacrnoyio)keHHBIX B TOY-
Kax ¢ KOOpJAHaTaMM IIeHTPOUAO0B KIIUMAaTUYeCKUX
obJsacTeri.

+ [IIpoBeneHre MPOTHOCTUYECKUX PACUETOB IO
OI[eHKe MeXTOJI0BOU U BHYTPUTOJOBOM JUHAMUKU
I'TA mpoijeccoB B BOLE U AOHHBIX OTJIOXKEHUAX
HauboJiee PaCIpPOCTPAHEHHBIX TEPMOKAPCTOBBIX
03€ep, PacloJIOKEHHBIX B 30Hax 3ajieraHusa MMII
PA3JIMYHBIX KJIMMaTU4ecKux obsacrtedn fAkyTtuu.
PacueTs! BBIIOJIHAINCH JJISI TUTIOTETUYECKUX O3€ep
co cpemHuUMU xapaktepuctukamu (Tabmmma 1),
PACMOJIOKEHHBIX B TOYKAaX C KOODAWHATAMU IieH-
TPOUAOB KiuMaTtuyeckux obsacrein (Puc.l), u c
HCTIOJIb30BaHUEM PA3JIMUYHBIX CI[eHapUeB H3MeHe-
HUA KJINMAaTa B peruoHe.

+ OueHKa NePCIeKTUB JaJIbHEHIIEero NCIoIb30BaHNUA
METO/IOB MOJEJIMPOBAHUA B CO3[JaHUU CHCTEMBI
JUCTAaHLMOHHOTO MOHMTOPUHTA HEN3yYeHHBIX
1 MaJIOU3y4YeHHBIX 03ep apKTUYecKuX objacTeit
Poccutickoit ®enepanuiu.

Bribop mopmenu I'T/I mpomeccoB B cucreme
«arMocdepa — 03epo — HOHHbIE OTJIOKEHUA», a TAKXKe
HCTOYHUKOB uHpopManuu o6 armocdepHOM BO3-
JelCcTBUU Ha o3epa. PaccMaTpuBaemMble B HAaCTOAIIEH
pabore o3epa fIKyTum, pacroJIO)KeHHbie B 30HE 3ajie-
raHusA MHOTOJIETHEMEP3JIbIX MOpoJ, 00JiajaloT OJHOM
BaXXHOW OCOOEHHOCTBHI0 — B HUX MPAKTUYECKU BCEra
MPUCYTCTBYIOT TOPU3OHTAJIBHAS OJHOPOIHOCTH IOJIA
TeMIepaTyphsl 1 mpeobyajjaHyie BepTUKAJIbHON M3MeH-

Ta6auna 1. CpeHue 3HauUeHUA OCHOBHBIX MOp(GOMeTpUYECKUX XapaKTePUCTUK o3ep AKYTHUU C pa3IMYHBIM IeHeTH4eCKUM

Tunom npoucxoxaeHus (banarexko, 2016)

THIbI KOTJIOBUH Kosi-Bo 03ep H, m A, xm? V, km® V = f(A)
TepMoKapCTOBBIE 231 1.4 0.8 0.001 V = 0.0024A'*
OPO3UOHHO-TEPMOKAPCTOBHIE 95 1.9 3.0 0.011 V = 0.0012A'%
BogHO-3p0O3UOHHEIE 90 1.1 0.28 0.0004 V = 0.0036A!?
TeKTOHUYeCKHEe 8 34.2 36.3 1.64 V = 0.085A%2
JleqHUKOBBIE 17 4.3 35.5 0.15 V = 0.085A32
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YMBOCTH TEPMUYECKHUX XapaKTepHUCTUK BOJHON MacChl
HaJ ropusoHTaibHoH ([1aBsoB, 1999). [Tpu Mmoaemupo-
BaHUU TepMMYECKOro peXxyuma BOJAOEMOB 3TOro Kjacca
3a4acTyl0 AOCTAaTOYHO MCII0JIb30BaTh MPOCTHIE OOHO-
MepHBle MOJeJI, OCHOBaHHble Ha HHTErpUpOBAHUU
ypaBHeHHA BepTUKaJIbHOU AN dy3un Temnsa U pasind-
HBIX crioco6ax IpeAcTaBJeHNs BepTUKAJIbHOIO paclipe-
JejeHus TeMieparyphl. Takue Mojesu, Kak IIpaBUJIo,
OCHOBaHBl Ha OCHOBOIIOJIAramuX (PpU3NYecKux 3aKo-
Hax, He TpeOyIoT 3afaHNA K03 PUIIEHTOB BepTHUKAaJIb-
HoOro TypOyJieHTHOro oOMeHa, IIPOCTH B peaju3aluu 1
yAOOHBI JJIA IPOBeJEeHUs YKCJIeHHBIX 5KCIIepUMeHTOB.
OpxHol u3 Takux mojened apisercsa Flake (Mironov,
2008).

T'uapoTepMoAuHAMUYecKas Moaesb o3epa FLake!
ABJIAETCSA COCTABHOM YacCThIO MTPeJI0KeHHON MeTOIUKHU
U pa3paboTaHa COBMEeCTHBIMHU yCUJIUAMU COTPYAHUKOB
HuctutyTa o3epoBeneHusa PAH, HWHctutyTa BOAHBIX
npo6sieM CeBepa PAH, UHcTUTyTa BOAHOM 3KOJIOTUU U
BHyTpeHHero peiboBojicTBa ['epmanum (IGB) u Ciryx6b1
noroasl I'epmanuu (DWD) (Mironov, 2008; Mironov
et al., 2010; Golosov and Kirillin, 2010; Kirillin et al.,
2011). Mopernp mpencraBseT co00M YHHBepCaJIbHYIO
napamMeTpHU30BaHHYI0 OJHOMEPHYI0 MaTeMaTHU4ecKylo
mopesnb I'TJ] mpoijeccoB B 03epe, B KOTOPOI peasin3o-
BaHBI pe3yJIbTaThl UCCJIeJOBaHU, NIOJIyuYeHHEIe B X0/ie
MHOT'0JIETHUX HaTypHBIX U JIJaOOpaTOpPHHIX HCCJIeA0Ba-
HUH, BBIIOJHEHHBIX Ha JIMMHOJIOTMYECKOH CTaHIUU
HuctutyTa o3epoBeneHua PAH, a takxe mociegHue
MMpPOBBIe JOCTHXeHHA B 001acTu GpU3nNIecKol JIMMHO-
Joruy. J[yig ycHIemHoro KCMIoJb30BaHUA MoJeau 00b-
eKT MOJeJIMpOBaHNA JOJDKEH YAOBJIETBOPATH CJIeylo-
IIMM OCHOBHBIM TpeOOBaHUAM:

* IPOTSXEHHOCTb He JOoJDKHA OBITh HAaCTOJIBKO
BeJIMKa, 4TOOBI MOPOJAWUTH 3HAUUTEJIbHble KJIMMa-
TUYeCKre pas3jIndusa MeXAy OTHeJIbHBIMHU yyacT-
KaMM aKBaTOpHY, U He HACTOJIbKO Maja, YTOOBI
BTOpHUYHAas BeTpOBas IUPKYJLANUA Urpajia O4eHb
CyIIeCTBEHHYIO POJIb;

* [HO MOXHO aNllpOKCHMHPOBATh IOPU30OHTAJIBHOM
IIJIOCKOCTBIO;

* QaJBEKTUBHBIE TIPOIlECCHI HE JIOJDKHBI  BHO-
CUTh CYIIECTBEHHOI'O0 BKJIaZja B TypOyJIeHTHOE
repeMenIMBaHue.

B Hactosmee Bpemsa FLake ciyxur 6a3oBeIM
WHCTPYMEHTOM JIJis1 pa3paboTKku MoJieiell GyHKILOHU-
pOBaHMA BOJHBIX 3KOcHCTeM U (GOpPMUpPOBaHUA Kaue-
CTBA BOJbl B IIPUPOAHBIX U MCKYCCTBEHHBIX BOJ0eMaX,
UCIOJIb3yeTcsA Kak yyeOHoe mocobue Impu NOATOTOBKE
CIeIaJINCTOB 3KOJIOTOB U T'MAPOMETEeOpOJIOroB KakK B
Halllel cTpaHe, Tak U 3a pybexom. IIpoyKT cuHTe3a
Mojiesi o3epa FLake ¥ mpUIOBEPXHOCTHBIX METEOPO-
JIOTMYeCKUX [JaHHBIX peaHaju3a MOJIyuYWs Ha3BaHUe
FLake-Global (Kirillin et al., 2011). OTmeuaeTtcs, 4TO
FLake-Global mo3BoJisieT mNpaKTUYECKHM MTHOBEHHO
OIIEHUTh CEe30HHBI LUK TeMIlepaTyphl U YCJIOBUN
IepeMellnBaHNA B JII0OOOM MeJIKOBOJHOM IIPECHOBOJ

1
2
3
4
5

o 500 1000 km ®
-
Puc.1. Kiumartudeckre o0JacTu Ha TeppUTOPUH

Pecnybsmka Caxa: 1 — KJIMMAaT apKTUYECKUX MYyCTHIHb U
TYHJpP, 2 — YMepeHHBI KOHTUHEeHTAJIbHBIN KJIMMaT C AOCTa-
TOYHBIM YBJIaXKHEHHeM, 3 — KJIMMaT TaWru C yCTONYMBBIM
yByaxkxueHueM (HanuoHaseHBIH aTiiac..., 2007), 4 — neHTpo-
UABl KJINMaTHYecKux objactei, 5 — o3epa

HOM O3epe 0 BceMy MUpy. B xauectBe meTofa yuyera
BJMAHUA o03ep Ha (opMUpOBaHMHE JIOKAJbHBIX KJIU-
MaTUYecKux ycJioBuil Mofesb Flake mmpoko BHe-
JpeHa B IpPaKTHUKy YKCJIEHHOTO IpPOrHO3a IOrofbl B
METeOpOJIOTUYeCKUX OpraHn3aluAx pasHbIX CTpaH U
MexnayHaponHoro Esponerickoro IlenTpa cpegHecpou-
HBIX MPOrHO30B noroAsl (Mironov, 2008). EBpomnerickas
nporHoctuyeckas cucrema COSMO?, ucnosibdyemas u
B Hallel CTpaHe [Ji COCTaBJIEHUs NMPOrHO30B IOTOLBI
PocrugpomeroMm Ha Bceli Tepputopuu P®, Taxxe
BimiouaeT FLake B kauecTBe cpe/icTBa OLIEHKU BJIMAHUA
IIPECHOBOJHBIX O3ep Ha JIOKAJIbHBIN KJIMMAT II0 BCeMY
mupy. U3 aToro cieayeTt, 4To MOZAeJib alpuoOpPU MOXET
HCIIOJIb30BAThCA HA HEN3yUYeHHBIX MaJblX U CPeJHUX
BOJloeMax Hallleil CTpaHhl.

Kpome ToOro, B mpefliecTBYIOMUX KCCJIeI0Ba-
HHAX aBTOPOB, BBIIIOJIHEHHBIX COBMECTHO C KOJLJIeraMu
n3 HMHcTuTyTa BogHbIX npobsiem CeBepa KapHIl PAH
n Cankr-IleTepOyprckoro rocygapCTBeHHOIO yHUBED-
cutreta (Zdorovennov et al., 2020), mpeacTaByieHbI
pe3yibTaThl Bepudukanuu mozesn FlLake Ha o3ze-
pax octpoBa CaMOMJIOBCKUI, HAaXOOANUXCA B I0KHOMN
yacTu JenbThl peku JleHel. Ha ocTpoBe pacnosioxeHO
HECKOJIBKO 03€p MpeuMyIeCTBeHHO TEPMOKapCTOBOI'O
npoucxoxaeHudA. A Bepudpukanuy MoAeJ M UCIOJIb-
30BaJIMCh pe3yabTaTbl WU3MEpeHHN TOJIIUHB JbAa
03ep, IPUAOHHBIX U IOBEPXHOCTHBIX TEMIIEPATyp YeTHl-
pex o3ep B ampeJsie 2013 roga, npoBeJeHHBIX PYNIIONI
CIIeIMaJnCTOB U3 MHCTUTYTA MOJIAPHBIX U MOPCKHUX
nccienoBaHuil uMeHu Amnpdpena Berenepa (AWI, .
[MoTrcmam, I'epmanusa) B pamMkax skcneaunuu «JleHa»
(Zdorovennov et al., 2020).

JlaHHBIe METeOpOJIOTUYEeCKOTO peaHasm3a
HCMOJIb30BAJINCh [JIA 3aJaHusA aTMocGepHOro BO3-
nerictBusa («dopcuHra») Ha o3epa. PeaHaynus oO6bequ-
HAeT JaHHble eTepMHHUPOBAHHOTO MOZEJIMPOBAaHUSA

L T'TH moxmens Flake https://www.lakemodel.net (maTra o6pamenus 15.03.2024) (Mironov, 2008).

2 IIporHoctuueckas cucrema COSMO, Pocrunpomer. https://www.meteorf.gov.ru/product/cosmo/ (aaTa o6paiieHus

15.03.2024) (Rockel et al., 2008).


https://www.lakemodel.net
https://www.meteorf.gov.ru/product/cosmo/

KoHdpambes C.A. u dp. / Limnology and Freshwater Biology 2024 (6): 1380-1398

C HaTyYpHBIMHU HaOJI0AeHUAMHU 10 BCEMy MUPY B IJIO-
0aJIbHO TOJIHBIML U COTJIaCOBAHHBIMI HaboOp AaHHBIX.
[TpuHiun Takoro o6beIUHEHWS NAHHBIX OCHOBAH Ha
acCUMMWJIALMM [aHHBIX, MCIOJb3yeMBIX B LeHTpax
YHNCJIEHHOTO0 MPOTHO3MPOBAHUA IIOTOABI, TAe KaxJble
HECKOJIbKO YacoB IpeAbAyLIMI IIPOTHO3 ONTHUMaJlb-
HBIM 00pa3oM KOMOUHUPYETCA ¢ HOBBIMU JJOCTYNHBIMU
HaOIOeHUsAMU [ TOJIYYeHUs] HOBOM HauWJIy4lleil
OLleHKU cocTosAHuA aTMocdepsl. [Ipu s3ToM peaHanus
He CBA3aH ¢ HeOOXOAMMOCTBIO ONlepaTUBHO BBITYCKAaTh
MeTeopoJIoruieckre MPOrHO3bl, CJieoBaTesIbHO, eCThb
OoJibllle BpeMeHU AJiA cOopa HaOJIIOJeHUII U ydeTa
YJIydllleHHBIX Bepcull HCXOAHBIX HaOII0JeHUH, 9YTO
6J1aroNpUATHO CKasblBaeTCs Ha KadecTBe IIPOAYKTa
peananusa.

B HacTosmell paboTe B KauyecTBe BXOAHOM
nHbopManuu AJA IUAPOTEPMOANHAMHYECKOT0 Moe-
JIMPOBaHUA NOCJIYXWIN JaHHBIE peaHan3a ceMelcTBa
ERAS. Peanaymsbel ERAS® comepxaT psisl BOCCTaHOB-
JIEHHBIX 3HAUYeHUI MeTeOpOJIOTHYeCKUX IlapaMeTpOB
JUIl BCero 3eMHOI0 Ilapa, KOTOpble OOHOBJIAIOTCA
exXxeqHEeBHO C 3aflepXkKoi okosio 5 nHeil. ERAS — 310
[ATOe MOKOJIeHHe peaHayu3a AjA rj100aJbHOro KJIH-
MaTa U OoroAbl 3a nocjaegHue 8 necatusieTuil. JlaHHble
poctynHel ¢ 1940 roga mo Hacrtosmee BpeMsa. ERAS
IpeJjoCTaBJAeT I0YacoBble OLeHKH A1A OO0JIBIIOro
yncsIa napaMeTpoB aTMocdepbl, OkeaHN4eCKUX BOJIH U
MIOBEPXHOCTH 3eMJIU. BpeMeHHO mar Mexay cpoKamu
«Hab0ieHni» CcoCTaBjsAeT 6 4acoB, MPOCTPAHCTBEH-
HOe paspelieHne pea"annsa — 0.25° no mupore u J0JI-
rore. Boibopka HeoOXOOUMBIX AJIA PacdyeToB NaHHBIX
MIPOM3BOJUTCA IO KOOpAMHATAM pacueTHOW TOYKHU.
J71a obsierdyenys paboThl MHOTMX KJIMMAaTH4eCKUX MIpU-
JIOXKEHUH pacCUUTHIBAIOTCA TaKXe U cpeAHeMeCsyuHbIe
3Ha4YeHus TMAPOMeTeopoJIornieckux napamerpos. [Ipu
mopmenupoBanuu I'TJI npoiieccoB B TPYyAHOLOCTYIIHBIX
peruoHax JaHHble peaHaIu3a 3aMeHSI0T OTCYTCTBYIO-
11yio MHGOPMaIHI0 Ha3eMHBIX U3MepeHUl.

CileHapuu HM3MeHeHUs KJMMaTra B pervoHe.
Jl714 oLleHKH nIoc/IeACTBUI BO3MOXHBIX KJIMMaTH4eCKUX
U3MeHeHH! B paboTe ObLIM MCIIOJIb30BaHHI [iBa ClieHa-
PHs DBOJIIOIMN aHTPOIIOT€HHBIX BEIOPOCOB NaPHUKOBBIX
rasoB B armocdepy B OyaymeMm, T.H. RCP-cuenapuu
(Representative Concentration Pathway) — RCP 2.6
u RCP 8.5 — «wiyumuii» U «XyAUnil» ¢ TOYKU 3peHus
BO3AeNCTBUA Ha OKPY’KaloIlyl0 Cpelly, COOTBETCTBEHHO
(Meinshausen, 2011; Moss, 2010; Nakicenovic and
Swart, 2000; Rogelj et al., 2012). Cuenapuii RCP 2.6
TpelGyeT, 4ToObl BBIGpPOCH Auokcupaa yriepona (CO,)
HayaJl HeyKJIOHHO CHWXAaTbCA U JOCTUIJIM HyJA K
2100 r. Bei6pocsl MeTana (CH 4) JOJIXHBI YMEHBIIUTCSA
Ha TOJIOBHHY, IIpU 3TOM ypOBeHb BHIOPOCOB AMOKCHAA
cepsl (SO,) coctaBuT npumepHo 10% ot yposHsa 1980-
1990 ronos. B cienapuu RCP 8.5 BeIGpOCH IpoaoJI-
JKaloT pacTy B TeueHue Bcero 21 Beka TeMHU e TeMIIlaMu,
yTo U ceiiyac. I{udpe B abbpeBuatypax clieHapueB
(2.6 1 8.5) yka3bplBalOT Ha JONOJHUTEJIbHOE KOJInYe-
cTtBo sHepruu (Bt/m2), KoTOpoe OyIeT akKyMyJHUpO-
BaHO aTMocdepoil B pe3yJibTaTe BHIOPOCOB NAapHUKO-
BBIX ra30B. 3HaUe€HNA MeTeOpOJIOrHYecKUX napaMeTpoB

(ocazkoB U TeMnepaTyphl BO3[IyXa), COOTBETCTBYIOIIUX
peanuzanuu ClieHapueB COIMaIbHO-95KOHOMUYECKOM
JesirenbHOCTU YesioBeka RCP B n3yuyaeMoM pervoHe Ha
nepuofa Ao 2100 rona, paccuyrMTaHbl C UCIOJIb30BaHUEM
kiuMaTtndeckort wmogenu MPI-ESM-MR  (MHCTUTYT
Makca [Inanka, I'epmanus), yuactByioujeii B ®aze 5
[TpoekTa B3aMMHOIO cpaBHeHUsA Mofesiell BceMupHoi
nmporpaMmsl ucciiefoBanuii kiaumara (WCRP CMIPS)
U peKoMeH/IO0BaHHBIX B [IATOM OIleHOYHOM MOKJIajie
MexXmnpaBuUTeIbCTBEHHOU T'PYIIIBL 3KCIIEPTOB MO HU3Me-
HeHUI0 KmMara“. [TojiyueHrne HEOOXOAUMBIX AJIA pac-
YeTOB [aHHBIX OCYyIIECTBJIAJIOCh IyTeM MHoAa4yu COOT-
BETCTBYIOIIEro 3alpoca, BKJIIOYAIOMIEr0 KOOPAWHATHI
WHTepecyIIUX Touek (B HallleM cJIyyae — KOOpAWHATHI
L[eHTPOUJOB KJIMMaTHhueckux obJiacTeli), Ha3BaHUe
kanMatudeckux Mmopenenn (MPI-ESM-MR), tun RCP-
cieHapus (RCP 2.6 u RCP 8.5), HazBaHUs MeTeopo-
JIOTUYECKUX TEePEMEHHBIX U BpeMeHHOe pa3pelieHue
JlaHHBIX Ha caiiTe EBponelickoro neHTpa cpeiHecpoy-
HbIX porHo30B noroasl (CORDEX..., 2021). UcxongHyto
nHbopManuio s KJIMMaTAYeCKUX MPOrHO30B COCTAaB-
JIAI0T TUpoMeTeoposorudeckue napameTpsl (RCP cie-
Hapum) 3a nepuop 2006-2100 rr.

s npoBeleHNMs HMUTAIMOHHBIX pPacyeToB
BHINIOJIHAJIACh  CTHIKOBKA T'HMPOMETEOPOJIOTMYEeCKON
nHbopManuM peaHaausza U KJIUMaTHUYeCKUX MPOTHO-
30B. AmanTtanuu cieHapueB RCP k peTpocrneKTUBHBIM
JIaHHBIM peaHaJiM3a MPOBOAWJIMCH C UCIOJIb30BaHUEM
MeTOoJla KOPPEeKTHMPOBKH 3HAaueHUIl KJIMMaTHYeCKUX
rapamMeTpoB, pacCuUuTaHHBIX o Momenn MPI-ESM-MR
ana nepuofa 2006-2022 rr. B COOTBETCTBUHU C JaH-
HBIMM peaHajii3a 3a 3TOT e Mepuoj BpeMeHU. MeTton
OCHOBaH Ha HCIIOJIb30BAHUN COOTHOIIEHMI, CBsI3bIBA-
IOIIMX 3HauYeHUs peaHasu3a (aHajora U3MepeHHBIX
KJINMaTHU4YeCcKUX IapaMeTpoB) U pACCUUTAHHBIX IO
Mofenu obieil nupkysAanuu atmocdeps! (KoHapaTees
u boBbikuH, 2003).

[Tpu Hanmmuuu HeOH6XOAUMOM UCXOOHOU MHOOP-
Maluu MOJleJib PacCUUTHIBAaeT cJIeIyIollne XapaKTepu-
CTUKU BBIOpAHHOI'O 03epa:

* TemsonepeHoC Mexay aTMocdepoii, JIbA0M, BOJON
Y JJOHHBIMM OTJIOXEHUSIMU;

*  BEPTUKAJbHBIN IPOGUIb TEMIIEPATYPHI BOJIBI, TEM-
repaTypy y MOBEPXHOCTU U Y JIHA;

* npoduib TeMIepaTypsl B JOHHBIX OTJIOXEHUSAX;

* aary OﬁpaBOBaHI/IH JIEJOBOI'O IIOKPOBA, €ro Ipo-
JAOJDKUTEJIbHOCTD U TOJIIINHY;

° I"J'IY6I/IHy npoTanBaHVsA JOHHBIX OTJIOXXEHUH B 0O3e-
pax 30HbI BEUHOI MEP3JIOTHI.

4. Pe3ynbTaTtbl U UX 006Cy)XpAeHME

Bo3MoOXHOCTH MaTeMaTHYeCKOro MOJesINpOoBa-
HUA IPU pellleHUM 3aJad KOJINYeCTBEeHHOH OLIeHKU U
MIPOTrHO3a BO3MOXHBIX u3MeHeHut I'T/] xapakTepucTuk
03€p pa3JIMYHOTO IIPOUCXOXIEHUSA B YCIIOBUAX 3aJiera-
Hua MMII Ha ocHOBe uHpopmanuu o6 ux mMopdome-

3 Caiit ERAS https://confluence.ecmwf.int/display/CKB/ERA5 (maTa o6paimienus 15.03.2024) (Hersbach et al., 2020).

4 Ccpiika Ha gokiaf https://www.ipce.ch/sr15/ (maTta ob6paienus 15.03.2024).
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TpUU NIPOJIEMOHCTPUPOBaHLI Ha IIpHMepe pellleHus cle-
AYIOLIMX TpeX 3aflady UMUTAILMOHHOI0 MOIeJIMPOBAHUS:
Pacuer BHyTpuromosoi nuHamuku I'T/] xapakre-
PUCTUK BOJHOU Macchl W JOHHBIX OTJIOXKEHUI B
Pa3JIMYHBIX KJIMMaTUYeCcKux obsacTtax JAKyTum.

Pacuer BHyTpuromosoi auHamuku I'T/] xapakre-
PUCTUK BOAHON MacChl M AOHHBIX OTJIOKEHU! B
o3epax pasJIMYHOr'o IIPOMCXOXAEHNA.

PeTpocniekTuBHasgs M IPOTHOCTHYECKAas OLI€HKU
AuHaMuKu cpeaHerofgoBbelx ['TJl xapakTepucTuUK
o3ep 3a nepuop 1940-2100 rr.

3HaueHUs r1yOMH NepBLIX TPeX TUIOB 03ep (Tep-
MOKapCTOBBIX, BOJHO-2PO3MOHHBIX U 3PO3UOHHO-TEp-
MOKapCTOBBIX) O/IM3KU Mexay coboi (Tabmuna 1). Ux
pas3nuys He OKasblBaeT CYLIeCTBEHHOrO BJIMAHMA Ha
pe3yJibTaTbl MoAesnpoBaHusA. IloaToMy B mocjeAdylo-
IMX pacyeTax pacCMaTpUBaJINCh TOJIbKO TEPMOKapCTO-
BBle 03epa, Kak IIpeBaJIMpylolile B paccMaTpyUBaeMoM
BEIOOpKe. MogenrpoBaHue BHIOJHAINCDH AJIA TUIOTe-
TUYECKHX 03ep, PacloJIOKEHHBIX B TOYKax C KOOPAU-
HaTaMHM IEeHTPOWJOB KJIMMaTUYeCKuxX objacTeil, co
CpeqHUMH 3HauyeHUAMU MopQOMeTpHUUYeCKUX XapaKTe-
pUCTUK, cofepxamumucsa B Tabaure 1.

Pacuer BHyTpUromoBod pmuHamuku I'TI
XapaKTepUCTUK BOJHOI Macchl U JIOHHBIX OTJIO-
)KeHHHA B pa3jIMYHBIX KJIMMaTHU4YecKHUX oO6JiacTAx.
HNmurtannonHoe I'TJ] MoaenrpoBaHue BOJHOM Macchl U
JIOHHBIX OTJIOXK€HUI NIPOBOAWJIOCH Ha NpUMepe TepMo-
KapCTOBOr'0 03epa B KJIMMaTHUYeCKHUX 00JIacTAX apKTH-
YeCKUX IyCTBIHb U TYHJP, KOHTUHEHTaJIbHOI0 KJIuMaTa
C IOCTaTOYHBIM YBJIQXXHEHHEM, a TakXke KJuMaTa Talru
C ycToMuuBBIM yByaxHeHueM (Puc. 1). BoznericTBue
KJIuMaTa B JaHHOU 3amave Ha ['TJ] xapakTepuCTUKU
BOJHOM Macchl ¥ JOHHBIX OTJIOXKEHUI peasii30BaHO
yepe3 THMAPOMETEOpOJIOTUYecKylo HMHGOpMaLUI0 pea-
Haju3a JJid LeHTPOWJOB YKa3aHHBIX KJIMMaTHYeCKUX
obsiacTeii. Pe3ysbTaTel KMMHUTALMOHHBIX pacyeToB,
ocpeAHeHHble 3a Iepuofn 1940-2022 rr., mpencras-
JleHbl Ha PucyHnke 2.

JauHvle PucyHka 2 AeMOHCTPUPYIOT 30HaJIb-
HOCTb BHYTPUTOJOBOIO XOJa CpefHell IO IJIyOuHe
TeMmnepaTyphsl BOJBI, TOJIIIMHE JIbJa U MOTOKa TeIa
MeXIy BOJOHN M AOHHBIMU OTJIOXKEHUAMU B TepMOKap-
CTOBOM O3epe TpeX OCHOBHBIX KJIMMaTH4YecKUX oOJia-
creii fAxkytun. HauGosiee TeIIBIMU ABJAIOTCA O3epa
obsacTu 3 ¢ KJIMMAaTOM TaWTI'M U yCTONYMBBIM YBJIaX-
HeHueM, JIeTHHe TeMIlepaTyphl 34eChb MOT'YyT JOCTUraTh
16°C. 3a HUMHM CJIeAYIOT BOJOEMBI 06J1aCcTH 2 C yMepeH-
HBIM KOHTHMHEHTAaJIbHEIM KJIMMaTrOM M [OCTaTOYHBIM
yBJIaxXHeHneM. HanmeHbmue TeMnepaTypbl BOJHOH
Macchl (He 60siee 6-7°C B JIETHUI MTePUO]]) XapaKTepPHBI
JU1s 03ep 00J1acTU € KJIMMATOM apKTUYeCKUX IIyCThIHb
U TyHAp. Pe3yabpTar AOCTaTOYHO IpeAcKasyeM, YUUTHI-
BasA MMPOTHOE pacloJIOKeHHe KJIMMaThudecKux obJia-
creif. OfHaKo BpeMeHHas AWHAMUKa TeMIlepaTyphl
BOJIbI B 03€epax, PacIoJIOXKeHHBIX B perioHax 3ajleraHus
MMII, B 3UMHUI1 Teproj CYIIeCTBEHHO OTJIMYaeTcsA OT
TaKOBOH B O3epax, IJie BeyHas Mep3JI0Ta OTCYTCTBYeT.
B nocyieqHux nepuoj JiefocTaBa XxapaKTepusyeTcs Kak
npaBuiIo 3G@eKToM «IIOoAJeqHOr0 MporpeBa» BOJHOMH
Macchl 3a cyYeT IiepepaclpefiesieHusa TeIla MeXAy
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Puc.2. Buyrpurogosasa auHamuka I'TJ] xapakTepucTUK
BOJHOU Macchl M AOHHBIX OTJIOXKeHWH (cpedHell MO TIJIy-
OMHe TeMmIlepaTyphl BOABI, TOJIIMHE JIbJa U IOTOKa TeIlJia
MeXAy BOJIOHM U JOHHBIMU OTJIOXKE€HUSAMU), OCPeTHEHHBIMU 33
nepuop 1940-2022 rT. B TepMOKapCTOBBIX 03epax obJsiacTel
¢: 1 — K IMMaTOM apKTUYeCKUX MyCTBIHb U TYHAP, 2 — yMepeH-
HBIM KOHTUHEHTAJIbHBIM KJIMMaTOM C JOCTAaTOYHBIM yBJIaX-
HeHueM, 3 — KJIMMaTOM TalI'u € YCTONYNBBIM yBJIQXXHEHHEM

TeIJILIMU JOHHBIMHU OTJIOXKEHUAMHU U XOJIOJHOH BBIIIe-
Jiexkaniell Booi. B pe3sysibTaTe B Takux o3epax B 3UM-
HUI [epuoJ] NMPOMCXOAWT IOBHIIIEHNE TeMIepaTyphl
BOJIbI oo JbAoM. B o3epax ¢ MMII gmanHbi 3ddexT
BBIpakeH oueHb cjabo. OH HaOsofgaeTrcs TOJIBKO B
IepBble HefesIy JieoCTaBa, Koraga MOTOK TeIljla OTpU-
1jaTesieH (HampasjieH U3 JOHHBIX OTJIOXKEHHUI B BOAY),
3aTeM MOTOK Telyla MeHseT 3HAaK Y CTaHOBUTCA IOJIO-
XUTEeJIbHBIM, T.e. HaIpaBJICHHBIM U3 BOJBI B JOHHBIE
oTJIoKeHUA. IIpu 3ToM TeMmmepaTypa BOJHOM MaccChl
IIOAO JIBIOM yMeHbIaeTcs. DTO NMPOMCXOAUT BcCJied-
CTBHE TOT0, YTO, BO-IIEPBHIX, CE30H JIETHEro Nporpesa B
o3epax ¢ MMII HenpoaoKUTEIeH — BCETO OKOJIO JIBYX
MecsIeB, 4TO He I03BOJIAET CyI[eCTBEHHO yBeJINYUTh
TeIlJIOCoiepXaHKe JOHHBIX OTJIOXKeHUH. Bo-BTOPEHIX,
ckasbiBaeTcsa BiausaHue MMII ¢ oTpunaTeIbHBIMU TeM-
nepatrypaMy. 3HauMTesIbHasA 4acTh Telljla B IepUOJ JIeT-
Hero Iporpesa pacxoJyeTcsA Ha HarpeB U IIpoTauBaHue
nenosoi ppakiuu MMII. B pesysbraTe Temso, MoCTy-
narwllee U3 BOAHOI MacChl, pacxoJyeTcsA CHadaja Ha
oOpa3oBaHMe Ce30HHOIO CJIOA NPOTauBaHMA, a TOJIBKO
3aTeM Ha HeNOCpeJCTBEHHBINI HarpeB CaMHUX AOHHBIX
oTsoxeHn. C obOpasoBaHHeM JiefJOBOIO IOKpOBa TO
HeOoJIpIIOe KOJIMYecTBa TeIlsIa, HAaKOIUIEHHOe B CJioe
[IpoTauBaHusA B TeyeHHe MepHoja JIeTHEro Nporpesa,
OBICTPO pacxo[yeTcs Ha He3HAUMTeJIbHBIN Harpes Npu-
JIOHHOH BOABI, I1OCJIE Yero CJI0A IpOTauBaHuA Aerpaau-
pyeT, a MOTOK Telyla MeHsAeT HallpaBjieHHWe C OTpUIia-
TeJIBHOr'O Ha II0JIOKHUTEeJIbHOe.

Ce30HHasA [JUHAMWKA TOJIIMHE  JIE[AOBOIO
nmokposa B o3epax ¢ MMII orimiyaeTcsi OT TakoBOH B
o3epax ¢ orcyTcTBUeM MMII TOJIbKO B KOJIMYeCTBEHHBIX
napaMmerpax. 3ecb He0OXOJWMO OTMETUTh AJIUTEsIb-
HBII niepuof Jiegoctasa — A0 10 MecsAleB, U OOJIbIIYIO
TOJIIIMHY JIba — CpeJIHMe 3HaueHUs 3a paccMaTpHBae-
MBI Tleprof cocTaBAlT 0 1.5 M. KauecTBeHHBIX pas-
Jnuui He HaOsofaerca. Pe3ysibTaThl pacyeTa TeIJioo-
O6MeHa uepe3 rpaHully “Bojia — AHO” JIeMOHCTPUPYIOT



KoHdpambes C.A. u dp. / Limnology and Freshwater Biology 2024 (6): 1380-1398

BJIMsAIHME MHOT'OJIeTHEMep3JIblX IOpOJ Ha TepMUYeCKU
pexum o3ep. B o3epax Bcex kiimMaTHU4yecKux obsiacreit
3HAYMTEJIbHYI0 4acTh rofa MOTOK Teljla MMeeT IOJIO-
JKUTeJIbHBle 3HaueHusdA, T.e. OH HallpaBjleH U3 BOJBl B
JHO. Y TOJIBKO B KOPOTKHI BpeMeHHO! IIPOMEXYTOK B
Hayajle OCeHM, Korja HaunHaeTcsA Ilepuof JiegocTraBa
OH CTAHOBUTCA OTpHULATEJIbHBIM, T.e. HalpaBJIeHHBEIM
Y3 JOHHBIX OTJIOXKEHUI B BOAY.

Pacuer BHyTpUromoBoi pauHamuku I'TI
XapaKTepUCTUK BOJHOHM Macchl M JOHHBIX OTJIO-
)KEHHMA B oO3epax pas3jIMYHOTO IIPOUCXOXKAEHM.
NmurtannonHoe I'T/] MoaerpoBaHue BOJHOM MaccChl U
JIOHHBIX OTJIOXEHU MPOBOAWJIOCh HAa AJIA TpeX TUIIOB
o3ep ¢ HauboJiee OTJIMYAIOMMMUCA IJIyOMHAMU — Tep-
MOKapCTOBOr'0, JIEAHUKOBOIO M TEKTOHWYECKOI'O CO
cpegHHMH MOp(OMeTpUUYeCKHMHU XapaKTepUCTUKaMHU
(Tabsmna 1) gyia objacTy 2 KOHTUHEHTAJIBHOI'O KJIH-
MaTa C J[JOCTaTOYHBIM YBJaXHeHHUeM. BosnelicTBue
TUIA 03epa B JJaHHOU 3ajaue Ha ['T/] xapakTepuCTUKU
BOJHOM MacChl W JOHHBIX OTJIOXKEHHUI peasii30BaHO
yepes3 pas3jinuuA B CpeJHUX IJIyOMHax o3ep yKa3aHHBIX
TUNOB. Pe3ysbTaThl UMUTAI[MOHHBIX pacyeToB, OCpel-
HeHHble 3a nepuof 1940-2022 rr., npefacTasJieHBl Ha
PucyHke 3.

[TpoucxoxaeHue osepa omnpepesseT creluPUKY
Pa3BUTHA €ro KOTJIOBUHBI U TaKyl BaXHYyI Mopdo-
MeTPHYeCKyl0 XapaKTepUCTUKY KaK CpefqHAA IJIyOuHa,
KoTOpas fABJIAeTCA BXOOHBIM IapamMeTpoM MoAesn
FLake. Kak cienyer u3 Tabsunbl 1 3HaYeHUs TIyOUH
Pa3HOTHUIIHAIX 03ep CYIIeCTBEHHO pa3jIMyaloTcsa MexAy
co0o0I1, 4yTO CKa3blBaeTCA Ha pe3yJibTaTax MOJeJINPOBa-
HuA. TpexkpaTHOe IIpeBbllleHre IJTyOrHbI Jie JHUKOBBIX
03ep [0 CPaBHEHHIO C TePMOKAPCTOBBIMU MIPUBOJUT K
CyIIleCTBeHHBIM Pa3jIM4UAM B X TEPMHUYECKOM peXxrume
B MOJJIeAHBIN Mepuof. B MeHbIleM 1o o60beMy BOJHOM
Macchl TepMOKapCTOBOM O3epe Teljlo3anac yMeHb-
maetcs ObicTpee u3-3a BiuAHUA MMII ¢ oTpunjaresb-
HBIMU TeMIlepaTypaMy, BCJIe[CTBLE Yero TeMineparypa
BOJBl IIpUOJIMXaeTcsa K HyJIEBBIM 3HaUYeHHAM B KOHIIe
nepyuoja JiefocTaBa. B JIeAHUMKOBBEIX O3epax TeMIle-
parypa Takxe yMeHbIIaeTcs, HO C MeHbIlell CKOpo-
CTBIO, M K KOHIY JIe[JOCTaBa OCTaeTCs MOJI0XKUTEeJIbHOM.
INocneanee BMseT Ha CTapTOBBIE YCJIOBUSA Havasla JieT-
Hero Inporpea o3ep o6oux TUINOB. TepMoKapCTOBEIE
Ha4MHAIOT [IPOrpeBaThCs C MPaKTUYeCKU HyJIeBHIX 3Ha-
4yeHUI TeMIlepaTyphl, TOrJa KakK JeJHUKOBEIE — C I10JIO-
JKUTEJIbHBIX. DTO ABJIAETCS OJHOM U3 MPUYUH TOTO, YTO
BOJla B JIEJHUKOBBHIX O3epax B IIeJIOM B TeueHHe JieT-
Hero Iporpesa focTuraet 0ojiee BBICOKUX TeMIIepaTyp
[I0 CPaBHEHUIO C TepMOKapCTOBBIMU. IIpocTas oleHKa
CBUJIETEIbCTBYET, YTO TeIljo3allac cpefqHecTaTUuCThuye-
CKOT'0 TEpMOKapCTOBOr0O 03epa K KOHIly 3UMHero Iepu-
ona (paccuuThiBaeTcs MO NaHHBIM Tabsnuilsl 1) GoJiee,
yeM B TPU pa3a MeHblIe TeIio3anaca JieJHHKOBOI'O
o3epa — 1.6-10° u 5-10° [Ixx/M? COOTBETCTBEHHO. J[pyroi
BO3MOXHO! NpUUNHON 60Jiee 3¢ PpeKTUBHOTO NMporpesa
JIeJHUKOBBIX 03€p MOI'YT CJIy>KUTh yCJIOBUA IlepeMell-
BaHUsA BOJHOM Macchl B o3epax 0601x TUNOB. B Meskux
TepMOKapCTOBBIX O3epax B Mepuojl JIeTHero Iporpesa
6oJiee 3(PhEKTHBHO IMPOUCXOAUT HOYHOE KOHBEKTHB-
HOe BBIXOJIaXMBaHHeE, YTO B CBOIO Oouepe]b BjIMAET Ha
CKOpOCTh IporpeBa BOOHOI Macchl. I'yiybokue TeKTo-

1395

Temnepatypa, “C
ToWHA b8, M

Totok Tenm, Bris®

O A T )

Puc.3. BuyTtpurogosasa auHamuka I'TJ[ xapaKTepHUCTHUK
BOJHOHM MaccChl M JJOHHBIX OTJIOKEHUH (TeMIepaTypsl BOAHI,
TOJIIMHBI JIbJa U MOTOKA TeIlyIa MeXIy BOJONH M OHHBIMU
OTJIOXXKEHUsIMM), OCPeJHEHHBIX 3a mepuon 1940-2022 rr. B
TEPMOKAPCTOBBIX — 1, JIEAHUKOBBIX — 2 U TEKTOHUYECKUX — 3
o3epax 00JIaCTH C yMepeHHBIM KOHTUHEHTAJIbHBIM KJIMMAaTOM
1 JOCTATOYHBIM YBJIaXHEHHUEM

HHUYecKue o3epa porpeBaloTcsA ropasfo MejJjieHHee 110
CpPaBHEHMUIO C NpeJbAYIIMMU TUIlaMu o3ep. MakcumMym
TeMIepaTypbl BOAb! B HUX NPUXOAUTCA Ha KOHel] aBry-
CTa — NepBYI0 MOJIOBUHY CeHTAOP:A (B TEPMOKACTOBBIX U
JIe[JTHUKOBHIX 03epax MaKCUMyM IIPUXOAUTCS Ha KOHell
HI0JIA — HavaJo aBrycra). [Ipu aToM abcosroTHBIE 3HA-
YeHUs TeMIepaTypbl BOJbI 3HAUUTEJIBHO HIXKeE 10 CPaB-
HEHUIO C IPYrMMU TUNlaMu 03ep — Bcero 6°C, Torga kak
B TEPMOKAapCTOBBIX U JieQHUKOBBIX — 12-14°C. M3-3a
6osbiioi riIyouHsl 3pdekT 3umHero BiusHusg MMII
B TEKTOHMYECKHX oO3epax IIpakTU4ecku He3aMeTeH.
[Mo3mHMiT mporpeB BOAHOU MaccChl B IJIyDOKOM TeKTO-
HUYeCKOM oO3epe NPUBOAUT K BpeMEHHOMY CIBUTY B
CpoKax Hayaja JieJocTaBa — IIPaKTHMYeCcKu Ha MecAll.
[TockosibKy JiefocTaB HayMHAETCA IPU CYIIeCTBEHHO
OTpUIlaTe/JIbHBIX 3HA4YeHUAX TeMIepaTypsl BO3AyXa,
CKOpOCTh OOpa3oBaHHUsA JibAa IIPEBHIIIAeT TaKOBYI0 B
TepMOKapCTOBBIX U JIEJHUKOBBIX 03epax. DTO IPUBOAUT
K TOMY, 4TO B I[eJIOM B TEKTOHNYEeCKHX 03epax TOJIIINHA
Jibfa 6oJiblie, 4eM B TePMOKAPCTOBBIX U JIeJHUKOBBIX.
TeniooOMeH yepe3 rpaHully pashesa BoJa-gHO
B TEKTOHMYECKUX 03epax TakKe CHUJIbHO OTJINYaeTcs OT
TaKOBOI'O B TEpPMOKAapCTOBBIX U JIEJHUKOBHIX. B JByX
[ocJIeAHMX THUIIAX O3ep XapakTep TeIsloo0OMeHa depe3
[IOBEPXHOCThb JOHHBIX OTJIOXKEHUH pa3jindaeTcsa TOJIbKO
B KOJINYEeCTBEHHBIX [IapaMeTpax — B JIeJHUKOBBIX 03epax
OH HEMHOI'O MHTEHCHUBHee. B TeKTOHNYecKUX xe o3epax
n3-3a orpuuaresabHbXx Temneparyp MMII B TeuyeHue
BCEro rojia MOTOK TeIljla HallpaBjieH U3 BOAHOMN MacChl
B JOHHBIe OTJOXeHUA. [Ipu sTom He Habmomaerca
3aMeTHOT'0 CHIM>XeHUs TeMIlepaTyphl B 3MMHUII [TepHOJ.
Jesio B ToM, 4TO u3-3a GOJIBIION TJIyOUHBI MPOLECCHI
nepeMellMBaHus B TEKTOHUYECKUX 03epax M0aBJIeHbl
U TemIo00OMeH OCyIIecTBisAeTcsA KpaliHe MeJlJIeHHBIM
MOJIEKyJIAPHBIM MexaHu3MoM. TeMm He MeHee MHTEHCH-
duxanua TensiooOMeHa 4yepes3 paHully pasfesia Boga-
JHO IIPOUCXOAUT IOCJIe JOCTHXEHUA TeMIepaTypHOro
MakcuMyMa C HadyaJIoOM OCeHHero OoxJiaXJeHW:dA, Korga



KoHdpambes C.A. u dp. / Limnology and Freshwater Biology 2024 (6): 1380-1398

[IpY IJIOTHOCTHOM KOHBEKIIMY IlepeMellliBaHne IPOHU-
KaeT B IPUAOHHBIE 00J1aCTH, 3a CUeT Yero TerioooMeH
WHTEeHCUPUIIPYETCA.

PeTpocniekTuBHAasA " nporHocruyeckas
OLIEHKM AWHAMHMKU cpea”Heronosbix I'TJ/] xapak-
TepUCTUK o03ep 3a nepuond 1940-2100 rr. PacueTn
BBHINOJIHAJIUCh AJIA O3epa JIeAHUKOBOI'O IIPOUCXOXKAe-
HUA, pacloJIOXKeHHOr0 B KJIMMAaTHW4yecKod obsactu 2
(Puc.1), co cpenHuMU MOp(OMeTprUYecKUMH XapakKTe-
puctukamu (Tabauna 1). PeTpocniekTuBHaA AUHaAMUKa
CpeqHeroloBol TeMIlepaTyphl BOJHOM Macchl U cpef-
Hell TOJIIUHBI JIeJOBOTr0 IMOKpoBa 3a mepuona 1940-
2022 rr. MogearpoBasiach C UCIHIOJIb30BaHNEM UHOOP-
Maluy TMAPOMeTeopoJIornieckoro peaHanusa. [ajee
1o 2100 B kauecTBe BXOJIHOM HHGOpMAaIUU B pacueTax
HCIOJIb30BaJINCh JaHHBlEe KJIMMAaTU4YeCKUX IIPOTHO30B
(RCP 2.6 u RCP 8.5) ana paccMaTpuBaeMoi KJIMMaTH-
4yeckoll ob6sacTy. PesysbTaTel MMHTalMOHHBIX pacue-
TOB, BBINIOJIHEHHBIX AJ1A Bcero nepuoga 1940-2022 rr.,
npeJicTaBjieHsl Ha PucyHke 4.

Ha mnpencraBjieHHOM pHCYyHKe HarJjissAHO IIpO-
CJIeXKUBAIOTCA TEeHAEHIMH PeTPOCHeKTHUBHOIO H3Me-
HeHNsA TepMUYeCcKHUX XapaKTepHCTUK 03ep B YCJIOBUAX
MeHsApLerocsa kiuMara ¢ 1940 r. no HacTosIee BpeMs.
CpenHsA TeMIlepaTypa BOOHOM MaccChl 03epa yBeJIn4u-
jace Ha 0.7°C, Ipu 3TOM TOJIL[MHA JIeAOBOr'O IIOKPOBA
yMeHbImach Ha 0.06 m. Jlanee nuamenenue I'TJ] xapak-
TepUCTHK 03epa CYIeCTBeHHO 3aBHUCUT OT ClieHapHeB
pasBuTuA kiauMarta. CorjiacHO «XyJlieMy» ClieHapuio
(RCP 8.5), xorga BBIODOCHI MApPHUKOBBIX T'a30B IPO-
J0JDKAl0T pacTd B TeueHHe Bcero 21 Beka, BO3MOXHO
JajipHelilllee yBeJIM4eHNe TeMIlepaTyphbl BOOHOI MacChl
o3epa enfe Ha 1.5°C Ha k 2100 r. ToyquHa J1eJOBOTO
nokposa yMeHsmutes Ha 0.10-0.15 m. «JIyumunii» Kiu-
matudeckuii cueHapuii (RCP 2.6), B cOOTBeTCTBUU C
KOTOPBIM BHIOpPOCHI JUOKCHUAA yrjepoja B aTMocdepy
AocTUrHyT HyJida K 2100 r., MOXeT CyL[eCTBEeHHO CTa-
OMIM3UpoBaTh NUHAMUKy uaMmeHeHus I'TJ] xapakre-
PUCTUK PpacCMOTPEHHOIO TIMIIOTETHYeCKOro o3epa.
Cutyanusa ¢ TOJIIMHOM JibJa Pa3HOTWUIHBEIX O3ep B
paccMaTpuBaeMbIX KJIMMaTHYeCKuX obJacTax AxyTuu
IIOJTHOCTBIO COOTBETCTBYET COBpPeMEeHHEIM IIpeJiCTaBJie-
HUAM O IoTensieHuu B ApkTuke. TosmuHa jpga yMeHb-
maeTcsd BO BceX BoAoeMax, NpuueM oOpa3oBaHue,
HapacTaHue U TasHUe JIbJja B o3epax IJIaBHBEIM o0pa-
30M ABJIAETCA Pe3yJbTaToM B3auMOENCTBUA BOOHOM
Macchl ¢ aTMocdepoi.

B cBA3M C O4YeBMIHBIM BJIMAHHEM BO3MOXHOIO
MOTeIJIeHUs KJMMaTa Ha AWHAMUKY TOJIIUHBL JIe[0-
BOr'O IIOKpPOBa B 03epax BO3HUKaeT BOIPOC O BO3JAeH-
CcTBUU Takoro mnoremieHusa Ha MMII, koTtopele ABJIA-
I0TCA COCTAaBHOM 4YacTbhl0 AOHHBIX OTJIOXeHUH. [lesio
B TOM, YTO BOAHAas Macca Jiloboro Bofgoema, BKJIIOYasd
o3epa, ABIAETCA €CTeCTBEHHBIM TeIJIOU30JIATOPOM
Mexay arMmocdepoil M AOHHBIMU oOTjoXxeHuaAMHU. K
TOMY XK€ TaKOH TeIJIOU30JIATOP o0JIaJiaeT elle U aHo-
MaJIbHO BBICOKOH TeIlJIoeMKOCThI0. [ToTernieHne aTMoc-
depsl IpuBeieT K HEKOTOPOMY YBEJIMYEHUIO B IIEPBYIO
ouepelib IIOBEPXHOCTHOM TeMIlepaTyphl B 0O3epax, 4To
CKOpee BCero YBeJIMYUT BepPTHKaJIbHYI0 IJIOTHOCTHYIO
cTpaTUGUKaLI0 B HUX, TeM CaMbIM YyCHUJIMBas H30-
JIAIWI0O NIPUAOHHBIX CJIOEB OT MPOHMKHOBEHUA B HUX
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Puc.4. PerpocniektuBHaA — 1, u nporHocruyeckas — 2
(RCP 2.6) u 3 (RCP 8.5) orjeHku JUHaAMUKU CpeHErONOBBIX
I'TH xapakTepucTuk (cpeiHerofoBass TeMiiepaTypa BOAHOM
Maccel U cpeHsAs TOJIIKHA JIe[JOBOI'0 IIOKPOBA) JIeJHUKOBBIX
o3ep ob6iactu 2 (Puc. 1) 3a nepuog 1940-2100 rr.

atMocdepHoro teria. AGCOJIOTHEIE 3HAYeHUA MOTOKA
TellJla Yepe3 rpaHUIly pasjejia Bofa-qHO KpaiiHe HeBe-
Jmku — 10 10 Bt/M? (Puc. 2, 3), K TOMY Xe B TeYeHHe
roga OH MOXeT ObITh pa3HOHANpPaBJIEHHBIM, T.e. CyM-
MapHBIN MOTOK TeIlsIa, HalpaBJIeHHbIN B JOHHEBIE OTJIO-
xkeHUsA Oynder emle MeHblle. TakuM 06pa3oM MOXHO
0XUJaTh, YTO MOTeIJIeHHe KJIMMaTa NpaKTU4ecKu He
okaxet BianAHUA Ha MMII, HaxoaAmecs o o3epaMu.

Pa3ymMHO npefnoyioxXuTh, YTO CUTyalus C u3Me-
HeHHeM KjuMaTa B pesyJibTaTe AeATEJIbHOCTU Yeio-
Beka OyJleT MpOoTeKaTh M0 HEKOEeMY IPOMEXYTOUYHOMY
cueHapuo. Kpome Toro, BaxxHo IOMHUTb, UYTO TEOpPETHU-
YyecKHe acleKThl BO3/IeHICTBUSA U3MeHeHUH KJIMMaTa Ha
OKPY>KaIoIIYI0 Cpely U BOAHBIE CHCTEMBl, B YaCTHOCTH,
HaxXoOATCA B CTaAU UHTEHCUBHOI'O pa3BUTUA. BecbMa
BEPOSATHO, YTO B CKOPOM BpeMeHU OyAyT pa3paboTaHbl
HOBEIE CIIeHapUuy 3MUCCUU MMapHUKOBBIX I'a30B U KJIU-
Marudeckue mofesu. [103ToMy HyXHO OBITh TOTOBBIM
K YTOYHEHUI0 IPOTHOCTHUYECKUX OI[eHOK BO3AeNCTBUs
OyayIx u3MeHeHUHN KJIMMaTa Ha BOJHbIE CHCTEMBL.

[IpeacraByieHHBle pe3yJbTaTbl UMWUTALMOHHOTO
Y1 NPOTrHOCTUYECKOTrO0 MOAEJIMPOBaHUA NOATBEPXKAAIOT
IIUPOKUI CIIEKTP BO3MOXHOcTell monenu FLake mpu
pellleHMX 3a4a4 KOJIMUECTBEHHON OIleHKH U TMpo-
rHo3a musMeHeHuil I'T/] mpolieccoB B o3epax pasJjidy-
HOTO MPOUCXOXJEHUsA, PACIOJIOXKEHHBIX B Pa3/IMYHBIX
(¢usuko-reorpaduyecKrix U KIMMATUYECKUX YCJIOBUAX
IIpU HeJoCTaTKe WJIU OTCYTCTBUU JaHHBIX HATYPHBIX
HabmofeHuil. TakuM o6Gpa3oM peasiuzyercsi OJHO U3
OCHOBHBIX NpegHa3HaueHUN MOEeJIMPOBAaHUs — BBIXO[I
3a paMKHU BO3MOXHOI'0 HaTYpHOTrO dKCIIepUMeHTa.

5. 3akniouenue

B pe3yJjibTaTe NnpoBEeJECHHA KOMILJIEKCA HMMHUTAa-
OVUOHHBIX W TMPOTrHOCTUYECKHUX PpaACYE€TOB IIOKa3aHbI
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MepCHeKTUBhl JajIbHeIlero MUCIoJIb30BaHUA METO[0B
MOJeJIMPOBaHUs B pelieHun 3agad oleHky I'TJ[ xapak-
TEPUCTUK Pa3HOTUIHBIX HEU3Y4YeHHBIX M MaJIou3y-
YeHHBIX O3ep pas3jIMYHBIX KJIMMaTHU4ecKux obsacTeit
SAxytun. mes B HaJIM4UU YHUBEPCAJIBHYI0 U IIUPOKO
anpoObHpOBaHHYI0 MaTeMaTtuieckyio Mojens I'T/] mpo-
1ieccoB B o3epax FLake, koTopas ycIlientHo UCIoJib3yeTcs
IIpYU COCTaBJIEHUU NPOrHO30B NOrofsl PocruipoMerom,
MO>KHO TOBOPUTH O peasIbHbIX NPEeIOChUIKAX AJIA pas-
pabOTKU CHUCTEMBl AUCTAHIIMOHHOTO MOHUTOPHHTA
o3ep apkTuieckux obsacrteii Poccutickoit ®enepanuiu.
OcHOBHBIE 3Tallbl CO3JaHMUA TAKOH CUCTEMBI CBOAATCA K
cJleAyoLeMy:

C ucnosib30BaHNEM CPECTB AUCTAHLIMOHHOIO 30H-
JVpPOBaHNs NOBEPXHOCTU 3eMJId Aemunudpupyercs
WHTepecyIomuil BOAHBIN 0OBEeKT, HaxXOoMATCA ero
reorpaduyeckre KOOpAUHATH U IJIOMIAAb BOJHOM
IIOBEPXHOCTU.

Ha ocHOBe TreoCTaTUCTUYECKUX B3aUMOCBA3EH
Mexay MopboMeTpUYeCKUMU XapaKTepUCTUKaMU
OIHOPO/IHOM TPYIIH BOAHBIX OOHEKTOB OI[eHMBa-
eTcs rIyOuHa o3epa.

[lo reorpaduveckuM KoopAuHATaM BOJHOIO
obpekTa u3 06a3 [AaHHBIX METeOpPOJIOTMYeCKOro
peaHasn3a U KJIMMAaTH4ecKoro MOJeJINpOBaHUA
u3BJIeKaeTcA MeTeonHpopmManusa TpedyeMoro pas-
pellleHNs [JIs NOCJIeAyIOIUX PETPOCIeKTUBHEIX U
IIPOTHOCTHUYECKUX PacyeToB.

I'nybuHa o3epa ¥ MeTeonapaMeTpHl SABJIAIOTCA
BXOJHBIMHU JaHHBIMU JJIA PacyeToB TeIJIO- U Mac-
coobmeHa B cucteMe “atmocdepa — BoJiHas Macca
— JIOHHBIE OTJIOXKEHHUs”, YCJIOBUM IlepeMellBaHus
1 BepTUKAJIBHOI'O paclpejesieHHds TeMIepaTyphl
B BOJe U JIOHHHIX OTJIOXKEHUAX, a TakKe JIeJOBOro
pexuma o3ep mo mopaenu FlLake. Ilpu s3Tom mpo-
THOCTHYECKHEe pacyeThbl I03BOJIAT OLeHUTh OCHOB-
Hble TeHaeHIM n3MeHeHus I'TJ[ mapaMeTpos o3ep
IIpY peajii3alliy pa3jIMYHBIX ClleHapueB U3MeHe-
HUA KJIMMaTa B pervuoHe.

[TocTpoeHHasa TakuM 00pa3oM cxeMa OLeHKHU U
nporHosa usmeHeHuil I'TJ] xapakTepHUCTUK pa3HOTUII-
HBIX 03ep Pas3jINYHOro reHeTUYeCKOro NMpOHUCXOXAeHNs
MOXeT IPUMEHAThCA [JIA MKUPOKOTO CIeKTpa MaJIbix
u cpequunx (mwiomaapio MeHee 100 KM?) HEM3yUYEeHHBIX
U MaJIou3y4ueHHBIX BogoeMoB Poccum. Ilpu ycioBun
nonosiHeHuss modenu FLake cOOTBETCTBYIOIUMU HPO-
rpaMMHBIMHM MOAYJIAAMY, IO IIPHUBEAEHHOU BHIIIE CXeMe
MOTyT OBITH OIlEHEHBl U ApyThe XWMUKO-OHoJioruye-
CKHe XapaKTepHUCTUKU BOJOEMOB, TaKue Kak, Halpu-
Mep, KHCJIOpPOAHBIN pexuM, 6uomMacca U IepBUYHas
MPOAYKIMA BOAOPOCJIEH, IPO3PayHOCTDb BOJBI U JIp.
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PaGotra BhIIOJTHEHAa TMpU TOAAEPXKE IPo-
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