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ABSTRACT. The results of adapting a three-dimensional mathematical model of the hydrodynamics
of an inland sea to the conditions of Lake Ladoga are presented, followed by its verification using
field and remote measurements. During adaptation, a spherical B-type computational grid with a spa-
tial resolution of 1 km X 1 km was constructed. The equation of state for seawater was replaced by
an equation for weakly mineralized water with a maximum density at a temperature close to 4 °C.
A procedure was implemented to calculate the inflow of heat and dissolved substances into the lake
through liquid boundaries with the waters of tributaries. The flow of the Neva River was taken into
account. Atmospheric forcing from NCEP/NCAR reanalysis with a spatial resolution of 2.5° X 2.5° has
been replaced with the European equivalent ERA5 with a resolution of 0.25° X 0.25°. Verification of
the new model version was performed for three areas of the lake: the southern shallow area (= 40 m),
the central area (—~50 m), and the northern deep area with depths up to 230 m. To assess the impact
of climate change on thermohydrodynamic processes, calculations were performed from 1990 to 2020.
Both contact measurements from the Institute of Limnology of the Russian Academy of Sciences and
images from NOAA and MODIS Terra/Aqua satellites were used for verification. The verification results
showed that the model adequately reproduces the main features of thermohydrodynamic processes
in Lake Ladoga, namely: the vertical thermal structure of the lake’s water mass, the beginning of the
formation and spread of the vertical frontal zone - the thermobar. Accounting for inflow waters allows
tracking their further distribution in the lake. Replacing atmospheric forcing has led to a significant
improvement in calculations of ice conditions in the lake. The results of verification of the new version
of the model should be considered satisfactory. Some shortcomings of the model have also been noted.

Keywords: Lake Ladoga, thermohydrodynamic processes, 3D mathematical modeling, temperature profile, ice
cover, thermobar, satellite information

For citation: Zverev 1.S., Karetnikov S.G., Pozdnyakov Sh.R., Golosov S.D. Thermohydrodynamic processes in Lake Ladoga: 3D
model verification // Limnology and Freshwater Biology. 2025. - No 6. - P. 1249-1267. DOI: 10.31951/2658-3518-2025-A-6-1249

1. Introduction Due to the large spatial extent of Lake Ladoga

(~ 250 %130 km) the presence of sharp depth differ-
ences (maximum depth ~ 230 meters), coupled with
a highly indented coastline, THD processes in the lake
have a pronounced spatial and temporal heterogene-
ity. Therefore, the one-dimensional approach widely
used in limnology (see, for example, the FLake model,
www.lakemodel.net), which assumes that vertical vari-
ability of processes prevails over horizontal variability,
is insufficient for their modeling. To correctly repro-
duce THD processes in Ladoga, it is necessary to use a
3D (three-dimensional) approach, which was initially

One of the main problems in modern limnology is
the adequate assessment of the mechanisms of variabil-
ity of thermohydrodynamic (THD) processes in lakes,
as well as the understanding of their future changes
associated with global and regional climate change.
Thermohydrodynamic processes largely determine the
conditions for the functioning of aquatic ecosystems,
thereby affecting water quality in water bodies. One
effective method for studying THD processes is mathe-
matical modeling.
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widely used in meteorology and oceanography, and
then in limnology. To date, there are a significant num-
ber of three-dimensional mathematical models devel-
oped specifically for lakes, or ocean models adapted to
lake conditions. A detailed description of the history of
the application of the three-dimensional approach in
modeling different types of lakes is given in the mono-
graph by Menshutkin V.V. (Menshutkin et al., 2013).

Among the three-dimensional lake models spe-
cially developed for Lake Ladoga, the model of the St.
Petersburg Economic and Mathematical Institute of
the Russian Academy of Sciences (Astrakhancev et al.,
1986; 1987; 1992; 2003), which has been successfully
used to solve THD and environmental problems for Lake
Ladoga and Lake Onego. The biggest drawback of this
model is that it does not take into account the direct
impact of the atmosphere on the lake. The heat flux
through the free surface of the lake is not calculated
from the heat balance equation, but is estimated from
direct estimates of changes in the heat content of the
lake. The latter significantly limits the applicability of
the model in solving problems related to the impact of
regional climate variability on THD processes in lakes
and their ecological status. In addition, the insufficient
spatial resolution of the model did not allow the entire
spectrum of hydrophysical processes in the lake to be
reproduced. Currently, due to the reorganization of the
scientific development team, this model is not available
for use in further studies of Lake Ladoga.

In recent years, the mathematical model of
internal sea hydrodynamics (MISH), developed at the
Institute of Numerical Mathematics of the Russian
Academy of Sciences (Ibraev, 2001; 2008), has become
increasingly widespread (at least in the Russian
Federation). The MISH was originally designed to
reproduce THD processes in the Caspian Sea (Ibraev,
2008). Later, it was refined for studies of circulation in
the World Ocean and its basins (Ushakov and Ibraev,
2018a; Ushakov and Ibrayev, 2018b).

Compared to the ocean, inland seas have a num-
ber of characteristics that must be taken into account
when modeling them (Ibraev, 2008). An important
element of the THD of inland seas is the presence of
intra- and interannual variability in water surface
levels as a response of the water body to a non-zero
water balance. In addition, water exchange through
liquid lateral boundaries (river inflow and outflow) is
important in inland seas, as it affects the formation of
the thermal regime and chemical composition of the
main water mass. Another important feature of inland
seas is that global (basin) circulation is superimposed
by movements of smaller spatial and temporal scales
— synoptic and topographic, which requires the entire
spectrum of movements to be described in the model.
The latter requires the construction of higher spatial
resolution grids for inland seas.

In this work, due to the similarity of Lake
Ladoga to an inland sea in terms of the above char-
acteristics (Filatov and Balagansky, 2021; Filatov and
Rumyantsev, 2021), an attempt has been made to adapt
the first version of the MISH, which has been success-
fully tested in the Caspian Sea, to the conditions of the
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freshwater Lake Ladoga, and the results of its verifica-
tion based on field observations at Lake Ladoga and
available satellite information are presented.

2. Materials and methods

In the MISH, the system of three-dimensional
equations of thermohydrodynamics of the internal
sea is approximated in the hydrostatic and Boussinesq
approximations on a spherical grid of type B using the
finite volume method in vertical z-coordinates (Marshall
et al., 1997). The model has transitioned from a “rigid
cover” condition to a description of a free sea surface,
which allows for the description of the propagation of
fast barotropic motions, as well as the variability of sea
level depending on the variability of the water balance
(Ibraev, 2008). The main characteristics of the model
are given in Table 1.

Thus, Table 1 shows that the following changes
were made to the model during the adaptation of the
MISH to the conditions of Lake Ladoga:

a high-resolution spherical calculation grid of type
B (= 1 km X 1 km) was constructed;

the sea water state equation was replaced with a
weakly mineralized water state equation that takes
into account the maximum density at a tempera-
ture close to 4 °C;

a procedure was implemented to calculate the
inflow of heat and dissolved substances into the
lake through liquid boundaries with tributary
waters, as well as the outflow of the Neva River;

atmospheric forcing from NCEP/NCAR reanalysis
with a spatial resolution of 2.5°x2.5° has been
replaced with the European equivalent ERA5 with
a higher resolution of 0.25° x 0.25°.

the sea ice formation model uses freshwater param-
eters (density, freezing temperature, latent heat of
fusion of ice, heat capacity of ice). The salinity of
sea ice has been replaced with the mineralization
of freshwater.

Calculations were made for the entire lake area
for the period from 1990 to 2020, but verification was
carried out for three areas: the northern area (with
depths of more than 200 meters, station 105 area),
central (50-60 meters, station 55 area) and shallow
southern with depths up to 40 meters (station 25 area).
Figure 1b shows the location of the stations selected
for model verification. These stations were selected for
verification because they have been included in the
mandatory field research program of the Institute of
Limnology of the Russian Academy of Sciences since
the mid-1960s. Over the years, a significant amount of
factual material has been accumulated at these stations.

Vertical thermal sounding data during the open
water period was used to verify the model, as well as
year-round satellite observations of ice conditions and
the spatial distribution of surface water temperature in
Lake Ladoga from 1990 to 2020.
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To verify the MISH in terms of the quality
of ice conditions and thermal bar reproduction,
images obtained from NOAA satellites (https://
www.class.ngdc.noaa.gov) and MODIS Terra/Aqua
[https://oceancolor.gsfc.nasa.gov) were used. All
of these satellites are equipped with high-resolu-
tion multispectral instruments (AVHRR) that can
calculate water surface temperature. The satellites
fly over Lake Ladoga several times a day. To verify
the model, images obtained during daylight hours
when there was no cloud cover over the lake were
used. To reduce atmospheric correction, images
with the object located nadirally in the image
were selected. The atmospheric influence on the
thermal radiation of the water surface was taken
into account using the method developed by the
Space Research Institute of the Russian Academy
of Sciences, which utilizes the difference in the
atmospheric influence on the passage of thermal
radiation from the underlying surface in different
parts of the thermal spectral range (Zakharov et
al., 1993).

3. Results and discussion
3.1. Atmospheric forcing and ice
conditions in the lake.

The initial meteorological information used
in the MISH was based on NCEP/NCAR reanalysis
data (a joint project of the National Centers for
Environmental Prediction (NCEP) and Atmospheric
Research (NCAR), USA), (www.cdc.noaa.gov).
The data from this reanalysis is presented on a
regular grid of 2.5 degrees latitude and longitude,
which does not allow for the spatial heterogeneity
of meteorological parameters over the lake area
to be taken into account. As an alternative to the
NCEP/NCAR reanalysis, the ERA5 reanalysis from
the European Centre for Medium-Range Weather
Forecasts (ECMWF) was used to model the atmo-
spheric impact on the lake. ERAS is the fifth gener-
ation of ECMWF reanalysis, representing a further
modernization of the well-established ERA Interim
reanalysis of global climate and weather over the
past decades. The spatial resolution of the ERA5
reanalysis used in this study is 0.25° on a regular
grid of latitudes and longitudes. Figure 1a shows
the coverage of Lake Ladoga by the grids of both
reanalyses.

The replacement of atmospheric effects on
the lake was primarily due to the fact that model
calculations showed unsatisfactory reproduction
of ice conditions when using NCEP/NCAR reanal-
ysis. This is mainly due to the underestimation of
air temperature in the winter months compared
to weather station data. As an example, Figure 2
shows a comparison of data from both reanalyses
with meteorological observations in Petrokrepost
Bay in different seasons of the year. The same fig-
ure also shows the results of ice thickness calcu-
lations based on reanalysis data in the same bay.
There is clearly a significant underestimation of

Table 1. Main characteristics of the MISH

Model title

Model of Inland Sea Hydrodynamics
(MISH)

Bottom topography

Horizontal grid
Horizontal resolution*

Vertical grid
Vertical resolution*

Parameterization of
vertical turbulence

Parameterization of
horizontal turbulence
for momentum

Horizontal turbulence
scheme

Solution method

Convection
Equation of state *
Wind friction stress

Heat fluxes on the lake
surface:

1) Shortwave radiation*
2) Long-wave radiation:
a) incoming*

b) outgoing

3) Explicit heat flux
4) Latent heat flux
Bottom friction

Ice model*

Tributaries *

Time step

Calculation time for 1
model year on a laptop
with an Intel Core I5
2.6GHz x 4 configu-
ration with the spec-
ified calculation grid
parameters

Data from the Institute of Limnology of
the Russian Academy of Sciences

Spherical grid B (Marshall et al., 1997)

Ap=0.54", A\ =1.08"
(= 1kmx1km)

z-coordinate
Az=2mat0 < z <5

Az=25mat5 =z <10
Az=5mat10 < z < 40
Az=10mat 40 < z < 50
Az=25mat50 < z < 225

Munk-Anderson scheme (Munk and
Anderson, 1948)

Smagorinsky’s scheme (Smagorinsky et
al., 1965)

K, =const=>5 m?/s

The solution is divided into two parts:
the solution of 3D equations for baro-
clinic motions and the solution of 2D
shallow water equations for barotropic
motions (Ibrayev, 2001).

Convection “adjustment”
(Chen and Millero, 1986)

According to Launiainen and Vihma
(1990)

ERAS reanalysis

ERADS reanalysis
Stefan-Boltzmann law

According to Launiainen and Vihma
(1990)

According to Launiainen and Vihma
(1990)

Parameterization of bottom friction
(Ibrayev and Trukhchev, 1998)

The Hibler sea ice model (Hibler, 1980).
No ice drift. Freshwater parameters
(density, freezing point, latent heat of
fusion, and heat capacity of ice) were
used in ice formation calculations. Sea
ice salinity was replaced by freshwater
mineralization.

Specified volumetric discharges, heat
and matter fluxes from inflowing rivers

300 s

8 hours

Note: * - parameters and schemes changed at the adaptation of
the MISH to the conditions of Lake Ladoga.
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Fig.1. (a) - Topography of the Lake Ladoga bottom used in the calculations, and coverage of the Lake Ladoga water area by
the NCEP/NCAR (solid lines) and ERA5 (dashed lines) reanalysis grids. (b) — Location of the observation station areas selected

for model verification.

air temperature by the NCEP/NCAR reanalysis in the
winter months, which is reflected in the calculation of
ice thickness, which, according to observations, ranges
from 0.5 to 0.7 m in the bay (Lake Ladoga. Atlas, 2002).

Due to complex hydrometeorological conditions
on Lake Ladoga during the ice season, no contact obser-
vations are conducted in the lake’s water area. The ice
situation is assessed either by observations at coastal
weather stations or by remote sensing data. Figure 3
shows examples of MISH verification using satellite
data on the temporal dynamics of ice cover on Lake
Ladoga in 2001. The model calculations were per-
formed with two atmospheric forcing. As noted above,
the NCEP reanalysis with a 2.5-degree grid, which is
coarse for lake scales, reproduces ice processes in the
lake extremely poorly. The data in Fig. 3 confirm this.
As of March 13, according to satellite data and calcu-
lations using the ERAS reanalysis, the northern part of
the lake is still ice-free, while the calculation with the
NCEP reanalysis shows that the lake is completely cov-
ered with ice. The same is true for ice melt calculations.
As of April 25, satellite data and ERA5 calculations

Temperature, °C

-16

show the lake surface to be ice-free. The NCEP reanaly-
sis calculation, on the other hand, leaves a good half of
the lake under ice. Accordingly, the timing of ice melt
on the lake is shifting to June, which has never hap-
pened in the history of observations on Lake Ladoga.

At the same time, the ERA5 calculation at least
qualitatively coincides with satellite information. Fig. 4
shows the results of assessing the degree of ice cover-
age of the lake surface based on satellite and model
data in the form of long-term dynamics of the relative
ice cover index of Lake Ladoga (RICI), proposed in the
paper (Karetnikov and Naumenko, 2013). The index is
the ratio of the total area under the curve of lake ice
cover change for a specific winter season to the area
bounded by the median values calculated from all
available observations.

There is a noticeable, almost systematic discrep-
ancy in the assessment of minimum RICI index values
between satellite and model data, while the maximum
values are similar in magnitude. Such differences in
assessments may be related to differences between the
minimum sensitivity threshold of the image interpre-
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Fig.2. Air temperature in winter and summer 2001 in Petrokrepost Bay in accordance with meteorological reanalysis data
(a) and (b), and seasonal variability of ice thickness according to modeling data (c).
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Fig.3. Water surface temperature (°C) — color area and ice thickness (m) — black-and-white area on March 13 and April 25,
2001, calculated using NCEP/NCAR and ERAS reanalysis data, as well as lake surface images obtained from the Modis satellite.
The dotted line shows the position of the ice edge based on the satellite image.

tation method and the minimum ice thickness value
specified in the model. In the model, the minimum ice
thickness can be set to any small number, while the
image interpretation method involves determining the
presence/absence of ice based on the color range of the
underlying surface in the image. If the underlying sur-
face is a field of thin transparent ice, it is identified as
water during interpretation. Therefore, in the model,
the ice cover at the beginning of the ice season occu-
pies a larger area compared to satellite data. The results
of a numerical model experiment performed with an
increased minimum ice thickness value (5 cm) are
shown in Fig. 4 as a dotted line. The experimental data
showed that the discrepancies in the RICI index values
obtained from the model and from image interpretation
were significantly reduced.

In addition, RICI variability can serve as an indi-
rect indicator of climate change in the region during the
winter period. It is difficult to identify any significant
trends in the temporal dynamics of the index in Fig. 4.
However, dividing the time interval under consider-
ation into parts allows us to conclude that since approx-
imately the early 2000s, there has been a downward
trend in the temporal dynamics of RICI, i.e., the ice
cover of Lake Ladoga is decreasing. The latter indicates
a warming of the regional climate in the winter period.
Figure 5 shows the results of the temporal dynamics
of RICI for the periods 1990-2002 and 2002-2020,
obtained from the model and from the interpretation
of satellite images.

Thus, the correspondence between satellite and
model data, at least in terms of the degree of ice cover-
age of the lake surface, appears to be satisfactory.

3.2. Vertical thermal structure of the lake

When comparing simulation results with field
observation data, it should be borne in mind that the
measured temperature profiles cannot be obtained at
a point with the same strictly fixed geographical coor-

1253

dinates. This is due to the specifics of taking measure-
ments from a research vessel, which, for various reasons
(error in determining the coordinates of the measure-
ment point, drift of the vessel during operation, etc.),
cannot be positioned with absolute accuracy in the
same place on different dates. The spread in the coordi-
nates of the measurement points is small, but can reach
hundreds of meters, which is insignificant in terms of
the scale of the entire lake. Nevertheless, given the
complex relief of the lake bottom, even a small spread
in station coordinates can lead to a spread in the depth
of the measurement location. Therefore, when compar-
ing simulation data with field data, it is appropriate to
talk about the model reproducing the vertical tempera-
ture distribution not at a strictly defined observation
station, but in its vicinity.

To assess the quality of the MISH reproduction
of the vertical thermal structure in Lake Ladoga in
different seasons of the year, the years with the high-
est reliability of field observations were selected from
the database of the Institute of Limnology. It should
be noted that all observations refer to periods of open

1990
—e—RICI satellite

1995 2000

——RICI model

2005 2010 2015 2020

— = =RICI experimental

Fig.4. Long-term variability of the ice coverage index
of Lake Ladoga. The red line with markers represents sat-
ellite imagery data, the solid blue line represents modeling
results, and the dotted line represents experimental calcula-
tion results.
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Fig.5. Variability of the ice cover index of Lake Ladoga RICI in different periods: a) — modeling results, b) — satellite image

data.

water. Winter observations were not carried out due
to the complex ice conditions on the lake. Fig. 6 shows
the results of calculations of the vertical distribution
of water temperature in the lake for the three selected
stations during the summer warming of the lake (June-
August) and developed autumn convection (October) at
the beginning and end of the entire calculation period.

Despite the generally satisfactory agreement
between the calculated and measured profiles, it should
be noted that the model best reproduces the tempera-
ture profile at all stations when there is a pronounced
upper mixed layer (UML) of wind or convective ori-
gin in the lake. In cases where the water mass in the
upper layers is stably stratified, the model gives under-
estimated temperature values. This may be due to the
fact that the model does not calculate the temperature
directly at the water surface. Due to the peculiarities
of the calculation grid, the first calculated temperature
value is at a depth of 1 m. With stable stratification of
the surface layer, the temperature difference between

the surface and a depth of 1 m can reach several
degrees. Conversely, with a pronounced upper mixed
layer, this circumstance does not play a role — the tem-
perature in the UML is practically uniform vertically.
This can be seen at all “October” stations in both 1991
and 2018. Another drawback of the model is the lack
of a complete equation for density convection. Instead,
a so-called “convective adjustment” is used, which is
triggered when the density of water in the upper cell
becomes greater than that in the lower cell. The model
then automatically equates the temperature to the aver-
age value for both calculation cells. This procedure is
justified for small vertical cell sizes. With large dimen-
sions, a situation may arise where, under natural con-
ditions, convective mixing has not reached a depth cor-
responding to the dimensions of the lower cell, but the
temperature in it is already considered average for the
two cells. An example of such a situation is shown in
Fig. 7.
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Fig.6. Calculated (lines) and measured (symbols) vertical temperature profiles in Lake Ladoga for different stations.
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3.3. Thermal bar (thermobar)

One of the “hallmarks” of freshwater bodies is
the thermobar, a vertically oriented frontal zone that
occurs when the water mass is heated/cooled to tem-
peratures close to the maximum density temperature
T _=3.98 °C. The nature of the thermobar is as fol-
lows. In spring, when the water begins to warm up, the
shallow coastal zone of the reservoir warms up faster
than the deep-water zone away from the shore. The
temperature field becomes horizontally heterogeneous.
Due to the peculiarity of the equation of state of fresh
water — the presence of a maximum density tempera-
ture — the density stratification on both sides of the
maximum density isotherm behaves differently: stable
density stratification is observed in the shallow zone
and unstable stratification in the deep zone, where at a
water temperature T < T__, density convection devel-
ops with a strong downward current in a narrow strip
between the zones. The corresponding frontal bound-
ary of the division is called a thermal bar. As the water
body warms up, the thermal bar shifts toward the deep
water zone. This process continues until the tempera-
ture of the cold deep water zone reaches T __ . A similar
phenomenon can be observed in autumn: the shallow
coastal zone cools faster than the deep water zone. Its
temperature drops below the maximum density tem-
perature earlier. Further cooling of the lake, while
maintaining the thermal convective regime in the deep
water zone, leads to the formation of hydrostatically
stable stratification in shallow water.

As a frontal zone, the thermobar slows down the
exchange processes between coastal and deep-water
masses, thereby exerting a significant influence on THD
processes and the ecological state of the water body. It
is precisely because of the thermobar that biogenic ele-
ments accumulate in coastal areas, ensuring high bio-
logical productivity. On the other hand, the thermobar

T,°C
10

St. 55

—
=

[
=}

Depth.m

=

[}

model
e 26.10.1996

=
=}

50

*.

60

Fig.7. Example of incorrect reproduction of the tempera-
ture profile in the near bottom zone at station 55 on October
26, 1996. Symbols — sounding data, black line — calculation
according to the model.

contributes to the accumulation of pollutants in shal-
low water areas, which worsens their ecological con-
dition. Thus, the thermobar plays an important role in
both THD processes and ecological processes in water
bodies. The fact that the physics of thermobar is related
to the temperature of maximum water density makes
its identification in space and time quite convenient.
To determine the time of formation and degradation
of the thermobar, as well as its distribution across the
water area, it is necessary to determine the location
of the 4-degree isotherm on the surface of the water
body based on contact measurements or using remote
sensing methods. In addition, in the modeling of lake
systems, the ability of the model to correctly reproduce
the thermobar is a good criterion for its quality.

Figure 8 shows the results of determining the
position of the thermobar based on the results of mod-
eling and processing satellite images.

Fig.8. Distribution of the thermal bar in Lake Ladoga in the spring and early summer of 1997 and 2018. The red line shows
the thermal bar position based on satellite images; the black line shows the model calculation. The color scale shows the water

temperature (°C).
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The data in Fig. 8 show that the model repro-
duces the distribution of thermobar across the lake area
in a qualitatively and quantitatively satisfactory man-
ner. The position of the front in the deep northern part
of the lake almost exactly coincides with remote sensing
data. This is quite understandable. At great depths, the
water mass warms up very slowly, as a result of which
the thermobar forms late. The differences observed in
the shallower areas of the lake are explained by the fact
that the formation and movement of the thermobar is
determined not only by the proximity of the water tem-
perature to the maximum density temperature, but also
largely by the topography of the bottom. In the model,
the bottom relief of the lake is approximated by rect-
angular cells, which naturally introduces errors in the
reproduction of the true relief, leading to differences
between the model and remote sensing data.

Of particular interest is the dynamics of the tem-
poral parameters of the frontal zone, namely, the start
and end dates of the thermal bar in the lake, as well as
its duration. Figure 9 shows the results of model calcula-
tions and satellite image interpretation, demonstrating
the temporal variability of these parameters between
1994 and 2020. From 1990 to 1993, the Institute of
Limnology’s database does not contain satellite images
of the surface of Lake Ladoga at the necessary points
in time.

Based on the results of modeling and satellite
imagery data, it is impossible to draw a definitive con-
clusion about the temporal dynamics of the parame-
ters of the thermobar passing through the lake’s water
area. According to the results of satellite image pro-
cessing, there is a slight negative trend in the start and
end dates of the thermal bar. Modeling results did not
reveal such trends. At the same time, the duration of
the thermobaric passage through the lake area remains
constant according to both satellite and model data.
Thus, based on indirect evidence, there is no reason to
speak of a warming of the regional climate during the

90 4
¥=-0.6337x + 1332.8
a) R2=10.3665

¥ =0.0336x - 2.242
R?=10.0016

70

Day of the year (from March 1)

T T T T T 1
1990 1995 2000 2005 2010 2015 2020

—Start day (mod) ——Start day (sat data)

920

-1
=
L

]
=
L

Number of days

30

¢) ¥=0.0244x +6.9149
R2=10.0005

open water period, in contrast to the ice period, where
ice index values tend to decrease.

4. Conclusion

This paper presents the results of adapting a
three-dimensional mathematical model of the hydro-
dynamics of an inland sea to the conditions of Lake
Ladoga, followed by its verification using field and
remote measurements. Replacing atmospheric forcing
led to a significant improvement in calculations of the
ice situation in the lake. The long-term temporal dynam-
ics of the relative ice index of Lake Ladoga (RICI) have
been calculated. The negative trend in the dynamics of
the index over the last 20 years indicates a softening of
winter conditions in the Lake Ladoga region.

The verification results showed that the model
adequately reproduces the vertical thermal structure
of the lake water mass, with the exception of isolated
cases when reproducing the temperature profile in the
bottom layers under autumn-winter convection condi-
tions. This shortcoming of the model can be eliminated
either by using a full-fledged submodel describing con-
vective mixing, which will complicate the already com-
plex 3D model, or by changing the vertical resolution of
the model, which will increase the computational costs
of the calculations.

The results of the thermobar modelling—an
important phenomenon both in terms of the thermo-
hydrodynamics of the lake and the functioning of its
aquatic ecosystem—were close to those obtained from
the interpretation of satellite images.

In the future, it is planned to further use the
model to study a wide range of thermohydrodynamic
and ecological processes in Lake Ladoga. These include
the formation, development, and degradation of
upwelling/downwelling processes, the spread of tribu-
tary waters in the lake’s water area, and the prediction
of the consequences of possible man-made disasters,
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Fig.9. The start (a), end (b) and duration (c) of the thermal bar in Lake Ladoga in the period from 1994 to 2020. The mod-
eling results are shown in black, and the results of satellite image interpretation are shown in red.
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etc. In addition, it is expected that the MISH will be
supplemented with appropriate modules to describe
chemical and biological processes, which will allow it
to be used as a model of the lake’s ecosystem.
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TepmoruapoaAMHamMmuuyecKue npoueccobl
B AapoXxckom o3epe: sepudukauuna 3D
MOAEAU

3BepeB U.C.1?, Kapetnukos C.I'.!, [To3ausakos II1.P.3 T'omocos C.[1.1%*

T HHcmumym o3epogedeHus PAH — CIT6 ®HL] PAH, ysi. CesacmbsaHoga, 9, Cankm-Ilemepbype, 196105, Poccua
2 HHcmumym okeaHoJstoeuu um. ILIT. IMupwosa PAH, Haxumoackuti npocnekm, 36, Mockea, 117997, Poccusa
3 Cankm-Ilemep6ypeckoe omdesieHue PAH, YHugepcumemckas HabepedxcHas, 5, Cankm-IlemepOype, 199034, Poccua

AHHOTALIUA. IlpencraBsieHbl pe3ysbTaThl afanTaluy K ycaoBuAM JIafoXCKOro o3epa TpexMepHOH
MaTeMaTHUYeCKON MOJeJIN TUAPOAUHAMUKY BHYTPEHHEro MOPs C MOCJIeAYIoIel ee Bepudukamnuen mo
JaHHBIM HaTYPHBIX U AUCTaHIMOHHBIX M3MepeHui. [Ipu afganranuu nocrpoeHa chepruyeckas pacueTHas
ceTka THINa B ¢ mpocTpaHCTBEHHBIM pa3pelieHreM 1KM X 1kM. YpaBHEHKE COCTOAHUA MOPCKOH BOJBI
3aMeHeHO Ha ypaBHeHUe cJIabOMUHepal30BaHHOU BOJBl C MaKCMMyMOM IIJIOTHOCTH IIpU TeMIlepa-
Type, 6J113koi K 4 °C. Peann3oBaHa npolefypa pacueTa MOCTYIIEHN Telljla M PaCTBOPEHHBIX BellecTB
B 03epOo uyepe3 XUJKKe I'PaHuLbl C BoJaMy IPUTOKOB. YUTeH cTOK peku HeBrl. ATMocdepHEBIiT GOpCUHT
n3 peaHaymza NCEP/NCAR c npocTpaHCTBEHHBIM paspenieHueM 2,5° X 2,5° 3aMeHeH Ha eBpOIelCKu
anasior ERAS c pa3pemenuem 0,25° X 0,25°. Bepudukanysa HOBOY BepCUU MOJIeJIN BRIIOJIHEHA JJI TPpeX
PaliOHOB 03epa - FXXKHOTro MeJIKOBOAHOro (< 40 M), neHTpasbHOro (~50 M) U ceBepHOro IIyO00KOBO-
aHoro ¢ riryouHamu Ao 230 m. J[Jis OLleHKY BJIUSAHUA KJIMMaTUYeCKUX M3MEeHEeHUN Ha TEPMOTHIPOIU-
HaMHYeCKHe IPoLecch pacdyeTsl npoBoAuanchk ¢ 1990 no 2020 r. [{na BepuduKanuy UCnoJb30BaInCh
KaK JaHHble KOHTAKTHBIX M3MepeHull MHcTUTyTa 03epoBefeHus PAH, Tak M CHUMKHU CO CIlyTHHUKOB
NOAA u MODIS Terra/Aqua. Pe3ysibpTaTsl BepudrKanuy Iokasaiyd, YTO MOAEb aleKBaTHO BOCIIPOU3-
BOAUT OCHOBHbIE 0COOEHHOCTH TepMOTrUApOANHAMNYECKHX IIpolieccoB B JIalokCKOM o3epe, a UMEeHHO:
BepTUKAJIbHYI0 TEPMHYECKYI0 CTPYKTYPY BOJHON Macchl 03epa, Hauajio GOopMUPOBaHUA U paclpocTpa-
HeHUs BepTUKaJIbHOI (POHTAIBHOM 30HH - TepMobapa. YueT BoJ IIPUTOKOB II03BOJIAET IPOCIEAUTh UX
JajibHellllee paclpocTpaHeHNe B o3epe. 3aMeHa aTMochepHOro ¢GopcuHra nprsesia K 3HaYuTeJIbHOMY
yJIy4lIeHUI0 pacyeToB JieJOBOi 00CTaHOBKU B 03epe. Pe3ysibTaThl BeprduKayy HOBOM BepCry MOJeIn
cJlefyeT IpU3HaATh yAOBJIETBOPUTEJIbHEIMU. Takxke OTMeUeHbl U HeJOCTaTKU MOZEJIU.

Kitioueavie ciroga: Jlafoxckoe 03epo, TepMOTHIPOAUHAMUYECKHE TIpoliecchl, 3D MaTeMaTH4ecKoe
MozeupoBaHue, Mpodusib TeEMITEPATYPHI, JIEJOBUTOCTh, TEPMOOAp, CITyTHUKOBas MHGOPMAIIUS

Jna outupoBanusa: 3eepeB U.C., KapernukoB C.I'., Ilosgasakos II.P., Tomoco C.[J. TepmoruapoauHamMuyeckue Ipo-
neccsl B JlagoxckoMm o3epe: Bepudukanua 3D moaenn // Limnology and Freshwater Biology. 2025. - Ne 6. - C. 1249-1267.
DOI: 10.31951/2658-3518-2025-A-6-1249

1. Beepenne BBuny 60J1bI10I1 MPOCTPAHCTBEHHOM MPOTSIKEH-

OaHOl U3 OCHOBHBIX Hpo6jeM COBpeMeHHOMH
JIMMHOJIOTUH fABJIAeTCA aJieKBaTHasd oOljeHKa Mexa-
HU3MOB U3MEHUYMBOCTU TepMOTUAPOJANHAMUYECKUX
(TT1) mporeccoB B 0O3epax, a TakKXe MpeCcTaBJIeHHE
00 nx OyaOyIIuX N3MeHEHHUAX, CBA3AHHBIX C rJ100ajib-
HBIMU U peruoHaJIbHBIMHA M3MEeHeHUAMM KJMMara.
TepmorupoauHaMuyeckye MPOLECCH BO MHOTOM
ONpEJIEJIIIOT  YCJIOBUA (DYHKIIMOHUPOBAHUA BOAHOU
SKOCHCTEMEBI, BJIMAA TeM caMbIM Ha KauyecTBO BOZHI B
Bojoemax. OgHUM U3 3(PGPEKTUBHBIX METOJ0B UCCIIe-
posanua TI'Jl mpoleccoB SABJIAETCA MaTeMaTHUYecKoe
MoJieJIipOBaHue.

Hoctu Jlagoxckoro o3epa (~ 250 X 130 kM), HaIUYUA
B HEM pe3KUX IlepernajioB riiyouH (MakcuMasibHasA IiIy-
6uHa ~ 230 MeTpOB), CONPsDKEHHBIX C BBICOKOH CTerle-
HBIO U3pe3aHHOCTU GeperoBoii jmuuu, TT'J] npoiiecch
B 0O3epe MMEKT SPKO BBIPAXEHHYI0 IPOCTPAHCTBEH-
HO-BPEMEHHYI0 HEOAHOPOAHOCTh. [loaToMy A ux
MOJEJINPOBaHUA HEAOCTAaTOYHO IPHMMEHEHUs LINPOKO
pacnpoCcTpaHeHHOI'O B JIMMHOJIOTMY OAHOMEPHOrO MO~
xona (cMm, Hanpumep, mofenab FLake, www.lakemodel.
net), B paMKax KOTOpPOTO CUMUTaeTCs, YTO BepTHKAaJIb-
Has M3MEHYMBOCTh IIPOLIECCOB NpeBaJIUpPYyeT HaJ rOpu-
30HTaIbHOM. J[Jis1 KOppeKTHOTO BocnpousseeHus TI'/]
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nponeccoB B Jlagore Heo6xoauMo npuMeHeHue 3D
(TpexmepHOro) mojxoAa, KOTOPHIY M3HAYaJIbHO TOJIY-
YlJI HNIMPOKOE paclpocTpaHeHHe B METeOpOJIOTUU U
OKeaHoJIOrMH, a 3aTeM M B JuMHojoruud. K Hacros-
meMy BpeMeHH KOJIMYeCTBO TpeXMepHBIX MaTeMaTH-
YecKUX MoJjiesieli, pa3pabOTaHHBIX CIelUaJbHO MOJiA
o3ep, JIMOO OKeaHCKUX MojfeJsiell, afalnTUPOBaHHBIX K
03epHBIM YCJIOBUAM, ABJIAETCA BeCbMa 3HAYMTEe/IbHBIM.
INlogpo6Hoe ommcaHue WUCTOPUM IpPHUMEHEHU:A TpeX-
MEpHOro MOAX0Ja B MOJEJMPOBaHWU Pa3sHOTUIIHBIX
o3ep mnpuBefeHO B MoHorpagpuu MeHmyTkrHa B.B.
(MenmryTkuH u fip., 2013).

Cpeau 03epHBIX TpeXMEpHBIX MojeJiel, CcIelu-
ajbHO paspaboTaHHBIX [Jid JIagoXkCcKoro o3epa, B Iep-
ByI0 ouepefb HeoOXOOUMO OTMeTUTh Mojejb CaHKT
— Ilerepbyprckoro 3DKOHOMMKO- MaTemMaTu4ecKoro
Unctutyra PAH (ActpaxaHueB u fp., 1986; 1987;
1992; 2003), koropasg He(e3ycClellHO MpUMeHs-
Jjack g peweHus TI'J[ v skosiornyeckux 3amay Aiid
Jlapoxckoro u OHexckoro ozep. CaMbIM 0OJIBIINM
HeI0OCTaTKOM [aHHOH MOJesU SABJISeTCA TO, 4TO B
Hell OTCYTCTByeT ydeT HeNOCpeICTBEHHOIO BO3[el-
cTBUA arMocdephbl Ha 03epo. TemoBoil NOTOK Yepe3
CcBOOOJHYI0O IIOBEPXHOCTb O3epa He pacCYUTHIBAETCHA
U3 ypaBHeHHA TeIUioBoro OajiaHca, a OLleHHUBaeTcCA
U3 TPAMBIX OLEHOK W3MeHeHUA TeIJIoCoAepKaHuA
o3epa. [locyienHee cyllecTBEHHO OrpaHHUYMBAaeT NpU-
MEeHHMOCTb MOJieJI1 NpU pelleHnU 3aJad O BJIUAHUU
U3MEHYMBOCTU peruoHajibHOro kaumara Ha TI'Jl npo-
I[ecCHl B 03epax 1 UX 5K0JIOrn4eckoe cocTosgHue. Kpome
TOro, He[JOCTaTOYHOe IIPOCTPAHCTBEHHOE pa3pellieHune
MOJieJI1 He I03BOJIAJIO BOCIPOWU3BOAUTH BeChb CIEKTP
rupodu3nyecKux IMpoleccoB B o3epe. B Hacrosmee
BpeMsA BBUJly peopraHM3allliy HayYHOH IpyNbl-pas3pa-
060TUMKOB, AaHHasA MoOJeJslb HeJOCTyNHa JJi HCIOJIb-
30BaHUA B AaJIbHENIIMX KccjeAoBaHUAX JIagokKcKOro
o3epa.

B mocnemHue roasl Bce OoJiblliee pacnpocTpa-
HeHUe (1o kpaiiHeil Mepe, B Poccutickoii ®efeparnuiu)
nmojyyaer MaTeMaTuieckas MoJesb T'MAPOAWHA-
MUKU BHyTpeHHero Mmops (MI'BM), paspaboraHHas
B MWHcTuTyTe BBIUMCINTENBHON MaTeMaTuku PAH
(M6paes, 2001; 2008). MI'BM n3HavasabHO Oblia mpen-
HasHayeHa [UiA BocnpoussefneHus TI'JI 1mporeccos
B Kacmuiickom mope (M6paes, 2008). Ilo3gHee oHa
ObUs1a gopaboTaHa AJA UCCJIeIOBAHUM ITUPKYJIALUU B
MupoBoM okeaHe U ero H6acceiiHax (Ymakos u Vbpaes,
2018; Ushakov and Ibrayev, 2018).

[Io cpaBHeHMI0O C OKeaHOM BHyTpeHHHE MOopsA
obsamaloT psAgoM ocobeHHOCTel, KOTopble HeobXo-
JAUMO YuYWTHIBaTh IIpu HUX MopesnupoBaHuu (HUOpaes,
2008). Tak BaxHbBIM 37eMeHTOM TI'J[ BHYTpPeHHUX
Mopeli ABJIAeTCA HaJlu4yKe B HUX BHYTPU- U MeXI'0JJ0BOM
W3MEeHYUBOCTH YPOBHS IOBEPXHOCTH BOABI KaK peak-
UM BoJloeMa Ha HeHyJieBOM BOJHBIN OanaHc. Kpome
TOrO, BO BHyTPEeHHEM MOpe BakeH 0OMeH BoJaMU yepe3
KUJKUe OOKOBBle TpaHUIIB (IPUTOK U CTOK pek), 4TO
BjusAeT Ha GOpMHUpOBaHHE TEPMHUYECKOrO pexuma U
XMMHUYECKOIro CoOCTaBa OCHOBHOM BOJHOM Macchl. Takxke
BaXXHO! 0COOEHHOCTbI0O BHYTPEHHHUX MOpeH ABJAeTcA
TO, UTO B HUX Ha I106asbHyl0 (6acceiHOBYI0) IIUPKYJIA-
LMI0 HAKJIQABIBAIOTCA JBIPKEHHUA MEHBIIMX IIPOCTpaH-
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CTBEHHO-BPEMEHHBIX MacIITa00B — CHHONTUYECKUX U
Tonorpauyeckux, 4To TpebyeT OnMcaHusA B MOAEIU
Bcero crekTpa Asrxenuil. [locnenHee TpebyeT nocTpo-
eHUA AJ1A BHYTPEHHUX MOpeH ceTok 0Oojiee BBICOKOTO
IIPOCTPAHCTBEHHOI'O pa3pelleHNsl.

B Hacroseil paboTte 13 cooGpaxeHUl CX0XKeCTU
Jlajoxckoro osepa I0 IepedyrcIeHHBIM BhIllle NpU3Ha-
KaM ¢ BHyTpeHHUM MopeM (®uinaros u banaraHckuii,
2021; dunatoB u Pywmsannes, 2021) npeanpuHsaTa
MONBITKA ajalTalyuyd K YCJIOBUAM IPECHOBOAHOIO
Jlapoxckoro osepa nepBoil Bepcuu MI'BM, npomen-
el ycnemHylo anpobanuio Ha Kacmuiickom Mope, a
TakXe IPUBOJATCA pe3yJsbTaThl ee BepupUKalU IO
JIaHHBIM HaTypHBIX HabyroaeHul Ha JlagoxckoM o3epe
1 JOCTYNHOM CIIyTHUKOBOHN MH(MOPMaLUH.

2. MaTtepuanbl U MEeTOAbDI

B MI'BM cucrtema TpexMepHBIX YpaBHEHUI Tep-
MOTMJPOANHAMUKN BHYTPEHHEro MOps amlpOKCHMHU-
pyeTca B NpUOJIMXeHUAX TMAPOCTaTUKU U ByccrHecka
Ha cdepuueckoil ceTke TUNa B MeTOAOM KOHEYHBIX
00bEeMOB B BEPTUKAJIBHBIX 2 — KoopanHatax (Marshall
et al.,, 1997). B Momenu OCyIIEeCTBJIEH TEPEXOHd OT
YCJIOBUSA «KECTKOU KPBIIIKU» K OMHUCAHUI0 CBOOOIHOM
[IOBEPXHOCTHY MOPS, YTO I03BOJIAET ONMCHIBATH PACIpO-
cTpaHeHMe OBICTPhIX 6APOTPONHBIX ABMKEHUH, a TaKXe
HM3MEHYHMBOCTb YPOBHA BOABL B MOpe B 3aBUCUMOCTH
OT U3MeHUYMBOCTU BoAHoro OamnaHca (M6paes, 2008).
OCHOBHBIE XapaKTepUCTUKUA MoAesyd IMpuBefeHb B
Tabaune 1.

Taxum o6pa3oM u3 nmanHeix Tabmunbsl 1 crie-
AyeT, uTo B mpouecce agantauuu MI'BM k ycioBuam
Jlajoxckoro osepa B MoAeJsib ObLJIM BHECEHH CJIeAylo-
mye U3MeHeHUs:

* 1nocTpoeHa cdepuueckas pacueTHas ceTKa THIIA
B BBICOKOr'0 IIPOCTPAHCTBEHHOI'O paspenieHus (=
1xM X 1xkM);

* ypaBHeHHe COCTOSIHHUA MOPCKOI BOJBI 3aMeHEeHO
Ha ypaBHeHHe COCTOSHHUA cJIaboMMHepaIn30BaH-
HOI BOJBI, yYUTHIBaIOIlee Hajau4le MaKcuMyMa
IJIOTHOCTH IIpU TeMmnepaType 6Jiu3koii K 4 °C;

* peann3oBaHa Ipoleaypa pacyeTa IOCTYyIJICHUsA
yepes KUJAKKWE TPaHUIbl TelJla U PacTBOPEHHBIX
BEIIeCTB B 03€pPO C BOJAMHU IMPUTOKOB, a TaKXe
cTOK p. HeBurr;

* artMmocdepHbli dopcuHr u3 peananuza NCEP/
NCAR ¢ [0OpoCTpaHCTBEHHBIM pa3spelleHreM
2,5° X 2,5° 3aMmeHeH Ha eBporelickuil aHaior ERAS
¢ 6oJiee BrICOKHUM paspemeHueM 0,25° X 0,25°.

* B MoJes1 GOPMHUPOBAHNUA MOPCKOTIO JIbJ]a UCIIOJIb-
30BaHbl IIapaMeTpHl MpecHON BOABI (IJIOTHOCTH,
TeMIlepaTypa 3aMep3aHMdA, CKpBITad TemsoTa
IIJIaBJIEHU JIbJA, TEIJIOEMKOCTh JibJja). COJIeHOCTh
MOPCKOIro JIbJja 3aMeHeHa Ha MHHepaJIM3aLuio
MIpEeCHOU BOJBI.

PacueTl mpoBoguiuch AJA BCeH aKBAaTOpUU
o3epa Ha nepuof ¢ 1990 nmo 2020 rr., HO BepuduKa-
{151 POMU3BOIUJIACH JJIA TpeX pailoHOB — ceBepHOro (c
riybuHamu 6oJsiee 200 MeTpoB, patioH craHnuu 105),
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nenTpasbHoro (50 — 60 meTpoB, palioH
CTaAHIIMU 55) ¥ MeJIKOBOJHOI'O I0XHOIO C
riybuHamu 1o 40 metpoB (paiioH cTas-
uuu 25). Ha Puc. 16 npepacrasieHo pac-
MOJIOKEHWe CTaHLWM, BBIOPAaHHBIX MJIA
Bepubukauum Mofeau. JlaHHBIe CTaH-
nuy ObUIM BBIOpaHB! AJiA BepuduKanuu
Tak Kak OHU BKJIIOYEHBH B IIPOrpaMMy
00g3aTesIbHBIX II0JIEBBIX HCCJIeOBaHUM
HuctutyTa o3epoBemenusas PAH c cepe-
AVHBL 60-X rO0B MPOLJIOro Beka. 3a 3TU
robl IO 3TUM CTaHIUAM HaKOILJIeH 3Ha-
YUTEJIbHBIN (paKTUYeCcKUll MaTepuaJl.

Jma BepudUKanuu MoJes
HCIIOJIb30BaJINCh JaHHbIE BEPTUKAJIbHOIO
TepMHYECKOro 30HAWPOBaHUA B NepUO.
OTKPBHITOM BOJBI, a TakkXe KpyIrJOrogud-
Hble JaHHble CIYTHHUKOBBIX HaO/I0feHui
3a JIeJoBOl OOCTAHOBKOM M IpOCTpaH-
CTBEHHBIM paclipejieJieH1eM II0BepXHOCT-
HOH TeMIlepaTyphl BoAbl B JlamoskcKoM
osepe B nnepuof ¢ 1990 no 2020 rr.

Jna sepudukanuu MI'BM B yactu
KayecTBa BOCIpOU3Be[eHUs JIeJOBBIX
ycJIoBUM U TepMobapa HCIOJIb30Ba-
JIUCh CHUMKH, IOJIyYeHHBIEe CO CIIyTHU-
koB cepunn NOAA, (https://www.class.
ngdc.noaa.gov) u MODIS Terra/Aqua
[https://oceancolor.gsfc.nasa.gov). Bce
nepevyncseHHble CIYTHUKU OCHAIeHB
MHOT'OCIeKTPaJIbHOH anmapaTypoii BbICO-
KOro IPOCTPAHCTBEHHOI'O paspelleHus
(AVHRR), mnosBojswied  pacCUUTHI-
BaThb TeMIlepaTypy IIOBEPXHOCTH BOJBL
YacToTa NpoJieToB CIyTHUKOB HaJ akBa-
Topueil JIagoXKCKOro o3epa — HECKOJIBKO
pa3 B cyTKU. A BepuduKauuu Moaesn
B paboTe MCI0JIb30BAJINICh CHUMKH, I10JIy-
YyeHHble B CBeTJIOE BpeMsA CyTOK IIpU
OTCYTCTBUM OOJIaYHOCTH HaJ akKBaTo-
pueil osepa. [l yMeHbIIEHUS aTMOC-
depHOI1 KOPpeKI[Y BEIOMPaINCh CHUMKHU
C HaAUPHBIM paclnoJioXkeHHeM oObeKTa
Ha CHUMKe. YueT aTMoC(epHOro BJIUA-
HUA Ha TeIUIOBOe U3JIydeHHe MOBepXHO-
CTH BOJBI OCYIIECTBJIAJIOCH [0 METOAUKe
WK PAH, ucnoss3yiomel pazinune B
arMoc¢epHOM BJINAHUU Ha IPOXOXIeHNe
TEIVIOBOTO M3JIydeHus OT IOACTUJIalo-
el IOBepXHOCTH B pa3/IMYHbIX y4acTKax
TeIVIOBOTO CHEeKTPaJbHOTO Auana3oHa
(Baxapos u ap., 1993).

3. Pe3ynbTatbl M 06Ccy)xpeHue
3.1. AtmocdepHbid GOPCUHT U
AeAOBbIe YCAOBMSA B o3epe.

B xauecTBe MCXOJHOI MeTeOpOJIO-
ruveckoil uH@opmanuu B MI'BM wusHa-
YaJIbHO UCIIOJIb30BAJIMCh JaHHbBlE peaHa-
m3a NCEP/NCAR (coBMmecTHBINI ITPDOEKT
Hanuonanbabix Llentpos IlpenckasaHus

Ta6smna 1. OcHoBHbIe XapakTepucTUku MI'BM.

HazBaHue Mmoaein

Mozeyib TUAPOAMHAMHUKYN BHYTPEH-
Hero mopsa (MI'BM)

ITosie rnyOun™

l'opusoHTasibHas ceTka
l'opusoHTasbHOE paspelieHne™

BepTukasnibHasa ceTka

BeprukasisHOe paspenieHue”

[TapameTpu3sanys BepTUKaIbHON
TypOYJIEHTHOCTH

IMapameTpu3anysa ropu3oH-
TaJIbHON TypOyJIeHTHOCTH AJIs
UMITyJIbCa

Cxema ropr3oHTaIbHON TypOy-
JeHTHOCTU IiA T u S

Mertop pelieHus

Kousexius
YpaBHeHUE COCTOSHUA®
HanpsoxeHue TpeHus BeTpa

TToToKHU Temyia Ha TOBEPXHOCTHU
o3epa:
1) KopoTKOBOJIHOBas1 paguaiys®

2) JITMHHOBOJTHOBAsA paguialus:
a) BxomAImas™
0) ucxonsmas

3) ABHBII OTOK TeIlsIa
4) CKpBITHIH OTOK TeIIa
JloHHOe TpeHue

Mopens apga*

Pexkn*

[Tar no BpemeHun

Bpewms pacuera 1 MofesibHOro
roaa Ha HOyTOyke B KOHGUTY-
panuu Intel Core I5 2.6GHz x 4
Ipy yKa3aHHBIX [TapaMeTpax pac-
YeTHOM CeTKU

JlaHHbBIe UHCTUTYyTa o3epoBefeHusa PAH

Cdeprueckas cerka B (Marshall et al.,
1997)
Ap=0.54’, A\ =1.08’

(= 1kMm X 1xM)
2-KOOpAuHaTa
Az=2muopu0 < z <5
Az=25mMnpus5 < z < 10
Az=5mnpu 10 < z < 40
Az=10mnpu 40 < z < 50
Az=25Mnpu 50 < z < 225

Cxema Manka-AHnepcona (Munk and
Anderson, 1948)

Cxema CmaropuHckoro (Smagorinsky et
al., 1965)

K, =const=5 m?/c

PemeHnue aenuTcs Ha JiBe 4acTH - pellie-
Hue 3D ypaBHeHU!I A1 6apOKJIMHHBIX
ABIDKeHUN U pelleHne 2D ypaBHeHU

MeJIKOH BOJBI [iJ1A 6apOTPONHEIX ABHXeE-

uuii. (Ibrayev, 2001).
KOHBEKTHUBHOE «IIPUCIOCOOIeHIE»
(Chen and Millero, 1986)

ITo craTthe (Launiainen and Vihma,
1990)

U3 peananuza ERAS

U3 peananusa ERAS
3akoHn Credana-bospmana

ITo craThe (Launiainen and Vihma,
1990)

o cratbe (Launiainen and Vihma,
1990)

[MapameTpu3alys JOHHOTO TPEHUS
(Ibrayev and Trukhchev, 1998)

Mopgesnp Mopckoro Jipfa Xubiiepa
(Hibler, 1980), orcyTcTBue Apeiida
abpaa. B pacuerax popmripoBaHus Jiba
HCIIOJIb30BAJIMCh TapaMeTpPHl IPecHOM
BOJibI (IJIOTHOCTD, TeMIepaTypa 3aMep-
3aHUA, CKphITas TEeIUIoTa IJIaBJIeHUs
JIbJ1a, TEIJI0EMKOCTD JibAa). COJIeHOCTh
MOPCKOTr0 JIbJja 3aMeHeHa Ha MUHepa-
JIN3aluio IpecHOM! BOJBIL.

3agaHHble OOBbEMHEIE PAcXObl, IOTOKU
TelJIa U COJIU M3 BIAJAOIINX PeK.

300 ¢

84

5

IIpumeyanmue:

*- mapaMeTphl U CXeMbI, U3MEeHEeHHbIE NPU aJanTaluu

MI'BM k yciioBusaM Jlaoxckoro osepa
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~ 150

Puc.1. (a) - Tomorpadus gHa JIagoXCKOro 03epa, MCIOJIb30BaHHAA NMPU pacyeTaxX, U MOKPHITUE akBaTOpUU JIaJJ0KCKOTO
o3epa cetkamu peaHann3oB NCEP/NCAR (cmiomuele siuaun) U ERAS (myHKTHpHBIe JIuHuU). (6) — pacmosioxeHue patioHOB
CTaHIUH HaOII0AeHYsA, BHIOPaHHBIX U BepUUKAILMH MOJEH.

okpyxatomeiri cpenst (NCEP) u  ATMocdepHBIX
HUccneposanuii (NCAR), CIIA), (www.cdc.noaa.gov).
JlaHHBIE 3TOro peaHayjM3a NpeAcTaBJIeHbl Ha peryJsp-
HOH ceTKe MMPOT U JOJIrOT 2,5 rpagyca, YTo He II03BO-
JIieT y4ecTh IPOCTPAHCTBEHHYI0 HEOJJHOPOJHOCTh MeTe-
OpOJIOTMYECKUX ITapaMeTpoB HaJ akBaToOpuel osepa.
B kauectBe asbTepHaTuBbl peaHanuzy NCEP/NCAR
JUI1 MOZAEJINPOBaHuA aTMOCHEpHOro BO3AEHCTBUA Ha
o3epo ObL1 B3AT peaHann3 ERAS EBpomnelickoro 1jeHTpa
cpeJiHeCPOYHOro IporHosuposanusa norogsl (ECMWE).
ERAS5 - 310 peaHamu3 nAaroro nokosieHus ECMWE,
npeAcTaBiAlIMNI €060l [NajbHEHNNIylI0 MOoJepHH3a-
LU0 XOpOILO 3apeKoMeHAOoBaBLIero cebs peaHasn3a
rJ100aJIbHOrO KJIMMaTa U IOroAbl 3a MocjiefHue Aecs-
tusietuss ERA Interim. [IpocTpaHCcTBeHHOe paspelie-
Hue peaHayiuza ERAS, 1cnosib30BaHHOTO B HACTOsAIIEl
paboTe, cocrapsaer 0,25° Ha peryJIApHOH CeTKe MUPOT
n pgoirotT. Ha Puc. 1a mokasaHoO IIOKpHITHE aKBaTOpUU
Jlajoxckoro o3epa ceTkaMy 0O0OMX peaHaJIn30B.
3amena aTMocdepHOro BO3AEHCTBHUA Ha 03€pO
Oblyla BBI3BaHA IIpEXXAEe BCEro TeM, YTO pacyeThl IIO

Tesmepatypa, °C

-16 T
1.1.01 6.1.01

T T T T 1
11.1.01 16.1.01 21.1.01 26.1.01 31.1

—ERAS ——NCEP

-

1

MeteocTanmas

B

=
e

=
=Y

R

Toammua asga, M
S
-

=
[

0

Temmepatypa, °C

0

MoJesy MoKa3ajau HeyJOBJIETBOPUTEJIbHOE BOCIPOU3-
BeJleHUe JIeJIOBbIX YCJIOBUII NPU MCIOJIB30BAaHUU pea-
Haynmsa NCEP/NCAR. Css3aHO 3TO B IepByI0 ouepeab ¢
3aHIXXeHHeM TeMIlepaTyphl BO3/lyXa B 3UMHUE MeCHAI[bI
[0 CpaBHEHUIO C JaHHBIMU MeTeocTaHIUHU. B kauecTse
nmpuMepa Ha Puc. 2 mpuBefieHO cpaBHeHHEe AJaHHBIX
oboux peaHasN30B C JAaHHBIMU MeTEOHAOJIIO[IeHUI B
OyxTe IleTpoKkpenocTs B pa3JjinuHble Ce30HH rofa. Tam
e MMOoKa3aHBl pe3yJIbTaThl pacyeTa TOJIIMHAL JbJa M0
JaHHBIM peaHaJIu30B B TOH ke OyxTe. OueBUIHO CUJIb-
HOe 3aHIXeHUe TeMIlepaTyphl BO3[AyXa peaHaIN30M
NCEP/NCAR B 3uMHHE MecCsALbl, YTO OTpaXkaeTcs Ha
pacdeTe TOJIIMHBI JibAa, KOTOpasA IO AAaHHBIM HaOJIO-
JeHui kosebsercs B Oyxre ot 0,5 1o 0,7 M (JIagoxckoe
o3epo. Atiac, 2002).

BBuay CJIOXKHBIX T'HMAPOMETEOPOJIOTMUYECKUX
ycsioBuli Ha JlajokcKOM o3epe B Iepuoj JiedocTaBa
KOHTaKTHBble HaOJIIO[leHs1 B aKBaTOpPUN 03epa He IMpo-
BomATcA. JlemoBass oOcTaHOBKa olleHHBaeTcsA JIMOO0 1o
HaOJTI0jleHusAM Ha 6eperoBbIX MeTeoCTaHIMAX, JINO0 Mo
JaHHBIM AWCTaHIMOHHOro 3oHAupoBaHusa. Ha Puc. 3

3

e - )
= th = th = fh

th

T T T T T
6.7.01 11.7.01 16.7.01 21.7.01 26.7.01
—ERAS

NCEP

+ MeTeocTanmus

L1.01 1.4.01

30.6.01

28.9.01 27.12.01

—ERA ——NCEP

Puc.2. TemnepaTypa Bo3ayxa 3umoi u jeroM 2001 roga B 6yxTe [IeTpoKpeInocTs B COOTBETCTBUU C JAaHHBIMU MeETe0pOJIOo-
ruyeckux peaHasnusoB (a) u (6), U ce30HHAsA U3MEHYMBOCTD TOJIIMHEI JIb/Ia IO JaHHBIM MOJieJIIpOBaHus (B).
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Puc.3. TemnepaTypa nosepxHoctu Bojbl (°C) - 1iBeTHas 06J1acTh U TOJIMIMHA JibAa (M) — yepHoO-6esas obyacte 13 Mapra u
25 anpena 2001 roga, paccuuTtaHHble 1o JaHHBIM peaHann3oB NCEP/NCAR, ERAS, a Takxe n3o0paxeHUs IOBEPXHOCTU 03epa,
nosy4eHHsle co cuytHuka Modis. [TyHKTHUpHAasA JIMHUA — MOJIOXKEeHE KPOMKH JIbAa MO CIyTHUKOBOMY HM300paXeHUIO0.

npeacTaBjeHbl npuMepsl Bepudukauuu MI'BM o cyT-
HUKOBBIM JJaHHBIM O BpPeMEeHHO! AUHaMUKe Jie[JOBOrO
nokposa Ha JlagoxckoM o3epe B 2001 roay. PacueTnl
10 MoAeJsIy ObLJIN BBIIIOJIHEHE! ¢ AByMsA aTMOc(hepHbIMU
dopcunramu. Kak yxe oTmevasoch BhIIe, peaHaIN3
NCEP c rpy6oii fjis o3epHBIX MacimiTaboB 2,5 rpaayc-
HOU CeTKOH KpaiiHe Hey[OBJIETBOPUTEJIbHO BOCIIPO-
U3BOAUT JieJOBbIe Ipolecch B o3epe. JlaHHble Puc. 3
3TO MOATBepXAaT. Tak IO cOCTOAHMUIO Ha 13 mapra
10 CIIyTHUKOBBIM JAHHBIM U II0 pacyeTaMm C KCI0JIb30-
BaHueM peananu3a ERAS ceBepHasa yacTh o3epa erje
cBOOOJHA OTO JibAa, TOTAA Kak pacyeT C peaHasl30M
NCEP mnokaspiBaeT, 4TO 03€pO IOJHOCTbI0 IOKPHITO
JbA0M. TO ke IPOUCXOAUT U C paCueTOM TasHUA JIbJa.
ITo cocTtosHMIO Ha 25 amnpeJsisa CIyTHUKOBEIE aHHBIE U
pacuet o ERAS5 neMoOHCTpUpPYIOT CBOOGOIHYIO OTO JIbJa
MOBepXHOCTh o3epa. Pacuer xe c¢ peaHammsom NCEP
OCTaBJIAET MO0 JIBAOM J00pYyI0 MOJIOBHUHY O3€pa.
COOTBETCTBEHHO Y CPOKM TasHWUA Jib[a Ha O3epe CABU-
raloTcsA Ha MIOHb, Yero HUKOrJa He OBLIO 3a BCIO HMCTO-
puro HabJoieHni Ha JIagoxxCcKoM o3epe.

IIpu stom pacuer ¢ ERAS kak MUHUMYM Kaue-
CTBEHHO COBINAJaeT CO CIYTHUKOBON uHOpManuei.
Ha Puc. 4 npeacrasJiieHbI pe3yJibTaThl OLIEHKU CTeNeH!
MOKPBITHA JIbIOM [IOBEPXHOCTHU 03€pa II0 CIIyTHUKOBBIM
Y MOZeJIbHBIM JaHHBIM B BHJle MHOTOJIeTHEel JUHAMUKU
OTHOCUTEJIBHOIO MHAEKca JIeAOBUTOCTU JIaJoXCKOro
o3epa RICI, npemiioxeHHoro B pabore (KapeTHUKOB U
Haywmenko, 2013). Uugekc npeacTasiisieT coOoi OTHO-
meHre CyMMapHOH IUTOMIAAU MOJ] KPUBOUM HM3MeHeHUs
JIeJOBUTOCTU O3epa 3a KOHKPETHHI 3MMHUMI Ce30H
K IUIomaay, OrpaHUYeHHOM MeJuWaHHBIMM 3Ha4YeHU-
AMM, PaCCYMTAHHBIMU IO JAHHBIM BCEX HMEIIIUXCA
HabJII0 IeHUT.

Obpamaer Ha cebs BHUMAaHUE IPaKTHYECKU
CcHCTEMAaTHYECKOe pACXOXJeHVe B OLleHKe MUHHMAaJIb-
HbIX 3HaueHuil uHpekca RICI mexAay cIyTHUKOBBIMU
U MOAEJIbHBIMU AaHHBIMH, TOTAa KaK MaKCHMaJibHble
3HaueHus OJM3KU 1O cBoell BesuuuHe. Takoro popda
pasauuusa B OLIEHKaxX MOTyT OBITh CBsA3aHBI C pasJu-
YyuAMUA MeXIOy MUHHUMAJIbHBIM IIOPOrOM 4yBCTBU-
TEJIBHOCTU METOAVKU AeU(PUPOBAHUA CHUMKOB U
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3afjlaHyeM MHMHHMAaJIbHOI'O 3HaueHWs TOJIIMUHBI JbAa
B Mofenyd. B Mojenu MuHMMabHasA TOJIKHA JbAa
MoOXeT OBIThb 3aJjaHa CKOJIb YrOAHO MaJIbM YHCJIOM,
TOrJa Kak MeToAuKa Aeln@pupoBaHus IipeanoaraeT
onpejesieHre HaJIN4KA/OTCYTCTBUA JIbJa IO IIBETOBOM
raMme IOJACTUJIAloIIell NMOBEpXHOCTU Ha CHHUMKe. B
TOM CJIydae, ecjii NOJACTUJIalIlas NOBEPXHOCTh Iped-
craBJisieT coboil JieJoBOe TMO0Jie TOHKOr'0 NMPO3pavyHOro
JbpAa, TO npu AemirdpUpOBaHUU OHA UAeHTUDULUUPY-
eTca kak Boja. [TosToMy B Mopesy JieJOBBHINI ITOKPOB
B Hayajle jilefocTaBa 3aHUMaeT OOJIbIIYIO IJIOMaAb 110
CPaBHEHUIO CO CIIyTHUKOBBIMHU JaHHBIMU. Pe3yJsibTaThl
MOJIeJIbHOT'O YMCJIEHHOT'O 3KCIepHUMEeHTa, BBIIIOJIHEeH-
HOI'O C yBeJIMYeHHBIM 3HaueHHeM MUHHMAaJIbHOM TOJI-
muHb Jibaa (5 cm), mpescrasyeHb Ha Puc. 4 nmyHKTUp-
HOU juHMel. [laHHBIe 3KCIepHMeHTa IoKazajid, 4YTO
pacxoxaeHusa B 3HaueHUAX uHAekcosB RICI, monyuen-
HBIX IO MOJeJM U Ipu AemudpUpoBaHUN CHUMKOB
3HAYUTEJIbHO CHU3UJIUCE.

Kpowme Toro, namenunBocts RICI MOXeT C1yXUThb
KOCBEHHBIM IIOKa3aTeJsieM KJINMaTUYeCKUX M3MeHeHUN
B pervoHe B 3uMHuUi nepuoa. Ha Puc. 4 ciioxHo Bbife-
JIUTh Kakue-JI100 3HaYMMble TeHJAeHLIUU BO BpeMEeHHOU
JuHaMuke uHAekca. OgHako, pa3OueHHe paccMaTpH-

RICI

0
1990

1995 2000 2005 2010 2015 2020

——RICI no cnyremky —— RICI mo mopgenn = = =RICI skcnieprament

Puc.4. MHoroJjieTHssa W3MEHUYMBOCTh HHAEKca Jieo-
ButocT Jlagoxckoro osepa. KpacHasa jivHUA ¢ MapkepamMu
— JlaHHble CIOYTHUKOBBIX CHHMMKOB, CIUIONIHAsA CUHAA JIMHUA
— pe3yJIbTaThl MOJIeJINPOBAHUsA, IyHKTUPHAsA JIMHUA — Pe3yJlb-
TaThl 3KCIIepUMeHTaJIbHOrO pacyeTa.
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BaeMOro BpeMEHHOI'0 MHTepBaJjla Ha 4acTU N03BOJIAET
cAesaTh 3aKJIl0YeHue, YTo NpUOJIM3UTEesIbBHO ¢ Hadaja
2000-x rogos Bo BpeMeHHOU nuHamuke RICI mpociie-
JKBaeTCcs TeHAEHLUA K CHUXEHUIO, T.e. JIEJOBUTOCTh
Jlagoxckoro oszepa yMmeHbaercs. [locienHee cBue-
TEJICTBYET O MOTENJIEHUN PErMoHajJbHOIO KjinMara B
3uMHuM nepuof. Ha Puc. 5 npe/icTaBieHbl pe3yJIbTaThl
BpeMeHHol quHamuku RICI B nepuozst ¢ 1990 — 2002
n 2002 - 2020 rr., nojJy4eHHble O MOJEJIN U MpU
AemnppUpOBaHUN CIIyTHUKOBBIX CHUMKOB.

TakuM 00pa3oM COOTBETCTBUE MEXIY CIIyTHU-
KOBBIMHU M MOJIeJIbHBIMU AaHHBIMY, [10 MeHbIlIell Mepe,
B CTeIleHU MOKPHITUA IIOBEPXHOCTU 03epa JIbJIOM IIpef-
CTaBJIAETCA YAOBJIETBOPUTEJIBHBIM.

3.2. BepTukanbHana TepmuueckKan
CTPYKTypa o3epa

[Tpu cpaBHeHUM pe3yJIbTaTOB MOJIeIMPOBAHUS C
JaHHBIMM HaTYPHBIX HabI0AeHUN HeoOX0OUMO UMETh
BBU/Y, YTO H3MepeHHble NpodUIN TeMIlepaTyphl He
MOTYT OBITh IOJIy4eHBl B TOYKE C OJHUMH U TEMU XKe
cTporo 3adUKCUPOBaHHBIMU Treorpad®uiyeckKuMU KOOp-
AUHaTaMU. JTO CBA3aHO €O CHelu(pUKON BBHITOJIHEHUS
u3MepeHuii ¢ 60pTa Hay4YHOro Cy[iHa, KOTOPOe B CUJTy
Pa3JIMYHBIX IPUYKH (omubKa onpeieeHusA KOOpAUHAT
TOYKU U3MepeHUus, apeld cyaHa BO BpeMs pabOTH U
Ap.) He MOXeT ObITh abCOJIIOTHO TOYHO MO3UINOHU-
pOBaHO B OJTHOM U TOM e MeCTe B pa3jIMyHble AaThl.
Pa3bpoc B koopAMHaTaxX TOUeK U3MepeHUs HeBeJIUK, HO
MOXeT JOCTUTraTh COTeH MEeTpPOB, UTO IO Maclitabam
BCEro ozepa HeMHOro. TeM He MeHee YUUTHIBAs CJIOX-
HBIN pesibed HA o3epa, Aaxe HeOOJBIION pa3bpoc B
KOOpAMHATAaX CTAHLUM MOXeT IMPUBOAUTH K pazbpocy
B IiyOuHe MecTa u3MepeHus. [loaToMy npu cpaBHe-
HUU JJaHHBIX MOJIeJIMPOBAHUSA C HATYPHBIMU JTaHHBIMU
YMECTHO TOBOPUTb O BOCIPOM3BEeJEHUN MOJeJIbI0
BEPTUKAJIBHOTO paclpefiejieHUsl TeMIlepaTypbl He Ha
CTpPOro OIlpeJieJIeHHOH CTaHIMU HaOJIlo[eHuil, a B ee
patioHe.

Jluia oljeHKU KadecTBa BocmpousseneHus MI'BM
BEPTUKAJIBHON TEPMUYECKOL CTPYKTYPH B JIajoKCKOM
o3epe B pa3JInuHble Ce30HHBI I'ojla U3 UMelIuxcs B 6ase
naHHBIX MHCTUTyTa O3epoBedeHUs ObUIM BBIOpaHBI
roasl ¢ HaubOosbilell 06ecreYeHHOCThI0 HaTypPHBIMU
HabmogeHusaMU. Ilpu 3ToM HE06XOAWMO OTMETUTh,
YTO BCe HaOIOAeHNA OTHOCATCA K MepuojiaM OTKpHI-
TOU BoOABL. 3uUMHHE HaOIIOAeHUsA BBUIY CJIOXHOU
JeJoBOl1 0OCTaHOBKM Ha o3epe He MpoBojwiIuch. Ha

y=0.0093x - 17.728
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R*=10.3965

0.8
0.6
0.4
0.2

0

RICI

1990 1995 2000 2005 2010 2015

—RICI Mogens (1990-2002) ——RICI Mopens (2002-2020)

y =-0.0265x + 54.054

RICI

202¢

Puc. 6 npexacTaByieHBl pe3yJIbTaThl pacueToOB BepTH-
KaJIbHBIX paclipefleJIeHUI TeMIepaTyphl BOABL B 03epe
JUIA BBIOpaHHBIX TPeX CTaHIUK BO BpeMs JIETHero Mpo-
rpeBa o3epa (MIOHb — aBI'yCT) U Pa3BUTOL OCeHHell KOH-
Bekuu (OKTAOph) B Hayajle U B KOHIle Bcero nepuoa
pacueTos.

HecmoTps Ha ofuee yaoBJIeTBOPUTEJBHOE
coBnajieHre MeXAy pacCUYMTaHHBIMM U U3MepeHHbIMU
npoduiaMH, TeM He MeHee HEOOXOOMMO OTMETUTH,
4TO MOJAeJb JIydllle BCero BOCIPOM3BOAUT MPOPHIIb
TeMIlepaTyphbl Ha BCeX CTAHIMAX B Te MOMEHTHI, Koraa
B 03epe IPUCYTCTBYyeT BhIpa’KeHHBII BEpXHUII IlepeMe-
maHHbIN cyoil (BIIC) BeTpoBoOro b0 KOHBEKTUBHOI'O
IpoucxokaeHus. B Tex ciyyasx, korga BogHas Macca B
BEpPXHUX CJI0OAX YCTONYMBO cTpaTuduurpoBaHa Moesib
JlaeT 3aHWXeHHble 3HaueHNs TeMIlepaTyphl. OTO MOXeT
OBITb BBI3BAHO Te€M, YTO B MOJEJIM He pacCUMTHIBA-
eTcs TeMIlepaTypa HeloCcpeACTBEHHO Ha IIOBEPXHOCTHU
Bofbl. M3-3a 0coOeHHOCTENl IOCTPOEHUs pacueTHOMN
CeTKH IlepBoe pacueTHOe 3HaueHUe TeMIepaTyphl Ipu-
xoauTes Ha rinyouny 1 m. Ilpu ycroiiuuBoil ctpatudu-
Kal[iy NpUINOBEPXHOCTHOIO CJIOS pa3HUIla TeMIlepaTyp
Ha NOBEPXHOCTU U Ha IIyOMHe 1 M MOXeT JOCTUTraTh
HECKOJIbKUX rpajycoB. 1 Ha060poT, Npy BbIpakeHHOM
BepxHeM I[lepeMellaHHOM CJIoeé 3TO OOCTOATEeJIbCTBO
posu He urpaeT — TeMmneparypa B BIIC mpakTudecku
OAHOPOJHA IO BepTHUKaJU. JTO MpocjexuBaeTcs Ha
BCeX «OKTAOPbCKUX» CTaHIMAX Kak B 1991, tak u B
2018 romax. Emje oguH HeOoCTaTOK MOJIEJU 3aKJIo-
qyaeTcAd B OTCYTCTBUM IOJIHOLIEHHOIO ypaBHEHUA AJIA
IJIOTHOCTHOM KOHBeKIUH. BMecTo Hero ucnoJb3y-
eTca T.H. «KOHBEKTUBHOe MpucrnocobieHne», KOTopoe
cpabaThiBaeT B TOM cJjIydae, KOrja ILJIOTHOCTb BOAHI B
BepxHel suelike CTaHOBUTCA OOJIbIlIel MO CpaBHEHUIO
¢ Hkesiexaieil. Torga Mojeslb aBTOMaTU4YeCKU MpU-
paBHUBaeT TeMmueparypy K cpeJHeMy 3HA4eHUI0 IJiA
o0enx pacueTHBIX sfyeeK. Takas Ipolieypa OIpaBAbl-
BaeT cebsA NpU MaJjblX BepTHUKAJIbHBIX pa3Mepax sueek.
[Tpu GonpIINX pa3Mepax MOXeT CJIOXKUATbCS CUTyalus,
KOrJla B IPUPOJHBIX YCJIOBUAX KOHBEKTUBHOE IepemMe-
MmyBaHWe He JOCTUIJIO IJIyOMHBI, COOTBETCTBYIOIIEN
pa3Mepam HIXHeH sf4yeliKy, a TeMIlepaTypa B Hell yxe
cuyTaeTrcs cpefHel AJiA AByX AdeeK. IIpumep Takoi
cUTyaluy IpoJeMOHCTpUpoBaH Ha Puc. 7.

3.3. Tepmobap

O,E[HOIZ N3 BU3UTHBIX KAapTOYEK MNPECHOBOAHBIX
BOOOEMOB ABJIAETCA TepM06ap — BE€pPTHUKaAJIbHO OpUEH-

y=0.0148x - 28719
R2=10.0345

vy =-0.0338x + 68.576
R?=02787
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Puc.5. smeHunBoOCTh MHeKca jgefgoButoctu Jlagoxckoro ozepa RICI B pazyinuHble Mepruobl: a) — pe3yJIbTaThl MOJIeJINPO-

BaHUs, 6) — JaHHBIE CIIYTHUKOBBIX CHUMKOB.
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Puc.6. PaccuntanHele (JIMHUY) U U3MepeHHbIe (CHMBOJIBI) BepTHKaJIbHBIE IPOGIIIN TeMIIEPATypsl B JIaJOKCKOM O3epe AJIs

Pa3HBIX CTAaHIUH.

TUpOBaHHAas (GpoHTaJbHAsA 30HA, BO3HUKAIOWIAA IPU
[IporpeBe/OXJIAXXAeHUN BOJHOM MaccChl O 3HayeHHH
TeMIlepaTypsl, 6JIM3KOH K TeMIepaType MaKCHMaJIbHON
wiotHoctu T, =3,98 °C. [Ipupoaa TepmobGapa 3aKJiio-
yaeTcs B cjleiylolieM. BecHoll, Korjga HauMHaeTCs po-
I'PeB BOJIbI, MEJIKOBOJIHAS MpUOpexHas 30Ha BojoeMa
mporpepaeTcs GeIcTpee, YeM yajieHHas oT Oepera IJiy-
6oxoBoHasA 30HA. TeMIlepaTypHOe IOJie CTaHOBUTCS
TOpU30HTAIBHO HEOJJHOPOIHHBIM. BeienctBue ocobeH-
HOCTH yPaBHEHUs COCTOSIHUA NIPeCHOM BOABI — HAJTNYNA
TeMIlepaTyphbl MaKCHMaJIbHOU IJIOTHOCTU — cTpaTudu-
Kalys IJIOTHOCTU 10 06e CTOPOHBI OT M30TepPMEl MakK-
CHMaJIbHOH IJIOTHOCTH BeJieT cebsi o-pasHOMY: YCTOM-
yyBas IUIOTHOCTHasA cTpartudukanus Habionaercs B
MeJIKOBOJHOMH 30He 1 HeyCTOHYNBas cTpaTuduKaus B
ry1yGOKOBOZHOM, rjie npu Temmneparype ol T < T,
pasBuBaeTcs IJIOTHOCTHAsA KOHBEKIHA C CUJIBHBIM HHC-
XOIAMUM TedeHHeM B Y3KOI IOoJIoce MeXAy 30HaMHU.
CootBeTcTByIOImaA (GpoHTaNIbHAA TpaHULlA pasjesa
HasbIBaeTcs TepMuyeckuM 6apoM. B mporjecce nporpesa
BojoeMa o6JsiacTh TepMobapa cMellaercs B CTOPOHY
I1yOOKOBOAHO 30HBL. JTOT IIPOIECC IIPOJOJIKAETCSA 10
TeX NOop, NoKa TeMIlepaTypa X0JIOJHO IrJIyOOKOBOJHOM
30HBI JOCTUTAET 3HaueHuA T . AHAJIOTMYHOE sABJIEHKE
MOXHO HabJIIoAaTh OCEHBIO: MeJIKOBOAHAsA IpUOpex-
Has 30Ha OXJIaXAaeTcs OBICTpee, YeM IJIyOOKOBOIHAA.
Ee TemMnepaTypa oIycKaeTcs HUKe TeMIlepaTyphbl Mak-
cUMyMa IUIOTHOCTU paHblle. JlajbHelllllee oxJiaxje-
HUe 03epa, COXPaHsA TeIJIOBOM KOHBEKTHBHBIN PeXuM
B TJIyOOKOBOJHOM 30He, NPUBOAUT K 00pa3oBaHUIO
TUAPOCTATUYECKN YCTONYMBON cTpatudukanuu Ha
MeJIKOBOJIbE.

1264

SABJsAsAch ppoHTAIBHON 30HOM, TepMObap 3ameI-
JsileT oOMeHHBIe MpoIlecchl MeXJy NPUOPeXHBIMU U
rJiyDOKOBOOHBIMU BOJHBIMM MaccaMM, OKa3blBasg TeM
cambiM GoJibiioe BiussHUe Ha TT'/] mpoljecchl U 5K0JI0-
ru4eckKoe cocTosgHue BogoeMa. MIMEHHO u3-3a TepMo-
6apa MpoMCXOAUT HaKOIJIeHHe B IPUOPEXHBIX paliloHax
OMOTeHHBIX 3JIEMEHTOB, YTO ObOecneynBaeT BBICOKYIO
610JIOrMYecKy0 IPpOAYKTUBHOCTb. C OPYTrOM CTOPOHHI,
TepMobap CrnocoOCTBYeT HAKOIUIEHUIO 3arps3HAOIINX
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Puc.7. [Ilpumep HEKOPPEKTHOI'O BOCIPOU3BEAEHUA

npodusa TeMmnepatypsl B IPUJOHHON o6jacTu Ha CT. 55
26.10.1996 r. CuMBOJIBI — AaHHBlE 30HAWPOBaHUsA, YepHadA
JINHUA — pacyeT 110 MOJeJIN.
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Bell[eCTB B MeJIKOBOJHBIX paliOHaxX, 4TO yXyAIlaeT uX
JKOJIOTUYecKoe cocTosHue. Takum o6pa3oM, Tepmo-
O6ap urpaet BaxHyI0 poJib Kak B TI'J[, Tak 1 B 3KOJIO-
rMYecKHUx Ipolleccax B BogoeMax. To, uTo ¢usnka
TepMobapa cBsi3aHAa C TeMIepaTypoil MaKCHUMaJlb-
HOH IUIOTHOCTU BOABI, AejlaeT ero WAeHTU(UKAIUIo B
IIPOCTPAHCTBE U BpeMeHU JOCTAaTOYHO yA0OHOH. [iA
omnpefiejieHds BpeMeHU 3apoxXJeHus Hu Jerpajanuu
TepMoOapa, a Takke ero pacupocTpaHeHHs IO akKBa-
TOPUH HeoOXOAUMO OIpeAeUTh MeCTOIoJIoXeHne 4-X
rpagycHO¥ M30TepMbl Ha I[OBEPXHOCTU BoAoeMa IO
JaHHBIM KOHTAKTHBIX M3MepeHU! WM C UCIOJIb30Ba-
HUeM AMCTaHIMOHHBIX MEeTO0B 30HAUpoBaHuA. Kpome
TOrO, B MOJIeJINPOBaHUU O3€PHBIX CHCTEM CIIOCOOHOCTD
MOJieJI [IPaBUJIbHO BOCIIPOU3BOAUTH TepMobOap ABJIA-
eTcsA XOpOIINM KpUTepueM ee KadyecTBa.

Ha Puc. 8 npeacraBJiieHsl pe3ybTaThl ollpeferie-
HUA N0JIOXeHUs TepMoOapa Mo pe3yJibTaTaM MOJeJIu-
poBaHus 1 00pabOTKU CIIYTHUKOBBIX U300paskeHUH!.

W3 pauubIX Puc. 8 cienyer, 4To Mopesb Kaue-
CTBEHHO U KOJINYECTBEHHO YAOBJIETBOPUTEJIBHO BOC-
IIPOM3BOJUT paclpocTpaHeHHe TepMmobOapa IO akBa-
Topuu o3epa. [TosoxeHue GpoHTa Ha rJ1IyOOKOBOJHOM
ceBepe o3epa NpaKTUYeCKH TOYHO COBHafaeT C JaH-
HBIMU JIMCTAHI[MOHHOIO 30HAMPOBAHUA. JTO BIIOJIHE
o0bAcHUMO. Ha Oospminx IyiyOMHaxX BOAHAsA Macca
IporpeBaeTcsa oueHb MeJJIEeHHO, BCJIeICTBUE Yero Tep-
Mobap (opmupyercsa nos3gHo. Pasnnuud, HabsoAa-
fomuyecs B OoJjiee MeJKOBOAHBIX palioHaxX o3epa, 00b-
ACHAIOTCA TeM, 4To (GopMHpOBaHUE U NPOABUXEHNE
TepMoOapa ompejesiseTcsa He TOJIbKO OJM30CThI0 TeM-
neparypsl BOAB K TeMIlepaType MaKCHUMaJbHOH IIJIOT-
HOCTH, HO ¥ BO MHOroM Tomnorpadueil aHa. B mogesnu
pesibed OHA o3epa amMpOKCUMHUPYeTCsA IPSAMOYTOJib-
HBIMU f4YeliKaMH, YTO eCTeCTBeHHHIM 00pa3oM BHOCHUT
cBOM OmMOKYU B BOCIIPOU3Be/ieHre CTUHHOIO pesbeda,
YTO ¥ IPUBOAUT K Pa3jIn4uAM B MOZAEJIbHBIX U JUCTaH-
LMOHHBIX JaHHBIX.

OThesibHBIEI  MHTepec IpefcTaBjAeT JAWHa-
MHKa BpeMeHHBIX IapamMeTpoB (POHTAJIbHON 30HEHI, a
MMEHHO — CPOKOB Hayajla U OKOHYaHUA TepMoOapa B
o3epe, a Takxe ero mnpogospxuresnbHoctu. Ha Puc. 9
IIpefiCTaBJeHbl pe3yJIbTaThl pacyeToB IO MOAEIU
1 JemudprUpoBaHUA CIYTHUKOBBIX M300pakeHUH,
JeMOHCTpHpYyIollie BpeMeHHYI W3MeHYHBOCTb YKa-
3aHHBIX ITapaMeTpoB B nepuon ¢ 1994 nmo 2020 rr. C
1990 no 1993 rr. COyTHUKOBBIE CHUMKU ITOBEPXHOCTU
Jlajoxxckoro o3epa B He00OXOAMMEIE MOMEHTHI BpeMeH!
B Oase MHCTUTyTa 03epoBeJileHUA OTCYTCTBYIOT.

[lo pesynapraraM MOAEIMPOBAaHUA WU JAaHHBIM
CIYTHUKOBBIX CHHMKOB HeJIb3s ciejlaTh OJJHO3HAYHOI'0
3aKJIIOUEeHHA O BpeMeHHOHM JUHaMUKe IapamMeTpoB
IIpOXOXJAeHus TepMoOapa IO akBaTopum osepa. Ilo
pesyJibTaTaM 00pabOTKU CIYTHUKOBBEIX CHUMKOB IIPH-
CyTCTByeT He3HAuWTeJIbHBI OTpHUIaTesIbHBIN TpeH[I B
CpoKax Hauajla M OKOHYaHUA TepMobOapa. Pe3ysbTaThl
MOJIeJIMPOBaHNA TaKuUX TPeHAOB He BBIABUIU. Ilpu
3TOM IPOAOJDKUTESIBHOCTh IIPOXOXKAeHHUA TepMobapa
II0 aKBAaTOpHUU oO3epa OCTaeTcs IOCTOSHHON Kak Mo
CIYTHUKOBBIM, TakK Y [0 MOJEJIbHBIM JaHHBIM. Takum
00pa3oM IO KOCBEHHBIM IIpHM3HakaM HeT OCHOBaHUI
FOBOPUTHh O IOTEIUIEeHWU PeruoHaJbHOro KjUMaTa B
[epuoj OTKPHITOM BOABI B OTJIMYKE OT IepuoAa Jefo-
CcTaBa, rfle 3HaueHWA HHJeKca JIeJOBUTOCTH WMeEIOT
TeHJEHIMI0 K YMeHbIIeHUIO.

4. 3aKknloueHue

B Hacrosmell paboTe mpeAcTaBeHbl pe3yJIbTaThl
ajanTanuy K ycjaoBuaM JlaJoXXCKOro o3epa Tpexmep-
HOM MaTeMaTH4ecKoH MoJeJy TMAPOJAUHAMHUKU BHY-
TPpEHHero Mops c IocJjeAdylolleil ee Bepuduxanuen
[I0 JaHHBIM HATYPHBIX M AMCTAHLMOHHBIX M3MepeHUI.
3ameHa atmocdepHoro ¢opcuHra mnpusesga K 3Ha-
YNTEJIbHOMY YJIYUIIEHUIO pacyeToB JieJoBOil obOcTa-
HOBKU B o3epe. PaccuntaHa MHOroJieTHAA BpeMeHHas

05.06.1997

Puc.8. PacnipocTpanenue TepMmobapa B JIaoxkckoM o3epe BecHOM U B Havaste jieta 1997 u 2018 rr. KpacHas auHUsA — noJio-
’)keHUe TepMobapa I10 CIIyTHUKOBBIM CHHUMKaM, 4yepHas — pacueT o Mofenu. l|BeTHas mkasa — teMnepaTypa BoAsl (°C).
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Puc.9. Cpoku Havasa (a), okoHuaHus (6) ¥ NPOJOJDKUTEIFHOCTD cyllecTBoBaHUs (B) TepMmobapa B JIaloxKCKOM o3epe B
nepuof ¢ 1994 no 2020 rr. YepHBIM [[BETOM IPeACTaBJIEHbl Pe3yJIbTaThl MOAEJIMPOBAHNUSA, KPACHBIM — pe3yJIbTaThl Aemudpupo-

BaHUS CIIyTHUKOBBIX N300pa’keHLII.

AVHaMMUKa OTHOCUTEJIbHOTO MHJeKca JIeJOBUTOCTU
Jlagoxckoro oszepa RICI. Hanuuue oTpuLiaTesbHOIoO
TpeH[a B JUHaMMKe NHAeKca B nocjieauue 20 jeT cBu-
JeTeJIbCTBYeT O CMArYeHUM 3UMHUX YCJIOBUH B palioHe
Jlagoxckoro osepa.

PesysibTaThl BepuuKanuu IOKasaad, 4TO
MOJeJIb BIIOJIHE a[ieKBaTHO BOCIIPOU3BOAUT BEPTUKAJIb-
HyI0 TEPMUYECKYI0 CTPYKTYPY BOJHOI Macchl 03epa, 3a
HCKJIIOUeHUEM OTHAEJIbHBIX CJIy4aeB IPU BOCIIPOU3Be-
JeHUU Npoduiia TeMIiepaTypsl B IPUAOHHBIX CJIOAX B
YCJIOBUAX OCEHHe-3MMHel KOHBeKIUU. JlaHHBI Helo-
CTaTOK MOJieJI1 MOXeT OBITh yCTpaHeH JIMOO HCIOJIb-
30BaHUeM B Hell NOJIHOILIEHHO! MOAMOAeJsIH, OIMCHIBA-
Iollell KOHBEKTHMBHOe IlepeMelllBaHue, 4TO IpuBefeT
K yCJIoXKHeHUI0 U1 6e3 Toro ciaoxHoil 3D monenu, amubo
U3MEeHEeHNEeM BepTUKAJIbHOI'O paspellleHus MOJeJu,
YTO IpUBELET B POCTY BBIUMCJIMTEJIbHBIX 3aTpaT INpU
NpOBeIEHNH paCyeToB.

PesysibTaThl BOCIIpOM3BeeHUsA MOJIEJIbI0 TEPMO-
6apa — BaXXHOTO fABJIEHHUA KaK C TOUYKU 3pPeHus TepMo-
TUAPOAMHAMUKA 03€epa, TaK U PYHKLNOHUPOBAHUSA ero
BOJHO!M 3KOCHCTEMBl — OKa3aJIuCh OJIM3KMMH K TaKoO-
BBIM, IIOJIy4€HHBIM IIPU AeIN(PPUPOBAHUN CIIyTHUKO-
BBIX CHHUMKOB.

B nepcnekTuBe IUIaHHWpyeTcA JaJibHelillee
HCNOJIb30BaHWe MOJeJU [Jid HCCJIeJOBAaHUN IHPO-
KOTro Kpyra TepMOTrMAPOAVUHAMUYECKUX M 3KOJIOTU-
yeckux npoueccos B JlagoxckoM osepe. Cpean HUX
popmuposaHue, pasBuTHhe U Jerpagaunus IpoLEeccoB
anBeJJIMHra/AayHBeJUJIMHIA, paclpoCcTpaHeHue BOJ
IIPUTOKOB B aKBAaTOpHUU O3epa, MPOrHO3 IOCJIeACTBUI
BO3MOXHBIX TeXHOIeHHBIX KaTtacTpod u 1p. Kpome
Toro, mpefmnoJsaraercs, uto MI'BM OyaeTr momosiHeHa
COOTBETCTBYIOINUMU MOAYJIAMU [JI ONKCAHUA XUMMU-
KO-OMOJIOTMYEeCKUX IIPOLeCCOB, YTO MO3BOJIUT HCIIOJIb-
30BaTh €e yxe Kak MoJeJIb 3KOCHUCTEMBI 03€epa.
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