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ABSTRACT. This study examines the spatial distribution of horizontal currents within under-ice anticy-
clonic eddies that lead to the formation of ring structures on the spring ice of Lake Baikal. Horizontal
geostrophic current fields were calculated using the dynamic method, with a focus on comparing vari-
ous approaches to determining water density, including a package specifically adapted for Baikal con-
ditions, TEOS-10. Measured water temperature and conductivity data from the 2009 ring structure
area served as the primary dataset, while reference data comprised velocity and direction profiles from
a similar 2020 eddy, measured for the first time. Comparisons revealed that outdated methods, such
as the Krotova method or the Chen-Millero equation, result in significant discrepancies from actual
measurements, whereas the adapted TEOS-10 package shows the best agreement. Overall, the dynamic
approach proved effective and can be successfully applied to study current fields in Lake Baikal. The
research also identified and described several characteristic features of current structures within the
examined under-ice circulations for the first time.
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1. Introduction from these observations were summarized in studies

by V.M. Sokolnikov, A.A. Ainbund, V.I. Verbolov, and

Lake Baikal is the world’s largest freshwater lake others (Sokolnikov, 1960; Ainbund, 1973; Currents in

and is renowned for its exceptional water purity and
unique properties, which are shaped by its formation
conditions and the life processes of its flora and fauna.
The ecosystem of the lake is largely depended on the
dynamics of its water masses. Water movement and
turbulent exchange affect energy distribution, thermal
regime, the transport of nutrients and pollutants, the
spatial distribution of phytoplankton and zooplankton,
and oxygenation of the deep waters. Therefore, under-
standing these hydrodynamic processes is essential for
studying the functioning of Baikal’s ecosystem.
Extensive data on Baikal’s currents were collected
during the 1960s and 1970s using direct measurements
at buoy stations with various types of current meters.
However, these measurements had significant limita-
tions, such as high start-up thresholds that prevented
measurements of velocities below 2 cm/s. The findings
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Baikal, 1977). More recent studies (Granin et al., 1991;
Granin et al., 1999; Zhdanov et al., 2001) revealed
insights into current intensification zones, deep water
renewal processes, and the generation of under-ice
currents. These studies required substantial material
investments, including costly equipment as well as
installation and removal work at the buoy stations.
While feasible during the Soviet era, such large-scale
projects became financially unavailable in the early
1990s, resulting in a decline in similar research activ-
ities at the Limnological Institute over the past three
decades. The first modern current meter was only
acquired by the institute in the late 2010s.

Given the lack of advanced instrumentation,
alternative approaches were employed for current
measurements, such as the deployment of free-floating
drifters (Zhdanov et al., 2014). Direct measurements of
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relatively low velocities in Lake Baikal from a research
vessel during the summer also presented challenges,
requiring precise correction for vessel movement and
its exact orientation in space. Since drift of the vessel
typically exceeds current velocities by a factor of ten
or more, even minor errors in determining the posi-
tion or velocity of the ship can significantly distort the
measured currents. As a result, currents in Lake Baikal
have been studied mainly in recent years during winter
from the ice cover (Aslamov et al., 2017; Zhdanov et
al., 2017; Kirillin et al., 2020).

The need for spatial data on currents in Lake
Baikal, without the use of expensive electromagnetic or
Doppler current meters, has grown significantly. A via-
ble alternative is the calculation of geostrophic currents
using the balance between horizontal pressure gradi-
ents and Coriolis force resulting from the rotation of the
Earth. For Lake Baikal, the first work on geostrophic
currents were conducted by V. A. Krotova (1970) in
the late 1960s and early 1970s. The study calculated
current velocities for the upper layer utilizing water
temperature data from deep thermometers and apply-
ing a dynamic method to estimate currents. However,
this approach saw limited application thereafter, with
a notable exception being the work of Shimaraev and
Troitskaya (2005).

The advantage of the geostrophic methodology
lies in its capacity to calculate current directions and
velocities solely from the spatial distribution of water
density. Accurate water density calculations, in turn,
require measurements of key parameters influencing
density: temperature, salinity (for fresh water — min-
eralization) and pressure, and calculate the desired
density from the equation of state of water. Modern
oceanographic CTD probes (such as SBE-25 and simi-
lar instruments) can measure hydrophysical parameters
with high accuracy. The question remains in finding
the relationship between the electrical conductivity
measured by the probe and the water mineralization,
which depends on the chemical composition of a par-
ticular body of water, and in selecting the equation of
water state itself, suitable for describing the waters of
the lake under study.

In the late 1970s and early 1980s, Chen and
Millero published a series of studies on seawater den-
sity (Chen and Millero, 1978). Their findings were
summarized in the first International Equation of State
of Seawater (EOS-80) in 1980. Based on EOS-80, a
set of algorithms developed by Fofonoff and Millard
in 1983 allowed for the calculation of various funda-
mental thermodynamic properties of seawater, such
as sound speed, thermal expansion, compressibility,
and dynamic viscosity. However, both EOS-80 and the
UNESCO-1983 equations used practical salinity, which
limited their accuracy for non-standard conditions and
prevented their application to fresh water bodies.

It was not until 1986 that Chen and Millero (1986)
adapted the seawater equation of state for freshwater.
Unfortunately, the use of this equation for low miner-
alized waters and deep depths in Lake Baikal resulted
in large disagreements between theoretical data and
in-situ measurements. To adapt the equation to Baikal’s
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conditions, the staff at the Laboratory of Hydrology and
Hydrophysics at LIN SB RAS with Swiss colleagues from
EAWAG conducted special experiments to determine
the relationship between electrical conductivity, pres-
sure, and temperature in Lake Baikal (Hohman et al.,
1997; Blinov et al., 2006). These experiments helped to
minimize the disagreement between theory and obser-
vation. Additionally, limnologists working on other res-
ervoirs had raised questions about the suitability of the
Chen-Millero equation in certain situations as early as
the 1980s.

In order to address the numerous discrepan-
cies in the Chen-Millero equation and to achieve
broader data coverage for the global ocean, SCOR
(Scientific Committee on Oceanic Research) and IAPSO
(International Association for the Physical Sciences of
the Oceans) established the Working Group (WG 127)
in 2005 on Thermodynamics and Equation of State of
Seawater. The results of the international project TEOS-
10 (IOC, SCOR and IAPSO, 2010) were published five
years later in 2010, comprising a set of programs for
calculating the thermodynamic properties of water.
The new standard marked a qualitative leap forward
based on fundamental physics: a complete inter-con-
sistency of all thermodynamic parameters of water was
ensured by using the free energy equation, the basis of
which is the Gibbs potential (Wagner and Prub, 2002;
Feistel, 2003; Feistel, 2008). In addition, the different
aggregate states: water, ice and humid air are described
as a single thermodynamic system in TEOS-10. These
advancements, along with the transition from practical
salinity to absolute salinity, ensured the applicability of
the new standard to low-salinity water bodies.

When trying to apply TEOS-10 for calculate the
geostrophic currents of Lake Baikal, it became clear
that, as in the case of the Chen-Millero equation, there
are discrepancies in the density calculation, and the
TEOS-10 model also requires regional adaptation. The
study is therefore aimed comparing different methods
of geostrophic currents calculations (with different
density calculation algorithms) for Lake Baikal and
to correlate the calculation results with the available
experimental data.

2. Materials and methods

Initial data

To compare different methods of calculating
geostrophic currents, winter data on the distribu-
tion of hydrophysical characteristics measured under
snow-covered ice can be considered the most perspec-
tive. At this time, the influence of external destabilizing
factors is minimal: there is no tangential wind stress
and, consequently, no drift currents and wave activ-
ity. The ice cover thermally insulates the water masses
from air temperature fluctuations. Consequently, data
from a two CTD transects performed on April 7, 2009,
across the ice ring structure detected in Southern Baikal
(Granin et al., 2015; 2018), were selected as the pri-
mary dataset (Fig. 1A). Since the laboratory did not
have current meters as of 2009, detailed data obtained
on a similar ring structure that appeared in the same
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area in 2020 were used as reference currents to verify
the calculations.

Measurements in 2020 were conducted on April
4-5, prior to the appearance of the ring structure on
April 16. Without a visual reference, an expanded sta-
tion grid was performed along the same transects as in
2009, as a result they have passed almost tangentially
to the ring (Fig. 1B).

In 2009, measurements were taken using an SBE-
19plus CTD probe, providing profiles of temperature
(accuracy *0.002°C) and water conductivity (= 0.0003
S/m). These data were used to calculate the total con-
centration of major water ions (hereafter referred to as
mineralization) following the method proposed by R.
Hohman et al. (1997) and adapted for Baikal conditions
by Blinov et al. (2006). Data for the upper 100-meter
water layer were averaged over 5-meter intervals, as
shown in Fig. 2.

In 2020, measurements of current velocities
were made with the JFE INFINITY-EM AEM-USB elec-
tromagnetic meter (JFE) with a velocity resolution of
0.02 cm/s and a direction resolution of 0.01°. Since the
JFE is not equipped with a pressure sensor, a special
suspension system with a stabilizing wing was con-
structed to prevent the current meter from rotating
around its axis and equipped with a temperature and
pressure meter RBRDuo?T.D to record the depth of cur-
rent measurements.

Calculation methods

To calculate geostrophic currents, we used a
dynamic method, which determines the gradient of
dynamic height between stations along a transect, as
detailed by Fomin (1964). This method has been suc-
cessfully used in lake studies during the under-ice
period, as shown in the works of Rizk et al. (2014) and
Palshin et al. (2017). It involves determining the gra-
dient of dynamic height between two vertical stations.
The component of current velocity normal to the direc-
tion of transect is calculated using the balance between
the horizontal pressure gradient and Coriolis force:

1 6P,
dy

U = , (D)

z

Po

103°54 103°54' 103°57"

where: f — Coriolis parameter, u_— current velocity com-
ponent at depth z, P, — pressure at depth z, p, — aver-
age water density, dy — horizontal distance between
stations. The pressure for each station was found by

vertically integrating the expression:

P = [ pgdz, @
20
where: p — water density, g — acceleration of free fall, z
— depth. Integration was carried out from bottom to top
from the initial depth z, to the depth z. Then, after sub-
stituting the integrated pressure difference for a pair
of stations into equation (1), the transverse velocity
between stations was found as:

p ()f zg dy
where C is the integration constant, which was assumed
to be equal to zero based on the fact that we consider a
stationary eddy located in the center of the lake, away
from the coastal currents, and, accordingly, the mean
flow through its cross section is equal to zero. The
assumption of zero equality of velocities at the initial
depth z, was also adopted.

The described method is valid provided that the
geostrophic balance is observed, and, therefore, the fol-
lowing conditions must be met (Gill, 1982):

1. the lake width must exceed the Rossby deforma-
tion radius (R_ )

2. the Rossby number (Ro=u/Lf, where u and L are
characteristic scales of current velocity and lake
size) should be much less than 1

+C,(3)

rad

frictional forces should not affect the geostrophic
equilibrium, so the currents should be considered
outside the Ekman boundary layers.

In previous studies of ring structures on the ice
of Lake Baikal (Granin et al., 2015; 2018), it was shown
that the radius of the ice rings is comparable to the
Rossby baroclinic deformation radius, whose estimates
range from 1400 to 2300 m, and is much smaller than
the horizontal dimensions of Lake Baikal. The estimate
of the Ro number for the under-ice currents of Lake
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Fig.1. Light-corrected satellite images and schemes of cross-sectional transects station locations in the area of ring structures

on the lake ice in South Baikal:

A -19.04.2009 (MODIS, Aqua https://ladsweb.modaps.eosdis.nasa.gov/ — accessed 01.12.2024);

B - 15.04.2020 (Sentinel-2 L1C https://dataspace.copernicus.eu/ — accessed 01.12.2024).
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Fig.2. Spatial distribution of water temperature (A,B) and mineralization (C,D) under the ring structure on two cross-sec-
tions, 07.04.2009.

Baikal (1-10 cm/s) is of the order of 102 and, accord-
ingly, the Ro < < 1 condition is realized. Previous field
studies of currents in Lake Baikal, both in the back-
ground areas and in places of their intensification,
have shown that the boundary layer in which velocities
decrease and currents turning occurs is located in the
first meters (1-3 m) from the ice (Zhdanov et al., 2017;
Kirillin et al., 2020), and, therefore, the influence of
friction at greater depths can be neglected. Considering
all of the above, it can be stated that the field of cur-
rents under the ice of the ring structures of Lake Baikal
is in a geostrophic balance, and the use of a dynamic
method for calculating their velocity is justified.

Using the described dynamic method, geos-
trophic currents were calculated by four different
approaches to calculating water density:

1. The density was calculated according to V.A.
Krotova (1970), using the average mineralization
of Baikal water. For more accurate determination
of densities, the values from the specific volume
table given in the paper were approximated by
parabolas for each horizon.

2. According to the equation of state for fresh water
(up to 0.6 g/kg) obtained by Chen and Millero
(1986).

3. Using the original TEOS-10 software package,
which uses the calculation of various thermody-
namic parameters of the water state from the Gibbs
function and its derivatives.

4. With TEOS-10 (IOC, SCOR and IAPSO, 2010),
adapted for Baikal conditions.
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The work done on regional adaptation of TEOS-
10 algorithms consisted of the following. The use of
standard S_ mineralization was changed from marine
(35.16504 g/kg) to average Baikal mineralization
(0.0965 g/kg). In this connection, the value of specific
heat capacity was changed to the corresponding for this
mineralization 4217.42 J/(kg K). The last one serves
as a proportionality coefficient in the transition from
potential enthalpy and conservative temperature. The
standard atmospheric pressure was also changed to be
appropriate for an altitude of 456 m above sea level
(the water surface altitude of Lake Baikal). In addition,
in the adapted TEOS-10 we use the calculation of vari-
ous thermodynamic parameters directly from the Gibbs
function and its derivatives, while the original version
uses 75-degree polynomials to reduce the calculation
time.

3. Results and discussion

By using four different water density methods,
geostrophic current velocities were calculated on two
cross sections through the 2009 ring structure (Fig. 1).
The east-west cross-section, featuring a greater number
of stations, was analyzed in detail, with results displayed
in Fig. 3. It is clear that the geostrophic currents cal-
culated using the first two methods differ significantly
from those obtained using TEOS-10. This applies not
only to the values of current velocities, but also to the
directions. Thus, according to the Krotova method (Fig.
3A), both cyclonic circulation in the upper 20-meter
layer with current velocities up to 4 cm/s and counter-
current in deeper layers with velocities up to 3 cm/s are



Aslamov I.A. et al. / Limnology and Freshwater Biology 2024 (6): 1546-1562

4.5 N
\ 3.5
g
| =
o m [} 2.5
I NN\ n |
\ / ‘
75— \ // 1.5
N y N
AT s S
5 & = -
0 | . | | | .i:}
o =-—-\y 2
o= oY v
"’ O 2
: 0 |
"E_ 50 ‘\ v
2 4 ol ||
\ s Sy / > .
75 R ) \
AN
A e { S
-5 -3 -1 1 -4.5

Distance, km

Distance, km

Fig.3. Spatial distribution of current velocities on the section through the ring structure from west to east, calculated by
different methods: A — by Krotova, B — by Chen-Millero, C — by original TEOS-10, D — by TEOS-10 adapted for Baikal. Negative
currents are directed to the South, positive currents to the North.

observed. For TEOS-10, as for Chen-Millero the general
character of the current distribution is different.

In Fig. 3B-D, we obtained an anticyclonic cir-
culation in the entire 100-meter layer without count-
er-currents in the near-surface layer. The currents
deeper than 40 meters calculated by Chen-Millero and
Krotova are generally close in amplitude. In contrast,
methods based on TEOS-10 show a significant enhance-
ment of currents (up to 5 cm/s) in the thermocline zone
(Fig. 3C,D) located at the periphery of the ring at 30-50
metres depth (Fig. 2). The peculiarity of the calculation
using the Chen-Millero equation was that there was no
decrease in the velocity of currents when approaching
the surface (Fig. 3B), in contrast to the calculations
using TEOS-10. The general trend for all methods indi-
cated a decrease in currents as we approach the 100-
meter depth due to the assumption of zero currents
at the lower limit of integration (see Materials and
Methods section).

The differences between the methods based on
TEOS-10 are outwardly slightly noticeable. The char-
acter of the distribution of current directions at the
stations generally coincides, but there are small differ-
ences in current velocities. In 75% of cases, the devi-
ations between the methods do not exceed 0.1 cm/s
(Fig. 4), but in 20% of cases they can reach 0.3 cm/s
and higher, which can be already significant for winter
currents.

To make a detailed comparison of the calculated
geostrophic current velocities in the eddy under the
ice in 2009 with the actually measured currents in the
similar eddy in 2020, vertical profiles of currents were
constructed for two contrasting regions (Fig. 5.):

1. at the maximum of the currents between stations
4kW and 3kW, i.e. ~3.5 km from the center of the
ring structure
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2. outside the ring structure, between stations 7kW
and 4kW, i.e. ~5.5 km from the center of the ring

The 2020 stations were chosen, respectively, at
similar distances from the center of the ring, and the
current moduli were calculated for them.

Analysis and comparison of calculated and mea-
sured current velocities showed that circulation in the
area of the ice rings is anticyclonic, i.e. the currents
rotate clockwise, which confirms the previous results of
measurements (Granin et al., 2018) and mathematical
modeling (Granin et al., 2015). The calculated current
velocities using the TEOS-10 software package showed
the best agreement with the measured data, both in
terms of distribution and absolute values: the maximum
velocities of the measured currents were 6 cm/s, the cal-
culated ones — 5 cm/s, while according to the modeling
results the range of maximum velocities was 5-7 cm/s

0.4
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(%} (X
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=
—

1 1 1 1
04 -0.2 0 0.2 0.4

Velocity difference, cm/s

Fig.4. Probability distribution of the difference in calcu-
lated current velocities between the original TEOS-10 and the
adapted one for Lake Baikal.
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Fig.5. Vertical distribution of geostrophic current velocities calculated by different methods in comparison with in situ data
obtained at the ring in 2020, for: A — in the area with maximum currents at the ring boundary (~3.5 km from the center), B —

outside the ring structure (~5.5 km from the center).

(Granin et al., 2015). Out-of-date equations of state of
water have been shown to be untenable. The maximum
current velocities calculated with their application are
twice underestimated compared to measurements. In
the case of Krotova’s method, the currents even change
their direction to the opposite, which is not confirmed
either by experiments or theoretical estimates. The ten-
dency of currents velocity decrease when approaching
the surface was observed at most stations, although it
was less pronounced compared to the results obtained
using the dynamic method. The underestimated current
velocities at a depth of 80 meters, relative to measured
values, are attributed to the 100-meter depth limit of
the integration.

By transitioning to a rectangular coordinate
system centered on the ice rings, the current fields of

= 2009 (5m)
= 2009 (40m)

=—> 2020 (2m)
e 2020 (40m)

0 35 7cm/s
—t—+—

under-ice eddy structures from 2009 and 2020 can be
compared visually (Fig. 6). Two depths were chosen for
analysis: under-ice currents at a depth of 2-5 meters
and maximum currents at a depth of 40 meters. The
analysis shows that, despite the diameter of the 2020
ring (~4 km) being nearly 1.5 times smaller than the
2009 ring (> 6 km), the spatial structure of the currents
is similar. It is worth noting some of the identified fea-
tures. In general, the currents in 2020 were higher than
in 2009. The maxima of the under-ice currents occur in
the area of the ice ring itself (which leads to its accel-
erated melting and appearance on satellite images). In
the same area, the currents at a depth of 40 meters can
reach the equal magnitude as the under-ice currents.
But the maximum currents develop beyond the bound-
ary of the thawed area, forming a deep under-ice eddy
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Fig.6. Current field in the region of ice rings formation in 2009 and 2020, combined relative to their centers, based on data
of field observations and calculation by the dynamic method. The grid spacing is 500 m.
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of larger diameter, which is confirmed by both mea-
surements (Fig. 6) and calculations (Fig. 3D).

The detailed study of the formation and develop-
ment of the 2020 ring, based on the analysis of satel-
lite imagery and meteorological conditions in Southern
Baikal, was carried out by Kouraev et al. (2021). The
observed difference in the diameter of ice structures
can be explained by the fact that, in 2020, the eddy
did not have enough time to influence the ice surface.
High daytime air temperatures, liquid precipitation,
and strong wind gusts led to the rapid destruction of
ice in the ring area. By tracking the drift of ice field
fragments, Kouraev and co-authors (2021) estimated
the current speeds in the eddy to be 7 cm/s, which cor-
responds well with the measurements obtained in this
study and indicates the long-term stability of the eddy
structure, as the currents remained unchanged over
three weeks. This stability raises questions about pos-
sible energy sources that sustain circular currents for
extended periods. Moreover, such anticyclonic currents
act like pumps, continuously lifting biogen-rich deep
water, thereby can enhance the spring phytoplankton
productivity in the region of its formation. The presence
of under-ice water with higher temperatures and lower
mineralization (Fig. 2) further supports the notion of
deep-water upwelling at the eddy center.

4. Conclusions

For the first time, using distributed data on
the spatial variability of under-ice water temperature
and mineralization in the area of the Lake Baikal ring
structure, geostrophic currents were calculated using
the dynamic method with different equations of state
of water. A series of vertical profiles of velocity and
direction of currents, first measured in-situ in a simi-
lar eddy in 2020 to depths of more than 100 meters,
were used as a reference. A comparison of different
methods for calculating water density showed that out-
dated approaches, such as the Krotova method and the
Chen-Millero equation, do not provide sufficient accu-
racy in determining specific volumes, leading to signifi-
cant discrepancies between the calculated currents and
in-situ data. In contrast, the TEOS-10 software package,
adapted for Lake Baikal, demonstrated the highest cal-
culation accuracy, reproducing both the vertical distri-
bution of currents and their velocities.

The study of the spatial structure of under-ice
eddies in 2009 and 2020 revealed their similarities
despite differences in the diameters of the formed ice
rings. The maximum velocities of under-ice currents cal-
culated by TEOS-10, which reached 6 cm/s, are in good
agreement with both in-situ observations and model-
ling results of previous researchers. It was established
that circulation in the ice ring areas has an anticyclonic
character and extends to depths of at least 100 meters,
with maximum current speeds developing near the
thermocline, which in both cases was located at depths
of 40-50 meters. It was also shown that the maximum
current velocities develop beyond the boundary of the
melted ice ring area, forming a deeper under-ice eddy
of larger diameter.
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This work is important for deepening the under-
standing of hydrodynamic processes occurring in Lake
Baikal, as well as for the development of currents mon-
itoring methods.

Acknowledgements

The authors gratefully pay tribute to the mem-
ory of V.N. Zyryanov for organizing and financing
the expedition work on the 2020 ring structure. The
study was performed within the framework of the
State Assignment of LIN SB RAS (0279-2021-0004 No.
of registration 121032300154-8) with the support of
IWP RAS (FMWZ-2022-0001 No. of state registration
122041100222-7).

Conflict of interest

The authors declare no conflicts of interest.

References

Ainbund M.M. 1973. Results of field studies of currents in
Southern Baikal. Trudy. GGI [The works of GGI] 203: 49-70.
(in Russian)

Aslamov I.A., Kozlov V.V, Kirillin G.B. et al. 2017. A
study of heat transport at the ice base and structure of the
under-ice water layer in Southern Baikal. Water Resources
44(3): 428-441. DOI: 10.1134/50097807817030034

Blinov V.V., Granin N.G., Gnatovskiy R.Yu. et al. 2006.
Determining water masses in Lake Baikal by T,S-analysis.
Geographiya i prirodnye resursy[Geography and Natural
Resources] 2: 63-69. (in Russian)

Chen C.T., Millero F.J. 1978. The equation of state of
seawater determined from sound speeds. Journal of Marine
Research 36: 657-691.

Chen C.T., Millero F.J. 1986. Precise thermodynamic
properties for natural waters covering only the limnological
range. Limnology and Oceanography 31(3): 657-662.

Currents in Baikal. 1977. In: Afanasiev A.N., Verbolov
V.1. (Ed.). Novosibirsk: Nauka. (in Russian)

Feistel R. 2003. A new extended Gibbs thermodynamic
potential of seawater. Progress in Oceanography 58: 43-114.

Feistel R. 2008. A Gibbs function for seawater thermody-
namics for -6 to 80°C and salinity up to 120 g kg-1. Deep sea
research 55: 1639-1671.

Fofonoff N.P., Millard Jr R.C. 1983. Algorithms for the
computation of fundamental properties of seawater. UNESCO
Technical Papers in Marine Sciences 44. DOIL: 10.25607/
OBP-1450

Fomin L.M. 1964. The dynamic method in oceanography.
Elsevier Oceanographic Series 2.

Gill A.E. 1982. Atmosphere-Ocean Dynamics. In:
International Geophysics Series 30: San Diego, CA: Academic
Press.

Granin N.G., Dzhuson D., Zhdanov A.A. et al. 1999.
Turbulent mixing of Lake Baikal water in the layer adjacent
to ice and its role in the development of diatoms. Doklady
Akademii Nauk [Reports of the Academy of Sciences] 366(6):
835-839. (in Russian)

Granin N.G., Kozlov V.V., Tsvetova E.A. et al. 2015. Field
studies and some results of numerical modeling of a ring
structure on Baikal ice. Doklady Earth Science 461: 316-320.
DOI: 10.1134/S1028334X15030204

Granin N.G., Mizandrontsev I.B., Kozlov V.V. et al. 2018.
Natural ring structures on the Baikal ice cover: analysis of



https://www.doi.org/10.1134/S0097807817030034
https://www.doi.org/10.25607/OBP-1450
https://www.doi.org/10.25607/OBP-1450
https://www.doi.org/10.1134/S1028334X15030204

Aslamov I.A. et al. / Limnology and Freshwater Biology 2024 (6): 1546-1562

experimental data and mathematical modeling. Russian
Geology and Geophysics 59(11): 1514-1525. DOI: 10.1016/j.
rgg.2018.10.011

Granin N.G., Zhdanov A.A., Zavoruev V.V. et al. 1991.
Features of the distribution of characteristics of the Baikal
pelagic ecosystem during spring convection (based on
research materials from 1990) Preprint of the USSR Academy
of Sciences, Institute of Biophysics SB. Krasnoyarsk: IBF. (in
Russian)

Hohman R., Kipfer R., Peeters F. et al. 1997. Processes
of deep-water renewal in Lake Baikal. Limnology and
Oceanography 42(5): 841-855.

IOC, SCOR and IAPSO. 2010. The international thermo-
dynamic equation of seawater - 2010: Calculation and use of
thermodynamic properties. Intergovernmental Oceanographic
Commission. Manuals and Guides 56: UNESCO. URL: http://
teos-10.org/pubs/TEOS-10/Manual.pdf

Kirillin G., Aslamov I., Kozlov V. et al. 2020. Turbulence
in the stratified boundary layer under ice: observations from
Lake Baikal and a new similarity model. Hydrology and
Earth System Sciences 24(4): 1691-1708. DOIL: 10.5194/
hess-24-1691-2020

Kouraev A.V., Zakharova E.A., Kostianoy A.G. et al. 2021.
Giant ice rings in southern Baikal: multi-satellite data help to
study ice cover dynamics and eddies under ice. The Cryosphere
15(9): 4501-4516. DOI: 10.5194/tc-15-4501-2021

Krotova V.A. 1970. Baikal water geostrophic circulation
during period of summer thermal stratification. In: Galaziy
G.IL., Sokolnikov V.M. (Ed.) Trudy of LIN SB AS USSR 14(34)
Leningrad: Nauka: 11-44. (in Russian)

1553

Palshin N.I., Zdorovenkova G.E., Bogdanov S.R. et al.
2017. Geostrophic currents in the small ice-covered lake.
Uspekhi sovremennogo estestvoznaniya [The successes of
modern natural science] 11: 89-94. (in Russian)

Rizk W., Kirillin G., Lepparanta M. 2014. Basin-scale
circulation and heat fluxes in ice-covered lakes. Limnology
and Oceanography 59(2): 445-464. DOIL 10.4319/
10.2014.59.02.0445

Shimaraev M.N., Troitskaya E.S. 2005. Seasonal peculiar-
ities of geostrophic currents in the southern Baikal. Geography
and Natural Resources 1: 58-65.

Sokolnikov V.M. 1960. On the currents and water tem-
perature under ice cover in the Southern Baikal and near
Angara source. Trudy LIN SO Akadademii Nauk SSSR [The
works of LIN SB SAS] 18: 291-350. (in Russian)

Wagner W., Prub A. 2002. The IAPWS formulation 1995
for the thermodynamic properties of ordinary water sub-
stance for general and scientific use. Journal of Physical and
Chemical Reference Data 31(2): 387-535.

Zhdanov A.A., Gnatovskii R.Yu., Granin N.G. et al. 2017.
Variations of under-ice currents in Southern Baikal by data of
2012-2016. Water Resources 44(3): 442-452. DOI: 10.1134/
S0097807817030186

Zhdanov A.A., Granin N.G., Shimaraev M.N. 2001. The
generation mechanism of under-ice currents in Lake Baikal.
Doklady Earth Science 377(3): 329-332.

Zhdanov A.A., Makarov M.M., Kucher K.M. et al.
2014. Registration of currents using free-floating drifters.
Geographiya i prirodnye resursy [Geography and Natural
Resources] 1: 169-174. (in Russian)



https://www.doi.org/10.1016/j.rgg.2018.10.011
https://www.doi.org/10.1016/j.rgg.2018.10.011
http://teos-10.org/pubs/TEOS-10/Manual.pdf
http://teos-10.org/pubs/TEOS-10/Manual.pdf
https://www.doi.org/10.5194/hess-24-1691-2020
https://www.doi.org/10.5194/hess-24-1691-2020
https://www.doi.org/10.5194/tc-15-4501-2021
https://www.doi.org/10.4319/lo.2014.59.02.0445
https://www.doi.org/10.4319/lo.2014.59.02.0445
https://www.doi.org/10.1134/S0097807817030186
https://www.doi.org/10.1134/S0097807817030186

Limnology and Freshwater Biology 2024 (6): 1546-1562 DOI:10.31951/2658-3518-2024-A-6-1546

OpuruHanbHan craTbf

LIMNOLOGY
FRESHWATER
BIOLOGY

M

UccrhnepoBaHMe NPUMEHHUMOCTH Pa3AHUYHbBIX
NOAXOAOB K pacueTty reocTpoduuyeckKmux
Te4YeHUH Ha NpUMepe NOANEAHDBIX BUXPEWN,
dopMUpyIOLLHUX AeAOBbIe KOAbLEBble
CTPYKTYpbI o3epa bankan

AcmamoB N.A.'*", dKmanoB A.A.'", I'panun H.I'.'", BaiuHoB B.B.1",
3eipsHoB [.B.%, 'natoBckuii P.1O.!

T TumHostoeuyeckuti uHcmumym Cubupckozo omdesteHus Poccutickoti akademuu Hayk, ys. YaaH-Bamopckas, 3, Hpkymck, 664033,
Poccua
2 HHcmumym 800Hbix npobsiem Poccutickoii akademuu Hayk, Y. I'ybkuxa, 3, Mockea, 119333, Poccusa

AHHOTAIIHS. Pa6oTta nocesiieHa 1ccjieJOBaHUI0 MPOCTPAHCTBEHHOI'O pacipe/iesieHus TOPU30HTaJIb-
HBIX T€YeHU! B NOMJIEAHBIX aHTUIMKJIOHNYECKUX BUXPAX, IPUBOAAIINX K (POPMHPOBAHUIO KOJIbI[EBBIX
CTPYKTYyp Ha BeceHHeM JibJly o3epa balikas. 'opr3oHTaIbHEIe 10JI1 FeoCTpo(PrIecKrx TeueHUH paccuu-
THIBAJIUCh C IIpMMeHeHHeM AMHAMUYecKOro MeTOo[a, IpX 3TOM OCHOBHOE BHUMAaHUe yAessjioch Cpas-
HEHUIO Pa3/IMYHbIX IOAXOA0B K pacyéTy IIJIOTHOCTH BOABI, BKJII0YasA CIel[MalbHO afalTHUPOBAHHBIN U1
ycsioBuli Batikana nmaker mporpamM TEOS-10. B kauecTBe MCXOAHBIX JaHHBIX HCIIOJIb30BAJINCh M3Me-
peHHble TeMIlepaTyphl U 3JIEKTPOIPOBOLHOCTU BOABI B paiioHe KoJjblleBou cTpykTypsl 2009 roga. A B
KayecTBe pedepeHTHBIX — cepuu npodusiell CKOpoCcTU 1 HallpaBjieHus TeYeHU B aHaJIOTMYHOM BHUXpe
2020 roga, n3aMepeHHbIe BIepBeie. [IpoBeieHHBIe CpaBHEHUA MOKa3ajy, YTO MCIOJIb30BaHUE yCTapeB-
X METOJ0B, TaKuX kak MeTod KpoToBoii niu ypaBHeHue YeHa-Muiepo NpUBOAUT K 3HAUUTEJIbHBIM
pacxoXIeHUsIM C peajbHbIMU M3MePEHUsAMHU, TOT[ja Kak afanTupoBaHHbi nakeT TEOS-10 gemMoHCTpU-
pyeT HauJlyulllee corjiacoBaHue. B mesioM, AuHaMHUYeCKUI OAXOJ OKa3ajCsA COCTOATEJIbHBIM U MOXET
YCIeIIHO IPUMEeHAThCA AJIA U3y4YeHUs NoJleli TeyeHN B o3epe balikas. B xoie npoBei€HHBIX UCCIEAO-
BaHUI BIIEpBBIE BBIABJIEH U OMMCAH PAJl XapaKTePHBIX 0COOEHHOCTEN CTPYKTYPHl TeUEHUHN B UCCIIEN0-
BAHHBIX NMOJJIEAHBIX HUPKYJIALIUAX.

Kitiouegsie citoga: siefoBble KOJblia, reocTpodrueckrie TeueHNs, aHTUIUKJIOHUYECKUU BUXPb, yPaBHEHUA
cocTosHMA Bofbl, batikan

Jia nutupoBanusa: Acinamo U.A., XXganos A.A., I'panun H.T'., Biiuxos B.B., 3sipanos [1.B., 'HaToBckuii P.10. Mccnenosanue
[IPUMEHUMOCTH Pa3/IMYHBIX IOAXOJOB K pacyeTy reocTpoduueckux TeyeHW!I Ha IpuMepe MNOANENHBIX BUXpel, GopMupy-
IOLMX JIeJIOBbIe KOJIbIIEBBIE CTPYKTYpPHI o3epa Baiikan // Limnology and Freshwater Biology. 2024. - Ne 6. - C. 1546-1562.
DOI: 10.31951/2658-3518-2024-A-6-1546

1. BBeAeH"e " MPpUAOHHBIX CJIOEB BOABI 1 MHOTMIE APYyTIUE ABJICHUA

B XM3HMU o3epa. [losToMy ucciegoBaHue TMAPOAMHA-
MHUYEeCKHX IPOLIECCOB fABJIAETCA OJHOU M3 BaXHEWIINX
3afjay [Uig NOHMMaHUA (PYHKIMOHMPOBAHUA BSKOCU-
creMb! baiikasa.

Boubiioit 06beM JaHHBIX IO TeYeHUsAM 03epa ObLIT
nojiyyeH B 60-70-X rogax NpOLLIOrO CTOJIETUA IyTeM
HemnocpeACTBEeHHbIX HaOJIoeHnil Ha OYyMKOBBIX CTaH-

Batikan - KpymnHellee MPeCHOBOAHOE O03€EpPO
Mupa. Pemkas 4mcTOTa U HUCKJIIOYUTENIBHBIE CBOMCTBA
6alikaIbCKOM BOJIbI OTIPEIESIAIOTCA YCI0BUAMU ee Gop-
MUPOBaHUS, a TaKXe XU3HEeAesTEJIbHOCTBIO XXUBOT-
HOTO U PacTUTEJIBHOr0 Mupa o3epa. JKu3Hp o3epa BO
MHOT'OM 3aBHCUT OT JUHAMUKN BOOHBIX Macc Barikara.

[TepemerlrieHuie BoJ U TypOyJIEHTHBI OOMeEH BJIUSAET Ha
pacripefiejieHrie SHepruy B BOAHOMU TOJIIIIe, ee TepMuye-
CKUI pexXuM, IlepeHoc O1OreHHbIX 2JIeMEeHTOB U 3arpss-
HeHUl, NPOCTpPaHCTBEHHOe paclpefeyeHue GUTO- U
300IUTAaHKTOHA, oboraijeHre KUCJIOPOAOM TIIyOMHHBIX
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A1i6ynna, B.U. Bep6onosa u fp. (CokoabHUKOB, 1960;
Antubyna, 1973; Teuenus B Batikarne, 1977). bousee
no3gHue pabotsl (I'paHuH u ap., 1991, I'panuH u ap.,
1999; XnauoB u Ap., 2001) mo3BOJUIIU NMOHATH, YTO
IIPOMCXOAUT B 30HaX MHTeHCHU(]UKAIMU TedeHUM, Kak
MIPOMCXOAAT MPOollecChl 0OHOBJIEHUA ITyOWHHBIX BOA, a
TakXe reHepanus Te4eHU! MOAO0 JIbAOM o3epa. Takue
paboThl noTpeboBajy OrPOMHOrO BKJIafa MaTepHalib-
HBIX PeCypCcOB KaK Ha IOKYINKY JOPOrocToAIero ooopy-
JI0BaHus, TaK U Ha NPOU3BOACTBO paboT IO yCTaHOBKE
u cHATHo BC. B coBeTckuil mepuoj ocyliecTBjeHUe
TaKUX KOJIOCCAJIBHBIX IIPOEKTOB OBLJIO [IOCTYIHO,
oaHaKo ¢ Hauasia 1990-X ro1oB 3T BO3MOXHOCTH ObLIU
yTpayeHHl, IJIaBHBIM 00pa3oM IO (UHAHCOBBIM IIPH-
yiHaM. B cBA3M ¢ yeMm, B MocJjiefHUE TPU AecATKa JieT
MoJI0O0HBIX MacmTabHBIX paboT B JIMMHOJIOTMYECKOM
WHCTUTYyTe He IpPOBOAWJIOCh. bBoJsiee TOro, nepBBIi
COBpPeMeHHBII U3MepHuTesb TeUeHUs B UHCTUTYTe I0s-
BUWJICA JIUIIB BO BTOPOH moJsioBuHe 2010-bIX TOJI0B.

OTtcyTcTBUe nmpuUOOPHOIN 6a3el TpebOBao NpU-
MeHeHUs JpPYTUX NOAXOJ0B K U3MepeHHUI0 TeueHUM, B
YaCTHOCTHU pa3pabOTKU U U3rOTOBJIEHNUA CBOOOIHO ILjIa-
atomux napudrtepoB (KmaHos u ap., 2014). IIpsameie
’)Ke M3MepeHUs CPaBHUTEJIBHO HeOOJIBLINX CKOpOCTel
TedeHUI B o3epe balikas B JIeTHUI1 IepUO[ CBSI3aHHBI CO
3HAYMTEJIbHEIMUA TPYOHOCTAMHU, M3-3a HeOOXOAUMOCTH
yuéTa ABHXXEHMA CyJHa U ero TOYHOM OpHeHTalu{ B
IIPOCTPAHCTBE C OYeHb BBHICOKOM TOYHOCTHIO. B cBsA3M ¢
TeM, 4TO Apeld cyAHa, KaKk IpaBUJIO, HA MOPAAOK U
6oJiee MpeBhIlIaeT CKOPOCTU TeUeHNs, TO Aaxe HeOOoJIb-
mye OMKOKY B ONpeJieJIeHUHU ero MoJIOXKEeHUA WK CKO-
POCTH CIIOCOOHBI KapAWHAJIBHO MCKAa3UTh PacCUYUTHI-
BaeMble TeueHUs. [IoaToMy TedeHuA B o3epe bBaiikana B
nocjeqHHe rofAbl UccaefoBaJd B OCHOBHOM B 3MMHUM
nepuoj co JibAa o3epa (Acmamos u ap., 2017; XaaHos
u ap., 2017; Kirillin et al., 2020).

HeynuBurenbHO, YTO B HacTosllee BpeMA
HabJi0jaeTcs 3HaUUTe IbHBIM POCT HHTepeca K [ojIyye-
HUIO IPOCTPAHCTBEHHBIX JaHHBIX O TeYeHUSX B 03epe
Batikan 6e3 mpuMeHeHUs OOPOTOCTOSAIIENl CeTU 3JIeK-
TPOMarHUTHBIX WJIM [JONIUIEPOBCKUX H3MepuUTesei
TedyeHUH. Takyi0o BO3MOXHOCTb IIpefOCTaBJIAET pac-
yeT reocTpodUUeCcKuX TeuyeHUl, olpefesisseMbIX U3
ycoBuA reocrpoduyeckoro 0ajaHca MeXAy FOpHU30H-
TaJbHBIM I'paAlieHTOM JaBJjieHus U cuiioil Kopuonmuca,
BO3HUKAIOIIE B cJle[CTBHe BpamleHus 3eMuu. [iA
Batikasa nepBble paGoTH 1O reocTpoPUUECKUM Teue-
HUAM IpoBefeHBl B KoHLe 60-x Havyasne 70-x rogos B.
A. Kporosoii (1970). OHa no AaHHBIM O TeMIlepaType
BOJIbl, ITOJIy4YeHHO! IJIyOOKOBOAHBIMM TepMOMeTpaMu
u TepmoOarurpadamy, ¢ IpuUMeHeHHeM AuUHaMuye-
CKOTO MeTOojla paccuuTaja CKOPOCTU TedeHUs .AJid
BepxHero cJjiog o3epa. B manbHelimem AUHaMWYeCKUI
MeTOo[ NMpaKTUYeCKU He MCHoJib3oBasica AiA balikaia,
3a uckiodeHueM pabotel (IllumapaeB u Tpourkas,
2005).

[IpenMy1iecTBO paccMaTpUBaeMoOy MeTOIUKU
3aKjroyaeTcs B TOM, YTO OHA IIO3BOJIAET BBIYKCJIMTH
HalpaBJIeHUA U CKOPOCTU TeUeHUH, UCIOJIb3ys JIMIIb
IIPOCTPAHCTBEHHOE paclipefiesieHue IJIOTHOCTH BOJBL
JliiA TouyHOro pacuera IIJIOTHOCTH BOZABI, B CBOIO Oye-
pelb HeoOXOAMMO H3MepUTh KJII0UeBble MapaMeTpHl,
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KOTOphble Ha Heé BJIMAIOT: TeMIlepaTypy, MUHepau3a-
I[MI0 U JaBJjieHWe, U pacCuuTaTh MCKOMYIO ILIOTHOCTh
13 ypaBHEHHUs COCTOSHUA BoJbl. COBpeMeHHbIe OKeaHo-
rpaduueckue CTD 30Hab! (Tuna SBE-25 u aHasioruyHbie
IpuOOpHl) NO3BOJIAIOT H3MepATh TruapodUusnYecKue
IapaMeTpHl C BBICOKOM TOYHOCTBIO. Bompoc ocraércs B
HaXOXJEeHUM CBA3U MeXIy M3MepseMON 30HIOM dJIeK-
TPONPOBOAHOCTBIO U NICKOMOI MUHepaJn3anueil BOOH,
KOTOpas 3aBUCUT OT XMMHYECKOro cOCTaBa TOTO HJIU
HMHOI0 BOJIoeMa, U B BBIOOpe caMOro ypaBHeHHA COCTO-
SIHWA BOABI, OAXOAIIEro JI ONKCAaHUs BOA UCCIedy-
eMoro osepa.

B konie 70-x-Hauasie 80-x XX B. roJioB BHIILJIA
cepus npaktudyeckux pabor YeHa u Mwuiepo (Chen
and Millero, 1978) mo uccieJoBaHUIO IJIOTHOCTU MOP-
ckoii Bofel. [TonmyueHHsle uMu pe3ysibTaThl B 1980 rogy
ObUIM O0O0OIIEeHH B MEPBOM MeEXIYHApOAHOM ypaBHe-
HUU COCTOAHMA Mopckoit Boabl — EOS-80 (Equation of
State of Seawater, 1980). 3atem B 1983 rogy 661 pas-
pabortan Habop anroputmoB UNESCO-1983 (Fofonoff
and Millard, 1983), ocuoBaHHbix Ha EOS-80, mis
pacuera pasjnyHbBIX (QyHAaAMEHTaJIbHBIX TepMOJAWHa-
MHUYECKHX CBOMCTB MOPCKOHI BOZIBI (CKOPOCTbH 3BYKa,
k03¢ UIMEeHTH TepMUYECKOr0 paclIpeHus U CXUMa-
eMOCTH, JUuHaMuueckas BA3KocTh U Ap.). Kak B EOS-
80, tak u B UNESCO-1983 ncnosib3oBaach pakTuye-
CKasA COJIEHOCTh, YTO CHMUXAJIO TOYHOCTb pacyeToB AJiA
HeCcTaHJApTHBIX YCJIOBUM, 1 He MO03BOJIANIO IPUMEHATD
ypaBHeHHe COCTOSHUA K IIPeCHBIM BOJOEMaM.

JIumes B 1986 r. ypaBHeHMe COCTOSTHUS MOPCKOM
BoAbl ObUIO amamTupoBaHo YenoMm u Musmiepo (Chen
and Millero, 1986) muis npecHoi BoAsl. K coxaieHuro,
JUIA c1aboOMIHepaIM30BaHHBIX BOA U 60JIbIINX IJTyOUH
o3epa baiikas rcrosbp30BaHue 3TOr0 ypaBHeHU HaNps-
MyI0 NPUBOAWJIO K OOJIBIINM PacXOXKAeHWAM C JaH-
HBIMU in situ. J{74 aganTtanuy ypaBHeHHUs K YCJIOBUAM
o3epa Baiikaj, mBefiapckumu kossteramu nu3 EAWAG
1 COTpPyJHUKaMH JIabopaTOpuuM I'MAPOJIOTUU U TMIpO-
¢usuxu JIMH CO PAH 6bu11 npoBefieHHl clieliajibHble
JKCIlepUMeHTa/IbHble pabOTHl [0 ONpefesIeHUI0 3aBU-
CHMOCTHU 3JIEKTPONIPOBOAHOCTH OT AaBJIeHUA U TeMIle-
parypsl (Hohman et al., 1997; BaunoB u ap., 2006),
KOTOpBle IO3BOJIMJIM MUHUMH3UPOBATh pacXoxAeHue
TeopeTHYeCKUX M HaTypHBIX JaHHBIX. Kpome Toro, u
Ha JpyTux BojoeMax y JIMMHOJIOIOB-IIPAKTHKOB ellle B
1980-x rogax BO3HUK pAJA BOIPOCOB K IPUMEHUMOCTHU
ypaBHeHHUsA cocToAHuA YeHa-Mussiepo B OTHe/IbHBIX
cITydasx.

[ ycTpaHeHHUsA MHOTOYMCJIEHHBIX HeCTBIKOBOK
B ypaBHeHuMn Yena-Mwusisiepo, a Takxe 6oJiee IIOJIHOTO
oxBaTa JaHHBIX [0 BceMy MuposoMy okeaHy B 2005
roay SCOR (Scientific Committee on Oceanic Research)
u IAPSO (International Association for the Physical
Sciences of the Oceans) yupeguiu pabouyw Tpymnmy
WG 127 no TepMoauHaMUKe U YPaBHEHUIO COCTOSHUA
Mopckoi Boasl. Crycrsa 5 et B 2010 rogy 6su1M omy-
OJIMKOBaHBl pe3yJjbTaThl MeXAYHApOAHOIO IpoeKTa
TEOS-10 (IOC, SCOR and IAPSO, 2010), KoTOpHI€e Tpe-
CTaBJIAIOT cOOO0M MaKeT MporpamMM AJjis pacyeTa TepMO-
JHaMW4eCcKUX CBONCTB BOAHL. B HOBOM cTanAapTe ObLI
Ipou3BeleH KayeCTBEHHBbIN CKA4OK, OCHOBAHHBIM Ha
dynngameHTanibHON ¢pu3nKe: OblsIa obecnieyeHa MOJIHAA
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B3aMIMOCOIJIACOBAHHOCTh BCeX TEPMOJUHAMUYECKUX
rnapaMeTpoB BOJIbI 3a cuUeT KCIOJIb30BaHMsA ypaBHe-
HUsA CBOOOAHON 3HEpPruu, OCHOBOU KOTOPOTO SBJISAETCS
noteHuan I'n66ca (Wagner and Prub, 2002; Feistel,
2003; Feistel, 2008). Kpome TOro, pa3Hble arperatHsie
COCTOSIHMA: BOZA, JIEN W BiaxHbil Bo3gyx B TEOS-
10 omuceBalOTCA KaK eauHas TepMoAuHaMUYecKas
cucreMa. Bcé BrienepeurcieHHOe, BMeCTe C Iepexo-
JOM OT IMpaKTUYeCKON COJIEHOCTU K abCOJIIOTHOH obe-
CIleynJi IPUMEHUMOCTh HOBOTO CTaHAapTa K cjabo-
MUHepaJIM30BaHHBIM BOJOEMaM.

[Tpu nonwiTke npruMeHenusa TEOS-10 nyia pacuera
reoctpoduyeckux TeueHUN o3epa Baiikas BEISACHHUIIOCH,
YTO, KaKk U B cJiyyae c ypaBHeHHeM YeHa-Mwusuiepo,
MPUCYTCTBYIOT HETOYHOCTU B pacyére IJIOTHOCTU, U
naker TEOS-10 Taxxe TpebyeT mpoBefeHUsA peruo-
HaJIbHOM aflamTaiiuu. B ¢BsA3u ¢ 3TuM, Obljla HaMeueHa
LleJlb JaHHON MeToAuuyeckoil paboThl MO CpaBHEHUIO
Pa3HBIX METOJI0B pacueTa reoCcTpodriecKux TeueHUil
(Ipu pa3JIMYHBIX aJITOPUTMaxX pacueTra IJIOTHOCTH) JJIs
o3epa Baiikajs u cOOTHeceHUs pe3yJIbTaTOB PacyeToB C
UMeIOIMMUCS 3KCIIepUMeHTaIbHBIMU JaHHBIMU.

2. MaTepuanbl U MEeTOADI

HcxooHble OaHHble

Jlna cpaBHeHHA pa3HBIX METOJIOB pacueTa reo-
cTpodUuecKUX TedyeHUH, HauboJiee NepCreKTUBHBIMU
MOXHO CYMTaTh 3UMHHE [JaHHBle O paclpejiesieHun
ruapodU3NYecKNX XapaKTepHUCTUK, HM3MepeHHble IOJ
3aCHeXeHHBIM JIbAIOM. B 3TO BpeMsa MUHHUMAaJIbHO BJINA-
HUe BHeIIHUX AecTa0uIN3UpyIomux (pakTopoB: OTCYT-
CTByeT KacaTeJIbHOe HalpsbkeHHe BeTpa U, COOTBeT-
CTBEHHO, Apeli(doBble TeueH!s U BOJHOBasA aKTUBHOCTb.
A 5ef0BBIN IOKPOB TEIJIOU30JIUPyeT BOAHBIE MAacChHl OT
koJsiebaHUI TeMmepaTyphl Bo3ayxa. [losTtomy, B Kaue-
CTBE MCXOJIHBIX JaHHBIX ObLIa BhIOpaHa CceTh CTaHIIMU,
BBIIIOJIHEHHBIX B BUfe Kpecrta 7 ampesnsa 2009 roga B
pailioHe oOHapy>XeHUsA KOJIbLEBOM CTPYKTYPHI Ha JIbIY
o3epa B lOxHowMm Batikane (I'panuH u ap., 2015; 2018)
(Puc. 1A). B Bugy Toro, uto Ha 2009 roa naboparopus
He pacrnoJjiarajia U3MepuTesiAMU TedeHuii, TO B Kaue-
cTBe pedepeHTHBIX TeYeHWH AJiA IIPOBEPKU pacueToB

OBLIY KCIIOJIb30BaHHI ieTajlbHble AaHHbIe, 10JIyYeHHbIe
Ha aHaJIOTUYHOM KOJIBI[€BOI CTPYKType IPOsIBUBIIENCS
B 3TOM Xe paiioHe B 2020 ropay. Tak kak B 2020 rogy
U3MepeHusA IPOBOAWINCH 4-5 ampesid, a KoJjblieBad
CTPYKTypa Ha JIbJly IIpOoABUJIACh JIUIIb 16 ampess, To,
He 1Mes BU3yaJIbHOTO OpPHeHTHpa, pacllipeHHas ceTka
cTaHnu ObljIa IPOJIOXKEHA II0 TeM e pa3pe3aM 4TO U B
2009 rogy. B utore ceueHus NpOLLIN NPaKTUYECKU I10
KacaTeJibHBIM K KoJiblly (Puc. 1B).

H3mepenus Ha craniuax B 2009 rogy nposo-
aurck CTD 3oum0M SBE-19plus, mostyuyeHs! npoduiiu
pacnpefieyieHus: TemnepaTypsl (TouHocts +0,002°C) u
3JIeKTpoInpoBogHOocTU BoAwl (+0,0003 S/mM), mo naH-
HBIM O KOTOPBIX paccuMTaHa CyMMa OCHOBHBIX MOHOB
BOAHI ([ajiee B TeKCTe MUHepaJu3alnua) N0 MeTOAuKe,
npeqyioxeHHoil P. XomaHHOM c¢ coaBTopamu (1997)
U aJlanTUPOBaHHOU Ui ycjoBull batikana B (BiviHOB
u ap., 2006). Vicnonp3oBanuchk HaHHbBIE [1J11 BEPXHETO
100-MeTpoOBOro €JI04 BOABL, yCPeAHEHHEIE 10 5-MeTpo-
BBIM MHTepBaJjaM, IpuBeJieHHble Ha Puc. 2.

B 2020 rogy nmpoBOAMIIMCH W3MEpEeHUA CKOPO-
cTell TeueHUM 3J1eKTpoMarHuTHeIM usMepuresneMm JFE
INFINITY-EM AEM-USB (JFE) c pa3pelieHueM IO CKO-
poctu 0,02 cMm/c, u no HampasieHuto 0,01°. Tak kak
JFE He obopyaoBaH AaTuWKOM JaBjieHus, Oblia M3ro-
TOBJIEHA clieliajibHasA IoJBecHas cucrema co crabu-
JIN3allMOHHBIM KPBUIOM, [JIA WCKJIIOUeHMA BpalleHud
n3MepuTesd BOKPYI CBOeH oOcu, U 00OpyAdoBaHHAas
“3MepUTesieM TeMIepatypsl U faejeHrus RBRDuo?T.D
A GUKcanyuy IJIyOMHBL U3MepeHus Te4eHUH.

Memodut pacuema

JnA pacuera reocTpoduyecKkUx Te4eHUI HaMU
IpUMEHAJICA AWHAMUYecKWil MeTOJZl, OCHOBAaHHBIN
Ha ollpefieJIeHMU IpajueHTa AUHAMHAYECKOH BBICOTHI
MeXJy CTaHLIMUAMU BepTHUKaJIbHOIO pa3pe3a, ONKCaH-
HbIN noApobHO ®omuHbM (1964), 1 UMeBIIUHI yCIell-
HOe IpuUMeHeHHe Ha o3epax B MNOJJIEJHBIN Nepuon
(cm. Hamp. Rizk et al., 2014, anpmuH u gp., 2017).
KomnoHeHTa CKOpPOCTU Te4yeHHs, HOpMaJjbHad K
HanpaBJIeHUI0 BepTUKAJIbHOIO CeueHUs, B 3TOM MeTojie
BHIUMCJIAETCA W3 ycjaoBUA OajiaHca MeXJy TOpHU30H-
TaJIbHBIM I'paJiieHTOM JaBjieHus u cuyioi Kopuosmuca:

2kE
+ + +3"§,4k55k5+ 6kE

a \ : e

8

Puc.1. CBETOCKOPPEKTHUPOBAHHEIE CIIyTHUKOBbIE CHUMKY M CXEMBI PACIOJIOXKEHIS CTAHIUE [I0NIEPEYHBIX Pa3pe30B B paiioHe

KOJIBIIEBBIX CTPYKTYP Ha JIpAy o3epa B IOxxHoM Batikaite:

A -19.04.2009 r. (MODIS, Aqua https://ladsweb.modaps.eosdis.nasa.gov/ — nara obpamenus 01.12.2024);

B - 15.04.2020 r. (Sentinel-2 L1C https://dataspace.copernicus.eu/ — ngarta obpamenus 01.12.2024).



https://ladsweb.modaps.eosdis.nasa.gov/
https://dataspace.copernicus.eu/
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Puc.2. IIpocTpaHCcTBeHHOE pacupejesieHre TemnepaTypsl (A,B) u munepasmzanuu (C,D) BoAbl IO KOJIBIIEBOH CTPYKTYPOH

Ha JIByX IonepevHbIX paspesax, 07.04.2009.

1 OP

- Z

py dy
rae: f - napamerp Kopuosmca, u, — KOMIIOHEHTa CKOPO-
CTU Te€YEHUs Ha ryOuHe z, P — naByieHre Ha TiiyOuHe
2, p, — CPeHAA IJIOTHOCTD BOJbI, dy — FOPU30HTaJIbHOE
paccrosgHue MexAy craHuuaMu. IIpy s3ToM HaBieHue
OJA KaXJoW M3 CTaHUUN HaXOAWJIOCh MyTeM BeEPTU-
KaJIbHOT'O UHTEIPUPOBaHUs BEIpaXeHUs:

u

z

, (1)

z
P.=[pgdz, 2

2o
rge: 0 — IUIOTHOCTb BOZBI, § — YCKOpeHue CBOOOJHOIO
najieHus, z — rayouHa. HTerpupoBaHue NpoBOAUIIOCH
CHU3Y BBEPX OT HAYaJIbHOW TJIyOWHBI Z, A0 TJIyOUHBI
Z. 3aTeM, mocje MOACTaHOBKU MHTErpPUPOBAaHHOMN pas-
HOCTM AaBJIEHWH [JId Mapsl CTaHui B ypaBHeHue (1),
Haxo[uJIach MonepeyHas CKOPOCTh MeXOy CTaHIMAMMU:

:—L a—ga’ZJrC, (3)

Pof Z dy
rae C — MOCTOAHHAA MHTErPUPOBAHUS, IPUHATAS PaB-
HOMH HYJIIO UCXO[ISI U3 TOT'O, YTO MBI pacCMaTpUBaeM CTa-
LIMOHAPHBIN BUXPb, PACIIOJIOXKEHHBIN B IleHTpe 03epa,
BAAJIN OT NMPUOPEXHBIX TeUueHWU!, 1, COOTBETCTBEHHO,
pacxod BOIBI Uepe3 ero IoNepeyHoe CceyeHHe MOXHO
CYNTATh PaBHBIM HYJII0. Takxe GBLJIO IPUHATO AOMIyIIle-
HHUe paBeHCTBAa HYJII0 CKOPOCTEell TeueHHl Ha Hadaslb-
HOU TJIyOuHE 2.

OmnucaHHas MeTOAMKA CIpaBeJiMBa IPU YCJIO-
BUHU COOJIIOJIeHns reocTpoduyeckoro 6anaHca, a, cje-
JI0BaTeJIbHO, JTOJDKHBI BBIIIOJIHATHCA CJIeAYIONINE yCJIO-
Bus (Gill, 1982):

z

z
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IIMpKHA 03€pa A0JDKHA NPEeBBIIIATh paguyc aedop-
manuu Poccou (R );

yuciio Poccou (Ro=u/Lf, rae u u L — xapakTepHbIe
MaciTabbl CKOPOCTU TeYeHUs U pa3MepoB 03epa),
JOJDKHO OBITh MHOTO MeHbllle 1;

CHUJIBI TPEHWA HE OOJIXKHBI OKAa3bIBaTh BJIMAHUA Ha
FeOCTPO(l)I/I‘-IeCKOE paBHOBEecCHE, a, CJIEA0OBATEJIbHO,
HY>XHO pa6OTaTb BHE IIOr'PaHUYHBIX CJIOEB JKMaHa.

B npeppigymux paboTax IO HCCIeJOBaHUIO
KOJIBI[EBBIX CTPYKTYP Ha b1y o3epa batikan (I'panuH u
ap., 2015; 2018) 6sU10 MOKa3aHO, YTO PAJIUYC JIEJOBBIX
KOJIel] CONOCTaBUM ¢ OApPOKJIMHHEIM paguycoM aedop-
Manuu Poccbu, olleHKH KOTOpOTro JiexaT B MHTepBaJjie
1400-2300 M, 1 ropasfgo MeHbIIe TOPHU3OHTAJIBHBIX
pa3MepoB o3epa batikain. Onenka uucia Ro aida nof-
JeHBIX TedeHUl o3epa Barikan (1-10 cm/c) umeer
mopsAnok 102 u, COOTBETCTBEHHO, ycjoBue Ro < < 1
BoIOJIHAeTcA. [lpenapiayiiyie HaTypHBIe HCCJIeIOBa-
HUuA TeyeHUl Ha Dbalikayie, kak B (POHOBBIX parioHax,
TaKk ¥ B MecTaxXx UX MHTeHcudukanuy, nokasasiu, 4To
MOTPAaHUYHBIN CJION, B KOTOPOM MPOUCXOAUT CHIXKEHNE
CKOPOCTH U NOABOPOT TeYeHWIl HaXOAUTCS B NEpPBBIX
Metpax (1-3 m) oto spga (Kmanos u ap., 2017; Kirillin
et al., 2020), a, cyiemoBaTeIbHO, Ha GOJIBIIUX TJIyOU-
Hax BJIMAHNEM TPeHMA MOXHO NpeHeOpeub. YUHThHIBaA
BCE BhIIIellepeyrcIeHHOe, MOXHO KOHCTaTUPOBaTh 4TO
oJjie Te4eHuH MoA0 JIbJOM KOJIbIIEBEIX CTPYKTYP 03epa
Baiikan HaxoauTcsa B reocTpodruecKoOM paBHOBECUU, U
IIpuMeHeHHe JUHaMHUYeCcKoro MeToJa pacieTa X CKo-
POCTH OIpaBJaHoO.
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Puc.3. [IpocTpaHCTBEHHOE paclpejie/ieHre CKOPOCTel TeueHUl Ha pa3pese dyepe3 KOJIbLEBYI0 CTPYKTYpPY C 3amaja Ha BOC-
TOK, PaCCUMTaHHBIX pasHBIMU MeTofgaMu: A — no Kpotosoii, B — no Yeny-Muiiepo, C — o opuruHainbHoMy TEOS-10, D — no
TEOS-10 agantupoBaHHOMY i Baiikana. OTpuljatesbHble TeueHUA HanpasJieHsl Ha IOr, nosoxuTessHble Ha CeBep.

[To omnucaHHOMy JUHAaMHYeCKOMYy MeETOAY
ObUT Npou3BeJileH pacueT reocTpoduueckux TeUeHUH
HCII0JIb3Ys YeThipe PasHBIX IOJXoAa K pacyery IUIOT-
HOCTU BOJIBL:

1. IInoTHOCTL paccuuThHBasiach o B.A. KpoToBoit
(1970), mpu 3TOM HCINOJIb30BaJIaCh CPeqHAA MUHE-
panusauua 6alikanabckoil BoAwl. [[yia Oojiee TOuU-
HOT0 ollpeJiesleHNsA IJIOTHOCTEH, 3HaueHU 13 pu-
BeZleHHOU B paboTe TaOJULBl yAeJbHBIX 00beMOB
OBUIM annpoKCMMHPOBaHB apabosaMu AJA Kax-
JI0TO TOPU30HTA

ITo ypaBHeHUO cocTOosAHUA npecHoun (o0 0.6 r/Kr)
BOJIbI ToJTyueHHOM YenoMm n Mustiepo (1986)

C ucnosib30BaHMEM OpPUTHMHAJIBHOIO NakeTa IIpo-
rpamM TEOS-10 B KOTOPOM UCIIOJIb3yeTCs BBIYMC-
JIeHue pas3jIMyHBIX TepMOJANHaMHYecKux Napame-
TPOB COCTOSIHUSA BOAbl U3 ¢QyHKIuu I'mbdca u eé
IIPOU3BOAHBIX

[To TEOS-10 (IOC, SCOR and IAPSO, 2010),
afanTUpoBaHHOMY HaMMU JJiA ycjaoBui Batikaa.

[IpoBenenHas pabGoTa MO pervuoHajIbHON ajar-
Ttaruu anroputMmos TEOS-10 3aksrogasnach B CJeAyro-
meM. 3aMeHeHO HCIOJIb30BaHWe CTaHAAapTHOH MuHe-
paymzanuu S_ ¢ MOpckou (35,16504 r/Kr) Ha CpeHIoI0
6atikansckymo (0,0965 r/kr). B cBsi3u ¢ aTuM, n3MeHeHa
U BeJINYMHA YJIeJIbHOH TellJIOEMKOCTU Ha COOTBETCTBY-
ome Ay 3Tou MuHepaymzanuu 4217,42 Jix/(xr K).
[NocnegHAa ciIyXUT KO3GPUIIMEHTOM NPONOPLMIOHAIIb-
HOCTHU IIPU Ilepexojie OT MOTeHI[HaIbHOM SHTAJIbINU U
KOHCepBaTHBHOI TeMIlepaTtype. CTaHAapTHOE aTMOC-
dpepHOe pOaBiieHHMe TakXke OBUIO M3MEHEHO Ha COOT-
BETCTBYyIOIee AJIA BBICOTH 456 M HajJ YpOBHEM MOps
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(BpICOTA BOAHON mMOBepXHOCTH o3epa baiikai). Kpome
aToro, B agantuposaHHoM TEOS-10 HaMu MCHOJIb3Y-
eTcsi BBIUMCJIEHHE Pa3jINyHbIX TepMOAUHAMHUYECKUX
IlapaMeTpoB HanpaMyo u3 GyHknuu I'nboca u e€ npo-
WU3BOJHBIX, B TO BpeMs KaKk B OpUTMHAJIBHOW Bepcuy,
C I[eJIbI0 COKpallleHUsA BpeMeHHU BBIUMCIIeHUs, A1 HUX
MIOCTPOEHHI OTAeJIbHBbIE TIOJIMHOMBI 75 CTEeleHuU.

3. Pe3yAabTathbl M 06Ccy)xpeHue

C ucnoJsib30BaHWEM YeThIpeX MeTOAOB olpeserie-
HUA IJIOTHOCTH BOAB! OBLJIM pacCUUTaHbI CKOPOCTH Ieo-
CcTpodHUeCKUX TeYeHU! Ha JIByX IIONIepeyHbIX pa3pe3ax
yepe3 KoJiblleByI0 cTpyKTypy 2009 roga (Puc. 1). Tak
Kak paspe3 ¢ 3amnajia Ha BOCTOK OBbLI ITpeficTaBjieH 00JIb-
1M KOJIMYECTBOM CTAaHIMN, OCTAaHOBUMCS NOAPOOHee
Ha [I0JTy4YeHHBIX Ha HEM pe3yJIbTaToB, IpeiCTaBJIeHHBIX
Ha Puc. 3. OueBugHO, UTO reocTpopuryecKkre TeueHus,
BBIUVCJIEHHBIE 10 IEPBBIM ABYM MeTOaM, 3HaUUTeJIbHO
OTJIMYAIOTCA OT Te4YeHWI, IOJIyYEHHBIX C MCIOJIb30-
BaHueM TEOS-10. 3TO OTHOCUTCA HE TOJIbKO K BeJId-
YyHaM CKOpPOCTel TeueHWH, HO U K HallpaBJIeHUsM.
Tak, mo merony Kpotosoii (Puc. 3A) oTMmedaeTcs Kak
IMKJIOHNYecKasa LUPKYJIANUA B BepxHeM 20-MeTpOBOM
CJI0€ CO CKOPOCTAMH TedeHusA A0 4 cM/C, TaK U IPOTU-
BOTeyeHUe B OoJjiee IrJIyOOKHX CJI0SAX CO CKOPOCTAMU 0
3 cm/c. ITo TEOS-10 o6muii xapakTep pacipezesieHus
TeYyeHUU APyrow, Kak u no Yeny-Muuiepo.

Ha Puc. 3B-D nostyyniiack aHTULMKIIOHNYECKaA
nupKyAnuA Bo BceM 100-mMeTpoBoM ciioe, 6e3 Mpo-
TUBOTEUYEHUII B IPUIIOBEPXHOCTHOM cJjioe. TedeHusA
riry6xxe 40 MeTpoOB, paccuuTaHHbIe 110 YeHy-Musiiepo u
o KpoToBoii B iesjomM OJIM3KU 0 aMILIUTyAe. B oTyu-
ype OT HUX, MeToAbl ocHOBaHHbIe Ha TEOS-10, moka-
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3BIBAIOT 3HAUUTEJIbHOE yCUJIeHHe TeueHui (o 5 cm/c)
B obisactu TepmokinHa (Puc. 3C,D) pacnosarasiie-
rocsi Ha nepudepuu KoJibiia B obaactu riayour 30-50
MeTpoB (Puc. 2). OcobeHHOCTh pacueTa [0 ypaBHEHUIO
Yena-Muuiepo 3akjoyajgach B TO, YTO He NPOABJIA-
JIOCh yMeHbllIeHre CKOPOCTH Te4eHUI Ipu npubJirke-
HUU K noBepxHocTy (Puc. 3B), B oTjiMune OT pacuéToB
c ucnosb3oBaHueM TEOS-10. O6miada TeHOeHIMA OJ1A
BCeX MeTOJAOB — CIaj Te4eHui N0 Mepe MpUOINXKeHUA
k 100 MeTpOBOMY TrOPHU30OHTY, OOBACHAETCS MPUHATHIM
JOIylleHreM paBeHCTBa HYJII0 TeYeHWI Ha HIDKHEM
npejiejie UHTerpupoBaHuA (cM. pasfesl Marepuasbl U
METO/IbI).

Paznuuna mexnay MeToAgaM{, OCHOBAaHHBIMU Ha
TEOS-10 BHemiHe cjiabo 3aMeTHBI, XapakTep paclpe-
JleJleHrs HallpaBjleHHUI Te4eHUl Ha CTaHIUAX B [[eJIOM
COBIIafjaeT, HO CYIIeCTBYIOT HeOOJIbIlINe PacXOXAeHU:A
B CKOpOCTAX TeueHUil. B 75% ciyuasx OTKJIOHEHUs
Mexay Metofgamu He npessimaior 0.1 cm/c (Puc. 4), Ho
B 20% MmoryTt pocturath 0.3 cM/C U BBILIE, YTO MOXET
OBITb yXe CyILleCTBeHHBIM JJIA MOJIeJHbIX TeuyeHU.

Jlna npoBefieHUA [eTajbHOTO CpaBHEHHUA pac-
YeTHBIX CKOPOCTel reocTpoprUUecKUX TeYeHUl B BUXpe
nono JibaoM 2009 rofa, ¢ peajabHO U3MEPEHHBIMU Teye-
HUAMU B nogo0HOM xe Buxpe 2020 rosia, 66L1M IOCTPO-
eHbl BepTUKaJIbHble NpodUIN TeuyeHUH AJA JBYX KOH-
TpacTHbIX obsacteit (Puc. 5):

1. B MakcuMyMme TeYeHUN Mexny cTaHmuavu 4kW
u 3kW, T.e. B ~3,5 KM OT I[eHTpa KOJIbI[EBOI

CTPYKTYPHI

3a TMpeAeslaMUd KOJIBIIEBOM CTPYKTYPhI, MEXOY
craunusavu 7KW u 4kW, T.e. B ~5,5 kM OT 11eHTpa
KOJIBI[A

Cranuuu 2020 roma BeIOMpaIMCh, COOTBET-
CTBEHHO, Ha CXOXUX PAaCCTOSHUAX OT LIeHTpa KOoJIblia, U
JUI1 HUX PacCUUTHIBAJIVICH MOAYJIU TeUeHUH.

Ananus u cpaBHeHHe pacueTHHIX U U3MepeHHBIX
CKOPOCTel TeueHHI MoKa3ajo, YTO HUPKYJIAIUA B pai-
OHe JIe[IOBBIX KoJIell aHTUI[UKJIOHNYecKas, T.e. TeueHUs
BpalaloTCsA [0 4acOBOIl CTPeJIKH, YTO MOATBepXKAaeT
npeapIAyIIe pe3yabTaThl u3mMepenusl (I'panuH u Ap.,

0.4

0.3

Yacrora
e
(%)

0.1

0 I B L e
04 -0.2 0 0.2 0.4
OTKJIOHEHHEe CKOPOCTH, CM/C
Puc.4. BeposATHOCTHOe paclnpejiesieHre pa3HOCTU B pac-
YeTHBIX CKOPOCTAX TeUeHUI1 MeXAy OpUTrhHaJIbHBIM ITaKeTOM
TEOS-10 1 aganTupoBaHHBIM AJ1A 03. Batikait.

2018) u martemaruveckoro mojenupoBaHus (I'paHuH
U ap., 2015). PaccumtaHHBlE CKOPOCTHM TeueHUH ¢
ncnoJib3oBaHueM nakera nporpamm TEOS-10 nokaszanu
HauJlyulllee corjlacoOBaHMe C U3MepeHHBIMH AaHHBIMU,
Kak II0 XapaKTepy paclipejiejieHus, TaKk 1 1o abcoJioT-
HBIM 3Ha4YeHUsAM: MaKcHUMaJlbHble CKOPOCTU U3MepeH-
HBIX TeUYeHU! COCTaBMJIM 6 CM/C, PacUeTHHIX — 5 cM/cC,
B TO BpeMs Kak II0 pe3yjbTaraM MOJeINpOBaHUA
Jyana3oH MaKCHMaJIbHBIX CKOPOCTell COCTaBIAl 5-7
cM/c (I'panuH u fp., 2015). Ycrapesuinie ypaBHeHUA
COCTOSIHUA BOZHBI IOKAa3ajid CBOI HECOCTOATEJIBHOCTE.
PaccuutanHble ¢ HX IIpUMeHeHHeM MaKCHUMaJlbHble
CKOpPOCTH TeueHMH B [iBa pa3a 3aHIDKeHHl II0 CpaBHe-
HUIO C U3MepeHUusIMU. A B ciiydae ¢ MmetoioM KpoToBoit
TeueHUs Jaxe MeHAI0T HallpaBjeHHe Ha NPOTHBOIIO-
JIOXKHOe, YTO He MOATBepXOaeTcsA HU SKCIIepUMEHTOM,
HU TeOpeTUYecKUMHU olleHKaMU. TeHqeHI[A CHIXXKeHUs
CKOPOCTel TeueHUI NMpu MpUOJIMKEHUU K MOBEPXHO-
cTH Ha OOJIBIIMHCTBE CTAHIMI NMeeT MeCcTo, HO He TaK
BbIpaX€HAa, KaK 3TO IOKa3blBaeT pacyeT II0 JUHAMU-
yecKkoMy MeToAy. 3aHMXeHHble pacueTHble CKOPOCTHU
TeueHUil Ha I1yOuHe 80 MeTpPOB OTHOCUTEJIBHO HU3Me-
PEeHHBIX, CBA3aHHBI ¢ orpaHnyeHHoN 100 meTpamu Iiiy-
OMHOU MHTErPUPOBAHUA.

0 0
—— Kporosa
KportoBa —— Chen-Millero
25 | —— Chen-Millero 25 TEOS-10
TEOS-10 TEOS-10B
TEOS-10B ®-e-o Cr. 2kE 2020
= 50 Jeee Cri1kW2020 50 *x-x% Cr. 6kW 2020
g 4 %% Cr. 1kN 2020 a—a—4 Cr. 3kS 2020
5 aaa Cr.Mp 2020 +-o-¢ Cr.4kN 2020
2 15 75
E +-¢-¢ Cr.3kW 2020
100 100 —
125 125 -
S 2k o i
— T T T T T — T T T T T T T T 1
-4 -2 0 2 4 6 -4 -2 0 2 4 6

CxopocTb, cM/c

Cxkopoctb, cM/c

Puc.5. BepTukasnbHoe pacripefiejieHrie pacCUYMTAHHBIX Pa3HBIMU MeTOAdaMU CKOPOCTel reoctpoduyeckux TeuyeHUI B cpaB-
HEeHUU C HAaTypHBIMU JaHHBIMU ITOJIyYeHHBIMU Ha KoJjiblle 2020 rona, uisa: A — B palioHe ¢ MaKCHMYMOM Te4YeHUI Ha rpaHUIle
xosbna (~3,5 kM oT LeHTpa), B — 3a npeaeslamMu KoJibLIeBOH CTPYKTYPHI (~5,5 KM OT I[eHTpa).
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Tenepp, eciau ImepeldTU B MPAMOYIOJIBHYIO
CHUCTeMy KOOpJMHAaT C HavyajJoM B LIeHTpax JieAOBBIX
KoJiell, TO MOXXHO HarJIAHO CPaBHUTH IOJie Te4eHUN
B MOJJIEHBIX BUXPEBBIX CTpPyKTypax 2009 u 2020
ronos (Puc. 6). [1na ucciejoBaHusA ObIJIU BBIOpaHHBI ABa
TOpU30HTA: MOJJIEHbIE Te4eHuA B cjoe 2-5 M, U Ha
riaybuHe 40 M, B palioHe MaKCHUMaJIbHBIX CKOpPOCTeM.
Ananu3s nokasbplBaeT, YTO, HECMOTpPA Ha TO, YTO Aua-
MeTp KoJibnia 2020 roaa (~4 KM) NOYTH B ITOJITOpa pasa
MeHblite 2009 roza (> 6 kM) IpocTpaHCTBEHHAs CTPYK-
Typa Te4eHu! B HUX cX0Xa. CTOUT OTMETUTh, HEKOTO-
pble BBIABJIEHHBIe OCOOEHHOCTU. B mesioMm, TeueHuA B
2020 roxy 6bnu Bhille, yeM B 2009. MakcuMyMBI CKO-
pocTell MOAJENHBIX TeueHUN MPUXOAATCA Ha 06sacTh
HeIocpeACTBEHHO JIe[JOBOro KOoJjbla (YTO M IPUBOOUT
K ero yCKOpeHHOMY NpOTaWBaHUIO U IPOSABJIEHUI0 Ha
KOCMOCHMMKax). B aToM ke palioHe CKOpPOCTU Teue-
HUl Ha riaybuHe 40 MeTpPOB MOTYT JOCTUraTh TaKOMl
’Ke BeJIMYMHBL YTO U nopasenHele. Ho camble Gosibline
CKOPOCTH TeueHMI pa3BUBAIOTCA yXXe 3a IPaHulLlei] Ipo-
TasBIIel o6sacTy, GopMUpPYS TJIyOMHHBIN MOJ1e HBIN
BUXph OOJIBIIET0 JuaMeTpa, YTO NOATBepKAaeTcs Kak
uaMmepenusamu (Puc. 6) tak u pacueramu (Puc. 3D).

[Tlonpo6bHOe wusyvyeHue (GOpMHPOBaHUA U pas-
Butua kosbna 2020 roma Ha OCHOBaAHUMM aHaIM3a
KOCMHYEeCKHX CHMMKOB U MeTeoycjioBUM B IOxHOM
Batikase nmposeJi B cBoei pa6ote (Kouraev et al., 2021).
BrisfByieHHas pasHuUIla B AuUameTpe JIe[OBBIX CTPYKTYp
MoXxeT ObITh 00bsicHeHa TeM, uTo B 2020 roay BUXPb
IIPOCTO He UMeJI JOCTaTOYHOr0 BpeMeH! AJiA BIUAHUA
Ha JIeJJOBYI0 IOBEPXHOCTb: BHICOKHE JHEBHBIe TeMIle-
paTypel BO3AyXa, XXUJKHe OCaJKU U CUJIbHbIE NOPHIBHI
BeTpa, IpUBeJId K CTPeMUTEIbHOMY pa3pylLIeHUIo JIbAa
B paiioHe KoJbla. [Ipocienus 3a nepeHOCOM 00JIOMKOB
nenoBbix nosieri Kypaes ¢ coaBTropamu (2021) mosy-
YMJIA OLIEHKU CKOPOCTH TeYeHHI B BHUXpe PaBHbIMU 7
CM/C, YTO XOpOILIO COrJIacyeTcA € HAllMMM H3MepeHU-

= 2009 (5m)
—p 2009 (40Mm)

sIMM, U CBUJIETEJIbCTBYET O JJOJITOBPEMEHHOM CTabnJib-
HOCTH BUXPEBOH CTPYKTYPBHI, TeueHUsA B KOTOpPOH 3a 3
HeJeau He M3MeHWIuch. Takas cTabUIbHOCTh 3aCTaB-
JisieT 3aJyMaThCs O BO3MOXHBIX KCTOYHMKAaxX 3Hep-
reTU4ecKoyl TMOJNUTKH, CIOCOOCTBYIOUIUX AJIUTENID-
HOMY MOJJiepXXaHUI0 Kpyroporo teuenus. Kpome toro,
nmofo6HOe aHTUIMKIIOHUYecKoe TeueHre paboTaeT Kak
Hacoc, moAfepXuBas MOCTOSAHHBIN MOABEM oOoramiéH-
HBIX 6MOTeHaMU TJIyOOKUX CJI0EeB BOJBI, U CIIOCOOCTBY S
MOBBIIIEHHON OUONPOAYKTUBHOCTA BeceHHero Guro-
IJTAaHKTOHA B paiioHe ee oOpa3oBaHus. O moabeme riy-
OMHHBIX BOJ| B LIeHTpe BUXPA TaKkKe CBUAETEIbCTBYET
MPUCYTCTBUE TMOJJIeJHON BOJbI C MOBBIIIEHHON TeMIle-
paTypoil U MoHMXeHHOU MuHepanu3auueit (Puc. 2).

4. BoiBOADI

BrepBble, mo JaHHBIM O IPOCTPAHCTBEHHOM
M3MEHYMBOCTU TeMIlepaTypbl 1 MUHepaIu3aluy MoAd-
JleqHOI BOJIBI B palioHe KOJIbI[EBOIl CTPYKTYpPHI 03epa
bBaiikan npoBefeH pacyeT reoCTpopuyecKUx TedeHUN
JUHaAMMYeCKMM MeTOAOM C HCII0JIb30BaHMEM pa3HBIX
ypaBHEHUIl COCTOSHUA BoAbl. B kadecTBe 3TajioHa
HCII0JIb30BaJIMCh CePUH BepPTUKAJIBHBIX IPoduIeil cKo-
POCTH U HalpaBjleHUs TedeHuli, BIlepBble U3MepeHHbIe
in-situ B aHajoruuyHoMm Buxpe 2020 roga Ao rJiyOuH
6osee 100 merpoB. CpaBHeHUE Pa3IMYHBIX METOJIOB
pacuéTra IJIOTHOCTU BOABI I1OKa3ajlo, 4YTO yCTapeBlIHe
MOIXO/Ibl, TaKMe Kak TabanuHbiii MeTod B.A. KpoToBoii
U ypaBHeHHe YeHa-MuJiiepo, He obecrieurBaloT AoCTa-
TOYHOM TOYHOCTH OllpeJiesIeHNA yAeJIbHbIX 00beMOB 4TO
IIPUBOAUT K 3HAUWUTEJIbHBIM PacCXOXJEeHWAM pacciu-
TAHHBIX TeYeHUIl ¢ HaTypHBIMHU AaHHBIMU. B TO Bpems
KaK afanTUpOBaHHBIN 1A balikana makeT nmporpamm
TEOS-10 nmpoaeMOHCTpUPOBaJl HAMBBICIIYIH0 TOYHOCTH
pacuéToB, BOCIIPOM3BO/AA KaK XapaKTep BepTHUKaJIbHOI'O
pacrpefiesieHIsA TeUeHUH, Tak U UX CKOPOCTb.
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Puc.6. Ilosie TeueHuti B patioHe ¢popmupoBanus jJeqoBsix kosel 2009 u 2020 ro1oB, coBMelleHHOe OTHOCUTEJIBHO UX I[eH-
TPOB, 10 JaHHBIM HaTypPHBIX HabII0leHnlt U pacuyeTa quHaMuieckuM MetoqoM. [lar cetku — 500 m.
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HccrienoBaHue MOpPOCTPAaHCTBEHHOH CTPYKTYPHI
no/uiéaHeIx Buxpeil B 2009 u 2020 rojax mokasaso
UX CXOXeCTb, HeCMOTps Ha pasjuuusa B JuameTpe
oOpa3oBaBIIMXCA JIefOBBIX KoJiell. PaccunTaHHBIE IO
TEOS-10 MakcumasibHble CKOPOCTU IMOMAJIEOHBIX Tede-
HUH, pocturaemme 6 CM/C, XOpOIIO COIJIACyIOTCA
Kak ¢ HaTypHBIMU HaOJIIOJeHUAMU, TaK U C pe3yJib-
TaTaMM MOJeJINpOBaHuA MNpeAbAyIINX HccjiefoBaTe-
Jlefi. YCTaHOBJIEHO, 4TO IUPKYJIALKA B palioHe Jiedo-
BBIX KoOJIell MMeeT aHTUIMKJIOHMYECKHI XapakTep U
pacnpocTtpaHseTrcs 1o riiyouH He MeHee 100 meTpoB,
C MakKCHMaJIbHBIMU CKOPOCTAMM TeueHUH, pa3BHUBalo-
IMMUCA B palioHe TepMOKJIMHA pacliojiaraBlierocs B
oboux cirydanx Ha riybuHax 40-50 meTpos. IlokaszaHo,
YTO MaKCHMaJIbHble CKOPOCTH TeUeHUH pa3BUBAaIOTCA
3a rpaHullell nporassiIeil 06JacTu JieJOBOro KOJIbIa,
opmupys riIyOUHHBINA MOAJIEAHBI BUXPh OOJIBIIETO
JuaMerpa.

[IpoBenenHas paboTa uMeeT BaXHOe 3HayeHUe
[y yriyOJjieHHMA [OHHMMaHUA T'MAPOJAWHAMMYeCKHUX
IpoLleccoB NMPOMCXOAANIMX B o3epe baiikain, a Takxke
Pa3BUTHA METOAOB MOHUTOPHHIA TeUeHUH.
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