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ABSTRACT. The article provides a brief description of some methods of hydrophysical measurements
at autonomous stations in shallow lakes during the ice-covered period. These methods were designed
based on 30 years of experience. Long-term records of solar radiation fluxes on the lake surface and
at several depths inside the water column help identify patterns in the evolution of the snow-and-ice
cover optical properties and water such as the albedo, and extinction coefficient (weakening) of the
solar radiation fluxes in snow, white and black ice and water. Long-term measurements of water tem-
perature by sensors distributed throughout the water column can be used to determine the start dates
and duration of the annual thermal cycle stages, calculate the stability parameters of the water column,
and characterize the mixing regime of lakes. Long-term measurements with dissolved oxygen sensors
allow studying the daily, synoptic, seasonal and interannual variability of oxygen conditions in lakes in
order to estimate the duration and severity of oxygen deficiency periods. Temperature measurements
by sensors frozen into ice or positioned in water under ice allow estimating the heat flux at the water-
ice interface and calculating the rate of black ice growth. An “Autonomous device for measuring the
temperature profile in the bottom layers of water and soil” is used to study the dynamics of the heat flux
at the water-sediment interface during the winter, including the poorly studied periods of ice formation
and destruction. Measurements with current profilers are used to estimate the turbulence parameters
of the mixed/stratified layers of ice-covered lakes in diurnal and synoptic cycles. The results of calcu-
lating the energy parameters (basic potential energy, buoyancy flux) of the water column of a small
ice-covered lake are given to showcase the application of methods for measuring water temperature and
solar radiation fluxes and assessing the mixing efficiency in the study of radiation-driven convection in
ice-covered lakes.
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1. Introduction Sahoo et al., 2015; Woolway et al., 2020; Jansen et
. al., 2024; Kalinkina et al., 2024; Smirnov et al., 2024).

Hydrophysical parameters (water temperature, Of particular interest is the ice-covered period, which

solar radiation fluxes in the water column, currents, etc.) historically has received less attention from scientists
are among the factors shaping the habitat of aquatic compared to the ice-free period. In recent years, the
organisms (Magnuson et al., 1985; OReilly et al., 2015; number of articles on the winter period and discussions
Hampton et al., 2017; Huang et al., 2021; Woolway et of its role in the annual cycle of aquatic ecosystems has
al., 2019; 2021; Aswrok and Kirillin, 2025). In order to been steadily increasing (Kirillin et al., 2012; Hampton
identify the response of aquatic ecosystems to ongoing et al., 2017; 2024; Pernica et al., 2017; Sharma et al.,
changes in weather and climate, it is important to study 2019; Woolway et al., 2020; Yang et al., 2020; Jansen
the changes in_ these parameters on thf: daily, synoptic, et al., 2021). Culpepper et al. (2025) emphasize the
seasonal and interannual scales (Adrian et al., 2009; importance of real-time autonomous in situ monitoring
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in lakes, which, in combination with remote sensing
and modeling data, creates a solid basis for effective
build-up of knowledge about the winter period. Data on
hydrophysical parameters measured in the field with
high spatial and temporal resolution are necessary for
calibration and verification of lake models (Stepanenko
et al., 2014; Golosov et al., 2018; Zverev et al., 2019;
Golub et al., 2022; Ulloa et al., 2022; Smirnov et al.,
2025). It is therefore necessary to set up long-term mea-
surements at autonomous stations deployed in lakes.

Advances in the measuring equipment and
the new high-sensitivity sensors with built-in loggers
expands the possibilities of studying the winter regime
of lakes. There are measuring complexes that are
installed on ice and contain sensors for recording the
temperature of all components of the air-snow-ice-wa-
ter system, solar radiation fluxes on the surface of the
snow-ice cover and under ice, meteorological param-
eters, current velocities in the sub-ice layer and other
parameters. The measuring systems SIMBA (Snow and
Ice Mass Balance Array) (Rafat et al., 2023), ASLIM
(Autonomous System for Lake Ice Monitoring) (Aslamov
et al., 2021) and FROS (Floating Remote Observation
System) (Xie et al., 2022) have proven efficiency. The
data received from such systems permit tracking the
evolution of the snow-ice-water system throughout the
ice-covered period, including the poorly studied peri-
ods of ice formation and breakup. Such systems also
allow to study dissolved oxygen conditions, estimate
the heat flux at the water-ice interface and address
some other problems.

Measurements of hydrophysical parameters, like
other types of research in ice-covered lakes, have cer-
tain restrictions. In particular, the use of some devices
is limited by severe weather conditions. In ice-covered
lakes, current velocities are slower than during the ice-
free period, temperature fluctuations and other param-
eters have a smaller amplitude, which requires the use
of highly sensitive measuring equipment. A review
article by Block et al. (2018) considers the specifics of
organizing and conducting measurements in winter,
from equipping researchers and reviewing the measur-
ing equipment to sampling techniques and installation
of autonomous stations. The authors draw on the expe-
rience of many research teams from around the world
to emphasize the need for continuous improvement
of measurement methods in winter and exchange of
experience.

Researchers of the Northern Water Problems
Institute of the Karelian Research Center RAS
(Petrozavodsk) have been conducting hydrophysical
measurements at lakes in winter for over 30 years.
Over the years of research, extensive experience has
been accumulated in the installation and maintenance
of autonomous hydrophysical measuring stations. We
have designed new unique devices, measuring systems,
and new methods for measuring and estimating var-
ious parameters. The longest series of measurements
of water temperature, solar radiation fluxes on the ice
surface and in the water column, and currents are avail-
able for Lake Vendyurskoe (since 1994 to the present
day), Petrozavodsk Bay of Lake Onego (in the spring
2015-2017 and since 2019 to the present), and two
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small forest lakes (since 2019 to the present). In Lake
Vendyurskoe, additional measurements of dissolved
oxygen content and pressure have been carried out
since 2007 to the present day. These data have been
used in a number of studies, e.g., on changes in the
thermal, currents, radiation, oxygen and ice regimes of
Lake Vendyurskoe (Bengtsson et al., 1996; Malm et al.,
1997; 1998; Petrov et al., 2005; 2006; 2007; Palshin et
al., 2020; Terzhevik et al., 2023; Zdorovennova et al.,
2021a; 2025), and the stability of the water column of
this lake over a long-term period (Smirnov et al., 2024).
Other studies described changes in the onset dates and
duration of the main stages of the annual thermal
cycle in Petrozavodsk Bay of Lake Onego relative to
long-term references (Zdorovennova et al., 2023), the
spatial structure of the convectively mixed layer of an
ice-covered lakes during the spring radiatively-driven
convection (Mironov et al., 2002; Volkov et al., 2019;
Bogdanov et al., 2019), and the radiative mechanism of
water column mixing in lakes (Bogdanov et al., 2024;
Novikova and Zdorovennova, 2024).

This article provides a brief description of some
newly designed devices and methods of wintertime
hydrophysical measurements at autonomous stations
that were used in different of lakes in the temperate
and arctic zones (Karelia, Kola Peninsula, Lena River
Delta).

2. Methods of hydrophysical
measurements during the ice-covered
period

2.1. Radiation measurements

Measurements of the fluxes of incident, reflected
and under-ice solar radiation at an autonomous radia-
tion station (Fig. 1, a, designated by numbers 1-3) and
accompanying measurements of the snow-ice cover
thickness were carried out on Lake Vendyurskoe in
the winter and spring months annually, starting with
the winter season of 1994/95 (Petrov et al., 2005).
Measurements at the radiation station were usually
carried out at 1-5-minute intervals over a period of 1-2
weeks in winter and spring. To measure incident and
reflected solar radiation fluxes on the surface of the
snow-and-ice cover, Star-shaped pyranometers man-
ufactured by Theodor Friderich & Co, Meteorologishe
Gerate und Systeme (Germany) (Table 1) were placed
in a special holder at about one meter above the ice
surface. The solar radiation fluxes at the ice bottom
were measured using an M80-m universal pyranome-
ter (Russia). The under-ice pyranometer was fixed to
a platform with positive buoyancy and placed at a dis-
tance of about 1.5 m from the hole on the south side of
the measuring station directly underneath the ice bot-
tom. In some years, experiments were conducted in the
spring to measure the flux of incident solar radiation in
the snow and on the upper and lower surfaces of white
and black ice (Petrov et al., 2005).

The photosynthetically active solar radiation
(PAR) fluxes in the water column were measured by
a chain equipped with Alec Electronics PAR sensors
(Japan) (Fig. 1, a, designated by the number 4). The
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Fig.1. a — Setup of measuring instruments on ice and in the water column of an ice-covered lake (a): 1-3 — pyranometers,
4 — PAR chain, 5 — TR-chain deployed from above-ice structure, 6 — TR-chain deployed with a buoy, 7 — additional anchor, 8 —
Acoustic Doppler Current Profiler (ADCP). The right-hand part of panel (a) shows schematic profiles of the vertical distribution
of water temperature and dissolved oxygen content (DO) in the lake in winter (blue lines) and during spring under-ice convection
(red lines). The CML is the convectively mixed layer, with dotted lines indicating its upper and lower boundaries. Panels b-e show
photographs of instruments on lake ice: b — method of securing the chain cable, ¢ — enlarged image of the tube, d — two coupled
ADCPs on lake ice near the hole, d — ADCPs installed in the hole.
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Table 1. Device specifications.

Device Parameter Range Accuracy Resolution
TR-1 temperature profiler Temperature, 11 channels [ 2.46...4+21.48 + 0.15°C 0.02°C
RBR TR-1060 temperature sensor Temperature -5...+ 35°C + 0.002 °C <0.00005 °C
RBR TDR-2050 temperature Pressure 100dB *+0.05% <0.001%
and pressure sensor Temperature -5...+ 35°C + 0.002°C <0.00005°C
RBR DO-1050 dissolved oxygen sensor Dissolved oxygen content 0...150% +1% -
Pyranometer Solar radiation, W/m?
Above-ice device above ice 0...1000 1 + 10% 1
Under-ice device under ice 0...200 0.3+20% 0.2
PAR, Alec Electronics MDS-MKV/L PAR, mmol/(m?s) 0 5
light intensity recorder 390-690 nm (oAb e L il /)
. Current velocity, 1%,
Aquadopp Nortek Profiler HR (ADCP) 3 components, m,/s 0...10 m/s +0.005 m/s

moored PAR chain was positioned so that the upper
sensor was located right under the ice, and the distance
between other sensors on the chain was 0.3-1.0 m. The
duration of continuous measurements of PAR fluxes in
March and April varied between 3-14 days in differ-
ent years, with the measurement resolution being 1-5
minutes. Data from PAR sensors was used to estimate
the extinction coefficient, assuming exponential atten-
uation of radiation in water with depth (Zdorovennov
et al., 2016).

The surface albedo value can be estimated as the
ratio of the reflected solar radiation flux (E ) to the inci-
dent flux (E):

_E.(0)
E,(0)

Ice transparency is defined as the ratio of the flux
at the ice bottom to the flux passing through its surface:
I = E,(2) ,

(1-a)E,(0)
where E (2) is the incident radiation at the ice bottom.

The coefficient of solar radiation extinction in

the snow, ice or water column (m™) is estimated by the

formula:

;m[_ffdw],

z,—z E,(2)
where z and z, are the depths of measurements, m, E, is
the incident radiation flux, W/m? or incident PAR flux,
mmol/(m?s).

Based on the long-term radiation measurements
at Lake Vendyurskoe, the ranges of the lake surface
albedo in winter and during the period of intensive
spring melting were estimated (Petrov et al., 2005),
a model of weather-specific albedo change in spring
was developed (Zdorovennova et al., 2018), and coef-
ficients of extinction in the water column of lakes in

Karelia, the Kola Peninsula, and the Lena River delta
were estimated (Zdorovennov et al., 2016).

kw(zﬂzl) ==

2.2. Measurements of water temperature,
pressure and dissolved oxygen content

Autonomous station TR-chain with tempera-
ture sensors distributed throughout the water column
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(Fig. 1, a, designated by 5 and 6) is usually placed in the
central, deep-water areas of lakes. The sensors are dis-
tributed evenly throughout the water column, typically
with 0.5-1.0 m spacing between the sensors, although
the distance can be reduced depending on the research
objectives. For example, when studying under-ice con-
vection in Petrozavodsk Bay of Lake Onego in the spring
of 2017, the distance between sensors was 0.025 m in
the sub-ice layer and 0.36 m further down the water
column, with a total station depth of 26 m (Bouffard et
al., 2019); in Lake Vendyurskoe in the spring of 2016,
the distance between sensors was 0.25 m, with a total
station depth of 8 m (Volkov et al., 2019).

Where possible, the minimum sensor spacing is
aligned with the characteristic scale of turbulent pulsa-
tions. The temporal discreteness of the measurements is
selected taking into account the usual time of tempera-
ture changes, which depends on many factors (internal
waves, turbulence intensity, etc.) (Palshin et al., 2018).

The TR-chain can also integrate dissolved oxy-
gen and pressure sensors. The standard configuration
includes two pressure sensors (bottom and surface lay-
ers) and multiple sensors spaced uniformly through the
water column.

During the spring under-ice convection, the
measurement interval is usually 10 seconds, while in
other periods it can range from one minute to several
hours. At the autonomous station in Lake Vendyurskoe
in 1995-2006, TR-1 temperature profiler (Aanderaa
Instruments, Norway) were used (Bengtsson et al.,
1996; Malm et al.,, 1997; Petrov et al., 2006). Since
2007, RBR Ltd. (Canada) temperature, pressure, and
dissolved oxygen sensors with loggers have been used
on all lakes (Bogdanov et al., 2019; Zdorovennova et
al., 2020, Zdorovennova et al., 2021a).

An autonomous station TR-chain can be deployed
in the lake both during the open water period and from
ice. In the first case, the station is installed in the lake
in the fall before ice formation and is removed after
ice breakup in the spring. The cable with sensors is
stretched between the anchor and the buoy floating
at a certain depth in the upper layer of the lake, with
the depth selected according to navigation intensity
(Fig. 1, a, designated by number 6). This setup pro-
vides information during the poorly studied periods of
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ice formation and breakup, but the upper water layer is
not covered by measurements. It is important to select
the anchor weight and the buoy load-bearing capacity
so that the cable is taut to maintain the depths of the
sensors during the measurement period.

When a TR-chain is installed during the open
water conditions, its extraction next spring may pose
a problem. The solution is to stretch the cable between
the station anchor and an additional anchor placed on
the lake bottom some 50-70 m away from the station
(Fig. 1, a, designated by the number 7). The TR-chain
is lowered first, followed by the additional anchor.
The coordinates of the TR-chain and the additional
anchor are recorded by GPS. The cable can be located
and hooked from a boat passing between the TR-chain
and the additional anchor, and then dragged along the
bottom.

When installing the TR-chain from ice, it is possi-
ble to place the sensors throughout the entire water col-
umn, starting from the ice bottom (Fig. 1, a, designated
by number 5), which provides an advantage over the
bottom-based deployment. In this setup, it is advisable
to remove the station before ice breakup to avoid the
risk of losing the equipment. In this case however, the
periods of ice formation and breakup are not covered.
When deploying from ice, the upper end of the cable
is fixed over ice (Fig. 1a, b), and the free end of the
cable should be pulled down by an anchor to ensure
the immobility of the sensors during the measurement
period.

One of the main problems with deploying a sta-
tion from ice is freezing of the cable into ice, making it
difficult to remove the devices after the measurements
are completed. There is a high risk of accidentally cut-
ting the cable with an ice drill or saw and thus los-
ing expensive equipment. To prevent the cable from
freezing into ice, it is recommended to use a plastic
corrugated tube (like those used for electrical cables
in houses) slightly longer than the thickness of the ice
layer (Fig. 1b, c). The cable is threaded through the
tube at the point of contact with ice, which prevents it
from freezing in and eliminates the risk of accidentally
cutting the cable when extracting the equipment.

The chain’s temperature sensors provide informa-
tion on the start dates and duration of the main stages
of the annual thermal cycle (ice-covered period, spring
and summer heating, thermal bar, autumn mixing, pre-
ice period, “biological” summer with water tempera-
tures above 10°C). Recordings from pressure sensors
are used to analyze the water level fluctuations in the
lake. To correct for atmospheric pressure variations,
data from the nearest weather station are required.

The beginning of freeze-up in temperature sen-
sors data is indicated by the disappearance of high-fre-
quency (minute) temperature fluctuations, which are
present in the records during ice-free conditions, as well
as by a steady increase in the bottom-layer water tem-
perature. The last characteristic applies to lakes where
substantial heat accumulates in the thermally active
sediment layer during the open-water period. Following
freeze-up, the bottom water temperature in such lakes
rises rapidly due to heat flux from sediments, serving
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as a reliable indicator starting of ice-cover period. The
end of the ice-covered period is seen as a resumption
of high-frequency fluctuations in temperature data.
The spring overturn can be described as starting from
the date of ice breakup to the date of stratification
formation (more than 1°C difference in temperature
along the water column). The date of the spring ther-
mal bar corresponds to the date of water temperature
rise above 4°C. The duration of autumn overturn can
be defined as the period from the date of stratification
end to the date of water temperature falling below 4°C.
The pre-freeze-up period lasts from the date of water
temperature falling below 4°C until ice-on. Data from
the chains’ temperature sensors permit estimating the
parameters of water column stability (Schmidt stabil-
ity, lake number, Wedderburn number) (Smirnov et al.,
2024), for example, using LakeAnalyzer 2.0 software
(Read et al., 2011).

Measurements of water temperatures and dis-
solved oxygen content at an autonomous station have
made it possible to identify long-term changes in
the duration of stages of the annual thermal cycle in
Petrozavodsk Bay of Lake Onego (shortening of the
ice-covered period, earlier spring thermal bar dates,
earlier onset of summer stratification) (Kalinkina
et al., 2021; Zdorovennova et al., 2023). Changes in
the winter oxygen regime of Lake Vendyurskoe since
the start of trout farming in this lake were revealed
(Zdorovennova et al., 2024). Data for different lakes
are collected in the database “Water temperature,
solar radiation fluxes and currents in different types of
waterbodies of Karelia during the ice-covered and open
water periods” (Zdorovennov et al., 2023).

2.3. Current measurements

Long-term measurements of currents were car-
ried out in Lake Vendyurskoe during the ice-covered
period in 1994-1997, 1999 and 2002. The measure-
ments were done using unique devices designed at the
Northern Water Problems Institute, Karelian Research
Centre RAS by A.M. Glinsky: ACM (Acoustic Current
Meter), DWCM (Drag Wire Current Meter) and HTCM
(Hot Thermistor Current Meter) current meters and
Vertical Ice Displacement Meter and Horizontal Ice
Displacement Meter (Glinsky, 1998; Malm et al., 1998).
The measurement range, accuracy and resolution of the
devices are given in Table 2. Preliminary results of the
analysis of current and ice fluctuations measurements
were published in high-ranking Russian and foreign
journals (Petrov et al., 2007; Malm et al., 1998).

Current measurements were performed in three
modes: 1) vertical profiles of average currents; 2) long-
term measurements of currents at one depth for 1.5-7
days; 3) short-term measurements of currents for 3-17
hours at different depths. The measurement resolution
ranged from 1-30 seconds to one minute. The number
of measurement stations totalled 15, and the number of
measurement series produced was more than 200. The
devices recorded two components of the current, which
were then used to calculate its modulus and direction.
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Table 2. Range, accuracy and resolution of instruments used to measure currents and ice displacements.

Having analyzed the current measurements
from Lake Vendyurskoe in the winter of 1994-1996
and 2002, we concluded that a quasi-closed circula-
tion is formed in the lake in winter. The possibility of
such a circulation is also confirmed by the calculations
given by Petrov et al. (2007): the authors showed that
an anticyclonic gyre was formed in the lake in win-
ter, which covered almost the entire lake and persisted
throughout the winter. The circulation is presumably
induced by the horizontal gradients in water tempera-
ture, which arise as a result of non-uniform heat supply
from the sediments of shallow and deep-water areas.
According to the calculations, three weeks after the ice
cover has set in, the maximum current velocities can
reach 6-8 mm/s in the surface layers of the water col-
umn. As the heat flux from the sediments declines in
the second half of winter (February-March), the calcu-
lated current velocities decrease to 2-3 mm/s.

Current measurements and accompanying tem-
perature measurements from different areas of Lake
Vendyurskoe in the winter months of 1994-2002 served
as the dataset for the database “Currents in a Shallow
Lake - 1” (Zdorovennov et al., 2018). This database is
a set of hyperlinked web pages containing the results
of unique measurements of current velocities in Lake
Vendyurskoe in winter. The database also contains data
on the water temperature at the depths where the cur-
rent meters were deployed, and observations of vertical
and horizontal ice displacements. Descriptions of the
devices used to carry out the measurements are avail-
able in the database.

Since March 2015, current measurements have
been carried out using two Acoustic Doppler Current
Profilers Aquadopp Nortek profiler HR (ADCP). The
devices are placed in an ice hole so that the emitter is
below the ice bottom (Fig. 1, a, designated by number
8). If the ice is thicker than the length of the instrument
body, a layer of ice is removed to form a depression and
holes for the instruments are drilled through such ice
areas (Fig. 1, g, €). New methods have been developed
for calculating the Reynolds tensor components and
analyzing turbulence parameters based on data from
one or two ADCPs installed in such a way that their
rays intersect at certain depths (Bogdanov et al., 2021,
2023a; Volkov et al., 2021). ADCP measurement data
were used to create the database “Currents in a Shallow
Lake - 2” (Zdorovennov et al., 2020).
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Device Range Accuracy | Resolution
Acoustic current meter (ACM) Two components of velocity + 50% 0.02 cm/s
from -7 to +7 cm/s
Drag wire current meter (DWCM) Two components of velocity 25% 0.0003 cm/s
from -2 to +2 cm/s
Hot thermistor current meter (HTCM) Velocity 0.03-10 cm/s + 30% 1%
Temperature from 0 to 20°C 0.2°C 0.0002°C
Ice vertical displacement meter Vertical displacement of ice from -10| 0.2 mm 0.002 mm
to +10 cm
Ice horizontal displacement meter Horizontal displacement of ice from 1.0 mm 0.01 mm
-15to +15cm
2.4. Ice- and hottom-based chains

The measuring complex designed by A.M.
Glinsky of the Hydrophysics Laboratory of the Northern
Water Problems Institute, Karelian Research Center
RAS included temperature sensors frozen into ice and
located in the sub-ice water layer, the water column,
the bottom water layer, and the top layer of bottom
sediments (Fig. 2) (Palshin et al., 2024). The resolu-
tion of the temperature sensors was 0.003 °C, the mea-
surement accuracy depended on the calibration and
was less than +0.05 °C, the measurement time step in
different years was 1-6 hours. The distance between
sensors on the ice-based chain was 0.1 m. This com-
plex was deployed in the lake when the thickness of
black ice reached 0.2 m. Measurements over six winter
seasons in Lake Vendyurskoe yielded unique data on
the evolution of temperatures in the ice-water-sediment
system and enabled estimation of the magnitude of the
heat flux from sediments to water and from water to
ice (Bogdanov et al., 2023b; Palshin et al., 2024). A
method was developed for calculating ice thickness and
estimating the heat flux from water to ice by fitting
the functions that approximate the temperature pro-
files in water and ice near their boundary (Palshin et
al., 2024). Estimates of the black ice growth rate reveal

Snow

| White ice

g Black ice

Logger
Water
Thermistors
Anchor
Bottom sediments

Fig.2. Layout of the devices in the body of black ice,
water and the top sediment layer.
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maximum values (up to 8.5 mm/day) in the first month
of the ice-covered period, with a decline in the aver-
age growth rate to 3.4 mm/day in the second and third
months of the ice cover. The heat flux through black ice
varied significantly in synoptic time intervals, showing
a tendency to decrease from 40 to 10 W/m? during
the winter (Bogdanov et al., 2023b). When black ice
was covered by water, isothermy was observed inside
the ice, and the heat flux was zero. The heat flux at
the water-ice interface was estimated to be 1-2 W/m?,
which is very close to the estimates obtained for Lake
Vendyurskoe previously (Bengtsson et al., 1996; Malm
et al.,, 1997). To quantify the effects of the thermal
inertia of ice, a model problem of heat propagation in
an ice sheet with periodic temperature changes at its
upper boundary was considered. The attenuation of the
amplitude and the delay of the heat wave during its
propagation in ice were estimated and, accordingly, the
conditions under which the temperature profile in the
ice sheet is close to linear were analyzed (Bogdanov et
al., 2023b).

2.5. Autonomous device for measuring the
temperature profile in the bottom layers of
water and soil

Since 2007, year-round measurements of the tem-
perature of the bottom water layer and the top layer of
sediments have been carried out in Lake Vendyurskoe
using a bottom-based device carrying ten RBR tempera-
ture sensors (Gavrilenko et al., 2015). Several designs of
the bottom platform were tested and an “Autonomous
device for measuring the temperature profile in the
bottom layers of water and soil” was finally developed
(Mitrokhov and Palshin, 2015). The device includes a
base in the form of a metal-profile frame shaped into
an equilateral triangle. The corners of the base are con-

nected by cables to a buoy through a hinge joint, to
which a threaded metal rod is hinged (Fig. 3). In the
lower part of the rod, at level with the base, a measur-
ing unit is attached so as to enable its vertical move-
ments. The unit consists of a metal plate with sockets
made of low thermal conductivity material attached to
it. RBR temperature sensors with loggers, coupled with
pressure sensors, are installed vertically in the sockets
and fixed rigidly at mid-body. The system is installed in
the lake bed in the fall, with a buoy pulling the rope up.
When it is time to lift the device, the procedure with an
additional anchor described above is used. The first few
hours of measurements are excluded from calculations
since the device is buried in the top layer of bottom sed-
iments for some time and the sensors adjust their posi-
tion relative to the water-bottom interface. When posi-
tioned correctly, some of the sensors are submerged in
the top sediment layer, while others remain in the bot-
tom water layer. After removing the measuring device
from the lake, it is necessary to understand which sen-
sors fell into the silt and which remained in the water.
Sensors that fell into the water are usually overgrown
with periphyton. Analysis of sensor data also helps to
understand which of the sensors were in the water: the
readings of such sensors contain high-frequency oscilla-
tions, while the readings of sensors that were in the silt
have smoothed high-frequency oscillations. The sensors
are arranged in a ladder with about 2 ¢cm step, which
allows us to estimate the heat flux at the water-bot-
tom interface using the gradient method (Gavrilenko
et al., 2015). Long-term water temperature measure-
ments with a small time step (one minute) using this
device provided fundamentally new information on
heat transfer at the water-sediment interface through-
out the year, including periods of ice cover formation
and destruction (Gavrilenko et al., 2015; Zdorovennova
et al., 2021b).

Ice

Water

50-70 m 10

Bottom
sediments

Fig.3. Autonomous device for measuring the temperature profile in the bottom layers of water and soil: 1 — the base, 2 — the
cable, 3 - the buoy, 4 - the hinge joint, 5 — the threaded metal rod, 6 — the hinged fastener of the measuring unit, 7 — the metal
plate, 8 — the socket, made of low thermal conductivity material, 9 — temperature and pressure sensors with loggers, 10 — the

additional anchor.
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3. Estimation of energy parameters of an
ice-covered lake during the spring under-
ice convection

An important task in our experiments on lakes is
to identify the mixing mechanisms in the annual cycle
of different types of lakes in southern Karelia. During
the open water period, the convective mixing mech-
anism triggered by surface cooling was studied using
TR-chain and ADCP data (Bogdanov et al., 2023c;
2024). In ice-covered lakes, radiation-driven convection
(RDC) develops at the end of the winter season, as the
penetration of solar radiation under the ice causes the
temperature of the upper water layer to rise by 0-4°C.
A characteristic feature of the RDC is the formation and
deepening of the convectively mixed layer (CML), as
well as a gradual increase in the water temperature in
this layer. The main factors that control the intensity of
RDC development in lakes are the weather conditions,
the thickness and structure of the snow-and-ice cover,
the magnitude of the solar radiation flux penetrating
under the ice, water transparency and the temperature
gradient within the water column formed during the
winter before the onset of RDC. The process of convec-
tive mixing generated by solar radiation fluxes pene-
trating through the ice cover into the water column of
lakes has been previously considered in a number of
studies (Farmer, 1975; Mironov et al., 2002; Jonas et
al., 2003; Bouffard and Wiiest, 2019; Bouffard et al.,
2019). In lakes of the temperate zone, RDC usually
begins at the end of the winter, when snow melts and
solar radiation penetrates under the ice in amounts suf-
ficient to heat the upper layer of the water column and
form a CML. However, the amount of heat penetrating
under the ice depends on the weather conditions, i.e.
the presence/absence of clouds and precipitation.

The ice cover of lakes in the temperate zone usu-
ally includes layers of black ice and white ice and some-
times layers of wet snow, which effectively attenuate
the flux of solar radiation (Leppdranta, 2015), inhib-
iting the under-ice heating and the associated convec-
tive mixing. However, under-ice heating of the water
column in lakes of arid regions with extremely little
snow on ice is much more pronounced than in lakes
of the temperate zone; the water temperature in such
lakes at the end of the winter can exceed +10 °C, and
direct stratification is already formed under ice (Kirillin
et al., 2021; Huo et al., 2025). In Lake Baikal, along
its northwestern shore where snow typically does not
accumulate on ice, the onset of under-ice water warm-
ing is recorded immediately after freeze-up (Aslamov
et al., 2017).

As an illustration of our experiments, the fol-
lowing section presents the results of calculations of
the basic potential energy, buoyancy flux and mixing
efficiency based on water temperature and solar radi-
ation data from the autonomous stations deployed in
the central part of Lake Vendyurskoe from April 21 to
April 24, 2013. Ice thickness measurements during this
period were taken twice a day: at 9:00 and at 19:00.
At the beginning of the measurements (April 21, 2013,
9:00), total ice (41 cm), white ice (6 cm) and black ice
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(35 cm) were maximum for the entire period (Fig. 4).
During the measurement period ice was thawing and
the thickness of all its layers decreased. By the last day
of observations, white ice had thawed away and black
ice thickness decreased to 31.0-31.5 cm.

An increase in water temperature at the sub-ice
layer from 1.6 to 2.1 °C during daytime hours and a
cooling to 0.5 °C at night was revealed 21-24 April
(Fig. 5). Temperature dropped sharply in thin sub-ice
layer on the last day of observations (April 24), when
the maximum daytime temperature did not exceed 1.1
°C, whereas in the previous days it rose to 1.6-2.1 °C.
Apparently, this was due to the cloudy weather on that
day and the decrease in the amount of solar radiation
incident on the ice surface (320-350 W/m?). Although
there was no snow on ice and the white ice layer had
thawed away, the radiation penetrating under the ice
on that day was minimal - 24-26 W/m? (Fig. 6).

The depth of the CML was determined by the
ordinary least squares method. The estimation algo-
rithm is described in detail for the case of night cool-
ing of a small forest lake in summer (Bogdanov et al.,
2024). The deepening of the CML in the period under
consideration progressed slowly; the depth of the CML
lower boundary (H_ ) ranged from 4.92 to 5.02 m
(Table 3).
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Fig.4. Total, white and black ice thickness measured at
09:00 and 19:00 during the period 21-24 April 2013.
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Fig.5. Change in water temperature (°C) over the period
from April 21 to April 24, 2013.
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The change in the background potential energy
(BPE) over time was calculated using data from tem-
perature sensors after preliminary reordering of the
temperature profile at each moment in time by the
formula:

H
[ oy

OH p'dz 2p
where p'- water density after reordering temperature
profile (kg/m?), g=9.8 (m/s*) — acceleration of grav-
ity, z — depth sensor (m), H — height of water column
(m). Water density was calculated using the formula
derived from the Chen-Millero equation of state (Chen
and Millero, 1986). When calculating potential energy,
the energy component generated by the heating of the
water column was excluded (Bogdanov et al., 2023c)

gH‘_jﬁ , where p— vertically aver-

BPE =

and represented as

aged water density (kgl}m3), dp - change in average
density over time.

The criterion for identifying mixing episodes was
the increase in BPE. The mixing efficiency was calcu-
lated as the ratio of the BPE increment to the external
pumping value for the corresponding time period:

ABPE
ABPE + AIE

where AIE is the increment of internal energy defined

Tl:

as AIE = j to %BRdt for the start and end of each mix-

ing episode, where § and h — depths of upper and lower
CML boundaries (m), B, - buoyancy flux (J/kg), and
ABPE = BPE(t) — BPE(t,) is the BPE increment at a cer-
tain time instant. The calculated values of BPE incre-
ment in our case were 3 — 4.5x107* J/kg per day.

The cumulative buoyancy flux was estimated
using data on the solar radiation flux under ice. In this
paper, we consider the RDC with non-uniform radiative
heating of the water column, and the buoyancy flux is
given as (Mironov et al., 2002):

B, = (ﬂ(—&,t)](é,t))+(ﬁ(—h,t)[(h,t))—ﬁj(ﬂ(—z,t)[(z,t))dz

where B=ag(t—t_,) is the buoyancy parameter, I(z,t)
is the kinematic flux of solar radiation (Km/c) denoted

as [(z,t)= 90 , where O(z,1) =0, (t)(a,e* +a,e*)

is the solarcrzgiation flux (W/m2) with the following
parameters: a, = 0.5; a,= 0.5; y,=2.7 m’; v,=0.7 m!
(Mironov et al., 2002), c=4.218x10% (Jx (kgxK)1);
a=1.6509x10° (K?); t ,=276.98 (K).

The mixing efficiency for the selected episodes
took a value in the range of 0.58-0.73 (Table 3).

A noticeable change is seen in the estimation of
the mixing efficiency for the second episode, probably
associated with the weather conditions and a restructur-
ing of the temperature profile, including the inflection
of the background potential energy line for this episode
(Fig. 7). Our estimates are similar to those obtained
elsewhere under RDC conditions (Ulloa et al., 2018)
and, in particular, for Lake Vendyurskoe (Novikova and
Zdorovennova, 2024).
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Fig.6. Fluxes of incident, reflected and under-ice radia-
tion in the period from April 21 to April 24, 2013.
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Fig.7. Changes in BPE (blue line) and buoyancy flux BR
(red line) in the period from April 21 to April 24, 2013. Light
blue sections of the line are mixing episodes.

Table 3. Start and duration of mixing episodes based on BPE increase, average CML lower boundary depth (H,_, ) and mixing

efficiency (1)) per episode

Episode no. Start Duration, hours H_ ,m n
1 21.04.2013 04:00 22 4.92 0.74
2 22.04.2013 07:00 18 4.98 0.58
3 23.04.2013 07:00 14 5.02 0.73
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4. Conclusions

In the course of long-term wintertime field
studies of temperate and arctic lakes (Karelia, Kola
Peninsula, Lena River delta), staff of the Hydrophysics
Laboratory of the Northern Water Problems Institute of
the Karelian Research Center of the Russian Academy
of Sciences have designed a number of unique devices,
measuring systems and new methods for measuring and
analyzing hydrophysical parameters (solar radiation
fluxes, ice, water and bottom sediments temperature,
pressure, and current velocities) and dissolved oxygen
content. Methods have been developed for deploying
autonomous stations in a lake in open water conditions
and from ice for long-term measurements of water
temperature, pressure and dissolved oxygen content.
The resultant data can be used to analyze the duration
of stages in the annual thermal cycle, ice phenology,
oxygen conditions, and the mixing regime of lakes. A
measuring system with temperature sensors distrib-
uted across black ice, water column and top sediment
layer has been designed. Two new methods have been
developed for estimating the heat flux at the water-
ice interface and within black ice and the growth rate
of black ice has been estimated. A patent for a utility
model “Autonomous device for measuring the tempera-
ture profile in the bottom layers of water and soil” was
obtained, which allows estimating the heat flux at the
water-bottom interface on a daily, synoptic and sea-
sonal scale, including the poorly studied periods of ice
formation and breakup. The methodology for conduct-
ing measurements by two coupled ADCPs deployed in
the ice cover of lakes was improved; new methods for
estimating the components of the Reynolds tensor were
developed based on data from one or two ADCPs with
rays intersecting at certain depths. A number of data-
bases were created based on the measurement results.
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OpuruHanbHan craTbf

MetoAuKH rMAPODPU3INUYECKUX USMEPEHUHN LIMNOLOGY
Ha aBTOHOMHbIX CTAHUMAX B MEAKOBOAHBIX  1p FSETWATER

o3epax B nepuoa rnepoctaBa BIOLOGY
e

HoBukosa F0.C.*", 3nopoBenHoB P.3.", borganos C.P.", ITanemux H.M.",
MuTtpoxos A.B., E¢ppemona T.B., 3qoposenHosa I'.D.

Hucmumym @o0HbLx npobstem Cedepa Kapestbckoeo HayuHozo yeHmpa Poccutickoti akademuu Hayk, np. A. Heackoeo, 50,
IMempo3zasodck, 185030, Poccua

AHHOTAILIUA. ITprBeieHO KpaTKOe ONKcaHe MeTOAUK riApodrU3NIecKUX N3MepeHNl B MeJIKOBOAHBIX
o3epax Ha aBTOHOMHBIX CTaHIUAX B IIEpUOJ JiedOCTaBa, pa3pab0TaHHBEIX Ha OcHOBaHHUU 30-JIeTHEro
onbiTa. J{uTesibHBIE 3aNMCH IIOTOKOB COJIHEYHOM pajualiy Ha MOBEPXHOCTU O3€p M Ha HeCKOJIbKUX
rJIyOrHaxX BOJHOIO CcTOJI0A HamlpaBjieHbl Ha BHLABJIEHHE 3aKOHOMEPHOCTEH 3BOJIIOLUY TJIyOWHBI ONTHU-
YeCKUX CBOMCTB CHEXHO-JIE[JHOI'0 IIOKPOBa U BOJBL, TaKUX Kak ajapbedo U K03G UIeHT 3KCTUHKIUN
(ocabsieHus) MOTOKA COJTHEYHOU PAAUAIU B TOJIIE CHera, 6eJioro ¥ KpUCTaJLIMIECKOTO JIbAA U BOJBL.
JmiTenbHBIEe M3MeEpEHUs TeMIepaTypbl BOAB NaT4YKWKaMH, paclpefieJIeHHBIMU 10 BOOHOMY CTOJIOY,
MOT'yT HCIOJIb30BaThCs [JIA OlpeliesieHus AaT Havajla U MpOAOJDKUTEJIbHOCTH 3TaloB I'OJOBOTO Tep-
MHYeCcKOro I1KJIa, pacyeTa mapaMeTpoB yCTOMYHNBOCTY BOJHOIO CTOJI0A, A1 XapaKTepUCTUKU pexuMa
nepeMelBaHusa o3ep. JJINTebHble U3MepeHUs AaTUMKaM{ pAacTBOPEHHOr0 KKCJIOpOAa IO3BOJIAIOT
HM3yYUTh CYyTOUHYIO, CHUHONTHYECKYI0, CE30HHYI0 1 MEeXI0J0BYI0 N3MEHUYNBOCTh KHCJIOPOAHBIX YCIOBUN
B 03epax, OLIeHUTh IPOOJDKUTEIBHOCTD U BEIPAXKEHHOCTh IEpHOAOB Jeduiinta kuciopona. Usmepenus
TeMnepaTyphl JaTulKaMy, BMOPOXEHHBIMU B Jie[l U pa3MellleHHBIMU B IIOJJIEAHOM CJIoe BOABI, [T03BO-
JIAIOT OLIEHUTh BeJIMUYMHY TEIJIOBOr'O IOTOKAa Ha rpaHuIle BOAHOU TOJIU C JIEHOBBIM IIOKPOBOM, pac-
CUMTaTh CKOPOCTh HapacTaHUsA KpUCTaJUIM4ecKoro JpAa. CrenuajbHO paspaboTaHHOe «ABTOHOMHOE
YCTPOMCTBO AJIA M3MepeHUs Npoduiia TeMIlepaTyphl B IPUAOHHBIX CJI0SX BOABI ¥ TPYHTa» UCIOJIb3YyeTCs
B M3yYeHUH TEeIIJIOBOT0 IIOTOKA Ha IpaHuIle BOJHON TOJIMY C JOHHBIMU OTJIOXKEHUAMU 3UMOM, BKJIIOYasd
cJ1a00 u3yveHHbIe IepHoAbl 00pa3oBaHus U paspylleHus jbpaa. FM3mepeHus npodustorpadamMu TedeHun
HCIIOJIb3YIOTCA [JI OLIEHKU IapaMeTpoB TYpOYJIEHTHOCTH IlepeMelIaHHOI0/CTpaTU(UIPOBAaHHOIO
CJIOEB 03€ep B CYTOYHOM U CUHONTHYECKOM IMKJIax. Pe3ysibTaThl pacueTa sHEpreTuieckux napaMeTpoB
(6a3oBas nmoreHnMagbHaA S3HEPIUA, IOTOK ILIaByYeCcTH) CToJI0a BOABI MaJIoro 03epa, OKPHITOIO JIBIOM,
IIpUBeJleHb B KauecTBe IIprMepa NpUMeHeHNsA MeTOAWK HM3MepeHUI TeMIlepaTyphl BOABl U IOTOKOB
COJIHEYHOU pajualuy U oleHKH 3 (heKTHBHOCTU NlepeMelINBaHus IpU N3yUYeHU! paJualioHHO-reHe-
PHUPOBAHHOI KOHBEKI[UU B IOKPHITHIX JIbJOM O3€pax.

Kitiouegwie ciioga: O3epo, nepuop JiefocTaBa, rugpodusndeckre u3MepeHus, aBTOHOMHas cTaHIMsA, 6a3a JaHHBIX

g nutupoBanusa: Hosukosa 10.C., 3goposBeHHoB P.D., Borganos C.P., [Tanpmuua H.U., Mutpoxos A.B., Edppemona T.B.,
3nopoBenHoBa I'.3. MeToauku ruipodusnyecKrux U3MepeHnil Ha aBTOHOMHBIX CTAHI[MUAX B MEJIKOBOJHBIX O3epax B Iepuoj Jie10-
ctaBa // Limnology and Freshwater Biology. 2025. - Ne 4. - C. 870-894. DOI: 10.31951/2658-3518-2025-A-4-870

1. BBeAeH"e CHMHOIITYE€CKOM, CE30OHHOM M MEXI0JOBOM macitabax

JUUTS BRISIBJIEHUS PEaKIUy BOAHBIX 9KOCHCTEM Ha MPOUC-
XO[AIMe N3MeHeHus noroasl 1 kmMara (Adrian et al.,
2009; Sahoo et al., 2015; Woolway et al., 2020; Jansen
et al., 2024; KanunkuHa u qp., 2024; Smirnov et al.,
2024). Oco0beHHBIII UHTepec IpelcTaBiigeT IepHuof
JIeloCTaBa, KOTOPOMY WCTOPUYECKH OTBOJUJIOCH
MeHbIllee BHUMAaHHE YUYEHBIX MO CPAaBHEHUIO C TMEpHUO-
JIOM OTKpPBITOHM BOJbl. B mocjiefHuEe TOOBI KOJIUYECTBO

Tuapodusnyeckne MmapaMeTpsl (TemmepaTypa
BOZBI, IIOTOKK COJIHEYHOH paaualiii B BOJHOHN TOJIIIE,
TeueHUA U Ap.) GOPMUPYIOT Cpely OOUTaHHUA T'HMAPO-
6uonToB (Magnuson et al., 1985; O’Reilly et al., 2015;
Hampton et al., 2017; Huang et al., 2021; Woolway et
al., 2019; 2021; Asirok and Kirillin, 2025), uto onpene-
JIIeT BAXXHOCTh M3YUYEHUA X M3MEHEHU B CyTOYHOM,
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CTaTeH, TMOCBAIEHHBIX H3YyYEHUI0 3UMHETO TNEPHOa,
0OCYXIEHUI0 €ro BaXHOCTU B TOLOBOM ITMKJE (YHK-
MOHUPOBAHUA BOJHBIX JKOCHCTEM, HEYKJIOHHO pac-
tet (Kirillin et al., 2012; Hampton et al., 2017; 2024;
Pernica et al., 2017; Sharma et al., 2019; Woolway et
al., 2020; Yang et al., 2020; Jansen et al., 2021). B cra-
The (Culpepper et al., 2025) moguepkuBaeTcs BaXXHOCTb
aBTOHOMHOTO in Situ MOHUTOPWHTA B O3€pax B peaib-
HOM BpeMEHHU, KOTOPHI B KOMOWHAIMU C AAaHHBIMU
JUCTAaHLMOHHOTO 30HAMPOBAHUA U MOJEJIMPOBAHUS,
CO3/1aeT MPOYHYI0 OCHOBY AJ1A 3(PGHEKTUBHOrO pacIiu-
peHUs 3HAHUI O 3UMHEM Mepuojie. JJaHHBIE TOJIEBBIX
U3MepeHN TUApoGU3NYECKUX TTapaMeTPOB C BBHICO-
KUM MPOCTPAHCTBEHHBIM U BPEMEHHBIM pa3pelleHrueM
HeoOXOAMMBI IJIA KaJmbpanuu U BepuduKauu o3ep-
HBIX Mojesiel (Stepanenko et al., 2014; Golosov et al.,
2018; 3BepeB u ap., 2019; Golub et al., 2022; Ulloa et
al., 2022; CmupHOB U Jp., 2025), 4YTO aKTyaJIU3UPyeT
HeoOXOAMMOCTh OpPraHU3ALUM B 03epax AJIUTEJIbHBIX
U3MepeHUil Ha aBTOHOMHBIX CTaHI[UAX.

PaszBuTHEe  U3MEPUTEJIBHOTO  00OpyOOBaHUS,
MOSIBJIEHNE  BBICOKOYYBCTBUTEJIBHBIX CEHCOPOB  CO
BCTPOEHHBIMHU JIOTTEPAMU PaCIIUPSET BO3MOXHOCTHU
WCCJIE[IOBAaHUM 3MMHETO pexuMa o3ep. PaspaboTaHbl
U3MepUTEJIbHbIE KOMILIEKCH, KOTOpBIE yCTaHaBJIMBa-
I0TCA Ha Jie[l ¥ BKJTIOYAIOT CEHCOPHI JIJIS 3alHCU TeMIIe-
pPaTypsl BcEX KOMIIOHEHTOB CHCTEMBI BO3AyX-CHET-JIE]-
BO/Ia, TOTOKOB COJIHEYHOHN pajhali Ha MOBEPXHOCTHU
CHEXHO-JIE[IHOTO MMOKPOBAa U MOJA HUM, METEOPOJIOTU-
YeCKUX TNapaMeTPoOB, CKOPOCTEH TeUYeHWH B MOAJIEN-
HOM cJIoe W APYrux IapaMeTpoB. M3MepurtesbHble
komriekchl SIMBA (Snow and Ice Mass Balance Array)
(Rafat et al., 2023), ASLIM (The Autonomy System for
Lake Ice Monitoring) (Aslamov et al., 2021) u FROS (A
floating remote observation system) (Xie et al., 2022)
3apekoMeHAoBaiu cebs Ha CaMOM BBICOKOM YPOBHE.
JlaHHBIE TAKUX KOMILJIEKCOB MO3BOJISAIOT IPOCJIEXUBATH
SBOJIIOIUI0O CHCTEMBI CHeEr-JIe[-BOJla B TeUeHUe BCEro
rmepyojia JieJoCTaBa, BKJIIOYAsA KpakiHe cj1abo H3ydyeH-
Hble TIEPUOABl YCTAHOBJIEHUA M B3JIoMa Jibja. Takue
KOMILJIEKCHI TTO3BOJIAIOT M3y4yaTh KUCJIOPOAHBIE YCJIO-
BUS, OILIEHUBAaTh BEJIMYMHY TEIJIOBOTO MOTOKA Ha rpa-
HUIle BOAA-JieJ M pelaTh pAA APYTUX 3aad.

W3mepeHUsA ruipodU3NIeCcKuX MapamMeTpoB, Kak
U IpyTHe BUIBI CCIIEJOBAHUIN B MOKPHITHIX JIBAOM O3€-
Pax, UMET CBOU 0COOEHHOCTHU. B 4acTHOCTH, CypOBBIE
MOTOTHBIE YCJIOBHUA CO3AAI0T OrpaHUYEHU Ha PYHKI[HIO-
HUPOBaHHE HEKOTOPBIX MPUOOPOB. B 03epax, MOKPHITHIX
JIBJIOM, CKOPOCTU TEYEeHHUH 3aMe[JIEHBI [0 CPaBHEHUIO
C TIEPUOIOM OTKPHITOM BOJIBI, KOJIEOAHUS TEMITEPATYPHI
U JpyTUX NapaMeTpoB MMEIT MEHbBIIYI0 aMIUTUTYAY,
yTO TpPeGyeT UCIOJIb30BAaHUA BHICOKOYYBCTBUTEJIBHOTO
U3MepUTesIbHOro obopynoBaHusA. B o6G30pHOI cTaTbe
(Block et al., 2018) paccmoTpeHa crnernuduKa opraHu-
3allMd U MPOBEJIeHUA U3MepPeHWH B 3UMHHUU IMepHUof,
HauMHasg OT SKUMHMPOBKU HCCJIefoBaTesiell U o63opa
U3MepUTeJIbHOM anmapatypbl OO TeXHOJIOTHil oT6opa
npo6 ¥ YCTAaHOBKM aBTOHOMHBIX CTaHI[UA. ABTOPBHI,
onMpasch Ha OMBIT MHOXECTBAa HAyYHBIX KOJUIEKTU-
BOB M3 Pa3HBIX CTPAaH MUpa, MOAYEPKUBAIOT HEOOXO-
JUMOCTH TOCTOSTHHOTO COBEPIIEHCTBOBAHUSA METOAUK
U3MepeHU B 3UMHUE eprod U 0OMeHa OIBITOM.
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B HUuHcrtutyte BoOAHBIX mpobiiem  CeBepa
Kapensckoro HayuHoro neHtpa PAH (r. [lerpo3aBopck)
6osee 30 jeT mpoBoAATCA ruApodU3nUecKre n3Mepe-
HUA Ha o3epax B 3UMHUH Nepuof. 3a rofbl HUcciiefo-
BaHUM HaKOILJIeH OOJIBIION OMBIT YCTAHOBKU U OOCIIY-
XKUBaHUA AaBTOHOMHBIX THAPO(U3NYECKUX CTaHIUH,
paspaboTaHbl MeTOAWKM IIpOBedeHus H3MepeHUH.
Haunbonee pnurenbHBle pAAbl HM3MepeHUM TeMIiepa-
TyPHI BOJbI, IOTOKOB COJIHEYHOM paguanuy Ha IoBepx-
HOCTH JIbJJa ¥ B BOJHO! TOJIIle ¥ TeUeHUI HaKOIJIEHE! B
03. Benaiopckoe, rae nuaMepeHus IpoBOAATCA, HAUMHAA
¢ 1994 r. no Hacrosmero BpeMenu, B [leTpo3aBoackoi
rybe Omnexckoro o3sepa (2015-2017, c 2019 r. mo
HaCTOAIlero BpeMeHH), B ABYX MaJbX JIECHBIX O3e-
pax (c 2019 r. mo Hacrosimlero BpemeHu). B o3epe
Benparopckoe AOMOJHUTEsIbHBIE KW3MepeHHus cofepxka-
HUA pacTBOPEHHOro KHCJIOpoJa U JaBjieHUs IPOBO-
aarca ¢ 2007 roma u no Hacroslee BpeMA. Ilo nosy-
YeHHBIM JaHHBIM H3y4YeHbl TedeHHdA, TepMUYeCKUH,
paAuaIiOHHbIH, KUCJIOPOAHBIN U JIE[JOBBIM PEXUMBI 03.
Benpropckoe (Bengtsson et al., 1996; Malm et al., 1997,
1998; IletpoB u ap., 2005; 2006; 2007; [TanpmnH U
nop., 2020; TepxeBuk u 1p., 2023; Zdorovennova et
al., 2021a; 2025), nmpoaHaIM3UpPOBaHA YCTOMYMBOCTh
BOIHON TOJIIM 3TOro o3epa (Smirnov et al.,, 2024).
W3yyeHa npocTpaHCTBEHHass CTPYKTypa KOHBEKTHB-
HO-TIepeMelIaHHOI0 CJIOA TOKPHITHIX JIBAOM O3€p B
Iepyuos BeceHHell paAuallOHHO-TeHepUpOBaHHOM
koHBeknuu (Mironov et al., 2002; BosikoB u fp., 2019;
Bogdanov et al., 2019). U3y4eH pagualliOHHbBIN MeXa-
HM3M IlepeMellnBaHuA BOAHOU Toymu o3ep (borgaHos
u 1p., 2024; Novikova and Zdorovennova, 2024).

B manHOI cTaThe NprBeieHbl KpaTKHe OMHUCaHuA
HOBBIX pa3paboTaHHBIX IPUOOPOB, METOAUK TMAPOPU-
3MYeCKUX M3MepeHUH B 3MMHUH NepuoJ Ha aBTOHOM-
HBIX CTaHIMAX, pa3pabOTaHHBIX M IPUMEHSAEeMBIX Ha
Pa3HOTHUIIHEIX 03epax YMepeHHOU U apKTH4eCKOH 30HbI
(Kapenus, Kosibckuii MOJTyoCTPOB, feJibTa p. JIeHsl).

2. MeTtoaukM ruppodHU3InUYECKUX
H3MepeHHH B NepuoA AepoCTaBa
2.1. PapmauMoHHble U3MEpPEeHUA

H3mepeHNs NOTOKOB Majawlieil, OoTpaxeHHOMN
U TNOAJeJHOU COJIHEYHOU paaualuy Ha aBTOHOMHOM
paguanuoHHo# crannuu (Puc. 1, a, obo3HaueHa 1ud-
pamu 1-3) U cOmyTCTBYMOIL[WE WU3MepPeHUs TOJIIINHbI
CHEXHO-JIe[IITHOTO IOKPOBa NPOBOAWJIMICH Ha oO3epe
BeHl0opcKOM B 3UMHUE U BeCEHHUE MeCAIlbl eXeroIHo,
HauMHasA c 3uUMHero ce3oHa 1994/95 rr. (IletrpoB u
ap., 2005). M3MepeHuss Ha paJgualMOHHON CTaHIIUU
MPOBOOUJINCh OOBIYHO B TeueHue 1-2 Hellenb 3UMOM
1 BECHOU c MHTepBajioM u3MepeHuii 1-5 munyt. 74
n3MepeHus IMOTOKOB Mafawlieil U OTpPaXeHHOH CoJI-
HEYHOH paJualnuy Ha MOBEPXHOCTU CHEXHO-JIEASHOTO
MMOKPOBa HCIOJIb30BAJIMICh MUPAHOMETPHI «Star-shaped
pyranometer» Hemelkoi ¢pupmsl «Theodor Friderich &
Co, Meteorologishe Gerate und Systeme» (Tabsuma 1),
3aKpellJleHHble Ha CIelUaJibHOM KOHCTPYKI[UM, Ha
BBICOTE OKOJIO OJHOTO MeTpa HaJl IOBEPXHOCThIO JIbJA.
[ToToK cotHeYHOM paaually Ha HUKHeHN I'paHuUlle Jbaa
U3MepsJICs C TMOMOIIBI0 YHUBEPCAJBHOTO MUpPaHOMe-
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E,(0) E.(0)

Puc.1. a — CxeMa pacrnoJsiokeHHUs N3MepUTeJIbHBIX NMPUOOPOB Ha JIBAY UM B BOAHOM TOJIIlE IOKPHITOTO JIbAOM o3epa (a):
1-3 — nupanomMeTph, 4 — ®AP-koca, 5 — TR-koca, ycraHoBieHHas co Jjbaa, 6 — TR-koca ¢ 6yeM, 7 — HOMOJHUTEJIBHBII SIKOPB,
8 — Akycruueckuil fommiepoBckuil npodusiorpad teuenHuii (ADCP). B mpaBoit yactu naHesnu (a) mprBedeHBl cxeMaTUYHbIE
npoduIn BepTUKAJIBHOTO pacupefesieHus TeMIepaTyphl BOAbl U cofiepxXaHus pacTtBopeHHoro kuciopoga (PK) B o3epe 3umoit
(cvHMe JIMHUN) U B IepuoJ BeceHHel MoJjieJHON KOoHBeKIuM (kpacHble juHuM). KIIC — KOHBEeKTHUBHO-IIEpeMellaHHEIN CJION,
BEPXHAA U HIDKHAA I'PAHUIl KOTOPOro 0603HaueHbl MyHKTUPHBIMU JINHUAMU. 6-e — oTorpaduu npubopoB Ha Jiby o3epa: 6
— croco6 3aKperieHus Tpoca KOChHl, B — yBeJInueHHOe n3o0paxeHue LIIJIaHra, T — Ba coequHeHHbIx ADCP Ha Jiblly o3epa Bo3Jje

JIyHKH, [ — ADCP ycTaHOBJIEHB! B JIyHKY.
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Ta6suna 1. XapakTepucTHKU HUCIIOJIb30BAaHHBIX ITPUOOPOB

IIpu6op ITapametp Jlnana3zoHn To4HOCTH Pa3pemenue
TR-1 Temmneparypa, 11 kaHayoB 2.46...+21.48 + 0.15°C 0.02°C
perucrparop npoduisa TemnepaTypsl
JHartuuk temrnepaTypsl RBR TR-1060 Temnepatypa -5...+ 35°C + 0.002 °C <0.00005 °C
JlaTuuk TemnepaTypsl U AaBJIeHUA JaBnenue 100nb +0.05% <0.001%
RBR TDR-2050 Temnepatypa -5...+ 35°C + 0.002°C <0.00005°C
JlaT4iK pacTBOPEHHOI'O KHUCJIOPOJa CofepxaHue 0...150% +1% i
RBR DO-1050 PacTBOPEHHOI'0 KUCJIOpOAa
[TupanomeTtp CosHeyHas paguanus, Bt/m?
Hapnenusrit npubop Ha JIbAY 0...1000 1+ 10% 1
IToae qHBINA pubop MOS0 JIbIOM 0...200 0.3+20% 0.2
®AP, Alec Electronics MDS-MkV/L ®AP, MKMOJ1b/(M?*C), 0.1, MKMOJIB/
0...2000 +4% 2
pervucTpaTop UHTEHCUBHOCTH CBeTa 390-690 uM (m*c)
[Mpodunorpad teuenui Aquadopp CKOpOCTh TeueHus, 0...10 M/c 1%,
Nortek Profiler HR (ADCP) 3 KOMIIOHEHTHI, M/C +0.005M/c

Tpa M80-M, npousBefneHHoro B Poccum. IlopsieqHbIi
nupaHoMeTp ObLT 3aKpenJieH Ha o6J1ajjaromiei moJI0Xu-
TeJIbHOM IJIaBy4YeCThI0 IJIaT¢opMe U IoMellleH Ha pac-
CTOSAHUU OKOJIO 1.5 M OT JIyHKU C I0KHOI CTOPOHBI OT
paauanroHHON CTaHI[UM HEMOCpPeACTBEHHO IOJ HIX-
HIOI0 TpaHMIy JibAa. B oThesibHBIE TOABI BECHOM IIPO-
BOAWJIMCH KCIIEPUMEHTHI II0 U3MepeHUI0 IOTOoKa Maja-
0lell COJTHEYHOU paaualuu Ha BepxHeH U HIXHeN
MOBEPXHOCTSAX CHera, 0ejioro u yepHoro Jibfa (IleTpos
u ap., 2005).

Jlna usMepeHHs MNOTOKa (OTOCHMHTETHUYECKU
aKTHBHOW coJiHeuHOH paguaiuu (PAP) B BogHO ToIIIIe
WICIOJIb30BaJIach Koca, ocHaimeHHasa DAP-maTyMkamu
«Alec FElectronics», Amouua (Puc. 1, a, obGo3HaueHa
uubpoii 4). 3asgxkopenHasa ®AP-koca pasmemasach
TakuM 0Opa3oM, 4YTO BEpPXHUM AaTuMK pacloJjiarajcs
o0 JIbAOM, pacCTOsSHUE MeXAYy JaTuyMKaMM Ha Koce
coctaBysuio 0.3-1.0 M. I[IpoAoJDKUTESIBHOCTH Hempe-
PBIBHBIX H3MepeHUIl notokoB ®AP B MapTe-ampesie
cocTasJisyia 3-14 cyTOK B pa3Hble rofbl, JUCKPETHOCTh
usMepeHuii 1-5 muHyTt. ITo manHbIM DAP-HaTYMKOB
MOXHO OLIeHUTh K03 PUIIMEHT dKCTUHKLWU B IIPeAIIo-
JIO)KEeHUHU 3KCIIOHEHIMAJIbHOTO 3aTyXaHUsA pagualuu C
riryouHoti (Zdorovennov et al., 2016).

3HaueHHe ajibb0eqO0 TOBEPXHOCTHU BBIUYUCIIAIIOCH
KaK OTHOIIIeHNe ITI0TOKa OTPakeHHOU COJTHEUHON paju-
armu (E ) x naparomeit (E)):

o E (0)
E,(0)

[Tpo3pauHOCTh JibJla ONpefieisijiach Kak OTHOIIIe-
HMe MOTOKAa Ha HWXHel rpaHulle JibAa K MOTOKY, MPo-
e eMy yepe3 ero HoBepXHOCTh:
I = E,(z) ,
(1-a)E,(0)
rae E (z) mapaomas paguanysa Ha HWKHEH IpaHMIE
JIBA.
KoaddunmeHT 3KCTUHKIMU COJTHEYHOM pagua-
OMY B TOJII[E CHera, JibJa WJIM BOABl (M) oIleHHBaJiCA

no ¢opmyJie:
k(z,2)=———1n| Zs&) |,
z,—z E,(2)
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r[ie Z U 3, — TOPU30HTHI U3MEPEHUH, M, E, — IOTOK naza-
omel paguanuu, Br/m? win nagatomuil notok AP,
MKMOJIb/(M?C).

Ha ocHOBe MHOrojieTHUX U3MepeHui paguanuu
Ha o3epe BeHpiopckoe OlLleHEHB JUANa3oOHBI ajibOeno
MIOBEPXHOCTHU 03€epa 3MMOU U B MepUOJ MHTEHCUBHOTO
BeceHHero TasHusA (IleTpoB u Ap., 2005), pazpaboTraHa
MoJieJIb U3MeHeHUs ajibbe]o BeCHOM B 3aBUCUMOCTH OT
moroaHwx ycyosuii (Zdorovennova et al., 2018), orie-
HeHbl K03d@uUIMeHTsl ocjabjieHnsA B BOJHOM TOJIIIIe
o3ep Kapesmu, KoJibCKOro nojiyocTpoBa U JeJIbTHI
peku Jlens! (Zdorovennov et al., 2016).

2.2. Uamepenua Temnepartypbl BOAbI,
AAQBAGHHUA U COAEP)XaHUA PACTBOPEHHOro
KMcAOpoOAa

ABTOHOMHAasA ctaHuusA — TR-Koca ¢ pacnpezneseH-
HBIMH II0 BOJHOMY CTOJIOY JaTYMKaMM TeMIepaTyphl
BoAwl (Puc. 1, a, obo3HaueHa 1muppamMu 5 u 6), ycra-
HaBJIMBAaeTCsI OOBIYHO B IIEHTPAJIBHBIX I'TyOOKOBOJHBIX
parioHax ozep. JJaTunku pacrpeneiAaiTca paBHOMEPHO
110 BOAHOMY CTOJIOY, OOBIYHO pacCTosiHMe MeXOy Aat-
yrkaMu cocrtanjser 0.5-1.0 M, HO B 3aBHCHMOCTH OT
3ajay UccjieJOBaHUA OHO MOXeT OBITh YMeHbIIEHO.

Hanpumep, nmpu ucciaegoBaHUM MOAJIeJHON KOH-
Bek1uu B [leTpo3aBopckoii rybe OHeXCKOro 03epa Bec-
HOM 2017 r. paccTosHUe MeXOy OaTIMKaMU COCTaB-
a0 0.025 M B nmomyteqaoM cjioe 1 0.36 M B BOJHOH
TOJIIe rpu o6uelt riaybuHe craHuu 26 M (Bouffard et
al., 2019), B o3. Benaiopckoe BecHoil 2016 T. paccros-
HHe MeXOy AaTurukamu cocTasisio 0.25 M mpu obmei
rjiyouHe ctaHuuu 8 M (BosikoB u ap., 2019).

BesnnurHa MWHHMAaJIBHOTO PacCTOSAHUA MeXIy
JaTuyuKaMy II0 BO3MOXHOCTH YBA3BIBaeTCA C Xapak-
TepHBIM MacmTaboM TypOyJeHTHBIX MyJIbcaruil.
BpeMmeHHas OUCKPETHOCTh HM3MepeHUIN BhIOMpaeTcsa ¢
y4eTOM XapaKTEPHOTO BpeMeHU M3MeHEHHI TeMrepa-
TYPbl, KOTOpOe ollpefesisieTcd MHOXeCTBOM (PaKkTOpOB
(BHyTpeHHUE BOJIHBI, THTEHCUBHOCTH TYpOYJIEHTHOCTH
u 1.11.) (Palshin et al., 2018).
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K TR-koce Taxe MOXHO MOAKJIIOYUTH NaTYUKU
pacTBOpeHHOro Kucjaopoja U jasjeHUsA. OOBIYHO
HCNOJIb3YIOTCA ABa AaT4YMKa AaBjeHusd (B MPUIOHHOM
Y BepXHeM CJIOSX BOJBI) M HECKOJIbKO AaTuyukoB PK,
PaBHOMEPHO paclpefeseHHbIX 10 TOJIIEe BOLHL.

B nepuon BeceHHell MOAJIeOHON KOHBEKIUU
WHTEepBaJI U3MepeHuii 10 BpeMeHH COCTaBJIAeT OOBIYHO
10 cexyHA, B OCTaJIbHbIE IEPHUOAB! — OT OAHON MUHYTHI
J10 HeCKOJIbKUX YacoB. Ha aBTOHOMHO! CTaHIIUU B 03.
Benparopckoe B 1995-2006 rT. HCHOJIB30BAJICA peru-
crpatop mnpodumia Ttemmeparypsl TR-1 (Aanderaa
Instruments, Hopeerus) (Bengtsson et al., 1996; Malm
et al., 1997; IletpoB u ap., 2006). Haunnas c 2007 r.
Ha BceX 03epax HCIOJIb3YI0TCA PErucTpaToOphl TeMIlepa-
TYPBI, IaBJIEHUS U pacTBOpeHHOro kucaopoja RBR Ltd.
(Kanapma) (Bogdanov et al., 2019; 3qopoBeHHOBa U Jip.,
2020, Zdorovennova et al., 2021a).

ABToHOMHYyI0O cTaHnuio TR-Kocy MOXHO ycTaHO-
BUTh B 03€pO KaK B yCJIOBHAX OTKPBITON BOJBI, Tak U
co Jipfja. B mepBoM ciiyuae aBTOHOMHAs CTaHIUA yCTa-
HaBJIMBaeTCA B 03epO OCEHbI0 A0 00pa3oBaHUA JIbAA,
a M3BJIeKaeTcs IocJjie ero paspylleHusA BecHOH. Tpoc
C AJaTYMKaM{ pacTAruBaeTcs Mexay skopeM U Oyew,
IJIaBalOIIMM Ha HEKOTOPOil I'IyOrHe B BepXHEM cJioe
03epa, KoTopas oA0MpaeTcs ¢ y4eTOM MHTeHCUBHOCTH
cynoxopctsa (Puc. 1, a, o6o3HaueHo 1udpoii 6). Takas
IIOCTaHOBKa obecrneynBaeT COXPAaHHOCTh OOPOrOCTO-
Amero obopynoBaHusA, HO BEepXHUM CJIOM o3epa INpHU
3TOM OCTaeTcsA He OXBaueHHBIM M3MepeHusAMU. BaxHo
nozo6paTh Bec AKOPS U HECYIYI0 CIOCOOHOCTH Oy Tak,
yTOOBl TPOC HAaXOAWJICA B HATAHYTOM COCTOSHHUHU AJIA
coxpaHeHMA IJTyOMH AaTYMKOB B IepUOJ U3MepeHUH.

IIpu yctraHoBke TR-KOCHI OCEHBIO B YCJIOBUAX
OTKPBITOM BOJBI ee K3BJleueHUe cJieAylollell BecHOM!
MOXeT IIpeACTaBJIATh IpobsieMy. PelieHueM ABsAeTcA
HaTsKKa Tpoca MeXAy AKOpeM CTaHIUu{W U [AOIOJI-
HUTEJIbHBIM  fAKOpeM, KOTOPHIHI ycCTaHaBJIMBaeTCA
Ha JaHe o3epa Ha paccrosaHuu 50-70 m oT TR-koCH
(Puc. 1, a, obo3naueH 1udpoit 7). CHavyasia ycTaHaB-
nuBaetcs TR-koca, a 3aTeM AOIMOJIHUTEIbHBIH AKOPb.
Koopaunatel TR-KOCH 11 AOMIOJTHUTEJIBHOTO AKOPSA (UK-
cupytotcsa GPS-HaBUraTtopomM. TOT TPOC MOXHO HallTU
Y 3alenuTh, NPOHAA Ha JIOJKe MeXAy CTaHIuel u
JOIIOJTHUTEJIbHBIM AKOpeM, IPOTalUB «KOLIKY>» [0 AHY
o3epa.

IIpu ycraHoBke TR-KOCHI €O JibZjJa MOXHO pacIo-
JIOXUTDh AATYMKU IO BCell BOJAHON TOJIIle, HauMHaA C
HI>XHEeH rpaHUllbl JIbJA, YTO ABJIAETCA IPenuMyI[eCTBOM
(Puc. 1, a, obo3znaueno nudpoii 5). OuH KOHell Tpoca
3akperuiserca Ha Jipay (Puc. 1, 6), cBOOOIHBIN KOHeIl
Tpoca A0JDKeH ObITh pacTAHYT 3a cYeT AKOpsA AJiA ole-
criedeHNs HeNOJBMKHOCTH AATYMKOB B TeueHUe Mepu-
ofa u3MepeHuil.

OAHOH M3 OCHOBHBIX IpO0GJjieM NpU IOCTaHOBKE
CTaHIMMU CO JIbJia ABJIAETCS BMep3aHue Tpoca B Jie[l, 4TO
OCJIOXKHAET U3BJieueHre IpubopoB NocJie 3aBeplieHNs
uaMepeHuii. CyljecTByeT BBICOKMI PHCK CJIy4aillHOT'O
nepepybaHus Tpoca JiefoOypoM MWW NWJIOH U, Kak
cJleiIcTBUe, MOTEPH OPOroCTOAIero 00O0pYyAOBaHUA.
YroOsl 13bexaTh BMep3aHUA Tpoca B Jiell, peKOMeH/y-
eTcsA UCIOJIb30BaHUe IJIaCTUKOBOr0 ro®pUpOBaHHOTO
nulaHra (Takue, HalnpuMep, UCIOJIb3YIOTCA JJIS dJIeK-
Tpuueckux kabejieli B AoMmax), JJIMHON 4YyTh OoJIbllle

886

tonuuHs Jibaa (Puc. 1, 6, B). Tpoc npoaeBaeTcs yepes
IUIaHT B MecCTe KOHTaKTa CO JIbJOM, YTO IpeAoTBpa-
IaeT ero BMep3aHUe U UCKJIII0YaeT ciIydaiiHoe Iepepe-
3aHMe Tpoca NpU U3BJIeYeHUH 000pyAOBaHUs.

[lo pmaHHBEIM TeMIlepaTypHBIX JAaTYMUKOB KOCHI
MOXHO OIpeAesuTh AaThl Hadyaja M IPOJOJDKUTEsIb-
HOCTb OCHOBHBIX 3TaIlOB 'OJOBOT'0 TEPMUYECKOI'0 IUKJIA
(1emocTaB, BeceHHee U JIeTHee HarpeBaHue, TepMooap,
OCeHHee IlepeMellliBaHle, Npe/iJIeJOCTaBHBI [Ieprof,
«byoJiornyeckoe» JIeTO C TeMIlepaTypoOl BOABI BBhIIIe
10°C). 3amnucu AaTYMKOB AaBJIEHUS UCTOIB3YIOTCA 1A
aHanu3a XoAa ypOBHA BOABI B o3epe. A BHeceHUA
IIONpaBKU Ha H3MeHeHHe aTMOoC(epHOro AaBJieHU:A
Heo6X0AMMBI JaHHBIE 3TOTO NapaMeTpa 1o 6arxaniei
MeTeoCTaHLIHM.

Hauasno nemocraBa MOXHO OIpefesiiTh 1O AaH-
HBIM TeMIepaTypHBIX AaTYMKOB IO MCYEe3HOBEHUIO
BBICOKOYACTOTHBIX (MHHYTHBIX) KojlebaHUIl TeMIiepa-
Typbl, KOTOpble IPUCYTCTBYIOT B 3alMCAX B YCJIOBUAX
OTKPBHITOM BOABI, a TakXe II0 YCTOMYMBOMY IIOBBIIIe-
HUIO TeMIlepaTyphl IPUAOHHOIO CJIOS BOABI B O3epax.
[Tocnennuii npu3HaK MpUMeHUM K 03epaM, B KOTOPBIX
Ha 3Talne OTKPBITON BOJBI MPOHUCXOJOUT CyILIeCTBeHHOe
HaKoOIUJIEHWe TellJla B TeIJIOAKTUBHOM CJIoe AOHHBIX
oTsoxeHu. Ilocsie yctaHoBjeHUs Jibfja TeMIlepaTypa
IIPUJOHHOTO CJIOS BOABI B TaKWX O3epax HauWHaeT
OBICTPO MOBBINIATHCA BCJIEACTBHE IIPUTOKA TeIsla W3
JIOHHBIX OTJIOXKEHMI, YTO ABJIAeTCA BepHBIM IIpH3Ha-
KOM HauyaJa JiefocraBa. OkoHYaHMe JiefocTaBa pUKCH-
pyeTcs 0 NOABJIEHUI0 BBICOKOYACTOTHHIX KOJieOaHU B
JIaHHBIX TeMIlepaTyphl. [IpofoDkuTesIbHOCTE Neproja
BeCeHHero IepeMellBaHUA MOXHO ONpedeJuTb OT
JaThl B3JIOMa JibJa A0 AAaThl YCTAaHOBJIEHUA CTpaTU(dU-
kanuu (mpeBblllieHHe pasHunbl 1°C TeMmepaTypel IO
cTos0y BoApl). J[aTa MPOXOXAeHUs BeCEHHEero TepMo-
6apa cOOTBeTCTBYeT JaTe Ilepexofa TeMIepaTypsl BOABI
gyepe3 4°C B CTOpOHY NOBHIIIeHNA. [Ipog0XKUTEIBHOCTD
OCeHHero IepeMelNBaHUA MOXHO OIpefesiuTh Kak
IepuoA OT JaThl OKOHYaHUA cTpaTU(UKaIUK OO0 AaThl
nepexofa Temmneparypsl BoAbl depe3 4°C B CTOPOHY
noHmxeHuA. [IpoJOJDKUTESIBHOCTD MpeAsieJOCTaBHOTO
nepuofa - oT JaThl lepexo/ia TeMIepaTyphl BOJbI 4epe3
4°C B CTOpPOHY NOHIKEHUA O YCTaHOBJIeHUA Jibaa. I1o
JIaHHBIM TeMIlepaTyPHBIX JaTUYUKOB KOC MOXHO OLIeHUTh
napaMeTpsl YCTOMYMBOCTUA BOJHOI ToJmu (yCTOHYM-
BocTh IlIMmAaTa, o3epHOe uyKcJIO, 4nciIo Bennepbepna)
(Smirnov et al., 2024), Hanpumep, ¢ MOMOIILIO TPO-
rpammbl LakeAnalyzer 2.0 (Read et al., 2011).

MHoroJieTHHEe U3MepeHNs TeMIepaTypbl BOALL U
cojiepaHUs pacTBOPEHHOr'0 KHCJIOPOJa Ha aBTOHOM-
HOM CTaHIMY N03BOJIMJIM BBIABUTDH M3MEHEHUA IIPOI0JI-
XUTEJIbBHOCTH 3TaloB OJOBOrO0 TEPMHYECKOIo IMKJja
[TeTpo3aBojickoii ryGel OHEKCKOI0 03epa OTHOCUTEJIBHO
MHOT0JIETHUX JaHHBIX (COKpallleHNe IPOJ0JDKUTEeSIbHO-
CTHU JIeJocTaBa, 60Jiee paHHee [IPOXOXKAeHle BeCeHHEero
TepMmobapa, 6ojlee paHHee HaCTyIJIeHMe JIeTHell cTpa-
tudukanuu) (KanuxkuHa u np., 2021; 3qopoBeHHOBa
u 1p., 2023); BbIABJIEHB M3MeHEHUs KHCJIOPOAHOTO
pexuMa o3epa Benaiopckoe 3UMO B Iepuof AeATeIb-
HocTH ¢opeseBoro xossiicrsa (340poBeHHOBa U Ap.,
2024). baza ganHsix «TeMnepartypa BoAbl, IOTOKU COJI-
HEeYHO! pajualyy U TeuyeHWUs B pasHOTHUIIHBIX BOJoOe-
Max Kapenuu B nepuop jiefoctaBa U OTKPBITOM BOABI»
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COEPXUT JaHHBIE, cOOpaHHBIE MO PAa3HBIM O3epam
(BnopoBeHHOB U Jip., 2023).

2.3. UamepeHus TeueHUHn

JlmutenbpHBIe U3MepeHNs TeueHUH ITPOBOANINCEH
B Ilepuo[ JiejocTaBa B o3epe BenaoopckoM B 1994-1997,
1999 u 2002 rr. Ilpy uaMepeHHAX UCIIOJIb30BaJINCh
yHUKaJIbHble IIpUOOpH], pa3paboTaHHBIe B HMHCTHUTYyTe
BoaHBIX TpoGiieM CeBepa KapHI[ PAH A.M. I'nuHckuMm:
uaMmepurenu teueHuii ACM (Acoustic current meter),
DWCM (Drag wire current meter) u HTCM (Hot
Thermistor current meter) U U3MepUTESN CMeIIEHUN
apaa (Vertical ice displacement meter u Horizontal
ice displacement meter) (Glinsky, 1998; Malm et al.,
1998). lnamna3oH u3MepeHUii, TOYHOCTh U pa3pelaro-
masA crnocobHOCTh IPUOOPOB NpuBefeHsl B Tabuune 2.
IIpenBapuTesbHbBle pe3ysIbTaThl aHaJIM3a KW3MepeHUi
TeueHUI U KojlebaHUl JibAa ObLIU OMyOJINKOBAHHI B
BUJe cTaTell B BeAyIINX OTeueCTBeHHBIX 1 3apy0exXHbIX
xypHanax ([TletpoB u nip., 2007; Malm et al., 1998).

W3mepeHus TeueHUH NPOBOAUJINCH B TPEX PEXU-
Max: 1) BepTHUKaIbHbIE TPODUIN CpeTHUX TeueHUl; 2)
JUInTeJIbHbIe N3MepeHuA TedeHUl Ha OJHOM F'OpU30HTe
B TeueHHe 1.5-7 cyTOK; 3) KpaTKOCPOUHbIe N3MepeHusA
TeueHUH B TedyeHue 3-17 4 Ha pasHbIX FOPHU30HTAaX.
JluckpeTHOCTh U3MepeHul cocTaBiissia oT 1-30 cekyH[
0 oiHOM MUHYTHL. OOIIiee KOJIUYeCTBO CTAaHIIUI U3Me-
peHuii — 15, koMyecTBO cepuil M3MepeHUil — OoJiee
200. ITpubopsl GukcupoBaau IBe KOMIIOHEHTHl Teye-
HUA, 10 KOTOPHIM 3aTeM BBIYMC/IAJIUCH €ro MOAYJb U
HaIlpasJieHHe.

Anpanu3 AaHHBIX W3MepeHuH TedyeHui, IpoBe-
JEeHHBIX B 3UMHUM nepuopd 1994-1996 rr. u 2002 r.
Ha 03. BeHAIOpPCKOM, IO3BOJWJ IPeAIOoJIOXUTh, YTO
B o3epe 3MMOI ¢opmMmupyeTcs KBa3U3aMKHyTasA LUp-
KyJiAanuA. Bo3MOXHOCTh CyllecTBOBaHHSA TaKoOHU IUp-
KyJIALIMM Takke MOATBepXJaeTcsA pacueTamu, NpuBe-
neHHeiMUu B pabote (IleTtpoB u np., 2007): aBTopamMu
OBUIO IIOKAa3aHO, 4YTO B O3epe 3UMOH (¢opMupyercs
aHTHUIMKJIOHUYECKUI KPyroBOPOT, KOTOPHIN OXBaThl-
BaeT MOYTH BCe 03ep0 U CYILIeCTByeT Ha MpOTAKeHU!
Bcell 3uMBl. [IpuYnHOI BO3HHMKHOBEHUA KPYroBOpOTa,
NIPeII0JI0KUTEIIBHO, ABJIAETCA HaJM4le TOpU30HTAaIb-
HBIX TPaJU€HTOB TeMIlepaTypbl BOABI, BO3HUKAIOIINX
BCJIE[ICTBHE HEOJHOPOAHOrO IOCTYIJIEHHA TeIlla U3
JIOHHBIX OTJIOXKEHHI MeJIKOBOJHBIX W I'TyOOKOBOAHBIX
paiioHOB. B cooTBeTcTBUHU C pe3yJibTaTaMHU pacyeToB,
yepe3 TpPU HeAdesy IIOCJIe YCTaHOBJIEHHA JIeJOBOIO

[IOKpOBa MaKCHMaJIbHble CKOPOCTH TeYeHUH MOryT
Jocturatb 6-8 MM/C B IOBEpPXHOCTHBIX CJIOAX BOJHOM
toimy. C yMeHbllIeHHeM BeJIMYMHBI II0TOKa TeIlla W3
JIOHHBIX OTJIO)KEHUI BO BTOPOU MOJIOBUHE 3UMBI ((PeB-
pajib-MapT) pacyeTHBle CKOPOCTH TeYeHUM yMeHblIa-
0TCs o0 2-3 MM/C.

[lo maHHBIM H3MepeHUH TeYeHUH U COIMyTCTBY-
I0IIUX M3MepeHUWI TeMIepaTypbl B Pa3HBIX paiioHax
o3epa Benptopckoro B 3umMHue MecAnsl 1994-2002 rr.
ObLa co3gaHa 6a3a AaHHBIX «TeyeHUs B MEJIKOBOIHOM
o3zepe — 1» (3gopoBeHHOB u [p., 2018). baza npen-
cTaBjsfeT co0oll Habop CBA3aHHBIX TUIEPCCHUIKAMU
web-cTpaHuI], cofepxamux pe3yJbTaThl YHHUKAJIBHBIX
“3MepeHuN CKOpoCTell TeueHUI B 3UMHUIH Mepuoj Ha
o3epe Benmtopckom. Taxxe B 6ase coepxarca JaHHBIE
0 TeMmnepaType BOJbl Ha TOPU30HTaX, HA KOTOPHIX yCTa-
HaBJIMBAJIMNCh U3MePUTeJIU TeUeHu!, 1 HabroaeHu 3a
BEPTUKAJIBHBIMU M T'OPU30HTAJIBHBIMU CMelleHUAMU
Jbaa. B 6ase mpencraBsieHO omucaHue NpubOpPOB, C
IIOMOII[BI0 KOTOPHIX IPOBOJIUJIMCH U3MEepeHU.

Hauunasa c¢ mapra 2015 r. usMepeHus Teue-
HUI NIPOBOAATCA JBYMS aKyCTHYeCKHMH MAOIIIJIEPOB-
ckumu npodusorpadpavu teueHuit Aquadopp Nortek
profiler HR (ADCP). IIpuGopbl yCTaHaABJIUBAIOTCA B
JIYHKYy TakuM o0pa3oM, YTOOHI M3JIyYyaTesb HaXOAuJICA
r1y6xe HIKHel noBepxHocTH JjibAa (Puc. 1, a, obo3Ha-
gyeHo 1udpoii 7). Ecim TonmuHa sbga 60Jiblie JINHBL
KopIyca npubopa, To BO JIby AejlaeTcs yriybJeHue,
a 3aTeM CBepJIATCA JIYHKH, B KOTOPBlEe YCTaHaBJINBAOT
npubops! (Puc. 1, r, ). PaspaboTaHsl HOBble METOOUKU
pacueTa KOMIIOHEHT TeH3opa PeliHospaca M aHaiusa
[lapamMeTpoB TYpOYJIEHTHOCTH IIO JAaHHBIM OJHOTO
nim Byx ADCP, ycTaHOBJIEHHBIX TaKUM 00pa3oM, 4TO
HX JIy4d IlepeceKaroTcs Ha oIpefesieHHBIX IJIyOHMHax
(Bogdanov et al., 2021; 2023a; Volkov et al., 2021). ITo
naHHbIM n3MepeHuit ADCP pa3zpabotana 6a3za JaHHBIX
«TeyeHnsa B MeJIKOBOJHOM o3epe — 1» (3A0pOBEHHOB U
ap., 2020).

2.4. NepoBbleé U AOHHDBIE KOCbI

W3mepuTesibHBINT KOMILIEKC, pa3pabOTaHHBIN B
Jlaboparopuu ruApodu3uKu MHCTUTYTa BOJOHBIX NPO-
67eMm CeBepa KapHI[ PAH A.M. I'muHckuM, BKJIIOUYaeT
TeMIepaTypHble NaTYWKW, BMOPOXKeHHEbIe B Jie[l U pac-
[I0JIOKEHHBIe B NOJJIeJHOM cJioe BOABI, BOAHOH TOJIIIE,
IIPUOHHOM CJIO€ BOJbl ¥ BepXHEM CJIoe JOHHBIX OTJIO-
xeHuii (Puc. 2) (Palshin et al., 2024).

Ta6suna 2. J[nana3oH, TOYHOCTh U pa3peniaonas Cioco6HOCTh NpUOOPOB, MCIIOIb30BABIINXCA AJIA N3MepeHnl TeueHu! U

CMeIIeHUH JIba.

IIpu6op JuanasoHn TouHocTh |Pa3pemeHue
AxycTuU4ecKuil u3MepuTesb CKOPOCTH JlBe KOMIIOHEHTHI CKOPOCTU * 50% 0.02 cm/c
Acoustic current meter (ACM) ot -7 1o +7 cMm/c
BoJiockoBEIl N3MepuTesib CKOPOCTU JIBe KOMIIOHEHTHI CKOPOCTU 25% 0.0003 cm/c
Drag wire current meter (DWCM) or -2 1o +2 cMm/c
TepMUCTOPHBIH M3MepUTesb CKOPOCTU Ckopocts 0.03-10 cm/c * 30% 1%
Hot thermistor current meter (HTCM) Temmnepatypa ot 0 5o 20°C 0.2°C 0.0002°C
V3mepuTesb BepTUKAJIbHBIX CMel[eHUH JIbJia BeprukanbHoe cMelieHue jpaa -10 +10 cm 0.2 MM 0.002 MM
V3amepuTesib TOPU30OHTAJIBHEIX CMellleHUi Jiba | ['opusoHTasbHOE cMeleHue apaa -15 +15 cm 1.0 mMm 0.01 Mmm
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Pazpenienre TeMnepatypHBIX JAaTYUKOB COCTaB-
asano 0.003°C, TouyHOCTH H3MepeHHUs 3aBHcena OT
BBIIOJTHEHHON KaJIMOpPOBKM U COCTaBJjisjla MeHbIlle
+0.05°C, mar u3MepeHuil 10 BpeMeH!U B pa3Hble TOJIbI
cocrapysan 1-6 4. PaccrosHue Mexnay AaTuyMKamu
«JIeoBOM» Kochl cocTabiigeT 0.1 M. DTOT KOMILIEKC
yCTaHaBJIMBaeTCcsi B 03epo, KOrjaa TOJIIMHA KpucTa-
nuveckoro Jpfa gocruraetr 0.2 m. MamepeHus B Teue-
HUe IIeCTHd 3UMHUX Ce30HOB B 03. BeHl0pckoe 1mo3Bo-
JIWIN TOJIyYUTh YHUKAJIbHBIE JaHHbIE IO 3BOJIIOIUU
TeMIlepaTyphl B cUCTeMe Jie[l-BOAa-qOHHbIE OTJIOXKEeHNs
U OIeHUTh BeJIMYMHY TeIlJIOBOr0 MOTOKa M3 TOHHBIX
OTJIOKEHUH B BOJy U U3 BoAw B Jiea (Bogdanov et al.,
2023b; Palshin et al., 2024). Pazpa6oTaHa mMeToauKa
pacdeTra TOJIIMHBEL JIbJJa U OIIEHKU TOTOKAa TeIlla W3
BOJBI B JieJ] 10 JAaHHBIM M3MepeHU «JIe[JOBOI» KOCHI,
OCHOBaHHasA Ha noAbope PyHKUUHN, anNpOKCUMUPYIO-
mMx npoduiiv TeMnepaTrypsl B BoAe U BO JIbAY BOJIU3U
X TpaHULBl conpukocHoBeHuA (Palshin et al., 2024).
[TosrydeHBl OIlEHKHM CKOPOCTU pOCTa YEepHOro JibJla C
MaKCHUMaJIbHBIMU 3HaueHUusAMU (o 8.5 Mm/cyT) B mep-
BRI Mecsl JIeJOBOTO Mepuoda, Co CHUXeHUeM cpef-
Hel CKOpOCTHU pocTta J10 3.4 MM/CYT BO BTOPOU-TPeTHil
MecsIIbl CYIlecTBOBaHUsA bfa. TensaoBoil NOTOK B yep-
HOM JIbJly CYIL[eCTBEHHO BapbUpOBAJICS B CUHONTHUYE-
CKHUX MHTepBaJjlax BpeMeHU; OTMeueHa TeHAeHIUs CHU-
’KeHUsA TeIUI0BOro moroka ot 40 1o 10 Bt/m?2 B TeueHne
suMbl (Bogdanov et al., 2023b). IIpu BeIxoAe BOABI Ha
MOBEPXHOCTH JIbJ]Ja B YEPHOM JibJly Habiiofaiach U30-
TepMUs, U TEIJIOBOM MOTOK ObLI paBeH HyJ0. Pacuer
TEIJIOBOI'O MOTOKa Ha I'paHUlle BoJa—Jie[] Aajl pe3yJib-
tatel 1-2 BT/M?, uTO BechbMa GJIM3KO K IOJIYYEHHBIM
paHee olleHKaM AJiAg o3epa Benmiopckoe (Bengtsson et
al., 1996; Malm et al., 1997). [id KOJIMYeCTBEHHO
OIleHKU BJIUSHUA TEIJIOBON MHEepIUU Jib/la paccMaTpu-
BaeTcsi MoOJieJlbHasA 3ajlaya paclpocTpaHeHMs Telsia
B JIeAAHOM I[UTe NPU MNePUOJUYECKUX WN3MeHEeHUAX
TeMIlepaTypsl Ha ero BepxHell rpaHulle. OLleHUBaIOTCs
3aTyxaHUe aMIUTUTYbl U 3aflepXKKa TeIJIOBOW BOJIHBI
MpU ee paclnpocTpaHeHuHU BO JIbAY U, COOTBETCTBEHHO,
aHaJM3UPYIOTCA YCJIOBUA, IPU KOTOPBIX Mpoduib
TeMIlepaTypsl B JIeITHOM IUTe OJIN30K K JIMHEHHOMY
(Bogdanov et al., 2023b).

2.5. ABTOHOMHOE YCTPOMCTBO AAA
H3MepeHUAa NPpoPUAA TemnepaTypbl B
NPUAOHHBIX CAOSIX BOAbI M TPYHTa

C 2007 roma B 03. Benpawopckoe IpoBOAATCA
KpyIJIOrOAVYHbBIe U3MepeHUs TeMmepaTyphbl NPUIOH-
HOT'O CJIOSI BOABI U BEPXHETO CJIOsA JOHHBIX OTJIOXKEHUI
C TOMOILBI0 CIenrasibHOro npubopa, OCHAI[eHHOr'o
JEeCAThI0 JaTuuKaMu TeMIieparyphl U nasjieHua RBR
(T'aBpuneHko u Ap., 2015). Bel1K ucCBITaHB HECKOJIBKO
KOHCTPYKIUN JOHHOU ILIaT(GOPMBI, B pe3yJibTaTe yero
pa3paboTraHo «ABTOHOMHOE YCTPOYVICTBO [JIsI U3Mepe-
HUA Npodusia TeMnepaTyphl B IPUJOHHBIX CJI0AX BOABI
u rpyHTta» (MwurtpoxoB u Ilamemun, 2015). [TpuGop
BKJIIOYaeT OCHOBaHMe B (popMe paBHOCTOPOHHErO Tpe-
yroJIbHUKA, BBIIOJIHEHHOE B BUJE KapKaca U3 MeTal-
aadeckoro mnpoduiA. Yrjbl OCHOBaHHS COEJUHEHBI
TpocamMu ¢ GyeM uepe3 HIapHUPHOE cOedUHEHUe, K
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Puc.2. Cxema pa3MenieHnsA NpruOOPOB B TOJIIIe KPUCTAJI-
JINYECKOTO JIbJ1a, BOABI U BEPXHEr0 CJIOS JOHHBIX OTJIOXKEHUM.

KOTOpOMY HIapHUPHO IIpUKpEIUIeH MeTaUIn4ecKuil
cTepxeHb ¢ pe3rboii (Puc. 3).

B HuXHel yacTu CTepXKH:A, Ha ypOBHE OCHOBaHUS,
C BO3MOXHOCTBIO BepTUKAJIbHOT'O IepeMellleHNs 3aKpe-
IJIEH U3MepUTEJIbHBIN y3eJs, COCTOALIMI U3 MeTaJLIu-
YecKOH IJIaCTHMHBI, Ha KOTOpPOU pa3MellleHbl T'He3[a,
M3TOTOBJIEHHBIE 13 Marepuajia ¢ HU3KO TeIJIoNpOBO-
AHOCThIO. JlaTuuky TemmnepaTrypsl ¢ Jiorrepamu RBR,
COBMellleHHble ¢ JaTuyMKaMM JaBjeHUs, yCTaHaBJIMBa-
I0TCA BePTUKAJIBHO B FHe3ax U JKeCTKO 3aKpeIIAlnTcsA
3a cepeQMHy Kopllyca. YCTPOICTBO yCTaHaBJINBaeTCA B
03epo B OCEHHUII NepyoJ Ha JHO U pacTAruBaercs Ha
Tpoce 6yem. [[ia oGJierdeHus moucka yCTponcTBa mpu
ero M3BJIeYeHUH U3 03epa MCI0JIb3yeTCsA TeXHOJIOTUA C
HCIIOJIb30BaHUEM [IOIOJIHUTEJIBHOTO AKOPA, KOTOPHII
coeMHAETCA C AKOPeM CTaHLUU MPOYHBIM TPOCOM U
yCTaHaBJIMBaeTCA Ha OHO Ha pacctosgHuu S50-70 M oT
craHnuu. HeckosbKO IepBBIX 4YacoB H3MepeHUM He
HCIIOJIb3YIOTCA B pacueTax, TaK Kak yCTPOMCTBO HEKO-
TOpOe BpeMs IOrpyXaeTcsi B BEPXHUH CJIOM JJOHHBIX
OTJIOKEHUH, U AATYMKU MEHSAIOT CBOe [10JIOXXeHKe OTHO-
CHTeJIbHO TpaHMIBl pasfesia BoAa-AHo. [Ipu nmpaBuiib-
HOM MOCTaHOBKe 4acTh JAaTUMKOB MOMNaJlaeT B BEPXHUM
CJIOW JOHHBIX OTJIOXKE€HUI, 4acTh OCTaeTcs B MPUAOH-
HOM cJjioe Bofpl. [locjie n3BieueHUsA U3MeEPUTEJIbHOIO
YCTPOICTBA M3 O3epa HYXHO IOHATh, KaKUe NaT4UKU
monaay B W, a Kakue OCTaBaJIMCh B Bofe. JlaTuuky,
KOTOphle IONajd B BOAY, OOBIYHO 0OpacTaloT Iepu-
(putoHOM. AHanM3 JAaHHBIX TAKXKe IOMOTraeT IOHATH,
KaKue 13 HUX HaXOJAWJIKCh B BoJe: B IOKa3aHUAX TaKUX
J[aTYNKOB IPUCYTCTBYIOT BBICOKOYACTOTHBIE KoJieOa-
HUA, B TO BpeMsA KakK B [OKa3aHUAX AATYMKOB, KOTO-
pble HaXOWINCh B WJIy, BBICOKOYACTOTHEIE KoJiebaHusA
criaxeHsl. COBUT JAaTYMKOB II0 BepPTHUKAJIMU COCTaB-
JIAIeT OKOJIO 2 CM, 4TO [I03BOJIAET OLleHNBaTh BEJIMUKHY
TEeIlJIOBOI'O IOTOKA Ha rpaHulle BoAa-AHO I'paAuieHTHEIM
merozioM (FaBpusieHko u np., 2015). Ucnosnb3oBaHue
3TOr0 YCTPOICTBA MpU JJIUTEJIBHBIX U3MEPEeHUAX TeM-
nepaTypsl BOABl C MaJbIM IIaroM no BpeMeHH (oaHa
MHHYTa) II03BOJIWJIO IOJIyYUTh NPUHIMINAIBHO HOBYIO
nHdopmanuio o Teryioob6MeHe BOJIM3U IPAHULBI BOOHON
Macchl 03epa C JOHHBIMU OTJIOXKEHUsAMH B TeueHue
BCero roja, BKJIouas nepuojbl o6pa3oBaHusA U paspy-
meHus JiesiHoro nokposa (I'aBpusieHko u Ap., 2015;
Zdorovennova et al., 2021b).
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Puc.3. ABTOHOMHOe yCTPOUCTBO IJIA N3MepeHus Npoduiisi TeMIepaTypsl B IPUIOHHBIX CJIOAX BOJBI U I'PyHTA: 1 - OCHOBa-
HUe, 2 - Tpoc, 3 - 6yii, 4 - mapHUpHOe coelMHeHNe, 5 - MeTaJUIM4YeCKUl CTepXXeHb ¢ pe3b0ol, 6 - KpelsieHnue N3MepUTeIbHOTO
6J10Ka, 7 - MeTaJuIn4ecKas IUIacTUHA, 8 - THe3/10, 9 - JaTYUK TeMIepaTyphl U AaBJieHus c Jiorrepamu, 10 — JOMOJTHUTETbHBIN

SIKODb.

3. OueHKa 3HepreTMYeCKMX NnapameTpos
NOKPLITOro ALAOM O3epa B NepHoA
BeceHHeH NOANEeAHOW KOHBeKUHH

BaxHol1 3azjaueil B paMKaxX MPOBOAUMBIX HaMU
SKCIIepHMEHTOB Ha O3epax ABJIAeTcs BhIABJIEHHE MeXa-
HU3MOB IlepeMellnBaHuA B I'OJOBOM ILMKJIe Ha pa3Ho-
TUITHBIX 03epax 10kHou Kapenuu. B nmepuop oTKpBITON
BOJIBI [0 TAHHBIM TEPMOKOC U U3MepUTeJiel TeueHUi
OBLJT M3yuyeH KOHBEKTHMBHBIN MeXaHU3M IlepeMelln-
BaHUs, OOYCJIOBJIEHHBIN [TOBEPXHOCTHHIM BBIXOJIAXU-
BanueM (BormaHoB u fip., 2023; 2024). B MOKPHITHIX
JIBJIOM O3epax paJgualloOHHO-TeHepupOoBaHHasA KOHBEK-
nus (PKT') pa3BuBaeTcs B KOHLle 3UMHET0 Ce30Ha, Korja
BCJIE[ICTBME IIPOHUKHOBEHHA COJIHEYHON paauanuu
oA Jie[] TeMrepaTypa BepXHero cjios BOABI 03ep yBe-
anuuBaercsa B auanasoHe 0-4°C. XapakTepHoi ocoGeH-
HocThio PTK aBnserca ¢dopmupoBaHue u yriayOyieHue
KOHBeKTUBHO-NlepeMelaHHoro cyos (KIIC), a Taxxe
[IoCTeNleHHOe yBeJINueHNe TeMIlepaTyphbl BOALL B 3TOM
csioe. OCHOBHBIMU (pakTOpamu, KOTOpBIE OIpeesIsAT
UHTEHCUBHOCTh pa3putusa PI'K B o3epax, ABAANTCA
[IOTOJHbIe YCJIOBUSA, TOJIIINHA U CTPYKTypa CHEXHO-Jle-
JSHOTO IIOKPOBA, BeJIMYMHA IIOTOKA COJIHEYHOU paju-
auuy, IpOHHKaloUeld Mo JeZd, IPo3payHOCTh BOIBI
Y TeMmnepaTypHBIN I'paJueHT BHYTPU BOIAHOM TOJILIY,
KOTOpBIN cpopMupoBajicA B TedeHHe 3UMBbI O Hadasa
KOHBEKTHBHBIX IIpolieccoB. IIpoliecc KOHBEKTHBHOI'O
IepeMellnBaHNs, FTeHepUPOBaHHbIN IOTOKaMU COJIHeY-
HOU paAuanuy, TPOHUKAIIEeN Yyepe3 JieAsSHOU MTOKPOB
B BOJHYI0O TOJIIy O3ep, paHee pacCMOTpeH B psafe
ucciaegoBauuii (Farmer, 1975; Mironov et al., 2002;
Jonas et al., 2003; Bouffard and Wiiest, 2019; Bouffard
et al., 2019). PTK B o3epax yMepeHHO! 30HBI HaYMHAa-
eTcs OObIYHO B KOHIle 3UMBI, KOra TaeT CHer, U MOJ
Jle[l] IPOHUKAaeT COJIHeYHas pajualusa B KOJINYecTBe,
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JIOCTaTOYHOM [JIA HarpeBaHus BepXHero cJI0s BOJHOIO
croaba u popmupoBanusa KIIC. OgHako KOJIMYECTBO
TeIlJIa, IPOHUKAIOIIero o jief, B CBOI0 ouepe]b 3aBU-
CUT U OT MOTOAHBIX YCJIOBUI — HaJNYWA/OTCYTCTBUA
00J1aYHOCTH U OCaKOB.

JlenisiHOM MOKPOB 03ep YMePEeHHOH 30HBI 0OBIYHO
BKJIIOYAeT CJIOW KpUCTaJuiMyeckoro u 6esoro Jjbpaa
M MHOTJAa IPOCJOMKH BJIQXHOIO CHera, KOTOpBIe
3¢ deKTUBHO 0c1abJIAI0T MOTOK COJIHEYHOM paAguanuu
(ITerpoB u mp., 2005; Lepparanta, 2015), uTo caepxu-
BaeT pa3BUTHE MOJJIEJHOIO0 HarpeBaHUA U CBA3aHHOE
C HUM KOHBEKTHBHOe NepememuBaHue. OJHaKo B 03e-
pax apuaHBIX PETHOHOB C KpaliHe MaJIbIM KOJINYeCTBOM
CHera Ha JIbAy NoJjleJHOe HarpeBaHNe BOJHON TOJIIU
03ep BBIpPaXEHO CYIIeCTBEHHO CUJIbHee, YeM B 03epax
YMEepeHHO!1 30HBI, TeMIepaTypa BOJbl B HUX B KOHIIE
3UMBI MoXeT npeBbimath + 10 °C, 1 yXe o4O JbAOM
dopmupyetca npsamas crpatudukaiusa (Kirillin et al.,
2021; Huo et al., 2025). Ha Baiikase, BJoJIb CEBEPO-3a-
najgHoro Gepera, re cCHer Ha JIbJly, KaK IIpaBUJIO, He
3aflepKUBaeTcs, Hayasjio IIporpeBa IOAJIEAHON BOIBI
peructpupyerca ¢ MOMeHTa JiefocTtaBa (AcjamMoB U
ap., 2017).

B kauecTBe WJIIIOCTpalM{ NPOBOAVMEIX HaMu
JKCIIEpUMEHTOB, B JAaHHOM pasjeJie IpefCcTaBJeHbl
pe3yJibTaThl pacueToB 6a30BOM NMOTEHIMAJIbHON 3Hep-
ryuy, NOTOKa IUIaByvyecTu U 3(PPEeKTUBHOCTU IlepeMe-
IMBaHKA, Ha OCHOBe JaHHBIX 110 TeMIlepaType BOJbl U
COJIHEYHOM pajualiii ¢ aBTOHOMHBIX CTaHIUMH, ycTa-
HOBJIGHHBIX B LIEHTpaJIbHON 4acTu 03. Benaiopckoe B
nepuof ¢ 21 anpesa no 24 anpenda 2013 r.

W3mepenus TOJIIMHE JbAa B Iepuof Haboe-
HUI TPOBOAWJINCH JiBa pa3a B cyTku: B 9:00 u B 19:00.
Ha nauvanmo uamepenuit jspzaa (21.04.2013, 9:00) ero
obmasa TommuHa (41 cm), ToammHaA Gesioro (6 cMm) u
KpUCTAJUIMYECKOT0 WJIUM YepHoro Jipaa (35 cm) ObUn
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MaKCHUMaJIbHBIMU 3a Bech nepuof (Puc. 4). B qHu usme-
peHMi1 TPOUCXOIUJIO TasiHUe U yMeHbIlIeH!e TOJIINHbI
Bcex cjioeB Jpfa. K mocieqHuM cyTkam HaOJII0ieHUi
Oesiblll  Jle pacTasy, TOJIIMHA KpUCTAJLIMYECKOTO
apaa ymeHbmuiachk 10 31.0-31.5 cm.

Ha temnepaTypHbIX NpodUIAx B TeUeHUE NepU-
ofla U3MepeHUIl OTMedaeTcs yBeJnWuYeHHe TeMIlepa-
TYPHl BOJIBI B TOHKOM IO[JIEJHOM CJIO€ B JHEBHBIE YaChl
ot 1.6 1o 2.1 °C u ymensbiieHue g0 0.5 °C B HOYHBIE
(Puc. 5). Pe3koe cHmxeHue TemIlepaTyphl HabJofa-
eTcsl B TOHKOM IOJJIEJHOM CJIOe B IIOCJeOHHU OeHb
HabmoneHu (24 ampeJsis), Korga ero MakcuMalsibHas
JHeBHAs Temmeparypa He mnpebimasia 1.1 °C, Torma
Kak B MpeablAyle AHU OHA yBeJIMuMBajach B Ipefe-
nax 1.6-2.1 °C.

[To Bceil BUAMMOCTH, 3TO OBLIIO CBA3aHO C MaCMyp-
HOU MorofioM B 3TOT JleHb U YMeHbllIeHleM KOJINYecTBa
NpUXosAlell Ha MOBEPXHOCTD JIbJla COJIHEYHOU paau-
anum (mo 320-350 Btr/m2). HecMoTpsA Ha OTCyTCTBHE
CHera Ha JbAy U IOJIHOe TasHUe cJjiosl OeJioro Jpfa,
MpOHUKAIoMasA Mof Jie[l paguanus B 3TOT JeHb ObLjIa
MUHHUMAaJIbHOM — 24-26 Bt/M? (Puc. 6).

I'my6buna KIIC omnpefgenssnack MeTOAOM Hau-
MEHBIINX KBaJpaTOB, aJrOPUTM OIleHKU MOoAPOOHO
OIKCAaH AJIA cJIydas HOUHOT'O BHIXOJIAXXUBaHUs HeOOJIb-
moro JiecHoro o3epa JjeroM (BorgaHoB u ap., 2024).
3arny6aeHue KIIC B paccMaTpuBaeMblil IepHUO[ MPoO-
UCXOUJIO MeJJIeHHO, IJiyOrHa HikHel rpanunbl KIIC
(H,_,) usmeHsanacek B auamazoHe ot 4.92 go 5.02 M
(Tabsuma 3).

PacueT 6a30Boii noteHI1abHOMI 5Hepruu (BPE)
MPOBOJIWJICA C MCIIOJIb30BAaHMEM JaHHBIX TEPMOKOCHI
rnocjie TpeaBapUTESIbHON IepecOpTUPOBKU TeMiIle-
paTtypHoro npodusisa B KaXAbli MOMEHT BpeMeHU Io

dopmye:

f " 'zdz

o 8P _ gHdp

oHP'dZ 2p

rae p’ — IJIOTHOCTb BOJBI ITOCJIe TepecOPTUPOBKU MPO-
duna remneparypsl (xr/m®), g=9.8 (M/c?) - yckope-
HUe cBOOOJHOIO majieHusd, Z — riybuHa maTuvka (M),
H - BrIcOTa cToJyi6a Bombl (M). IIIOTHOCTE BOABI ObLIa
BBHIUMCJIEHa M0 (dopmyJie, NOJIyYeHHON U3 ypaBHe-
HUs coctosiusa Yena — Muiepo (Chen and Millero,
1986). Ilpu pacueTax NOTEeHIMAJIBHON SHEPTrUM TaKXe
HCKJII0Yajiach 4acTh SHEPruu, kotopas Obuia 00yCJIOB-
JleHa rporpeBoM cToJjiba Boasl (borgaHos u Ap., 2023),

BPE =

B

BBEIpaXXeHHas B (popMyJie caraeMbM @, rae p -

IJIOTHOCTD, OCPEAHEHHAsA IO BepTI/IKaJ'I%p(KF/MB), dp
— U3MeHeHNe cpefiHell IVIOTHOCTU 110 BpeMeHU.

J1J14 BBIABJIEHNS SNIM30/10B NTepeMelIBaHusA Kpu-
TepueM CJIyXuio yBenudeHue BPE. DpPeKTuBHOCTH
nepeMelrMBaHUA PpPacCUUTHIBAJIach KaK OTHOIIEHUE
npupaieHus BPE K BeluuuHe BHeIIHeN HaKauku 3a
COOTBETCTBYIOIINH [TeproJ] BpeMeHU:

_ ABPE
T~ ABPE+ AIE
rae AIE — mpupalleHre BHyTpeHHell 3Hepruu, KoTo-
th-90
poe omnpenessieTca Kak AlE = LoﬁBRdt IS Bpe-

MEHHM HavaJjia 1 KOHIIa KaXI0ro 3nn3oaa rnepemMe-

ConHeuYHas paguauus, Br/m>

mUBaHUA, rae § U h — rJIyOUHBI BepXHEN U HIKHEH
rpanuiy KTIC (m), B, — noTok miaByyectu ([Ik/Kr), a
ABPE = BPE(t) — BPE(t,) — npupaienue BPE K HEKo-
TOPOMY MOMEHTY BpeMeHU. PaccunTaHHble 3HaYeHUs
npupaineHus BPE B HalleM cjly4ae 3a JeHb COCTaB-
0T 3 — 4.5x 10~ JIx/Kr.
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Puc.4. TonmuHa obmero, 6e0ro U KpUCTaUIMIeCKOTo
apaa, usMepeHHaa B 9:00 u 19:00 B mepuoa ¢ 21 mo 24
anpessa 2013 r.
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Puc.5. U3meHeHue TemMmnepaTypsl Bogsl (CC) 3a mepuof ¢

21 ampesia no 24 anpena 2013 r.
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Puc.6. IloToku maparomeii, oTpaxkxeHHOU U MOAJIeqHON
paauanuu 3a nepuoy c¢ 21 amperia no 24 anpens 2013 r.

890



Hosukosa KO.C. u dp. / Limnology and Freshwater Biology 2025 (4): 870-894

Cneu. sbinyck: «VIII-s5 MexdyHapooHasi
BepewazuHckas balikanbckasi KoHgbepeHyusi»

OueHka KyMyJIATUBHOI'O IIOTOKA ILIAaBYYeCTU
IIPOBOAMJIACH ITOCPENICTBOM JIAHHBIX O IIOTOKE COJIHEY-
HOH pafuanuy nojo jJpaoM. B manHoi paboTe MBI pac-
cmarpuBaeM PT'K, npu KOTOpOI IPOUCXOOUT HEOOHO-
POIHEIN pagualliOHHBIN MPOrpeB BOLHOIO CTOj0a, U
MOTOK IJIaBy4YeCcTH olpenenserca ¢dopmyJiont (Mironov
et al., 2002):

h
B, :(ﬁ(—é,t)](é,t))+(ﬁ(—h,t)1(h,t))—ﬁj(ﬁ(—z,t)[(z,t))dz
8
— mapameTp IUIaByuecTH, I(z,t) -
[IOTOK COJIHEYHOTO HU3JIy4eHUs

0(z,1)

(K'm/c), ompepenseMbili Kak [(z,t)= , Tme B

rae B=aglt—t )
KHUHEMaTUYEeCKUI

CX
ceoo ouepenp Q(z,1) =0, (1) (e +az€_yzzl)) - HOTOK
comHevyHoW pamuanuu (Bt/M?) ¢ mapamerpamu:
a,=0.5; a,=0.5; y,=2.7 m'; y,=0.7 m*' (Mironov et
al., 2002), c=4.218 x 10® (Ix(xr-K)1);a=1.6509 x 10°
(K?); t ,=276.98 (K).

O(POPEeKTUBHOCTL MepeMellnBaHuA [JIA Bble-
JIEHHBIX 3IU30/I0B NMPUHUMAaJIa 3HAaUYeHHe B JAUamna3oHe
0.58-0.73 (Ta6auna 3).

OTMmeuaeTcsi 3aMeTHOe M3MEHEHME B OlleHKe
3)GhEKTUBHOCTH TMepeMeNBaHusA JII BTOPOTO OIIH-
30/1a, BEPOATHO CBSI3aHHBIN C TOTOJHBIMH YCJIOBUAMU U
MepecTPONKON TeMITEPaTyPHOTO MPoGUIIA, B TOM YHCJIe
neperu6 JUHNUYU 6a30BOI MOTEHIMAIBHON SHEPTUU J1J1A
JAaHHOTO 2MM30[a OTMevaeTcs Ha rpaduke (Puc. 7).
[TosrydyeHHbIE OIeHKU OJIM3KH K IMOJIYYEHHBIM paHee B
ycoBusix PT'K (Ulloa et al., 2018) u, B yacTHOCTHY, IJIs
03. Berparopckoe (Novikova and Zdorovennova, 2024).

4. 3aknioueHue

B mporecce MHOTOJIETHUX IOJIEBBIX KCCJIEI0BA-
HUI B 3UMHUII IEpHOJ] Ha 03epax YMepeHHOH U apKTu-
yeckoti 30HbI (Kapesus, Kosbckuii nosyoCcTpoB, AejibTa
peku JleHa) COTPYOHUKHU JIabopaTopuu ruApodU3NKU
WHctutyTa BOomHBIX MpobieM CeBepa Kapesbckoro
HayuHoro neHTpa PAH paspabotanu psaf YHUKaJIbHBIX
npubopoB, U3MEPUTEJIBHBIX CUCTEM 1 HOBBIX METOJIOB
U3MepeHHss M aHajau3a TuApodUu3NYecKux mnapame-
TpoB (IIOTOKOB COJIHEYHO! pafualuu, TeMIlepaTyphl
JIbAa, BOABl U AOHHBIX OTJIOXEHUH, AaBJIEHUs, CKOPO-
CTell TeueHUI) U cofepXaHWA PAaCTBOPEHHOTO KMUC-
jopopa. PaspaboTaHbl MeTOAUKU yCTaHOBKH B 03€pO
B YCJIOBUAX OTKPBITOU BOABl M CO JIbJAAa aBTOHOMHBIX
CTAHI[UM 1A AJIUTEJIbHBIX HM3MepeHUHN TeMIepaTyphl
BOJBI, THJIPOCTaTUYECKOTO AaBJIeHUA M COJepKaHus
pacTBopeHHOro kwuciaopoma. Ilosyuyaemble naHHBIE
MOTYT MCIOJIBb30BaThCA [JIA aHaIM3a MPOJOJDKUATENIh-
HOCTHM 3TallOB IOJOBOTO TEPMMYECKOIO IMKJIA, JIeOo-
BOU (eHosIormy, aHajiu3a KHUCJIOPOAHBIX YCJIOBUH U
pexnMa InepeMelinBaHus o3ep. Paspaborana wusme-
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Puc.7. Uamenenus BPE (cuHe-rosy6as JUHNA) U MOTOK
wiaByvectd B, (KpacHas jivHWA) 3a mepuox ¢ 21 ampess
1o 24 amnpess 2013 r. I'osy6ble y4acTKU JIMHUM — 3IM30/bI
nepeMelrBaHuA.

pUTesbHas cucTeMa C JaTYvKaMu TeMIepaTypbl, pac-
npefejieHHBIMI IO TOJIIle KPHUCTaLIMYecKOro JIbAa,
cT0s10y BOJBI U BEpPXHEMY CJIOI0 JOHHBIX OTJIOXEHU, a
TaKXe JIBe HOBble MeTOJJUKHU OLIeHKU TeIlJIOBOI'O II0TOKa
Ha rpaHulle Boja-jiefl, U B TOJIIle KpUCTaJIJINYeCcKOoro
JibJla, IPOBe/IeHbl OIleHKH CKOPOCTU pOCTa KPUCTaJLIN-
yeckoro Jipfa. [loyyeH naTeHT Ha MOJIE3HYI0 MOZeJslb
«ABTOHOMHOE YCTPOWCTBO MJIA M3MepeHUs NpodUiA
TeMIepaTypbl B NPUAOHHBIX CJIOAX BOJABI U T'PyHTa»,
[I03BOJIAOIIEee OlleHNBaTh TeIlJIOBOH ITOTOK Ha IpaHulle
BOJa—HO B CYTOYHOM, CHHONTUYECKOM U CEe30HHOM
MacmrTabax, BKJII0UYasA MaJou3ydeHHble Nepruosl oOpa-
30BaHMsA M paspylleHUA JibAa. YCOBEpPIIEHCTBOBAHA
MeToAVKa NpoBeJleHnsA N3MepeHu JByMs COeJUHeH-
HBIMH aKyCTHUYeCKUMU ONIJIEPOBCKUMU ITpoduiiorpa-
dpamu Teuenuii (ADCP), ycTaHOBJIEHHBIMU B JI€JOBBIN
IIOKPOB 03ep, pa3paboTaHbl HOBble METOABI OIeHKHU
KOMIIOHEHT TeH3opa PeliHosipica O AAaHHBIM OJHOIO
nim asyx ADCP ¢ mepecekamoIUMICA Ha ONpefesieH-
HBIX IJIyOMHax jydyamu. Ilo pesysbrataM H3MepeHUN
paspabotaH psaf 6a3 JaHHBIX.

BraaropapHoCTH

HcciienoBaHue BHIIOJIHEHO B paMKaX TeMBI IOCy-
JlapcTBeHHOro 3afaHus Kapesbckoro Hay4yHOro IieHTpa
PAH «Posb ruapodusnuecKux MpoleccoB B 3KOCHUCTe-
Max MeJIKOBOAHBIX o3ep. CoBpeMeHHOe COCTOSHUE U
IIDOTHO3 pa3BUTUA 3KocucTeM Masibix o3ep Kapenuu
IIP aHTPOIIOT€HHOM BO3[eMCTBUU U KJINMaTUYeCKUX
n3aMmeHeHusx» FMEN-2021-0019.

Ta6suna 3. Havaio 1 mpoAoJKUTEIbHOCTD SMU3000B MepeMelIuBaHusA, CpeIHsA ryornHa HikHeil rpanunbl KIIC (Hmix) u
3HaueHUA d3PGHEeKTUBHOCTY NepeMelIBaHuA OJIA KaXA0ro BbIIeJIeHHOTo snu3oaa (1)

dnu3o[ nepeMemnBaHus HauaJsio anu3opna JIUTEeIBHOCTH 3NTM30/1a, YaChI H .M 1
1 21.04.2013 04:00 22 4.92 0.74
2 22.04.2013 07:00 18 4.98 0.58
3 23.04.2013 07:00 14 5.02 0.73
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