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Abstract
We address eddy generation in the middle part of Lake Baikal—a large freshwater dimictic lake in Siberia,

where river discharge, wind influence and coastline shape impact horizontal water exchange. We use satellite
remote sensing, historical observations and in situ data to follow the different stages of warm and cold anticy-
clonic eddy generation before and after vertical overturn; an aspect that has received little attention in previous
works. Thermal satellite images for 1998–2022 indicate a stable repeating seasonal pattern which is classified into
stage of eddy generation and development. Field observations complement satellite imagery to characterize the
vertical structure of the eddies. The main source of eddy generation is the outflow from Barguzin Bay which inter-
acts with the coastline. Subsequent eddy generation is driven by density gradients and geostrophic adjustment. In
summer, this outflow is dominated by river inflow and lead to the formation of warm anticyclonic eddies. After
autumnal vertical overturn, the outflow is forced by the wind bringing cold water from the bay to Middle Baikal
and creating cold anticyclonic eddies. We suggest that in the autumn, when the surrounding water cools to a tem-
perature below about 4�C, these cold eddies sink and transform into intrathermocline lens-like eddies that persist
under ice and can later create giant ice rings on the Baikal ice cover.

Eddies are a ubiquitous feature of open oceans, inland seas,
and lakes. They are effective agents of horizontal and vertical
water mixing with diameters that vary from a few hundred
meters to over 200 km and lifetimes from days to years.
Understanding the driving factors and patterns of eddy gener-
ation and development is essential for a wide variety of limno-
logical and oceanographical studies.

Eddies are formed through a variety of mechanisms: bar-
oclinic and barotropic instability, interaction of the flow with
the bottom, shoreline or strait, geostrophic adjustment of a
convectively mixed layer, surface fluxes of heat and momentum,

and local forcing such as river flow or melting ice. Eddies can
manifest as intrathermocline lenses (e.g., Meddies, see Kostianoy
and Belkin 1989), meandering large-scale frontal currents
(e.g., Gulf Stream rings, see Robinson 1983), island and headland
wakes, dipoles, and multipoles (Fedorov and Ginsburg 1986;
Ivanov and Ginzburg 2002), and sub-mesoscale eddies
(Kostianoy et al. 2018; Zatsepin et al. 2019).

The key mechanism addressed in this study is eddy generation
behind capes due to alongshore current separation. Such eddies
have often been observed on satellite images over oceans and seas
where there is an irregular coastline (see e.g., Pattiaratchi, James,
and Collins 1986; Alpers et al. 2013; Aleskerova et al. 2021).
Although this mechanism is similar in seas and in lakes, some of
the factors driving the generation and further development of
eddies can differ, and in here we address some specific circum-
stances for lake Baikal.

There are two factors that distinguish eddies in freshwater
dimictic lakes such as Baikal from oceanic eddies. First, water
density in these lakes is mostly defined by water temperature,
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while the salinity contribution is negligible. Second, since
fresh water has maximum density at about 4�C, dimictic lakes
that have two vertical overturning events per year present two
contrasting density configurations. In summer, between the
vernal and autumnal overturns, warmer water is lighter than
colder water and temperature decreases with depth for stable
stratification. After autumnal overturn water colder than 4�C
is lighter and resides in the upper layer, reversing the tempera-
ture stratification. This means that for the same region there
will be warm-core eddies in summer, and cold-core eddies in
winter. They will have different temperature/density 3D struc-
ture, and drivers for their generation for the same area may
vary seasonally. While warm-core eddies in various lakes of
the world are relatively well studied, cold-core lake eddies and
the seasonal transition from one type of eddy to another have
received much less attention.

In this paper, we consider horizontal water exchange and
eddy generation in Lake Baikal in Siberia. We focus on a spe-
cific region in Middle Baikal: Barguzin Bay and the open abys-
sal part in Middle Baikal itself (Fig. 1). This large region has a
complex coastline, and is significantly affected by river inflow,
wind, and horizontal water temperature gradients. It presents
a good case for multifactor eddy generation that could be
applied to many similar lakes.

The mean current along the Baikal coast is cyclonic (anti-
clockwise), and in addition each part of the lake also has its
own system of cyclonic gyres (Afanasyev and Verbolov 1977;
Shimaraev and Verbolov 1998). Our study region is located
between two such large-scale circulation cells, where intermit-
tent outflow from the bay leads to mesoscale and sub-mesoscale
variability in surface currents that has not been addressed in
detail in previous publications.

Studies that use thermal infra-red satellite imagery show that
the warm circular structures have been observed to occur fre-
quently in the open part of Middle Baikal (Le Core 1998;
Troitskaya et al. 2015; Sutyrina 2016). Most authors suggest that
the formation of these eddies is associated with the outflow of
warm water from Barguzin Bay, modified by the coastline (the
Svyatoy Nos Peninsula). However, the factors affecting the inten-
sity of the outflow, its seasonal variability, the transition from
warm to cold eddies, and the 3D structure of these eddies have
received little attention.

The study region is known for the frequent occurrence of
warm lens-like (double-convex form) intrathermocline eddies
beneath the ice cover that may manifest themselves on lake
ice as giant ice rings with a diameter of 5–7 km (Granin
et al. 2015; Kouraev et al. 2016, 2019) These eddies are simi-
lar to the well-known Mediterranean “Meddies” in the North
Atlantic Ocean that are related to rapid intrusion of large vol-
ume of water with different density and propagate at a depth
of about 1 km. Other similar eddies (very often called lenses)
have been observed in almost all parts of the World Ocean
(Kostianoy and Belkin 1989). The fact that giant ice rings
have been also found in Lake Hovsgol in Mongolia and Lake

Teletskoye in Altai, Russia (Kouraev et al. 2016, 2019)
suggests that intrathermocline eddies exist in many other
dimictic seasonally frozen deep lakes.

The timing and driving forces of intrathermocline eddy for-
mation requires further clarification. For Middle Baikal our
analysis of thermal satellite imagery in autumn 2015 showed
that an eddy was formed in ice-free conditions in late autumn
due to wind-driven outflow of cold water from the bay along
the peninsula. This eddy later led to the formation of a giant
ice ring in 2016. We suggested that wind-driven water outflow
after autumnal overturn and before ice formation is the main
driver for eddies under ice in this region as well as potentially
in many other places where eddies and ice rings were observed
(Kouraev et al. 2019). In this paper, we use satellite imagery
archives to further explore eddy generation in late autumn
and early winter before ice formation.

We assess factors affecting eddy generation and development
in Middle Baikal over an extended period in the ice-free season.
Barguzin Bay is enclosed by a peninsula and we hypothesize
that pulsating outflow of water with different density from the
bay to the open part is the main mechanism of eddy generation.
Specifically, we assess the relative importance of river inflow and
wind in Barguzin Bay, how these factors influence on the out-
flow from the bay, how their impact varies in time and space,
and how additional factors such as coastline shape and topogra-
phy contribute to their variability. We focus on seasonal and
interannual variability of surface currents and generation and
development of eddies, frequency, timing, horizontal and verti-
cal structure, and location of the eddies. To do this, we make
use of new datasets acquired from satellite remote sensing and
complement them with historical meteorological observations
and data from our field surveys and moorings.

Site description and methods
Site description

Lake Baikal, a dimictic and seasonally ice-covered lake, is the
deepest (maximum depth 1642 m, average depth 744 m) and
one of the largest (length about 650 km and width up to
80 km) lakes in the world. The study region (Fig. 1) exemplifies
a situation where multiple factors affect the horizontal current
field leading to eddy generation. Barguzin Bay is bounded to
the north by the Svyatoy Nos Peninsula, which disrupts and
channels water exchange between the bay and open part of the
lake and also significantly modifies the wind field. Shallow
depths less than 50 m extend for just 2 km from the coast near
Cape Krestoviy, but in the bay proper they occupy almost half
the bay surface (up to 12 km distance from the eastern coast).
At the exit from the bay lies the extensive abyssal plain of
Middle Baikal with depths of more than 1500 m.

The Barguzin River flows into the bay at a mean rate of
3.9 km3 yr�1 (Garmaev and Khristophorov 2010) with high
interannual variability (see Supporting Information Fig. S1).
Most of the water comes during spring flood (33% of annual
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inflow) and summer and autumnal rains (57%). Large shallow
areas in the bay and water inflow from the Barguzin River cre-
ate conditions for significant temperature contrasts between
the bay and open lake. In summer and autumn, river water
and shallows are warmer than water in deep regions and in
late autumn they are colder. This difference in temperature
leads to large density gradients, especially when water from
the bay is injected to the open part of Middle Baikal.

Another important driver of water exchange is the wind.
Lake Baikal is long and deep, surrounded by mountain ridges.
The large thermal inertia of the lake and the continental cli-
mate lead to differences in air temperature and pressure
between the lake and surrounding land and strong seasonal
and diurnal wind variability during both warm and cold

seasons. Existing literature (Grechishev and Mamontov 1964;
Rzheplinskiy and Sorkina 1977; Rusinek et al. 2012) indicates
that in the Middle Baikal region one can identify four main
wind regimes. Two winds are oriented along the lake axis—
Verkhovik from the northern tip of the lake and Kultuk from
the southwestern tip, and two winds—Gornaya and Barguzin—
across the lake (in this paper we will use wind names in italics,
to avoid confusion with similar geographical names).
Verkhovik and Kultuk may affect lake surface state over large
distances. The cross-lake wind Gornaya comes from the north-
west where downslope air movement in narrow mountain
valleys results in strong winds with speed up to 40 m s�1. The
other cross-lake wind is the easterly Barguzin coming from
Barguzin Bay.

Fig. 1. Region of study. Isobaths (relative to the Lake Baikal level) are shown every 100 m between 100 and 1000 m and relief is shaded every 200 m
between 500 and 1700 m absolute sea level. Dashed lines show typical location of eddy boundaries (see Section “Structure and spatial location of
eddies”): A, early stages; B, maximal eddy development; C, region of main occurrence of giant ice rings.
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Lake Baikal experiences two vertical overturning events per
year, resulting in homogeneous vertical distribution of water
temperature down to 250 m depth (Rusinek et al. 2012). This
change in vertical stratification is important for the current
field because it changes the thickness of the upper mixed layer
and its response to wind forcing. Our data (see Supporting
Information Table S1) indicate that near the Nizhneye
Izgolovye Cape spring overturn is observed in the first half of
June and autumnal overturn in the second half of November.

Every winter Lake Baikal is ice-covered for several months.
Ice can grow to 100–110 cm thickness and presents a stable sur-
face without ice drift, isolating water from the direct influence
of the wind. For the study region in 2017–2020, ice formation
was observed between late December and early January, and ice
break-up between late April and early May (see Supporting
Information Table S1).

Wind field variability and spatial patterns
We have analyzed wind regimes and air temperature using

data from five meteorological stations of the Russian Hydrome-
teorological Service: Ust’-Barguzin, Uzury, Bol’shoy Ushkaniy
Island, Solnechnaya, and Khuzhir (2005–2022). Meteorological
stations provide useful information on the wind regime, but
they are affected by local orographic conditions and are less
representative for the open part of the lake. To reveal spatial
wind patterns over large areas of Middle Baikal we used radar
satellite imagery. Synthetic Aperture Radar is an active side-
looking microwave radar technique that is not affected by
clouds, does not require the presence of sunlight, and is highly
sensitive to water surface roughness (Stopa et al. 2017; Villas
Bôas et al. 2019; Kostianoy and Lavrova 2022). Calm water
reflects radar signal away from the satellite receiving antenna,
resulting in low return echo and is typically shown as black or
dark gray on radar images. When the wind blows over water
surface, increased surface roughness alters reflective and emis-
sive properties of water, and regions with elevated roughness
provide a higher return echo, shown as light gray or white. We
have analyzed Level 1 Ground Range Detected High-Resolution
Interferometric Wide swath mode Sentinel-1A and -1B images
in vertical–vertical and vertical–horizontal polarizations for
2014–2022 (over 800 images). These images have a spatial reso-
lution of 5 � 20 m. The images were processed using European
Space Agency (ESA) SNAP software (ESA SNAP 2024).

Spatial and temporal evolution of eddies
Satellite imagery in the thermal range is one of the best ways

to assess water dynamics by analyzing the spatial distribution
of water surface temperature. Data include thermal infrared and
visible bands from Landsat 5 (Thematic Mapper sensor, bands
3 and 6), Landsat 7 (Enhanced Thematic Sensor + sensor,
bands 3 and 62) and Landsat 8 (Operational Land Imager and
Thermal Infrared Sensor sensors, bands 4 and 10). Over
300 images for 1998–2022 were analyzed. Using a visual pat-
tern recognition approach (Jain and Duin 2004; Gibson 2011)

and analyzing shape, position, size, and temperature distribu-
tion inside and outside the eddies, we have detected patterns of
horizontal water exchange and classed them into phases. The
main analysis was done using thermal bands, but visible, near-
and short-wave infrared bands and radar imagery were also
used. Thermal bands were processed following approach
described in the Landsat Product Website (2024).

Satellite thermal infrared data give an estimate of water
temperature distribution, but only at the surface. Remote sens-
ing can reveal numerous features such as front, eddies, and fil-
aments at scales of 1–10 km, but in situ measurements at this
scale are rare (Villa Bôas 2019). To better understand the 3D
structure of eddies, we organized boat cruises in summer (July
31, 2017) and early autumn (September 10, 2019) in the
region offshore from Cape Nizhneye Izgolovye. Stations were
placed at intervals of about 3 km to resolve the eddies in the
region where eddies are usually found in summer. We used
RBR (Canada) TD Duet temperature/depth logger (2 Hz sam-
pling, temperature accuracy � 0.002�C, resolution < 0.0005�C,
pressure accuracy 0.85 m, and resolution 1.7 cm). Observa-
tions were made from a boat, with the logger suspended from
a manual winch. The sampling depth was from the surface
down to 200 m in July 2017 and 400 m in September 2019.
The maximum depth varied for each station due to boat drift
under the influence of wind and waves.

Currents near the cape
In July 2017, a subsurface mooring station near the cape was

installed in a region of 100 m depth, 1.2 km southwest of the
cape (see Fig. 1) to investigate water exchange between the bay
and the open part of Middle Baikal. The rope was anchored on
the bottom and had a flotation buoy at the top, 5–7 m below
the surface. On this rope, we installed several RBR (Canada) Solo
T temperature loggers (accuracy 0.002�C, resolution < 0.0005�C)
and a SeaHorse Tilt Current Meter made by Vitalii Sheremet,
Okeanolog, Model SH1p70M based on Lowell Inc MAT-1 Logger
(Sheremet 2010; Maio et al. 2016) with three-axis accelerometer
(0.002 g accuracy) and compass. The current meter operated at
30 m depth and provided current speed and direction every
5 min between July 31, 2017 and September 4, 2018. Previous
winter campaigns have shown that SeaHorse data provide mea-
surements of speed and direction comparable with those from
an electromagnetic current meter (Kouraev et al. 2019).

Results
Wind field variability and spatial patterns

Data from five meteorological stations located in the Middle
Baikal region confirm the known strong seasonal variability of
the wind regime in the ice-free period (Rusinek et al. 2012).
Between May and August winds from all directions are mostly
weak but in October–December the average wind speed doubles
(3–6 m s�1 vs. 1–3 m s�1). Gornaya (wind from northwest) is
observed at stations on the western coast and in the open part
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of the lake. In June–August, its frequency of occurrence is
comparable to that of winds from other directions, though the
typical wind speed is much higher up to 7–12 m s�1. In
October–December, Gornaya intensifies to a steady 16–24 m s�1

with gusts up to 29 m s�1 and becomes the prevailing wind on
the western coast. At the eastern coast in Barguzin Bay, there are
two main winds: Barguzin from southeast at 2–5 m s�1 dominat-
ing in cold period and at 1–3 m s�1 west to southwesterly wind
from the open part of the bay dominating in warm period.
While Gornaya is a strong wind that does not last long, Barguzin
is relatively weak but persistent. In the cold period it is usually
uninterrupted for 11–17 d, and it can blow for 1 month (2009,
2012) or more (2014) with only some short interruptions.

Radar imagery complements data from meteorological sta-
tions providing for the analysis of spatial heterogeneity of the
wind field over open parts of Middle Baikal. Figure 2 illustrates
the influence of the main winds and shows their spatial distribu-
tion. The wind speed and direction from meteorological stations
(also shown on Fig. 2) are consistent with the radar images.

Barguzin appears to generate a fan-shaped outflow that is
about 8 km wide near the coast and reaches 20 km width off-
shore (Fig. 2a). A typical feature for mountain-surrounded
lakes is that every valley descending to a lake works as an
“injection point” for the wind. The length and area of each
valley, the width, shape and topography of valley mouth, and
the wind speed and duration determine the wind footprint on
the water surface. In Fig. 2a, there are several small-scale
sources of wind in the southeastern part of Barguzin Bay.
Together with Barguzin, they influence the water surface over
the exit region from the bay and this influence further
expands over 90 km from the source. Several more northwest-
erly winds from west coast valleys were also detected. Barguzin
can coexist with the along-lake northeastern wind (Fig. 2b). In
such cases, these two winds affect most of Middle Baikal.

Gornaya (Fig. 2c,d) originates from small valleys along
the western coast of Maloye More, but the main air outflow
is concentrated in the coastal lowlands. Several wide bands
of wind join together and create a 40-km-wide band that
ultimately reaches the opposite coast. Depending on atmo-
spheric circulation, this wind may either enter Barguzin
Bay and reach its eastern coast (Fig. 2c) or be oriented more
to the southeast and in this case will not affect Barguzin
Bay (Fig. 2d).

When there are two (Fig. 2e) or three (Fig. 2f) types of
winds simultaneously affecting almost all the Middle Baikal,
the limits of influences of each wind can be clearly detected
from convergence lines. Radar images also show that the wind
impact on the lake surface is spatially heterogeneous at scales
of just several kilometers and observations at coastal stations
are often unable to capture this.

Spatial and temporal evolution of eddies
Analysis of satellite thermal imagery has shown that every

year there is a typical repeating pattern of seasonal evolution

of water exchange between Barguzin Bay and the open part of
Middle Baikal, which initiates eddy generation behind the
Nizhneye Izgolovye cape. We have classed this pattern into
12 phases (Fig. 3; Table 1) characterized by specific temporal
and spatial development. We have broadly grouped them
onto four main stages referring to the “age” of the eddies—
Nascent, Developing, Mature, and Decaying/New cold eddy—
with specific phases within each stage.

Nascent stage
Phase 1 (not shown on Fig. 3) starts after ice break-up.

Several drifting floes of ice remain. The surface water tempera-
ture in the bay and outside is 1–2�C. During Phase 2, in a
narrow 1–2 km band along the coast the water starts to warm
up (8–12�C). It is transported anticlockwise by the general
circulation along the coast to the northern part of the bay and
at the same time spreads out in the bay. Water in the wide
part of the bay and outside is mostly homogeneous, with
temperatures close to 4�C.

During Phase 3, there is an increase of warm (12–17�C)
water extent in the bay. The main transport is along the coast
to the northern part of the bay and beyond, but depending
on wind conditions there could be other warm plumes spread-
ing in different directions into the bay. A sharp boundary
between warm water and cold and homogeneous water can be
detected from thermal satellite images. During Phase 4, warm
water (9–20�C) reaches the cape and forms a narrow tongue
flowing to the southwest and west onto the open part of
Middle Baikal. In Phase 5, the outflow tongue increases in
width (3.7 km and a temperature of 14–17�C for Fig. 3d)
and closes the clockwise loop outside the cape. This is the
first fully formed anticyclonic warm eddy. It is about 15 km
in diameter.

Developing stage
During Phase 6, the initial warm eddy near the cape

increases in horizontal extent. Successive arrivals of warm
water from the bay near the cape (width of outflow is 4.4–
5 km for Fig. 3e) create a second clockwise-oriented filament
inside the eddy, with the appearance of two nested spirals
(Fig. 3e). Other filaments also extend from the central part
of the bay (Fig. 3f), possibly as a result of drift of warm river
water. During Phase 7, depending on wind conditions, solar
heating, and the arrival of warm river water, further
warming leads either to nested spirals (Phase 7A, similar to
Phase 6A), or, more typically, to a well-developed large
(diameter 40 km) homogeneous warm eddy (Phase 7B).

The evolution of this mesoscale anticyclonic eddy is
accompanied by the formation on its periphery of elements
of shear instability. They are filaments (shingles) which
are directed in the opposite direction to the rotation of
the eddy or the associated sub-mesoscale cyclones. These
cyclones with diameters of about 5–7 km can be seen on
the southern, northeastern, and eastern peripheries of the
anticyclone.
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(Figure legend continues on next page.)
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Mature stage
In September, during Phase 8, the eddy outside gets larger.

Warm water in the bay either continues to flow along the
coast (Phase 8A), or extends over the whole bay area creating a
second eddy in the bay. This second eddy may have a colder
center (Phase 8B) or a uniform temperature (Phase 8C). In the
latter case, both eddies have similar size (30–35 km) and tem-
perature. During Phase 9, the outside eddy continues to grow
and its temperature starts to decrease. Its form may change
due to wind and currents, and in some cases the eddy may
reach the opposite western coast.

Decaying/new cold eddy stage
Between mid-October and early November, the eddy cools

and its form evolves (Phase 10). Water outside the eddy is
often 4�C or less. Plumes of water colder than 4�C coming
from the river and from the coastal regions start to form. Dur-
ing Phase 11, the warm eddy outside the cape may still exist
with temperatures close to 4�C. The eddy is often hidden on
the thermal imagery by the lateral advection of water colder
than 4�C (which is now lighter than the surrounding warmer
water and thus overlies the warm eddy). In the image of
November 25, 2015 (Fig. 3n), we observe a fan-shaped pool
of colder water (label A, 0–0.5�C) over warmer water with a
temperature of 1–2�C (label B), concealing the warm eddy
remnants below.

Inside the bay, negative air temperature and strong winds
lead to rapid water cooling. Ice may start to form along the
coast and in the northern part of the bay. A stream of very
cold water along the coast goes first to the northern part of
the bay, then to the cape and finally forms a cold clockwise-
oriented tongue entering Middle Baikal near the cape. This sit-
uation is similar to Phases 4 and 5, except that the intrusion
brings now colder, but again lighter, water.

Phase 12 is characterized by extremely cold air and very
strong winds that can affect the water until the ice cover is
fully formed. Continuing outflow of cold water creates a
closed clockwise eddy near the cape. This new cold eddy has
initial size similar to the spring eddy. It can be detected from
thermal imagery (see Kouraev et al. 2019 for the Landsat image
from December 4, 2015) and from visible and radar imagery.
The image in the visible range (Fig. 3o) shows thin young ice
drifting out from the bay and creating two nested lines near
the cape. One is smaller and fully closed in the center and the
second is larger, not fully closed and partly hidden by clouds.

In late autumn, clouds over the lake often limit the detection
and analysis of eddy development in the visible and thermal
ranges. Radar imagery, which is not sensitive to clouds, illus-
trates the birth of a new cold eddy (Fig. 3p) on December
26, 2016. Most of the bay was covered by thin and smooth nilas
ice, typically seen as black on radar images (Smirnov 2011). The
floating forms of young ice, such as ice needles or grease ice,
compacted onto shuga ice are seen as very white on radar images
(Bushuev, Volkov, and Loshilov 1974; Smirnov 2011). They
serve as passive tracers that depict surface currents. Shuga was
transported from the bay outwards, turning clockwise after the
cape and creating a spiral of ice. As in the warm anticyclone
case, elements of shear instability form at the cold anticyclone
periphery. Shingles can be seen to the north and west, and an
associated cyclonic eddy in the bay to the south (Fig. 3p).

In summary, a warm eddy is created every year in July near
the cape. It grows during August and September and cools in
September–October. By November it is no longer visible. Then
a cold eddy is created in November–December. This cold eddy
is similar in form and genesis to the warm eddy in spring.

3D structure of eddies from satellite imagery and boat
surveys

Two cross-eddy in situ profile surveys corresponding to dif-
ferent phases of eddy evolution, together with simultaneous
thermal and visible satellite images are employed to investi-
gate the 3D eddy structure. The first survey was carried out on
July 31, 2017, and is complemented by Landsat 8 images in
thermal and visible ranges 3 d later (Fig. 4). A large clockwise
(anticyclonic) eddy was created following warm water outflow
from Barguzin Bay. The thermal satellite image shows that the
eddy had a temperature of 17–18�C and its core was colder at
16�C. On the visible image the outer limit of the eddy is seen
as a 6–7 km wide band with increased reflectance. This high
reflectance could be associated with phytoplankton or other
suspended matter that is concentrated along the flow lines,
frontal zones, and regions of surface convergence (Fedorov
and Ginsburg 1992; Lavrova et al. 2011; D’Asaro et al. 2018).
Reflectance could thus possibly serve as a tracer for eddy cur-
rents. The eddy diameter is about 24 km and its shape corre-
sponds to Phase 6 in which outflow from the cape extends to
the open part, turns clockwise and forms a closed eddy.

Vertical profiles along the transects A–C and D–E are similar
and show a well stratified water column. The thermocline is
located at 5–7 m depth, with an upper mixed layer at 13–

(Figure legend continued from previous page.)
Fig. 2. Examples of wind influence on Sentinel-1A and -1B radar images. (a) Barguzin; (b) joint influence of Barguzin and Verhovik; (c) strong Gornaya
entering Barguzin Bay; (d) strong Gornaya blowing south–southeast; (e) simultaneous influence of Barguzin and Gornaya, creating line with heteroge-
neous roughness (marked A) where winds converge; (f) combination of Barguzin, Gornaya, and Verhovik, A indicates line of elevated roughness where
winds converge, B indicates line of young ice (shuga) transported from Barguzin Bay and depicting an anticyclonic (clockwise) eddy. Dates for Sentinel-
1B images are given in local time (Greenwich Mean Time + 8, about 7 h in the morning local time). Where available and relevant, direction (arrows) and
wind speed at the meteorological stations Ust’-Barguzin, Uzury and Bol’shoy Ushkaniy are given for the closest corresponding local time. North is always
oriented upward.
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Fig. 3. Examples of typical water surface temperature from Landsat thermal (a–n), and pan-chromatic (o) and Sentinel-1A VV radar images (p) for differ-
ent phases of Nascent (a–d), Developing (e–h), Mature (i–l), and Decaying (m–p) stages. Spatial scale is the same for images except (o). North is up. C,
clouds; I, ice; N, nilas ice (smooth surface, seen as dark on radar image).
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15�C, several degrees colder than surface temperature observed
by satellite. On the most western and southern stations the
deep layer at 100–150 m is cold (3.6–4�C).

We suggest that the eddy is constantly supplied by outflow
from Barguzin Bay, with an associated downward inclination of
isotherms and an increase of vertical separation of isotherms.
The thickness and volume of each layer thus increases, espe-
cially over the range 9–13�C.

Another survey on September 10, 2019 was limited to the
outer boundary of the eddy. Vertical profiles show that
the thermocline in this late autumn period is deeper, at about
30–40 m as a result of gradual cooling and vertical convection
following a decrease in air temperature and an increase in wind
forcing (see Supporting Information for results and description).
Data across the associated sub-mesoscale cyclonic eddy at the
southern edge of the anticyclonic eddy show that this associ-
ated eddy affects water down to 80 m depth. The characteristics
and parameters of eddies in summer and autumn are presented
in Table 2.

Currents near the Nizhneye Izgolovye Cape
Exchange between Barguzin Bay and open part of Middle

Baikal which plays an important role in eddy formation can
be evaluated using observations of current speed and direction
from a current meter installed near the cape where the main
outflow comes from the bay is situated. The direction of the

current spanned 90� between 157.5� and 247.5�. As the main
outflow from Barguzin Bay is oriented along the coast of the
Svyatoy Nos Peninsula, it maintains this direction for several
kilometers before turning northwest and then north toward
the open part of Middle Baikal. The mooring station is located
slightly north of this main current, and therefore records the
direction of entrainment of water from neighboring regions to
this main current.

When ice cover is present, the current speed is at its slowest with
the median value of 7.5 cm s�1 and peak values never exceeding
15 cm s�1. Even in the middle of winter under stable ice cover and
with no direct wind influence on the water surface, there is still a
current with a slow but constant speed at least 4–6 cm s�1. This
shows that the general anticlockwise coastal water transport
(Afanasyev and Verbolov 1977; Shimaraev and Verbolov 1998),
typical for all three parts of Lake Baikal, does not stop even in
the midwinter. After ice break up, as the winds are weak during
May–August, currents only increase slightly (8–9 cm s�1). In
September–November, the stronger winds lead to increased current
speeds increase with a median speed of 24.5 cm s�1 in November
and41 cm s�1 inDecember and early January.

Discussion
Our results based on satellite, historical and in situ data

have made it possible for the first time to assess eddy

Table 1. Timing and main characteristics of phases of eddy generation. See Supporting Information Table S2 for statistics on temporal
boundaries and years and number of satellite images for each specific phase.

Phase Time Brief description

Nascent stage

1 Early May to mid-May Initial state after ice melt

2 Second half of May to beginning of Jun Warming in 1–2 km wide band. Warm water reaches northern part of the bay

3 Second decade of Jun Warm water area grows, extends beyond the northern part of the bay and in the

bay itself

4 Mid-Jun to end of Jun Warm tongue reaches the cape and extends to Middle Baikal

5 Early Jul to second decade of Jul First fully closed loop of warm eddy beyond the cape

Developing stage
6 Mid-Jul to end of Jul Eddy is spreading out. Consecutive pulses create nested filaments

7 Beginning of Aug to end of Aug Growing. Nested spirals or large eddy with homogeneous temperature

Mature stage

8 Early Sep to late Sep Formation of eddy in the bay, eddy outside grows

9 Mid-Sep to early Oct Eddy outside is getting colder, its size continues to increase

Decaying/new cold eddy stage

10 Mid-Oct to early Nov Water in coastal zone and the river inflow are colder than 4�C. Eddy outside continues

to cool down

11 End of Oct to end of Nov New tongue of cold water goes to the cape and out to Middle Baikal; warm eddy

still exists

12 Mid-Nov to end of Dec New cold eddy is formed outside of the cape (similar to Phase 5)
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generation and development between June and December in
several years and to describe horizontal and vertical structure
of eddies in a freshwater dimictic lake both before and after

autumnal overturn. Interactions between the bay, isolated by
the peninsula, and the deeper open part of Middle Baikal lead
to dynamic water exchange and complex current structure.

Table 2. Main characteristics of eddies in different seasons.

Summer eddy Autumn eddy Winter eddy*

Timing and duration May–Jun (young)

July–Oct (max)

About 6 months

Oct–mid-Nov (young)

Nov–Dec (max)

About 2 months

Jan–May

About 5 months

Temperature/density as

compared to

surrounding water

Warmer/lighter Colder/lighter Warmer/denser in the upper part and

colder/lighter in the lower part

Form Intrusion, pushing colder water

downward (inclination of

isotherms) and increasing

volume of water with specific

temperature (larger vertical

distance between isotherms)

n.i. probably the same

as in summer

Double-convex lens-like form

Top of eddy surface

manifestation

Yes Yes No. Intrathermocline (submerged or

touching ice)

Driver Successive outflow from the bay,

intrusion of water with different

density and geostrophic

adjustment

Same as for summer

eddy

Evolution of autumn eddy

Main outflow driver River discharge Wind stress Sustained by inertia

Current speed (at the

cape)

8–9 cm s�1 24–41 cm s�1 7–8 cm s�1

Diameter 35–40 km 15–20 km 6–7 km on top, 12 km at neutral depth

Rotation direction Anticyclonic (clockwise) Anticyclonic (clockwise) Anticyclonic (clockwise)

Current velocity inside

the eddy

n.i. n.i. 3 d for full rotation, almost no current in

the center, fast current at eddy

periphery

Thermocline depth 5–7 m on 31 Jul 2017, 30–40 m

on 10 Sep 2019

n.i. 45–50 m (many years)

Depth of water layer

affected by eddy

More than 160 m (in 2017) n.i. More than 200 m (in 2016 and 2017)

Development with time Grows in time, displaces Same as summer eddy Probably adapts in shape in the

beginning of winter but mostly stays

the same

Stationarity May travel, but mostly related to

the cape and may be trapped

by bathymetry

Same as summer eddy May travel, but often is trapped by

bathymetry in the heads of

underwater depressions

Observation from

satellite data

Thermal (main), also passive

tracers in visible and near

infrared. Obstacles: cloud cover

(except radar)

Thermal (main), also

passive tracers

(young ice) in visible,

near infrared and

radar. Obstacles:

cloud cover (except

radar)

Giant ice rings as surface manifestation

of stationary intrathermocline eddies

(visible, near infrared, thermal, and

radar). Obstacles: cloud cover (except

radar), unstable/drifting ice cover

in spring

Abbreviation: n.i., no information.
*Based on data from (Kouraev et al. 2016, 2019).
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Drivers of water exchange and eddy generation
Among the main factors defining the intensity of the out-

flow from the bay to Middle Baikal are river inflow and wind
stress over the lake surface. Analysis of wind fields shows that
surface currents in the bay and water exchange with Middle
Baikal are governed not only by Barguzin (blowing from the
bay) but also, somewhat counterintuitively, by Gornaya.
Barguzin leads to outflow of water near the cape, generation of
anticlockwise (cyclonic) water circulation in the bay and for-
mation of clockwise (anticyclonic) eddies behind the cape (see
also Fig. 2f, line B). Although it originates on the opposite
coast, Gornyaya also strongly influences the surface currents.
With distance between the western and eastern coasts of
75–100 km, Gornaya with the speed of 5–10 m s�1 will reach
the opposite coast in 2–5 h. When Gornaya fully or partly
enters the southern part of the bay, it creates currents oriented
east or northeast, pushing and piling up water in the bay and
ultimately (a) enhancing anticlockwise (cyclonic) circulation
in the bay and (b) increasing outflow to Middle Baikal near
the cape. So, both Barguzin and Gornaya are implicated in
increased outflow from the bay to Middle Baikal.

The respective contribution of wind stress and river inflow
is highly variable and these two factors are well separated in
time (Fig. 5). Maximum river discharge is observed between
June and August, when more than half of the total annual dis-
charge comes to bay. The wind, on the other hand, is calm
during the summer months. The influence of the wind rapidly
increases in November–December, at the same time as the
river flow is decreasing.

For warm eddies in summer, sequences of thermal images
show that they are generated by successive outflows of warmer
water from Barguzin Bay to Middle Baikal around the cape,
confirming the conclusions of earlier works (Le Core 1998;
Sutyrina 2016). Comparison of river discharge and wind speed
with current speed at the mooring station (Fig. 5) shows that
the main driver for increased outflow and generation of warm
eddies in summer is river discharge. Additional input of
warmer water may come from shallow regions. A large part of
the bay is relatively shallow and water there warms faster in
summer. When this warmer water is transported to Middle
Baikal by the general cyclonic (anticlockwise) basin-scale
circulation, it also contributes to the injection of water with
different density and thus to eddy generation.

For cold eddies formed in November–December (Fig. 5) the
main driver is strong wind bringing cold water from Barguzin
Bay to the warmer open part of Middle Baikal. The peak values
of current speed in November–December are closely related to
intense winds in November and especially in December.
When wind is steady, large volumes of water leave the bay
and enter Middle Baikal. In November–December 2015,
Barguzin was blowing almost uninterruptedly for 2 months.
This event led to strong outflow of water from the bay, the
formation of an eddy and an unusually early giant ice ring in
2016 (Kouraev et al. 2019).

As observed in oceans and seas, the formation of an eddy
behind a cape is related to the detachment of a coastal current
that follows an irregular coastline. In both summer and
autumn, the outflow from the bay and temperature gradient
between the incoming and surrounding water lead to the gen-
eration of anticyclonic eddies near the cape. The initial gener-
ation factor is the blocking of the coastal current by the
peninsula and formation of eddies behind the cape. However
if this were the only reason, these eddies would be short-lived.
The intrusion from the bay of a large volume of water with
different temperature, and thus density lower than the water
in open part of the lake, is essential for the longevity of the
eddy. Both warm and cold eddies are anticyclonic, because
they are light-core eddies. If not for Coriolis effect, this lighter
water would spread out evenly, creating layers of increased
thickness. The Coriolis force deviates the spreading current to
the right until the current is geostrophically adjusted and is
perpendicular to the radial pressure gradient associated with
the thermal/density anomaly.

Further evolution of cold eddies in winter
Cold eddies formed in late autumn do not dissipate, but sub-

duct beneath the lake surface when surrounding water cools
down, and persist below the ice. In our previous study we
suggested that outflow from the bay in late autumn was the
main driver for subsurface intrathermocline eddies that later
lead to the formation of giant ice rings (Kouraev et al. 2016,
2019, 2021). That initial hypothesis was based on thermal satel-
lite imagery only for one autumn 2015. It is now corroborated
by at least 15 out of 25 yr (1998–2022) with confirmed cases
of cold eddy formation observed in November–December (see
Supporting Information Table S2). The outflow from the bay,
as a precursor to eddy formation is thus confirmed as a peren-
nial feature that repeats over many years. It appears to be the
fundamental mechanism for horizontal water exchange and
eddy generation.

The cold eddy formed after autumnal overturn evolves
until stable ice cover forms in January. Further cooling of
neighboring water under ice will lead to a situation where the
eddy becomes warmer than the surrounding water and thus
denser. The cold eddy below the ice will remain undisturbed
by wind, and due to geostrophic adjustment, it will adopt a
double-convex lens form, centered vertically at the neutral
density depth. The main characteristics of intrathermocline
eddies are summarized in Table 2.

If such an intrathermocline eddy remains stationary it will
eventually lead to an accelerated ice melt at the eddy bound-
ary and the formation of giant ice rings at the ice surface in
spring. Thin and unstable ice in the ice ring region is difficult
to detect from the surface. Together with the unpredictability
of ice ring locations from year to year this represents a signifi-
cant danger for people traveling on Lake Baikal (Leech 2018;
Kouraev et al. 2019, 2021). This stipulates the need for further
studies of this phenomenon and communication of results for
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a non-scientific audience: fishermen, tourism agencies, tour-
ists, journalists, and local administration.

Structure and spatial location of eddies
Both the size of the eddies and their temperature difference

with the surrounding waters change quite a lot before and
after the autumnal overturn. In summer, outflow of warm
water from the bay leads to the formation and growth of a
warm eddy in July (Fig. 1, region A). Its diameter increases and
may reach 35 km by August–September (Fig. 1, region B). Verti-
cal profiles from the boat show that lateral intrusion of water
with different temperature and density leads to the deforma-
tion of vertical temperature distribution compared with neigh-
boring regions. Accommodation of a new volume of water at
the surface will lead to increased thickness (larger vertical

distance between isotherms) of a layer with this temperature
and to downward inclination of isotherms below this layer.
Repeated influx of warmer, lower density water will lead to
downward inclination of isotherms and increased thickness of
layers with this specific temperature (see Fig. 4c). Temperature
profiles also show that for an anticyclonic eddy formed near
the cape in 2017 and for a smaller associated cyclonic eddy in
2019 the water column was affected down to 160 and 80 m,
respectively. This illustrates that the eddies observed at the lake
surface from satellite imagery are not shallow. They present sig-
nificant vertical temperature/density gradients, and they have
structure and characteristics similar to oceanic eddies.

The duration and the amount of influx to the eddy may
also be important factors determining its size. A sustained
inflow from the bay (July–October) provides enough volume

Fig. 4. Landsat 8 images for August 3, 2017 14 h 46 m local time: (a) visible range (band 3, red), and (b) surface temperature (band 10, thermal infra-
red). (c) Vertical transect of water temperature (�C), along the A–C transect (July 31, 2017, between 16 and 20 h local time). Vertical lines indicate station
positions. Vertical scale varies for 0–20 m layer and the one below 20 m. Maximal depth is different due to boat drift.
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for a large warm eddy (35–40 km, see also Fig. 1). An energetic
but short inflow (October–December) is consistent with
smaller eddies (15–20 km, see Fig. 3m–p). Our data indicate
that in the early stage of development both warm and cold
mesoscale anticyclonic eddies are located close to the cape.
Well-developed warm eddies do not always maintain their
position and shape, and are sometimes displaced by 5–15 km
(see Fig. 3k–m).

One of implications of our work is better understanding of
the generation mechanisms of intrathermocline eddies that
are generated in late autumn and persist under ice cover in
winter. The location of these eddies after the formation of ice
cover can be evaluated either during field surveys, or indirectly
from the position of the giant ice rings. If the eddy is quasi-
stationary, it may lead to the formation of a giant ice ring.
This was documented in 2016 (Kouraev et al. 2016), 2018, and
2019 (Icerings Website, 2024), when the position of the eddy,
detected in situ first in mid-February and then in end of
March, corresponded to the position of a giant ice ring. A

moving eddy may not necessarily result in ice ring formation,
such as we documented in winter 2016/2017 (Kouraev
et al. 2019). In some cases advecting eddies may generate ice
rings but only in the final stage of ice melt, when the ice is
thin. This was the case when ice rings were observed not long
before ice break-up in various regions between the cape and
Ol’khon Island in 2005, 2013, and 2016 (Kouraev et al. 2019).
So for our study region cold eddies are more numerous than
the observed ice rings, and it is likely that every year there will
be at least one cold eddy formed by the end of autumn prior
to ice cover formation.

Our results (Kouraev et al. 2016, 2019; Icerings Website, 2024)
show that giant ice rings and thus associated intrathermocline
eddies are typically tightly clustered in a well-defined
zone above the head of underwater depression between
the Akademicheskiy Ridge and the Svyatoy Nos Peninsula
(see Fig. 1, region C). A similar situation is observed in lakes
Hovsgol (Mongolia) and Teletskoye (Russia) where ice rings
have been detected over the deepest parts of the lake

Fig. 5. Radial plot of various natural parameters. Angle represents time, that is, 1 yr = 360�. Inward to outward: monthly mean Barguzin River discharge
(m3 s�1), average monthly wind speed for five meteorological stations, m s�1; dates of vertical overturning (marked as “VO”) and ice formation/break-up
(2018–2020); median monthly current speed at the mooring station for 2018–2020, cm s�1; stages (1–12) and four phases (alternating color) of eddies
seasonal evolution. Length and position of each stage corresponds to its start and end (see Table 1; Supporting Information Table S2). Odd and even
stages are slightly shifted by distance from center to illustrate overlap in time.
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(Kouraev et al. 2016, 2019). Anticyclonic vortices are associ-
ated with low potential vorticity and due to the dynamical
conservation of this quantity tend to lock onto areas having
low potential vorticity, such as topographic depressions
(see for instance Zhmur, Novoselova, and Belonenko 2022).

This trapping effect of the bathymetry could also be the
reason for the large number of ice rings observed in other
regions of Lake Baikal, such as Cape Krestovskiy in the south-
ern part of Middle Baikal or Slyudyanka/Kultuk in the western
part of Southern Baikal (Kouraev et al. 2016, 2019, 2021). In
these two regions, ice rings (and thus intrathermocline eddies)
are also located over the heads of underwater depressions.

Conclusions
The generation and horizontal displacement of eddies in

dimictic lakes can influence vertical and horizontal exchange of
energy, mass, and nutrients, as well as various hydrochemical
and biological processes. Similar processes of eddy generation
under the influence of river input, wind stress, and coastline
shape may well exist in other dimictic lakes but have not yet
been observed. Their detection from satellite imagery may be
complicated by cloud cover, especially for cold eddies during
autumn, or also by unstable or drifting ice cover that does not
permit intrathermocline eddies to generate giant ice rings.

Further research using satellite imagery in different parts of
the electromagnetic spectrum will potentially provide further
insight, especially with recent Surface Water and Ocean Topog-
raphy radar altimetry mission that provides two-dimensional
water topography (SWOT, Fu et al. 2024). Increased temporal
frequency of observations and thermal images with better spa-
tial resolution will come from upcoming satellite missions like
Thermal Infrared Imaging Satellite for High-resolution Natural
Resource Assessment (TRISHNA, launch planned in 2025), Sur-
face Biology and Geology (SBG, launch planned in 2027), Land
Surface Temperature Monitoring (LSTM, launch planned in
2029) (Roujean et al. 2021). Satellite data, complemented by
numerical modeling and in situ data from boat cruises and log-
gers, will hopefully provide new information on the three-
dimensional structure of the eddies, current field, trajectories,
their generation mechanisms, lifecycle, role in horizontal and
vertical heat exchange, and impact on the chemistry and biol-
ogy of the lakes.
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