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Mesoscale vortex over Lake Baikal: A case-study
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This paper presents the results of a case-study of lake-effect circulation over Lake Baikal in
December 2012, when the lake surface was still almost free from ice. The most spectacular
manifestation of lake effect was a mesoscale vortex over the northern part of the lake. The
analysis of this phenomenon is based on satellite observations, in-situ measurements, as well
as on mesoscale numerical modeling with the WRF-ARW model. The model reproduced well
the time and location of the vortex observed, correctly featuring cloud structures and time
course of meteorological parameters near the surface, though it was less accurate reproducing
precipitation due to some space shift between observed and simulated landfall location.
Sensitivity experiments revealed the role of the warm lake surface and orography in the vortex
generation and intensification. Unlike vortices over the American Great Lakes, where orography
is small and the main reasons of vortex formation are breeze circulation and diabatic heat fluxes
from the surface, considered Baikal vortex was formed primarily due to orography-induced
convergence. Orography generated conducive conditions for local winds and breeze circulation
and to a large extent formed unstable temperature stratification due to partial blocking of the
incoming flow. KEYWORDS: Mesoscale vortex; lake-effect precipitation; WRF-ARW; vorticity.
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1. Introduction

Many different forms of organized convective clo-
uds can be seen from space over the ice-free lakes
during the cold season — separate convective clouds,
roll convection, shoreline bands and finally meso-
scale vortices (or mesocyclones) [Laird and Kris-
tovich, . Such phenomena are described in
detail over the American Great Lakes [Forbes and
Merritt, Laird, Laird and Kristovich,

2004} Pease et al., [1988]. In Russia, such phe-
nomena are expected over large lakes (Onega and

Ladoga Lakes, Lake Baikal), which, due to their
size and depth, are not covered with ice in the be-
ginning of winter. Wintertime lake-effect precip-
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itation are common on the southern coast of the
Caspian Sea [Ghafarian et al., Khoshakhlagh
et al., Shestakova and Toropov, .

From a scientific and practical point of view,
the most interesting circulations are mesoscale vor-
tices, which may be associated with heavy precip-
itation [Pease et al., . The mechanisms of
formation of such lake vortices are usually simi-
lar to those for polar lows and tropical cyclones.
Generation and intensification of any vortex can be
considered from the point of view of the vorticity
equation:
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where ¢ — vertical component of relative vorticity,
f — Coriolis parameter, v — horizontal wind vec-
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tor, w — vertical component of wind speed, p — air
pressure, p — air density. First two terms in the
right side of the equation are horizontal and ver-
tical advection of absolute vorticity, respectively,
the third term is vorticity divergence (“stretching”
term), the fourth term is a tilting term (transfor-
mation from horizontal to vertical vorticity) and
the last term is solenoidal (baroclinic) term.

While the main sources of vorticity for synoptic-
scale cyclones are vorticity stretching and baro-
clinicity, the role of baroclinic term is significantly
reduced (especially for thermally symmetric vor-
tices) and impact of other terms is increased for
the mesoscale vortices. Although for many po-
lar vortices baroclinic instability plays an essen-
tial role in the appearance of initial perturbations,
baroclinic instability alone is insufficient to explain
the polar low development [ Rasmussen and Turner,
. There are two common thermal instabil-
ity mechanisms of mesoscale vortex intensification
— CISK (Conditional Instability of Second Kind),
first proposed for the tropical cyclone [Charney
and FEliassen, , and WISHE (Wind-Induced
Surface Heat Exchange) [Emanuel and Rotunno,
[[989]. According to the former mechanism, the
main source of cyclonic vorticity is latent heating
due to condensation in clouds. The contribution of
latent heating can be significant not only for trop-
ical, but also for polar mesocyclones, as shown by
numerous numerical experiments with and without
taking into account the heat of condensation [e.g.,
Albright et al., Claud et al., Verezem-
skaya and Stepanenko, . The latter mecha-
nism (WISHE) assumes that vortex intensification
occurs mainly under the influence of turbulent heat
fluxes from the surface due to wind speed enhance-
ment in the vortex. However, both theories are ap-
plicable under the assumption that initially some
cyclonic circulation already exists, that is, they do
not explain the occurrence of an initial disturbance.
The most general overview of polar mesoscale cy-
clones and their mechanisms can be found in [Ras-
mussen and Turner, Terpstra and Watanabe,
2020].

Lake vortices are limited by lake sizes and thus
are smaller than polar lows and typically from 10
to 100 km in diameter [Laird, . Small vor-
tices arise due to horizontal wind shear (barotropic,
shear-line vortices), while large vortices are already
more like polar lows, since the release of diabatic
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heat plays an important role in their formation.
It is generally accepted that the “stretching” and
“tilting” of vorticity, as well as diabatic heating
(primarily, surface turbulent heat fluxes) are key
factors in lake vortices formation, while advection
of vorticity does not play a great role [Forbes and
Merritt, Laird, . Configuration (curva-
ture) of lake coastline is also important for lake vor-
tices formation, similar to the role of sea ice shape
in polar low formation [Albright et al., Heine-
manmn, . Vortices over the Great Lakes are
usually formed under weak wind and weak vertical
wind shear conditions, against the background of
pressure ridges [Forbes and Merritt, . Strong
wind disturbs the local breeze (the source of flow
convergence) and unfavorable for vortex genera-
tion. With a strong wind blowing parallel to the
main axis of the lake, a band of clouds is formed
instead of mesocyclones, which is perpendicular to
the wind and parallel to the coast and often leads
to strong precipitation, both over the lake and on
land [Laird and Kristovich, . Moreover, with
a weak wind, a particle moving from the land over
the lake experiences the effect of heating from the
surface for a longer time and thus the low pres-
sure over the lake is maintained longer. Laird et
al., noted that a good criterion for separat-
ing different forms of lake convection is the ratio of
wind speed to the path traveled by the flow over
the lake (fetch). A distinctive feature of lake vor-
tices is that they are observed only at low values
of this criterion, less than 0.05 m s~ km~! [Laird
and Kristovich, .

The occurrence of deep convection over the lake
in winter leads to intense snowfalls on the coast
[e.g. Alcott and Steenburgh, Niziol,
Nicholls and Toumi, , which means that these
phenomena are significant for regional weather fore-
casting. For example, Davsha meteorological sta-
tion on the northeastern coast of Lake Baikal
has a local maximum of precipitation in
November (in addition to the main maximum of
precipitation at the end of summer), which is ab-
sent at other stations. The amount of precipita-
tion on the west coast of Baikal is generally much
less than on the east [Mizandrontseva, due to
the foehn effect during the westerly winds. At the
same time, the effect of increased precipitation on
the east coast, especially in late autumn and early
winter, may also be related to the lake effect. Local
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Figure 1. a) Model domains (nested domain is
bounded with black rectangle). Color shows orog-
raphy height (in meters above sea level (a.s.l.));
weather stations are marked with empty circles and
WMO indices. Black cross shows the point where
incoming flow was analysed. b) Zoomed area of

interest (bounded with red rectangle in |[Figure 1a)

with names of localities.

weather services can predict the possibility of lake-
effect convection under certain synoptic conditions,
but it is impossible to predict the exact location of
mesoscale vortex formation and associated precipi-
tation without high-resolution numerical model. In
this regard, one of the goals of this work was to
assess the quality of lake-effect circulations simu-
lation over Lake Baikal using a mesoscale model.
We used the WRF-ARW model, which has proven
itself in predicting similar events in other regions
le.g., Shestakova and Toropov, .

Besides, the mechanisms of the mesocyclone gen-
eration over Lake Baikal was analyzed on the ex-
ample of one case and the similarity of this vortex
with polar lows and lake vortices over the Ameri-
can Great Lakes were highlighted. In contrast to
the Great Lakes, the analysis of the circulation over
Lake Baikal is complicated by the orography, gen-
erating many local winds, which become more fre-
quent in late autumn and early winter [Naydenov,

2015; Savinova, [1977]. In some regions, orogra-
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phy plays an important role in the formation of
mesocyclones, not only facilitating the convergence
of flows, but also modifying thermodynamic fields
[e.g., Gallée, Klein and Heinemann,
Kristjansson et al., Watanabe et al.,
Therefore, to differentiate the influence of orogra-
phy and the lake effect on the formation of the vor-
tex, additional sensitivity experiments were carried
out.

2. Data and Methods

Images of the MODIS spectral radiometer from
the Terra satellite were used as the main source
of data on cloudiness for identifying mesoscale cir-
culations over Lake Baikal, as well as on the lake
surface temperature (LST). For the Baikal region,
these satellite images are available in the interval
11:00-13:00 (hereafter, local time is used, which is
UTC + 8 h). Images are available at https://world
view.earthdata.nasa.gov/ and https://ladsweb.moc
aps.eosdis.nasa.gov/.

The WRF-ARW model version 4.2 was used as
a main tool for studying mesoscale circulations
over Lake Baikal. Simulations were carried out for
the period from 12 December to 16, 2012, when
mesoscale circulations and, in particular, a meso-
cyclone were detected from satellite images. The
computational domains had a resolu-
tion of 5 km in the parent domain and 1 km in
the nested domain (bounded with black rectangle
in . Both domains had 70 vertical lev-
els with the lower level set at 10 m above ground
level (a.g.l.). The following set of parametrizations
was used: WSMG6 [Lim and Hong, for cloud
microphysics; RRTMG [lacono et al., for ra-
diative fluxes; MYNN [Nakanishi and Niino, [2006]
for surface and boundary layers; NoahLLSM [ Tewari
et al., for land surface. Spectral nudging was
applied for wavelengths greater than 1000 km and
only for the parent domain above the atmospheric
boundary layer.

Three numerical experiments were run. In the
control (CTRL) experiment, the CFSv2 reanalysis
(Climate Forecast System version 2, [Saha et al.,
2011]) with a time step of 6 h was used as the ini-
tial and boundary conditions. Second experiment
(named WRF-ERAS5) was run with ERAS5 reanal-
ysis (Copernicus Climate Change Service (C3S),
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Figure 2. Surface temperature (color) and sea ice fraction (red contours, from 0.1 to
0.9 every 0.4) at 08:00 12 December 2012 from CFSv2 (a) and ERA5(b) interpolated on

WRF-ARW grid.

2017, ERA5: Fifth generation of ECMWEF atmo-
spheric reanalyses of the global climate. Coper-
nicus Climate Change Service Climate Data Store

(CDS), https://cds.climate.copernicus.eu/cdsapp#

!/home) with a time step of 3 h. The ice concentra-
tion and, accordingly, the lake surface temperature
differed much in these two reanalyses in the con-
sidered case. While most of the lake was free of
ice in CFSv2 (Figure 2h), which is close to satellite
observations, most of the northern half and part of
the southern half of the lake was covered with ice
in ERA5 (Figure 2b). As a result, LST in ERA5
was lower than that in CFSv2 by more than 10 de-
grees. Thus, these two experiments not only aimed

to reveal the best source of initial data, but to some
extent to demonstrate the role of a warm lake (lake
effect) on the formation of the detected mesoscale
circulations.

The third experiment (FLAT) differed from the
CTRL only in that the height of the orography in
both domains was set equal to the height of the wa-
ter level of Lake Baikal, i.e. 449 m. Comparison of
CTRL and FLAT experiments aimed to reveal the
role of orography in the formation of the detected
circulations.

To verify simulation results, the following
weather stations were used: Davsha (WMO in-
dex 30536), Ust-Barguzin (30635) and Bolshoe
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Goloustnoe (30727), situated on the coast of the
lake, and Bolshoij Ushkanij Island (30632) (Fig-
. Measurements of the main meteorological
parameters were carried out 8 times a day, and
two times a day (at 00:00 and at 12:00 UTC) pre-
cipitation were measured. In addition, the data
of radiosounding at the Ust-Barguzin station, car-
ried out 2 times a day (at 00:00 and at 12:00
UTC), were used. The data are freely available
at http://www.meteo.ru.

3. Satellite Observations and Synoptic
Situation on 12-16 December 2012

[Figure 3|shows satellite images on 13-16 Decem-
ber 2012, picked at about 12:00 local time. Various

forms of organized convection are seen on these im-
ages for all days except for 14 December, when the
cloudiness of the lower layer was overlapped by the
frontal cloudiness of the middle and upper layers.
Cloud rolls in the south of the lake stretching along
the wind (westerly) were especially clearly seen on
16 December, when there was the strongest back-
ground flow. In the northern and central parts of
the lake, and also in the southern part on 13 De-
cember, there was a band of clouds elongated along
the main axis of the lake, which snuggled closer to
the eastern shore. The presence of such a band
indicates the convergence of winds from the west-
ern and eastern coasts. Finally, a very interesting
feature is the spiraliform cloud feature near Svya-
toj Nos Peninsula, observed on 15 December
, strongly resembling a mesocyclone, with a
diameter of about 60 km and a cloud-free “eye” in
the center. Top height of convective lake-induced
clouds generally did not exceed 1 km a.g.l. (and
therefore such clouds refer to shallow convection),
though individual clouds reached a height of 2.5 km
a.g.l. These accumulations of thicker clouds were
noted in the northern half of the lake to the north
of Svyatoj Nos Peninsula on 13 December, directly
in the peninsula area on 15-16 December and to
southeast of the peninsula on 16 December.

In general, considered episode was observed aga-
inst the background of Siberian anticyclone, the
center of which at the beginning of the episode was
over the Ural Mountains and during the episode
shifted to the east. Simultaneously, cyclones on the
Mongolian branch of the polar front moved along
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the southern periphery of the anticyclone, over
Mongolia and southern Siberia. Cyclones passed
through Baikal region on 12 and 14 December. Be-
tween these two cyclones, a high pressure ridge
passed over the lake on 13 December )
Cyclone passage on 14 December was accompanied
by weak temperature ridge at 850-hPa level
ure 4p). In the middle troposphere, the westerlies
prevailed until 14 December. At the same time, the
wind speed was relatively low and did not exceed
5-10 m s~! in the lower troposphere. Starting from
15 December, steady northwestern flows prevailed
at all altitudes (Figure 4k, [Figure 4d), and a north-
ern and northeastern flow was noted in the middle
troposphere on 16 December. The wind speed in-
creased significantly, and the 850-hPa temperature
decreased sharply on 16 December.

4. Simulation Results

4.1. Vortex Dynamics According to
Observations and Control Experiment

The mesoscale vortex detected in the satellite im-
age on 15 December was reproduced by the model
in a control experiment. Its position is close to
the observed one. Satellite-derived and simulated
cloud top heights inside the vortex also coincided
(Figure 5h, [Figure 5b). The vortex cloud system
at the moment of the image consisted of two spiral
bands of clouds, and the vortex’s “eye” was seen in
the center. In simulation, the vortex “eye” formed
two hours later than the observed one, at 14:00.

In the image on 16 December, the vortex itself
was no longer seen , but one could see
clusters of thick clouds, most likely belonging to
the vortex, in the satellite image and simulation
results. Obviously, the vortex came ashore near
Svyatoj Nos Peninsula, which led to heavy snow-
fall at Ust-Barguzin station (Figure 6). The model
greatly underestimated the amount of precipitation
at this station , which can be explained
by the more northerly position of the vortex land-
fall in the model compared to observations.

It is impossible to find out the time of vortex ini-
tiation from satellite observations with daily tem-
poral resolution. The vortex was not found in the
images on 13 and 14 December. However, the sim-
ulation results indicated that vortex appeared over
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Figure 3. Evolution of cloudiness over Lake Baikal during the period 13-16 December
2012 as seen from Terra/MODIS satellite system.
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Figure 4. 850-hPa level height (contours, every 10 m) and temperature (color, in °C)
at 08:00 on 13 December (a), 14 December (b), 15 December (c¢) and 16 December (d)

from CFSv2.

the lake in the area of Davsha station almost im-
mediately after the model start, in the evening of
12 December. It was mesoscale vortex that could
explain the moderate to heavy snowfall and cumu-
lonimbus clouds, observed and simulated at this
station on 13 December (Figure 6)), since there were
no synoptic fronts at this time (Figure 4p). Ac-
cording to simulations, the intensity of precipita-
tion in this mesocyclone reached 20 mm per 3 h
over the lake, although the amount of precipitation
at the station was underestimated in comparison
with observations (probably due to the shift of the
model vortex relative to the observed one). Satel-
lite observations on 13 December showed a clus-
ter of dense clouds with the top height at 2.5 km

a.g.l. near Davsha station (Figure 3|). During the

day, the vortex was rather stationary (see trajec-
tory on |Figure bp); in the evening on 13 Decem-
ber, it began to move south, towards Svyatoj Nos
Peninsula, and at 08:00 on 14 December it was no
longer traced in simulations. During this period —
from the evening of 13 December to midday on 14
December — cumulonimbus clouds and heavy snow-
fall were observed at the station Bolshoij Ushkanij,
which was on the path of this vortex. On the night
of 15 December, the vortex reappeared to the west
of the peninsula , filled circles with tra-
jectory line) and stayed in one place until the end of
the day; later it went on land and collapsed. This
vortex led to heavy snowfall at Bolshoij Ushkanij
station at night and in the morning of 15 Decem-
ber. Most likely, these two vortices (on 12-13 De-
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cember and on 15 December) must be referred to
one episode, because the temporary disappearance
of the vortex was associated with the strong large-
scale forcing on 14 December, which ended by the
evening of 14 December when the vortex revived
again.

4.2. Experiments With ERA5 and CFSv2
as Initial and Boundary Conditions

In this Section, simulation results of CTRL and
WRF-ERAS5 experiments, using CFSv2 and ERA5
reanalyses, respectively, as initial and boundary
conditions for the simulation, are discussed.
shows comparison of cloudiness and wind
field in different experiments. In contrast to the
control experiment (top panel), model did not re-
produce mesocyclones on 12-13 December and 15
December in their full development in the WREF-
ERAS5 experiment (central panel in. Only
weak, small-scale near-surface vortices scarcely
manifested in cloud fields (with cloud top height
of 1-1.5 km a.g.l.) could be distinguished in the
WRF-ERA5 experiment (as in the case of 15 De-
cember). The lifetime of these vortices was short
(less than one day), with one closed isobar (if draw-
ing isobars every 1 hPa), and with no closed iso-
hypse at 850-hPa level. At the same time, the dif-
ferences between CTRL and WRF-ERA5 experi-
ments were rather small in the southern half of the
lake, since it was mostly ice-free in the ERA5 re-
analysis.

The CTRL experiment also performed better
when compared with surface data . This
is especially evident at station 30632, which is lo-
cated near the center of the lake (on the island).
At this station, the air temperature in the WRF-
ERAS5 experiment was underestimated by 5-10 de-
grees. There was also a noticeable improvement
in wind direction simulation when using the ini-
tial conditions CFSv2. In addition, there were al-
most no precipitation in the WRF-ERAS experi-
ment (due to the small thickness and water content
of the clouds), while 28 mm at station 30536 and 36
mm at station 30635 had fallen during the period
12-16 December. However, the CTRL experiment
also underestimated the amount of precipitation at
stations 30536 and 30635; at the same time, precip-
itation was greatly overestimated at station 30632
on 15 December, where the vortex reappeared.
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shows a comparison of two experiments
with radiosonde observations at Ust-Barguzin sta-
tion. During the episode, the air in the lower and
middle troposphere was close to saturation. Until
15 December, a surface inversion was noted at this
station, and only on 16 December, the stratifica-
tion at the station became unstable. Obviously, the
temperature stratification in the boundary layer,
as well as the dew point temperature (both in the
lower and in the upper troposphere) and the wind
vector were reproduced much better in the CTRL
experiment than in the WRF-ERASH experiment.

Thus, the advantage of using CFSv2 data in
our case is not in doubt. The atmosphere was
too “dry”, and temperature stratification was more
stable than observed due to improper ice and LST
in ERA5, which led to the absence of deep con-
vection systems in general and a mesocyclone in
particular in the WRF-ERA5 experiment.

4.3. FLAT Experiment and Discussion of
Vortex Mechanisms

Simulations revealed only small values of convec-
tive available potential energy (CAPE) (not shown)
in the CTRL experiment during the whole episode.
At the same time, atmospheric fronts were far from
the lake when vortices appeared. Thus, the thick
cloud clusters detected on satellite images were not
caused by a forced large-scale air ascent on atmo-
spheric fronts or free convection (as usually is the
case in summer in mid-latitudes). There must be
some other driving force to initiate convection, and
this force was probably the vertical motions in the
vortex center due to mass convergence. In turn, the
initial mass convergence was provided not by deep
convection over the lake (for example, due to the
release of heat of condensation), since deep convec-
tion was secondary to the vortex, but by some other
factor, presumably orography. To confirm this hy-
pothesis, a FLAT experiment without orography
was carried out, in which the mesocyclone was ab-
sent bottom panel). Some cloudiness
and even light precipitation appeared in the FLAT
experiment, however, for the most part, the verti-
cal scale of cloudiness was limited by the boundary
layer. In this experiment, flow convergence over
the lake was small.

The influence of orography was manifested pri-
marily in flow convergence over the lake. The fea-
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Figure 6. Time series of 2-m air temperature (solid lines), relative humidity (dashed
lines), 10-m wind speed (solid line), wind direction (circles) and 12-h sum of precipitation
according to observations (black) and WRF-ERA5 (blue) and CTRL (red) experiments
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temperature T'd.

tures of orography in the north of Baikal formed
a north wind blowing along the main axis of the
lake over the northern part, in orography-formed
corridor, with a western and northwestern back-
ground flow . The local name for this
wind is “verkhovik”, or “angara”. High mountains
almost completely blocked the cold air coming from
the west and northwest. At the same time, to the
south, where the height of the mountains decreases,
westerly winds of the downslope windstorm type
(local names are “gorniy” and “sarma’”) were noted
. On 12 and 15 December, when mesocy-
clones occurred, velocity of the incoming flow was
higher than other days and the pattern of winds on

these two days was very similar (Figure 9)): moder-

ate winds downwind from gaps in the south of the
lake, a moderately strong south wind in the center
of the lake and narrow jets of gap winds in combi-
nation with a weak northern wind (“verkhovik”) in
the northernmost part. Such a combination of local
winds is typical for this time of the year and in the
Baikal Wind Atlas belongs to a special "northwest-
ern” type [Savinova, . In the area of Svyatoj
Nos Peninsula, the vortex arose during the collision
of two orographic flows, northern and western
. In addition, a wind wake was noted above
the surface layer in this region due to air blocking
by the mountains of the northern Baikal. Strong
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Figure 9. Simulated sea-level pressure over the lake (contours, every 1 hPa) and 10-m
wind speed (barbs and color, in m s~1) at 20:00 12 December (a) and 08:00 16 Decem-

ber (b).

wind is an unfavorable factor (all other things be-
ing equal) for the formation of lake vortices, since
the background flow disturb the breeze circulation
(as is the case in the FLAT experiment). In CTRL
experiment, the ratio of the flow velocity (we took
10-m northern wind speed) to the path traveled
by the flow over the lake (the distance from the
northern point of the lake to the vortex origin area)
was small, namely 0.035. This value fell within
the range typical for lake vortices [Laird and Kris-
tovich, .

It is easy to verify that convergence was the main
factor in the formation of a given vortex by calcu-
lating all the terms of the vortex (I)). [Figure 10p
shows the time course of the components of (|1]) cal-
culated at 850-hPa level and averaged over a radius
of 20 km from the vortex center (the latter is deter-
mined as a grid point with the minimum sea-level
pressure). Relative vorticity in the vortex had typ-

ical values of (1 —2) x 1073 s~!. Polar lows usually
have the same vorticity order | Yanase et al., [2004].
The contribution of vorticity convergence (red line

in [Figure 10p) to vorticity generation (the latter

was calculated as the sum of all terms on the right-
hand side of (black line in [Figure 10p)), was
the largest among other terms, and the baroclinic
term was several orders of magnitude smaller than
all the rest.

Orography not only modulated wind filed, but
also significantly modified the temperature strat-
ification over the lake. The air temperature in
the lower troposphere over the lake in the experi-
ment with orography was significantly higher than
in the experiment without it due to the blocking
of cold air by mountains and adiabatic heating of
that part of the air that crosses the ridge. For
instance, the temperature difference between the
CTRL and FLAT experiments on 15 December at
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850-hPa level was about 4 degrees, and near the
surface it was 10 degrees . It would
seem that in this case orography should, on the con-
trary, enhance stratification, since the temperature
gradient between water and air decreases. Indeed,
this is exactly what happens in the lowermost near-
surface layer. More importantly, however, was that
the mountains blocked the incoming flow with its
strong inversion (Figure 11} grey line). This inver-
sion, orography being removed, did not have time
to be destructed completely when air moves over
the lake and, as a result, the lower unstable layer
was capped by the inversion layer, which did not al-
low the development of thick convective clouds. An
even stronger inversion with a lower boundary near
the surface was also formed in the WRF-ERAS5 ex-
periment due to near-surface air cool-
ing from the ice and adiabatic heating above (with
a maximum at an altitude of 200-300 m a.g.l.).
In the control experiment, the adiabatic heating of
air did not lead to an inversion, since the tempera-
ture of the adiabatically heated air was still much
lower than the surface temperature of a warm lake.
Therefore, the layer with weakly unstable stratifi-
cation extended from the surface to an altitude of
2 km a.g.l.; the temperature gradient was close to
the dry adiabatic lapse rate in the lower layer and

to the wet adiabatic lapse rate in the cloud layer.
Considered vortex had a warm core ([Figure 5,

Figure 5d) in its lower part and a cold core and
flow divergence in its upper part (at 700-hPa level).
The temperature at 850-hPa level was 1-2 degrees
higher in the center of the vortex than the ambient
temperature (Figure 5d, [Figure 11)). The presence
of a warm core in a mesocyclone can be caused
by the release of condensation heat, but also by
other reasons. For instance, Yanase et al. [2004]
estimated the thermodynamic equation terms and
showed that the downward motions in the eye of
the vortex was the main cause of a warm core.
However, no connection was found between the vor-
tex eye and the warm core intensity in our exper-
iments. shows the profile of the tem-
perature difference (black curve) between points A
(inside the vortex) and B (outside the vortex). The
profile had a maximum inside the cloud layer (the
level of condensation was located at an altitude of
250 m a.g.l.) and was obviously caused by the re-
lease of the condensation heat. The combination
of the condensation heat with cooling at the cloud
top led to deepening of the unstable layer to an
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Figure 11. Vertical profile of air temperature at
point A in all experiments and also at point B and
in the incoming flow (see[Figure 1f) in CTRL exper-
iment and temperature difference AT 4_ g between
points A and B at 12:00 15 December.

altitude of 2 km a.g.l., while outside the vortex
the unstable layer extended only up to 1 km a.g.l.
Temperature stratification outside the vortex could
also be unstable (in areas where there were no gap
winds, as at point B at the time considered in
, however, this did not lead to the formation
of such thick clouds as in mesocyclone. This was
due to very small CAPE value, so that an addi-
tional driving force was needed for cloud growth.
Upward motions caused by flow convergence in the
mesocyclone was such a force. That is, if all ther-
modynamic fields are left the same as in the control
experiment, but the orography that generates the
initial shear vorticity is removed, then deep convec-
tion does not form due to the insufficient amount
of the energy of convective instability.

A warm core was also noted near the surface
(Figure 5, [Figure 11f); the maximum air temper-
ature in the surface layer over the entire lake was
noted in the center of the vortex. To clarify the
reasons for this temperature anomaly near the sur-
face, we calculated the horizontal temperature ad-
vection adv,T (average within a radius of 20 km
from the vortex center) at the lowest model level
(Figure 10p) and the radiative balance anomaly
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AR (the difference in the average radiative bal-
ance at the vortex center and outside, at point B)
(Figure 10c). Vertical temperature advection was
not considered due to small vertical velocity val-
ues at the lowest level. also shows the
sea-level pressure difference AP (value at point B
minus value at the center) as a measure of the vor-
tex intensity, and the temperature difference AT at
2 m (value at the center minus value at point B) as
a measure of temperature anomaly intensity. Dur-
ing periods of maximum vortex intensity, the air
temperature at 2 m in the vortex center was 3-4
degrees higher than the ambient temperature
. Average values (averaged within a radius
of 20 km from the vortex center) of the surface ra-
diative balance R and turbulent fluxes of sensible
H and latent LE heat fluxes (positive if directed
from the surface to the atmosphere) are shown in
Figure 10c.

Average turbulent heat fluxes near the vortex
center did not exceed 170 W m~2 and generally
were no more than values outside the vortex. The
radiative balance in the vortex at night (which lasts
about 15 hours) was noticeably higher than outside
it (Figure 10c) due to downward long-wave radi-
ation from clouds. Although correlation between
the radiative balance difference and temperature
anomaly was not high, radiative factor could af-
fect the temperature with some delay, as an ac-
cumulated effect. At the same time, temperature
anomaly was highly correlated with the value of
temperature advection ) Thus, the
main cause of the near-surface vortex warm core
could be considered the advection of warm air
heated during the turbulent heat exchange with the
surface, though the factor of radiative balance also
took place. also demonstrates a high
correlation between the temperature anomaly and
vortex intensity with little or no time lag, which in-
dicates a positive feedback: pressure drop enhances
convergence and wind speed, and hence temper-
ature advection; temperature anomaly increases,
leading to a further pressure drop.

Thus, we can draw the following scheme of the
vortex development on the basis of simulations car-
ried out. The flow convergence under the influence
of local orographic features according to the vor-
ticity equation led to the appearance of positive
vorticity (i.e., a release of the barotropic instabil-
ity). Then, vertical motions began due to conver-
gence (according to the continuity equation); these
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motions were eased by weakly unstable tempera-
ture stratification in the lowest 2-km layer (i.e., a
release of the thermal instability). Unstable strat-
ification arose due to the advection of a relatively
cold air from the land and, at the same time, due
to the partial blocking of the incoming flow with
inversion. Orography was the main trigger for the
mesocyclone generation, although it was the lake
effect, that allowed the vortex and associated con-
vective clouds to develop. Both the lake effect and
orography in our case are necessary, but not suf-
ficient conditions for the formation of a full-sized
vortex, and a sufficient condition is the simultane-
ous action of these two factors.

The vortex under study had similar dimensions,
the type of cloudiness, and is observed under sim-
ilar conditions as other lake vortices. At the same
time, our vortex was even more similar to a tropi-
cal cyclone by the type of cloudiness, with its spi-
raliform cloud features, than to polar vortices, in
which the cloudiness usually takes the form of a
comma. The main difference between this vor-
tex and vortices over the Great Lakes is that in
the case of Lake Baikal, favorable wind and ther-
mal conditions for vortex generation are created
by orography, by analogy with polar lows formed
under the influence of the Greenland orography
[Kristjansson et al., or katabatic flows off the
coast of Antarctica [Gallée, [1995]. The vortex in-
tensification mechanisms CISK and WISHE both
could take place in our case. The vortex warm
core was formed throughout the entire lower tro-
posphere due to the advection of warm air heated
in the process of turbulent heat exchange with the
surface and long-wave radiation of cloudiness near
the surface, and additionally due to the heat of con-
densation in the cloud layer. Under conditions of
suppressed turbulent heat exchange and a source
of moisture for the formation of deep convection
(in the WRF-ERAD5 experiment), only a very weak
vortex was formed, which was not traced even at
an altitude of 1 km a.g.l.

Conclusions

This study, to our knowledge, the first time con-
cerns the analysis and simulation of lake-effect con-
vection and associated mesoscale circulations on
Lake Baikal. Genesis and development of a meso-
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cyclone over Lake Baikal in December 2012 were
considered mostly based on numerical modeling us-
ing the WRF-ARW model.

Mesoscale vortex with a diameter of about 60
km, corresponding to meso-{3 scale, occurred over
the northern half of Lake Baikal under the influence
of two factors, that are heat and moisture fluxes
from the ice-free lake surface (lake effect) and orog-
raphy. Numerical experiments showed that, in the
absence of at least one of these factors, the mesocy-
clone is not formed. In the experiment with ERA5
reanalysis used as initial and boundary conditions,
the northern half of the lake was covered with ice
(due to incorrect ice in ERAS for this case) and
convection was suppressed. However, although this
experiment was very different from observations,
weak near-surface vortices in the northern part of
the lake were still formed, which indicates the im-
portant role of orography in this process.

Development of this mesocyclone can be descri-
bed as follows. Orography around the lake creates
a flow convergence over the lake due to the con-
vergence of orographic flows characteristic of Lake
Baikal, as well as due to the fact that the breeze
circulation is not disturbed by the background flow
due to the partial flow blocking by mountains. As
a result, an area of low pressure and upward mo-
tions is formed over the lake. Thus, this vortex
originated from the so-called shear vortex (due to
horizontal wind shear), and therefore the vortex
was barotropic. At the same time, the intensifi-
cation of upward motions in the vortex is possible
due to unstable temperature stratification, which
is largely formed under the influence of orography
(due to blocking of the incoming flow by moun-
tains), as well as due to local mesoscale advection
of air heated by turbulent heat exchange with the
lake surface in the lower layer, and also due to an
increase in the downward long-wave radiation un-
der the clouds and the release of condensation heat
in the clouds.

The values of the convective available potential
energy in our case were rather small; therefore,
the cloudiness outside the vortex had a small ver-
tical scale and the amount of precipitation was
small. Inside the vortex, where, according to simu-
lations, the snowfall intensity reached 20 mm/3 h,
the growth of deep convection was caused by forced
upward motions due to flow convergence. This
means that one should not expect heavy precipi-
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tation associated with the lake-effect clouds over
Lake Baikal under conditions similar to those con-
sidered here, unless a mesocyclone or at least a
convergence zone has formed.

Although we are studying only one case, this
case is typical for this time of year. Indeed, west-
erly and northwesterly winds prevail over Lake
Baikal at the beginning of winter at altitudes above
850-hPa level. Due to the great temperature dif-
ference between the unfrozen lake and the cold
land, a monsoon (or breeze) circulation used to
form, which contributes to the development of lo-
cal winds. Therefore, the greatest frequency of
strong local winds occurs from October to De-
cember [Savinova, , before the lake surface
is covered with ice. The high frequency of local
circulations of the northwestern type according to
[Savinova, creates prerequisites for a high fre-
quency of vortex in the northern half of Lake Baikal
(in the area of Svyatoj Nos Peninsula) at this time
of the year. Additional studies of lake vortices fre-
quency over Baikal from satellite data and simula-
tions are required to confirm these speculations.

Finally, we would like to emphasize the practi-
cal conclusion drawn from the results of this work.
The WRF-ARW model can be recommended for
regional forecasting of mesoscale circulations over
Lake Baikal. Meteorological parameters at the sta-
tions and cloud features are reproduced quite ac-
curately in the control experiment. The time and
place of mesocyclone appearance in the model gen-
erally coincides with the observed ones, although
some space shift of the cyclone landfall in the model
led to an inaccurate reproduction of the amount of
precipitation. The spatial resolution of the model
must be high, at least 5 km [Naydenov, , in
order to reproduce all orographic flows, since the
vortex is very sensitive to orography. The lake sur-
face temperature in the initial data is also a key
parameter, since the inadequacy of the LST leads
to a complete failure in the precipitation forecast
(Figure 6)).
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