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Abstract—The results of the mathematical simulation of contaminant transport in the Selenga shallow
waters of Lake Baikal during the development of the autumnal thermal bar are presented. Spatial
distribution of contaminants under different wind scenarios are analyzed. Numerical experiments showed
that the structure of the contour lines of the contaminant concentration depends on the wind direction when
shallow waters cool.

Keywords: water contamination, numerical simulation, autumnal thermal bar, wind mixing, Selenga
shallow waters, Lake Baikal.

DOI: 10.3103/S0027134920010142

INTRODUCTION

A thermal bar (a natural phenomenon that con-
sists of a narrow zone of water sinking at the tem-
perature of maximum density [1, 2]) in Lake Baikal
forms in straits and bays (the Maloye More strait
and the Chivyrkuy bay), shallow waters (the Selenga
shallow waters), and near relatively shallow coastal
areas [3]. In the Selenga shallow waters, temper-
ature contrasts between river and lake waters are
constantly observed, which cause thermal convection
and thermal bars to occur [4]. In addition, the hy-
drooptical characteristics of the waters of the Selenga
River differ sharply from those of Lake Baikal [5].

The wind plays the most important role in the
hydrodynamics of the thermal bar [6–8], especially
during autumn cooling of the water body [9, 10].
The wind can shift the convergence zone relative to
isotherm 4◦C on the surface of the lake or completely
destroy the front of the thermal bar [11, 12]. The
variable (in direction and force) wind effect on the
water body is explained by the variable current regime
in the Selenga shallow waters of Lake Baikal [13].

It is known that the thermal bar in large lakes
serves as a barrier that limits the spread of coastal
waters with high concentrations of contaminants and
biota to the central part [14–16]. At the same time,
vertical fluxes formed by thermobaric instability can
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contribute to the transport of contaminants to the
deep area of the water body [2, 17]. Convective and
dynamic processes in the Selenga shallow waters
during the thermal bar lead to the fact that sus-
pended and dissolved substances of natural and an-
thropogenic origin enter the lake in a well-mixed form
[4]. The front of the thermal bar in the Selenga
shallow waters is a clear boundary between yellowish
coastal and transparent lake waters [13].

The purpose of this article was to numerically
study the effect of wind on the specific distribution of
contaminants in the Selenga shallow waters of Lake
Baikal during the autumnal thermal bar.

1. MATHEMATICAL MODEL

1.1. Governing Equations of the Model

This article considers an area Lx = 10 km long
and Lz = 66 m deep, which is a vertical section in
the area of the Selenga River inflow into Lake Baikal
(Fig. 1). The problem is solved in the Ox,Oy,Oz
coordinate system (the origin coincides with the river
mouth). The Ox axis is directed to the center of
the lake, Oy is directed along the shore, and Oz is
directed vertically upward (Fig. 1).

The nonhydrostatic 2.5D model to reproduce the
processes of contaminant proliferation in a freshwater
lake includes the following equations:
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1. Contaminant concentration equation
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3. Continuity equation
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4. Energy equation
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5. Mineralization equation
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where C is the contaminant concentration; u, v are
horizontal velocity components; w is the vertical ve-
locity component, Ωx, Ωy, and Ωz are components
of the Earth’s angular velocity vector; g is the free
fall acceleration; cp is the specific heat capacity; T is
the temperature; S is the salinity; p is the pres-
sure; and ρ0 is the maximum density of pure water
(999.975 kg/m3).

Solar radiation absorption Hsol is calculated by the
Beer–Lambert–Bouguer law:

Hsol = HSsol,0 (1− rs) exp (−εabsd) , (8)
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Fig. 1. The Kharauz tributary–Krasnyi Yar Cape section:
(a) section diagram and (b) calculation area.

where HSsol,0 is the flux of short-wave (solar) radia-
tion on the surface of a water body [17, 18]; rs ≈ 0.2 is
the water reflection coefficient; εabs ≈ 0.3 m−1 is the
absorption coefficient of solar radiation in water; and
d = |Lz − z| is the depth, m.

The density of water is calculated by the Chen–
Millero formula [19]. The diffusion transport rate of
impulse and heat are determined based on the k—ω
model of turbulence [20].

1.2. Initial and Boundary Conditions

Initial conditions (for t = 0) for the model equa-
tions are as follows

u = 0; v = 0; w = 0; C = 0;

T = TL(z); S = SL, (9)

where TL(z) and SL are the temperature and salinity
of the water in the lake, respectively, and t is the time.

The boundary conditions are specified as follows

1. At the water–air interface
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Fig. 2. The direction (a) and speed (b) of the wind accord-
ing to the data of the Babushkin meteorological station
from November 1 to November 30, 2015.

where Hnet is the heat flux, which includes
components of longwave radiation, as well as
the latent and sensible heat. The shear stress
of wind on the surface of the lake is described
by the law

τusurf = c10ρa

√
u210 + v210 · u10;

τvsurf = c10ρa

√
u210 + v210 · v10,

Here, ρa is the air density at the water surface;
u10, v10 is the wind speed at 10 m above the
lake surface; c10 = 1.3× 10−3;

2. At solid boundaries (at the bottom)
u = 0; v = 0; w = 0;

∂C

∂n
= 0;

∂T

∂n
= 0;

∂S

∂n
= 0, (11)

where n is the direction of the external normal
to the area;

3. At the river–lake interface
u = uR; v = 0; w = 0; C = CR;

T = TR; S = SR, (12)

where uR is the velocity of inflow into the river
mouth; CR, TR, and SR are the concentration
of contaminants, as well as the temperature
and salinity of the water in the river, respec-
tively;

4. At the open boundary the radiation condi-
tions [21] and simple gradient conditions are
specified
∂φ

∂t
+ cφ

∂φ

∂x
= 0 (φ = u, v, C, T, S) ;

∂w

∂x
= 0. (13)

2. THE AREA OF RESEARCH
AND PARAMETERS OF THE PROBLEM

The Selenga shallow waters are between
51.9◦−52.5◦ N and 106.1◦−106.9◦ E. Geometrically,
this is a cone formed by the accumulation of sediment
[22]. The area of research is the cross-section in the
area of the Selenga River inflow into Lake Baikal:
Kharauz tributary–Krasnyi Yar Cape (Fig. 1a). Data
on the bottom relief corresponding to the specified
section were taken from [23].

The computational area is 10 km long and 66 m
deep (Fig. 1b). The depth of the open section of
the river runoff (at the left boundary) is 7.5 m. The
calculation area is covered by a uniform orthogonal
grid with spacings of hx = 12.5 m and hz = 1.5 m.
The time step is 60 s.

The vertically inhomogeneous distribution of wa-
ter temperature adopted in the model approximates
the average annual values in the southern basin of
Lake Baikal in October [24]. The water temperature
of the river inflow uniformly decreases from 2 to 1◦C,
which reflects real thermal regime of the Kharauz
tributary during the modeled period [4]. Mineraliza-
tion of water in the lake is 96 mg/kg [24]. In the
river, it varies from 185 to 200 mg/kg [4]. The inflow
velocity of the Kharauz tributary into Lake Baikal
is assumed to be 0.2 cm/s [25]. Components of
heat fluxes that arrive at the water mirror are calcu-
lated according to the formulas given in [26] based
on data on air temperature, relative humidity, atmo-
spheric pressure, cloudiness, and wind speed (Fig. 2)
obtained from the archive of weather conditions of
the Babushkin weather station from November 1 to
November 30, 2015. The value of the contaminant
concentration in the river mouth is set to 1 g/m3.

The section of the Kharauz tributary–Krasnyi Yar
Cape corresponds to the geographical latitude of
52.25◦, and the angle of section with respect to the
east is 150◦.

3. SIMULATION RESULTS

A numerical study of the thermal bar dynamics at
the Selenga shallow waters of Lake Baikal in Novem-
ber 2015 was described in detail in [27]. This article
presents the results on the distribution of the con-
taminant concentration obtained under different wind
scenarios during the autumnal thermal bar.

In the period from November 1 to November 30,
2015, west winds were prevailing, among which
west-northwest winds were the longest in the first
decade of the month, west-northwest winds were the
longest in the second decade, and southwest winds
were the longest in the third decade (Fig. 2a). These
data are in agreement with the data of average annual
observations during the periods when the lake is free

MOSCOW UNIVERSITY PHYSICS BULLETIN Vol. 75 No. 1 2020



84 TSYDENOV

0
(a)

(b)

(c)

0.8
0.8

0.7
0.7

Vector scale, m/sVector scale, m/sVector scale, m/s

0.030.03

0.6
0.6

0.5
0.5

0.4
0.4

0.3
0.3

0.2
0.2

0.1
0.1

0.8
0.8

0.7
0.7

0.6
0.6

0.5
0.5

0.4
0.4

0.3
0.3

0.2
0.2

0.1
0.1

0.05
0.05

0.8
0.8

0.7
0.7

0.6
0.6
0.5
0.5

0.4
0.4

0.3
0.3

0.2
0.2

0.1
0.1

0.05
0.05

0.90
0.85

0.80
0.75

0.50
0.65

0.60
0.55

0.50
0.45

0.40
0.35

0.30
0.25

0.20
0.10

0.15
0.05

0

z,
 m

−10

−20

−30

−40
0

z,
 m

−10

−20

−30

−40

0

z,
 m

−10

−20

−30

−40
700060005000400030002000

x, m
10000

Vector scale, m/sVector scale, m/sVector scale, m/s

0.050.05

Vector scale, m/sVector scale, m/s

0.050.05

Fig. 3. The contaminant concentration distribution [g/m3], velocity vector field, and maximum density temperature profile
(bold line) after 16 days of modeling: (a) for real wind conditions, (b) for westerly wind blowing at 8 m/s, and (c) for easterly
wind blowing at 8 m/s.

from ice [24], including during the spring thermal bar
in May 2015 [8]. The mean value of the wind speed
in the considered time interval was 4.1 m/s, which is
lower than the data of observations over the surface
of Southern Baikal and nearby areas for the same
month (5.2 m/s) and higher than the mean annual
value (4.0 m/s) [13, 24]. The maximum wind speed
value was 8 m/s (Fig. 2b). The weather conditions
and variation of short- and longwave radiation fluxes,
as well as the sensible and latent heat, were described
in detail in [27].

After 16 days of modeling, the thermal bar was at a
distance of 3.5 km from the river mouth [27]. Despite
the formation of a continuous jet on the surface of
the water body (directed to the river mouth) due to
the wind-induced wave, the front of the thermal bar
had a pronounced zone with sinking of water masses
(Fig. 3a). The maximum speed of the vertical flow in-
side the thermal bar front was 1.5 cm/s and the speed
of wind-generated surface currents reached 2.0 cm/s.
Due to wind mixing, the concentration of contam-
inants in shallow waters has a fairly uniform depth
distribution (contour lines are predominantly vertical)
(Fig. 3a). A similar vertical structure of contour lines
was observed for the temperature field (Fig. 4c in
[27]). As the distance from the shore increased, the

concentration of contaminants in shallow waters de-
creased. The results of the simulation are consistent
with the descriptions of field observations: the thermal
bar sequentially fills the Selenga shallow waters with
water mixed by isobaths toward a depth increase [4].
On day 16, the 30 concentration of contaminants had
spread up to 2 km from the river mouth (Fig. 3a).

In order to assess the effect of wind direction on the
contaminant transport in shallow water conditions,
additional calculations with the following wind char-
acteristics were carried out along with the basic mod-
eling (reflecting the real wind conditions in November
2015):

1. the west wind blowing at a speed of 8 m/s
(computational experiment no. 1);

2. the east wind blowing at a speed of 8 m/s
(computational experiment no. 2).

The distributions obtained during computational
experiment no. 1 (Fig. 3b) do not significantly differ
from the results of the basic modeling, because in the
cases under consideration the wind is directed against
the movement of the thermal bar. However, it should
be noted that the contour lines of the contaminant
concentration in experiment no. 1 are slightly shifted
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toward the shore and have a greater slope in the near-
surface layer and the slope angle increases with in-
creasing distance from the river mouth (Fig. 3b). This
difference is related to the wind force (in experiment
no. 1 the wind speed is constant and coincides with
the maximum value recorded in November 2015).
By comparing the simulated distributions (Figs. 3a
and 3b) we can conclude that the western winds delay
the spread of contaminants into the central part of the
water body.

If the wind blows in the direction of the thermal bar
development (experiment no. 2), the reverse situation
is observed: the contour lines of the contaminant
concentration have a slope in the opposite direction
(to the open part of the lake) (Fig. 3b). This indicates
that the winds of the eastern direction contribute to a
faster spread of contaminants in the upper layers of
the water body. In the surface layer of the shallow
waters, the 5% concentration of contaminants on day
16 in experiment no. 1 reached a distance of 3.45 km
(Fig. 3b) and in experiment no. 2, 3.75 km (Fig. 3b).
In the part of the shallow waters near the river mouth,
the role of wind in contaminant distribution was in-
significant due to the dominant effect of river runoff.

In the case of a continuous effect of wind on a
water body, the large-scale circulation in the area
of 3<x<6.5 km (the maximum horizontal velocity of
water in the circulation structure near the surface was
4 cm/s) is formed: in experiment no. 1 it is directed
counter-clockwise and in experiment no. 2, in the
opposite direction (Figs. 3b and 3c). In this case, the
maximum density temperature region in both cases
(in contrast to the basic scenario) is shifted toward
the open lake. In experiments no. 1 and no. 2, vertical
movements of water masses are not observed in the
areas with the temperature of maximum density.

The performed mathematical simulation showed
that the concentration of contaminants in the section
of the Kharauz tributary–Krasnyi Yar Cape has a
more uniform vertical distribution due to wind mixing
in comparison with previously obtained results for the
spring thermal bar [17, 28].

CONCLUSIONS

The conducted numerical simulation makes it
possible to draw the following conclusions about the
processes of contaminant transport in the Selenga
shallow waters of Lake Baikal during the autumnal
thermal bar:

1. The thermal and hydrodynamic regime of the
Selenga River has a dominant effect on con-
taminant transport in the shallow waters near
the river mouth.

2. As the distance from the river mouth increases,
the effect of wind friction on the spatial distri-
bution of the contaminant concentration also
increases.

3. West winds blowing against the thermal bar
movement lead to a delay in contaminant
transport to the central part of the water body.

4. East winds contribute to faster distribution of
contaminants in the upper layers of the water
column.
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