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The regularities of the appearance and develop�
ment of large�scale ordered convective motions and
natural currents, which are the essence of the thermal
bar phenomenon, are studied on basis of the mathe�
matical and physical (laboratory) modeling. Joint
application of these two methods allows us to compen�
sate for the lack of exact exhaustive mathematical
description of this phenomenon, which is cumber�
some and requires a large amount of the initial data
that are difficult to obtain. The main objective of our
research is to gain the physical similarity between the
phenomena observed in the model conditions and the
whole class of the investigated phenomena.

Recently, the degree of technogenic anthropogenic
impact on the aquatic environment has become a glo�
bal problem that is particularly topical in the condi�
tions of the possible variations in the global climate
and requires urgent solution. The quality of water in
the rivers, lakes, and reservoirs used for drinking water
supply is gradually decreasing. Successful solution of
this problem requires investigation of the processes
responsible for the redistribution of water masses [1].
Convective mixing is related to the processes deter�
mining unique properties of water mixing in fresh
water reservoirs and formation of its thermal balance.
In the spring and autumn periods, special attention
should be focused on the convection related to the
anomalous dependence of water density on tempera�
ture near 4°С. The formation of a thermal bar (or,
briefly, a thermobar, originating from French barre,
which is an obstacle) is exclusively related to the tem�
perature of the maximum water density. Such a tem�

perature for salinities less than 24.7°С is above the
freezing point. As a result, during the spring warming
and autumnal cooling of waters, the surface waters
pass the point of maximum density. The appearance of
convective water motion leads to the formation of a
vertical boundary (thermal bar) along the 4°С iso�
therm with intense lowering of waters separating the
coastal zone of the lake from the internal part. During
these seasons, thermohydrodynamic processes related
to the development of the thermal bar are the main
factors determining the peculiarities of water mixing,
which are responsible for the water quality. Therefore,
one has to take into account the contribution of phe�
nomenon such as the thermal bar to the ecological
state of the water reservoir and the dynamics of its
development when developing practical plans of
nature preservation in water basins. A more complete
account of this contribution requires comprehensive
investigation of the thermal bar, which would allow us
to consider the influence of a wide spectrum of possi�
ble mechanisms determining the thermal state and
dynamics of its development considering a variety of
weather conditions. Such an approach opens wide
possibilities to develop a more realistic model of this
natural phenomenon. In our work, we performed the�
oretical and experimental analysis of the dynamics of
the development of the thermal bar.

The objective of this work is to study the thermal
bar dynamics by means of numerical experiments and
laboratory modeling with account for the influence of
wind, solar irradiance, and fluxes of latent and sensible
heat.

The mathematical model is a development of the
model elaborated earlier [2–4]. The model considers
the motion of an incompressible viscid fluid under the
influence of the gravity field in a domain whose sizes
correspond to the sizes of the laboratory setup tank.
The problem was solved in the Cartesian coordinate
system Ox1, Ox2, Ох3.
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The system of the Navier�Stokes equations in the
Boussinesq approximation is used to describe the ther�
mohydrodynamic processes (equation of thermal con�
ductivity and equation of state for fresh water) written
with account for the methods of distinguishing large�
scale structures in a turbulent medium [5]. The equa�
tion of state included the quadratic dependence of the
water density on temperature near 4°С. Following [5]
we write the final equation system in the variables of
the stream function ψ and vorticity ϕ:

(1)

(2)

(3)

(4)

where, U1, U2, and U3 are velocities along the corre�
sponding coordinate axes x1, x2, x3; α is the geograph�
ical latitude; and Ω is the angular velocity of the Earth’
rotation. Equation system (1)–(4) is written in the
dimensionless form, where the following normalizing
units were accepted: depth of the basin H for the dis�

tances;  for temperature;  for velocity;  for

time; μ =  is a dimensionless coefficient of tur�

bulent viscosity; Т and T4 are dimensionless values of
the temperature and the temperature of the maximum
freshwater density. Here, γ = 0.75 × 10–5 °C–2, νT is the
coefficient of turbulent viscosity, and g is acceleration
due to gravity.

We shall use the coefficient of turbulent viscosity to
close the equation system (1)–(4), which we also
reduce to the dimensionless form taking into account
the introduced units of measure. Finally, we get
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where S is the dimensionless square of the domain for
the problem solution.

The boundary conditions were specified as follows.
The free surface condition was specified at the upper
boundary: the wind stress along axis х2 and the variable
heat flux as a function of the time of the day, which
includes the radiance and balance heat flux QR and the
latent QL and sensible QT heat fluxes between the water
basin and the atmosphere. The directions of QL and QT
can be either positive or negative depending on the ini�
tial conditions of the numerical model.

The nonslip condition, zero transport condition for
velocity, and zero heat fluxes were specified at the bot�
tom of the basin, and for the left and right inclined lat�
eral boundaries. The temperature distribution field
corresponding to the conditions of the experiment and
the zero velocity field was specified as the initial con�
dition.

The solution of equation system (1)–(4) with the
equation of closure (5) and the boundary and initial
conditions was realized using the method of alternat�
ing directions (implicit scheme) [6]. The problem was
solved on a grid with 1800 nodes.

The “Thermobar�1” laboratory setup is a rectan�
gular glass tank with length l = 1.5 m and width s =
0.4 m [7, 8]. The tank basin in the longitudinal direc�
tion is sloping; and its angle α can be varied from 0° to
15°. The water that fills the tank with a fixed bottom
slope forms a wedge. In order to prevent heat transport
through the bottom and walls, they were thermally iso�
lated by foam plastic. Heat flux Q at the water surface
was determined with five electric lamps ranging from
40 to 210 W/m2. The water temperature was measured
with four vertical profilers with attached temperature
sensors.

The wind generator consisting of two ventilators
with a diameter of 0.2 m was used to induce wind cir�
culation in the laboratory tank. The velocity of the air
flow induced by ventilators was measured with an elec�
tronic anemometer in the range from 0 to 5 m/s.

In the laboratory experiments, the inclination of
the tank bottom to the horizontal was set at 6° and the
water depth was 0.16 m. The radiation flux in the lab�
oratory experiment was 210 W/m2, which did not dif�
fer much from the typical values in the natural condi�
tions in spring [9]. The main portion of heat from the
incandescent lamps was absorbed by the top centime�
ter of the water layer in the tank. According to the cor�
responding vertical proportions of the laboratory and
real water basin, the model simulated absorption of the
solar heat in the few uppermost meters of the lake.

Before the beginning of each experiment, the tank
was filled with tap water and ice. During melting of
ice, the water temperature decreased to T0 < Tm (Tm =
4°C). The water in the basin was mixed to equalize the
temperature inhomogeneities, and before warming the
water was left at rest for a few minutes. The measure�
ments were carried out along the longitudinal section
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at the middle of the basin. The air flow induced by the
wind generator was directed parallel to the water sur�
face. The wind forcing was oriented in two�coordinate
directions along the free surface of water in the tank.

The circulation structure of currents at different
wind velocities was revealed as a result of numerical
and laboratory experiments. The range of critical val�
ues of wind velocity was found, at which the drift cur�
rent forms a zone of water mass convergence, which
does not coincide with the 4°С isotherm and sup�
presses density convection preventing the formation of
the thermal bar. An increase in the wind velocity leads
to suppressing of thermal convection. It is accompa�
nied by an increase in the velocity of the fluid circula�
tion. This is confirmed by the Richardson number

Ri = , which determines the role of thermal

stratification in the vertical energy transport in com�
parison with the dynamic factors, which include wind
forcing at the surface of the reservoir. If the Richard�
son number is much less than unity, the buoyancy
force does not play a significant role for the current. If
it is greater than unity, the buoyancy force dominates.
Figure 1 presents the dependence of the differential

Δρgl

ρV2
���������

Richardson number on the time of the wind forcing in
the model reservoir.

When wind velocity increases, the Richardson
number approaches zero, which illustrates the domi�
nating role of the inertia forces over the buoyancy
force. The time dependence of the Richardson num�
ber can facilitate estimating the time duration of the
reconstruction of currents until they reach the station�
ary state in the entire region of the modeled reservoir
under constant wind velocity. Reconstruction and for�
mation of the stationary regime occurs more slowly
under weak wind (Fig. 1, curves 1, 2) compared with the
case of significant wind forcing, which reconstruct the
current during a few tens of minutes (Fig. 1, curves 3, 4).

A rapid motion of the 4°C isotherm at the water
surface under weak wind forcing from the coast and its
slow motion under wind forcing in the direction of
shallow water despite its slow motion in the central
part of the reservoir were found in both cases in the
series of laboratory experiments. This result indicates
that a nonlinear dependence of heat advection on the
direction and intensity of wind exists between the
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Fig. 1. Dependence of the Richardson number on the time
of wind forcing of various intensity. Wind velocity: V =
2 (1), 4 (2), 6 (3), 10 m/s (4).
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Fig. 2. Velocity C of thermal bar displacement: (1) numer�
ical calculation; (2) laboratory experiment; (3) normalized
AVHRR Pathfinder satellite data for Lake Ladoga (direc�
tion SSE–NNW) during the period from May 1 to
June 31, 2008.

External parameters and measured characteristics of the thermal bar

Study object Data tanα Q, W/m2 T0, °С Δl, m Δt, s 〈Tw〉, °C

Lake Ontario [10] 3 × 10–3 250 2 11 × 103 84 × 104 4.9

Lake Ladoga [9] 2 × 10–3 167 0 17 × 103 198 × 104 6.4

Numerical calculation [4] 1 × 10–1 210 0 1.4 24 × 102 5.2

Laboratory experiments [11] 9 × 10–2 376 0 1.21 39 × 102 6.2

[8] 1 × 10–1 10 0 1.4 24 × 102 4.8
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warm and cool parts of the reservoir. A comparison of
the displacement velocity of the thermal bar with the
satellite IR�observations (AVHRR Pathfinder) in Lake
Ladoga during the period from May 1 to June 31,
2008, is shown in Fig. 2. The data of field observations
were normalized with the account for the spatiotem�
poral scales model–field experiment. The comparison
was performed by scaling of the lake size provided that
the similarity is maintained by the Froude and Taylor
numbers.

The mean velocities of the thermal bar displace�
ment based on the calculation data, experiments, and
satellite AVHRR Pathfinder observations were 2.15,
1.8, and 34.7 cm/min, respectively. The discrepancy
between the calculation and experimental data is likely
related to the peculiarities of the thermal regime of the
reservoir in each specific case.

During the numerical experiment, the values of
fluxes QT, QL, and their total value QΣ were estimated
on the basis of transport equations [9] at different val�
ues of the wind velocity. The values of these fluxes were
calculated for the difference between the air and water
temperatures ranging from –10 to +10°C at constant
relative air humidity 60%. Figure 3 demonstrates the
situation characteristic of the spring period when the
air temperature insignificantly exceeds the water sur�
face temperature in the modeled reservoir. In this case,
the total heat flux is directed to the atmosphere, which
is related to the excess of the latent heat over the sen�
sible heat.

The opposite situation is also possible when the
sensible heat flux is dominating. In this case, the joint
action of both fluxes directed to the reservoir would
lead to additional warming of the surface waters, and
hence, to the increase in the velocity of thermal bar
displacement. It follows from the calculations that the
account for these fluxes in the boundary conditions is
significant in the numerical models simulating natural
reservoirs. According to our estimates, this can lead to
a variation in the velocities of the convective density
currents ranging from 20 to 25% proportionally to the
additional heat transported to the water column. Due
to nonuniform warming of the surface waters in the
coastal and deep parts of the reservoir, the direction of
the total latent and sensible heat fluxes can have differ�
ent signs at the surface of the reservoir. In the deep part
of the reservoir, surface waters are additionally
warmed (due to the large difference between the air
and water temperatures), while in the coastal region,
the water is cooled (due to the smaller difference
between the air and water temperatures).

The characteristics of the thermal bar measured
during the work agree satisfactory with the data of
other authors presented in table prepared on the basis
of the papers cited most frequently. The table presents
the external parameters determining the development

of the thermal bar:  is the tangent of the bottom
slope, Q is heat flux trough the water surface, and T0 is

αtan

the initial temperature. The table also presents the
characteristics of the thermal bar: Δl is the distance
passed by the thermal bar during time Δt; 〈Tw〉 is the
mean temperature of the warm region by time
moment Δt.

The experiments demonstrated that the methods
used in the work can be successfully applied to repro�
duce the characteristic peculiarities of the thermal
structure of the reservoir when the water temperature
passes the value corresponding to its maximum density
in different environmental conditions of the modeled
reservoir. The possibility to vary the initial and bound�
ary conditions in the course of the experiment opens
new perspectives for further research of the thermohy�
drodynamic processes using the methods of mathe�
matical and laboratory modeling.
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