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Abstract—A new version of the one-dimensional thermo-hydrodynamic and biogeochemical model
LAKE2.1 is presented. The model is supplemented with a description of the dynamics and vertical distribu-
tion of salinity in an ice cover. Simulation results are compared to in situ and satellite data of water tempera-
ture and ice cover at Uvs Nuur Lake (Mongolia) from 2000 to 2015. It is shown that underestimating the
mixed-layer depth by the model with standard turbulence closure k−ε during summer and autumn leads to a
significant shift in the timing of the onset of ice. It is also demonstrated that, while neglecting the salinity of
the lake, the freeze-up according to the model happens 16–17 days earlier than in reality. This error is removed
if the effect of salinity on water density and freezing temperature is included. However, in this case, the model
underestimates the maximal seasonal ice thickness on average by ≈0.2 m. In turn, this error decreases an order
of magnitude if the dynamics and vertical distribution of salinity in ice are simulated in the model.
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INTRODUCTION
The ice regime is the crucial characteristic of inland

water bodies. The onset of the ice cover stops the flux
of momentum into the reservoir from the atmosphere,
which leads to the establishment of an almost laminar
flow regime and weak molecular vertical diffusion. A
sharp reduction in solar radiation shifts the ecosystem
functioning into the winter mode. The lack of connec-
tion with the atmosphere decreases the concentration
of oxygen in water due to its consumption by decompo-
sition of organic compounds [1]. With sufficiently long
freeze-up, this can lead to high fish mortality. Simulta-
neously with the decrease in the concentration of oxy-
gen, the content of methane and carbon dioxide, which
are greenhouse gases, increases and they will be
released into the atmosphere during ice-off [2]. The
ice-off time also determines the beginning of mixed-
layer temperature rise in the reservoir and, therefore,
the temperature of this layer in the first half of summer.
Under modern climate change, the ice-off time is
noticeably reduced [3, 4], which increases the rele-
vance of studying the physical mechanisms of ice for-
mation and the destruction of the ice cover.

Large literature is devoted to the mathematical
modeling of the ice regime of inland waters. All mod-
els the authors are aware of are one-dimensional. The
basis of these models is the solution of the heat trans-
port equation with a radiation source, solved in snow
and ice with the corresponding boundary conditions.

The heat transfer in the water layer is of secondary
importance for this task, since the heat f lux below the
freezing front is usually small and may not be taken
into account in the first approximation. In a number
of models, the stationary version of the heat equation
in snow and ice covers is solved [5]. Excluding the vol-
ume absorption of radiation, this approximation gives
a linear temperature profile in both layers [6]. In most
models, the heat equation is solved in a complete non-
stationary form by finite difference methods [7–10].

Much less attention is paid in the literature to the
numerical simulation of the thermodynamic and ice
regime of salt lakes than to the modeling of freshwater
objects. The few works devoted to the calculation of the
evolution of the ice cover in salt lakes [10] do not take
into account the effects of the “capture” of salt water in
the pores of the growing ice cover—a phenomenon well
studied for the sea ice [11]. However, it is not pertinent
to apply models developed for the formation of sea ice
to lakes, since, unlike lake ice, sea ice moves under the
influence of wind and currents, the divergence and con-
vergence of which leads to the formation of significant
spatial variability of ice concentration; therefore, rather
complicated equations of ice-cover dynamics are used
in the corresponding models [12, 13].

This article presents a new version of the one-
dimensional thermo-hydrodynamic LAKE 2.1 model
of the water reservoir [14, 15], in which the ice-cover
block is supplemented with a description of the salinity
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evolution. The model is verified with the use of obser-
vational data collected for the Uvs Nuur Lake (Mon-
golia) and the effect of salinity on the lake’s ice regime
is estimated.

DESCRIPTION OF THE MODEL
General Characteristics of the Model

The one-dimensional LAKE model of thermo-
hydrodynamics and biogeochemistry of the reservoir
and underlying sediments [14–16] includes the pro-
cesses of vertical heat transfer, taking into account the
propagation of shortwave radiation in the layers of
water, ice, snow, and bottom sediments. The model
equations are formulated with respect to values aver-
aged over the horizontal cross-section of the reservoir,
which leads to an explicit accounting for the momen-
tum, heat, and solutes exchange between the water
medium and the sloping bottom. In the water column,
k−ε parametrization of turbulence is used, and the
equations of motion allow for the inclusion of the
barotropic pressure gradient [15]., which is not used in
this study In the snow layer, the vertical transfer of liq-
uid moisture is taken into account, and the possibility
of its freezing is implemented in the soil layer. The
model describes the vertical diffusion of dissolved
gases CO2, CH4, and O2, as well as their bubble trans-
fer, production and oxidation of methane, photosyn-
thesis, and processes of oxygen consumption. The
model was tested in the ability to reproduce the ther-
mal and ice regimes of a large number of reservoirs in
contrasting climatic conditions, including those stud-
ied in the framework of the LakeMIP project (Lake
Model Intercomparison Project, [17–20]).

Transfer of Heat and Salinity in the Ice Cover
In the LAKE 2.0 version of the model, ice is con-

sidered fresh and its thermophysical properties are
homogeneous vertically. In fact, ice always contains
pores occupied by gases or liquid water. In version 2.1,
the porosity of ice is introduced, which is occupied
only with liquid water containing dissolved salts. The
ice porosity p due to the water content is defined as

(1)

where Vw is the brine volume and Vi is the volume of
clear ice. The volume heat capacity ρici and the thermal
conductivity λi of porous ice are calculated according to
the volume fractions of water and ice [21]:

(2)

(3)
where ρ is the density; c is the specific heat; and indi-
ces w0 and i0 correspond to the reference values of the
thermodynamic characteristics for water and pure ice,
respectively. The effect of the salinity of pore water on
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the heat capacity and thermal conductivity of this
water is neglected.

The heat conduction equation averaged over the
horizontal section of a water body in a layer of porous ice
using the normalized vertical coordinate 
has the following form [15]:

(4)

Here, z is the coordinate directed along gravity with
the beginning on the ice surface, hi is ice thickness,
T is temperature, dhi0/dt is the increment of ice thick-
ness on its surface, S is the shortwave radiation flux
(the weakening of which in layers of snow, ice, and
water is calculated according to the Beer–Bouguer–
Lambert law), L is the freezing/thawing heat of water,
A is the z-dependent cross-sectional area of the ice
cover determined by the lake basin morphometry, and
FT,b is the heat f lux at the ice– sediment boundary.
The heat f lux FT,b is calculated by invoking the solu-
tion of one-dimensional heat conduction problems in
columns of bottom sediments lowered down from dif-
ferent depths of the lake [15]. This paper uses five such
columns. The metric items I and II appeared due to
the use of the normalized vertical coordinate and the
movement of the origin of coordinates during ice
growth/thawing at its upper boundary. The VI term is
responsible for the release/absorption of heat during
the freezing/thawing of water contained in brine.

Note that the I and II items in Eq. (4), which are
not taken into account in virtually all lake models , are
not negligible. It is easy to show that

(5)

where ti is the time during which ice with thickness hi.
was formed. In the estimate above, the values hi = 1 m,
ti = 3 months, λi/(ρici) ≈ 10–6 m2/s are used.

Equation (4) requires two boundary conditions. At
the ξ = 0 boundary, the heat-balance equation is used,
or, in the case of snow cover, the continuity of tem-
perature and heat f lux at the snow-ice boundary. On
the lower surface of the ice, the freezing temperature is
assigned, which is determined by the salinity of water
at the ice-water boundary.

The density of salts in the ice cover (mass of salts
per unit volume of porous ice) ρs is related to the
porosity of ice p and the concentration of salts in the
pore brine ρsp as

(6)
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NUMERICAL SIMULATION OF ICE COVER OF SALINE LAKES 131
Water freezing in brine involves the formation of
pure ice from the water, while the salts remain in the
liquid phase. The removal of salts from the ice cover,
according to Yu.L. Nazintsev and V.V. Panov [11],
occurs due to the following mechanisms:

(1) the molecular diffusion of salts due to the brine
concentration gradient in the ice cover;

(2) “pressing out” of the brine onto the ice surface
due to internal pressure in the ice cover;

(3) the gravitational runoff of brine along cracks;
(4) the “washout” of brine due to the pressure by the

layer of thawed water on the surface of the ice cover.
Mathematically describing these processes is a

complex task, which is solved at the parameterization
level, for example, in the SAMSIM sea-ice-cover
model [13]. In our model, a simple approach is pro-
posed in which the salt discharge from the ice cover
due to all the mechanisms described above is assumed
to be proportional to ρs. This does not allow one to
obtain, for example, the well-known “C-shaped” pro-
file ρs with a maximum on the ice surface and near the
frost boundary in the model [22]; however, it repro-
duces the general tendency of ice desalination with
time throughout the ice profile.

Taking into account the above assumptions, the
equation for ρs takes the following form:

(7)

where term III parameterizes the drain of salts and α
is the reciprocal of the characteristic time of the
removal of salts. The characteristic time for the
removal of salts is assumed to be 1 year on the basis of
the well-known fact that 1-year-old sea ice is practi-
cally fresh [23].

To solve Eq. (7), one boundary condition is
required. This condition should take into account that
the salinity of the newly formed ice significantly
depends on the rate of advance of the phase transition
front [11]. In the model, this physical effect is taken
into account as follows:

(8)

(9)

where the velocity of the phase front  is expressed in
mm/h; f(W) is the empirical dependence of
V.L. Tsurikov; C1 = 7, C2 = 7, and C3 = 10.3 are empir-
ical constants; s0 is the salinity of water at the water–
ice binterface as a mass fraction of salts; ρw0 is the aver-
age density of water; and p0,min is the minimum value
of ice porosity at this boundary, assumed constant (in
the model 0.05). In formula (8), a lower limit is intro-
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duced by the quantity s0ρw0p0, min, since V.L. Tsurikov’s
formula gives zero salinity of ice at zero speed of the
front movement. The physical meaning of equality

 where  is that the salt con-

centration in pores , which form when the ice
cover grows from below, is equal to the salt concentra-
tion in the water immediately below the freezing front.

Formulas for calculating the rate of change of ice-
cover thickness dhi/dt, dhi0/dt are given in the next sec-
tion. To close system of equations (4), (6), (7), one
more relation is required, which is the condition of
thermodynamic equilibrium:

(10)

where Tfr is the freezing point, determined by the
salinity of the brine ρsp.

The growth and thawing of ice lead to changes in
water salinity. In the LAKE model, the salinity of
water is calculated based on the vertical diffusion
equation:

(11)

Here, s is the salinity of water (mass fraction of salts,
kg/kg); hw is the thickness of water; ks = ks,m + ks,t is the
sum of molecular and turbulent diffusion coefficients,
respectively (the latter is calculated using the turbulent
closure k−ε),  is the dimensionless ver-
tical coordinate, in which zw = 0 corresponds to the
upper boundary of the water layer; ΓA(z) is the bound-
ary of the cross-section A(z)); uh = (u, v) is horizontal
flow velocity; n is the outward normal to ΓA(z) and dl is
the increment of the length of the boundary. Terms I
and II are similar to the corresponding terms in Eq. (7).
Term IV expresses the transfer of a lake salinity with
streams inflowing and flowing out. Equation (11) is
written neglecting the f lux of salts through the
inclined bottom surface.

The effect of the freezing or thawing of ice on the
salinity of water is expressed through the upper
boundary condition of Eq. (11):

(12)

Here, dhw0 is a layer of fresh water f lowing through the
ice cover as a result of melting snow and ice on the sur-
face of the ice cover; dhw1 is a layer of water formed as
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a result of freezing or melting of the porous ice cover
from at its bottom. The third term on the right-hand
side of Eq. (12) is the f lux of salts due to the brine run-
off through cracks in the ice cover. At the bottom of
the lake (ξw = 1), the salt f lux is assumed to be zero.

Evolution of Ice Thickness

The increment of ice layer thickness dhi during
time dt consists of the ice increment at the upper
boundary dhi0 and at the lower boundary dhi1: dhi =
dhi0 + dhi1. As in the case of phase transitions inside
the ice cover, only fresh water is involved in the phase
change at both borders of the ice cover.

The thickness increment at the lower boundary is
the thickness of the formed or thawed layer of porous
ice. The volume of fresh ice  formed during the
freezing of volume of water  is 
The volume of the pores occupied by the brine is
given by  (see definition of poros-
ity (1)). Then, for the volume of newly formed
porous ice , we get

(13)

At the same time, the water column loses a volume
equal to the sum of the volume of water turned into ice
and the volume of water that has occupied the pores of
the ice cover:

(14)

Let dhw1,fr be the change in the thickness of the
water layer only due to phase transitions at the ice-
water interface, i.e., the value of  per unit area. This
increment is determined by the magnitude of the heat
flux discontinuity at this boundary:

(15)

It involves λw, which is the sum of the coefficients
of molecular and turbulent thermal conductivity in
water. Using (13) and (14), we get
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CHARACTERISTICS
OF THE WATER OBJECT AND THE SETUP 

OF NUMERICAL EXPERIMENTS
Uvs Nuur is the largest lake in Mongolia, with an

area of 3350 km2, located in the northwest part of the
country. The water in the lake is salty. Starting from
the second half of the 20th century, the average min-
eralization of lake waters tended to decrease (from
180 mg/L in 1930 to 140 mg/L in 2000 [24]). The max-
imum depth of the lake is 22 m. The climate in the lake
basin is extremely continental, with a small annual
precipitation (143 mm) and a pronounced annual
course of air temperature (mean July temperature is
20°C, January is –32°C) [25].

The attenuation coefficient of visible radiation in
the water of the lake used in the Beer–Bouguer–Lam-
bert law (0.4 m–1) was obtained using the Poole and
Atkins formula [26] by substituting the characteristic
Secchi disk depth, which is 5 m [25]. The attenuation
coefficient in the ice cover was chosen as 3 m–1 as an
estimate of the average value between 1.5 m–1 for clear
ice [27] and ice covered with snow, which has optical
properties similar to snow (the attenuation coefficient
for snow exceeds 1/(20 cm) = 5 m–1, [8]). As an albedo
of pure ice, a value of 0.4 was chosen, which is charac-
teristic of a thawing surface [27], since it was during
the thawing period that this parameter had the greatest
influence on the evolution of ice thickness. The hyp-
sometric curve (the dependence of the cross-sectional
area A on z) for the lake is taken from [24]. The influ-
ence of the tributaries of the lake, including effects on
the salinity of the water, was not taken into account.
The parameters of the numerical experiment are given
in Table 1.

Three-hour ERA-Interim reanalysis surface data
for the years 1979–2015 were used as atmospheric
forcing for the lake model: air temperature and
humidity, atmospheric pressure, downward shortwave
and longwave radiation, precipitation, wind speed and
direction. The reanalysis fields were interpolated from
four neighboring points to the center of the lake using
the bilinear function. Reanalysis data were chosen as
covering the largest time interval among the sources
available to the authors; in addition, radiation fluxes at
standard meteorological stations are not measured.

The following empirical data were used to validate
the model:

(1) Measurements of the water-surface tempera-
ture at the Davst coastal hydrological station (west
coast of the lake, 50.32 °N, 92.29 °E), mean monthly
values from 1979 to 2015.

(2) Satellite data on the surface temperature range
obtained using a Moderate Resolution Imaging Spec-
troradiometer (MODIS) scanning spectroradiometer
(www.modis.gsfc.nasa.gov, http://ladsweb.nascom.
nasa.gov/index.html) installed on the TERRA satel-
lite. The method described in [29] was used to deter-
IC AND OCEANIC PHYSICS  Vol. 55  No. 1  2019
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Table 1. Parameters of numerical experiments with the LAKE 2.1.- model
Parameter Value Reference

Parameters of the lake
Maximum depth of the lake 22 m  [24]
Initial salinity of the water 17‰  [24]
Attenuation coefficient of visible radiation in water 0.4 m−1  [25]
Attenuation coefficient of visible radiation in ice 3 m−1  [8, 27]

Physical parameters
Albedo of water 0.06 –
Albedo of ice 0.4  [[8, 27, 33]]
Albedo of snow 0.85 –

Numerical implementation parameters
Model integration period Jan. 1, 1979 to Dec. 12, 2015 –
Vertical resolution 20 layers –
Time step 20–30 s –
mine the surface temperature. In constructing the lake
mask, only those pixels that are reliably located on the
surface of the lake and do not overlap with the coastal
areas were taken into account [30]. Along-Track Scan-
ning Radiometers (ATSRs) and Advanced Along-
Track Scanning Radiometers (AATSRs) from the
ARC-Lake [31] and Monitoring of IR Clear-sky Radi-
ances over Oceans for SST (MICROS) archives were
also involved.

(3) Data on the ice cover are taken from satellite
observations in the visible range (2000–2015). The
original measurements were obtained using a MODIS
scanning spectroradiometer. From 2012 to 2017, the
L1C product of the MIRAS microwave radiometer
(SMOS/ESA satellite) was also used, which allows
one to obtain the seasonal dynamics of the brightness
temperature of the geodetic cell corresponding to the
Uvs Nuur lake. Periods which are characteristic for
open water and ice cover values of the brightness tem-
perature are identified [32].

To assess the influence of the salinity of Lake Uvs
Nuur on the ice regime, have been carried out with the
LAKE model three main numerical experiments:

(1) the E1 Experiment, in which both water and ice
are considered fresh;

(2) the E2 Experiment, in which the salinity of the
water is taken into account, but the ice remains fresh
(p = 0, ρs = 0); i.e. when ice forms, all salts remain in
the water;

(3) the E3 Experiment, in which the salinity of
water and ice is calculated using the equations
described above in “Description of the model”.

The motivation of the E1 experiment is that current
weather-forecasting systems and models of the Earth
system consider all inland water fresh; therefore, it is
important to understand what error this introduces in
the calculations of the ice and thermal regime of salt-
water bodies. In addition to the experiments men-
tioned, a calculation was made in which the salinity of
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
the ice was considered equal to a constant value of 4‰.
This value was obtained as a characteristic value for the
ice cover of Lake Uvs Nuur based on formulas (8)–(9).

RESULTS AND DISCUSSION
Thermal regime and vertical mixing. In the model

calculations, it turned out that the basic version of the
LAKE model with a turbulent closure k−ε generates a
very shallow summer mixed layer (∼5 m against ∼15 m,
according to measurement data, [25]), which is a
problem encountered earlier by the authors when
applying this model to Lake Baikal (unpublished).
This results in the underestimation of the heat content
of the lake by the beginning of the autumn period and
the hence, faster cooling of the water surface when
compared to observations (see the mean surface tem-
perature in October and November in Fig. 1) and a too
early onset of ice cover. Figure 1 includes the following
empirical data: the temperature observed at the hydro-
logical station and the temperature averaged over all
the “lake” pixels of satellite images. It is more correct
to compare the results of the model with satellite data,
since the model calculates the horizontal average of
the surface temperature. The relatively low values of
water temperature at the station can be caused by the
accelerated cooling of the littoral in autumn known for
many water bodies [34].

An analysis of existing approaches to one-dimen-
sional modeling of lakes showed that, at present, the
absolute size of the lake is not taken into account
explicitly in the equations of thermo-hydrodynamics
of these models.Indeed, in the Eq. (4), the term IV
may be written as

(18)

Therefore, terms IV and V of Eq. (4) include only a
relative decrease in the lake area with a depth
dA/dzA−1, while the absolute dimensions of a lake do
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134 STEPANENKO et al.

Fig. 1. Mean monthly surface temperature of Lake Uvs
Nuur for 2001–2015 according to the results of calcula-
tions by the original version of the LAKE model (Model),
model with the addition of a background diffusivity (Model
Corr.) according to measurements at the Davst hydrologi-
cal post (Station), and according to the data of temperature
recovery from satellite measurements (Satellite). The stan-
dard deviation of the monthly temperature during 2001–
2015 for different months ranges from 0.0 to 1.5°C accord-
ing to satellite measurements and from to 0.6 to 1.1°C in
the model.
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not enter governing 1D equations. At the same time, it
is well known in limnology that, with an increase in
the size of a water body, the depth of the mixed layer,
with other conditions unchanged, increases [35, 36].
The literature has long discussed the possible contri-
bution of the collapse of internal waves breaking to the
generation of turbulent kinetic energy in a thermocline
(see, for example, [37]). For large lakes, it is also pos-
sible to use concepts that have been developed in
oceanology on the interaction of internal waves and
turbulence [38].

To take in account the effect of lake size when its
physical mechanisms are poorly understood, empirical
corrections to the vertical diffusion coefficient, includ-
ing the size of the lake in explicit form, for example,
M.Hondzo and H.Stefan parametrization [39], have
been proposed for one-dimensional models. These
authors introduce an additional background diffusion
coefficient (thermal diffusivity) in the thermocline:

(19)

where A0 is the surface area of the lake and k1 = 0.56,
k2 = 0,43, k0 = 8.17 × 10−5 cm2/s are empirical con-
stants. This parameterization was included in the cal-
culation of the diffusion coefficient of the LAKE
model, so that

(20)

and, similarly, introduced to the calculation of the
coefficient of thermal diffusivity during the period of
open water, when there is a f lux of kinetic energy from
the atmosphere, partially transforming into the energy
of internal waves. The result was a better reproduction
of the annual course of the surface temperature of the
lake (Fig. 1) and the vertical temperature profile.
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Coefficient k0 is the only one calibrated in the present
work, and its value turned out to be an order of magni-
tude lower than in [39]. This can be explained by the
fact that, in article [39], k0 was calibrated as part of a
model with a fundamentally different vertical mixing
scheme, where a bulk model for a mixed layer is used,
and coefficient ks,b is introduced as a coefficient of tur-
bulent diffusion in the thermocline, while in the
LAKE model ks,b is added to the turbulent diffusion
coefficient calculated by the k−ε model (20).

Ice regime. Figures 2a and 2b show the examples of
the evolution of the snow and ice thickness during two
different winter seasons. As can be seen from the fig-
ures, if we assume that the water in the lake is fresh, the
onset of ice happens much earlier (on average more
than 2 weeks, see Table 2) than according to observa-
tions and E2, E3 experiments. This is caused, on the
one hand, by a higher freezing point of fresh water
and, on the other, the faster cooling of the surface.
With a characteristic lake salinity value of 17 ‰, the
temperature of the maximum water density drops to
‒0.1°C and, by the time the freezing point on the sur-
face (≈–1.13°C) is reached, the lake in experiments E2
and E3 is almost completely mixed vertically. The
additional buoyancy flux that occurs when the surface
layer is salinized due to autumn evaporation also con-
tributes to mixing. At the same time, in the experiment
with fresh water, the cooling of the deep layers stops
with a temperature of about 4°C and further cooling of
the surface occurs at a faster rate due to a sharp
decrease in the depth of the upper mixed layer.

Due to the earlier onset of ice in the E1 experiment,
the maximum ice thickness during a winter season, as
a rule, is 0.1–0.2 m more than in experiments
accounting for salinity, which is illustrated by the win-
ter case of 1993–1994 shown in Fig. 2a. This is also
caused by a smaller heat f lux from the deep layers of
water to the freezing front (5 W/m2 against 8.4 and
9.3 W m2 in E2 and E3 experiments, respectively). The
greater heat f lux when taking into account the salinity
of water is due to the fact that the release of salts during
the freezing of ice leads to unstable stratification in the
upper layers of water and a more intensive exchange of
heat with the underlying layers. However, in a number
of winter seasons in the E1 experiment, the ice is not
the thickest, i.e., in 1996–1997(Fig. 2b). In these
cases, after the onset of ice in the E1 experiment and
before the start of freeze-up in the E2 and E3 calcula-
tions, the snow falls. Due to thewell- known thermal
insulation by the snow cover, the rate of ice growth
drops sharply in the E1 calculation and, as a result, the
maximum thickness of ice is achieved in the E3 experi-
ment. The ice grows more in the E3 experiment than in
the E2 one throughout all years of calculation (Fig. 2).
This is partly due to the earlier date (on average, by
1.6 days, Table 2) of the onset of ice cover in E3 calcu-
lations. In addition, using formula (17), it is easy to
show that dhi1,E3/dhi1,E2 ≈ 1/(1−p0)) with the same
IC AND OCEANIC PHYSICS  Vol. 55  No. 1  2019
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Fig. 2. Temporal evolution of the snow and ice thickness on Lake Uvs Nuur according to the new version of the LAKE model in
three numerical experiments: E1, E2 and E3 (the setup of experiments is given in the main text). (a) Winter 1993–1994; (b) winter
1996–1997.
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heat balance at the phase-transition boundary. That
is, other factors being equal, the growth of salty ice is
faster than freshwater ice, because water in this case
does not freeze completely and is included in the vol-
ume of ice in the form of brine. Using parameters
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS 
characteristic of the Uvs Nuur lake in formulas (8) it is
easy to show that p0 ≈ 0.27 and dhi1,E3/dhi1,E2 ≈ 1.37.
However, the ratio of ice thicknesses in these experi-
ments is noticeably less than 1.37, since this effect is
partially compensated by the fact that the thermal dif-
 Vol. 55  No. 1  2019
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Table 2. Dates of ice-off and onset of ice cover at Lake Uvs Nuur according to satellite data (sat) (t1 is the beginning of ice
thawing, t2 is complete ice-off, t3 is the beginning of ice cover formation, and t4 is full ice cover on the lake) and numerical
experiments with the LAKE model (E1–E3) (t2 is the loss of the ice layer and t4 is the emergence of the ice layer). Errors
of modeling of theice-on and ice-off dates: ME is the mean error and RMSE is the root-mean-square error. The compar-
ison was carried out for the next dates: t2 (sat) and t2 (E1, E2, E3), t4 (sat) and t4 (E1, E2, E3)

Year t1 (sat) t2 (sat) t2 (E1) t2 (E2) t2 (E3) t3 (sat) t4 (sat) t4 (E1) t4 (E2)) t4 (E3)

2000 1.05 12.05 15.05 8.05 12.05 19.11 25.11 16.11 6.1 4.12
2001 9.05 16.05 17.05 10.05 17.05 30.11 14.12 26.11 11.12 7.12
2002 11.05 19.05 25.05 17.05 24.05 28.11 11.12 3.12 20.12 5.12
2003 13.05 19.05 27.05 21.05 27.05 19.11 12.12 30.11
2004 11.05 10.05 20.05 13.05 20.05 24.11 8.12 21.11 12.12 13.12
2005 3.05 10.05 21.05 16.05 22.05 1.12 10.12 1.12 9.12 4.12
2006 15.05 24.05 21.05 20.05 21.05 4.12 15.12 26.11 15.12 24.12
2007 28.04 5.05 11.05 14.05 8.05 29.11 10.12 26.11 6.12 2.12
2008 11.05 19.05 22.05 18.05 21.05 3.12 15.12 1.12 13.12 15.12
2009 9.05 17.05 19.05 21.05 22.05 2.12 8.12 19.11 7.12 9.12
2010 12.05 21.05 31.05 30.05 1.06 8.12 15.12 4.12 12.12 9.12
2011 8.05 20.05 16.05 16.05 23.05 3.12 12.12 23.11 9.12 4.12
2012 8.05 22.05 15.05 16.05 16.05 28.11 9.12 27.11 5.12 5.12
2013 2.05 12.05 19.05 10.05 11.05 13.12 20.12 3.12 13.12 13.12
2014 6.05 18.05 22.05 15.05 18.05 30.11 13.12 29.11 12.12 7.12
2015 8.05 17.05 12.05 13.05 16.05 20.11 12.12 21.11 16.12 21.12

ME 0 3.3 –0.2 3.1 0 –16.7 –0.1 –1.7
MSE 0 6.1 4.9 5.9 0 18 4.8 6.6
fusivity for salt ice is less than for pure ice: using for-
mulas (2)–(3), it can be shown that their ratio is 0.59–
0.84 for ice porosity 0.1–0.3. Therefore, other factors
being equal, the removal of heat upward from the
phase transition boundary in the salty ice cover is
slower. At the same time, the heat flux from the under-
lying water layers to the freezing front in experiments E2
and E3 differs slightly (8.4 and 9.3 W/m2, respec-
tively), which causes a small difference in the rate of
ice growth.

The average winter maximum ice thickness for the
period 1980–2015 in E3 experiment was 0.97 m (with
standard deviation 0.16 m), which is in good agree-
ment with the average value according to observations
(0.98 m, [24]) while, without taking the salinity of ice
into account (experiment E2), this value is signifi-
cantly underestimated by the model (0.77 m). Note
that, when using the constant ice salinity 4‰ in the
model, the average maximum ice thickness was 0.80 m
(with standard deviation 0.12 m), which is also notice-
ably less than in the more complete model and inthe
measurement data.

The late date of ice–off in E3 is partly due to the
early onset of ice (Table 2). The early onset of ice, in
turn, is partially caused in the model by neglecting the
destruction of thin ice cover forced by mesoscale
atmospheric vortex over the lake. This vortex develops
during cold air outbreaks from land on the relatively
IZVESTIYA, ATMOSPHER
warm lake waters in the period preceding freezing.
This effect is easily seen in satellite images. The model
does not take into account also the fact that the ice
begins to thaw in spring from the shores, where the
depth of the lake is small and the heating by solar radi-
ation is fast, and becomes covered with cracks over the
entire area through which water can also rapidly heat
up, accelerating the destruction of ice. The slow melt-
ing of ice in the model is also evidenced by the fact
that, in the E3 calculation, the snow on the lake melts
earlier than according to satellite observations by an
average of 5–6 days (for the period of 2000–2017) and,
thus, the ice-off after the disappearance of snow in the
model is 9 days longer than in real conditions. In addi-
tion to the mentioned effect of partial destruction of ice,
this may also be due to the inaccuracy of defining the
radiation characteristics of ice (for example, the albedo,
which varies from 0.2 to 0.9 for ice [8, 27, 33,], etc.)

It is curious to note that, in model experiments tak-
ing into account the salinity of water after the loss of
snow cover and in the process of intensive thawing of
ice, a desalinized zone and a very stable salinity strati-
fication develops under the ice. At the same time,
shortwave radiation penetrates through the ice cover
and the maximum temperature is formed in the upper
water layers—a phenomenon known for lakes in where
the stratification is determined by salinity [40, 41].
IC AND OCEANIC PHYSICS  Vol. 55  No. 1  2019
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CONCLUSIONS

A new version 2.1 of the one-dimensional LAKE
model of thermo-hydrodynamics and biogeochemis-
try of the water reservoir is presented. The model is
supplemented with a description of the dynamics and
vertical distribution of salinity in the ice cover. The
model is compared with the data of in situ and satellite
measurements of temperature and ice cover on Uvs
Nuur Lake (Mongolia) for 2000 to 2015.

It was shown that insufficient vertical mixing in the
lake during the warm season in the model with the
standard turbulent closure k−ε leads to a significant
shift in the ice-on dates. In this paper, this problem is
solved by introducing an additional (background)
coefficient of turbulent thermal conductance/diffu-
sion into the models. It was also demonstrated that, if
the salinity of the lake is neglected, the freeze-up
according to the model starts 16–17 days earlier than
the actual dates. This error is removed if the model
takes into account the influence of salinity of water on
the density of water and the freezing point; however, at
the same time, the model underestimates, on average,
the maximum ice thickness during winter by ≈0.2 m.
This error, in turn, is reduced by an order of magni-
tude if the model simulates the vertical distribution
and the dynamics of salinity in ice. The traditional
approach using a constant value of ice salinity does not
provide such an effect. The remaining inaccuracies in
simulating the ice cover can be attributed to the fol-
lowing effects not reflected in the model: the destruc-
tion of the thin ice cover in the autumn due to wind,
accelerated heating of the reservoir in spring due to the
presence of edges and cracks, and the temporal evolu-
tion of the radiation properties (primarily albedo) of
snow and ice.
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