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Purpose. The present study is aimed at assessing influence of the atmospheric precipitation phase
composition upon simulation of seasonal evolution of ice thickness in the Taganrog Bay apex.
Methods and Results. The ice regime characteristics in the northeastern part of the Taganrog Bay
were studied by means of the ice cover thermodynamic model. The observational data on the basic
meteorological parameters obtained every 3 hours per day at the meteorological station Taganrog
were used as a meteorological forcing. The simulations included the static and dynamic methods for
dividing total prognostic precipitation into the liquid and solid fractions. The first method implied
presence of the temperature threshold, below which all the precipitations were classified as snow and
above which — as rain. The second one took into account gradual transition from rain to snow within
the preset temperature interval. For the winters differing in precipitation amount during the ice period,
the comparative analysis of the results of simulating the sea ice thickness seasonal evolution was
done, and the model sensitivity to choosing the method for determining the portions of the solid and
liquid phases was assessed. Simulation veracity was defined through comparison of the sea ice
thickness model values with the actual ones from the ESIMO ice maps for the winter seasons
2007/2008-2010/2011.

Conclusions. It is shown that the results obtained by application of the S-like dependence of a snow
portion in the atmospheric precipitation within the temperature transition interval, proved to be
the most justified from the viewpoint of the root-mean-square deviation and correlation coefficient
optimal values. The minimal errors in reproducing the ice thickness seasonal evolution are obtained at
the temperature threshold close to 2 °C and the width of the temperature transition interval 5-9 °C.
The best results for the low-snow winters are obtained due to applying the static method for
determining a precipitation phase.
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Introduction
Ice cover is an important component of the Sea of Azov hydrological regime
because, depending on the severity of the winter period, both partial and complete
freezing are observed. Sea ice limits the economic activity in the region,
significantly complicates the conditions for navigation and poses a real danger to
hydraulic structures. The sea ice evolution is determined by the thermal and
dynamic regimes of the atmosphere and the aquatic environment; at the same time,
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the ice cover itself has a significant effect on the heat fluxes between these
environments. An essential role in the sea ice formation and development is played
by atmospheric precipitation. Snow accumulates on the ice surface, and
precipitation in the form of rain falling on the snow is absorbed by it, changing
the snow cover density and albedo. Liquid precipitation enhances the melting of
snow and ice even in those cases when the rain temperature is just slightly higher
than 0 °C. The mentioned features of the precipitation effect on the snow-ice cover
should be correctly assessed and taken into account when calculating the sea ice
characteristics. Precipitation is one of the most variable in time and space
meteorological phenomena, and information on their phase composition is
an important synoptic characteristic of the region. A considerable amount of mixed
precipitation falls on the Sea of Azov surface even in the cold season, and
the number of days with rain in winter can exceed the number of days with snow
[1]. The complexity of observations and the paucity of direct measurements of both
the Sea of Azov snow-ice cover and the phase nature of precipitation significantly
complicate the study of winter thermodynamics of this basin. Uncertainty arising in
calculating the thickness of the sea snow-ice cover can be largely associated with
inaccuracies in determining the phase composition of precipitation.

A review of existing methods for determining the phase composition of
precipitation is presented in [2]. Near-surface air temperature can be used as one of
possible criteria for the separation of precipitation into phases (rain/snow).
Forecasts of air temperature at the moment are quite reliable. In addition, this
parameter lends itself well to interpolation, as well as extrapolation in the region
with no observations.

In the models of snow cover dynamics based on the determination of
the precipitation phase composition by the value of near-surface air temperature,
static and dynamic methods for separating precipitation into phases (rain/snow) are
used. In the static method the criterion for dividing into liquid and solid
precipitation is the threshold air temperature [3] below which all precipitation is
classified as snow, above — as rain. The dynamic precipitation separation method
takes into account the gradual change in the proportion of rain and snow in some
temperature range [4 — 7]. Such dependencies are not universal and have
a pronounced regional character. The threshold value and the boundaries of
temperature range, as well as the nature of the dependence of rain/snow percentage
on temperature, are determined from meteorological data or during the calibration
of model parameters. Since there are very few field and prognostic data on
the phase composition of precipitation over the Sea of Azov, the problem is to
compare the results of modeling the seasonal thermal dynamics of the sea ice
thickness using various methods for determining the fraction of solid and liquid
phases in total precipitation. The reliability of the simulation results was assessed
by comparing the simulated and actual values of the sea ice thickness taken from
ice maps published by the Unified State System of Information on the World
Ocean * (ESIMO).

* ESIMO. [online] Available at: http://esimo.ru/portal/ [Accessed: 04 September 2019].
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Thermodynamic model of snow-ice cover
The thermal evolution of snow-ice cover is described by the locally one-
dimensional thermodynamic model [8-12]. The heat distribution in the layers of
snow and ice is determined by heat conduction equations

)
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Boundary conditions for the equations (1) at the upper (z = 0) and lower (z =
= hi(t)) surfaces of snow-ice cover express the conditions of thermodynamic
equilibrium

oT,
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In the thickness of the ice plate and the snow layer the temperature distribution
is considered linear, on the snow-ice interface the conditions of heat flux and
temperature continuity are satisfied

oT. oT;
k,— =k —, Ts =T, z = hs(t). 4
S oz i oz S [ S() ( )
At moving interfaces between different phases of a substance, the law of
energy conservation during phase transitions is fulfilled

oh; oT.
—Pi,sl-fi,sﬁzFtﬁmi,s)+ki,37;, z2=0,
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If the snow-ice cover is absent, then the heating or cooling of mixed
guasihomogeneous water layer takes place:

oT
TthWCWhW=Fb—Ft—vaLfS, Ze[O, hw].

The initial water temperature and salinity are considered to be set:

Tw(z, 0)=Two, Sw(z,0)=Swo  ze€[0,h,].
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Here t is time; z is vertical coordinate, axis is directed downward from the upper
surface of the snow-ice cover (z=0); p is a density; h is a thickness; T is
a temperature; S is salinity; c¢ is heat capacity; k is thermal conductivity; Ls is heat
of fusion; I; is a solar radiation penetrating the ice; Tst, Tmis , T are a temperature
on the upper surface of snow-ice cover, a temperature of snow/ice melting and
a temperature of water freezing, respectively; v is a rate of solid precipitation
falling; F: is a heat flux from the atmosphere through the upper boundary of snow-
ice cover; Fy is a heat flux from the water to the lower ice boundary. Hereinafter,
the indices i, s, w and a refer to the parameters of ice, snow, water and atmosphere,
respectively. Note that equation (1) for snow is solved under the assumption that
solar radiation does not penetrate deep into the snow and is completely absorbed in
the uppermost layer. In the presence of snow, the heat conduction equation for ice
is written without taking into account penetrating radiation.

The rate of snow-ice cover thermal evolution depends on the difference
between the heat flux from the atmosphere through its upper boundary and the heat
flux from the water to its lower boundary. At the upper boundary, the heat flux F
consists of sensible heat flux Fs and latent heat flux Fi, which are determined by
the integral aerodynamic formulas [8]

Fs = CpapaStVa (Tsfc - Ta) , k= Lpa Dava (qO (Tsfc) -0, (Ta DE

long-wave R and short-wave F surface radiation balances [8]:

R =4AoT, T2 —AoT.*(3,765+0,22N ) ,
F=F(L-nN){L- o)),

F, = Scos® z, ((cos Zo +2,7)e-107° +1,085c05 7, + O,lf1 ,

as well as heat fluxes related to the processes of cooling and possible subsequent
crystallization of liquid precipitation

Fm =Cy I:)rain (Ta - 273115) + I:’rain Lﬁ :
Here e is water vapor pressure; V, is a wind velocity; Prnin is an amount of
precipitation in liquid phase; specific air humidity at 2 m height
9, = (0,622¢, f /P,)-10%"/®*T) and at the upper boundary of the snow-ice cover

o =(0,622e0/Pa)-loalT“C'(b“T“); ap = 95 ; by = 2655 K; P, is an atmospheric
air pressure; eo = 611 hPa is a pressure of saturated water vapor at 0 °C; cpa =
= 10°J/(kg-K) is a heat capacity of air at constant pressure; f is relative humidity; L
is a specific heat of sublimation; o is the Stefan — Boltzmann constant; A, o is
emissivity and albedo of underlying surface; N is an amount of total cloudiness; n
is an empirical coefficient; ip is a coefficient determining a part of short-wave
radiation that penetrates the snow-ice layer and is evenly distributed over its
thickness; Fo is an incoming short-wave solar radiation for a cloudless sky; S is
solar constant; ze is the zenith angle of the Sun.
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The calculation of Fs and F; was carried out with constant values of
the empirical coefficients of heat and moisture exchange St = Da = 1.7-107
The snow albedo was parameterized similarly to that presented in ECHAMS5
general atmospheric circulation model [13], and the albedo calculation scheme for
snowless sea ice was taken from CCSM2 sea ice block of the National Research
Center climatic model [14].

The heat flux from the water to the ice lower surface was determined as

I:b :prwctb (Tw _Tf )’

where Cyp = 107 m/s is a turbulent exchange coefficient.

The model of snow cover accumulating on the sea ice surface is based on
the schematization of processes that make the greatest contribution to the formation
of physical and thermophysical characteristics of snow [15]. The dependence of
fresh snow density pso on the temperature of the atmosphere surface layer was
determined using the CLASS algorithm [16], and the wind compaction of snow was
parameterized as ps = max(pso; 20Vz), kg/m® based on the assumption [17] that its
density would increase by 20 kg/m® with increasing wind velocity for every 1 m/s.

Due to melting snow or rain, the water that seeps deep into the snow layer and
leads to an increase in its density is formed. The maximum amount of water that
a snow layer may contain is determined by its water retaining capacity Omax [18].

If the amount of liquid water ©y in the snow layer exceeds ©Omax, then its
excess moves to the lower layer or forms a water runoff on the snow — ice interface
where it crystallizes if T < Tmi. The density of each layer is calculated taking into
account the amount of water contained in the liquid and solid phases. The thermal
conductivity of the snow column (the set of snow layers) is defined as

k, =9,165-107% —3,814-10*p, +2,905-10°p,” [19], where ps is the integral density
of the column.
The temperature of the snow-ice surface Tsic (assuming a linear temperature

profile in the snow and ice layer) is calculated using the heat balance equations (2)
and the heat flux continuity at the snow — ice interface (4):

ki@—ﬁ ) =0,2=0.
hy + (k; /kgh)

If Tste > Tmis, then we assume that Tse = Tmis and the excess heat is spent on
snow/ice melting. The rate of snow/ice thickness variation and the formation of
melt water is determined by equation (5).

The ice cover buoyancy is small and its congestion occurs if the snow cover
height reaches approximately 40 % of the ice thickness [20], therefore the process
of turning snow into ice is possible when the snow - ice interface is below
the water level. In this case, we assume that snow below the water level turns into
ice. The presented thermodynamic model does not take into account the features
related to the formation of melt water (puddles) on the ice cover surface [21, 22].
During the winter seasons considered in the paper, the conditions for the formation
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of melt water on the ice surface may arise. However, in order to carry out a reliable
assessment of the effect of puddles on the ice cover thickness seasonal evolution in
the Sea of Azov, additional studies are required.

To assess the forecast of the ice thickness seasonal variation using different
criteria for determining the phase composition of precipitation, the following were
analyzed:

- / E
— the value of root-mean-square deviation h; from heys: o = ZT‘ , Where
|

E =h-h

i obs

is a model error;

Z (hobs - HObS Xhi - ﬁl)
K= \/Iz(hobs R T

an ice thickness average over the computational period (according to measurement

data), h, is an ice thickness average over the computational period (according to
the model data);
2E

— determination coefficient R? =1— !

> |
DE

|
\/Zhobsz —i_\/zhi2
| |
steps in which the measured ice thickness corresponding to computational time
step differed from zero.

, where h_. is

— correlation coefficient: bs

— Theil mismatch coefficient U = , where | is a number of

Numerical modeling results
Based on the constructed thermodynamic model, the numerical experiments
for studying the effect of the precipitation phase composition on the reconstruction
of ice thickness seasonal evolution at the edge of the Taganrog Bay were carried

out. Variants for determining the snow portion Pr,,, (t,) in the total precipitation

are presented in Table. 1. The first variant involves an abrupt transition from snow
to rain at a threshold air temperature Tt. In variants 2 and 3, based on
the linear and S-like dependencies Pr,, (t,) , respectively, the two variables most

suitable for a given region were selected: air temperature Tso, at which 50 % of
the precipitation is considered snow, and the width of the temperature range Tr
where mixed precipitation is observed. For variants 1-3, a series of calculations
where Tt (variant 1) and Tso (variants 2, 3) varied in the interval -2 ... 3 °C with
1°C step and Tr — in the interval 13 ... 1 °C with 2 °C step was performed.
In variant 4, a semi-empirical precipitation separation formula [6], obtained on
the basis of the analysis of data collected during 1977-2007 period was applied.
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It was assumed that for the regions located above the ocean the temperature Tso is
1.9 °C, the transition temperature range is within -3 ... 6 °C (Tr = 9 °C) range and
the ratio Pr,,,, (t,) is represented using a hyperbolic tangent with an angle tilt

snow

close to 0.4. Variant 5 reflects the results of studies of relative air humidity f effect
on the temperature Tso and Tso and Tr spatial variability in the Northern
Hemisphere [7]. Based on the processing of 29-year (1978-2007) set of
observational data, 6 variation ranges of relative air humidity f were proposed, for

which Tso(f) values were determined. Semi-empirical dependencies Pr,,, (t,) for
variants 4, 5 are given in Fig. 1.

Table 1

Variants of the snow portion Pr,__ (7,) dependences in total precipitation

now

Type of
dependence| Snow portion Pr . (7,) in total precipitation
source

Variant
number

- Prsnow(ta) =1, tW<Tt
] Static B
metod [3] Propow (1) =0, ta>1t
Tt — threshold temperature, °C

Prsnow(ta) :1, tﬂ<(];0—0.5T}”)
Linear | Pry, ()= 200~k (1, -0.5Tr)<t, <(T;, +0.5Tr)
2 transition, Ir
[4] Priow () =0, 1, >(I;0+0.5T7‘)
Prow ) =0.5; t, =Ts

Tr — width of transition range, °C

Prsnow(ta) :l_Prrain(ta)

3 2
S-like Prra»u,(ta)=5(%] +6.76[t”_TS°j +3.19[’"_T5°J +0.5°
4alr

transiti 1.4Tr 1.4Tr
ransition
|t <T.
3 S W a <150 3 2
Kienzle [5] P’;-aju(ta) =5 ta _Z;O ~6.76 ra _TSO +3.19 ta _TSO +0.5°
1.4Tr 1.4Tr 1.4Tr
ta 2159

S-like
4 transition Prinow () = a[tanh(b (ta - c))_ d ]
A. Dai [6] | a=47.1823; b=0.4003; ¢ =2.1735; d = 1.0255

Prypow = Pronow (135 )
S-like | Ts0:4.5°C (04<f<0.5), 3.7°C(0.5<f<0.6),
transition, | 2.8 °C (0.6 <f<0.7),
K. Jennings| 2.2°C (0.7 </<08), 14°C (08</<09), 0.7°C(0.9<f<1)

[7]
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F i g. 1. Dependence of the snow portion Pr,, (t;) in total precipitation upon the surface air
temperature ta

The data of eight-term observations of the main meteorological parameters of
RIHMI-WDC ** at the Taganrog weather station were used as external forcing
(surface temperature, atmospheric pressure, humidity, total cloud cover, wind
velocity and total precipitation). In Fig. 2 the distribution of daily average air
temperature at 2 m height (solid lines) and total daily precipitation (bar graphs) are
represented. The amount of actual precipitation from the date of the first ice
formation to the date of complete final ice clearing [23] for the ice seasons
2007/08-2010/11 amounted to 103, 144, 295 and 61 kg/m? respectively.
The precipitation rate calculated for the same ice seasons according to the monthly
average climatic values *** was 159, 111, 133 and 96 kg/m? Thus, according to
the amount of precipitation, the seasons 2007/08 and 2010/11 can be attributed to
arid (low-snow) seasons, 2008/09 season is close to normal and in 2009/10
the precipitation amount is significantly higher than the climatic norm.

** RIHMI-WDS. [Hydrometeorological Data], 2019. [online] Available at: http://meteo.ru
[Accessed: 04 September 2019].

*** Merkel, A., 2019. Climatic Data for Cities around the World. [online] Available at:
https://ru.climate-data.org [Accessed: 23 October 2019].
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F i g. 2. Distribution of the mean daily air temperature at the 2 m height (solid lines) and total daily
precipitation (bar graphs) at the Taganrog meteorological station based on the RIHMI-WDC data
(the dates here and in Fig. 5 related to the ice regime basic elements, are from [23])

Model calculations began about a month before the start of sustainable ice
formation. The model time step is 3 h. The monthly average climatic temperature
and water salinity were set as initial conditions [24]. The temperature of cooled
surface (snow, ice, water) was subsequently calculated from the heat balance
equations.

In Fig. 3 the amplitudes of root-mean-square errors ¢ in forecasting the ice
thickness seasonal evolution for the dependencies Pr,,, (t,) determined according

to variants 1-5 are given. The segments combine the minimum omin and
the maximum omax error values obtained in a series of calculations at varying
temperature Tt (for variant 1), temperature Tso (for variants 2, 3) and the width of
the transition range Tr. The numbers in the circles indicate the values of Tt
temperatures (for variant 1) and Tso (for variants 2, 3) at which omin Was realized.
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F i g. 3. Amplitude of the root-mean-square error ¢ of the simulated ice thickness resulted from
applying different dependences in determining a snow portion in atmospheric precipitation

The distributions of root-mean-square deviation o obtained in the calculations
for the linear (variant 2) and S-like (variant 3) dependences of snow portion in
atmospheric precipitation within the transition interval are shown in Fig. 4.
The minimums of root-mean-square error are indicated in the figure by shaded
circles.

From Fig. 3 and 4 it can be seen that for dry winters of 2007/08 and 2010/11
(the average computational snow height on the ice surface over a season did not
exceed 0.5 cm) a similar change in o was observed with varying widths of
transition range Tr and temperature Tso. The highest sensitivity to Tso selection was
manifested both at large (Tr > 11 °C) and small (Tr <5 °C) Tr values. Smaller
root-mean-square errors were obtained in calculations with a narrow transition
range. With an increase in Tr width the error increased but its sensitivity to
selection of temperature Tso decreased. So, for 7-11 °C range Tso variation had little
effect on . Note that the selection of threshold temperature in the static method
must be carried out very carefully, since in this case there is not only the smallest
root-mean-square deviation omin Of all the considered variants but also close to
the maximum amplitude o (Tt). A similar character ¢ behavior is probably
explained by the fact that in the considered seasons contrasting weather conditions
were observed [25, 26]. At generally relatively small amount of precipitation
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during these winter seasons, most of them fell in the form of rain (Fig. 2, a, d)
when daily average temperature was noticeably higher than zero. Precipitation in
the form of snow was observed during the periods of extensive cold air influxes,
the temperature of which was significantly lower than the threshold temperature
that varied within the indicated range.

Variant 2 Variant 3

o, CM

2.4
2.26

2.9z

2007/08

1.98

1.84

1.7

5.48
5.28
508
4. .88
4.68
4 a8
4.28

200809

5.35
5,15
4.95
4.75
4.55

4.35

a.e

a7z

3.54

2010011

3.36

318

1r°C TroC

F i g. 4. Distribution of the root-mean-square error ¢ for different values of temperature Tso and
width of the transition interval Tr. The snow portion in atmospheric precipitation within the transition
interval was defined using the linear (variant 2) and the S-like (variant 3) dependences Prg,q,, (ta)

The amount of precipitation that fell in 2008/09 and 2009/10 winter seasons on
an ice-covered sea surface was significantly greater than in 2007/08 and 2010/11.
Average over the season computational snow depth on ice amounted to 3 cm and
5.5 cm for 2008/09 and 2009/10, respectively. In addition, a significant part of the
atmospheric precipitation (especially in the winter of 2009/10) occurred at air
temperature in the transition range. The minimum root-mean-square error was
obtained for Tso close to 2 °C but, in contrast to dry winters, at wider transition
range which amounted here to 5-9 °C (Fig. 3, b, ¢). The minimum o is most
pronounced for the winter of 2009/10 and slightly less noticeable for the
winter of 2008/09 (Fig. 4, f, g). It should be noted that the use of S-like
dependences Pr,,,, (t,), in comparison to the linear transition from snow to rain, is

more preferable, since the linear transition gives large calculation errors for small
(1-5 °C width) and large (more than 7 °C width) transition ranges.
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Fig. 5. Seasonal evolution of ice thickness based on the observation data and the simulation results:
2007/08 — variant 1, Tt = 2 °C; 2008/09 and 2009/10 — variant 3, Tso = 2 °C, Tr = 7 °C; 2010/11 -
variant 1, Tt=3°C

The standard error of ice thickness forecast for variants 4, 5 is shown in Fig. 3
by filled squares and circles, respectively. The calculation results for these
dependencies are close to each other but the forecast quality indicators for variant 5
are slightly better than for variant 4. The results of the most successful model
calculations of ice thickness thermodynamic evolution for 2007/08-2010/11 ice
seasons are given in Fig. 5. In Table 2 the comparison of some calculation variants
between themselves and with the data of field observations is presented. It should
be noted that the number of ice thickness values taken from ESIMO maps is not
enough for rigorous statistical analysis; therefore, the significance levels of
the correlation coefficients are not given here. From Table 2 it can be seen that in
dry winters (2007/08, 2010/11) the selection of static method (variant 1) provides
the best values of ¢ and K. For winters with significant precipitation (2008/09,
2009/10) variant 3, from the point of view of the obtained values of 5, R u U, is
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more preferable in comparison with other computational variants. In addition,
the use of the dynamic method (version 5), regardless of the amount of
precipitation in the ice period, allows one to obtain relatively high values of some
criteria for assessing the forecast of the ice thickness seasonal variation: for dry
winters these are R?and U values and for snowy winters — K.

We point out that the regional climatic conditions and their variations in
the current winter season have a significant impact on the threshold temperature
and the transition range. Therefore, the question of determining universal regional
dependence Pr,,, (t,) remains open. For a more detailed study of the of threshold

temperature and transition range distribution, the data from specialized
measurements of the precipitation phase composition over the studied sea surface
are required.

Conclusion

The snow has high thermal insulation properties and therefore it has
a significant effect on the seasonal variation of the sea ice thickness. When
constructing a sea ice thermodynamic model, an adequate assessment of the snow
cover thickness and determination of its thermophysical properties requires data
both on the amount of precipitation and on their phase composition. In the Sea of
Azov region, where a significant amount of mixed precipitation falls during
the cold season, the selection of the criterion for their division into liquid and solid
fractions can significantly affect the results of numerical modeling. A comparative
analysis of the results of numerical experiments on reconstructing the seasonal
variation of ice thickness and observational data at the Taganrog weather station in
2007/08-2010/11 winter seasons showed that from the point of view of optimal
values of root-mean-square deviation and correlation coefficient the results
obtained using the S-like dependence [5] of the snow fraction in atmospheric
precipitation within the transition temperature range were the most justified.
The smallest errors in reconstructing the ice thickness seasonal evolution were
obtained at a threshold temperature close to 2 °C and transition temperature range
width of 1 ... 3 °C for dry winters and 5 ... 9 °C for the winters with the amount of
precipitation which is close to or exceeding the climatic norm. The calculations
carried out using semi-empirical snow portion dependence on temperature and
relative humidity yielded satisfactory results for all considered winter seasons.
These dependences can be used in the absence of reliable data on the precipitation
phase as the initial selection of precipitation separation method for applying in
the sea ice thermodynamic model.
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