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Abstract 
Purpose. The study evaluates the impact of incorporating a two-phase ice structure into 
a thermodynamic model on its mechanical and thermophysical properties. 
Methods and Results. The vertical distribution of thermophysical and physical-mechanical properties 
of sea ice was investigated using a model that assumes thermodynamic equilibrium between freshwater 
ice and brine (in solid and liquid phases). The heat transfer process is described by a nonlinear one-
dimensional heat diffusion equation, excluding the effects of penetrating radiation and brine migration 
within the ice thickness. Salinity distribution was modeled using two approaches: an empirical 
relationship between bulk ice salinity and thickness, and a polynomial function reproducing 
the C-shaped vertical salinity profile typical of thin growing ice. Numerical experiments simulated 
the crystallization of brackish seawater under varying surface air temperatures, with and without 
accounting for the liquid phase in the ice cover. The results reveal the vertical distribution 
characteristics of thermophysical and physical-mechanical properties during ice growth. 
Conclusions. The thermal conductivity of the upper ice layer is significantly lower when the two-phase 
structure is not considered, particularly during early ice formation. The permeability of ice formed from 
seawater with varying initial salinity and air temperatures was assessed. Time periods during which 
the upper ice layer of a specific thickness becomes impermeable to brine migration were determined. 
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Introduction 
Sea ice cover consists of an aggregate of freshwater ice crystals, brine trapped 

within pores and gas bubbles. As salt dissolved in seawater is excluded from forming 
ice crystals, it is expelled into the brine solution between them. Sea ice is a two-
phase porous medium, with its thermophysical properties determined by 
the combined characteristics of its liquid and solid phases. The internal structure and 
brine migration within the ice thickness influence its thermophysical, mechanical 
and optical properties, affecting mass and heat exchange between the ocean 
and atmosphere. Brine movement serves as the primary mechanism for 
biogeochemical processes within the ice cover and at the ice – sea water interface. 
The spatiotemporal variability of sea ice temperature and salinity, along with their 
influence on ice properties, enables the determination of the primary mechanical and 
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thermophysical characteristics of the ice cover, which are essential for addressing 
various scientific and practical challenges. 

To investigate the internal structure of two-phase sea ice, accurate data on 
the vertical salinity distribution are required. The vertical salinity profile of sea ice 
evolves over time. During active growth, the salinity distribution exhibits 
a characteristic C-shaped profile. Subsequently, during the melting period, salinity 
decreases throughout the ice thickness, with the minimum value observed at 
the upper boundary 1. 

Climate models commonly employ thermodynamic sea ice packages, such as 
the Community Ice CodE (CICE) and the Louvain-la-Neuve Sea Ice Model (LIM). 
In the CICE model, salinity is treated as a prognostic variable [1], with gravitational 
drainage during the growth period parameterized as described in [2, 3]. 
In the LIM model [4, 5], only the mean salinity is predicted, while the vertical salinity 
profile is represented by a function of the mean salinity, which varies depending on 
the stage of sea ice development. A review of the historical development of models 
accounting for the spatiotemporal evolution of salinity and the porous structure of sea 
ice is provided in [6]. 

References [7, 8] describe a one-dimensional regional thermodynamic model of 
snow and sea ice cover, incorporating temporal changes in thickness-averaged ice 
salinity. The temperature profile is determined by solving a non-stationary heat 
conduction equation. The heterogeneity of the medium is accounted for by defining 
heat capacity and thermal conductivity as functions of sea ice temperature and 
salinity [9]. For reconstructing the seasonal dynamics of ice cover thickness, this 
approach is justified to some extent. The mechanical and thermophysical properties 
of sea ice, which govern its temperature profile, growth and melting, are highly 
dependent on salinity and temperature, particularly near the melting point, where 
the liquid phase volume undergoes significant changes. The challenge in 
parameterizing physical processes (brine migration, diffusion and gravitational 
drainage) that shape the sea ice salinity profile lies in their differing scales and 
the nonlinear relationship between salinity, ice structure, thickness and growth rate. 

In this study, we implemented a parameterization of spatiotemporal salinity 
variation based on empirical data describing vertical salinity profile of growing first-
year sea ice 1. The proposed model does not explicitly resolve small-scale physical 
processes (brine migration and gravitational drainage); instead, their influence on 
the dynamics of salinity is taken into account indirectly through the determination of 
the characteristic vertical profile of sea ice salinity during the period of its growth. 
This approach enables the assessment of the variability of thermophysical and 
physical-mechanical properties of sea ice without requiring a significant reduction 
in the time step, which would otherwise complicate the implementation of 
the numerical scheme. 

The model results for dynamic salinity were validated against data from 
a laboratory experiment simulating ice growth from a saline solution 2. Vertical 
profiles of salinity, thermal conductivity and permeability (defined as a liquid phase 

1 Tsurikov, V.L., 1976. Liquid Phase in Sea Ice. Moscow: Nauka, 210 p. (in Russian). 
2 Notz, D., 2005. Thermodynamic and Fluid-Dynamical Processes in Sea Ice. Ph.D. Thesis. 

University of Cambridge, U.K., 222 p. 
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fraction greater than 5%) were determined for growing sea ice under various initial 
water salinity and surface air temperature conditions. 

This study investigates the effect of incorporating a two-phase ice structure into 
a thermodynamic model on its mechanical and thermophysical properties. 

Thermodynamic model 
The thermodynamics of sea ice, incorporating a heterogeneous zone of mixed 

solid and liquid phases, is described by a nonlinear one-dimensional heat diffusion 
equation, excluding the effects of penetrating radiation and brine migration within 
the ice thickness, as presented in [6]: 

m m i(ρ ) ρT Tc k L
t z z t
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The boundary conditions at the upper (z = 0) and lower (z = h(t)) surfaces of 
the ice cover are defined by equations of heat and mass flux balance: 
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where t is time; z is the vertical coordinate, the axis is directed downward from 
the upper surface of the ice cover (z = 0); h is the ice thickness; ρ is density; T is 
temperature; c is specific heat; k is the thermal conductivity; S is salinity; Li is 
latent heat of melting of fresh ice; Φ is the volume fraction of the solid phase; 
𝐿𝐿 =  Φ(ρi𝑐𝑐i𝑇𝑇 − ρi𝐿𝐿i) − (1 −Φ)ρbr𝑐𝑐br𝑇𝑇 is the latent heat of melting of the two-
phase zone; Ts, ),( ast TTF , Tf, ),( wfb TTF  are the temperature and heat fluxes at 
the upper and lower ice boundaries; T0 is the melting temperature of sea ice. 
In the absence of ice, the seawater temperature variation is determined by 
the balance of heat fluxes at the sea surface. The subscript m denotes the properties 
of the two-phase medium, calculated by the formula brim )1( XXX Φ−+Φ= . 
Indices i, br, а, w refer to freshwater ice, brine, surface air layer and seawater, 
respectively. 

The initial water temperature and salinity are specified as: 

Tw(z, 0) = Tw0,    Sw(z, 0) = Sw0. (4) 

The physical and thermophysical properties of freshwater ice and brine are 
determined as functions of temperature θ (°C) and salinity S (‰), as described in 2: 

θ1403.0917ρi ⋅−= ,    2
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4
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θ6973.72.2112i ⋅+=c , 
32

br θ052168.0θ5611.3θ71.1118.4208 ⋅+⋅+⋅+=c , 

2
i θ929.7θ7.262333700 ⋅−⋅+=L . 

Thermodynamic equilibrium exists between freshwater ice and brine within salt 
pockets. The volume and salinity of brine inclusions are regulated to maintain 
the liquid phase at its freezing point (liquidus temperature). As sea ice cools, 
a portion of the brine freezes, increasing its salinity to preserve phase equilibrium. 
During ice melting, thermodynamic equilibrium is maintained by reducing brine 
salinity. Consequently, the brine salinity Sbr is solely a function of temperature 2

32
br θ0178.0θ919.0θ8.2120.1 ⋅−⋅−⋅−−=S .For freshwater ice, Si = 0, the sea 

ice salinity is expressed as ( ) ( )θ1 brSS Φ−= . The derived temperature and salinity 
distributions enable the determination of the temporal evolution of the phase 
composition and properties of sea ice. 

In this study, sea ice salinity is not treated as a prognostic variable; instead, its 
spatiotemporal distribution is prescribed using the simulated salinity profile. For thin 
growing ice under calm weather conditions, a characteristic C-shaped vertical 
salinity profile persists for an extended period. During active sea ice growth, 
the salinity profile can be represented by a polynomial, as described in [10]: 

)η362.3η682.5η741.3η482.1981.0( 432
max +−+−= SS , h

z=η , (6)

where maxS is the sea ice salinity at the lower boundary, determined using empirical 
dependences of salinity on the rate of ice growth rate 1 [11] or ice thickness [12]. 

Numerical modeling results 
The thermal regime of sea ice cover is modeled using a locally one-dimensional 

thermodynamic model. The vertical structure is represented by a fixed number of ice 
layers [7]. Solving equation (1) with boundary conditions (2), (3) and initial 
conditions (4) determines the heat propagation and vertical temperature profiles. 
The phase fraction Ф remains constant during each time step [3]. The growth rate, 
thickness and upper surface temperature of the sea ice are determined by the heat 
flux balance equations [7, 8]. Thermal conductivity, heat capacity and latent heat of 
melting of ice are expressed as empirical functions of temperature and salinity, as 
given in equations (5). Using the derived sea ice temperature and salinity profiles, 
the vertical distributions of solid and liquid phases, along with other physical 
properties, were calculated. 

The numerical solution of equation (1) was obtained using the Crank–Nicolson 
scheme, with calculations performed for 30 ice layers and a time integration 
step of 30 s. 

Model validation was conducted by comparing the results of test calculations 
with a laboratory experiment 2 that measured the local solid fraction formed from 
a sodium chloride solution with a salinity of 34‰ during cooling from above. 
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The experiment lasted three days, with the surface ice temperature Ts alternating 
every 12 hours between −5 to −10 °C. Fig. 1 presents the modeled ice thickness and 
mean salinity, derived using the empirical relationship from [12]: 

( ) ( ) ( )w 1 expS h S b a h b = + − − . (7) 

The best agreement between the laboratory data and modeling results was 
observed (Fig. 1) for the specified dependence (7) with fitted coefficient values 
a = 0.45; b = −2.5. 

F i g.  1. Comparison of the calculated ice thickness (a) and average salinity (b) with the data of 
laboratory experiment 2: lines are calculation, circles are measurements 

A series of numerical simulations was conducted to reconstruct 
the crystallization of brackish seawater using equation (6), where Smax was 
determined from equation (7), under periodic air temperature Ta variations between 
−5 to −10 °C every 12 hours for 5 days. The mechanical and thermophysical 
properties of sea ice were compared, considering both the presence and absence of 
a liquid phase within the ice thickness. 

Vertical profiles of temperature, thermal conductivity and salinity for 
homogeneous (dashed lines) and heterogeneous (solid lines) sea ice under periodic 
air temperature variations are presented in Fig. 2. For the homogeneous ice model, 
the mean salinity is determined using equation (7) and the thermal conductivity is 
calculated using the formula 

T
Skk 117.0

i +=  from [9]. 

The vertical profiles of temperature and thermal conductivity exhibit similar 
patterns in both models. The thermal conductivity decreases from the upper (ice – 
atmosphere) to the lower (ice – water) surface of the sea ice. In the homogeneous 
model, the thermal conductivity of the upper ice layer is significantly lower, 
particularly during early ice formation, compared to the heterogeneous model. 
However, for homogeneous ice formed from low-salinity water (Fig. 2, d), 
the vertical gradient and thermal conductivity near the lower boundary are higher 
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than in porous ice. Accounting for vertical salinity variability has a minor effect on 
the thickness  of  growing  ice.  For initial  seawater  salinities  above  10‰, 
the difference in ice thickness, calculated by different methods, does not exceed 3% 
(Fig. 2, b, e, h). However, for lower salinity, the differences are more pronounced 
(Fig. 2, а, d, g). 

Fig.  2. Comparison of the calculated profiles of temperature (a–c), thermal conductivity (d–f) and 
salinity (g–i) for growing sea ice obtained with (solid lines) and without (dashed lines) regard to its 
two-phase structure. Fragments (a, d, g), (b, e, h) and (c, f, i) correspond to initial seawater salinities of 
5, 10 and 15‰, respectively. Colors indicate duration of the time interval from the start of 
the experiment  
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For the same temperature conditions, the permeability of the sea ice (defined as 
a liquid phase fraction greater than 5%) was assessed for varying initial seawater 
salinities. The solid phase fraction Φ relative to the dimensionless ice thickness η is 
presented in Fig. 3. 

For a period following the onset of ice formation, the entire ice thickness 
remains permeable to vertical brine migration to some extent. The duration of this 
permeable period depends on both the initial seawater salinity and the surface air 
temperature Ta. For ice formed from seawater with salinities of 2, 5 and 10‰, this 
period lasted approximately 14, 51 and 98 hours, respectively. Ice formed from 
seawater with a salinity of 15‰ remained permeable throughout its thickness by 
the end of the fifth day. Notably, brine migration in the bottom ice layer persisted 
throughout the experiment. 

F i g.  3. Content of solid fraction Φ in sea ice relative to its dimensionless thickness under periodic 
changes in air temperature. Fragments (a), (b), (c) and (d) are given for the initial seawater salinities 2, 
5, 10 and 15‰, respectively 

For an experiment simulating sea surface cooling at constant air temperatures Ta

of −3, −5, −10, −15, −20, −25 °C, with initial seawater salinities of 2, 5, 10, 15‰, 
the time intervals t* during which the upper ice layer reaches a specified 
dimensionless thickness η and becomes impermeable were determined (Fig. 4). 
At lower temperatures, for the thickness of the upper impermeable layer within 
the range from η = 0.1 to η = 0.7, the curves are closely spaced. For example, 
with Sw = 15‰ and Tа = −25 °C, the difference in t* between adjacent η values 
within this range does not exceed 20%. Significantly longer times are required for 
the ice to become impermeable at depths where η > 0.7. The time interval t* for 
the solid phase fraction in the layer 0.7 ≤ η ≤ 0.9 to reach a value of 0.95 is 2–8 times 
greater, depending on the ice formation conditions, than the time required for 
the onset of condition Φ ≥ 0.95 in the layer where η < 0.7. 
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F i g.  4. Time from the onset of ice formation during which the top ice layer of a preset thickness 
becomes completely impermeable 

F i g.  5. Relative position of the minimum salinity and the maximum content of solid phase of ice 
during the period of its growth at constant air temperature −5 °C and water salinity 15‰ 
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Vertical profiles of salinity and solid phase fraction in sea ice exhibit extremum 
points during the growth period, as reported in [13, 14]. Fig. 5 illustrates the relative 
positions of the salinity minimum and the maximum solid phase fraction during ice 
growth at a constant air temperature Ta = −5 °C and an initial seawater salinity of 
15‰. Fig. 6 presents the maximum solid phase fraction (a) and the position (depth) 
of Φmax within the ice (b) for various air temperatures. 

F i g.  6. Maximum value of the solid phase (a) and position of Φmax (b) during the period of ice growth 

The salinity distribution used in the calculations, as described by equation (6), 
exhibits a minimum salinity at a depth of η ≈ 0.67, with the position of the maximum 
solid phase fraction Φmax varying over time. Based on the relative position of these 
extrema, the ice thickness can be divided into three distinct layers. 

In the upper layer, decreasing salinity corresponds to an increasing solid phase 
fraction. In contrast, the lower layer shows increasing salinity, resulting in 
a decreasing solid phase fraction and an increasing brine content. The middle layer, 
situated between Φmax and Smin, is characterized by a decrease in both salinity and 
solid phase fraction. At the onset of ice formation, Φmax and Smin are closely 
positioned, minimizing the thickness of the middle layer, while the upper layer, 
where Φ increases, covers more than half of the total ice thickness. Over time, 
the value of Φmax increases, and its position shifts toward the upper ice surface 
(Figs. 5, 6), leading to an expansion of the middle layer and a reduction in the upper 
layer, whereΦ increases toward the lower ice surface. This shift may explain why 
the time required for the condition Φ ≥ 0.95 to be met in the layer below 0.7 h is 
significantly longer than for the layer above. 

Conclusion 
A numerical model of sea ice thermodynamics, accounting for its two-phase 

structure, has been developed. The primary physical-mechanical and thermophysical 
properties of sea ice were compared, considering both the presence and absence of 
a liquid phase within the ice thickness. The vertical profiles of thermal conductivity 
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exhibit similar patterns in both models. Thermal conductivity decreases from 
the upper (ice – atmosphere) to the lower (ice – water) surface of the sea ice. 
However, the thermal conductivity of the upper ice layer, obtained with no regard to 
the two-phase structure, turned out to be significantly lower, particularly during 
the early stages of ice formation. 

A permeability assessment of sea ice formed from seawater with varying initial 
salinities and air temperatures is presented. Under periodic air temperature variations 
(from −5 to −10 °C every 12 hours), the entire ice thickness remains permeable to 
vertical brine migration for a period following the onset of ice formation. For ice 
formed from seawater with initial salinities of 2, 5, and 10‰, this permeable period 
lasted approximately 14, 51 and 98 hours, respectively. Ice formed from seawater with 
a salinity of 15‰ remained permeable throughout its thickness by the end of the fifth 
day. Notably, brine migration in the bottom ice layer persisted throughout 
the experiment. 

For an experiment simulating sea surface cooling at constant air temperatures, 
the time intervals during which the upper ice layer reaches a specified thickness 
ηand becomes impermeable were determined. Estimates of the maximum solid 
phase fraction Φmax and its position within the ice during the growth period are 
provided. The relative positions of the salinity minimum and the maximum solid 
phase fraction are hypothesized to influence the time required for the ice to become 
impermeable. 
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