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ARTICLE INFO ABSTRACT

Keywords: This study characterizes a consolidation of undeformed level ice and ice ridges. Field investigations were per-

Ice ridges ) formed in the Van Mijenfjorden, Svalbard for 66 days between February and May of 2017. The thickness and

zhernll?“iiyr_lamlcs properties of the level ice that was used to make the ridge were measured, and thermistor-strings were installed
onsolidation

in the ridge and the neighboring level ice. The ridge was visited four times for drilling and sampling. During our
field experiment, the level ice (LI) grew from 50 to 99 cm, the consolidated layer (CL) grew up to 120 cm, and the
ridge initial macroporosity was about 0.36. The experimental results provided enough information for accurate
growth prediction and validation of ridge consolidation models.

Two analytical resistive models and two-dimensional discretized numerical models are presented. All models
need general met-ocean conditions and general ice physical properties. The ridge model includes the effect of the
inhomogeneous top and bottom surfaces of the consolidated layer. The models were validated against the field
measurements, and the further details of the analytical models were validated against the numerical model.

The analytical resistive ridge model with convective atmospheric flux captures the relevant phenomena well
and could be used for prediction of the consolidated layer thickness in probabilistic analysis of ice actions on
structures. The model including the radiative terms predicted heat fluxes in level ice and ridge better than the
convective model but required more input data. Vertical temperature profiles through the consolidated layer and
further into respectively a void and an ice block may result in significantly different estimations of the consol-
idated layer thickness. The difference between fresh and saline ice growth is becoming significant only during the

Field experiment
Ice thickness

warming phase due to significant change of sea ice microporosity.

1. Introduction

According to the definition of the World Meteorological Organiza-
tion (WMO Sea-Ice Nomenclature, 1971), an ice ridge is a line or wall of
broken ice forced up by pressure. Ridges usually consist of three parts:
the sail, the consolidated layer, and the unconsolidated rubble. The
thickness of level ice, the consolidated layer, and the keel depth are the
main ridge parameters for ice action calculations. The level ice h; and the
consolidated layer h. thicknesses can be measured by mechanical or
thermal drilling or from the ridge vertical temperature profile. Experi-
ments are costly and time-consuming. It is beneficial if h; and h, can be
predicted based on models with general met-ocean data as input. Simple
analytical models have the advantage of being applicable in the prob-
abilistic approach for ice action and evaluation of structural reliability.

Advanced numerical models for ridge consolidation exist (Hgyland,
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2002a; Marchenko, 2008), but these are difficult to use in probabilistic
design where for example different climate scenarios need to be
considered and thousands of simulations should be run to quantify
structural reliability. The traditional solution is based upon modifying
the latent heat in Stefan’s law with the rubble macro-porosity (Lep-
paranta and Hakala, 1992). In the simplest form, this solution neither
takes into account the snow cover nor the atmospheric boundary layer
(the air), but modifications to include these can easily be done. How-
ever, the effects of the real three-dimensional bottom and top surfaces of
the consolidated layer are not included.

A few field studies describe the seasonal development of consoli-
dated layer (Blanchet, 1998; Hgyland, 2007; Shestov et al., 2018), and
only one field study (Lepparanta et al., 1995) report observations of
formation date and initial conditions. In basin-scale experiments on
ridge consolidation (Hgyland et al., 2001; Salganik and Hgyland, 2018;
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Fig. 1. Ice ridge cross-section with a boundary of the consolidated layer (white
dashed line) and its maximum and minimum thickness h., surrounded with a
level ice with thickness h;.

Timco and Goodrich, 1988) the initial conditions can be quantified, but
it is not straight forward to up-scale them to full-scale conditions. Basins
are often indoors and have no snow and different ratios between the
different atmospheric fluxes. Small-scale consolidation is usually
controlled by turbulent fluxes, while large-scale thermodynamics
mainly depends on longwave and shortwave radiation. There are also
size effects (Salganik et al., 2020), and this means that ridge consoli-
dation includes a large range of scales and ratios of thermal resistances.

The consolidation process of ice ridge is usually characterized by the
ratio R = h/h; of thicknesses, the consolidated layer to level ice. The
natural ridging process can occur at any time throughout the season.
Ridge consolidation description using factor R is practical for engi-
neering purposes, but not helpful for consolidation model validation.
The factor R is sensitive to the initial level ice thickness at the time of
ridge formation. In this paper thickness of the consolidated layer h, is
defined as a minimum of newly formed ice between ice blocks (Fig. 1).

Medium-scale consolidation experiments provide the advantage of
accurately measured parameters such as initial macroporosity, initial
block temperature, and salinity, and freezing time, which are normally
not available in case of full-scale natural ridges. It reduces error in
crucial parameters for the consolidation process, which includes

(a) void profile V-V (b)
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radiation, air natural, and forced convection, conduction through snow
and ice, and phase change. Saline ice has a polycrystalline structure with
salt brine inclusions between crystals. Thus, any temperature or salinity
change leads to the change of sea ice solid fraction. In this paper, we
define and validate a simple analytical consolidation model suitable for
transient air temperature, wind speed, and snow thickness. The field
experiment was intended to compare thermodynamics and development
of physical and mechanical parameters of level ice and consolidated
layer.

2. Sea ice growth modelling
2.1. Basic assumptions and atmospheric fluxes

We have used two analytical and two numerical models to calculate
the growth and thickness of level ice and the consolidated layer. The
analytical models are one-dimensional, and they ignore thermal inertia.
The two-dimensional numerical models were used to estimate the error
from these simplifications. All models require the following input of
material and morphological parameters:

e Snow: thickness, thermal conductivity (Calonne et al., 2011).

e Level ice: salinity and thickness.

e Ridges: macroporosity; block initial temperature, salinity, and
thickness; sail size, consolidated layer salinity, and thickness.

The heat exchange with the atmosphere must be estimated and this
was modelled in two ways. Firstly, with a simple convective flux, and
secondly, with a more advanced model including radiation and turbu-
lence (Maykut, 1986).

In the convective model the atmospheric flux qgm is given as:

Yatm = Hia(Ta.r - Ta) (1)

where Ty is the air-snow interface temperature, T, is the air ambient
temperature, and the convective heat transfer coefficient Hj, is a func-
tion of only the wind speed V,, and can be found as (Adams et al., 1960):

H;, = max(11.6,5.7V>%) 2

The radiative model is more complicated and includes longwave and
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Fig. 2. Sketch of geometry used in analytical and numerical models of a ridge, w is the block width, w, is the void width, h; is the snow thickness, s is the sail height,
hy is the keel depth, and h, the minimum thickness of the consolidated layer (b) and thermal resistance model for the level ice and ridge void (a), and for the ridge

block (c).
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shortwave radiation, sensible and latent heat fluxes. Radiation fluxes are
not simply proportional to the difference between surface and air
ambient temperatures To; — T, and cannot be simply included in the
total model in the form of temperature-independent resistance as for
convective model. It requires the following meteorological data:

e LW radiation: air temperature, humidity, cloudiness (Rosati and
Miyakoda, 1988).

e SW radiation: cloudiness, surface albedo (Shine, 1984).

e Turbulent fluxes: air temperature, wind speed (Smith, 1988).

The net surface heat flux can be written as (Maykut, 1986):

quw +4qsw+qs+q.+qn+q. =0 3

where qpw is the net longwave radiation, gsw is the net shortwave ra-
diation, q; is the sensible heat flux, g, is the latent heat flux, g, is the top
surface melting heat flux, g is the conductive flux through the ice and
snow. Details on how to calculate the different fluxes are given in Ap-
pendix A. The equilibrium snow top surface temperature Tos can be
found numerically from Eq. (3), and the conductive flux up through the
ice and the snow can be found as:

kski

=ik, ) @

9qc

where k; and k; are the snow and ice thermal conductivities, hs and h; are
the snow and ice thicknesses, Ty is the water freezing temperature.

2.2. Analytical 1-D resistive level ice model

With this model, the growth of level ice with a uniform snow cover in
steady-state conditions can be simulated with a convective atmospheric
flux. The growth depends on how the temperature difference between
air and water is distributed between insulating layers of air, snow, and
ice. For slow changes of boundary conditions, the temperature gradient
at the bottom of ice depends on the ice top surface temperature and its
thickness. Three thermal resistances define temperature profile: air R,
snow R; and ice R; (Fig. 2a).

The total system thermal resistance is showing how much heat can be
transported in time from the water to the air. To find the vertical heat
flux g at any time one should know air and water temperatures T, and Tf,
and the values defining three thermal resistances namely snow thickness
hg and thermal conductivity ks, ice thickness h; and thermal conductivity
ki, and convective heat transfer coefficient H;q:

TafTasiTaszxiiTsifrfi T07T[

" R, R, R R,+R +R )
R, =1/H, (6)
R, = hy/k, @
R = hi/k; (8

where Ty and Ty; are the air-snow and snow-ice interface temperatures.

Convective heat transfer coefficient Hj, can be estimated from the
measured wind speed from Eq. (2), the snow thermal conductivity de-
pends on snow density (Calonne et al., 2011), ice thermal conductivity
slightly depends on its salinity and temperature (Schwerdtfeger, 1963),
and the snow and ice thicknesses and should be measured manually or
estimated from the measured vertical temperature profiles. The more
advanced radiative model described in Section 2.1 has been also used in
this analytical resistive model.

Level ice thickness can be accurately estimated from the vertical
temperature profile. Ice thermal conductivity development can be esti-
mated from its temperature and periodically measured salinity profiles.

There is only a very weak dependence of drift snow and depth hoar
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temperature on its thermal conductivity (Sturm et al., 1997). In our
paper we suggest estimating snow thermal conductivity values from the
measured snow thickness and vertical temperature profile in snow and
ice as:

(T.s'i - Tf) kihs
(Tus — T) M

ks = )

One of the ways to validate this model is to compare the estimated
and measured interface temperatures. In transient conditions, temper-
ature distribution will be following described ratios with a time lag
defined by the thermal inertia of snow and ice. Higher time lag will be
corresponding to the higher thermal resistance of layers above the
chosen level of temperature measurements.

The analytical resistive model with convective or radiative atmo-
spheric flux can be used for ice growth estimation based on the knowl-
edge of air and water temperature, ice and snow thickness and thermal
conductivity, and wind speed. The results of these predictions can be
validated using manually measured ice thickness. Assuming no oceanic
flux from the water and no thermal inertia, the pure ice growth can be
estimated as:

piLidh;/dt = — k0T oz (10)

where p; is the density of fresh ice, L; is the specific latent heat of ice, t is
the time.

Gas-free fresh (pure) ice growth can be estimated from meteorolog-
ical data including air temperature, wind speed, and snow thickness as:

dh; Ty —T,

S fa 11
di R, +R;+R; an

piLi

Sea ice is saline and has different thermal properties and corre-
sponding thermal response. However, the major difference is related to
melting and the difference in the growth of fresh and saline ice is not
considerable (Notz, 2005). The details of saline ice growth are given in
Appendix B.

Such a simple analytical model, which ignores time delay in thermal
diffusion, can give errors when the air temperature is quickly moving
towards water freezing point, and the microporosity change in nature is
slowed by thermal inertia. This error can be eliminated only by solving
diffusion equations for snow and saline ice layers assuming external
convection from the air. The difference between analytical and numer-
ical predictions will be presented in the results of this study.

2.3. Analytical 1-D resistive ridge model

Ridge consolidation has many similarities with level ice growth, but
there are some vital differences: a) the ridge keel is porous with a
macroporosity 5, while the level ice grows from liquid and b) the
spatially inhomogeneous top and bottom surfaces. The macroporosity
may be adjusted by modifying the latent heat so that it becomes (Lep-
paranta and Hakala, 1992):

L.=n,L; 12)

This assumption is valid for homogeneous ridges with small voids so
that the vertical temperature gradient is constant horizontally. In a
natural real ridge, the voids are so large that the vertical temperature
profiles may vary horizontally. This makes horizontal heat fluxes occur
inside ice ridges (Lepparanta et al., 1995), and the ice-water interface
has an ellipse shape where new ice is forming (Petrich et al., 2007).
These inhomogeneities caused by the relatively large voids/consoli-
dated layer thickness ratios are more complicated to handle in our
analytical one-dimensional models. In our simplified sketch of an ice
ridge (Fig. 2b) its macroporosity is defined as w,/(w, + w).

Let us start with the top surface, or the sail, characterized by its
height s. It gives a locally changing ratio of thermal resistances and the
total area via which heat is extracted to the air. But ridge sails also
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change the distribution of snow, creating accumulations and snow-free
surfaces. It is making top surface conduction to be a 2D or even 3D
problem in contrast to level ice. These factors are changing thermal
resistance of ridge sail and its top surface temperature, making the
analysis of field data much more complicated due to the difference in
temperatures of different parts of the consolidated layer. The top surface
in natural ridges can be colder while the sail temperature at the water
level can be warmer than in sail free consolidated layer (Lepparanta
et al., 1995).

In this model, we assume that snow thickness is the same on the top
and on the sides of ice ridge blocks. It is important to mention that when
snow is thick enough and its top surface is even, other models to handle
sail thermodynamics might be used. Snow may accumulate in different
ways on and around a ridge sail and the choice of the model requires
detailed investigations of snow thickness spatial distribution.

Thermodynamics of ridge sail, not covered by a thick layer of snow,
is mainly affected by two factors: additional thermal resistance from the
thicker ice layer, which should decrease heat flux below water level, and
additional air-snow or air-ice interface area, which should increase heat
flux below water level. Both factors should be considered to predict heat
flux and temperature profile in ice ridge. For example, an initial thick-
ness equal to the sail height can decrease vertical heat flux during the
starting period of consolidation.

We have applied the theory of extended surfaces (Incropera et al.,
2013). Fin performance defines an effective heat flux gf and a corre-
sponding thermal resistance Ry through the snow-covered sail (Fig. 2c),
and it assumes a spatially constant base temperature Tpqs. The theory
compares the effective heat flux through the fin gy with that of a flat
surface of the same top area A, and defines a fin performance ey

ar
= 1
e'f HAC(Tbase - Ta) ( 3)

where H is the combined heat transfer coefficient of air and snow, A, =
wl is the fin cross-section area, w is the fin thickness, [ is the fin length,
and Tpqs is the fin base temperature.

The thermal resistance of the snow-covered sail becomes

Rf = (Tbase - Ta)Ac/qf (14)

The vertical heat flux through the sail and the snow gy gives infor-
mation about the total thermal resistance of the system consisting out of
ice, snow, and air above the consolidated layer. Fin performance ¢ can
tell how much presence of sail increase or decrease the consolidation
rate.

When ice is snow-free, the thermal resistance of air is equal to the
turbulence resistance 1/H;,. When there is snow on the top of the ice, the
heat transfer coefficient H can be estimated as:

-1
H:<%+%) (s)

The bottom surface is also inhomogeneous and here we simply define
two different vertical one-dimensional heat fluxes, up from a void
(Fig. 2a) and through a block (Fig. 2c). The model assumes that sail
exists only on top of blocks and the heat flux up from a ridge void g, can
be found as:

R. = h./k; an
where R, is the thermal resistance of the consolidated layer.

The heat flux in the ridge block g, with sail can be found as:
gy = Lo as)

TR +R.+05R,
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where Ry is the thermal resistance of finned surface (a sail), Ry is the
rubble block thermal resistance that can be expressed as:
w /T

Rb74—ki<§fl) (19)

This additional thermal resistance is changing the temperature at the
bottom level of the consolidated layer, making blocks colder than the
water freezing point.

The effective, or total heat flux in the ridge is equal to the latent flux
from consolidation:

dh,
qr = qu, +aqp(1—1,) = piL—r (20)

The estimation of ice thickness from temperature profile usually
requires several assumptions. It is a common practice to assume that
temperature profile in solid ice is linear below the upper layer of
approximately 20 cm, where the temperatures depend on daily air
temperature variations (Lepparanta et al., 1995). The difference in
temperature profiles between ridge voids and blocks is making experi-
mental thickness estimation from the measured temperature profile
more complicated, as well as analysis of experimental heat fluxes due to
ridge inhomogeneity.

2.4. Numerical model of level ice and ridge

The numerical simulations of level ice and ridge consolidation were
performed with finite element analysis simulation software COMSOL
Multiphysics 5.3a using the front tracking method. The position of the
ice-water boundary was defined by Stefan’s energy balance condition
(Eq. (22), where the difference of heat fluxes in two materials is equal to
the amount of new solid formed or melted.

This numerical model requires the following material parameters for
ice and water: thermal conductivity, heat capacity, density, coefficient
of thermal expansion, latent heat of fusion and water kinematic vis-
cosity. Saline ice thermodynamic parameter values are described in
Appendix B. Other values were obtained using the Gibbs SeaWater
Oceanographic Toolbox of TEOS-10 (Millero, 2010). Thermal boundary
conditions were defined as thermal insulation at the sides and at the
liquid bottom (Fig. 2b). The air-ice interface has a temperature-
dependent incoming heat flux based on either convective model with
a constant heat transfer coefficient H;, or on radiative heat balance for
both level ice and the ridge.

The heat flux balance at the air-snow interface for the convective
model is described as follows:

2 2
0T, 0 TS> 1)

Hio(Ty — Tas) = ks
( ) ( ox? 022

The top surface heat flux balance for the radiative numerical model is
described in Eq. (3). The heat flux balance at the ice-water interface is

L, =k g, 22)

i
e
where v, is the normal velocity of the ice-water interface, dT;/on is the
normal derivative of the ice temperature at the interface, and q,, is the
heat flux from the water.

Heat diffusion within the snow and ice is described by

oT,.; *T,; 0T,

PuiCsig = 0x? 07? 23

The numerical model includes a thin initial ice thickness hg of 5 cm at
the air-water interface. In numerical modelling, we used an average
snow density value of 374 kg/m°, obtained from measurements taken
during the winter end on Svalbard (Sand et al., 2003) and the thermal
conductivity value of 0.21 W/m? obtained from the temperature mea-
surements analysis using Eq. (9).
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Fig. 3. Location of weather stations in Svalbard (a) and location of the experimental site in Van Mijenfjorden (b) on the map by Norwegian Polar Institute.

Fig. 4. Feeding channel (a) and ridge building using the ramp (b).

3. Field measurements
3.1. Methods and preparations

The field experiment in the consolidation of artificial ice ridge was
performed during 66 days from 25 February 2017 until 2 May 2017 in
seawater Vallunden lagoon in the Van Mijenfjorden in Svalbard (Fig. 3).

The ridge was made of 55 blocks from 50 cm thick ice, totally 11.4
m® of ice. The average initial level ice salinity was 3.8 ppt and the
average initial block temperature was —7.8 °C. A basin 3.0 m by 4.9 m
was made in the level ice cover, and the blocks were dumped into the
basin. The ice blocks were cut in the feeding channel using a trencher.
After that, the blocks were placed into the water basin using rope, ramp,
and snowmobile (Fig. 4).

The following information was collected during 4 visits: tempera-
ture, salinity, and density profiles. We collected 3 vertical cores during
the visit 1 and 12 vertical cores at visit 4 to investigate ridge
morphology. The value of initial macroporosity was estimated based on
the volume of ice blocks measured during visit 1 and final ridge volume
measured during visit 4. The initial volume of ice was calculated using
measured dimensions of all 55 blocks that were used for the ridge cre-
ation. The final volume of ice was estimated using keel depth values
from 12 cores drilled during visit 4.

Both level ice and ridge were instrumented with thermistor strings.
We used two strings from GeoPrecision GmbH with Dallas DS1820
temperature sensors. The accuracy of sensors was 0.25 °C, the resolution
was 0.065 °C, the sampling time was 10 min. In the ridge, the thermistor

was in the sail with 15 cm freeboard and logged continuously until May
4. Level ice had 7 cm freeboard and its temperature profile was logged
until March 18. The snow was kept above the level ice near the therm-
istor location.

Three cores were used to measure initial parameters of level ice from
which the ridge was formed during visit 1. One core of the level ice and
of the ridge were used for salinity and density profiles at visit 4. The
vertical resolution of salinity and density profiles was 5 cm.

During all 4 visits of the experimental site from 25 February 2017
until 4 May 2017 following parameters were measured for level ice and
model ridge: ice and snow thickness, ice salinity and density vertical
profiles.

Model input data includes two main groups of parameters: atmo-
spheric data from weather stations or remote sensors, and physical pa-
rameters of ice and snow. Sea ice thermodynamic parameters including
heat capacity, thermal conductivity, latent heat and solid fraction were
calculated from Notz (2005). Data from weather stations in Svalbard
were collected using web services yr.no and eklima.no provided by the
Norwegian Meteorological Institute. Most information for the top sur-
face heat balance was received from the closest weather station 99760
Sveagruva, located 2 km from the experimental site. Sveagruva weather
station is providing information about air temperature, humidity and
wind speed. Cloudiness data was received from 99840 Svalbard airport
weather station in 40 km from the experimental site. The number of
clear and overcast days at Sveagruva and Svalbard airport weather
stations was similar from the 1970s until the 1990s (Fgrland et al.,
1997). Local cloudiness at the experimental site was received from the
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Icosahedral Nonhydrostatic (ICON) Modelling Framework from the
German Weather Service. Coefficients for sensible and latent heat fluxes
were found from Smith (1988).

Ice thickness estimation from temperature profile was based on the
temperature data below the upper 20 cm, where values are not sensible
to daily air temperature variations. All the sensors with temperature

values lower than water freezing temperature Ty by more than a chosen
threshold AT of 1 °C were considered frozen, and the highest and lowest
measurement points were used for linear extrapolation of temperature
profile to obtain ice thickness value. The sensitivity of this method to the
chosen threshold will be described in the paper results.
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3.2. Measurements

In the following sections we will describe input data and results of
our thermodynamic models’ application. Input data includes two main
group of parameters: atmospheric data from weather stations or remote
sensors, and physical parameters of ice and snow. The average cloudi-
ness ¢ measured at Svalbard airport weather station near Longyearbyen
was 0.63 during the experimental time. The Icosahedral Nonhydrostatic
(ICON) Modelling Framework from German Weather Service showed
the average cloud cover of 0.57 for Longyearbyen airport and 0.58 for
Sveagruva.

The air temperature at the Sveagruva weather station was measured
hourly and was in the range from —28.5 °C to 3.0 °C with the average
value of —12.6 °C, which was only 0.3 °C warmer than the historical
value for March and April (Fgrland et al., 1997). The relative humidity
RH during the experiment was in the range from 0.44 to 0.95 with the
average value of 0.75 for both Sveagruva and Longyearbyen, 0.06 lower
than the historical average. The average wind speed at Sveagruva during
our experiment was 4.7 m/s.

Sea ice thermodynamic parameters depend on its salinity. Cores

Table 1

Evolution of the main level ice and consolidated layer parameters.
Parameter Visit

1 2 3 4
Number of LI/CL cores 3/0 0/2 0/4 1/12
Min. CL thickness [m] 0.00 0.78 0.97 1.00
Avg. CL thickness [m] - 0.96 1.13 1.20
LI thickness [m] 0.50 0.65 0.82 0.99
CL snow thickness [m] 0.00 0.13 0.07 0.09
LI snow thickness [m] 0.02 0.11 0.02 0.05
CL salinity [ppt] 3.8 4.2 3.8 4.1
LI salinity [ppt] 3.8 - - 4.6
FDD [°d] 705 915 1228 1421
Ridge macroporosity 0.36 - - 0.00
(a) s s ..
O Visit 1 @ Visit 4

level ice

10T(CL)

Cold Regions Science and Technology 181 (2021) 103194

drilled from level ice and model ridge during visit 1 and visit 4 were used
to obtained salinity profiles (Fig. 5). Comparing level ice salinity pro-
files, it can be argued that about 4 cm of ice formed above the initial top
surface between two visits. The level ice salinity after 66 days changed
from 3.8 ppt to 4.6 ppt, consolidated layer final salinity was 4.1 ppt.
Relative brine and gas volumes were estimated using in-situ mea-
surements of ice temperature, salinity, and density using Cox and Weeks
(1983). Values of the estimated relative brine volume are presented for
level ice at visit 1 for its in-situ temperature Ty and for the measured
water freezing temperature Ty (Fig. 6a) and for both level ice and
consolidated layer at their in-situ temperatures during visit 4 (Fig. 6b).
We assumed that the rubble blocks have a uniform temperature of the
water freezing point Ty after the end of the initial phase of the ridge
consolidation. We also assumed that the initial salinity of rubble blocks
is equal to the measured salinity of the level ice during visit 1. The brine

1.6 T T

0.8

Analyt., cond. flux
O Num., latent flux

0.6 ' ;
0 5 10 15

hs [cm]

Fig. 9. Sail performance ¢ vs snow thickness h; for 15 cm sail height and 50 cm
sail width from the analytical sail model and its effect on consolidated layer
thickness from the numerical convective model.
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Fig. 8. Ridge top plan (a) and three vertical profiles (b) during visit 1 and 4. All sizes are given in meters.
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volume values of the rubble was assumed to be equal to the brine volume
of the level ice estimated for the water freezing temperature Ty using Cox
and Weeks (1983).

Level ice grew from 50 cm to 99 cm, while the consolidated layer
grew from 0 until 120 + 12 cm. The average freeboard after the ex-
periments was 7 cm for level ice and 8 cm for the consolidated layer. The
temporal development of level ice and consolidated layer draft is pre-
sented in Fig. 7a: from the drilling during 4 visits and from the vertical
temperature profiles measured by thermistors. During visit 4 salinity,
density and temperature of level ice and consolidated layer were
measured, giving 8% of liquid volume fraction (Fig. 6b) and 2% of gas
volume fraction.

Snow thickness above the level ice varied in the range 2-11 cm,
while snow thickness above the ridge was 0-13 cm. For measured snow
thickness and estimated snow thermal conductivity at the ridge, the heat
transfer coefficient H of air and snow varied in the range 1.4-21 W/m?K.
The summary of the measured parameters during each visit is presented
in Table 1.

Initial ridge total porosity n was estimated for the measured level ice
in-situ temperature, density, and salinity combined with the measured
initial macroporosity. It was assumed that the salinity and gas volume,
measured for the level ice during visit 1, would remain unchanged
during the initial stage of the ridge consolidation. The value #(Ty) in-
dicates the total porosity of the ridge before the block temperature
started to change from the initial temperature Ty to the seawater
freezing temperature T;. The value of the ridge total porosity after the
initial phase of consolidation #7(Ty) was estimated assuming that the
sensible heat of the cold blocks at the temperature T, was conserved and
transferred into the new ice formation. During the initial phase, the
brine volume of ice blocks increased as shown in Fig. 6a. The change of
the total porosity during the initial phase corresponding to the change of
block temperature from Ty to Ty is shown in Fig. 7b using the vertical
salinity, density, and temperature profile of each block forming the
ridge. Due to the block average initial temperature Ty of —7.8 °C, the
ridge total porosity should decrease from 0.39 to 0.36. The ridge initial
macroporosity was found from the ridge initial and final volumes. The
initial ridge volume was estimated based on the measured volume of ice
blocks, while the final ridge volume was estimated from its morphology
at visit 4 (Fig. 8).

4. Results

Before the analysis of the provided fieldwork experiment, we will
present more general results of our analytical and numerical in-
vestigations, where we will try to improve understanding of ridge
thermodynamics and validation methods for ridge models. We will focus
on thermodynamic effects from the main differences between level ice
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and ice ridge including ridge sail, snow on its top, ridge rubble, and ridge
inhomogeneity (Section 4.1). After that, we will describe details of the
consolidation experiment and how general conclusions can help with its
analysis and model validation (Sections 4.2-4.5).

4.1. Sail and rubble effects

The presence of the sail has two different effects, its thickness pro-
vides additional insulation and delays consolidation while the irregular
surface gives a higher exposed area and enhances the consolidation. The
snow cover is a key factor here as it strongly affects the heat transfer
coefficient H from Eq. (15) and with this the sail effect. Below we will
examine how the snow cover affects the analytical solution of the sur-
face flux (by the fin performance ¢, in Eq. (13) and further, apply the
two-dimensional numerical solution (Section 2.4). The solution for the
fin performance shows that it increases with increasing snow thickness,
and for snow thicknesses above 1 cm it predicts that the presence of a
sail increases the heat flux compared to the same snow cover of flat ice
(Fig. 9). This solution (Appendix C) assumes that the temperature below
the sail Tpqs (base temperature) is not affected by the surface conditions
and this is not strictly true. Numerical simulations confirm the general
trend of increasing the effect of thicker snow but modifies the effect for
thin snow covers.

Defining lower boundary of the consolidated layer in the ridge is also
complicated by its inhomogeneity. In our consideration, the thickness of
the consolidated layer is defined by newly formed ice in the void
(Fig. 2b). In the void the consolidated layer thickness similarly to the
level ice thickness can be estimated from temperature profiles as the ice
temperature is always less than equal to Ty, and the water below is al-
ways warmer or equal to Ty similar (Fig. 2a). In the block, the boundary
of the consolidated layer is somewhere inside the block (Fig. 2c) and the
temperature profile cannot be used the same way as above to define the
thickness of the consolidated layer. The spatial resolution of tempera-
ture measurements combined with the non-linear temperature profile
close to the bottom of the block and the daily variations in the top makes
it necessary to extrapolate. A linear section of temperature profile for
extrapolation was chosen by cutting off upper nodes affected by daily
temperature changes and bottom nodes in the non-linear part. We cut off
nodes in the upper 20 cm of the profile below the snow-ice interface and
nodes in the bottom part of the profile where the temperature is higher
or equal to Ty — AT. Threshold AT can be set for example 1 °C or 0.5 °C.
Further, a linear temperature profile is extrapolated to Ty, and the
thickness of the consolidated layer in the block is defined.

Fig. 10 shows temperature profiles through the void and block at two
different time moments of our numerical simulation. Defined according
to the description above, the boundary of the consolidated layer in a
void and a block are shown on the plots. The figure illustrates that there

T[°C]

Fig. 10. Temperature profiles in ridge void and block after 1 day (a) and after 25 days (b) of consolidation from the numerical model.
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Fig. 11. Thickness overestimation Ah, based on temperature profiles from numerical modelling using AT =1 ° C (a) and block bottom dimensionless temperature 0

based on analytical and numerical models (b).

may be significant differences in the estimated thicknesses of the
consolidated layer (Ah, up to 0.2 m) for the chosen threshold AT of 1 °C.
Considering our minimum definition of the consolidated layer (Fig. 1),
which corresponds with the one derived from a void, we call the dif-
ference in estimated thicknesses as an overestimation.

Numerical simulations of this overestimation were done without sail
and snow, and with 15 c¢m high sail and 7 cm thick snow to check how
temperature profiles are affected by snow and sail. The ice thickness
overestimation decreased with increasing consolidated layer thickness
and depended on sail and snow (Fig. 11a). It also depended on the ice
temperature (not shown in the figure). A dimensionless block temper-
ature 0 can be defined as:

T,—T; AT,

0 —__ =
YT T,—T, AT.+AT,

(24)

where Ty, is the temperature at the center of the block at the bottom level
of the consolidated layer with a minimum thickness (Fig. 10a).

The thickness overestimation Ah, depends on the block temperature
Ty (Fig. 10a) as:

Ah,
h(

(AT = AT,) =6, (25)

From the resistive analytical model described in Section 2.3, the
dimensionless block temperature 0 is defined by the block thickness w,
and the consolidated layer thickness h. as:

R, AN
0, = =1
RC + Rb ( + w )

(26)

b

The condition AT = AT} is complicated to use for the thickness
estimation in experiments because it requires knowledge of the
consolidated layer thickness. For the smaller thresholds AT < ATy the
values of the thickness overestimation are larger and cannot be
described by the resistive model. The larger thresholds AT > AT
correspond with smaller overestimations but can dramatically increase
errors of the temperature profile extrapolation, especially for the initial
phase of the consolidation. Thus, it is recommended to use threshold
range close to the ATy for the later stages of the consolidation. For our
experiments ATy lays in the range between (T; — Ty;)/5 and (Ty — T)/10
during the most of the time (Fig. 11b).

In comparison to thickness measurements, which are representing
average heat transfer over ridge void and surrounding blocks, temper-
ature profile measurements are representing only local vertical heat
transfer. As can be seen from Fig. 10, large-scale ridges are inhomoge-
neous and vertical temperature gradient can be significantly different
for different parts of a ridge. It can be important for the validation of an
analytical consolidation model because almost any analytical model is
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Fig. 12. Snow-ice interface temperature T; and air ambient temperature T,
development for level ice and the ridge.

only able to describe average heat flow through different parts or the
whole ice ridge.

4.2. Top surface heat balance

The air and snow-ice interface temperature of level ice and the ridge
are shown in Fig. 12. The ridge top surface was colder than of level ice
during the first 20 days of our experiment. The thermal resistance of air
was much smaller than thermal resistances of both ice and snow: the
average air temperature was only 0.3 °C lower than the measured top
surface temperature of snow, while the average difference between the
top and bottom surface temperatures was 8.3 °C for ice and 4.1 °C for
Snow.

Let us proceed with examining how the analytical models (Section
2.3) with the two different atmospheric fluxes (simple convective or
more advanced radiative) predict the air-snow temperature T,;. We as-
sume that the air temperature was known and define a temperature
difference over the air boundary layer AT, = T4 — T, The radiative
model is more complicated and to estimate its sensitivity, the uncer-
tainty of the three following aspects were examined:

e Longwave radiation model: Maykut (1986), Rosati and Miyakoda
(1988).

e Cloudiness: from the weather station in Longyearbyen, from the
ICON model for Svea.

e Turbulent heat transfer coefficient: Smith (1988), Rosati and Miya-
koda (1988).
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Fig. 13. Surface temperature T, vs ice thickness h; for the average experimental meteorological conditions (a) and the difference between the top surface and air
temperatures AT, from the level ice experiment, radiative and convective analytical models based on experimentally measured conductive heat flux g, and mete-

orological data (b).
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Fig. 14. Snow thickness above level ice (a) and consolidated layer (b) vs time.

The analytical dependence of the air-snow temperature on the ice
thickness for the average experimental meteorological conditions is
given in Fig. 13a and shows that the convective model predicts a warmer
snow surface. The convective model does, by definition, predict a snow
or ice top surface temperature T, warmer than the air temperature T, (if
T, is colder than water). In nature, the snow surface can be colder than
the air temperature (Fig. 13b) and this is known as ground inversion.
This phenomenon can only be predicted by the radiative model. Fig. 13b
shows AT, derived directly from the level ice measurements and for the
two models based on meteorological data and experimentally measured
conductive heat flux q. and not including snow parameters using Egs. (3)
and (5).

The turbulent heat transfer coefficient has relatively little effect of
2% of the heat flux. Averaged over time difference between analytical
and experimental values of AT, was in the range of —2.5...0.6 °C for
different parametrisation giving the best fit for the models of Maykut
(1986), Smith (1988), and cloudiness data from the Longyearbyen
weather station. A simple convective model by Adams et al. (1960) gave
a difference of 1.7 °C (Fig. 13b).

As a conclusion, it can be said that while radiative models can predict
top surface temperatures more accurately, an error of the convective
model is small enough considering its simplicity and applicability for
resistive thermodynamic models.

4.3. Snow conditions

Snow thickness between visits was estimated using Eq. (9). In the

10

first approach snow thermal conductivity value was chosen arbitrarily.
From the values of snow thickness, time moments of snow thickness
transition were found. Snow thickness values were linearly interpolated
to fit the shape of estimated values and measured snow thickness values.
After that thermal conductivity values were estimated based on assumed
snow thickness in time. The final value of snow thermal conductivity
was obtained using statistical analysis of estimated values, based on
conductive heat flux balance in snow and ice.

The snow layer has thermal resistance comparable with ice; also, it is
a material with high uncertainties in its thermodynamic characteristics.
Snow thickness was measured directly only during four visits. The snow
thermal conductivity value of 0.21 W/m? was obtained based on the
level ice temperature profile and four in-situ measurements of snow
thickness, requested the fit of thermal resistance values Eq. (9). Further,
the reverse task can be solved. Assuming a constant snow thermal
conductivity and knowing ice temperature profile, snow thickness in
time during the experiment was estimated (Fig. 14) and further used in
numerical modelling. Both for level ice and model ridge snow thickness
was considerably low except days 12-21.

The analysis of snow thickness effects on heat transfer in the ridge is
more complicated than for pure one-dimensional level ice. The tem-
perature profile in ridge blocks is non-linear even under steady-state
ambient conditions: temperature gradient is slightly lower in sail (Eq.
(49) and is also decreasing towards the block bottom. With our
measured snow thickness and estimated snow thermal conductivity, the
heat transfer coefficient H varied in the range 1.4-21 W/m2K according
to Eq. (15).
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Fig. 15. Vertical heat fluxes from experiment, convective and radiative analytical models in level ice (a) and in the ridge (b).

Table 2
Ice thickness and mean vertical heat flux values after visit 4 (visit 3).

Ice type Model s [m] h analyt. [m] h num. [m] h exp. [m] q analyt. [W/m?] g num. [W/m?] q exp. [W/m?]
LI Conv. 0 0.95 0.94 0.95 20.3 (25.9) 19.9 (27.0) (27.9)

Rad. 0 1.02 0.95 21.2 (27.0) 20.9 (28.3)
CL Conv. 0 1.13 1.14 1.20 20.3 20.3 19.0

Rad. 0 1.23 1.20 21.6 21.0

Conv. 0.15 1.21 1.16 21.4 19.4

Rad. 0.15 - 1.23 - 22.2

4.4. Vertical heat fluxes

In two previous sections we estimated the main parameters of air and
snow models fitting our field observations. It is of interest to see how
these models can predict heat fluxes found experimentally from ice
temperature, density, and salinity vertical profiles. Analytically and
numerically estimated heat fluxes are only based on meteorological data
and measured or estimated ice and snow thermodynamic parameters.
The average level ice heat flux from analytical convective and radiative
models are 7% and 3% lower than from the experiment (Fig. 15a).

Modelling and validation of heat fluxes for ridges are much more
complicated due to its inhomogeneity and corresponding different
boundary conditions at different vertical profiles. Fig. 15b shows the
results of the simplest “flat” analytical models of ridge consolidation. In
that model there is no sail. Our experimental temperature profile was
measured in the ridge block. Experimental values from the first 4 days
are not presented because not enough sensors were frozen for heat flux
estimation. The “flat” analytical radiative model gives 6% higher flux

than experimentally estimated, the convective model gives 5% lower
flux for days 5-66 of our experiment.

There is a difference between average fluxes in voids and blocks. In
our numerical radiative model heat flux in the void was 22.6 W/m?2,
while average flux in the block was 19.3 W/m?, significantly closer to
the experimental heat flux of 19.0 W/m?2. As it was described in the sail
effect section, the largest heat flux increase is only observed in the vi-
cinity of sail walls, while heat fluxes in the middle of block and void are
almost equal.

As a summary, our analytical and numerical models are predicting
heat fluxes equally accurate for level ice and ridges, while the more
advanced radiative model is performing slightly better than convective
(Table 2).

4.5. Ice thickness

Level ice thickness from direct measurements at visit 4 was 99 cm
including 4 cm of top surface growth. Our convective and radiative
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Fig. 16. Level ice (a) and consolidated layer (b) thickness vs time from the experiment, analytical and numerical models. The grey shaded area corresponds to the

voids found from the ridge drilling during visit 1.
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Fig. 17. Total thickness overestimation Ah, (a) and its values per temperature difference in ice AT; = Ty — Ty; (b) vs consolidated layer thickness. The grey shaded

area corresponds to the voids found from the ridge drilling during visit 1.

analytical models predicted the thickness of 95 cm and 102 cm corre-
spondingly (Fig. 16a), while numerical models gave 94-95 cm. The
measured consolidated layer thickness was 120 cm, while convective
and radiative analytical models gave 113 cm and 123 cm (Fig. 16b). The
numerical model predicted a slightly lower thickness due to considering
thermal inertia and ridge initial phase. For both level ice and consoli-
dated layer, the numerical radiative model gave the closest values to the
experimental thickness.

Higher consolidation values from the temperature profile are coming
from the method overestimation when the temperature information is
derived from the ridge block, not from the void. This effect is eliminated
at the time of visit 4 because the consolidated layer reached the block
bottom in the vertical profile of the thermistor (Fig. 16b). Similarly,
there was no significant thickness overestimation in the range of 50-65
cm which corresponds to the void depth, measured during visit 1 (the
ridge initial and final volumes. The initial ridge volume was estimated
based on the measured volume of ice blocks, while the final ridge vol-
ume was estimated from its morphology at visit 4 (Fig. 8).

It is convenient to compare growth prediction from different models
and experimental sources in one table (Table 2). Results of model
application are quite similar for both types of ice: convective models are
underestimating ice growth, while radiative models are giving values
closer to experimental thicknesses.

It is of interest to evaluate thickness overestimation for the described
experiment. We should assume as reference results of the numerical
modelling using a radiative balance (Fig. 16b). As it was described for
the general case, thickness overestimation mainly depends on ice tem-
perature and its thickness (Fig. 17a). The first part of our experiment
(days 0-35) with a thinner consolidated layer was performed at signif-
icantly lower air temperatures than the second part (days 35-66). The
temperature effect on thickness overestimation was almost constant,
and the scale effect was not considerable (Fig. 17b).

The calculated thickness overestimation was in the range of 0-25 cm
or 0-5 cm/°C with a significant drop when the consolidated layer was
growing in voids.

5. Discussion
5.1. Validation of consolidation models

There are two main options for validation of a model using field
experiments in ridge consolidation: to compare temperature profiles or
coring profiles. The accuracy of both methods is influenced by the in-
homogeneity of the bottom surface of the consolidated layer. As was
observed in previous studies (Blanchet, 1998; Hgyland, 2002b; Timco
and Burden, 1997), the consolidated layer thickness measurements from
coring have too large variability and errors to be suitable for
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consolidation model validation. Hgyland (2002a) reported a 26% dif-
ference in consolidated layer thickness measurements performed by
drilling and by temperature profile analysis. Timco and Burden (1997)
analyzed maximum, minimum and average thickness of the consoli-
dated layer for 25 ridges and found thickness variability larger than 3.
This study attempted to show limitations and errors which can be
observed in the analysis of ridge temperature and estimated thickness.

Consolidated layer thickness, as the key engineering parameter of an
ice ridge, is one of the most important outputs of any fieldwork or
modelling. Meanwhile, any consolidation model can give a value of
minimum thickness not including the thickness of ice blocks, partly
frozen into a consolidated layer. Because of that a simple condition of an
ice and water boundary, where the temperature is equal to the water
freezing point, would give thickness including ice blocks, inside which
ice temperature is exponentially approaching freezing temperature. This
condition is impractical because it is not providing values of interest
(minimum consolidated layer thickness) and it also requires accurate
equipment to distinguish small temperature differences. As it was shown
in the paper, it is possible to use more advanced conditions of the ice-
water interface, but even such algorithms can give overestimated
values of consolidated layer thickness.

Another way to validate the consolidation model is to compare
values of vertical heat fluxes or corresponding vertical temperature
gradients. But heat flux is affected by local conditions much more than
thickness. And to analyse the temperature profile, it is important to
know its exact location, which is especially complicated for underwater
ridge parts. Vertical heat flux under sail, below upper 20 cm affected by
daily temperature deviations, and above bottom part of the consolidated
layer can give a good estimate of heat transfer after the initial phase of
consolidation. It is important to consider that large-scale ridges are not
homogenous media and because of that heat fluxes are not only con-
verting in vertical ice growth but also horizontal growth and thermal
inertia.

As a conclusion, one should consider that thickness estimation from a
temperature profile is more complicated for ridges and can give signif-
icant errors. At the same time, measured heat fluxes are also not always
equal to the latent heat fluxes related to the change of consolidated layer
thickness.

Radiative models are predicting faster ice growth under any condi-
tions. Meanwhile, the difference between radiative and convective
models’ predictions can be significantly lowered due to the presence of
the shortwave radiation. This explains why both radiative and convec-
tive numerical models accurately predict ice growth.

5.2. Thickness overestimation

At the level of minimum consolidated layer thickness, the
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temperature in the surrounding ice blocks can be significantly colder
depending on their distance from the block center. The thermistor string
for the described experiment was placed in the ice block. From Fig. 16b
it can be seen, that thickness values from the temperature profile are
always approximately 15 cm larger than of analytical solution, while
vertical heat fluxes in fully consolidated parts are almost equal for both
the experiment and the model.

The heat fluxes in level ice and the consolidated layer below water
level were almost equal during the first 25 days of the experiment when
the snow thickness above both types of ice was in the same range. Level
ice thickness and corresponding thermal resistance were higher only
during the first 12 days. It shows the importance of coupling of air
convection and conduction through snow and ice.

Even though thickness estimation with a smaller threshold is giving
overestimated values, it is still preferable over usage of only temperature
measurements from the top part of the consolidated layer. Accuracy of
such a method is highly dependent on the accuracy of the temperature
measuring device and even small error can lead to high errors in
thickness.

Another uncertainty to be considered is the 2-in. drilling diameter of
a borehole for the thermistor. The presence of such unfrozen void
around thermistor can decrease values of thickness overestimation and
to make temperature profile analysis more complicated. During the
consolidation process, such a void will be frozen only after a front of
significant temperature gradients reached that part of the drill hole. This
can explain slightly lower thickness overestimation in our experiment in
comparison to the numerical model result since it is not considering the
presence of any voids around the virtual thermistor.

When first-year ridges get older approaching the melt season, the
keel changes so that it becomes less porous and more homogeneous. This
process will reduce the thickness overestimation and the different
temperature distributions in voids and blocks.

5.3. Ice salinity

The increasing trend of level ice salinity can be explained by the
presence of approximately 12 cm thick part of superimposed ice at the
beginning of the experiment. This layer was potentially formed during
the warm temperature period two weeks before the start of our experi-
ment, on February 5-11, 2017, due to snow melt and later refreezing.
The average daily air temperatures during that period were in the range
2.0-3.8 °C. The decreasing portion of less saline superimposed ice can
explain the increase of level ice salinity with time.

Slightly lower ridge salinity in comparison to level ice can be
explained by stronger ice desalinization after warming during the initial
phase according to the brine dynamics model by Griewank and Notz
(2013). It is well known that the initial salinity of the first year ice de-
pends on the its growth rate (Kovacs, 1996). Vertical heat fluxes were
almost equal in the consolidated layer and in level ice during the first 25
days when the upper 70 cm of the consolidated layer was formed. Ridge
multi-directional desalinization process requires further investigations.

We observed a significant ice growth between visits 3 and 4 during
relatively warm temperatures (Fig. 16): 27% of level ice thickness
change occurred together with 35% of FDD, increased solar radiation,
and relatively thick snow. According to our modelling results, it was

Appendix A. Radiative model
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partly caused by the growth of the ice microporosity during its warming,
which depends on its salinity. Similar growth was not observed at the
modelling results with a thermodynamic model of fresh ice.

6. Summary and conclusions

A medium-scale sea ice ridge was produced in the Van Mijenfjorden,
Svalbard in the winter of 2017. The thickness and properties of the level
ice that was used to make the ridge were measured and thermistor-
strings were installed in the ridge and the neighboring level ice. The
ridge was visited four times for drilling and sampling. The experimental
results provided enough information for accurate growth prediction and
validation of ridge consolidation models.

Two analytical resistive models and two-dimensional discretized
numerical models are presented. All models need general met-ocean
conditions and general ice physical properties. The ridge models
include the effect of the inhomogeneous top and bottom surfaces of the
consolidated layer. The models were validated against the field mea-
surements, and the furthers details of the analytical models were vali-
dated against the numerical model.

The main conclusion is:

The analytical resistive ridge model with convective atmospheric
flux captures the relevant phenomena well and could be used for
prediction of the consolidated layer thickness in probabilistic anal-
ysis of ice actions on structures.

Additional important results and conclusions are:

During our field experiment, the level ice grew from 50 to 99 cm, the
consolidated layer grew up to 120 cm, and the macroporosity was
about 0.36.

The model including the radiative terms predicted heat fluxes in
level ice and ridge better than the convective model but required
more input data.

Vertical temperature profiles through the consolidated layer and
further into respectively a void and an ice block may result in
significantly different estimations of the consolidated layer
thickness.

The difference between fresh and saline ice growth is becoming
significant only during the warming phase.
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The net longwave radiation from the ocean surface q; can be found as (Rosati and Miyakoda, 1988):

0.0066
- _ 3 _ _ —
qw = — 60T, <T,l (0.254 132.22%) (1= Cie) +4(Ty Ta))

27)

where & = 0.95 is the emissivity of the sea surface relative to the black body, o is the Stefan-Boltzmann constant, e, is the near-surface vapour pressure
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at air ambient temperature T,, C; = 0.8 is the cloud coefficient, c is the fractional cloud factor.
Alternatively, the net longwave radiation can be calculated as (Maykut, 1986):

quw = eoT —¢'oT? (28)

where £ = 0.99 is the snow longwave emissivity, and ¢* is the effective emissivity for the atmosphere, which can be found as (Maykut, 1986):
¢ =0.7855(1+0.2232 %) (29)

The net shortwave radiation ggy can be found as (Shine, 1984):

Scos*Z

=(1-a)®, 30
asv = (1= @) s T 20057 + (1 + cosZ) 10, (30)
where « is the albedo of ice or snow, @, is the cloud correction factor, S is the solar constant, and Z is the solar zenith angle.

Cloud correction factor @, can be calculated as (Laevastu, 1960):
@, =1-0.6c (€3]

Sensible and latent heat fluxes can be found as (Maykut, 1986):
qs = p,,CaCst(Ta - Ta.&) (32)
g = 0.622p,L.C,V, (e, —ey)/P (33)

where py is the density of the air, c, is the specific heat of the air, C; and C, are the bulk transfer coefficients for sensible and latent heat, V,, is the wind
speed at the reference height, L. is the latent heat of vaporization, RH is the relative humidity, ey is the saturation vapour pressure at surface tem-
perature Ty, P is the total atmospheric pressure.

The vapour pressure e can be expressed through the saturation vapour pressure e at the given temperature and relative humidity RH as:

¢ = RH-¢ (34)
The saturation vapour pressure es at the given temperature T can be found as (Tsonis, 2007):
e, = 611exp(19.83 — 5417 /(T +273.15) ) (35)

The bulk transfer coefficients for sensible and latent heat C; and C, mainly depends on wind speed and the temperature difference between surface
and air T4 — T, For surfaces warmer than air these coefficients are usually in the range of (1...2) - 1072 for the elevation of 10 m (Smith, 1988).

Appendix B. Saline ice growth

Prediction of saline ice growth includes additional complications connected to its temperature-dependent latent and sensible heat. Thermal inertia
for saline ice can be divided into specific heat of pure ice and brine, and change of solid fraction at different temperatures, which requires freezing or
melting of pure ice inside sea ice. The sum of both effects can be presented via the enthalpy of sea ice:

Hy = —Lim; —m; /CidT— (1—my) /cth (36)

Enthalpy values at different temperatures illustrate the difference from pure ice growth model: depending on ice temperature and salinity only a
certain mass fraction should be frozen, while additional negative heat should be spent to adjust ice temperature to a certain temperature profile. The
zero value of enthalpy can be chosen arbitrarily and assumed zero at sea ice freezing point.

The brine salinity of sea ice is equal to (Notz, 2005):

S, = —12—21.8-T — 0.919-T* — 0.0178-7° 37)

The sea ice solid mass fraction can be found as:

Si
i=1-2t 38
m S, (38)
The sea ice solid volume fraction can be found as (Notz, 2005):

1-3

vi=— (39)
The thermal conductivity of sea ice is equal to (Notz, 2005):

kg = viki + (1 —v;)ky (40)
The heat capacity of sea ice per unit mass cs; can be found as (Notz, 2005):

as;

T (41)

ci =¢i— L

14
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H [J/kg]

T[°C]

Fig. 18. Saline and fresh ice enthalpy vs temperature.

where @ = — 0.05411 is the slope of the liquidus.
The density of sea ice was found as (Notz, 2005):

Py =vipi+ (1 =vi)p, (42)
The density of pure ice can be found from (Pounder, 1966) as:

p; =916.8 —0.1403-T (43)
The thermal conductivity of pure ice can be found from Eicken (2003); Yen et al. (1991) as:

ki =2.21—-1.00-10"T +3.44-107°T* (44)
Pure ice heat capacity can be found as (Weast, 1977):

c; =2112.2 +7.6973-T (45)

The latent heat of fusion L; of water is 333.5 kJ/kg (Feistel and Hagen, 1998). The enthalpy value for ice with any temperature and salinity
distribution is defining how much energy should be extracted from the water for its consolidation and cooling (Fig. 18). As can be seen, enthalpy
difference can be higher or lower than pure ice latent heat. Pure ice and brine sensible heat are decreasing sea ice growth at low temperatures in
comparison to Stefan’s equation. In contrast, the low solid fraction of warm sea ice can lead to faster growth in comparison to Stefan’s equation and
pure ice growth. For salinity of 5 ppt warm ice at water freezing temperature requires 15% less negative energy to be formed.

The difference between the top and bottom heat fluxes in ice is spent on ice heating or cooling. When ice is thick enough, the bottom heat flux
depends only on average top surface temperature.

For the field data analysis, usage of the bottom ice boundary for heat flux calculation can be impractical due to high uncertainties in salinity and
temperature profiles, while only the change of total ice volume is the main value of interest. The thickness of saline ice including sensible heat can be
estimated from pure ice thickness without sensible heat from the solid volume fraction as:

_ piLi
hy = hl/):i AL (46)

Appendix C. Extended surface theory

Any finned surface includes thermal conduction through the fin and thermal convection at its surfaces. Fin can be described by its width w and
length [, which define two main parameters: top perimeter P = 2(w + [) and top cross-section area A, = wl. Heat transfer equation of a uniform fin cross-
section in the vertical direction can be found as (Incropera et al., 2013):

d dr HP
e (ACE> T4 (T-T,) =0 47)
This equation is convenient to present using dimensionless form using constant m? = HP/kA.. To solve that equation boundary condition should be
specified including the temperature at the base of the fin T(0) = Tpase and boundary condition at the top surface HA (T(s) — Tg) = — kiAdT/dx|,—s.
Vertical heat flux through the sail is equal to (Incropera et al., 2013):
e i H i
4 — \/HPEA Ty — ) sinhms + (H /mk;)coshms 48)

coshms + (H /mk;)sinhms

For analysis of temperature profiles, which are one of the primary measurements of any field experiments, it is also useful to know the temperature
distribution above the consolidated layer, which can be expressed as (Incropera et al., 2013):

15



E. Salganik et al.

T—T, _ coshm(s—z)+ (H/mk;)sinhm(s — z)
Tpase — Tu coshms + (H /mk;)sinhms
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(49)

This equation can quantify the difference between heat flux at the water level and the snow-ice interface.
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