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NOTATION

T temperature
V wind speed
Rh relative humidity
C cloudiness factor
h thickness of ice or snow
ρ density
c specific heat
k heat conductivity
s salinity

(Lf) latent heat of fusion
Lv enthalpy of vaporization

κ extinction coefficient
α surface albedo

Qs incoming solar radiation
Q0 downward solar radiation under clear sky

conditions
q penetrating solar radiation below surface
I0 penetrating solar radiation below the surface

layer
Qd downwelling long-wave radiation
Qb upwelling long-wave radiation
Qh sensible heat flux
Qle latent heat flux
Fc surface conductive heat flux
Fm heat flux due to surface melting
Fw oceanic heat flux

z vertical coordinate in ice model positive
downwards

za vertical coordinate in the ABL model positive
upward

za height of za in the air
t time

S solar constant
Z zenith angle
ε surface emissivity
σa Stefan-Boltzmann constant
k0 von Karman constant
g acceleration due to gravity
R gas constant,
f Coriolis parameter
Ri Richardson number
CH exchange coefficient for heat
CE exchange coefficient for moisture
u* fraction velocity
τ momentum flux
z0 roughness lengths for wind
zT roughness lengths for temperature
zq roughness lengths for moisture
q specific himudity
Θ potential air temperature
E turbulent flux of water vapour (evaporation)
H turbulent flux of sensible heat
L Obukhov-length
φ geopotential
ps surface pressure
pt pressure at the model top (3 km).
l mixing length
cp specific heat of air
e vapour pressure

subscripts:

a air
s snow
i sea ice
sfc surface
bot ice bottom
w water

ABBREVIATIONS

ABL atmospheric boundary layer
BALTEX Baltic Sea Experiment
BASIS Baltic Air-Sea-Ice Study
CN Crank-Nicholson scheme
FIMR Finnish Institute of Marine Research
GEWEX Global Energy and Water Cycle Experiment
IDA Ice Data bank for Baltic Sea climate studies
NRCMEF National research Centre for Marine Environmental Forecasts
WCRP World Climate Research Programme
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ABSTRACT

A one-dimensional thermodynamic sea ice model was constructed, in which different param-
eterizations of the surface radiative fluxes were studied and compared. The effect of atmospheric
stratification was taken into account in the calculation of the turbulent surface heat fluxes based
on the Monin-Obukhov similarity theory. A two-layer parameterization of penetrating solar ra-
diation attenuating through the sea ice was introduced. The ice model solves the full heat con-
duction equation associated with heat fluxes and ice/snow mass moving boundaries. A conser-
vative finite-difference numerical scheme of the heat conduction equation was derived using an
integral interpolation method. This scheme was validated by numerical tests. The impact of nu-
merical resolution on model predictions was studied. The ice model was coupled with a two-di-
mensional hydrostatic mesoscale atmospheric boundary layer (ABL) model to study the effect of
warm-air advection on ice thermodynamics and the air-ice coupling.

The model was applied to study the ice thermodynamic processes in the seasonal ice cover of the
Bohai Sea and the Baltic Sea. The model results were compared with field measurements. The
model simulated various surface fluxes well, in particular the turbulent fluxes. The model also
well reproduces the diurnal variation of ice temperature and seasonal evolution of ice thickness.

Process study using the Baltic Air-Sea-Ice Study (BASIS) field data suggested that during an ice
thermal equilibrium stage the modelled superimposed ice formation gives a good estimation of
the snow-ice formation. The model initialization is important for a short-term simulation. A sub-
surface melting in early spring due to solar radiation absorption was also simulated.

The heat transfer coefficient and temperature roughness length were studied based on the analy-
sis of the turbulent surface fluxes measured during BASIS. There was good mutual agreement
with the surface temperature and the turbulent fluxes estimated by the eddy-flux and the gradient
methods and the ice model.

The numerical scheme of the ice model was verified against analytical solutions. During the
freezing season, the effect of numerical resolution on model results is not significant. When the
downward short-wave radiation become large, the absorption of this flux below the ice or snow
surface changes the predictions of ice temperature and surface heat fluxes in a way depending on
the model spatial resolution chosen. A two-layer scheme for handling penetrating solar radiation
in ice is suitable for a fine-resolution model.

During advection of warm air over an initially cold snow/ice layer, the air-ice turbulent heat flux
has a direction opposite to the prevailing upward heat flux from the ocean through the snow/ice.
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This results in a time-fetch and a time-depth dependent behaviour of the directionally-varying
conductive heat flux in the snow/ice layer. From the point of view of ABL modelling, the inter-
active coupling between the air and ice was most important when the wind was strong, while
from the point of view of ice thermodynamic modelling the coupling was most important when
the wind was light.

Key words: sea ice thermodynamics, air-ice interaction, surface heat balance, penetrating solar
radiation, warm air advection, numerical model, numerical resolution, Bohai Sea, Baltic Sea.
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1. INTRODUCTION

1.1 Background

71 % of the Earth’s surface is covered by ocean, of
which area some 7 % on the average is covered by
sea ice. Sea ice belongs to the cryosphere and plays
an important role in the global climate system via
linkages and feedbacks generated through various
processes (Fig. 1). Sea ice is a product of the ther-
modynamic interaction between the cold atmosphere
and the underlying ocean. The ocean-atmosphere
heat exchange is very sensitive to the thin portion of
the sea ice thickness distribution (Maykut 1978,
1982). Sea ice acts as a barrier to the transfer of
moisture, heat, and momentum between the atmos-
phere and the ocean. It is an effective heat sink for
the atmosphere and ocean both through its high sur-
face albedo and its large latent heat of freezing
(Ebert & Curry 1993). In polar regions, the high
surface albedo of sea ice reflects a large portion of
the incoming solar radiation and reinforces the
cooling of the atmosphere, providing a positive
feedback to support the maintenance of the ice
cover. The cooling of the atmosphere leads to strong
meridional temperature gradients, and to an increase
in the intensity of the zonal circulation in the atmos-
phere (Peixoto & Oort 1992). The release and ab-
sorption of latent heat due to the freezing and melt-
ing of ice may alter the seasonal air temperature
cycle and induce local climate. Freezing at the ice

bottom rejects salt, increasing the ocean salinity,
whereas melting of sea ice will decrease the ocean
surface salinity. The ice-ocean interaction can affect
the stability of the upper oceans and alter the water
circulation throughout the world oceans (e.g. Aa-
gaard & Carmack 1989). In addition, the sea ice
cover has major effects on wintertime marine activi-
ties in the sub-polar regions by obstructing marine
navigation, transportation and oil drilling operations.

The heat exchange between the air and the ice,
the heat conduction in ice and snow, the variation of
ice thermal properties, the phase changes in ice
growth and melt, and the ice-ocean interaction are
the main topics of sea ice thermodynamics. In this
thesis, we developed a one-dimensional thermody-
namic sea ice model and performed various model-
ling studies in two different regional seas, i.e. in the
Bohai Sea and the Baltic Sea.

The Bohai Sea (117.5°-121.1°E, 37.1°-41.9°N) is
a mid-latitude sea off the northeast coast of China.
The Liaodong Bay in the northern Bohai Sea is nor-
mally ice-covered for 3 months in the winter season
(Wu & Leppäranta 1988). The Bohai Sea ice has a
great impact on coastal and near-shore oil-drilling
operations. The Baltic Sea in Northern Europe
(17.2°-30.3°E, 56.8°-65.8°N) is located further north
than the Bohai Sea. The ice season lasts from a few
weeks in the southern Baltic Sea up to more than
half a year in the north. The Baltic Sea ice has a self-
evident and very disturbing impact on winter navi-
gation.

Fig. 1. The numerous feedback mechanisms and relationship between the cryosphere and the global climate
system. Lists in the upper boxes indicate important state variables, while lists in the lower boxes indicate impor-
tant processes involved in interactions. Arrows indicate direct interactions. Adapted from G. Flato (Online publ:
EOS science implementation plan (1999), Chapter 6: Cryospheric Systems (http://eospso.gsfc.nasa.gov/
sci_plan/chapters.html).
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Ice research in the Bohai Sea and especially in
the Baltic Sea has been carried out for many years.
Numerical modelling of the Bohai Sea ice began in
1980’s. A dynamic-thermodynamic sea ice model
was developed by Wu & Leppäranta (1988) with its
main emphasis on ice dynamics. This model has
been further developed for ice dynamics research
and the Bohai Sea ice operational forecasts (Wu &
al. 1997, 1998). The thermodynamic ice process was
parameterized in Wang & Wu (1994) and Wang &
al. (1999). Numerical modelling of the Baltic Sea ice
begun in the early 1970’s. Several generations of ice
dynamic and thermodynamic models have been de-
veloped (e.g. Udin & Ullerstig 1976, Leppäranta
1981, Leppäranta 1983, Omstedt 1990, Leppäranta
& Zhang 1992, Omstedt & al. 1994, Omstedt & Ny-
berg 1995). Sea ice modelling is still developing.
Research efforts are being devoted to modelling of
the seasonal ice climate (Haapala & Leppäranta
1996, Haapala 2000), ice dynamics investigations
(Zhang 2000), and ice thermodynamics and air-ice
interaction, as e.g. in Saloranta (2000) and in the
various studies of this thesis.

1.2 Objectives and structure of this
thesis

The main aims of the study were:

a) To construct a physically-based numerical sea
ice model.

b) To investigate the ice surface heat balance and
understand the role of surface radiative and tur-
bulent heat fluxes in the ice thermodynamics.

c) To study the turbulent exchange between the air
and ice.

d) To model the thermal regimes of ice and snow
in seasonally ice-covered seas and to understand
the ice physics during thermal equilibrium and
the early melting season.

e) To construct a numerical scheme for a sea ice
thermodynamic model using the integral inter-
polation method.

f) To study the effects of the numerical resolution
on the results of the ice thermodynamic model.

g) To study the effects of warm air advection on
the ice thermodynamics by coupling the ice
model with a two-dimensional mesoscale ABL
model.

This thesis, consisting of six papers, is composed
of the modelling of the ice thermodynamics and the
air-ice thermal interaction. The main focus is upon
the model physics and the numerical scheme. The
main topic of each original article is summarized
below.

Paper I presented a one-dimensional thermody-
namic sea ice model based on the full heat conduc-
tion equation. Special attention was paid to the con-
struction of a conservative numerical scheme. The
model is the first one of its kind for the Bohai Sea
ice.

The further development of the model by de-
tailed consideration of the ice physics and param-
eterization of the air-ice interaction was presented in
paper II. The numerical simulations were made
against the Bohai Sea and the Baltic Sea field meas-
urements.

Paper III and the model simulations presented in
section 5.2 of this summary show the outcome of
recent Baltic Sea ice modelling. The ice physics
during the ice thermal equilibrium and the early
melting season was investigated.

In ice growth and melting the boundary condi-
tions are crucial. Papers IV and VI study the air-ice
interaction. Paper IV deals with the turbulent heat
exchange between air and ice, while in paper VI we
constructed a coupled mesoscale atmospheric
boundary layer (ABL) and sea ice thermodynamic
model and applied it in a two-dimensional study.

Numerical integration of the heat conduction
equation is an essential part of numerical sea ice
thermodynamic models. The dependency of the ac-
curacy of the model results on the resolution of the
finite difference scheme was studied in Paper V.

The remainder of this summary is organized as
follows: the author’s contributions to the original
articles are described in 1.3. Field data acquired
from the Bohai Sea and the Baltic Sea areas are de-
scribed in section 2. Section 3 gives a general de-
scription of thermodynamic sea ice modelling. The
mathematical aspects of the ice model are introduced
in section 4. Section 5 presents the main results of
this thesis. Finally, the conclusions are drawn in
section 6.

1.3 The author’s contribution

The author of this thesis is fully responsible for pa-
pers I and V, and for this summary. The author is
mostly responsible for paper III. The author has
been responsible for development and implementa-
tion of the model and the simulations made in the
papers. In paper II the author carried the main re-
sponsibility for the models’ review, field data analy-
sis and the numerical simulations. About half the
theoretical model construction was performed by the
author. The author’s contribution in paper IV fo-
cused especially on the calculations. In paper VI the
author was responsible for the model coupling work,
simulations and for half of the result analyses.
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2 FIELD EXPERIMENTS AND
OBSERVED DATA

2.1 The Bohai Sea ice field data

Since the late 1980’s, an oil-platform (JZ-20-2-1)
located in LiaoDong Bay, in the northern Bohai Sea,
has been utilized as an ice observation station during
the winter season. The dynamic features of me-
chanical interaction between sea ice and the platform
were the main subjects to be monitored. The ice
thickness was difficult to measure since the in situ
ice field was normally an active drifting area (Fig.
2). The meteorological data were measured
continuously by various sensors mounted at a height
of about 40 m above the sea surface on a weather
mast on the platform. The air temperature (Ta), wind
(Va) and relative humidity (Rh) were recorded. The
solar radiation was also measured, but the cloud
observations were missing. A period of five days’
continuous meteorological measurements was se-
lected from the data set of winter 1990/91 and ap-
plied in paper I for a trial of the ice model numerical
simulation. This test was made primarily in order to
validate the model and its numerical scheme.

Fig. 2. A photograph showing the oil-platform (JZ-20-
2-1) located in LiaoDong Bay, in the northern Bohai
Sea.

Fig. 3. The weather mast of the Finnish-Chinese
winter expedition. All the field measurements were
made within a radius of 200 m of the mast (Seinä &
al. 1991).

A joint Finnish-Chinese winter expedition
(1990/91) was carried out in a coastal area
(BaYuQuan) in the north part of LiaoDong Bay for a
period of two weeks. A weather mast was deployed
on the fast ice region, and wind, temperature and
relative humidity were measured at heights of 10 m,
4.5 m and 2 m (Fig. 3). The near-surface incoming
and reflected solar radiation was also measured. The
ice temperatures at various depths were recorded by
thermistor strings. The ice thickness was observed
manually each day and the ice salinity was deter-
mined from ice core samples. The sea current below
the ice layer was also measured. The data quality
was in general good, but some technical failures
occurred during the experiment (Seinä & al. 1991).
The experiment was planned in order to better un-
derstand the air-ice-sea interaction, to determine the
heat exchange coefficients of the atmosphere-ice-
water system, and to define various factors of the ice
thermodynamic processes. The expedition provided
essential weather, ice and ocean data to validate our
ice model. Ice modelling studies based on this data
set are presented in paper II. Table 1 gives a sum-
mary of the Bohai Sea ice data employed in this the-
sis.
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Table 1. Summary of the data from the Bohai Sea field experiments in winter 1990/91.

Platform measurement BaYuQuan experiment

Time period for the experiment
Data for ice modelling

More than 3 months
7 - 11 Jan. (5 days)

25 Jan. – 7 Feb.
30 Jan. – 7 Feb. (8 days)

Data sampling time interval 10 minutes 1 hour

Location 40.4°N, 121.4°E 40.3°N 122.1°E

Average data for modelling period
Va

Ta

Rh

Ta > 0.0 °C (portion of data)
solar irradiance. (daytime ave.) [2]

surface albedo (α)

6 ms-1

-7 °C
70 %
0 %
31 Wm-2 (net)
-

4 ms-1 (4.5 m height)

-9 °C  (10 m height)
68 % [1]

0 %
283 Wm-2 (downward)
-

Ice thickness (average) - 38 cm

Snow thickness (average) - < 1 cm

Mean water level relative to the ice
surface

- -4 cm

[1] The weather mast measurement failed. The value corresponds to the average of manual observations made
once a day.
[2] The small value from the platform measurement is probably due to some fault in the radiative sensors and the
unknown cloudiness effect. The measurements of reflected solar radiation suffered technical failures in both ex-
periments

2.2 The Baltic Sea ice field data

Monitoring sea ice in the Baltic Sea has been done
in every winter season for many years. Several data
sources were utilized in this study. A data bank
(IDA) for Baltic Sea ice climate studies was con-
structed by Haapala & al. (1996). This data bank
contains meteorological, oceanographic and hydro-
graphic measurements from around the whole Baltic
Sea for 3 individual one-year periods. The data
comes from the eight Baltic countries. For the sake
of ice modelling research, three Baltic sea ice win-
ters, i.e. 1983/84, 1986/87, and 1991/92, represent-
ing respectively normal, severe and mild ice seasons
have been chosen as standards. The time interval for
the meteorological data samples was 3 hours. The
snow and ice thicknesses were measured once a
week. We applied IDA data observed at Kemi, a
station in the northern Baltic Sea (65.6°N, 24.5°E),
for seasonal ice modelling in paper II and for the
model’s numerical resolution study in paper V.

The Baltic Air-Sea-Ice Study (BASIS) project of
the WCRP-GEWEX-BALTEX program was carried
out in 1998-2000. The objective of BASIS was to
create and analyse an experimental data set for op-
timization and verification of coupled atmosphere-
ice-ocean models (Launiainen 1999). One field ex-
periment (BASIS-98) organized in winter 1997/98 in
the northern Baltic Sea formed the central element
of BASIS. The equipment used to gather the data for

ice modelling included a weather mast, a sonic ane-
mometer, radiometers, and an ice thermistor string.
The BASIS-98 field data were introduced in papers
III and IV, and these data formed the basis for the
thermodynamic sea ice modelling and air-ice cou-
pling studies presented in the papers. Another ice
expedition, BASIS-99, was carried out in the fol-
lowing winter; this covered a shorter period of
similar field measurements. Some modelling studies
using those data are presented in section 5.2 below.
For the BASIS experiments, instrument calibrations
were made both before and after the measurements.
The data were believed to be of better quality than
those obtained from the Bohai Sea. The BASIS field
experiments are summarized in Table 2.

3 MODELLING SEA ICE
THERMODYNAMICS AND AIR-ICE
COUPLING

Studies of water ice thermodynamics were already
being made in the 1800s. Stefan's law (Stefan 1891),
which describes the analytic solution of water ice
growth, is regarded as the first reference. This
method has been adapted for the first-order predic-
tion of sea ice growth (Simpson 1958, Anderson
1961, Leppäranta 1993). The numerical study of sea
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Table 2. Summary of BASIS experiments.

BASIS-98 BASIS-99

Time period for the expedition
Data for ice modelling

16 Feb. – 7 March
18 days

19 Mar. – 26 March
6 days

Data sampling time interval 10 minutes 10 minutes
Location 63.1°N, 21.2°E 63.9°N, 22.9°E
Average data for modelling period

Va (10 m height)
Ta (10 m height)
Rh (4.5 m height)

Ta > 0.0 °C (portion of data)
solar irradiance (daytime ave.)

mean surface albedo (α)

7.6 ms-1

-4.3 °C
78 %
39 %
139 Wm-2 (downward)
0.73

4.7 ms-1

-1.6 °C
84 %
20 %
188 Wm-2 (downward)
0.81

Average ice thickness 38.6 cm 44.6 cm
Snow thickness
       soft snow
       hard snow
       average snow thickness

-
-
4.3 cm

9 cm
18 cm
23.1 cm

Mean water level relative to the
ice surface

-1.4 cm +7.9 cm

ice thermodynamics began in the 1960s. Early ther-
modynamic sea ice modelling can be found in the
work of Untersteiner (1964), Maykut & Untersteiner
(1971), and Semtner (1976). The Maykut &
Untersteiner (1971) model has been the basic ad-
vanced model for process studies, while the Semtner
(1976) model is suitable for climate research.

During the past few decades, several thermody-
namic sea ice models have been developed based on
these two models (e.g. Gabison 1987, Ebert & Curry
1993, Flato & Brown 1996). Attention was given to
different aspects of the thermal response of ice and
the air-ice-ocean interactions. For instance, in the
Gabison model, the oceanic mixed layer was consid-
ered in calculating the ice freezing and break-up.
Ebert and Curry derived a complex parameterization
of surface albedo to study the radiative feedback
between the atmosphere and sea ice. A review of ice
thermodynamic modelling is given in paper II. The
various ice thermodynamic processes have been
gradually taken into consideration with more and
more detail. Recent modelling work by Bitz &
Lipscomb (1999) and Winton (2000) emphasise the
importance of the internal melt around brine pock-
ets.

In the work comprising this thesis, a one-dimen-
sional multi-layer thermodynamic sea ice model was
created. The main physical processes in the model
involve the heat conduction inside the ice and snow,
and the heat flux and mass phase change at the ice
and snow boundaries. A schematic presentation of
the model is given in Fig. 4.

3.1 Thermal processes inside ice and
snow

3.1.1 Ice/snow heat conduction

The thermal regime of ice and snow is usually de-
scribed by a one-dimensional heat conduction equa-
tion (e.g. Maykut & Untersteiner 1971)
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where T is the temperature (Kelvin), ρ is the density,
c is the specific heat, k is the thermal conductivity
and q(z,t) is the amount of solar radiation that pene-
trates below the surface layer. The subscripts i and s
denote the ice and snow, respectively. In the ice
model, the vertical coordinate z is taken as positive
downward and t denotes time.

The thermal variation of sea ice depends on its
multi-phase constitution (ice crystal, solid salt crys-
tal and liquid brine, inclusion of gases and other
impurities). Studies made by Assur (1958), Schwer-
dtfeger (1963), and Ono (1968) suggested complex
expressions for sea ice thermal conductivity and
specific heat depending on ice temperature and sa-
linity. The parameterizations of thermal conductivity
and heat capacity (density times specific heat) by the
temperature and salinity-dependent formulae intro-
duced  by  Untersteiner  (1964) are often used for ice   
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Fig. 4. Structure of the one-dimensional thermodynamic sea ice model (adapted from paper II). The vertical dots
refer to the spatial grids in the ice and the snow.

modelling studies (e.g. Maykut & Untersteiner 1971,
Ebert & Curry 1993):

)15.273(0 −+= iiii Tskk β (2)

2
00 )15.273()( −+=⋅ iii Tscc γρρ (3)

where, ki0, ρ0 and c0 are the thermal conductivity,
density and specific heat, respectively, of pure ice, si

is the ice salinity, and β and γ are constants. Such
parameterizations are quite sensitive at temperatures
near to 0 °C due to the presence of brine. We use
these expressions in our model. Since the ice salinity
showed small values (< 10 ppt) in the Bohai Sea and
the Baltic Sea (Seinä & al. 1991, Weeks & al. 1990,
Vihma & al. 1999), we assumed ki to be less sensi-
tive to si by giving it a value of 1.5 Wm-1K-1 when Ti

approaches 273.15K. This small value was derived
from ice temperature profile measurements during a
melting period in BASIS-98.

Sea ice salinity (solid salt crystal and liquid
brine) distributions are affected by the ice tempera-
ture. The variation of this component is described by
a conservation equation coupled with Eq. (1) (Cox &
Weeks 1988). Since the response time of the varia-
tion of salinity is longer than that of the ice tem-
perature, parameterizations of ice salinity as ice-
depth dependent (Cox & Weeks 1974, Weeks &
Ackley 1986, Kovacs 1996) are usually applied in
the ice models. However, those parameterizations
may not be valid for low-salinity ice (Kovacs 1996).
Accordingly, depth-averaged ice salinity measure-
ments from ice core samples are used in our model-
ling studies (papers II, III, and V).

The effect of a snow cover on top of the ice is
taken into account by solving separately the heat
conduction equation in the snow. The snow-ice in-
terface temperature Tin is calculated according to the
flux continuation assumption Fsi = Qsi, where Fsi and

Qsi are the conductive heat fluxes at the snow-ice
interface. Snowfall is given as forcing data. The
snow density is set as a constant, but its value varies,
depending on the applications. It is assumed to be
150 kg m-3 for newly-fallen snow and 450 kg m-3 for
wind slab or drift snow. The thermal conductivity of
snow is calculated as a function of snow density.
The relationship suggested by Yen (1981) is often
used in ice models (Ebert & Curry 1993, Saloranta
1998, papers II and III):

885.1)1000/(2236.2 ssk ρ= (4a)

A more recent study by Sturm & al. (1997) sug-
gests that the thermal conductivity of seasonal snow
can be expressed as:

)652.1002650.0(10 −= s

sk ρ , ρs ≤ 600 kgm-3 (4b)

This formula is used in paper VI and the calcu-
lation in section 5.2 below.

3.1.2 Penetrating solar radiation and
extinction coefficient

The amount of solar radiation penetrating below the
surface depends strongly on its wavelength, the an-
gle of incidence, and the structure of the sea ice. For
ice modelling purposes, however, simple param-
eterizations based on the Bouguer-Lambert law are
often used (Untersteiner 1964, Maykut & Unterstei-
ner 1971, Grenfell & Maykut 1977):

)(
0 )1(),( zz

sii
ieQitzq −−−= κα z ≥z (5a)

where αi is the surface albedo of ice, Qs is the in-
coming short-wave radiation at the surface and (1-
αi)Qs expresses the net downward solar radiation at
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the surface. The extinction coefficient κi is assumed
to be 1.5 m-1 (Untersteiner 1961) and i0 is defined as
the fraction of the wavelength-integrated incident
irradiance transmitted through the top z = 0.1 m of
the ice, and parameterized as a function of sky con-
ditions (cloud fraction, C) and sea ice colour. For
example, i0 = 0.18(1-C) + 0.35C for white ice, and i0

= 0.43(1-C) + 0.63C for blue ice (Grenfell &
Maykut 1977, Perovich 1996).

Near the surface, κi can be one or two orders of
magnitude larger than 1.5 m-1 (Grenfell & Maykut
1977). Within the top 0.1 m in the ice, we assume
that radiation follows the relationship

z
sii

ieQtzq 1)1(),( κα −−= ,

)ln(10 01 ii ×−=κ                     0 < z <z (5b)

Hence, the extinction coefficient κi1 is valid for
the very uppermost layer is obtained by fitting the
values of i0 of Grenfell & Maykut (1977) observed
at a depth of 0.1 m in the ice. For example, κi1 = 17
m-1 for white ice and clear sky conditions. Such a
two-layer scheme for qi(z,t) was used in our model.
A two-layer scheme for qi(z,t) but with a linear pro-
file fitted to the i0 of Grenfell & Maykut (1977) has
been used earlier by Sahlberg (1988).

Alternatively, qi(z,t) can also be derived from a
radiative transfer model (e.g. Grenfell 1979, Brandt
& Warren 1993, Liston & al. 1999). In these studies,
the wavelength of the irradiance and the structure of
the sea ice are taken into account in a more
sophisticated manner. A comparison between the
qi(z,t) for blue ice given by (5) and by Liston & al.
(1999) with a radiative transfer model is given in
paper V.

In snow, the penetrating solar radiation in snow
is more consistent with the Bouguer-Lambert law,

i.e. z
sss

seQtzq κα −−= )1(),( , where the extinction

coefficient κs varies from 5 m-1 for dense snow up to
almost 10 times larger for newly-fallen snow, de-
pending on the snow density and grain size
(Perovich 1996).

3.2 Thermal processes at the
boundaries

The thermal regimes of ice and snow are strongly
dependent on the external conditions at the bounda-
ries. In our model, a flux boundary condition (of
Neumann type, in mathematical terms) is set up at
the surface, while at the ice bottom a constant
freezing temperature (Dirichlet type) is assumed,
and the ice-ocean interaction is solved by a simple
mass phase equation.

3.2.1 The surface heat balance

The ice surface heat balance may be written as

mclehbds FFQQQQIQ =+++−+−− 0)1( α (6)

where I0 is the solar radiation penetrating below the
surface layer. The incoming atmospheric long-wave
radiation is Qd, and Qb is the long-wave radiation
emitted by the surface. The turbulent fluxes of sen-
sible heat and latent heat are Qh and Qle, respec-
tively. Fc is the surface conductive heat flux and Fm

is the heat flux due to surface melting. An inaccu-
racy in estimating the surface heat flux components
may lead to a significant error in the total surface
heat balance. The error of each estimated surface
flux tends to be smaller than the magnitude of the
flux itself, but the net surface heat balance maybe
comparable to the error of an individual flux com-
ponent. Each surface heat flux component therefore
needs to be specified carefully in ice models.

Radiative fluxes

The net short-wave and long-wave radiation are of-
ten an order of magnitude larger than the other sur-
face heat fluxes and are therefore of primary impor-
tance in the energy and mass balance of the ice
cover.

The downwelling radiation fluxes are a compli-
cated function of many properties in the atmospheric
column. A radiative transfer model would be neces-
sary in order to get the most accurate results. How-
ever, the usual limitation of available input data and
the excessive computational burden usually dictate
the use of simple radiative flux parameterizations in
sea ice models (Key & al. 1996).

The simple schemes for downwelling short-wave
radiation in clear sky conditions (Q0) of Lumb
(1964), Sellers (1965), Zillman (1972), Moritz
(1978), Bennett (1982), and Shine (1984) were de-
rived based on extensive field observations from
various areas. That of Zillman (1972) and its adapted
alternative by Shine (1984) are often used in ice
thermodynamic models (e.g. Parkinson & Wash-
ington 1979, Flato & Brown 1996 and studies in this
thesis):
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where S is the solar constant, Z is the local solar
zenith angle and e is the vapour pressure. For all-sky
conditions, the cloud effect is taken into account
according to Bennett (1982), i.e., Qs = Q0(1-0.52C)
and the cloud fraction C is from 0 to 1.

The downwelling long-wave radiation is essen-
tially defined as a function of air temperature: Qd =
ε∗σaTa

4, where ε∗ is the effective atmospheric emis-
sivity, that is a function of cloudiness and water va-
pour pressure, and σa is the Stefan-Boltzmann con-
stant. Simple schemes for Qd under clear skies can
be found from studies made by Ångström (1918),
Brunt (1932), Berljand & Berljand (1952), Kuzmin
(1961), Efimova (1961), Swinbank (1963), Marshu-
nova (1966), Idso & Jackson (1969), Maykut &
Church (1973), Brustaert (1975), Satterlund (1979),
Ohmura (1981), Idso (1981), Andreas & Ackley
(1982), Prata (1996) and Guest (1998). We per-
formed a comparison of the selected schemes above
in paper II. In hard freezing conditions, the results
based on the various schemes show a lot of mutual
scatter, but generally converge for temperate open
ocean conditions. In papers II, III and V, the Qd

were estimated by the scheme of Efimova (1961),
while in paper VI, the scheme of Prata (1996) was
used, i.e.

)26.01()0066.0746.0(

)(
4 CTe

EfimovaQ

aa
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+⋅⋅⋅⋅+= σ
(8a)

Qd (Prata)

= { }( ) )26.01(0.32.1exp)1(1 4 CTaa +⋅⋅⋅⋅+−⋅+− σηη (8b)

where )/(5.46 aTe×=η

The cloud effect (1+0.26C) used is due to Jacobs
(1978). The radiation emitted from an ice or snow
surface is given by the Stefan-Boltzmann radiation
law Qb = εσaTsfc

4 in which ε is the surface emissivity
(0.97), and Tsfc is the surface temperature.

The solar radiation penetrating below the surface
layer (I0) is that part of the energy that contributes to
the internal heating of the ice/snow. For an ice layer,
it is parameterized as a portion (0.17 ∼ 0.35) of the
total net surface solar radiation (1-α)Qs depending
on sky conditions and the optical properties of the
ice (e.g. Grenfell & Maykut 1977). This flux attenu-
ates below the ice surface (z > 0.1 m) according to
the Bouguer-Lambert law. Such an assumption
implicitly indicates that a large portion of solar ra-
diation contributes to the surface heat balance by
usually specifying the surface thickness to be more
than 0.1 m. In our model, we assumed that the varia-
tion of I0 depends directly on the thickness of the
surface layer (see, section 3.1.2 and paper V).

The surface albedo depends strongly on the ra-
diation’s spectral distribution, surface properties and
the sun's altitude. For detailed studies, a complete

radiative transfer model would be needed (see the
reviews by Perovich, 1996). For thermodynamic ice
modelling, Ebert & Curry (1993) developed a pa-
rameterization of the surface albedo taking into ac-
count the spectral variation and the effect of solar
zenith angle on the albedo. The solar spectrum was
divided into four intervals and five surface types
were included. Such a treatment aims towards a
better understanding of the radiative feedbacks be-
tween the atmosphere and the sea ice. In our model,
the surface albedo is assumed to be a single pa-
rameter (bulk value) depending on the surface status
(Perovich 1991, 1996). It ranges from 0.85 to 0.77
for dry and wet snow, and from 0.7 to 0.5 for frozen
ice and wet ice. For the dirty ice in the Bohai Sea, a
value of 0.55 was used.

Conductive heat flux

The conduction of heat at the surface is given by Fc

= ki,s (∂Ti,s/∂z)z=sfc. During the growth phase, the
surface conductive heat flux is upward. During an
ice thermal equilibrium phase, a sub-surface tem-
perature maximum can sometimes be generated due
to the penetrating solar radiation while the surface
may still remain cold. Thus the heat conductive flux
may change its direction below the surface. A nu-
merical modelling trial of such phenomena is given
in paper II. In the melting phase, the ice may reach
an isothermal state in the upper layer, indicating a
non-conduction case, i.e. Fc =0. The ice and snow
may also reach an isothermal state in the upper layer
during a cold phase (temperature below freezing
point). For example, during warm air advection over
an initially cold ice region, the surface heating may
gradually give rise to a temperature minimum below
the surface. As a consequence, the direction of sur-
face conductive heat flux may reverse, indicating a
stage with Fc =0. A detailed study of such phenom-
ena is given in paper VI.

Turbulent fluxes and air-ice coupling

The turbulent fluxes of sensible and latent heat are
calculated by the bulk formulae:

zazasfcHpah VCcQ )( Θ−Θ−= ρ (9)

zazasfcEvale VqqCLQ )( −−= ρ (10)

where ρa is the air density, cp the specific heat of air,
Lv the enthalpy of vaporization, and CH and CE are
the turbulent transfer coefficients, Θ the potential
temperature, V the wind speed, and q the specific
humidity. The subscripts sfc and za refer to the sur-
face and a height of za in the air, respectively. The
turbulent transfer coefficients are often taken as con-
stants (1.2×10-3 - 1.75×10-3) in large scale ice mod-
els (e.g. Parkinson & Washington 1979). In our
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model, CH and CE are estimated based on the Monin-
Obukhov similarity theory (Monin & Obukhov
1954, Garratt 1992). Then, the turbulent heat trans-
fer coefficients are defined:
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where z0, zT and zq are the roughness lengths for the
wind speed, air temperature and water vapour, re-
spectively and k0 is the von Karman constant (0.4).
The universal functions ΨM,ΨH and ΨE characterize
the effect of the atmospheric surface layer stratifica-
tion, in which za/L is a dimensionless stability pa-
rameter with L the Obukhov length (Obukhov 1946):

[ ])/61.01( 000
3
* hphpa QEcTQgkcTuL += ρ (13)

where u* is the friction velocity, g the acceleration
due to gravity, T0 a reference temperature and E the
turbulent flux of water vapour. We use the universal
functions of Holtslag & De Bruin (1988) for the
stable region (za/L ≥ 0), and those of Högström
(1988) for the unstable region (za/L ≤ 0). For the
local roughness parameters, whenever the site-spe-
cific values are not known, we use for the ice and
snow z0 values from the formula of Banke & al.
(1980) and for zT,q the formula of Andreas (1987).
The former is based on on-site observed or estimated
geometric ice roughness (if assumed as 10 cm it
yields z0 = 0.001 m). This provides the aerodynamic
roughness of z0 after which zT,q is deduced from z0

and u*.
The calculation of the turbulent fluxes is itera-

tive, since L depends on the fluxes (e.g. Launiainen
& Vihma, 1990). However, L can be related to the
bulk Richardson number using the flux-profile rela-
tionships (e.g. Launiainen 1995). The bulk Richard-
son number is calculated directly from aerodynamic
observations; the flux calculation can then be non-
iterative. Such a procedure (Launiainen & Cheng
1995) was used in the ice model. Numerical tests
indicated that the results yielded by the iterative and
non-iterative algorithms are quite close to each
other. The dimensionless profile gradients of wind,
temperature and specific humidity can be given in
terms of the Monin-Obukhov similarity theory.
Since the stability parameter, fluxes and scaling pa-
rameters are solved simultaneously with the ice
model conductivity equation, the profiles of wind,
temperature and moisture in the atmospheric surface
layer can be obtained as well.

In addition to the bulk formulae, the turbulent
surface fluxes can be expressed in their gradient
forms, e.g.
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where τ is the momentum flux. The eddy diffusivi-
ties for momentum KM and heat KH are parameter-
ized as functions of the universal functions in the
gradient forms (ΦM and ΦH). The turbulent fluxes
estimated by such a gradient method were presented
in paper IV and the results were compared with the
eddy-flux measurements and with the calculations
from the ice model.

Evolution of upper boundary

The ice layer has a moving boundary on both sides
due to phase changes. If the surface temperature
calculated from (6) tends to become higher than the
melting point (Tm), it is kept at that value, and the
excess energy is used to melt the ice. The surface
heat balance (6) then becomes

)()()()()1( 0 mcmlemhmbds TFTQTQTQQIQ +++−+−−α
dtdhL sisifsi ,,, )(ρ= (16)

where (Lf) is the latent heat of fusion and h is the
thickness of ice or snow and the flux-terms in brack-
ets are surface temperature (Tsfc = Tm) dependent.
For sea ice Tm = -0.054si, depending on ice salinity,
while for snow Tm = 0. A major concern arises here
about to the value of the latent heat of fusion. Theo-
retically, it is a function of ice salinity and tempera-
ture. For salty ice near the melting temperature, (Lf)i

has much smaller values than that for pure ice (Yen
1981). Björk (1992), Bitz & Lipscomb (1999) and
Winton (2000) emphases the importance of consid-
ering the influence of salinity and temperature on
(Lf)i. In our model, we use (Lf)s = 334 kJ kg-1, and
(Lf)i ≈ 0.9(Lf)s following Maykut & Untersteiner
(1971) and Ebert & Curry (1993).

During the polar spring and summer, the solar
radiation penetrating into snow and ice may become
large enough to cause internal melting. This phe-
nomenon has been reported especially for the Arctic
and Antarctic ice region (Schlatter 1972, Brandt &
Warren 1993, Bøggild & al. 1995, Koh & Jordan
1995, Winther & al. 1996, Liston & al. 1999). Paper
II presents a theoretical example of modelled sub-
surface melting. An attempt at a quantitative calcu-
lation of sub-surface melting is given in section 5.2.
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3.2.2 Ice-ocean interaction

At the ice bottom, the boundary condition is:

fbot TT = (17a)

dtdhLFzTk iifiwbotii )()( ρ−=+∂∂− (17b)

where Tbot is the ice bottom temperature remaining
at the freezing point Tf. A typical value of -1.8 °C is
often assumed for the freezing temperature of polar
sea ice, whereas for the northern Baltic Sea, due to
the low salinity, Tf is assumed as -0.26 °C; This is
used in paper III. In (17b) the term ki(∂Ti/∂z)bot is
the conductive heat flux at the ice bottom, and Fw is
the oceanic heat flux.

The oceanic heat flux is a key component in the
sea ice energy and mass balance. However, in sea
ice thermodynamic models it is often assumed con-
stant (Maykut & Untersteiner 1971, Bitz & Lip-
scomb 1999). The seasonal variation of Fw is large,
especially in the polar ice-covered regions (e.g.
Maykut & McPhee 1995, Heil & al. 1996, McPhee
& al. 1996). Its proper determination may necessi-
tate coupling to an ocean model (Lemke 1987, Om-
stedt & Wettlaufer 1992). The sensitivity of the ice
to the magnitude of Fw and the dependence of ice-
ocean models on the correct specification of Fw

make it an effective tuning parameter in model
studies (Wettlaufer & al. 1990).

Direct measurements of Fw below the ice layer in
the Bohai Sea are not available. A value of 5 Wm-2

was assumed and used for the Bohai sea ice model-
ling in paper II. Eddy flux measurements below the
sea ice were carried out during the BASIS-98 winter
expedition. The average Fw sampling interval was
15-20 minutes. The time series indicated values
varying between ± 20 and ± 40 Wm-2 at depths of
0.5 and 5 m below the ice surface, respectively (Shi-
rasawa & al. 2001). Taking a time average of the
entire BASIS-98 period yields Fw ≈ 1 Wm-2. This
small value was applied in papers III and V. The
oceanic heat flux can be estimated from measure-
ments of ice thickness and ice temperature (Wettlau-
fer & al. 1990). A sensitivity study based on this
procedure was presented in paper III. For seasonal
ice modelling, adjustments in the value of Fw should
be made when significant heat exchange occurs be-
low the ice cover, at least at the beginning of the ice
growth season. The study of Fw in our model should
be further developed.

3.3 Summary of the ice model used in
this thesis

The core of our one-dimensional thermodynamic sea
ice model is the ice/snow heat conduction equation

(1) associated with the moving boundary conditions
of (6), and (17). Equation (6) can be seen as a poly-
nomial of the surface temperature. This complicated
flux boundary is not used directly in the numerical
scheme of (1). Instead, we solved the surface tem-
perature from (6) and used it as an upper boundary
condition. The model parameters are given in Table
3.

This ice model was originally designed for proc-
ess studies (papers I, II, III, IV). It can be extended
for use in polar sea ice thermodynamic modelling
once the model parameters are adjusted. This model
has already been applied in a study of the surface
heat balance in the Weddell Sea (Vihma & al. 2002).

3.4 Coupled mesoscale atmospheric
and sea ice thermodynamic model

A coupled atmospheric-ice model was developed in
paper VI to study the effect of warm-air advection
on sea ice thermodynamics. A few studies have been
published about warm-air advection over sea ice
(e.g. Andreas & al. 1984, Bennett & Hunkins 1986,
Kantha & Mellor 1989, Brümmer & al. 1994, Vihma
& Brümmer 2002), but they have dealt more with
the processes in the ABL. On the other hand, among
the numerous studies on sea ice thermodynamics,
the air-ice interaction has mostly been taken into
account one-dimensionally via the radiative and tur-
bulent exchange (Ebert & Curry 1993, Liston & al.
1999 and paper II). We have not found any paper
with a special emphasis on the spatial variations due
to warm-air advection.

The atmosphere model is a two-dimensional
mesoscale atmospheric boundary-layer (ABL)
model. In the ABL, the flow is forced by a large-
scale pressure gradient. The horizontal momentum
equations, the hydrostatic equation, the equation of
state, the continuity equation, and the conservation
equations for heat and moisture compose the core of
the ABL model. The model has (x,σ) coordinates (σ
is the atmospheric pressure divided by its surface
value). The governing equations for horizontal air
motion and heat conservation are as follows:
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where u and v are the horizontal wind components in
which u indicates the direction along the model x-
axis. Θ is the air potential temperature, T is the air
temperature, R is the gas constant, φ is the geopo-
tential, p* = ps-pt, in which ps is the surface pressure
and pt is the pressure at the model top (3 km). The
factor f is the Coriolis parameter, g is the accelera-
tion due to gravity and C0 in (20) denotes the tem-
perature change due to the release of condensation
heat. The terms with Kza in them (18 - 20) are the
expressions for the change of momentum and poten-
tial temperature due to vertical diffusion. They are
given following the K-theory. Turbulence is de-
scribed by a first-order closure with the vertical (za is
positive upward in the ABL model) diffusion coeffi-
cient Kza = l2 (dU/dza)f(Ri), where the mixing length
is given by l = k0za/(1+k0za/ε0). Here, dU/dza is the
wind shear, ε0 = 20 m, and f(Ri) is an empirical
function depending on the Richardson number (Ri).
In stable stratification conditions, which prevail
during warm-air advection over sea ice, f(Ri) = max

[0.02, (1-7Ri)] is used for momentum, heat and
moisture. Vertical diffusion is solved by an implicit
method, and instead of explicit horizontal diffusion,
a weak low-pass filter is applied to all fields. The
details of the model’s dry dynamics are described in
Alestalo & Savijärvi (1985), and the physical pa-
rameterizations in Savijärvi (1997). We adjusted the
parameter values in our study and used 92 horizontal
grid-points and 50 layers with a quasi-logarithmic
spacing in the vertical. The model top is at 3 km,
where the wind becomes geostrophic. The model
grid length is 4 km with flat topography. The struc-
ture of the coupled model is shown in Fig. 5. The ice
model is coupled with the ABL model at each hori-
zontal grid point. The surface temperature Tsfc acts as
the key element in the coupling. At each time step,
the surface heat fluxes and surface temperature are
solved from (6) to (12). The ABL equations are then
solved using Tsfc as a boundary condition, and the
resulting wind speed, air temperature and relative
humidity at the lowest level of the ABL model are
used as forcing input for the ice model. The surface
heat balance and ice thermal regimes are then solved
from the ice model.

Table 3.The ice model’s parameters. Parentheses denote a standard value. A range of values means that they
are case-dependent.

Aerodynamic roughness, z0 (10-4 m ) Assumed

Density of air (ρa) 1.26 kgm-3 349/Ta

Density of snow (ρs) 150 ∼ 450 kg m-3 Snow age dependent

Density of sea ice (ρi) (910 kg m-3 )

Extinction coefficient of sea ice (κi) 1.5 ∼ 17 m-1 After Maykut & Grenfell (1977)

Extinction coefficient of snow (κs) 15 ∼ 25 m-1 Perovich (1996)

Freezing temperature (Tf) (-0.2 ∼ -1.8 °C) Tf ≈ -0.054⋅sw, salinity dependent
Heat conductivity of ice (ki0) (2.03 W m-1 K-1 ) Pure ice
Latent heat of fusion (Lf)s 0.33×106 J kg-1 Fresh water

Latent heat of fusion of sea ice (Lf)i 0.9×(Lf)s After Maykut & Untersteiner (1971)

Oceanic heat flux (Fw) (1 ∼ 5 W m-2) Assumed

Sea ice salinity (si) 0.5 ∼10 ppt Observed in the Baltic Sea and the Bohai Sea

Sea water salinity (sw) < 5 ppt Observed near ice bottom during BASIS-98
Specific heat of air (cp) (1004 J kg-1 K-1 )
Specific heat of ice (c0) (2093 J kg-1 K-1 ) Pure ice

Surface albedo of ice (αi) (0.7) 0.55 for the dirty ice (Perovich 1991)

Surface albedo of snow (αs) (0.8) > 0.8 for fresh snow (Perovich 1996)

Stefan-Boltzmann constant, σa 5.68x10-8 Wm-2 K

Surface emissivity (ε) (0.97) Assumed

Solar constant (S) (1367 Wm-2)
von-Karman constant (k0) (0.4)

Constant (β) 0.117Wm-1ppt-1

Constant (γ) 17.2 ×106 JKm-3ppt-1

Time step of model (τt) 600 s ∼ 6 hours
Number of layers in the ice (Ni) ≥ 3 ; 10 ∼ 30
Number of layers in the snow (Ns) ≥ 3;    5 ∼ 10
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Fig. 5. Structure of the coupled ABL – sea ice model. The first 20 grid cells (g1–g20) from the inflow boundary re-
present the open sea with a fixed surface temperature and a fixed inflow temperature profile (∂T/∂za =
-6.5 K km-1). The rest of the grid cells (g21-g92) represent sea ice with a snow cover. (adapted from paper VI).

4 NUMERICAL SCHEME OF THE
THERMODYNAMIC SEA ICE MODEL

The numerical integration of the heat conduction
equation is a main component in a thermodynamic
sea ice model. One has to define model resolution
(grid sizes and time step) before applying any nu-
merical schemes. For process study a fine resolution
scheme is preferred, whereas for ice climatic model-
ling studies a coarse resolution scheme is often used.
Various finite difference schemes have accordingly
been applied to Eq. (1). For example, a stable alter-
nating direction explicit method (e.g. Larkin 1964)
was applied by Maykut & Untersteiner (1971). The
implicit absolutely stable Crank-Nicholson (CN)
scheme was used by Gabison (1987), Flato & Brown
(1996) and Saloranta (2000) since it has smaller
(second order) truncation errors in both the temporal
and spatial scales. The simple forward-difference
scheme and explicit absolutely stable Dufort-Frankel
algorithms are utilized respectively by Semtner
(1976) and Ebert & Curry (1993).

A finite difference scheme for a parabolic equa-
tion can be derived straightforwardly by replacing
the derivative terms with difference quotients. This
is a good approximation. However, one may use an
approximation of numerical integration, which is
sometimes called the integral interpolation method,
to derive a scheme. Such a derivation retains the
conservative characteristics of the parabolic equation
(Li & Feng 1980). This method was implemented to
derive the CN numerical scheme of our ice model in
paper I. An example of how to apply such a method
is given in the Appendix of this summary.

The initial condition of the numerical scheme
(in-ice/snow temperatures) must be specified. It may
arbitrarily depend on the time-scale of the applica-
tion. For example, an isothermal vertical tempera-
ture or a linear interpolation profile between the air
temperature and the ice bottom freezing temperature

may be suitable for seasonal ice modelling. For
short-time model runs and air-ice coupling, an ini-
tialization procedure may be necessary (papers III
and VI). The boundary conditions have been dis-
cussed in section 3.2.

The time step of our model varies from 10 min-
utes (e.g. papers I, III, V) up to hours (paper II)
depending on the applications. The model grid size
is usually in centimetres. One may use a model grid
system either with a fixed number of grid points
(Lagrangian grid) or one that maintains a constant
inner grid size (Eulerian grid). The Lagrangian grid
is often used (Semtner 1976, Ebery & Curry 1993,
Schramm & al. 1997 and this model). The ice layer
has a moving boundary due to the freezing and
melting. In order to adapt to the moving grid points,
Semtner (1976) used a linear interpolation of in-ice
temperature from the previous coordinate to the cur-
rent one, at each time step, based on the conserva-
tion of the total heat content of the ice. However, the
effect of salinity and temperature on the specific
heat of sea ice was ignored. A procedure assuming
the conservation of enthalpy was used by Schramm
& al. (1997) to calculate the interior ice temperature
taking into account the shift in the grid size, while
the volumetric heat capacity was given as a function
of ice salinity and temperature. We applied an itera-
tive procedure with a piecewise interpolation to cal-
culate the in-ice temperature at the model grid points
at each time step using the values at points given by
the previous step. Numerical tests indicated conver-
gence of the result within three steps. A mathemati-
cal treatment of the moving boundary of an ice
model is given in the technical report of the model
(Cheng & Launiainen 1998).

In general mathematical terms, increasing the
resolution of a numerical scheme should yield better
accuracy of the results and vice-versa. The impact of
numerical resolutions on model predictions was
studied in paper V.
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5 RESULTS AND DISCUSSION

5.1 Model validation

Model validations are performed in paper II. For a
short-term simulation, the modelled ice thickness
and temperature are compared with the Bohai Sea
ice field measurements. Table 4 gives the observed
and modelled ice thickness and temperatures. The
data sampling time interval is one day for the ice
thickness and one hour for the ice temperature. A
model run was made over a total of 210 hours.

The results indicated quite a good accuracy for
the model simulations. The larger disagreement in
ice temperature in the uppermost layer may be due
to the effect of mild weather conditions on the sea
ice thermal properties before the start of the model
simulation. Such external conditions usually influ-
ence ice thermal properties with a time lag. On the
other hand, the contamination of on-site surface skin
temperature measurements due to dust was an error
source in the field data (Seinä & al. 1991).

Pronounced clear-sky weather conditions domi-
nate most of the winter season in the Bohai Sea. The
ice temperature showed a clear diurnal cycle due to
the short-wave radiation effects, and this was well
simulated by the ice model. Figure 6 shows the
modelled vertical temperature profiles in air and ice
on a cold and on a mild day during the Bohai Sea ice
experiment. The sub-surface heating by solar radia-
tion absorption during daytime below the surface is
modelled well. During the early morning, the mod-
elled surface-layer inversion is the result of radiative
cooling, while during the daytime it is then the effect
of warm air because of the mild weather. In this Fig-

ure, the near surface unstable stratification tempera-
ture profiles may be explained by the effect of in-
coming long-wave radiation due to the present of
cloud cover. On the other hand, in an interpretation
of the surface layer inversion and the results in Fig-
ure 6 we have to keep in mind that the atmospheric
driving force, especially the air temperature, varies
during the experiment and that the case is not purely
"one dimensional" in that sense.

The thermally-induced variation of fast-ice
thickness at the station of Kemi in the northern Bal-
tic Sea was simulated and compared with measure-
ments. For such seasonal ice evolution, the model
was run using historical climatic weather forcing
data from the IDA data bank. The model simulations
are made for three separate winter seasons. The
simulations started from the freezing date of each
winter with a 0.05 m initial ice thickness. The ice
was considered as having melted when the simulated
ice thickness was less than 0.01 m. The errors of
modelled and observed ice thickness are given in
Table 5.

The results are good, indicating that the model
essentially catches the seasonal thermodynamic sea
ice variations. Numerical simulation of ice thickness
for those three winters was also performed by
Haapala & Leppäranta (1996) using a coupled ice-
ocean model, and by Saloranta (1998) using a ther-
modynamic snow/ice model. By comparison with
those studies, our results showed a better accuracy of
modelled ice thickness during the spring melting
season. This may be due to a good parameterization
of the air-ice interaction, and an advantageous
treatment of the solar radiation penetrating below the
surface.

Table 4. Observed and calculated ice thickness and temperature for the Bohai Sea ice study.
(r.m.s = root mean square)

Ice thickness hi (cm) and Average value Range (r.m.s.)
Ice temperature Ti (°C) Obs. Calc. Obs. Calc. error

hi 38.4 38.8 [33.0   42.3] [33.0   41.7] 1.0
Ti    ----   6 cm -6.7 -8.3 [-12.7  -1.8] [-14.2  -1.8] 2.0
Ti    ---- 16 cm -5.6 -6.2 [-10.5  -1.9] [-9.9    -2.3] 1.0
Ti    ---- 21 cm -4.8 -5.2 [-7.6    -2.6] [-7.9    -2.4] 0.9
Ti    ---- 31 cm -2.9 -3.1 [-3.7    -1.5] [-4.1    -2.0] 0.6

Table 5. Observed and modelled seasonal ice thickness for the Baltic Sea ice study.

Ice winter Average value (m)
        Obs.              Calc.

Mean error
(m)

(r.m.s.) error
(m)

Covariance
(m)

Correlation
coefficient

 83/84 0.52 0.56 0.04 0.1 0.02 0.88
 86/87 0.68 0.72 0.04 0.09 0.06 0.82
 91/92 0.34 0.36 0.02 0.05 0.02 0.87
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Fig. 6. Vertical air and in-ice temperature profiles. a) during a cold day, from 2300h on 30 Jan. to 1800h on 31
Jan. 1990, from 2300h to 1800h and (b) during a milder day, 5 Feb. 1990, from 0300h to 1700h. A few
observations are given (+, o, x) for comparison (note the different vertical scaling in ice and air; redrawn from
paper II).

A thin layer of new snow may have an active ef-
fect on accelerating melting in the spring. This has
the opposite effect to that of a snowfall in winter-
time, when snow is normally considered as a good
insulator and reflects more radiation due to its high
surface albedo. New snowfall has a high volumetric

extinction coefficient, which can cause a rapid
melting on a spring day. The melting of the new
snow decreases the surface albedo drastically
through the action of the melting water and then
provides more short-wave radiation that is available
for melting. A hypothetical example was modelled
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to demonstrate this effect. As the result, a 3 cm
night-time fall of new snow already began to melt in
the morning with the diurnal variation of solar ra-
diation occurring at 60° N latitude on April 1st (see,
Fig. 11 in paper II).

5.2 Superimposed ice freezing and
sub-surface ice melting

The thermal variations of sea ice were studied dur-
ing BASIS-98 and BASIS-99. During the thermal
equilibrium stage of BASIS-98, the ice showed little
mass phase variations at the ice-water interface. In
contrast to the ‘quiet’ ice bottom, the surface indi-
cated large variability due to snowfall, snowdrift and
melting. Observations indicated a snow-to-ice trans-
formation at the snow-ice interface. Numerical mod-
elling suggested that the re-freezing of the surface
melt water was a primarily source for snow-ice for-
mation (paper III). In the following, we present
some new ice model simulations applied to the
BASIS field data.

Snow present on top of the ice layer may be
partly transformed to snow-ice. This may take place
via two different physical processes:

(a) flooded ocean water between the snow and ice
forms a slush layer that refreezes over the origi-
nal ice cover;

(b) melted surface and sub-surface snow water or
wet snowfall and rainfall percolates down and re-
freezes on top of the original ice cover.

Here, we will refer to case (b) as superimposed
ice formation.

In the Baltic Sea, incoming snowfall accounted
on average for 25-45 mm equivalent water per
month from December to February (Kolkki 1969)
and snow-ice may contribute to some 1/3 of the total
ice thickness (Leppäranta & Seinä 1982). A recent
measurement made in the Gulf of Finland in winter
1998/99 indicated that even as much as 43-55 % of
the total coastal land-fast ice was snow-ice (Kawa-
mura & al. 2001). The first attempt to model snow-
ice formation in the Baltic Sea was made by Leppä-
ranta (1983), while Saloranta (2000) performed a
more recent modelling study of the evolution of
snow-ice formation. The former paid attention to the
ice growth season, while the latter focused on a
longer time-scale, i.e. the seasonal snow-ice evolu-
tion. The main mechanism for snow-ice formation in
their work was (a). Here we study the effect of (b)
on snow-ice formation. We pay attention to water
through surface and sub-surface melting and its re-
freezing, while wet-snow and rainfall is not consid-
ered. The primary motivation of this work is to
quantitatively understand the importance of the su-
perimposed ice formation on sea ice thermodynam-

ics. Such a topic does not seem to have been dis-
cussed. The model simulations are carried out with
BASIS-98 and BASIS-99 field data.

In order to study superimposed ice formation, we
first need to estimate how much melting can be sup-
plied.

i) For a surface layer with its temperature above
the melting point, the melting is calculated by (16).

ii) Sub-surface melting occurred mainly due to
the effect of absorbed short-wave radiation below
the surface. When the ice temperature for a sub-sur-
face layer tends towards a value above the melting
point, it is maintained at the melting point; the heat
flux balance between this isothermal sub-surface
layer and the adjacent upper and lower snow/ice will
then be used for the melting calculation. This proce-
dure satisfies the continuity of conductive heat flux
in snow/ice and the conservation of energy.

The BASIS-98 field measurements indicated
some 39 % of the data with the air temperature
above freezing. The model run in paper III indeed
produced a total surface melting of 12 cm snow.
Taking into account the sub-surface melting ii), the
re-run model produces about 0.5 cm (4 %) more
melting- not a large difference. During BASIS-98,
the surface melting mostly occurred when the air
temperature was higher than the freezing point. On
the other hand, downward solar radiation in
February is still quite limited and not strong enough
to generate large amounts of sub-surface melting. In
BASIS-99, only 20 % of the data had an air
temperature above freezing (Table 2). However, the
observed daytime average solar radiation was 35 %
larger than that in BASIS-98. It was already early
spring and sub-surface melting could start.

The model simulation of BASIS-99 was analo-
gous to that presented in paper III, i.e., the external
forcing was based on the weather mast measure-
ments, and the model parameters were largely based
on the field measurements. Ice salinity was from
0.38 to 0.65 ppt. The freezing temperature at the ice
bottom was -0.2 °C. According to in situ measure-
ments (M. Lundin, pers. comm.), the snow was es-
sentially divided into two layers representing newly-
fallen soft snow on top of a wind-slab of hard old
snow (Table 2). The average snow densities were
150 kg m-3 and 380 kg m-3, respectively. According
to Sturm & al. (1997), this suggested that the ther-
mal conductivities were 0.056 and 0.23 Wm-1K-1,
respectively. We further assumed the snow extinc-
tion coefficient to be 25 m-1 and 15 m-1 for the upper
and lower layer, respectively, following Perovich
(1996). Values for the solar radiation and surface
albedo were directly taken from the observations.
Figure 7 displays the modelled total surface snow
melting. The model result indicated a total 4.5 cm
melting of which about 20  % was accounted for by
the sub-surface melting.
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Fig. 7. Modelled snow melting. The circles are the surface melting while dots are the calculated sub-surface
melting. The melting value corresponds to a time step of 10 minutes.

Table 6. Sensitivities of surface melting to snow properties. The melting is denoted as a decrease in the snow
thickness (cm).

κs

(m-1)
ρs

(kgm-3)
ks

(Wm-1K-1)
Total melting

(cm)
Sub-surface melting

(cm)
soft dense soft dense soft denseControl Run

(2 snow layers) 25 15 150 380 0.056 0.23 4.5 0.9 (20 %)

Trail 1 25 380 0.23 3.7 0.5 (13 %)

Trail 2 15 380 0.23 4.0 1.1 (28 %)

Trail 3 25 150 0.056 5.3 1.3 (24 %)

Trail 4 15 150 0.056 5.8 2.3 (40 %)

Some sensitivity tests were carried out in order to
see the effect of snow properties on melting. For
simplicity, the snow is assumed to be a single layer
for each model test and a change is made in a single
model parameter. In Table 6 the results are com-
pared with the control run. It can be seen that the
sub-surface melting is sensitive to the snow’s ex-
tinction coefficient while the total surface melting is
sensitive to the snow’s thermal properties. Such
conclusions support the earlier studies of increased
sub-surface temperature and sub-surface melting
made by Koh & Jordan (1995) who applied a high-
resolution frequency-modulated continuous wave
radar to detect the onset of sub-surface melting.

We have to emphasise that our sensitivity tests
were confined to detecting the effect on sub-surface
melting of changing only one parameter at a time.
The results of such tests cannot be offered as the
final truth. In reality, interaction among all the pa-
rameters is expected: this can enhance the effect on
both melt-layer thickness and sub-surface tempera-
tures (Bøggild & al. 1995). Modelling of increased
sub-surface temperature and sub-surface melting by

taking into account such complex interactions
among all parameters has not been carried out so far.

The superimposed ice is formed by refreezing of
melting water. Assuming the surface melting water
is totally refrozen, the modelled ice thickness is in
good agreement with the field observations (Fig. 8d
in paper III). Such an assumption is suitable for the
BASIS-98 ice modelling is suitable. The modelled
average conductive heat flux in snow was about 19
Wm-2 upward. If we neglect the salinity effect on the
latent heat of fusion, such a heat flux can produced
roughly 0.6 cm of frozen ice per day. In other words,
the total 12.5 cm surface melting snow would take
about 9 days to completely refreeze. During the
melting phase, the snow surface was relatively warm
and a downward heat flux in the snow layer was
both modelled and measured, indicating that a slush
layer may exist for some time. On the other hand,
the observed average heat flux in the ice was 8.1
Wm-2 and upwards. This is consistent with the same
direction of average heat flux in the snow, which
means that the slush layer between the snow and the
ice was refrozen within the time-scale of the whole
expedition.
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During BASIS-99, however, the weather condi-
tions were quite mild and not favourable for super-
imposed freezing. Instead, the percolated melting
water may have formed a slush layer above the
original ice layer. The observed and modelled snow
and ice temperature fields are given in Figure 8.
Both measurement and calculation indicated quite a
high sub-surface temperature. Unfortunately, the
uppermost thermistor recorded an unrealistically
high snow temperature and thus is not shown here.
Radiative heating of the uppermost sensors in snow
or ice on clear days can lead to an incorrect tem-
perature measurement (Brandt & Warren 1993).

Results showed that the sub-surface melting was
located within a layer centred about 10 cm below the
surface. The model results clearly showed the diur-
nal variation of snow temperature, while the meas-
urements did not, except for the first day after de-
ployment of the thermistor stick. This maybe due to
the effect of the wetness of the snow layer. From the
second day of the expedition onwards, the snowfall
was seen occasionally mixed with rainfall. The rain-
fall together with the surface melt water may tempo-
rarily fill the porosity of the snow layer before they
percolate down to the snow-ice interface, forming
the slush layer. In addition, due to a heavy load of
snow, the saline water from the ocean may seep up
to the snow-ice interface. The latent heat of the wa-
ter fraction in snow can damp the daily variation in
temperature of the snow layer. These effects were,
however, not taken into account in the model. Fur-
ther studies of these effects on superimposed ice
formation are needed.

The model results of an increased sub-surface
temperature effect have been difficult to verify ex-
perimentally, due to the problems involved in meas-
uring the temperature profile using thermal sensors
embedded  in the snow/ice (Koh & Jordan 1995). To

verify such modelling results, more work, both on
theoretical considerations and on field observations,
is needed.

5.3 Effect of model numerical
resolution

In paper V, analytical solutions were obtained for
the simplified ice model cases. These solutions were
then compared to the numerical approximations ob-
tained at various model resolutions. Three simplified
model cases which can yield analytical solutions are
defined: 1) the Stefan ice growth model; 2) a para-
bolic diffusion equation with prescribed boundary
conditions of the Dirichlet and Neumann types; 3)
steady state of 2).

In case 1), the ice model yields quite a good con-
sistency with Stefan’s ice growth under various spa-
tial resolutions. This procedure can be used for veri-
fication of the numerical scheme. On increasing the
model time step (coarser temporal resolution), those
model runs with a high spatial resolution showed an
oscillation of the ice growth rate. Such numerical
perturbations can be attenuated by adopting the nu-
merical scheme in its fully-implicit form. Case 2)
showed that the modelled ice temperature ap-
proaches the analytical solution by increasing the
spatial resolution for both Dirichlet and Neumann
boundaries, and the ice temperature differences be-
tween the numerical result and the analytical solu-
tion decrease exponentially. Case 3 illustrated the
asymptotic state in which the solar radiation tends to
drive the temperature profile. In such a condition, a
high resolution is needed for the numerical model in
order to approach the analytical solution closely,
especially for the Neumann boundary. The details of
these three cases are given in paper V.
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Fig. 8. Snow and ice temperature (°C) during the BASIS-99 experiment. a) Observed snow and ice temperature
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Modelled snow and ice temperature.
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An analytical solution cannot be obtained for the
full ice-physics-based model. Therefore, the effect
of numerical resolution is studied by comparisons of
intensive numerical model simulations applying
various spatial and temporal resolutions. The simu-
lations are made corresponding to the freezing,
thermal equilibrium and warm-up (melting) stages
of one ice season. The effect of the numerical reso-
lution on model results can be summarized as fol-
lows:

During the freezing season, the effect of spatial
resolution on the modelled ice growth rate is signifi-
cant for short-time model runs using a large time
step. A large time step should be avoided under con-
ditions of rapid ice growth. For long-period model
runs, the ice growth rates become consistent, indi-
cating that the effect of model resolution tends to be
diminished.

During the ice thermal equilibrium stage, a low
spatial resolution model yields a large diurnal varia-
tion in the surface temperature. The amount of solar
radiation absorbed in the surface layer tended to
complement the surface conductive heat flux. The
daily average surface temperature and net surface
heat flux were less sensitive to the model spatial
resolution. The impact of the spatial resolution on
the model results is the greatest near the surface be-
cause of the strong gradient in the absorbed solar
radiation.

For the warm-up season, the daily minimum sur-
face temperature is sensitive to the spatial resolution.
The strongly-attenuated solar radiation absorbed in
the surface layer was found to modulate the effect of
the grid resolution on the melting. The sub-surface
maximum ice temperature can only be simulated
with a high spatial resolution model. The model run
with a low spatial resolution may damp out the ef-
fect of penetrating solar radiation on the ice tem-
perature profile. In late spring when the air tem-
perature is well above freezing point, the ice is
warmed from the surface in response to the high air
temperature, and the effect of penetrating solar ra-
diation on model runs using various spatial resolu-
tions tends to be minor.

5.4 Air-ice interaction

5.4.1 The surface heat balance and
the turbulent heat fluxes

The surface heat fluxes are of primarily importance
in the energy and mass balance of the ice and snow
covers. The diurnal variation of short-wave radiation
can be estimated quite well, except for some high
values that one probably due to multiple reflections
between the snow surface and clouds (see, Fig. 4 in
paper III). The effect of these peaks on the ice ther-

modynamics was, however, minor since their
duration was short.

The net long-wave radiation tends to play a key
role in the surface heat balance. A number of long-
wave radiation schemes were investigated for
freezing conditions in paper II. According to the
inter-comparison between these schemes, the error
in the net long-wave radiation can be expected to be
some ± 20 Wm-2 for less intensive freezing condi-
tions. The ice model estimates the air-ice turbulent
fluxes well on the basis of the Monin-Obukhov
similarity theory taking the surface layer stratifica-
tion into account. In a comparison with measure-
ments made by eddy covariance equipment (sonic
anemometer), the average turbulent fluxes estimated
by the ice model showed rather good accuracy (Ta-
ble 2 in paper III). Paper IV presented some results
of turbulence and surface layer characteristics using
the BASIS-98 field data. The wind and air tempera-
ture measured at 4 levels on a 10 m high weather
mast allowed us to apply the gradient method to
estimate the surface turbulent fluxes and transfer
coefficients. The bulk heat exchange coefficient
(CH) and the temperature roughness length (zT),
which play important roles in the estimation of sur-
face turbulent heat fluxes, were also determined. The
aerodynamic roughness length (z0) was also deter-
mined from the field data. An empirical expression
between z0 and zT and the wind speed was suggested
and applied in paper III and the model calculations
in section 5.2. The turbulent fluxes estimated by the
gradient method and the ice model compared rea-
sonably well with the eddy-flux measurements (Fig.
4 in paper IV). The surface temperature estimated by
the ice model, the gradient method and the eddy flux
measurements were mutually in good agreement,
indicating a good approximation of the surface heat
balance in the ice model.

5.4.2 The coupled air-ice model

During advection of warm air, a large horizontal
temperature gradient may occur in the near-surface
air above the sea ice cover. There is an interaction
between the cooling of the air mass and the heating
of the upper layers of snow and/or ice. The magni-
tude and spatial scale of these heating and cooling
processes depend on the meteorological situation,
i.e., on the temperature of the air, snow, and ice, on
the cloud cover, solar radiation, surface albedo, wind
speed, and air humidity as well as on the fetch over
the ice. We coupled a two-dimensional mesoscale
atmospheric model with our sea ice model to simu-
late the sea ice thermodynamics during warm-air
advection (paper VI). Investigations were made of
various meteorological conditions with respect to
radiative forcing (season and cloud cover effect) and
turbulent exchange (wind effect). The coupled
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model runs were divided into four groups: (1)
springtime with clear skies; (2) springtime with
overcast skies; (3) polar night with clear skies and
(4) polar night with overcast skies. These were
simulated with a wide range of atmospheric pressure
gradients, i.e. the geostrophic wind driving the ABL
flow, varying from 2 to 24 ms-1.

The ice temperature showed vertical and hori-
zontal redistribution in response to the local surface
heat balance, and a horizontal temperature gradient
developed in the atmosphere due to the cooling of
the air mass. The local surface temperature increases
with increasing wind speed. In general, there is a
vertical temperature gradient, indicating an upward
heat flux through the ice and snow. However, due to
the strong surface heating by the turbulent heat flux
and the downward long-wave radiation in overcast
conditions, the temperature gradient may reverse.
The stronger the surface heating the wider was the
region where this downward flux occurred. At the
downwind edge of this region, the conductive heat
flux changed its direction. In model runs under over-
cast conditions and a light wind, an isothermal layer
close to the ice edge can be seen. By increasing the
wind speed, a horizontally homogeneous warm
snow/ice layer can be generated in the uppermost
layers of the whole ice-covered model domain. For
model runs under clear sky conditions, the ice tem-
perature regime revealed intensive modification near
the ice edge and less modification far from the ice
edge. The same effect can also be seen in the model
runs under overcast conditions but a low wind speed.

The effects of the warm-air advection on the up-
per snow and ice layers were most pronounced
within a few hours of the beginning of the situation.
After this, the heat gradually conducted deeper into
the ice, and further from the ice edge the near-sur-
face layers slowly returned towards their undis-
turbed state of an upward conductive heat flux. In
our model runs the diurnal variation of the tempera-
ture in the upper snow layers was particularly strong
in spring under clear skies and with a light wind.
Increasing the wind speed enhanced the turbulent
heat fluxes, and thus the relative importance of the
solar radiation and the diurnal cycle became smaller.

The development of the stably-stratified atmos-
pheric boundary layer downwind of the ice edge
depended above all on the wind speed and cloud
cover. A strong wind yields large turbulent fluxes
and makes the boundary layer grow deeper. Cloud
cover made the ABL warmer.

6 CONCLUSIONS

In this thesis, a one-dimensional thermodynamic sea
ice model was constructed with special attention
paid to the air-ice interaction and ice thermal varia-

tion. The studies of this thesis dealt with the model
physics and numerical mathematics. The model was
validated by simulating the ice thermodynamic pro-
cesses in the Bohai Sea and the Baltic Sea. The nu-
merical scheme of the ice model was evaluated and
the impact of the numerical model resolution on
model predictions was investigated. The model was
coupled with an atmospheric boundary layer model
to study the effect of warm air advection on ice
thermodynamics and air-ice coupling. The following
conclusions were reached:

(1) The sea ice model constructed in this thesis has
been proved to be suitable for ice process stud-
ies. On the level of formal ice modelling studies,
the ice physics is properly considered in the
model.

(2) Accurate estimations of surface heat fluxes are
necessary in sea ice thermodynamic models,
since the ice thermal variation is directly dictated
by the surface heat balance. Usually, the ice
model can estimate the short-wave radiation
well. The inaccuracy in estimation of net long-
wave radiation can be expected to reach some
± 20 Wm-2 for less intensive freezing conditions,
as determined by inter-comparison of various pa-
rameterization schemes. Such a conclusion also
roughly agrees with the comparison between the
BASIS-98 field measurements and model calcu-
lations. The ice model well estimates the air-ice
turbulent fluxes based on the Monin-Obukhov
similarity theory.

(3) The turbulent transfer coefficients and fluxes
during BASIS-98 were accurately determined.
The agreement between the gradient-method re-
sults and the eddy-correlation results supports the
validity of the Monin-Obukhov similarity theory.
An empirical expression for the dependence of
the scalar roughness length on the aerodynamic
roughness length (drag coefficient) and the wind
speed was suggested and applied in the ice
model. The modelled turbulent fluxes compared
rather well with the fluxes from the eddy-corre-
lation and gradient methods.

(4) The model performed well in simulating ice
evolution when compared with field observations
in the sub-polar ice-covered seas. In the Bohai
Sea, the snow layer was thin and had only a mi-
nor effect on ice thickness evolution. The mod-
elled ice thickness was in good agreement with
the measurements. The modelled ice temperature
also compared well with observations.

The ice model yields a good estimate of sea-
sonal ice evolution in the Baltic Sea. For Baltic
Sea ice modelling, the snow effect must be taken
into account since the snow thickness is signifi-
cant. The modelling study indicated that a thin
layer of newly-fallen snow may theoretically ac-
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celerate melting in the spring due to its high
volumetric extinction coefficient.

Two-layer parameterization of penetrating
solar radiation in sea ice is recommended. An ice
model with such a characteristic can reproduce
the sub-surface melting which has been widely
observed in the field.

High-quality field data serves as a test-bed
for process studies. During the ice thermal equi-
librium stage, the re-freezing of surface melt
water can be regarded as an important factor in
the evolution of ice thickness in the Baltic Sea.
In early spring, the sub-surface melting contrib-
uted significantly to the total melting caused by
the penetrating solar radiation. The sub-surface
melting is sensitive to the snow’s extinction co-
efficient while the surface melting is sensitive to
the snow’s thermal properties.

(5) The heat conduction equation of the ice model
was solved by a conservative finite-difference
scheme based on the integral interpolation
method. The scheme was validated by numerical
tests and was found to be suitable for the ice
model.

(6) Analytical solutions for simplified model condi-
tions were derived and utilized to evaluate the er-
ror of the numerical schemes. The results showed
that the error decreases exponentially with an in-
crease in model spatial resolution. In the ice
growth phase, a large model integral time step
should be avoided in order to prevent possible
oscillation of the result on a short time-scale. On
a short time-scale, such perturbation may ulti-
mately alter the final simulated ice thickness due
to its accumulated effect. During the ice thermal
equilibrium and the early spring season, the
short-wave radiation absorbed within the ice and
snow cover was found to modulate the effect of
the numerical resolution in the prediction of sur-
face heat flux, ice temperature and surface melt-
ing. A model run with a low spatial resolution
may damp out the effect of penetrating solar ra-
diation on the ice temperature profile near the
surface. This suggests that modelling of the in-
creased sub-surface temperature effect is highly
sensitive to the model spatial resolution.

(7) The response of ice/snow to warm air advection
was strongly affected by the initial thermal re-
gime of the ice/snow and on the wind speed, the
cloud cover and the solar radiation. The ice tem-
perature regime revealed intensive modification
near the ice edge. Concurrently, the air mass be-
came colder downwind of the ice edge. From the
point of view of the modelling of the atmos-
pheric boundary layer, the model coupling was
most important when the wind was strong, be-
cause  then  the  modification  in the surface tem-

perature was largest. From the point of view of
the snow and ice, the coupling was most impor-
tant when the wind was weak, because then the
modification in the air temperature was largest.

Outlook for further studies: The sea ice model
constructed in this thesis performed well for ice
evolution in the Bohai Sea and the Baltic Sea. How-
ever, there are still aspects that need to be studied
further. The ice model is primarily constructed for
sub-polar ice study. A consideration of the tem-
perature-salinity coupling can extend the model’s
applications to saline polar sea ice. The surface ra-
diation fluxes can be better estimated by incorpo-
rating an atmospheric radiative transfer model. The
surface albedo feedback should be better understood.
In this model, the ice-ocean interaction is considered
simply through Eq. (17) with a fixed oceanic heat
flux. Such a first-order parameterization is theoreti-
cally simple, but overlooks the details of how oce-
anic heat flux affects the ice freezing and melting,
for which a coupled ice–ocean model would be
needed. Most current high-quality meteorological
and ice thickness observations have a relative short
time-scale (e.g. a few weeks in BASIS-98). For ice
process studies, extension of high-quality ice meas-
urement to the seasonal scale may be needed. Pres-
ence of liquid water and its effects on the surface
heat balance and thermal variation of sea ice need to
be further investigated. Further studies analogous to
paper VI can focus on the importance of the snow
cover on the ice, which affects the heat conduction,
surface albedo, and the penetration of the solar ra-
diation. Studies on the effect of warm air on the sur-
face mass balance in non-stationary conditions are
also relevant, since they often occur in reality.
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Appendix: A numerical scheme with an uneven spatial grid size derived by the
numerical integral interpolation method

Paper I and appendix B in paper II introduced the numerical integral interpolation method and a numerical
scheme with equal sparial grid size was derived. Here, we present a example of how to use this method to derive
a scheme with an uneven spatial grid size. The procedure illistrated that no distinct extra work are needed to ob-
tain such a flexible scheme compared with work done in papers I and II. This is one merit of the numerical inte-
gral interpolation method.

The heat conduction equation (1) can be re-written in a compact form:
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where (ρc) = ρc(z,t), k = k(z,t) and F(z,t) = ∂q(z,t)/∂z. The numerical integration has been made for each term in
(a1) with respect to an area in z,t space defined by ],[ 2121 +− jj zz  and ],[ 1+kk tt ; see Figure A, where j = 1, 2,...N

denote the inner grid points in ice, with the corresponding grid size being h1, h2,...hN. The integral time step is
Tk+1-Tk = τ

Figure A. Numerical integration of Eq. (a1) with an uneven vertical grid (hj ≠ hj+1) definition. The variables (ρ, c, k,
s, T) on grid system is staggered.

According to the intermediate value theorem of integration, the first term of (a1) becomes
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Applying the integral approximation, e.g. the central rectangle formula, we have:
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With mathematical transformations, and using the central rectangle formula of numerical integral
approximation, we have:
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Integrating now the second item in (a1) over the area of ],[ 2121 +− jj zz  and ],[ 1+kk tt , we have
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Numerical integration of the third item in (a1) with an approximate calculation leads to:
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Incorporating these results in the form of integration of (a1), and making the proper mathematical
transformations, we finally obtain the numerical scheme of (a1) as
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The in-ice temperature can be solved by this matrix system using the speed-up method, once the initial and
boundary conditions are given. Following the parameterizations of ice thermal properties given by Maykut &

Untersteiner (1971), the k
jcρ  may be estimated by 

20 )273(
)(

−
⋅

+
k
j

j

T

s
c

γ
ρ  where sj and Tj

k are the ice salinity and

temperature respectively at grid point j. The ),( 2/11 tzka j
t
j ++ ≈ may be estimated by











−

+
−

⋅
+=

+

+

+

)273(

1

)273(

1

22

)(

1
0

1

k
j

k
j

j
k
j

k
j

TT

s
k

kk β
 or 

2732)(
),(

1

2/1
02/1 −+

⋅
+=

+

+
+ k

j
k
j

j
j TT

s
ktzk

β
. The 2/1+k

jF  can easily be

calculated by its parameterization scheme.


