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ABSTRACT. The present and future ice conditions around 100 years from present in the
Baltic Sea are examined by two 10 year integrations of an ice—ocean model. Results from
atmospheric climate-model simulations constitute the atmospheric forcing, one
representing present climate conditions(control simulation), and the other global warming
due to CO, doubling (scenario simulation). The present-day climatological ice conditions
and the interannual variability were realistically reproduced by the ice-ocean model The
modelled range of the maximum annual ice extent in the Baltic was 190-420 x 10° km? in
the control simulation and 50-270 x 10* km? in the scenario simulation. The range of the
annual maximum level-ice thickness was 4585 and 20-58 cm in the control and scenario

simulations, respectively.

INTRODUCTION

Baltic Sea ice time series show large natural variability in the
onset of freezing, ice thickness, extent and break-up. The main
reason for the interannual variation is the location of the
Baltic Sea between the North Atlantic and Eurasian weather
systems. The overall evolution of the ice season is well corre-
lated with the North Atlantic Oscillation (NAO) winter
index. Westerlies bring moist, warm air masses over the Baltic,
making the ice conditions appear mild. In contrast, when the
continental weather pattern prevails, the ice season is mostly
severe. The local climatological characteristics of the ice
conditions, on the other hand, are more dependent on the
regional weather conditions.

Previous modelling (Omstedt and Nyberg, 1996; Haapala
and Leppdranta, 1997) and time-series studies (cf. Tinz, 1996)
have shown that the ice conditions in the Baltic are largely
controlled by the atmospheric forcing, with even minor
changes in air temperature leading to large changes in ice
extent and thickness. The impact of global climate change
on regional characteristics could not be properly investigated
until recently, when accurate atmospheric model simulations
became available. Rummukainen and others (2001) used a
regional atmospheric model (RCAl) to estimate climate
warming in the Baltic Sea region. Their results are based on
dynamic downscaling of global atmospheric general
circulation model simulations. These constitute the forcing
fields in this study.

In this paper we present estimates of the variability of
the ice conditions in the Baltic Sea. We use a multi-ice-class
numerical sea-ice model which takes into account the
deformation processes of the ice pack. We simulate the
evolution of the ice pack during a 10year period and
calculate the variability of the sea-ice conditions on seasonal
and interannual time-scales. A similar study has been
conducted by Meier (2000) whose results will be compared
with the present results.
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MODEL DESCRIPTION

In geophysical modelling, sea ice is treated as a continuum
of several ice floes. The apparent ice conditions are a result
of thermodynamic and dynamic processes. The spatial ice-
thickness variability in a specific region can be described by
an ice-thickness distribution function (Thorndike and
others, 1975). The evolution of an ice-thickness distribution
is due to advection, thermodynamic growth or melt and
production of deformed ice and open water. In this work,
we use a numerical model which solves the momentum
balance of sea ice, the ice-thickness redistribution and the
thermodynamic growth and decay of ice. It is coupled to a
thermodynamical ocean surface layer model. A detailed
description of the model is presented in Haapala and
Leppédranta (1996) and Haapala (2000). The internal stress
of ice is calculated in accordance with viscous—plastic
rheology. The ice-strength parameter is constant and the
momentum balance is solved by over-relaxation (Hibler,
1979). Thermodynamic growth and melt of ice is calculated
according to the Semtner zero-level model (Semtner, 1976).
The ice-thickness redistribution model is based on physical
ice classes. The principal classification is a separation of the
pack ice into undeformed and deformed ice types.
Undeformed is subdivided into level ice and lead ice. The
latter was introduced to describe new-ice growth. In the
model, divergent ice motion decreases ice compactness and
new-ice growth occurs if the initially ice-free fraction (lead)
freezes. Deformed ice is separated into rafted ice, rubble ice
(or hummocked ice) and ridged ice. Inherent evolution
equations are used for each ice class. The mass flux between
these ice classes is dependent on ice compactness, thickness
and velocity divergence. The model has been verified
against observed ice-thickness, concentration and velocity
data (Haapala and Leppidranta, 1996; Leppédranta and
others 1998; Haapala, 2000).

The resolution of the numerical grid is 10" in latitude and
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Fig. 1. Modelled mean level- and ridged-ice thickness, I—10 March, for control ( left panels) and scenario simulation(right panels ).

Units of the contour lines are centimelers.

20" in longitude, and the domain covers the whole Baltic Sea.
The open boundary at Skagerrak (9°30"E) is closed in the
model. Vertically, the thermodynamics of the ocean surface
layer model are solved in four equally spaced levels of sigma
coordinates. The model topography is based on the Institut
fiir Ostseeforschung database (Seifert and Kayser, 1995).
The model is forced by fluxes of heat, moisture,
radiation and momentum. The parameterization methods
of the fluxes and other model parameters are identical to
those used in Haapala (2000). The initial conditions for the
sea-water temperature and salinity were calculated from

the 1961-90 climatology (Haapala and Alenius, 1994).

ATMOSPHERIC FORCING

The atmospheric forcing for the ice model was obtained from
the dynamic downscaling of a coupled global atmospheric—
ocean general circulation model (AOGCM). The downscaling
for the Baltic Sea region was produced in the framework of the
Swedish Regional Climate Modelling Programme of the Rossby
Center, Norrkoping (Rummukainen and others, 2001), where a
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regional atmospheric climate model (RCAl)covering north-
ern Europe has been developed. The boundary conditions of
the regional model were taken from the Hadley Centre for
Climate Prediction and Research (Bracknell, UK) AOGCM
model (HadCM?2; see Johns and others, 1997).

The Hadley Centre climate simulations consist of two
240 year numerical experiments, one representing the
present climate (control simulation), and the other a
transient simulation using a scenario on the increase of
greenhouse gases (scenario simulation). The Rossby Center
simulations (Rummukainen and others, 2001) are based on
two 10year time slices of the global-model control and
scenario runs. The increase of the global mean temperature
from the control run to the scenario run is 2.6°C. Such a
warming due to enhanced greenhouse gases 1s expected to
occur at the end of the 2lst century.

RESULTS

The evolution of the sea-ice conditions was simulated during
the 10 year control and scenario periods. In this section we
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Fig. 2. Tume series for the modelled ice extent for control (left panel) and scenario simulation (right panel ).

analyze the model-derived mean sea-ice conditions and the
variability of the thermodynamically and dynamically
produced ice. The control simulation reflects ice conditions
in a slightly colder climate than presently observed, while
the scenario simulation is supposed to represent future ice
conditions around the year 2100.

Mean conditions

Mean level-ice thickness of the simulated ice winters for the
period 1-10 March is presented in Figure 1. In the control
simulation, ice covers all the northern sub-basins and the
Danish straits. Ice thickness varies from 70 cm in the Bay of
Bothnia to 10 cm in the southern regions. Interannual varia-
bility of the maximum ice thickness is 45-85 cm (s.d. 9 cm) in
the northern regions. In the scenario simulation, the extent of
the ice-covered area and the thickness of ice is much reduced.
Only the Bay of Bothnia is fully ice-covered. Ice is also formed
in the coastal areas of the Bothnian Sea, in the eastern parts of
the Gulf of Finland and the Gulf of Riga. Ice thickness is
about 20 cm less than in the control simulation. The fast-ice
region is prescribed in the model (Haapala and Leppidranta,
1996), so there is no change in its extent. The model-produced
maximum annual ice thickness of the fast ice in the northern
region is 20-58 cm (s.d. 4 cm) in the scenario simulation. The
length of the ice season is reduced from 207 days to 172 days in
the Bay of Bothnia(Oulu) and from 156 days to 110 days in the
Gulf of Finland (Kotka).

Where mean ridged-ice thickness is concerned, regions of
maximum values are found between the fast-ice boundary
and the centers of the basins (Fig. 1). The maximum
gridded-mean ridged-ice thickness is 2—4 cm in the control
simulation, while in the scenario run it is .5 cm.

Interannual variation

The interannual variation of the ice winter severity is shown
in Figure 2 which depicts the modelled ice coverage. In the
control simulation there are two occasions when the
maximum ice extent reaches 420 x 10> km? which means
that the whole Baltic is ice-covered. The mean annual
maximum ice extent is 290 x10°km® and the absolute
minimum is 190 x10°km? with a standard deviation of
80 x10*km? In the scenario simulation the interannual
variation is similar, although the sea-ice coverage is much
less. An important finding is that ice is formed in each

https://doi.org/10.3189/172756401781818383 Published online by Cambridge University Press

simulation winter. The mean ice extent is 190 x 10° ka,
and the range is 50-270 x 10° km? (s.d. 80 x 10° km?).

Climatological Baltic Sea ice conditions have also been
modelled by Meier (2000), who employed the same
atmospheric forcing data. The numerical model he used,
however, is a primitive-equation ocean model (Webb and
others, 1997) coupled to an elastic—plastic ice model (Hunke
and Dukowicz, 1997, Meier and others, 1999). Overall,
quantities such as ice extent and level-ice thickness, as well as
their interannual variations, are very similar in both model
simulations. It is remarkable that these two independent
models produce similar results. This increases the reliability
of future projections of ice conditions in the Baltic Sea.

Variability of ice production

Seasonal cycles of ice production of level, lead and deformed
ice (sum of ridged-, rafted- and rubble-ice classes) in the Bay
of Bothnia are shown in Figure 3. The highest growth rates
are observed during early winter, when the ice is thin. The
maximum level-ice growth rates are 34 cmd . The mean
growth rate during the winter months is 042 cmd ', with a
standard deviation of 0.13. Conversion of these values to
energy units means that the average heat loss over the whole
Bothnian Sea basin is about 15 Wm72, and the maximum
about 150 Wm % Locally, these values can be larger. At the
beginning of April the mean thermodynamic growth rate
becomes negative. The melting rates can exceed 5cmd .

The seasonal cycles of level-ice production in the control
and scenario simulation are rather similar. The maximum
growth rate of the scenario simulation is almost as large as
in the control simulation, while the mean growth rate is
only 02lecmd . The maximum thermodynamic growth
rates occur during the initial freezing of sea water. Typically,
these situations are driven by large sensible- and latent-heat
fluxes when cold and dry air is advected over the sea. The
growth rates are also partially affected by the other
components of the heat budget, especially snow cover which
reduces growth rates due the insulation effect. However, the
effect of the snow cover 1s similar in all simulations because
the snow-precipitation rate remains the same in the control
and scenario simulations (Meier, 2000).

Positive lead-ice production rates indicate new-ice growth
due to the divergent ice motion. Negative production rates
are due to the thermodynamic and mechanical redistribution
of lead ice to the level- and deformed-ice classes. The range of
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Fig. 3. Production rales of the level, lead and deformed ice integrated over the Bay of Bothnia area. Solid lines indicate weekly
mean values, vertical bars their standard deviation and the dotted lines the maximum and minimum values.

the lead-ice production is large in both the control and
scenario simulations. The maximum production rates are 1—
2cmd ) and the maximum decay rates are —2 to —4cmd .
The most extreme values are observed during early winter.
The weekly means of the lead-ice production are close to zero,
which means that once the lead ice is generated it is redistrib-
uted to the other ice classes within a few weeks.
Deformed-ice production rates indicate the mechanical
production of ice during convergent ice motion. During early
and mid-winter the deformed-ice production rate is positive.
It is rather low, only 0.03cmd ' on average, in the control
simulation. The maximum growth rates are 025-1cmd .
In the scenario simulation the corresponding growth rates
are 0.015cmd ' on average, and the maxima 02-0.3 cmd .
The modelled deformed-ice growth rates are low
compared to the observed Baltic Sea statistics (Lewis and
others, 1993) or to the previous modelling studies (Haapala
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and Leppéiranta, 1996; Haapala, 2000). The underestimation
of the deformed-ice growth 1is probably due to inaccuracies in
the wind forcing. According to Rédisdnen and Déscher (1999),
the northwest—southeast surface pressure gradient of the
Hadley Centre global climate model is lower than observed.
Such bias leads to an underestimation of the surface winds of
the regional model and thus to an underestimation of the
modelled deformed-ice growth.

CONCLUSIONS

A numerical model has been used to estimate the interannual
variation of the ice conditions in the Baltic Sea. The ice model
was forced with regional atmospheric climate-model data
which consist of two 10 year periods roughly representing the
present and future climate. The ice model produced large
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interannual variations in all model variables. The modelled
range of the annual ice extent in the Baltic was 190—
420 x10* km* in the control simulation and 50-270 x 10> km*
in the scenario simulation. The interannual variation of the
annual maximum level-ice thickness was 45-85 and 20—
58 cm in the control and scenario simulations, respectively.
These values are consistent with the observed range of ice
extent and thickness in the Baltic (SMHI and FIMR, 1982;
Seind and Palosuo, 1996) and the numerical simulations of
Meier (2000).

The mean thermodynamic growth rate of level ice during
the winter months was 042 cmd ' in the control simulation
and 02lcmd " in the scenario simulation. The maximum
thermodynamic growth rates were about 34 cmd ' in both
simulations. This implies that although the thermodynamic
ice production is much less in the warmer climate, the most
intensive freezing is similar.

The modelled deformed-ice production rates were low
compared to the observed statistics and previous model
results. This is mainly due to the underestimated surface
winds in the atmospheric model data used to drive the sea—
ice—ocean model. In particular, the lack of intensive synoptic-
scale pressure fields leads to a serious underestimation of
deformed-ice production.
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