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ABSTRACT

Atmospheric flow over Antarctic sea ice was simulated applying a polar version of the fifth-generation
Pennsylvania State University–National Center for Atmospheric Research Mesoscale Model (Polar MM5).
The simulation period in late autumn lasted for 48 h, starting as northerly warm airflow over the Weddell
Sea ice cover and turning to a southwesterly cold-air outbreak. The model results were validated against
atmospheric pressure and wind and air temperature observations made by five buoys drifting with the sea
ice. Four different satellite-derived sea ice concentration datasets were applied to provide lower boundary
conditions for Polar MM5. During the period of the cold-air outbreak, the modeled air temperatures were
highly sensitive to the sea ice concentration: the largest differences in the modeled 2-m air temperature
reached 13°C. The experiments applying sea ice concentration data based on the bootstrap and Arctic
Radiation and Turbulence Interaction Study (ARTIST) algorithms yielded the best agreement with obser-
vations. The cumulative fetch over open water correlated with the bias of the modeled air temperature. The
sea ice concentration data affected the simulated air temperature in the lower atmospheric boundary layer,
but above it the temperature and wind fields were more strongly controlled by the boundary layer scheme
applied in Polar MM5. Analysis nudging applying four-dimensional data assimilation had a positive effect
on the pressure and wind fields but negative or no effect on the air temperature fields. The results suggest
that applying a sea ice model to update sea ice fields frequently throughout atmospheric model simulations
will likely lead to important improvements in forecasts.

1. Introduction

The Antarctic sea ice zone covers approximately
19 � 106 km2 in winter and 3.5 � 106 km2 in summer
(Parkinson 2004). In situ observations of the atmo-
sphere over this vast area have been rare, restricted to
ship observations (mostly summertime; Andreas 1985;
Wendler et al. 2005), wind and temperature measure-
ments from drifting buoys (Kottmeier and Sellman
1996), and detailed boundary layer observations from
two drifting ice stations, in 1992 (Andreas et al. 2000,

2004) and 2004–05 (Bareiss 2008). Data allowing the
resolution of mesoscale variations in the atmosphere
have been practically absent.

A few meteorological modeling studies have ad-
dressed the Antarctic sea ice zone. Bennet and Hunkins
(1986) applied a two-dimensional model to simulate
warm-air advection over the Weddell Sea ice cover, but
only observations from a moving ship were available to
validate the results. Renfrew and King (2000) devel-
oped and validated a mixed-layer slab model for con-
vective boundary layer over polynyas in the Antarctic
sea ice zone. This model was utilized in surface heat
budget studies by Renfrew et al. (2002). Idealized
model experiments without detailed validation against
observations have been also been made (Simmonds and

Corresponding author address: Dr. Timo Vihma, Finnish Me-
teorological Institute, P.O. Box 503, 00101 Helsinki, Finland.
E-mail: timo.vihma@fmi.fi

APRIL 2008 V A L K O N E N E T A L . 1457

DOI: 10.1175/2007MWR2242.1

© 2008 American Meteorological Society

MWR2242



Budd 1991; Watkins and Simmonds 1995; Dare and At-
kinson 1999; Birnbaum 2003). In several Antarctic
modeling experiments, the model domains have also
included sea ice areas, but the focus has been on coastal
features (Parish and Wendler 1991; Guo et al. 2003;
Bromwich et al. 2005; Adams 2005; Parish and Walker
2006).

From the point of view of the atmospheric boundary
layer (ABL), sea ice is a special type of surface. A sea
ice cover consists of ice floes of varying thickness and is
broken by cracks, leads, and polynyas. Surface condi-
tions are controlled by closely interacting dynamic and
thermodynamic processes. The surface roughness of
ice-covered seas is more homogeneous than most con-
tinental terrains, but variations in this roughness are
important for the wind forcing of sea ice drift (Lüpkes
and Birnbaum 2005). On the other hand, over ice-
covered seas in winter the surface temperature distri-
bution is extremely heterogeneous. Open-water areas
have a surface temperature practically at the freezing
point of seawater (approximately �1.8°C), while the
surface temperature of thick, snow-covered ice floes in
the Antarctic sea ice zone can be less than �30°C. Thin
new ice has some intermediate surface temperature.
Such spatial variations are among the largest surface
temperature step changes found on earth. Several stud-
ies have addressed the effects of leads and polynyas on
the ABL, though these have been mostly based on Arc-
tic observations or numerical modeling (Andreas et al.
1979; Vihma 1995; Alam and Curry 1997; Pinto et al.
2003; Mauritsen et al. 2005; Inoue et al. 2005). The

observations have included measurements of turbulent
fluxes over and downwind of individual leads, but esti-
mation of the regional effects of leads on surface ex-
change processes in the Antarctic sea ice zone is made
difficult by the lack of accurate information on sea ice
concentration (Vihma et al. 2002). Satellite-derived sea
ice concentration exhibit significant variations between
algorithms, particularly in conditions of a high (�90%)
ice concentration.

In the ice edge zone, the importance of leads on the
ABL varies with the synoptic-scale flow conditions (Vi-
hma and Brümmer 2002). During warm-air advection
from the open sea to sea ice, the lead effects are weaker
as the ABL is approximately in thermal balance with
the open water. During off-ice flows, lead effects are
stronger as the ABL is usually roughly in balance with
the surface temperature of the sea ice and this also
applies in the interior of the ice pack. In winter the sum
of sensible and latent heat fluxes can reach several hun-
dred watts per square meter (Andreas and Cash 1999).
In the Southern Ocean, the mean characteristics of the
air–sea interaction also depend on whether the clima-
tological circumpolar trough locates to the north or
south of the sea ice edge (Simmonds et al. 2005).

In this study, we examine a 2-day period, which
started as a northerly warm-air advection over the
Weddell Sea ice cover before turning to a cold, south-
erly, and later southwesterly, off-ice flow. The pressure
fields during the northerly and southerly flow are
shown in Fig. 1. This case was selected because the
rapid change in the large-scale flow conditions yielded

FIG. 1. Mean sea level pressure fields in the Weddell Sea at (left) 1200 UTC 24 May and (right) 1200 UTC 25 May, on the basis of
ERA-40. The five dots in the inner model domain (square) represent the drifting buoys.
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dramatic changes in the turbulent surface fluxes and
ABL stratification, and hence the case presents a great
challenge for mesoscale modeling. The atmospheric
pressure, air temperature, and wind were recorded by
five buoys drifting approximately 100 km apart in the
northern part of the sea ice zone. We apply a polar
version of the fifth-generation Pennsylvania State Uni-
versity–National Center for Atmospheric Research
(NCAR) Mesoscale Model (Polar MM5) to simulate
the flow over the fractured sea ice cover, and model
results are validated against buoy data. Four different
sea ice concentration datasets are applied as lower
boundary conditions for the model. Our main objective
is to improve understanding of the ABL sensitivity to
sea ice concentration. We also examine the ABL
scheme and analysis nudging and their effects on model
results.

2. Observations

Six drifting buoys were deployed in the Weddell Sea
in April 2000 as a part of the Short Timescale Motion of
Pancake Ice (STiMPI) project (Doble et al. 2003). The
buoys were initially deployed between pancakes at the
limit of the zone. By 3 May the pancakes had consoli-
dated into the more familiar pack ice and the buoys
were embedded within this, tracking its drift (Doble
and Wadhams 2006). Each buoy measured the atmo-
spheric pressure, air temperature, wind speed, and wind
direction at the height of 1 m ASL. These lower-than-
normal heights for meteorological measurements were
due to stability requirements in the harsh conditions
that the buoys were expected to experience. The data
were recorded once an hour, and the buoy location was
measured by GPS every 20 min. Data were transmitted
using Argos and Orbcomm satellite systems.

Based on the temperature and wind data, a 48-h pe-
riod starting from 1800 UTC 23 May 2000 was chosen
for model simulation. One of the buoys was no longer
operating at that time so data from five buoys were
used in this study. During the period, one buoy was
located approximately 200 km and the rest 300–400 km
from the ice edge. Prior to and during the first half of
the simulation period, the measured air temperature
was close to the freezing point of seawater, but then
rapidly dropped. The temperature drop was associated
with a transient low pressure system: the wind direction
changed from northeast in the beginning to southwest
at the end of the simulation period. During the 48-h
simulation period the drift of the pack ice was rather
limited (Table 1) and we therefore use the buoy mean
locations.

3. Model

Model simulations were made using the Polar MM5,
a limited-area, nonhydrostatic, terrain-following sigma-
coordinate model designed to simulate or predict me-
soscale and regional-scale atmospheric circulation. The
full description of the standard model system is pre-
sented by Grell et al. (1994).

Polar MM5 was developed at The Ohio State Uni-
versity, optimizing the standard MM5 for the environ-
ment of polar ice sheets. Modifications are described by
Cassano et al. (2001) and Bromwich et al. (2001). For
the present study, the most important ones are the ad-
dition of fractional sea ice surface type and improved
calculation of heat transfer through snow and ice sur-
faces. For fractional sea ice, turbulent heat fluxes are
calculated using the flux aggregation, or mosaic,
method (Claussen 1990): fluxes are calculated sepa-
rately for ice and water fractions and area-averaged
before interacting with the atmosphere. Heat conduc-
tion in snow and ice is predicted with an eight-layer
model where the thermal properties of snow and ice are
specified by Yen (1981). The sea ice thickness in Polar
MM5 depends on the hemisphere and, in the Northern
Hemisphere, ice concentration, but a constant value of
0.23 m is applied in the Southern Ocean. Although this
must be an underestimation in general, the value is
realistic for our study region around 67°S in late May:
the thin pancakes had consolidated into pack ice only
20 days prior to the simulation period. Albedo is deter-
mined to be 0.80 for a terrestrial ice sheet, 0.70 for sea
ice, and 0.15 for open water. The aerodynamic rough-
ness length z0 is set as 1 � 10�3 m for sea ice and 1 �
10�4 m for ice sheet, and for the open water calculated
from the Charnock relation with a minimum of 1 �
10�4 m.

The MM5 model system includes a large number of
available physics options. In this study, longwave and
shortwave radiation transfer through the atmosphere is
parameterized with the NCAR Community Climate
Model, version 2, (CCM2) radiation scheme (Hack et
al. 1993). Large-scale cloud and precipitation processes

TABLE 1. Mean locations of the buoys, together with the aver-
age distance d and maximum distance dmax from the mean loca-
tion during the simulation period. The dml numbers refer to the
coding in Doble and Wadhams (2006).

Buoy Mean location d (km) dmax (km)

1 (dml8) 67.35°S, 26.14°W 7.0 12.4
2 (dml9) 67.88°S, 30.13°W 12.3 23.7
3 (dml5) 67.15°S, 29.14°W 10.2 22.1
4 (dml7) 67.02°S, 27.45°W 7.0 18.6
5 (dml6) 65.70°S, 34.24°W 9.5 20.1
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are parameterized applying Reisner 1 microphysics
scheme (Reisner et al. 1998) and subgrid-scale clouds
applying the Grell cumulus parameterization (Grell et
al. 1994). The atmospheric boundary layer parameter-
ization schemes are introduced later.

Polar MM5 has been successfully applied to Antarc-
tica. Guo et al. (2003) evaluated a complete annual
cycle of 72-h simulations at 60-km resolution over Ant-
arctica and found that Polar MM5 captures both the
large- and regional-scale circulation features with gen-
erally small bias in the modeled variables. Monaghan et
al. (2003) demonstrated the model’s superiority in the
Antarctic compared to the standard version of MM5.
Bromwich et al. (2005) evaluated Polar MM5 focusing
on synoptic-scale events at certain stations applying do-
mains with horizontal resolutions ranging from 3.3 to 30

km, and Monaghan et al. (2005) analyzed the twice-
daily forecasts from the 3.3-km resolution domain to
study the climate of the McMurdo region. These studies
focused on continental or coastal areas, whereas our
interest lies in the sea ice zone.

4. Simulation strategy

a. Domains, initial conditions, and lateral boundary
conditions

The model system in this study consists of two polar
stereographic domains at the horizontal resolution of 9
and 27 km (Fig. 2). Both domains have 61 � 61 grid
points in horizontal directions and they are centered at
67°S, 30°W. A total of 39 vertical sigma levels are used,
of which 24 are in the lowest 1000 m of the atmosphere,

FIG. 2. Domains of Polar MM5. The ice sheet is marked with white color, sea ice (concentrations higher than
50%) with light gray, and open sea with medium gray. The black horizontal line in the middle of domain 2 denotes
the location of cross sections shown in Fig. 10.
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and the lowest model level is located at a nominal
height of 2 m. The model top is set at the 100-hPa
pressure level. The simulations performed are summa-
rized in Table 2.

The Polar MM5 model was initialized by the Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWF) 40-yr reanalysis (ERA-40; Uppala et al.
2005), which has a horizontal resolution of 1.125°. The
6-hourly analyses were used to provide lateral bound-
ary conditions during the simulation. They completely
specify the values at the boundary of outer domain. The
next four Polar MM5 grid points inward from that
boundary were relaxed toward the boundary values
with a relaxation constant that decreases linearly away
from the boundaries. Between the MM5 domains, there
was a two-way interaction, where the inner domain
takes boundary information from the outer domain and
runs three time steps for each parent step before feed-
ing back information to the outer domain on the coin-
cident interior points (Dudhia et al. 2005). We applied
time steps of 6 and 18 s. Utilization of the ECMWF
model products for boundary conditions of Polar MM5
was recommended by Bromwich et al. (2003).

Four-dimensional data assimilation (FDDA), or
nudging, allows the model to be run with forcing terms
that nudge it toward the observations or an analysis
(Dudhia et al. 2005). We employ this method using the
ERA-40 reanalysis. The reanalysis is based on all avail-
able observations, and can be considered as an indirect
source of observational data. The benefit of FDDA is
that the analyses keep the model closer to realistic con-
ditions and compensate for errors and gaps in the initial
analysis and deficiencies in the model physics, while the
model equations assure a dynamical consistency. New-
tonian relaxation terms are added to the prognostic
equations for wind, temperature, and water vapor
three-dimensionally in every grid point in the outer do-
main but not at the surface. These terms relax the
model value toward the given analysis. The model lin-
early interpolates the analyses in time to determine the
value toward which the model relaxes its solution (Du-
dhia et al. 2005). The relaxation terms represent, how-
ever, nonphysical terms in the prognostic equations,
and Dudhia et al. (2005) do not recommend their use in
scientific case studies. To better understand the issue,
we run the experiments both with and without nudging
(Table 2).

b. Lower boundary conditions

At the lower boundary of the model, the terrain el-
evation is specified by the Global 30 arc s Elevation
Dataset (GTOPO30) from the U.S. Geological Survey
(USGS) and the land use by 25-category data of USGS.

Our domains, however, only include open sea, sea ice,
and the Antarctic continental ice sheet. We applied
four different datasets for sea ice concentration: ERA-
40, National Aeronautics and Space Administration
(NASA) Team, bootstrap, and Arctic Radiation and
Turbulence Interaction Study (ARTIST) (Table 2). All
of them are based on satellite measurements from the
Special Sensor Microwave Imager (SSM/I). In ERA-40,
the sea ice concentration is based on the weekly Na-
tional Centers for Environmental Prediction (NCEP)
two-dimensional variational data assimilation
(2DVAR) data (Fiorino 2007). In 2000, the data were
based on daily SSM/I satellite observations provided by
Bristol University. Daily values of sea ice concentration
were interpolated from weekly values. The original
resolution of ERA-40 dataset is 1.125°, which is ap-
proximately 130 km in the meridional and 50 km in the
zonal direction in the domain area.

We applied two datasets from the National Snow and
Ice Data Center (NSIDC): the NASA Team algorithm
(Swift and Cavalieri 1985; Cavalieri et al. 2006) and the
bootstrap algorithm (Comiso 1986, 2006; Comiso and
Sullivan 1986), which both have a spatial resolution of
25 km. We also utilized the sea ice concentration algo-
rithm developed in ARTIST (Kaleschke et al. 2001;
Kern et al. 2003). Resolution of the ARTIST sea ice
dataset is 12.5 km, which is an order of magnitude bet-
ter than that of ERA-40. The NASA Team, the boot-
strap, and the ARTIST sea ice datasets are produced
daily, but as changes were minor we kept the sea ice
concentration constant over the 48-h simulation period.
In many cases this would not be a good practice, as
cyclones can generate rapid changes in ice motion and
concentration (Watkins and Simmonds 1998; Dierer et
al. 2005; Wassermann et al. 2006).

The four datasets of sea ice concentration in domain
1 are shown in Fig. 3. The ERA-40 sea ice concentra-
tion field does not include small-scale features, and the
ice margin zone is wider than in any other dataset. The

TABLE 2. Model experiments.

Expt No. Nudging Sea ice concentration data

1 No ERA-40
2 No NASA Team
3 No Bootstrap
4 No ARTIST
5 No ERA-40*
6 Yes ERA-40
7 Yes NASA Team
8 Yes Bootstrap
9 Yes ARTIST

* MRW ABL scheme applied instead of the Eta scheme.
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NASA Team results have the lowest and the bootstrap
the highest concentration values in the study area. The
ARTIST sea ice concentration includes small-scale
variations, and the sea ice margin is clearly narrower
than in the other datasets.

Although the ERA-40 sea ice concentration data are
not particularly detailed relative to the other three
datasets, they are often used in modeling studies and
thus we include them here. We chose the ERA-40 sea
ice data over that from the ECMWF operational analy-

sis because the ERA-40 data are more realistic. During
our study period in 2000, the sea ice concentration in
the ECMWF operational analyses was set to either 0 or
1 for each grid cell, which may generate large errors in
surface fluxes and near-surface temperature and hu-
midity.

c. Two ABL schemes

The ABL was parameterized applying two schemes.
Most of the simulations employed the 1.5-order turbu-

FIG. 3. Sea ice concentration in domain 1 based on four datasets: (top left) ERA-40, (top right) bootstrap, (bottom left) NASA Team,
and (bottom right) ARTIST. The interval of solid contour lines is 10%, and the 85% and 95% concentration contours are marked with
dashed lines.
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lence closure parameterization used in the NCEP Eta
Model (Janjic 1994). A sensitivity test was made apply-
ing the boundary layer parameterization from the Me-
dium-Range Forecast Model (MRF) of NCEP (Hong
and Pan 1996). This parameterization was used in ex-
periment 5, without nudging and applying sea ice con-
centration from ERA-40 (Table 2). The MRF scheme is
based on the first-order closure and nonlocal turbulent
transport with countergradient fluxes in convective
cases.

5. Results

Several aspects have to be kept in mind when com-
paring the atmospheric pressure, air temperature, and
wind fields based on ERA-40 and MM5 simulations.
First of all, ERA-40 is based on utilization of all avail-
able observations: the buoy pressure data were directly
assimilated into ERA-40 and the air temperatures were
affected by assimilation of satellite data (Uppala et al.
2005). In addition, surface observations and rawinsonde
soundings, above all at the Antarctic Peninsula and the
Queen Maud Land, have improved the quality of ERA-
40 in our study region. On the other hand, in the MM5
experiments we did not assimilate direct observations.
The MM5 simulations were only indirectly affected by
observations, via the ERA-40-based initialization, the
6-hourly updated boundary conditions, and, in experi-

ments 6–9, the analysis nudging. Hence, on the basis of
this study we cannot directly compare the performance
of the ECWMF model and MM5. Instead, we can com-
pare the various MM5 simulations against each other.

a. Atmospheric pressure

Figure 4 presents the time series of the observed and
modeled atmospheric pressure at buoy 4 (as an ex-
ample; the results were qualitatively similar for all
buoys). The pressure fields based on experiments ap-
plying FDDA were better than those without FDDA.
The FDDA, however, caused some disturbances in the
temperature and wind fields, and we therefore show
results of the air temperature and wind both from ex-
periments with and without FDDA.

b. Air temperature and wind

Time series of air temperature are shown in Fig. 5,
and the bias and RMS error of each experiment, aver-
aged over the 48-h period and the five buoys, are pre-
sented in Table 3. Experiments applying bootstrap and
ARTIST sea ice concentrations have the smallest bias
and RMS errors, while NASA Team results have the
highest bias and RMS errors of experiments applying
the Eta ABL scheme. The experiment with ERA-40
sea ice concentration and MRF ABL scheme has, how-
ever, even larger bias and RMS errors. The biases are

FIG. 4. Time series of atmospheric pressure at buoy 4 in experiments 1, 6, 10, and 12
applying ERA-40 sea ice concentration.
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generally positive (Table 3), and the bootstrap and
ARTIST are the only algorithms that occasionally yield
too-cold air temperatures also during the period of
southerly winds (Fig. 5). In conditions of observed air

temperature exceeding �5°C (during northerly winds),
the best results were obtained in experiment 1 (ERA-
40 ice concentration), but the differences between the
experiments were minor and all biases had magnitudes

FIG. 5. Time series of air temperature; (left) experiments without nudging and (right) experiments with nudging.
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less than 0.9°C and all RMS errors were less than 1.9°C.
The errors started to increase immediately after the
drop in the observed air temperature (Fig. 5). With the
observed temperature less than �5°C, the biases
ranged from 0.3° (experiment 3, bootstrap) to 7.2°C
(experiment 5, MRF) and the RMS errors from 2.0°
(experiment 3) to 7.3°C (experiment 5). Also during the
cold period, the ARTIST algorithm yielded the second-
best results after the bootstrap algorithm.

In Fig. 6 we show the observed and modeled tem-
perature difference between buoys 4 and 2, which were
located an average of 149 km from each other and rep-
resented the warmest (4) and coldest (2) of the buoys.
It is worth noting that the MM5 results are clearly bet-
ter without nudging. The best results are achieved in
experiment 3 (bootstrap ice concentration, without
nudging), and are slightly better than the ERA-40 re-
sults. The ARTIST sea ice concentration gave the poor-

TABLE 3. Bias and RMSE of the simulated air temperature.

Simulation

No nudging Nudging

Bias (°C) RMSE (°C) Bias (°C) RMSE (°C)

ECMWF ERA-40 3.1 3.9
MM5 ERA-40 sea ice 2.6 3.7 2.6 3.8
MM5 NASA Team sea ice 3.2 4.5 3.1 4.3
MM5 bootstrap sea ice �0.0 1.7 0.7 2.4
MM5 ARTIST sea ice 1.4 2.7 1.2 2.9
MM5 ERA-40 sea ice, MRF ABL scheme 4.3 5.5 No experiment No experiment

FIG. 5. (Continued)
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est temperature differences: this is because it is good for
buoy 4 but yields too-high temperatures for buoy 2,
while ERA-40 and NASA Team sea ice concentrations
yield systematically too-high temperatures for both
buoys (Fig. 5). We should remind readers that these
results are based only on a case study.

Temperature differences between the extreme re-
sults, based on bootstrap and NASA Team sea ice con-
centrations, are shown in Fig. 7. Differences in sea ice
concentration and air temperature are clearly collo-
cated. The maximum temperature difference at the end

of the simulation period was 13°C. The air temperature
does not, however, only depend on the local sea ice
concentration but most importantly on the fetch. We
estimated the cumulative fetch over open water for an
air mass traveling from the southwest to the centroid of
the buoy locations at the end of the simulation period.
The estimation was based on calculation of (three-
dimensional) backward trajectories (Fujinuma 2003)
for time scales of 6, 12, 24, 48, and 84 h. On the basis of
these trajectories, the air mass had left the northwest-
ern corner of the Ronne Ice Shelf (75°S, 62°W) on 22

FIG. 7. Differences in (left) temperature and (right) sea ice concentration between simulations with bootstrap and NASA Team sea
ice concentration. The situations are shown at the end of the 48-h simulations.

FIG. 6. Time series of air temperature difference between buoys 4 and 2; (left) experiments without nudging and (right)
experiments with nudging.
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May 2000, at 0600 UTC. It then passed over sea ice, and
the cumulative open-water fetch depended on the ice
concentration dataset applied. In Fig. 8a we show the
bias of the simulated air temperature (Table 3, results
with nudging) as a function of the cumulative open-
water fetch calculated for 24- and 84-h backward tra-
jectories (for clarity, results for 6-, 12-, and 48-h trajec-
tories are not shown). The correlation coefficient be-
tween the air temperature bias and the time span of the
backward trajectory used is shown in Fig. 8b. It is evi-
dent that the bias is strongly related to the sea ice con-
centration field applied, and the bias at the buoy cen-
troid seems to be most sensitive to the amount of open
water that the air had been in contact with during the
most recent 12–48 h. The differences between the cor-
relation coefficients (ranging from 0.84 to 0.99) are,
however, not statistically significant, but it seems that

the amount of open water further back in the trajectory
had less effect on the air temperature bias. This is il-
lustrated by the 84-h calculation (Fig. 8a): almost iden-
tical open-water fetches of 74 and 76 km (based on
ERA-40 and ARTIST sea ice concentrations, respec-
tively) result in a very different bias.

Time series of the observed and modeled wind speed
are shown in Fig. 9. Values from the lowest model level
at 2 m have been adjusted to the observation level of 1
m by a logarithmic height correction. We only show
results from buoy 2, since wind data from other buoys
included long (more than 6 h) periods of zero or near-
zero winds—probably because of ice accretion in the
anemometers. Comparison with buoy 2 suggests that
MM5 has a tendency to overestimate the 1-m wind
speed. This may be related to errors in (a) the pressure
gradient, (b) the surface roughness, and (c) the thermal

FIG. 9. Time series of the observed and modeled wind speed at buoy 2; (left) experiments without nudging and (right) experiments
with nudging. Line types are as in Figs. 5 and 6.

FIG. 8. (a) The air temperature bias from Table 3 (nudging) as a function of the cumulative
open-water fetch calculated for a 24-h (circles) and 84-h (crosses) backward trajectory, and (b)
the correlation coefficient between the air temperature bias and the time of the backward
trajectory used to calculate the cumulative open-water fetch.
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stratification. As the buoy data were utilized in ERA-
40, the pressure gradient in ERA-40 was free of large
errors, and this was also the case in MM5 experiments
with nudging. The overestimation still present in the
experiments with nudging (Fig. 9) may have resulted
from factors (b) and/or (c). The wind speed at 1-m
height is sensitive to the aerodynamic roughness length
(z0) applied. In MM5, z0 over sea ice is simply set to
0.001 m, while in reality it is affected by various factors
including ice ridges, sastrugi, and freeboard of floe
edges (Lüpkes and Birnbaum 2005), and z0 over sea ice
(excluding grease, nilas, and pancake ice) can range
from 0.0003 to 0.1 m (Guest and Davidson 1991). Un-
fortunately we lack information on the actual z0 in the
study region.

To estimate the stability effect (c), we calculated the
Richardson number (Ri) at the site of buoy 2 on the
basis of each model experiment: the surface tempera-
ture as well as wind speed and air temperature at the
lowest model level were applied. In the first day of
simulations, with northerly winds, the differences in Ri
between the experiments were minor, as were the dif-
ferences in the wind speed between experiments apply-
ing nudging (Fig. 9). In the second day with southerly
winds, the differences in the simulated wind speed
grew and, in the experiments applying bootstrap and
ARTIST sea ice concentrations, Ri was from �0.01 to
0.01, while the values ranged from �0.11 to �0.01 in
the experiments applying NASA Team and ERA-40
sea ice concentrations. The differences in Ri between
the experiments were mostly due to differences in the
temperature profile. Accordingly, the experiments with
lower sea ice concentration yielded more unstable sur-
face layer, which tends to increase near-surface wind
speeds through enhanced vertical mixing of momen-
tum.

Higher in the ABL the air temperatures were still
sensitive to the sea ice concentration data applied: dif-
ferences up to 10°C between experiments 1 (ERA-40
sea ice) and 3 (bootstrap sea ice) reached the height of
50 m, differences up to 8°C reached 100 m, and differ-
ences up to 3°C were still detected at heights above 200
m. Above the ABL, which extended up to 200–300 m
depending on the ice concentration data applied, the
simulated wind and temperature fields were not greatly
affected by the sea ice concentration. This indicates
that the disturbances generated by heating from leads
did not penetrate through the top of the ABL. On the
other hand, cross sections up to the height of 2 km
strongly depended on the ABL scheme applied in Polar
MM5. Figure 10 therefore displays results from experi-
ments 1 and 5, applying the ERA-40 sea ice concentra-
tion with Eta and MRF ABL schemes, respectively.

The Eta scheme shows a strong low-level jet (LLJ) at
the end of the simulation period, with a core at 750-m
height. The LLJ was a result of baroclinicity: the tem-
perature increased toward the east, with warm air to the
right of the wind vector. Hence, according to the ther-
mal wind law, the geostrophic wind decreased with
height (in the Southern Hemisphere). In the ABL, the
wind speed was reduced by the surface friction, and an
LLJ was therefore generated. The fine structure of the
wind field below the LLJ core in the layer from 300 to
750 m was also in accordance with the temperature
distribution. Applying the MRF scheme (Fig. 10, right
panel), the mixed layer became much deeper. Maxi-
mum wind speed in the LLJ core was only 15 m s�1

instead of 21 m s�1 produced by the Eta scheme.

c. Cloud cover

The cloud cover was qualitatively similar in experi-
ments applying Eta and MRF schemes. At the end of
the simulation period, when the temperature differ-
ences between the experiments were largest, all buoys
were under a thin cloud cover (vertically integrated
cloud water less than 0.01 kg m�2). This suggests that
the large temperature differences (Fig. 10) resulted
more or less directly from the different turbulent flux
fields without major feedback effects from cloud radia-
tive forcing. The difference in the vertically integrated
cloud water between simulations applying NASA Team
and bootstrap sea ice concentrations ranged from
�0.02 to 0.006 kg m�2, but the typical absolute values
of the difference were less than 0.001 kg m�2, which
was of the order of 10% as a relative difference.

d. Turbulent surface fluxes

Sea ice concentration has a strong influence on tur-
bulent surface fluxes. In Fig. 11, we show the fields of
sensible and latent heat flux at the end of the simulation
period, based on the following MM5 experiments: 1
(ERA-40 sea ice concentration applying Eta ABL
scheme), 3 (bootstrap sea ice concentration, Eta
scheme), and 5 (ERA-40 sea ice concentration, MRW
ABL scheme). The surface fluxes were not particularly
sensitive to the ABL scheme used but were very sen-
sitive to the sea ice concentration data: the results of the
two model experiments (1 and 5) with ERA-40 sea ice
concentration but different ABL scheme were qualita-
tively similar, but results from the experiment with
bootstrap sea ice concentration were clearly different
(Fig. 11). The bootstrap-based results, with the most
compact ice cover, included large areas with stable
stratification and downward sensible heat flux, while
results using ERA-40 sea ice concentration show down-
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ward fluxes restricted to the southeastern part of do-
main 2. On the other hand, the largest upward fluxes
were produced in the bootstrap-based experiments: the
air was coldest in these experiments, and when the cold
air was advected over regions with less than 90% ice
concentration—in the middle and northern parts of do-
main 2—the local fluxes were larger than in the experi-

ments yielding warmer ABL. The fields of latent heat
flux (Fig. 11, lower panel) were qualitatively similar to
those of the sensible heat flux, but flux magnitudes
were smaller and in some regions of downward sensible
heat flux the latent heat flux was positive (e.g., south-
eastern parts of domain 2 in experiment 5). Using buoy
data and a thermodynamic snow–ice model, Vihma et

FIG. 10. Cross section of temperature (dashed lines) and wind speed (solid lines) at the end of the 48-h simulation period. (top left)
Experiment 1 (ERA-40 sea ice concentration, Eta ABL scheme); (top right) experiment 5 (ERA-40 sea ice concentration, MRF ABL
scheme). (bottom) The difference in the air temperature and wind speed between experiments 1 and 5.
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al. (2002) calculated that the area-averaged sensible
heat fluxes were downward and latent heat fluxes up-
ward for all seasons in the Weddell Sea. The results
from our 48-h mesoscale simulation cannot be used as a
basis for conclusions on larger spatial and temporal
scales, such as these, but they support the observation
that over sea ice the surface sensible and latent heat
fluxes sometimes have the opposite sign.

6. Discussion

Our results on the sensitivity of the ABL to sea ice
concentration can be compared with previous studies.
In a climate-scale modeling study, Lachlan-Cope (2005)
found that the sensitivity of near-surface air tempera-
ture to Antarctic sea ice concentration varies spatially,
our study region representing low sensitivity compared
to regions to the west of the Antarctic Peninsula. Sim-
monds and Budd (1991) demonstrated that the large-
scale circulation in the Southern Hemisphere is sensi-
tive to leads. Their simulation strategy was very differ-
ent, however: 600-day simulations were made applying
a general circulation model with the open-water frac-

tion in the sea ice zone set to 5%, 50%, 80%, and 100%.
To compare the present study against mesoscale studies
with the range of variability in the sea ice concentration
close to the uncertainty of the available remote sensing
data, we have to look at experiments in the Arctic and
the Baltic Sea.

Vihma and Brümmer (2002) studied a winter cold-air
outbreak in the Baltic Sea: the area of aircraft obser-
vations included a 50-km-long fetch over fractured ice
with 30% open-water fraction. Ignoring the open water
in a model sensitivity experiment only resulted in ap-
proximately 1°C reduction in the temperature of a 300-
m-high mixed layer. In Vihma et al. (2005), the fetch
over leads in the Arctic sea ice zone was small (5%
open-water fraction over an area 30 km wide), and
model sensitivity tests with and without leads did not
show any detectable effects on the 40-m air tempera-
ture, although the effects on the surface temperature
and turbulent heat flues were large. Introducing the
ARTIST sea ice algorithm, Kaleschke et al. (2001) pre-
sented sensitivity studies for different flow conditions in
the Arctic in March 1998. During an off-ice flow per-
pendicular to the ice edge, the influence of the ice con-

FIG. 11. Turbulent surface fluxes of (top) sensible heat and (bottom) latent heat at the end of the 48-h simulation period based on
experiments (left) 1 (ERA-40 sea ice, Eta scheme), (middle) 3 (bootstrap sea ice, Eta scheme), and (right) 5 (ERA-40 sea ice, MRF
scheme).
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centration data (ARTIST and NASA Team) on the
temperature of a 300-m-high mixed layer was only
0.5°C. The differences in the ice concentration occurred
over a fetch of 40 km. Drusch (2006) applied the
ECMWF model in experiments over the Baltic Sea for
a 2-month-long winter period. The sea ice concentra-
tion was based either on the global NCEP dataset with
a 0.5° spatial resolution, applied operationally in the
ECMWF, or on a dataset by the Swedish Meteorologi-
cal and Hydrological Institute with 1-km resolution.
The experiments revealed large differences in the spa-
tially aggregated turbulent surface fluxes, which gener-
ated differences in the ABL height and temperatures.
The maximum differences in near-surface air tempera-
ture were approximately 3°C. Accordingly, compared
to our study, relatively small differences in the air tem-
perature have been simulated in previous studies with
the difference in the sea ice concentration occurring
over shorter fetches.

Kaleschke et al. (2001), however, also included a case
of a flow parallel to the ice edge, and a maximum dif-
ference of 6°C in the modeled 40-m air temperature
was reached between the experiments applying ARTIST
and NASA Team ice concentration data. The signifi-
cant temperature difference was probably due to the
strong horizontal air temperature gradient that was
generated over the ice edge during the parallel flow.
The ice concentration controlled the simulated location
and strength of this gradient. Both flow conditions of
Kaleschke et al. (2001) showed the ARTIST algorithm
to give better results, validated against aircraft obser-
vations, in a similar manner to the present investiga-
tion.

Two studies (Andersson and Gustafsson 1994;
Gustafsson et al. 1998), applying the operational
weather forecasting High-Resolution Limited-Area
Model (HIRLAM) and addressing easterly cold-air
outbreaks over the Baltic Sea, have demonstrated that
accurate information on the sea ice border is essential
for the forecasting of convective snowfall. The local
surface type had a large effect on the turbulent surface
fluxes and on the initial development of convective
snowbands. Effects of sea ice concentration on the
cloud cover have also been detected by Drusch (2006)
and Monaghan et al. (2005), but quantitative compari-
sons against our study are difficult due to different
simulation strategies and measures for the cloud cover.

The simulated wind field included a strong low-level
jet, which was sensitive to the ABL scheme applied, but
was produced both by Eta and MRF schemes. Low-
level jets related to inertial oscillations have been ob-
served over the Weddell Sea ice cover (Andreas et al.
2000). The LLJ was generated when a stable stratifica-

tion was reestablished after a storm: the synoptic-scale
change in stratification acted analogously to a diurnal
change for the generation of the classical nocturnal
LLJ. In our case, in the buoy region with lower sea ice
concentration, the stratification was predominantly un-
stable and the LLJ was generated by baroclinicity. LLJs
related to baroclinicity have previously been observed
over the ice edge zone, where a temperature gradient
prevails between the marine and polar air masses (e.g.,
Drüe and Heinemann 2001). In such cases, the LLJs are
usually oriented parallel to the ice edge. In our case, the
LLJ occurred 300–400 km south of the ice edge, and
was oriented perpendicular to it. It is noteworthy that
nearby our study area mesoscale cyclogenesis is active
(Carrasco et al. 2003), and it often arises from baro-
clinic processes associated with boundary layer fronts.

7. Conclusions

We have presented the first mesoscale meteorologi-
cal modeling experiments for the Antarctic sea ice zone
with detailed validation at mesoscale spatial resolution.
The success of Polar MM5 in reproducing the observed
atmospheric pressure and near-surface air temperature
fields strongly depended on the lower boundary condi-
tions. The differences in sea ice concentration based on
four satellite algorithms were large, though there was
no direct method to validate the ice concentration
datasets. Validation results have been presented in the
literature (e.g., Agnew and Howell 2003), but the suc-
cess of a particular satellite algorithm also depends
strongly on the ice conditions: a good algorithm for
multiyear Arctic sea ice is not necessarily suited to the
generally thinner and less compact Antarctic sea ice.
The sensitivity of our model results to sea ice concen-
tration was, however, so large that we suggest that the
model results can give indirect information on the va-
lidity of the ice concentration datasets. This case study
for the Antarctic sea ice zone in late autumn demon-
strated that the bootstrap and ARTIST algorithms
were more accurate than the NASA Team algorithm
and the method applied in ERA-40.

Compact sea ice fields with more than 90% ice con-
centration are particularly difficult to determine accu-
rately by satellite methods, especially when accounting
for areas of new, thin ice. Dividing the surface simply
into two types, sea ice and open water, is an oversim-
plification (Schröder et al. 2003), since the surface tem-
perature of thin, new ice is between that of thick ice and
open water. This is not taken into account in the pa-
rameterization of surface fluxes by the mosaic method.
Several ice types could be easily included in the mosaic
method, but are not beneficial without detailed satel-
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lite-based information on their areal coverage. Another
approach would be the Ensemble Prediction System
(EPS; Tracton and Kalnay (1993)). Instead of, or in
addition to, perturbing the initial conditions, as tradi-
tionally in EPS, the lower boundary conditions could be
perturbed within the range of uncertainty in the ice
concentration.

The effects of nudging were variable: the pressure
fields and (for buoy 2) the wind field were improved,
but the near-surface temperatures were not much af-
fected. Applying the bootstrap ice concentration data
nudging made the temperature fields worse (Table 3;
Fig. 6). Also, previous studies applying MM5 have dem-
onstrated that analysis nudging (nudging the model so-
lutions toward gridded analyses instead of directly to-
ward individual observations) can have detrimental ef-
fects (Deng and Stauffer 2006).

The cumulative fetch over open water correlated
with the bias of the modeled air temperature, with the
highest correlation for time scales of 12 to 48 h. Com-
pared to previous studies, the modeled air tempera-
tures were more sensitive to sea ice concentration be-
cause the cumulative open-water fetches were longer.
The sea ice concentration data affected the simulated
air temperature in the atmospheric boundary layer, but
above it the temperature and wind fields were more
strongly controlled by the boundary layer scheme ap-
plied in Polar MM5. The MRF scheme generated a
deeper ABL than the Eta scheme. Deng and Stauffer
(2006) and Tombrou et al. (2007) observed that the
MRF scheme in MM5 has a tendency to overestimate
the ABL height. In our study, the near-surface tem-
peratures based on the MRF scheme did not compare
as well to the buoy data as the simulations using the Eta
scheme.

We stress that although the different simulation strat-
egies (with respect to nudging and ABL scheme)
yielded different results and each had their own
strengths and weaknesses, they were all very sensitive
to sea ice concentration; the largest differences in 2-m
air temperature reaching 13°C solely due to this factor.
Finally, it should be noted that from the point of view
of meteorological modeling, it is not enough that the
sea concentration is based on an accurate remote sens-
ing algorithm, but the boundary conditions should also
be updated frequently enough. For forecast applica-
tions, it would therefore be essential to base the bound-
ary conditions on a sea ice model, as done, for example,
in Dierer et al. (2005).
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