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ABSTRACT. An assessment is presented of the extent and variability of Antarctic sea
ice in the non-flux-corrected version of the Hadley Centre’s coupled atmosphere—ocean
general circulation model (HadCM3). The results are based on a 100 year segment of a long
control run of the model with the sea ice being compared to ice extents and concentrations
derived from passive microwave satellite data. Over the year as a whole, the model ice
extent (the area with >15% ice concentration) is 91% of that determined from satellite
imagery, but, not surprisingly, the regional-scale distribution differs from the observed.
Throughout the year there is too much ice near 90° E, which is believed to be present as a
result of incorrect ocean currents near Kerguelen. In contrast to the satellite data, there is
too little ice to the west of the Antarctic Peninsula as a result of anomalously northerly
atmospheric flow, compared to observations. During the winter the sea-ice concentrations
in the model are too high, possibly as a result of the simple representation of the sea ice,
which does not simulate complex dynamical interactions within the pack. The annual cycle
of sea-ice advance/retreat in the model has a phase error, with the winter sea-ice maximum

extent being too late by about 1 month.

1. INTRODUCTION

Numerical models are one of the most important tools for
understanding the present climate of the Earth and how it
may evolve over the coming years. During the last few
decades these models have evolved from simple atmosphere-
only models, which could reproduce only the broad-scale
structure of the Earth’s climate, to complex, coupled
atmosphere—ocean general circulation models (AOGCMs)
that represent all the important elements of the climate
system (including sea-ice and land processes). The Hadley
Centre for Climate Prediction and Research has been
developing its AOGCM for a number of years. The first
model used by the Hadley Centre (Murphy, 1995) had a very
simple representation of sea ice that included sea-ice thermo-
dynamics, but no dynamics. The performance of this model
was poor in the Antarctic: even with flux correction, almost
all of the Antarctic sea ice had disappeared after 70 years of a
control integration. The second version of the Hadley
Centre’s model (HadCM2) (Johns and others, 1997) used the
zero-layer thermodynamics of Semtner (1976), combined
with the leads formulation of Hibler (1979), with the sea-ice
dynamics parameterized using the technique of Bryan
(1969), which advects ice with the top-layer ocean current.
Version 3 of the model (HadCM3) 1s a further development
of the AOGCM that does not include flux correction. The
model has been used in a number of investigations into
climate processes (Wood and others, 1999) and possible
future-climate scenarios. In the high-latitude areas of both
hemispheres the simulation of sea ice is extremely important
since the ice provides a very effective cap to the upper level of
the ocean, severely reducing the fluxes of sensible and latent
heat from the surface into the atmosphere (Maykut, 1978).
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Runs of GCMs that have removed large amounts of Antarctic
winter sea ice have resulted in warming of the lowest layers of
the Antarctic atmosphere and a reduction in the westerlies
(Mitchell and Hills, 1986). It is therefore essential to have a
good simulation of sea ice in climate models and to include
the complex interactions and feedbacks that are known to
occur between the sea ice, the ocean and atmosphere. These
should include the opening up of leads, rafting of the sea ice
and dealing with the effects of a snow layer on top of the ice.

These models are primarily designed for use in climate-
change prediction. An important aspect of the model design
1s to ensure there is a matching level of complexity in each of
the model’s components. One of the major differences
between HadCMS3 and earlier Hadley Centre models is an
increase in the ocean resolution, with six ocean gridboxes to
each atmospheric gridbox. Along with other changes to the
model, this much improved the simulation of ocean heat
transports (Gordon and others, 2000). The sea-ice model was
not changed, and here we consider the ability of the relatively
simple representation of sea-ice processes to simulate the
distribution of Antarctic sea ice. We identify a number of areas
where the model inadequately reproduces observed sea-ice
distributions and consider possible causes. The importance of
the deficiencies to the overall simulation of climate is not con-
sidered in detail, as this would require sensitivity studies with
the model, which are beyond the scope of this study.

The goal of this paper is to assess the simulation of
Antarctic sea ice in the HadCM3 AOGCM against the best
observational datasets produced from satellite passive micro-
wave instruments. The variability of the sea ice throughout
the year is examined on Antarctic-wide and regional scales
(Fig. 1). Using model diagnostics and climatological fields we
investigate causes for the model deficiencies.
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g, 1. A map of the Antarctic showing the five sectors that are
used in the regional sea-ice analysts.

The results presented here are based on a 100 year segment
of a long control run of the AOGCM that attempted to
simulate the pre-industrial climate; the problems of validating
a pre-industrial control run against modern-day observations
are discussed in Gordon and others (2000). From this 400 year
run mean sea-ice extent and concentration data were
available for each month, and 100 years of information were
used to produce the long-term means used here.

In section 2 we describe the formulation of the HadCM3
sea-ice model and provide details of the dynamic and thermo-
dynamic components. The mean fields of sea ice used in the
validation as determined from satellite passive microwave
imagery are discussed in section 3. The broadscale and
regional fields of sea-ice extent are examined in section 4
before specific shortcomings are considered in section 5. Plans
for the development of the model’s sea-ice representation are
outlined in section 6.

2. HadCM3 AND THE SEA-ICE FORMULATION
USED IN THE MODEL

HadCM3 has a horizontal resolution of 2.5° latitude by 3.75°
longitude for the atmospheric component and 1.25° by 1.25°
in the oceans. There are 19 levels in the atmosphere and 20
vertical levels in the ocean. The oceanic and atmospheric
components are coupled once a day and the ocean model
(which includes the sea-ice model) has a time-step of 1h.
The formulation and performance of the ocean model is
covered in Gordon and others (2000), while the atmospheric
model is dealt with by Pope and others (2000).

The sea-ice component of the model is based on Semtner’s
zero-layer thermodynamics (Semtner, 1976), with a leads
parameterization based on that of Hibler (1979) and simple
ice advection (Bryan and others, 1975). The sea ice is
represented by ice concentration, ice thickness and snow
thickness on the resolution of the ocean model. For the
purpose of calculating heat flux through the ice, the ice and
snow layer are considered to be a single layer, with an
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effective thermal conductivity reflecting the proportion of
ice to snow and their different conductivities. Separate heat
fluxes are calculated over the leads and ice-covered portions
of a gridbox. The ice surface temperature, conductive heat
flux through the ice, surface albedo and atmospheric heat
and water fluxes are calculated within the atmospheric
model, with a temperature-dependent ice/snow albedo and a
surface heat capacity parameterization (Gordon and
Bottomley, 1984). Atmospheric wind stresses are computed
taking account of the roughness length and ice concentration,
and this stress is communicated through the ice to the ocean.
There is also a parameterization of white-ice formation,
where the weight of snow on a floe depresses the ice surface
below the level of the water and the sea water infiltrates the
snow and freezes. This process is believed to be especially
important in the Antarctic. The ice is advected with the ocean
surface current, except in regions of convergent flow and
thick ice (>4 m), where the ice is restricted from flowing up
a gradient of ice thickness (Cattle and Crossley, 1995).

3.VALIDATION DATA

Comparing sea-ice extent in model output with remote-
sensing observations presents a number of problems because
of the very different horizontal resolutions used by the models
and satellite instruments, and the problems of defining the
sea-ice edge. In addition, both the models and satellite sensors
have problems around the Antarctic coast where model grid-
boxes or satellite fields of view are partly ice and partly land.
Therefore the question of the land—sea mask to be used must
be taken into account.

For validation in this study we have used the fields of
monthly mean sea-ice extent and concentration produced by
the Ocean Modelling Branch of the Environmental
Modelling Center at the U.S. National Centers for Environ-
mental Prediction. These fields have been produced for the
period 1979—present and were based on data from the Special
Sensor Microwave/Imager (SSM/I) on the Defense Meteoro-
logical Satellite Program (DMSP) satellites. The processing
algorithm used to convert the brightness temperatures into
ice-extent and ice-concentration values was the NASA sea-
ice algorithm working-group procedure (Cavalieri, 1992).
Comparisons of the satellite-derived ice concentrations
against high-resolution Landsat and synthetic aperture radar
imagery suggest that the concentration values are accurate to
within 1-2% (Martin and others, 1987; Steffen and Schweiger,
1991). In the paper we take the ice extent to be the area
bounded by the 15% ice concentration.

4. SEA-ICE EXTENT

The mean sea-ice amounts for each month of the year as
determined from the satellite data and from the 100 years of
HadCM3 data are shown in Figure 2. It can be seen that the
model has an overall representation of the seasonal cycle, but
except for September—November it always has less sea ice
than is observed by the satellite. Over the year as a whole,
the satellite data give a mean extent for the whole of the Ant-
arctic of 1.26 x 10" km? of ice, and the model 1.14 x 10" km?.
The model therefore had about 91% of the sea ice that is
estimated from the satellite data. At the sea-ice minimum
during February there is too little ice (59%) in the model,
and this underestimation persists and increases in March
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Fig. 2. The mean integrated extent of sea-ice bounded by the
15% concentration line in the model and satellite data for
each month of the year.
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Fig. 3. The mean integrated ice area bounded by the 15%
concentration line in the model and satellite data for each
month of the year.

when the model has only 56% of the ice indicated by the
satellite data. From April until August the model under-
estimation of ice coverage gradually reduces until the model
actually has more ice than the satellite data in September—
November. The overestimation of sea ice is greatest in
November, when the model has 19% more ice coverage than
the satellite data. Between November and February, how-
ever, there is a rapid decrease in the sea-ice extent in the
model, with model ice retreating at a faster rate than is sug-
gested by the satellite data.

It is possible using both the satellite and model sea-ice
concentration data to compute the actual area covered by
ice rather than just to integrate the area bounded by the
15% ice-concentration limit. These data are shown in Figure
3 for each month of the year. It can be seen that the model fits
the seasonal cycle of satellite-derived ice area in summer, but
over the winter months (July-December) it significantly
overestimates it. This problem will be examined in more
detail below.

The spatial variability of the sea ice in the model is now
examined through a comparison with the mean sea-ice
concentration fields as derived from the satellite data. Figure
4 shows both the model and satellite data for September close
to the time of the observed sea-ice maximum in late winter.
In Figure 4a the model sea-ice edge taken as the 15% ice con-
centration is shown as a dashed line. Around the continent
the regional detail of the ice extent in the model is, not sur-
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{a)} Observotions‘

Fig. 4. Mean ice concentrations during September as
determined from (a) the satellite data and (b) the HadCM3
run. The model ice edge (15% ) concentration is shown in (a)
as a dashed line. Contours are drawn at 15, 30, 45, 60, 75 and
100% ice concentrations.

prisingly, deficient, with areas where the extent is greater
and less than the satellite data. The largest difference is close
to 90° E where a northward extension of ice is present that
extends 4-5° north of the satellite ice edge. Along the coast
of East Antarctica from about 135° E to almost 90° W the
model has more ice than the satellite data, but the difference
is generally only about 1-2°. The model has much less ice
than the satellite dataset near the Greenwich meridian and
across the sector 30° W to 30° E where the differences are up
to about 3° of latitude. The model also has a lack of sea ice to
the west of the Antarctic Peninsula. The other major differ-
ence between the two datasets is with the sea-ice concentra-
tions. The model concentrations within the pack are higher
than in the satellite data and are >90% from the coast to
close to the sea-ice edge. In the satellite data such high concen-
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a) Observaﬁons’

Ing. 5. Mean ice concentrations during February as
determined from (a) the satellite data and (b ) the HadCM3
run. The model ice-edge (15% ) concentration is shown in
(a) as a dashed line. Contours are drawn at 15, 30, 45, 60, 75
and 100% ice concentrations.

tration values are limited to the Weddell Sea (where extensive
multi-year sea ice is present), just east of the Greenwich mer-
idian and in the Ross Sea. However, the determination of high
ice concentrations from passive microwave data is difficult,
and we cannot be certain whether the concentrations deter-
mined from the satellite data are correct here or elsewhere.
Similar plots of model and satellite-derived sea-ice extents
are presented for February, near the sea-ice minimum, in
Figure 5. The general underestimation of sea-ice extent that
was apparent in Figure 2 can be seen to be a result largely of a
lack of ice around the Antarctic Peninsula, with virtually no ice
being present in the model over the Bellingshausen Sea and far
too little ice over the western Weddell Sea. Around the coast of
East Antarctica the model and satellite ice extents are fairly
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Table 1. The five ocean sectors used in this study

Sector Western limat Eastern limit
Indian Ocean 20°E 90° E
Western Pacific Ocean 90°E 160° E
Ross Sea 160° E 130°W
Bellingshausen—Amundsen Sea 130°W 60°W
Weddell Sea 60°W 20°E

Indian Sector West Pacific Sector
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Fig. 6. The mean integrated extent of sea ice bounded by the
15% concentration line in the model and satellite data for
each month of the year for the five areas shown in Figure 1.

similar, with only a slight underestimation of ice. Close to
90° E there is a narrow northward-extending tongue of sea ice
close to where the major positive anomaly is present in Septem-
ber. A detailed analysis of this feature is presented below.

The regional variations in the model ice extent can be
appreciated further from the figure indicating the model
and satellite ice extents for five sectors around the Antarctic
shown in Figure 6. The sectors used are shown in Figure 1 and
identified inTable | and are those used by Gloersen and others
(1992) in their study of sea-ice variability based on passive
microwave imagery. I'rom Figure 6 the model appears to per-
form best in the Indian sector, where there are only small dif-
ferences between the two datasets throughout the year. As
can be seen in Figure 4, however, the good performance near
the ice maximum masks an overestimation of the ice near
90° E and an underestimation further west. The most pro-
nounced effects of the excess of ice near 90° E are felt in the
Western Pacific sector where there is almost double the
amount of ice observed by the satellite during the September—
October period. However, as the ice tongue disappears towards
the February minimum the model and satellite data have
comparable amounts of ice. The reasons for the presence of
the ice tongue near 90° E are discussed below.
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The extent data for the Ross Sea sector are very similar
to those for the whole of the Antarctic, with the ice advance
being too slow at the start of the winter and the retreat too
fast at the start of the summer. During the sea-ice advance
the model has the greatest underestimation of sea ice close
to 150° W and this persists until August, being followed by
an overestimation close to the same longitude.

The model performance is poorest in comparison to the
satellite observations in the Amundsen—Bellingshausen sec-
tor, where there is virtually no sea ice during the January—
March period and the growth rate is too slow during April
and May. However, the sea ice rapidly advances from June
to October, exceeding the amount of sea ice observed by the
satellite in September. In October the northern limit of the
sea ice in the model is approximately in agreement with the
satellite data at about 70° W, but extends too far north to the
east and west of this longitude. To the west and north of the
Antarctic Peninsula there is far too much ice in the model,
and north of the tip of the Peninsula the ice extends about 2°
of latitude (about 200km) further north than in reality.
There are also significant problems in the model ice extent
in the Weddell Sea in winter. During the late summer the
multi-year sea-ice over the western Weddell Sea 1s reasonably
well simulated, with a realistic northern ice edge. However,
there is too little ice over the northeastern part of the Weddell
Sea, although conditions are reasonable just north of the
Ronne Ice Shelf. These conditions prevail until about July,
after which time the ice starts to push too far north over the
western Weddell Sea while still having too little ice over the
eastern part of the area. By November there is a realistic ice
edge over the eastern Weddell Sea, but the excessively
northerly ice edge north of the Peninsula means that there
is too much ice overall in this sector.

5. CAUSES OF REGIONAL DEFICIENCIES IN THE
MODEL SIMULATION OF SEA ICE

In this section we examine in detail the factors that are
responsible for the differences between the satellite and
model sea-ice extents in a number of areas around the
continent. Errors in the model sea-ice extent can be caused
by a number of factors, including the following:

1. Poorly represented ice rheology (the terms in the ice
momentum equation resulting from stresses within the
pack) in the model.

2. Biases in the model wind field.

3. Errors in the ocean currents that would incorrectly
advect sea ice into or out of an area.

4. Errors in the ocean temperatures that would cause too
much (too little) ice to form/melt if the temperatures
were too low (high).

5. Errors in the near-surface air temperatures caused by
problems in the model physical parameterization
schemes or by errors in the atmospheric flow. It should
be noted that errors in the atmospheric flow itself only
indirectly affect the sea ice since it is advected only by
the ocean currents. However, errors in the meridional
flow can have a significant effect on the near-surface
temperature fields, with small errors in temperature
leading to under- or overestimations of the sea-ice extent.
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Fig. 7. The model bathymetry for East Antarctica (solid
lines) and (a) 5m and (b) 300 m ocean currents shown as
vectors. The model ice edge is indicated by a dashed line. The
data are a mean of fune—August conditions.

5.1. The ice tongue near 90° E

A small remnant of this problem is present in the mean
February ice extent (Fig. 5), but the feature grows rapidly
throughout the winter months to reach a maximum in
September—October (Fig. 4) when the model ice edge is about
4° of latitude (400 km) too far north. An examination of the
model ocean currents suggests that the cause is too strong a
current towards the north around 70-80° E. This can be
appreciated from the mean June—August ocean currents at
the 5 and 300 m depths in the vicinity of the ice tongue shown
in Figure 7. Here the currents are shown as vectors superim-
posed on the field of ocean depth. Although the ocean
currents are towards the east or north-northeast in the sector
from 45° E to about 70° E, the flow changes rapidly to one to
the north just to the west of the Kerguelen Plateau. A
comparison of the flow and the ocean bathymetry in the
model with that in the Fine Resolution Antarctic Model
(FRAM) atlas of the Southern Ocean (Webb and others,
1991) suggests that the bathymetry used in HadCM3 is
broadly correct, with the ocean depth over the southern part
of the plateau being about 2000 m. However, in the runs of the
much higher-resolution FRAM model the flow is deflected to
the south of the Kerguelen Plateau and then turns to the north
just east of the plateau, which agrees with the available obser-
vations. To the west of the plateau the flow in FRAM is more
easterly than in HadCM3, so it may be that this more south-
erly component in the model results in the lack of a strong
current around the southern part of the plateau. Alternatively,
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it may be that the AOGCM is sensitive to slight changes in the
bathymetry around the plateau, giving markedly different
flow to the south or north of the plateau if only slight changes
are made to the bathymetry. We plan to test these hypotheses
by running HadCM3 with small changes in the bathymetry.
It should be noted that a run of HadCM3 with freedrift (dis-
cussed below) still has the above problem around Kerguelen,
suggesting that the bathymetry is the primary cause, rather
than the atmospheric forcing.

5.2. The lack of sea ice to the west of the Antarctic
Peninsula

Throughout the year there is too little sea ice in the Bellings-
hausen Sea, this being most obvious during the summer
months when there is virtually no ice cover at all over the
region. Even during June, when the satellite data indicate
that the ice 1s advancing northwards, the model still has no
ice in the very southeasternmost part of the Bellingshausen
Sea. However, as seen in Figure 6 for the Amundsen—
Bellingshausen Sea sector, the model has too much sea ice
during September—October compared to the satellite data.
This is because there is an excess of ice in the sector 90—
130° W, while just to the west of the Peninsula the model still
has too little ice.

An examination of the pressure at mean sea-level fields
suggests that the model has surface pressures too deep over
the Amundsen—Bellingshausen Sea, with a maximum differ-
ence, when compared to the European Centre for Medium-
range Weather Forecasts (ECMWT) re-analysis (ERA) data,
close to 60° S, 120° W. This results in near- surface winds that
have too strong a northerly component when compared to the
ERA data, resulting in too much warm air advection into the
Bellingshausen Sea. Since the model near-surface tempera-
tures are very strongly influenced by the sea-ice extent, the
HadCM3 and ERA temperatures (not shown) are, not sur-
prisingly, very different. However, the excessively strong flow
of mild mid-latitude air into the Bellingshausen Sea is
thought to be responsible for most of the slow development
of sea ice during the winter season and the rapid melt of the
ice during the early summer.

The ocean currents in HadCM3 tend to be quite light
(around 2-3cms ) and towards the south over the
Bellingshausen Sea. This is in contrast to the currents in
the FRAM atlas, which are generally 5-10 cms ' towards
the north-northeast. However, there are few observational
data on ocean currents in the Bellingshausen Sea, and it is
not known to what extent the FRAM currents here can be
relied upon. In addition, the erroneous northerly atmos-
pheric flow in the area (related to corresponding errors in
the model’s mean sea-level pressure field) will influence the
model’s ocean currents.

5.3. Ice conditions in the Weddell Sea

As indicated above, in the model the Weddell Sea is charac-
terized by too little sea ice over the eastern part of the
region, especially from the sea-ice minimum to about
September. This is coupled with increasingly too much ice
just to the east of the Antarctic Peninsula between about
April and November, and then disappearing by January. A
comparison of the HadCMS3 atmospheric fields with the
ERA data suggests that the climate model has surface
pressures that are slightly too high over the Weddell Sea,
tending to force a slightly more anticlockwise circulation
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over the areca. However, this would work against the
establishment of the errors observed. There is, however, an
opposing and stronger source of error in the model,
stemming from problems with the model’s simulation of the
oceanic flow and the handling of the multi-year sea ice,
which is such a feature of the western Weddell Sea. A
comparison of the model and FRAM ocean currents through
the Drake Passage and South Atlantic suggests that the
currents in the model are too weak just north of the sea ice in
the Weddell Sea (12-15cm s ' compared to 20-30 cm's ' in the
higher-resolution FRAM model). This may well allow the
model ice to advance to an erroneously northerly position
and explain the tongue of ice to the east of the Peninsula that
is apparent in Figure 4. Since there is a clockwise gyre in the
Weddell Sea, if ice flow over the western Weddell Sea is too
strong towards the north then this may well force the compen-
sating flow over the eastern Weddell Sea to be too strong from
the north, which overwhelms the weaker anticyclonic error in
the atmospheric forcing.

Given the simple nature of the sea-ice dynamics scheme,
it is not surprising that the ice is poorly simulated over the
western Weddell Sea. Here there is a large area of multi-year
ice with convergence and extensive rafting where the
handling of the ice interactions is clearly important. As
discussed below, the testing of improved sea-ice dynamics
schemes within HadCM3 is underway and these should
give insight into the issues outlined above.

5.4.The delayed peak in the model’s sea-ice maximum

Although the timing of the sea-ice minimum in February is
well handled by the model, along with the growth rate
throughout most of the winter, a problem is the fact that
the largest extent of ice is found about a month too late in
October. This problem is found around the whole of the
Antarctic and there are no regional variations in this lag.
An examination of the model temperatures just north of
the sea-ice edge does not indicate any cold bias in the model
during this month, which could cause sea ice to continue
forming. The lateness of the peak could be a result of the lack
of sea ice near the minimum, although around some parts of
East Antarctica there was too much ice in February, and in
these locations the ice continued to extend between
September and October. Further possible reasons for this
problem are the fact that atmospheric-forcing data are only
provided on a daily basis (by taking the mean over the
whole day’s atmospheric forcing) (Hanesiak and others,
1999); limitations in the modelling of the thermodynamics;
and the simple representation of ice rheology and forcing.
The importance of these various factors should become
clear once the runs with improved dynamics described
below are carried out.

6. DISCUSSION AND FUTURE WORK

From the above it will be appreciated that there are a number
of deficiencies in the HadCM3 model’s simulation of sea ice
around Antarctica. However, understanding the reasons for
the differences from the observational datasets available is
not easy and requires the development of good diagnostic
tools and the ability to carry out fairly long runs with slightly
modified conditions. Such runs are planned to investigate the
problems in the oceanic flow around the Kerguelen Plateau.
A further difficulty in correcting the problems is that changes
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in one part of the model can have a major impact on other
components in the ocean or atmosphere. In addition, the
deficiencies observed in the sea-ice representation may be the
result of failings in the atmospheric or oceanic simulation and
cannot necessarily be corrected by changes in the sea-ice
model. For example, the lack of sea ice in the Bellingshausen
Sea seems to be related to the simulation of atmospheric
systems over the Amundsen Sea, rather than any local factors
to the west of the Peninsula.

Further insight into the problems will also be gained
once new sea-ice dynamics schemes are tested over the
coming months. A freedrift scheme has been implemented,
which will allow the wind field to have a direct effect on the
sea-ice motion. In addition, viscous—plastic and elastic—
viscous—plastic rheologies are also being tested, which will
hopefully handle the stresses within the sea ice in a much
more realistic fashion and give improved handling of the
ice in areas such as the western Weddell Sea. These schemes
should improve the simulation of ice concentrations within
the pack, which seem to be too high, through the better
handling of small-scale dynamical effects (e.g. rafting of
ice). The excessively high concentrations may also be a
result of using only the ocean currents to advect the sea ice,
and the direct use of the near-surface winds should help to
give a more divergent flow, which may reduce the concen-
trations. Once a four-way intercomparison of sea-ice
simulation can be carried out (comparing the ocean drift,
freedrift, viscous—plastic and elastic-viscous—plastic runs
of the model with satellite data), further insight into the
ways to further improve the model in the Antarctic should
be obtained.
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