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For Earth’s climate system, the study of the seasonal variability of sea-ice is important as the sea-ice has a
significant impact on the net radiative Cux, which can inCuence the mean seasonal behaviours of the
atmosphere and ocean. In this study, the seasonal hindcast of 14 austral winter seasons is conducted to
assess the skill of a coupled model in simulating the seasonal Antarctic sea-ice and its connection with the
other ocean and atmospheric variables. The GloSea4 set-up of the HadGEM3 coupled model is used for
the seasonal simulations at the NCMRWF. The model could reproduce the sea-ice extent over the
Antarctic for the Austral winter seasons with an average correlation value of 0.98. However, there are
moderate biases in the sea-ice concentration. The sea-ice thickness in the model generally shows negative
bias, which is not seen to be related to the surface air temperature biases in the coupled system. The
moderate positive (warm) biases in the sea surface temperature extending into the upper ocean (30 m),
combined with the sea-ice drift bias pattern away from the sea-ice region are the main reasons for the
underestimation of sea-ice thickness in the model. The sea surface current bias pattern shows a poleward
component that brings the warm water from the warm biased locations of the exterior region into the sea-
ice region and explains the presence of warmer waters in the sea-ice regions. The anti-clockwise bias in the
surface wind is seen to impact the surface current, Antarctic circumpolar current (ACC), having a similar
anti-clockwise current bias. Despite these moderate biases in the model, the inter-annual variability of
sea-ice extent is having a reasonably good skill. The model is suitable for extended/seasonal prediction of
sea-ice during Austral winter for Antarctic.
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1. Introduction

Sea-ice forms between the ocean and atmospheric
interface, formidably blocking the interaction
between these two Cuids. Sea-ice variability in
different time scales is one of the most direct cli-
mate change indicators (Feltham 2015). The high
surface albedo associated with the sea-ice restricts
a considerable amount of solar radiation reaching

the ocean beneath the sea-ice; hence it plays a
significant role in regulating the global heat bud-
get. The Antarctic continent and the surrounding
Antarctic Ocean, and the Southern Ocean, have a
significant role in the Earth’s climate system. The
accurate prediction of weather/climate patterns in
the Antarctic is vital for conducting Beld studies
and logistical operations in the Antarctic, and it is
a challenging scientiBc and technical problem.
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There are fewer studies on Antarctic climate
change than the Arctic, although significant cli-
mate changes have happened in the Antarctic in
the last few decades. The Antarctic sea-ice extent
shows a distinct annual cycle reaching maximum in
September in the Austral winter and minimum in
February in the Austral summer (Bgure 1). The
seasonal variability of Antarctic sea-ice extent

varies from a maximum value of 19 million km2 in

September to a minimum value of 3 million km2 in
February (Cavalieri and Parkinson 2008). The
Antarctic sea-ice shows a growing trend from 1979
through 2010, as the satellite multichannel passive-
microwave record revealed (Parkinson and Cava-
lieri 2012). After 2010, record-high sea-ice extent
months in the Antarctic were reported by Parkin-
son Claire and DiGirolamo (2016). They found
high sea-ice extent in four months (August–
November) of 2013, six months (April–September)
of 2014, and three months (January, April, and
May) of 2015. The increasing trend in sea-ice had a
setback in 2016 with a dramatic turn reporting a
record-low sea-ice extent in the Antarctic. The rate
at which the Antarctic sea-ice has been decreasing
since then is faster than the sea-ice retreat that
happened in the Arctic (Parkinson 2019). Coupled
ocean-atmosphere-sea-ice simulation models are
useful tools to study the variability of sea-ice and
related climate variables. However, the skill of the
climate simulation models needs to be evaluated.
The present study aims to assess the sea-ice and
related ocean and atmospheric seasonal simulation
using the coupled model, HadGEM3 (Hewitt et al.
2011) in its seasonal setup (Glosea4) (Arribas et al.
2011). The model simulations were compared with
the satellite and reanalysis datasets. The seasonal
hindcasts for 14 seasons are conducted during the
period 1996–2009. In this study, the model

hindcast evaluation is done for July, August, and
September (JAS). The mean JAS months represent
the peak freezing period where maximum vari-
ability in the Antarctic sea-ice distribution is seen.

2. Coupled model set-up and data used

In a seamless modelling approach, the same
dynamical code and the same parameterization
schemes (wherever possible) are used across a
broad range of spatial and temporal scales on a
traceable framework. The same model is used for
numerical weather prediction (NWP), extended
range prediction and seasonal forecasting, and cli-
mate modelling with forecast time scales ranging
from a few days to hundreds of years, and it can
also be applied to both global and regional scales.
At the National Centre for Medium Range
Weather Forecasting (NCMRWF), a coupled
model is set up with a similar conBguration as the
GloSea4 system of UKMO (Arribas et al. 2011).
The basic model framework is the HadGEM3
(Hadley Centre Global Environment Model version
3) model of UKMO. The HadGEM3 model (Hewitt
et al. 2011) framework comprises an atmospheric
model, UniBed Model (UM), Nucleus of European
Modelling of the Ocean (NEMO) ocean model, and
the Los Alamos National Laboratory community-
driven sea-ice model (CICE). These three models
are coupled using the OASIS coupler. The atmo-
spheric model has a spatial resolution of
1.875�91.25� in the horizontal, with 85 layers in
the vertical (50 levels are below 18 km). The
NEMO ocean model has a spatial resolution of
1�91� in horizontal and 75 vertical layers with a
very Bne resolution in the ocean near-surface. The
NEMO model (Madec 2008) employs ORCA tri-
polar grid conBguration. The bathymetry for the
NEMO model is derived from the ETOPO2 data
set (200 global bathymetry). The sea-ice model,
CICE (Hunke and Lipscomb 2008), is based on the
zero-layer approximation of Semtner (1976). The
CICE model has Bve ice thickness categories (ITD)
in each grid cells. The model computes the ice
growth and melt rates in multi-layer (Bitz and
Lipscomp 1999). However, this version of the
HadGEM3 set-up uses the zero-layer thermody-
namic model of Semtner (1976) with one layer of
snow and one layer of ice in the vertical. Global Ice
6.0 conBguration of the CICE model is explained
by Rae et al. (2015). In this study, the global
coupled seasonal hindcast runs are performed from

Figure 1. Climatology of sea-ice extent, Arctic (black line)
and Antarctic (red line).
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1996 to 2009 with 9th May initial condition and
extending to October each year. The heat, fresh-
water, and momentum Cuxes are exchanged
between the different components (UM, NEMO,
and CICE models) of HadGEM3 through the
OASIS coupler every 3 hours. Solar, longwave and
turbulent (sensible and latent) Cuxes are exchan-
ged between the atmosphere and the ocean. Sea-
ice, at its top surface, is melted due to the exchange
of heat with the atmosphere and at its bottom
surface, the growth or melt is due to the exchange
of heat with the ocean. Freshwater is exchanged in
the form of rain and snow from the atmosphere
model or from the sea-ice model where ice is pre-
sent. Freshwater Cux is created between the ocean
and the sea-ice when the sea-ice is formed or mel-
ted. More technical details of the HadGEM3 model
is explained by Hewitt et al. (2011).
The results of July, August, and September

(JAS), the months of Austral winter, are discussed
in this study. The focus of this study is to assess the
skills of the model in simulating the sea-ice in the
Antarctic ocean. A similar study for the Arctic
region was reported earlier by Saheed et al. (2018).
The HadISST1 (Rayner et al. 2003) sea-ice

concentration data of Met ODce Hadley Centre is
used as the observed data to compare with the
model simulated sea-ice concentration and sea-ice
extent. The GIOMAS dataset (Zhang and
Rothrock 2003), containing sea-ice motion vectors
and sea-ice thickness information, is also used to
compare with the model simulation. The ERA
INTERIM dataset (Dee et al. 2011) is used for the
atmospheric variables, 10 m winds, and 2 m tem-
perature. The ECMWF Ocean Reanalysis
(ORAP5) dataset (Balmaseda et al. 2013) is used
for ocean vertical temperature comparison with the
model, and the Reynolds’s SST (Reynolds et al.
2007) datasets are used for sea surface temperature
(SST) comparison with the model.

3. Results and discussion

The sea-ice and related oceanic and atmospheric
variables from the coupled model are discussed
over the Antarctic Ocean for the Austral winter
season of July, August, and September (JAS) from
1996 through 2009. The peak winter for the
southern polar region is associated with the JAS
months, during which the sea-ice extent is usually
approaching its maximum (Bgure 1) as these are
months of intense freezing over Antarctica and the

surrounding ocean. The cold air temperature cau-
ses the sea-ice formation, and it expands in a far
stretch reaching beyond the 60�S (equatorward).
This expansion of sea-ice is critical to be simulated
by the model. The model’s biases will indicate the
skill of the model to reproduce the sea-ice and the
governing mechanism of sea-ice formation.

3.1 Sea-ice and ocean surface features

The sea-ice concentration, represented in fraction,
is a crucial parameter to examine in the model
simulations. Figure 2 shows the mean sea-ice con-
centration in the observed (a), model (b), and the
model bias (c). The spatial coverage of sea-ice
concentration in both the model and the observa-
tion is showing a similar pattern. A positive bias
distribution up to 0.5 is seen in the sea-ice edges in
the Atlantic–Indian Ocean sector. A positive bias
of 0.2 is seen in the PaciBc sector of the Antarctic.
There are a few negative bias patches with values
up to –0.2 in the Amundsen Sea and the Ross Sea,
the western Antarctic, and the King Haakon VII
Sea. These negative bias values in the interior
western Antarctic Circle are consistent with the
sea-ice thickness bias (Bgure 3).
Figure 3 shows the mean sea-ice thickness in the

observed (a), model (b), and the model bias (c).
Both in the observation and the model, the maxi-
mum sea-ice thickness values are seen in the
western Antarctic. In the observation, a maximum
of 2-m thick ice is seen near the Ronne Ice Shelf,
whereas, in the model, the maximum thickness
values are seen near the Larsen Ice Shelf. In the
observation, 1.75–2 m thick ice is seen in the
Amundsen Sea and the Ross Sea, but the model
underestimates the sea-ice thickness in these
regions. The sea-ice thickness is gradually reduced
from the Antarctic Peninsula towards the Southern
Ocean both in the observation and the model. The
model predicted sea-ice thickness in the entire
Antarctic Ocean is less compared to observation.
The negative bias values, ranging from –0.5 to –1.0
m, are seen in the entire Antarctic. The only
exception is the region near the Larsen Ice Shelf,
where the model shows a positive bias. The maxi-
mum sea-ice thickness values (positive bias) in the
model near the Larsen Ice Shelf can be attributed
to the sea-ice drift bias pattern (Bgure 5c). The sea-
ice drift is against the Larsen Ice Shelf, which could
produce thick ice due to the sea-ice ridging process.
Similarly, there is a drift pattern away from the
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Ronne Ice Shelf, which results in the underesti-
mation of sea-ice thickness in this region. In the
Amundsen Sea and the Ross Sea regions, there is a
strong sea-ice drift bias pattern away from the sea-
ice region, which could be the reason for the
underestimation of sea-ice thickness by the model.
In Bgure 4, the sea surface current bias shows a
poleward component that can bring warm water
from the southern ocean (lower latitude). That
could be one of the possible reasons for the reduced
sea-ice thickness (negative bias). The bias in the
sea-ice drift pattern (Bgure 5c) shows a drift away
from the Antarctic ice region, and this can also be a
reason for the negative bias in the sea-ice thickness
distribution. The air temperature (Bgure 6) shows

a similar negative (cooler) bias as the sea-ice
thickness (Bgure 3), indicating that the bias in sea-
ice thickness is not related to the air temperature
bias and hence could be related to the ocean-sea-ice
processes.
Figure 4 shows the seasonal (JAS) mean surface

currents in the observed (a), model (b), and model
bias (c). In the observation, the Antarctic ocean
circulation is featured with the Antarctic cir-
cumpolar current (ACC), the largest ocean cir-
culation, which is also known as west-wind drift.
The ACC Cows clockwise from the west to east
direction around Antarctica, making it the largest
ocean current. The maximum intensity of the
ACC is seen around the Antarctic peninsula and

Figure 2. Mean sea-ice concentration (JAS) during 1996–2009: (a) observed, (b) model, and (c) bias.

Figure 3. Mean sea-ice thickness (JAS) during 1996–2009: (a) observed, (b) model, and (c) bias.
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in the Antarctic circle’s outer boundaries. The
model simulations produce the ACC pattern well.
However, the intensity of the circulation is
slightly underestimated all over the region around
Antarctica. There is a clockwise eddy near the
Ross Sea in the model simulation, which is miss-
ing in the observation. There is an anti-clockwise
circulation pattern with a poleward component all
over the Antarctic region in the bias. This pole-
ward component can bring warm water from the
exterior sea-ice regions and inCuence the sea-ice
distribution, as discussed earlier. This negative
bias in ACC is due to the negative bias in the
10-m winds (Bgure 7).

Figure 5 shows the seasonal (JAS) mean sea-ice
drift in the observed (a), model (b), and model
bias (c). Strong drift velocities characterize the
observed sea-ice drift out of the Ross Sea and the
Weddell Sea. In the Antarctic circle outline, the
sea-ice drift is following the ACC. The sea-ice drift
out of the Ross Sea is overestimated in the model
seasonal simulation. Similar to the surface current
bias (Bgure 4), there is an anti-clockwise pattern
(counter direction of ACC) in the sea-ice drift.
However, there is also a drift component away from
the sea-ice region, which could be one reason for
the negative bias in the sea-ice thickness (Bgure 3).
Drifting of sea-ice against the shelf region causes

Figure 4. Mean surface current (JAS) during 1996–2009: (a) observed, (b) model, and (c) bias.

Figure 5. Mean sea-ice drift (JAS) during 1996–2009: (a) observed, (b) model, and (c) bias.
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sea-ice ridging, and thick ice is formed. When the
drift is away from the sea-ice region, sea-ice thins.
Here, as discussed earlier, the contrasting biases
near the Larsen Ice Shelf and the Ronne Ice Shelf
regions in the western Antarctic, and the negative
biases in the Amundsen Sea and Ross Sea regions,
can be attributed to the sea-ice drift biases in the
model.

3.2 Atmospheric features

Figure 6 shows the seasonal (JAS) mean air-
temperature in the observed (a), model (b), and
model bias (c). Very low air-temperature values

characterize the Austral winter season in the
southern polar region. In the observation, a low air
temperature value of –30�C is seen, which is well
simulated by the model despite few negative bias
patches with values up to –4�C in the Ross Sea and
the Weddell Sea. A widespread negative bias of
–1�C is seen in the interior regions of the Antarctic
circle, especially in the Amundsen Sea and the
western PaciBc Ocean sector. There is a small
positive bias patch of 3�C in the Ross Sea region.
The cold bias in surface temperature is due to the
negative bias in the surface wind, which cannot
transport the cold air eDciently away from the
poles. The air temperature bias shows the same

Figure 6. Mean air temperature at 2 m (JAS) during 1996–2009: (a) observed, (b) mdel, and (c) bias.

Figure 7. Mean 10 m wind (JAS) during 1996–2009: (a) observed, (b) model, and (c) bias.
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sign as that of the sea-ice thickness. So, the nega-
tive bias in the air temperature is not the reason for
the sea-ice thickness bias.
Figure 7 shows the seasonal (JAS) mean 10-m

wind in the observed (a), model (b), and model bias
(c). The Antarctic Ocean near-surface atmospheric
circulation Cows in a clockwise direction, driving
the ACC in the west to east. The model seasonal
forecast also shows a similar atmospheric circula-
tion pattern. However, the intensity of the clock-
wise circulation is less compared to that of the
observation. There is a feeble counter-clockwise
circulation pattern around Antarctica in the bias.
This counter-clockwise pattern is consistent with
the sea surface current (i.e., ACC) and sea-ice drift
biases.

3.3 Ocean surface and sub-surface features

Figure 8 shows the seasonal (JAS) mean of sea
surface temperature (SST) in the observed (a),
model (b), and the model bias overlaid with the
model sea surface current bias (c). In the obser-
vation, a low SST value of –2�C is seen in most of
the Antarctic circle, over the sea-ice regions. The
SST is getting warmer away from the sea-ice
region, towards the Southern Ocean. The model is
also showing a similar pattern in the seasonal
simulation. There are patches of positive bias in
the Weddell Sea, the Ross Sea, the Amundsen Sea,
and the eastern Antarctic region in the Indian
Ocean Sector. There are negative bias patches in
the northern Weddell Sea and many places in the

outer sea-ice region. There is a slight positive
(warm) bias in the model in most sea-ice regions
(Bgure 2). The overlaid sea-surface current bias
over the SST bias (Bgure 8c) shows poleward sea
surface current vectors from the warm bias outer
sea-ice regions, which causes the intrusion of warm
water into the sea-ice region. This warm water
intrusion can limit sea-ice growth, resulting in the
underestimation of sea-ice thickness in the model.
Figures 9 and 10 show the seasonal (JAS) mean

of sub-surface ocean temperature at 12 and 30 m
depths, respectively, in the observed (a), model
(b), and model bias (c). The sub-surface tempera-
ture at 12 and 30 m depths in the observation
shows a similar pattern as the surface temperature
getting warmer when moving away from the sea-ice
region. The subsurface temperature bias patterns
in the 12 and 30 m depths show a similar pattern as
seen in SST. However, the warm bias in the sub-
surface is a bit stronger in the sea-ice region com-
pared to the SST. The subsurface temperature bias
Bgures also substantiate the fact that there is a
spread of warm water from the warmer bias regions
into the sea-ice area, aAecting sea-ice growth in the
model. The temperature distribution at 30-m
depth does not differ from the temperature at 12 m
depth in the Antarctic Ocean as both the levels
show almost the same pattern indicating both
levels may be within the upper layer having similar
characteristics. From Bgures 9 and 10 (sub-surface
temperature biases), we can conclude that the sub-
surface ocean also aAects the underestimation of
sea-ice thickness in the model.

Figure 8. Mean SST (JAS) during 1996–2009: (a) observed, (b) model, and (c) SST bias, overlaid with surface current bias.
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3.4 Predictability of sea-ice extent

Figure 11(a) shows the mean sea-ice extent for the
entire simulation period for the months June–
October. The sea-ice extent is calculated by inte-
grating the sea-ice regions with more than 15%
(0.15, in fraction) of sea-ice concentration, in each
grid cell, over the entire southern hemisphere.
Observed HadIce sea-ice extent is in good agree-
ment with the simulated sea-ice extent with a
correlation value of 0.98. The model sea-ice extent
follows the same seasonal pattern as in the
observed sea-ice extent. A slight overestimation of
the sea-ice extent is consistent with the sea-ice
concentration (Bgure 2). Figure 11(b) shows the

interannual variability of mean JAS sea-ice extent

anomaly for the entire simulation period. Out of

the 14 JAS seasons from 1996 to 2009, model and

observation show opposite signs in the Bve seasons

(1997, 1998, 2000, 2002, 2008), neutral (simulation

close to observations) in four seasons (2003, 2005,

2008), and the rest of the six seasons show the

similar signs. That means, in approximately 64% of

the cases, the model can capture the interannual

variability in neutral to extreme cases. The inter-

annual variability in neutral to extreme cases

indicates that the model has a good skill and can

potentially be used for real-time prediction of

sea-ice.

Figure 9. Mean sub-surface temperature at 12 m (JAS) during 1996–2009: (a) observed, (b) model, and (c) bias.

Figure 10. Mean sub-surface temperature at 30 m (JAS) during 1996–2009: (a) observed, (b) model, and (c) bias.
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4. Conclusions and future scope of work

In a coupled modelling system, a better represen-
tation of the sea-ice process is essential to include
the polar sea-ice interaction with the ocean and
atmosphere. In this study, the HadGEM3 global
coupled model has been run in seasonal mode
(GloSea4) to produce seasonal hindcast for Austral
winter. Primarily, the sea-ice variables are evalu-
ated by comparing with available observed satellite
and reanalysis datasets. An evaluation of the sim-
ulated atmospheric and ocean variables is also
conducted to decipher any impacts that the biases
in these variables could have on the biases noticed
in the sea-ice variables. The seasonal mean/biases
of sea-ice concentration, sea-ice thickness, surface
currents, sea surface temperature, ice motion vec-
tors, sea-ice extent, 10 m wind, 2 m air tempera-
ture, and ocean subsurface temperature are
studied. The model could reproduce the sea-ice
extent over the Antarctic for the Austral winter
seasons with a high correlation value. However,
there are moderate biases in the sea-ice concen-
tration. The negative bias in the surface wind was
found to impact the surface current ACC. The sea-
ice thickness shows a negative bias in most of the
sea-ice regions. The simulated SST and the sub-
surface temperature show a moderate warm bias,
impeding the growth rate of sea-ice. The model sea

surface current bias shows a poleward component
from the warm bias SST and the subsurface tem-
perature regions. This bias pattern in the surface
current could bring warm water from the outer sea-
ice regions into the sea-ice region. The sea-ice drift
bias away from the sea-ice region is another con-
sistent reason for the negative bias in the sea-ice
thickness distribution. Despite moderate biases,
the model has high skill in simulating the inter-
annual variability of sea-ice extent. Hence, the
model is suitable for extended/seasonal prediction
of sea-ice during Austral winter. Many of the model
biases could be related to the coarser spatial reso-
lution of the atmosphere and ocean components of
the model. It is planned to enhance the spatial
resolution of the ocean model to 25 km and the
atmosphere to 65 km. A multi-layer sea-ice algo-
rithm with enhanced snow process representation
will also help more realistic sea-ice simulation even
though the realistic ocean, atmosphere, and sea-ice
observed data remains a challenge for model
validation.
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