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Abstract

Outputs from simulations performed with current atmosphere-ocean general circulation models for the Fourth Assess-
ment Report of Intergovernmental Panel on Climate Change (IPCC AR4) are used to investigate the evolution of sea ice
over the 20th and 21st centuries. We first use the results from the ‘‘Climate of the 20th Century Experiment’’ to assess the
ability of these models to reproduce the observed sea ice cover changes over the periods 1981–2000 and 1951–2000. The
projected sea ice changes over the 21st century in response to the IPCC Special Report on Emission Scenarios A1B are then
examined. Overall, there is a large uncertainty in simulating the present-day sea ice coverage and thickness and in predict-
ing sea ice changes in both hemispheres. Over the period 1981–2000, we find that the multimodel average sea ice extent
agrees reasonably well with observations in both hemipsheres despite the wide differences between the models. The largest
uncertainties appear in the Southern Hemisphere. The climate change projections over the 21st century reveal that the
annual mean sea ice extent decreases at similar rates in both hemispheres, and that the reduction in annual mean sea
ice volume is about twice that of sea ice extent reduction in the Northern Hemisphere, in agreement with earlier studies.
We show that the amplitude of the seasonal cycle of sea ice extent increases in both hemispheres in a warming climate, with
a larger magnitude in the Northern Hemisphere. Furthermore, it appears that the seasonal cycle of ice extent is more
affected than the one of ice volume. By the end of the 21st century, half of the model population displays an ice-free Arctic
Ocean in late summer.
� 2005 Published by Elsevier Ltd.
1. Introduction

Since the late 70s, satellite records show a decreasing linear trend in Arctic sea ice extent at a mean rate of
about 0.3 · 106 km2 per decade (Cavalieri et al., 2003). Several numerical experiments display as well a thin-
ning of the Northern Hemisphere (NH) ice pack over the last few decades (Rothrock et al., 2003). The increas-
ing greenhouse gas concentrations associated to human activities is now considered as the main contender to
explain this feature (Vinnikov et al., 1999; Houghton et al., 2001; Johannessen et al., 2004), although the role
1463-5003/$ - see front matter � 2005 Published by Elsevier Ltd.
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of internal variability and natural forcings (solar activity and volcanic eruptions) are still under debate
(Bengtsson et al., 2004; Goosse and Holland, 2005). In contrast, observations do not reveal a similar decreas-
ing trend in ice extent in the Southern Hemisphere (SH) over 1978–2002, but rather a slight increase of about
0.2 · 106 km2 (Cavalieri et al., 2003). This latter trend is however not statistically significant owing to the large
interannual variability. The different sea ice responses in the NH and the SH were partly attributed to different
oceanic heat uptakes at high latitudes in both hemispheres (Houghton et al., 2001; Flato and Boer, 2001;
Goosse and Renssen, 2001).

In the present study, we use the new set of simulations performed with atmosphere-ocean general circula-
tion models (AOGCMs) for the Fourth Assessment Report of Intergovernmental Panel on Climate Change
(IPCC AR4) to further examine the sea ice evolution over the 20th and 21st centuries. Our goal is to assess,
for both hemispheres, the ability of models to reproduce the observed sea ice changes during 1981–2000 and
1951–2000, and to compare the various sea ice projections over the 21st century. Our analysis is based on
model outputs from the ‘‘Climate of the 20th Century Experiment’’ (20C3M) and from the scenario SRES
A1B defined by the Special Report on Emission Scenarios (Houghton et al., 2001), which corresponds to a
continuous increase of CO2 concentration over the 21st century until a level of 720 ppm by 2100. The analysis
is conducted through the inspection of the simulated trends and standard deviations of sea ice extent and vol-
ume as well as the geographical distributions of ice thickness and concentration. The assessment of the model
performance over the satellite observing period (1981–2000) is carried out in Section 2, while that over 1951–
2000 is presented is Section 3. Section 4 deals with the projected sea ice changes over the 21st century.
Concluding remarks are finally given in Section 5.

2. Sea ice evolution over 1981–2000

2.1. Integrated properties

In this section, we focus on the last 20 years of the 20C3M experiment (1981–2000) during which observa-
tions are the most reliable. The HadISST dataset (Rayner et al., 2003) is employed to evaluate the ability of
models to simulate the geographical distribution of ice concentration, whereas the dataset from the National
Snow and Ice Data Center based on a bootstrap algorithm (Comiso, 2002) is used to assess the modeled total
sea ice extents. At the time of writing this paper, only 15 AOGCMs (IPSL-CM4, CNRM-CM3, GISS-AOM,
GISS-ER, FGOALS-g1.0, CSIRO-Mk3.0, INM-CM3.0, UKMO-HadGEM1, UKMO-HadCM3, MRI-
CGCM2.3.2, MIROC3.2 (hires), MIROC3.2 (medres), CGCM3.1 (T47), CCSM3, PCM) had sea ice outputs
available on the data distribution center website. Detailed information about these models can be found at
http://www-pcmdi.llnl.gov/ipcc/. For each model, we first computed, for each ensemble simulation, the aver-
age March and September sea ice extents and the annual mean changes of sea ice extent and volume for both
hemispheres over the period 1981–2000. We then averaged, for each model, the results over the ensemble
simulations. Note that the sea ice extent is defined here as the total area of oceanic grid boxes with an
ice concentration greater than 15%. The results are illustrated in Fig. 1a.

It is first necessary to remind that, unfortunately, models that display small errors in both mean and trend
of sea ice extent in a given period are not necessarily better than the others in simulating important processes
in polar regions such as radiative transfer or oceanic poleward heat transport for instance. Indeed, the good
agreement of a particular model with observations can result from the compensating effect of several processes
that are not well represented but whose interactions lead to small model errors in sea ice. An assessment of
model quality would thus require much more comprehensive analyses that the ones proposed here.

Since the FGOALS-g1.0 model produces ice extents that are much larger than the observed ones in both
hemispheres, its results are shown for completion in Figs. 1 and 3, but are not taken into account in the anal-
ysis that follows. Fig. 1a indicates that the multimodel average ice extents in March and September are in
reasonable agreement with observations in both hemispheres. In the NH, the multimodel average overesti-
mates the observations by almost 1.0 · 106 km2 in March, but agrees very well with the observed coverage
at the end of the melt season (September). In the SH, the amplitude of the seasonal cycle of the ice extent
is somewhat overestimated over 1981–2000. There, the multimodel average ice extent is too large by about
2 · 106 km2 in September, and too weak by about 0.6 · 106 km2 in March. In late Arctic wintertime, 10 models
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Fig. 1. Arctic and Antarctic sea ice extent and volume averaged over 1981–2000 and their changes. The changes are computed as the
differences between values at years 1981 and 2000 computed from the linear trend. For each model, the left (right) bar corresponds to
Arctic (Antarctic), (a) mean ice extent. The white shading represents to the absolute value of the ice extent difference between March and
September, whereas the gray shading indicates the ice extent at the end of the melt season (September for the NH and March for the SH);
(b) change in annual mean sea ice extent over the whole period and corresponding standard deviation for Arctic (gray) and Antarctic
(white); (c) change in annual mean sea ice volume over the whole period and corresponding standard deviation for Arctic (gray) and
Antarctic (white). The observations are derived from the National Snow and Ice Data Center (NSIDC) dataset using the bootstrap
algorithm (Comiso, 2002). The model FGOALS-g1.0 was excluded from the model average.
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reproduce quite well the observed sea ice extent within a range of 10%, the MIROC3.2 (hires) model being the
closest to the observational value with an error of about 1%. In late Arctic summertime, seven models have
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errors of about or less than 10% relative to the observations. The models that have relative errors smaller than
10% in both late summer and late winter in the NH are the IPSL-CM4, CNRM-CM3, GISS-AOM,
MIROC3.2 (medres) and CGCM3 models, meaning that these models capture well the amplitude of the sea-
sonal cycle of Arctic sea ice extent. The CCSM3 model has a realistic Arctic ice extent in late summer, but
overestimates the observations by about 16% in late winter. In contrast, the CSIRO-Mk3.0 and GISS-ER
models are close to observations in late winter and produce too large an ice extent in late summer. The
INM-CM3.0 and MRI-CGCM2.3.2 models respectively underestimates and overestimates the Arctic sea
ice cover throughout the year. As mentioned before, the MIROC3.2 (hires) model is very close to the obser-
vations in late Arctic wintertime. Nevertheless it underestimates the observed sea ice extent by about 60% in
September. The UKMO-HadCM3 model produces realistic Arctic ice extent in March but underestimates by
18% the observational value in late summer. Finally, the UKMO-HadGEM1 model is very close to observa-
tions in late winter and slightly overestimates the sea ice extent in late summer (error of about 12%). In the SH,
only the INM-CM3.0 and CSIRO-Mk3.0 models have errors smaller than 10% relative to the observational
climatology in late summer. The IPSL-CM4, CNRM-CM3, GISS-ER and MIROC3.2 (medres) models
underestimate the observed summer Antarctic ice extent by more than 60%. In late Antarctic wintertime,
the models are generally much closer to observations than in late summer, and seven models show relative
errors smaller than 10%. Furthermore, note that the CSIRO-Mk3.0 model is the only one having relative
errors of less than 10% in both late winter and late summer (0.45% in March and 0.37% in September).

In order to assess the model differences in simulating the sea ice extent in both hemispheres, we calculated
the multimodel standard deviations of sea ice extent with respect to the multimodel averages over the period
1981–2000. It appears that the agreement between models is better in winter than in summer for both hemi-
spheres, and is generally better in the NH than in the SH. This hemispheric asymmetry might be due to the low
stratification of the Southern Ocean. A small difference between models in the representation of the vertical
structure of the water column, caused for instance by differences in both horizontal and vertical mixing, could
thus have a large impact on the vertical oceanic flux and ultimately on the ice cover. By contrast, in the Central
Arctic, as the ocean stratification is strong, small model errors have a much weaker impact on the heat flux at
the ice-ocean interface. Moreover, the sea ice in the Southern Ocean is not constrained by land as in the Arctic
and is therefore more free to evolve.

Fig. 1b compares the simulated changes in sea ice extent and corresponding standard deviations with the
observations over 1981–2000. The sea ice changes correspond to the differences of sea ice extent between 1981
and 2000 estimated from the linear trend which is computed from the annual mean anomalies. The ability of
IPCC AR4 models to simulate the observed annual mean decreasing trend in Arctic sea ice area is investigated
in Zhang and Walsh (2005). Although we have focused in our study on sea ice extent, we obtained the same
results as these authors based on sea ice area analysis. In the NH, the multimodel ensemble mean change is
about �4.3 · 105 km2 or �2.15 · 105 km2 per decade, which is very close to the observational estimate derived
from NSIDC, about �2.4 · 105 km2 per decade. This leads to a decreasing trend of �1.8% per decade over
1981–2000 with respect to the multimodel ensemble mean of annual mean ice extent. Moreover all the models
reproduce a decrease of annual mean sea ice extent in the Arctic, except the CNRM-CM3 and CSIRO-Mk3.0
models which show positive trends over 1981–2000. It should be noted that the change in annual mean ice
extent is statistically significant at the 90% confidence level since it is slightly greater than one standard devi-
ation both in the multimodel ensemble mean and observations. It seems then unlikely that natural variability
be responsible for this decreasing trend. In the SH, the multimodel average annual mean ice extent experiences
a decrease of 4.7 · 105 km2 (1.6% of the mean per decade) that is very similar to the sea ice change in the NH
over 1981–2000. The CNRM-CM3, MIROC3.2 (medres) and CSIRO-Mk3.0 models display an increase of
annual mean Antarctic ice cover over 1981–2000, while the others exhibit a decrease. Furthermore, note that
seven models (FGOALS-g1.0 excluded) give a decrease larger than 5 · 105 km2 in the SH. Although the obser-
vations indicate a slight increase of about 1.3 · 105 km2 in the SH, it is still difficult to assess the agreement
between models and observations since the standard deviation of ice extent is larger than the change both in
models and observations over 1981–2000.

Examining the seasonal changes over 1981–2000, we found that, in the NH, the strongest decrease occurs in
September and the weakest in March in models as well as in the real world (see e.g., Chapman and Walsh,
1993). The multimodel ensemble displays however a change (not shown) that overestimates the observations
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by about 3 · 105 km2 in September and slightly underestimates the observed change in March (�2.9 vs. �2.6
· 105 km2). In the SH, the main model-data difference appears in September: the multimodel average shows an
Antarctic sea ice extent reduction of �7 · 105 km2, whereas the observations exhibit an increase of
4.1 · 105km2. Finally, the agreement between models in simulating sea ice extent changes is slightly better
in the NH than in the SH, but remains quite weak since the annual mean multimodel differences are of the
order of 120% in the NH and 141% in the SH.

The interannual variability of sea ice extent that emerges from models is also an useful measure of assess-
ment of AOGCMs. In the NH, the multimodel ensemble mean standard deviation of annual mean sea ice
extent is 4.2 · 105 km2, close to the value derived from NSIDC (3.6 · 105 km2). The INM-CM3.0, CCSM3
and PCM1 models overestimate the observed interannual variability by more than 50%, while the
GISS-ER and CGCM3 models underestimate this variability by 36% and 25%, respectively. In contrast, in
the SH, all the models strongly overestimate the amplitude of the interannual variability, the multimodel error
being about of 114% higher than the observational estimate.

Overall, these results point out the difficulty of climate models to reproduce the observed climatology in the
SH. Moreover, none of the 15 climate models used here are able to capture simultaneously the observed mean,
trend and interannual variability of sea ice extent in both hemispheres with an error of less than 10% over
1981–2000.

The agreement between models and observations regarding the total sea ice volume is difficult to assess
since ice thickness variability is only known from submarine-based observations which do not cover the entire
Arctic Ocean. Because of the spatio-temporal sampling of these data, a large uncertainty persists about the sea
ice volume changes over the last few decades. Rothrock et al. (1999) found a 40% decrease in Central Arctic
sea ice volume since the late 50s, whereas Winsor (2001) found no significant change over the 90s. Hilmer and
Lemke (2000) and, more recently, Rothrock and Zhang (2005) estimated that the Arctic annual mean ice vol-
ume declined at a rate of about 0.89 · 103 km3 per decade (4% of the mean volume per decade) since the 60s
with their ocean-sea ice models forced with NCEP/NCAR reanalysis atmospheric data. Here, we explore the
sea ice volume changes simulated by current AOGCMs over 1981–2000 in order to better quantify the tran-
sient sea ice behavior. The total changes in annual mean volume are depicted in Fig. 1c for both hemispheres.
The 14 models used in the present study indicate a decrease in annual mean ice volume of about
�2.2 · 103 km3 over 1981–2000 (�1.1 · 103 km3 per decade) in the NH. This corresponds to a decrease of
about 4.9% of the mean volume per decade and thus is similar to the estimate of Hilmer and Lemke (2000)
and Rothrock and Zhang (2005). Note however that the spread of modeled sea ice volume trends is large
and ranges from +2 to �11% of the mean volume per decade over 1981–2000, the median trend being
�4.2% per decade. In the SH, the multimodel average shows a decrease in annual mean ice volume of about
�0.8 · 103 km3 or �2.9% of the mean per decade over 1981–2000, about 60% of the one of the NH. The
modeled sea ice volume trends range from +3.3% to �10.5% per decade, the median trend being �2.4%
per decade.

In contrast to the multimodel annual mean sea ice extent changes that are very similar in both hemispheres
(�1.8% per decade in the NH and �1.6% per decade in the SH), the multimodel annual mean ice volume re-
duces almost 70% more rapidly in the NH than in the SH over 1981–2000 (�4.9% per decade vs. �2.9% per
decade respectively). We will see that a similar behavior is observed in response to the increase in greenhouse
gases concentration over the 21st century. Furthermore, the standard deviation of sea ice volume as well as
that of ice extent can vary by a factor 2 between models in both hemispheres. As for the sea ice extent changes,
the model uncertainty in sea ice volume changes is slightly lower in the NH than in the SH, but remains strong
enough (106% in the NH against 134% in the SH for the multimodel differences of annual mean volume
changes).

Following Rind et al. (1995), we have tried to relate the sea ice changes to time-averaged sea ice properties
over 1981–2000. No clear relationship could be found except between mean ice extent in the Arctic and its
variability in summer. We found that the larger the mean summer ice extent averaged over 1981–2000, the
smaller the ice extent summer standard deviation over the same period, with a correlation coefficient of about
0.75. This could be due to the Arctic Ocean geometry (C. Bitz, personal communication, 2005). In summer, the
main variability in ice extent north of 70�N is presently mainly observed over continental shelves. This could
be reproduced by model that have reasonable or too small an ice cover. By contrast, for the models that
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display too extensive an ice cover, the ice reaches the coast of Siberia, Alaska and North Canada every year.
As a consequence, only limited regions in the Barents Sea or in the Nordic Sea exhibit significant variability,
leading to a smaller variance than in models with less extensive ice cover. The opposite relationship is found
for the Antarctic in summer (correlation coefficient of about 0.65), where the sea ice is not constrained by land.
There, the amplitude of sea ice variability is thus proportional to the mean ice extent.

2.2. Geographical distribution over 1981–2000

In this section, we examine the geographical distribution of sea ice as simulated by 14 models (FGOALS-
g1.0 excluded) and compare how well the sea ice edge location produced by the models agrees with observa-
tions over the period 1981–2000. We follow the same approach as Flato (2004) and determine the percentage
of model population that has ice (with a concentration greater than 15%) in a given grid cell. In order to com-
pare the results from the different models, all the sea ice outputs have been sampled on a 360 · 180 regular
Fig. 2. Range of sea ice extent in the model simulations over 1981–2000 (20C3M experiment). Shading indicates the percentage (%) of
models that have ice in average over the period 1981–2000 in March (left) and September (right) for both hemispheres. The analysis is
based on 14 models (FGOALS-g1.0 excluded). The observed sea ice edge (thick black line) is based on the HadISST dataset (Rayner et al.,
2003).
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grid. The spatial patterns of the monthly averages of sea ice cover over 1981–2000 for March and September
are shown in Fig. 2 for both hemispheres. The 50% contour corresponds to the median sea ice edge.

In the NH, the ensemble modeled median sea ice edge agrees reasonably well with the observed one (thick
black line) in March as well as in September. The distributions of ice cover in late winter in the NH indicate
that between 10% and 50% (depending on the precise location) of the models have the Labrador Sea and the
Greenland–Iceland–Norvegian Seas partly ice-covered, and that more than 50% of the AOGCMs overesti-
mate the sea ice extent in the southern part of the Barents Sea. This prevents oceanic heat loss to the atmo-
sphere in these areas, which plays an important role in winter oceanic convection. In the SH, the simulated
median sea ice edge location lies slightly poleward of the observed one in March, mainly off the Amundsen
Sea and in the Weddell Sea. In September, the agreement with the observations is reasonable, but the simu-
lated median sea ice edge lies slightly southward off the Amundsen Sea. This indicates that the amplitude of
the seasonal cycle of sea ice extent is generally overestimated by the models in the Amundsen Sea. Note also
that the area in which more than 90% have ice during March in the SH is very small, confined in the Ross Sea,
suggesting a large disagreement between models in late summer there. Furthermore, the spread amongst the
simulated sea ice edge is large in the NH in both the North Pacific and North Atlantic sectors. In the SH, the
spread is large at all longitudes in late winter, and mainly off the Weddell Sea in late summer. But, as already
shown in Fig. 1b, the range of variability is large in some models, mainly in the SH, making difficult to com-
pare accurately models with observations. Furthermore, as the differences between models is large, it should be
stressed that the relatively good agreement between the median ice edge and observations results from the
averaging of some models with too small an ice extent and models with too much large an ice extent.

3. Integrated properties of sea ice extent over 1951–2000

Given the significant low-frequency variability of sea ice extent and thickness in both hemispheres, it is
necessary to check if the conclusion deduced from the period for which the best data are available (i.e.,
1981–2000) are also valid if we analyse a longer period. The analysis of the climatology over this period leads
to similar conclusions about the various model strengths and deficiencies. In particular, the multimodel ensem-
ble mean sea ice extent over 1951–2000 is close to observations in both hemispheres during the full seasonal
cycle (FGOALS-g1.0 excluded).

The multimodel ensemble mean trend in the NH and SH are similar over 1951–2000, and are
�1.28 · 105 km2 per decade and �1.23 · 105 km2 per decade, respectively. In the NH, this corresponds to a
decrease of 6.4 · 105 km2 over 1951–2000, slightly greater than the multimodel ensemble mean standard devi-
ation (4.6 · 105 km2). The modeled Arctic sea ice extent trend is then statistically significant at the 90% con-
fidence level but, in contrast to that simulated over 1981–2000, strongly underestimates the observed sea ice
change that is about �18.2 ± 6.3 · 105 km2 from the HadISST dataset (Rayner et al., 2003). However, Rayner
et al. (2003) cautioned that their reconstruction provides only a general indication of sea ice variations before
the 1970s. Observations derived from Chapman and Walsh (1993) display a decreasing linear trend of
�1.9 · 105 km2 per decade over 1953–1998. This leads to a change of �8.7 · 105 km2 over 1953–1998, that
is slightly greater then the present multimodel ensemble mean change over 1951–2000 (�6.4 · 105 km2). In
the SH, the models show a decrease of 6.2 · 105 km2 over 1951–2000 that is still smaller than the standard
deviation of the ensemble (8.4 · 105 km2) as over the period 1981–2000. The multimodel ensemble mean
sea ice trend in the SH is then not statistically significant in contrast to the observations that show a significant
decrease of �25.0 ± 8.9 · 105 km2 over 1951–2000. It should be stressed that most of this decrease occurs over
1973–1977 in HadISST (�21.5 · 105 km2), and the models do not reproduce such a large sea ice reduction over
this 5-year period.

The multimodel annual mean sea ice volume trend is �0.80 · 103 km3 per decade in the NH, almost 5 times
that of the SH (�0.17 · 103 km3). In the NH, this leads to a decrease of �4.0 · 103 km3 over 1951–2000, which
is significant at the 95% confidence level. Furthermore, this downward trend is �3.8% of the mean annual
volume per decade over 1951–2000, and is very close to the value of Rothrock and Zhang (2005) (�4% per
decade). In the SH however, the annual mean sea ice volume change (�0.85 · 103 km3, corresponding to a
trend of �1.5% per decade) is not statistically significant since the multimodel ensemble mean shows a
standard deviation of 0.77 · 103 km3 over 1951–2000.
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4. Projected future sea ice changes in the SRES A1B scenario

4.1. Integrated properties

A large number of numerical studies suggest that the Arctic sea ice extent might substantially decrease over
the 21st century in response to the increasing atmospheric concentrations of greenhouse gases (e.g., Flato, 2004;
Hu et al., 2004; Gregory et al., 2002). In the Southern Ocean, however, the range of sea ice responses between
models is much larger (Flato, 2004). We investigate the changes in sea ice extent and volume simulated by 13
AOGCMs driven by the A1B scenario for greenhouse gas and sulfate aerosol concentrations. The PCM1model
is not taken into consideration since its sea ice outputs were unavailable for the SRES A1B scenario on the data
distribution center website at the time of writing this paper, and the FGOALS-g1.0 model was excluded from
our analysis for the same reason as before. The annual mean or monthly changes in sea ice extent and volume
are taken as the difference between the averages over the period 2081–2100 from the A1B scenario and the aver-
ages over the period 1981–2000 from the 20C3M experiment. The results are summarized in Table 1. These
anomalies are expressed as a difference (%) with respect to averaged conditions over 1981–2000.

In the NH, the reduction in annual mean ice volume is about twice the decrease in annual mean ice extent in
agreement with the results of Gregory et al. (2002) obtained using the UKMO-HadCM3 model under several
warming scenarios. By contrast, the ice volume reduction is slightly greater than the ice extent change in the
SH. The difference in the rate of change of sea ice volume with respect to sea ice extent between the NH and
SH could be attributed to the different initial ice pack thicknesses. Bitz and Roe (2004) demonstrated that sea
ice experiences a growth-thickness negative feedback that is much stronger for thinner ice than for thicker ice.
This thermodynamic feedback implies that thinner ice does not need to thin as much than thicker ice to in-
crease its growth rate. Through this mechanism, the changes in ice thickness in the SH would be smaller than
the ones of the NH since sea ice is usually thinner in the SH than in the NH. The changes of ice volume would
then be smaller in the SH than in the NH since the rates of changes of sea ice extent are observed to be similar
in both hemispheres.

Changes in seasonal cycle might also occur in the future (see Table 1). We found that the Arctic ice extent
reduction is almost four times greater in summer (September, �61.7%) than in winter (March, �15.4%). In the
SH, the ratio of sea ice extent reduction between March and September is smaller and amounts at about 2.5.
These results indicate that (i) the amplitude of the seasonal cycle of sea ice extent increases in response to the
increasing atmospheric concentrations of greenhouse gases and (ii) that this amplitude increases more rapidly
in the NH than in the SH. In contrast to sea ice extent, the sea ice volume reduction ratio between summer and
winter is of the same order in both hemispheres (2.1 against 1.7). Moreover, these sea ice volume reduction
ratios between summer and winter are smaller than those associated with ice extent changes in both hemi-
spheres. This shows that the projected seasonal changes of sea ice are mainly in extent rather than in volume.
By contrast, the annual mean projected sea ice change is mainly in ice volume as mentioned before (see Table
1). Finally, note that half of the models (CNRM-CM3, MIROC3.2 (medres), MIROC3.2 (hires), UKMO-
HadCM3, UKMO-HadGEM1, CCSM3) display an ice-free Arctic at the end of the summer season by
2100 as reported in some previous studies (Gregory et al., 2002; Johannessen et al., 2004).

Fig. 3 shows the simulated changes in annual mean sea ice extent and volume between the last 20 years of
the 21st century and the last 20 years of the 20th century. The multimodel average indicates that the sea ice
extent changes are of the same order in both hemispheres, about �3 · 106 km2 in agreement with Flato (2004),
corresponding to a decrease of about 25% (Table 1) with respect to the average over 1981–2000. By contrast,
Table 1
Multimodel average relative changes (%) of sea ice extent (SIE) and volume (SIV) between the periods 2081–2100 and 1981–2000 for
March, September and the annual mean (AM) in both hemispheres (FGOALS-g1.0 excluded)

Arctic Antarctic

March September AM March September AM

SIE �15.4 �61.7 �27.7 �49.0 �19.1 �24.0
SIV �47.8 �78.9 �58.8 �58.1 �27.4 �33.7
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Fig. 3. Changes in Arctic and Antarctic annual mean sea ice extent (a) and volume (b) at the end of the 21st century. For each model the
left (right) bar represents Arctic (Antarctic). The model FGOALS-g1.0 was excluded from the model average.
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the multimodel average of annual mean sea ice volume changes displays a much larger reduction in the NH
than in the SH (13.1 · 103 against 2.9 · 103 km3). This is primary due to the much larger volume in the North-
ern Hemisphere at the end of the 20th century, and to the growth-thickness negative feedback documented by
Bitz and Roe (2004).

In order to provide a measure of the uncertainty in simulating the sea ice extent and volume changes over
the 21st century, we computed the ratio between the multimodel standard deviation of sea ice changes and the
multimodel average of sea ice changes for both ice extent and volume. A small percentage indicates a narrow
distribution of model results. We found that the model responses in sea ice volume are in better agreement in
the NH than in the SH (44.3% vs. 78.8% on annual average). The largest model uncertainty occurs in late sum-
mer in the SH (119%) and the smallest in late Arctic wintertime (41%). In contrast, the model uncertainty is
somewhat smaller in the SH than in the NH regarding the annual mean sea ice extent responses (42.9% in the
SH and 53.6% in the NH).

4.2. Geographical distributions

In this section, we first examine the geographical distribution of the projected sea ice cover averaged over
2081–2100. The multimodel average sea ice cover responses over 2081–2100 are illustrated in Fig. 4. This fig-
ure has been constructed following Flato (2004) and displays the fraction of the model population that have
ice at a given grid point. The observed sea ice edge averaged over 1981–2000 from the HadISST dataset (thick,
black line) is represented for comparison. Overall, the most noticeable difference with the average ice clima-
tology over 1981–2000 (Fig. 2) is that the area in which more than 90% of the model population have ice has
totally disappeared in summer in both hemispheres. By contrast, during wintertime, this area has decreased



Fig. 4. Percentage (%) of models which have ice on average over the period 2081–2100 (experiment A1B) in March (left) and September
(right) for both hemispheres (FGOALS-g1.0 excluded). The analysis is based on 10 models. For comparison, the thick black line represents
the observed sea ice edge averaged over 1981– 2000, derived from the HadISST dataset (Rayner et al., 2003).
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much less in the NH than in the SH (�17.1% vs. �38.5% respectively). These results suggest that under the
considered warming scenario, ice can survive in winter because temperatures are still cold enough in polar re-
gions. Indeed, the simulated median sea ice edge in late winter averaged over 2081–2100 is not very far from
the observed one averaged over 1981–2000, except in the North Pacific sector and in the Atlantic sector of the
Southern Ocean. Using the version 2 of the Community Climate System Model (CCSM2) subjected to a 1%
increase in CO2, Bitz et al. (in press) showed that the small changes in the wintertime position of the sea ice
edge at the time of a CO2 doubling is mostly due to the decrease in ocean heat flux convergence that defeats
the increase in surface radiative forcing.

An analysis of the multimodel standard deviation of absolute sea ice concentration changes (difference be-
tween 2081–2100 and 1981–2000) in the NH reveal that the largest difference occurs in the northern parts of
the Barents, Labrador, Bering and Okhotsk Seas with values of about 50% in late winter. In late Arctic
summertime, the multimodel differences are large from the north of the Canadian Archipelago and north
of the Greenland coast to the Central Arctic with values of about 65%. In late Antarctic summertime, the mul-
timodel standard deviation of absolute sea ice concentration changes are the largest in the western part of the



O. Arzel et al. / Ocean Modelling 12 (2006) 401–415 411
Weddell Sea (45%). In late winter, the largest differences occur in the western part of the Pacific and Atlantic
sectors, and in the eastern part of the Indian sector (50%). Note that the spatial pattern of the multimodel
standard deviation of absolute sea ice concentration changes is very similar to that of sea ice concentration
changes in late winter as well as in late summer in both hemispheres. Moreover, the multimodel standard devi-
ation is generally larger than the sea ice concentration change in these specific regions. There is therefore a
large uncertainty in simulating the sea ice concentration changes at the regional scale.

Comparison of sea ice draft data between 1993–1997 and 1958–1976 indicates that the mean ice thickness at
the end of the melt season in the Central Arctic has decreased from 3.1 m to 1.8 m (Rothrock et al., 1999). The
simulations used here show that the thinning continues throughout the 21st century. For each model, we com-
puted the relative monthly mean ice thickness difference between 2081–2100 and 1981–2000 with respect to
1981–2000. These differences were calculated when the initial mean thickness over 1981–2000 was greater than
15 cm. The relative differences were then averaged, for each grid point, over the model population that
displayed ice initially (1981–2000) in order to avoid biased changes. The results are shown in Fig. 5 for March
and September in both hemispheres.

In addition to some zones along the sea ice edge where ice disappears (100% decrease in ice thickness), the
relative winter ice thickness changes are the largest in the Barents Sea, just east of Svalbard, with a thinning of
Fig. 5. Multimodel average relative change (%) of sea ice thickness between the period 2081–2100 (experiment A1B) and 1981–2000
(experiment 20C3M) for March (left) and September (right) for both hemispheres (FGOALS-g1.0 excluded).
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about 70–80% with respect to 1981–2000. This might be due to an enhanced oceanic poleward heat transport
of waters originating from the North Atlantic into the Arctic, as proposed earlier by Holland and Bitz (2003).
The second maximum of ice thickness change occur in the Central Arctic (between �50% and �60%) and bear
some resemblance with the mean ice thickness field (not shown), in agreement with Flato (2004). The ice thick-
ness changes during September in the Central Arctic are more homogeneous and also larger (�70% to �80%)
than for March as anticipated by the sea ice volume changes given in Table 1. In this case, the largest thinning
is observed north of the Bering Strait in the Chukchi Sea (�90%). Rigor and Wallace (2004) argued that the
recent depletion of sea ice cover in the Chukchi and Beaufort Seas during the summers 2002 and 2003 is due to
a delayed response to a high index of Arctic Oscillation (AO) that occurred in 1989–1995. It would then be
useful to determine how the sea ice balance (ice export and ice melting/growing) is modified in this region
under warming scenario, and how it is related to changes in the atmospheric circulation, but this is out the
scope of this paper. Overall, the relative ice thickness changes are smaller in the SH than in the NH. However,
in March, the changes are large in the eastern part of the Weddell Sea (about �75%). In contrast to the
CMIP2 climate change simulations described by Flato (2004), we found a significant negative trend in the cen-
tral Weddell Sea (�60%) for March. In September, significant changes are noticed in the Atlantic and Pacific
sectors of the Southern Ocean (�30% to �50%). In the Atlantic sector, the smallest changes appear in the cen-
tral Weddell Sea (�30%) in September. Note that the Antarctic sea ice thickness changes do not show obvious
positive correlation with the mean initial ice thicknesses (1981–2000, not shown) as already noted by Flato
(2004).

The largest multimodel standard deviation of ice thickness changes lies in a region extending from the north
of the Canadian Archipelago to the Central Arctic with values up to 100% there with respect to ice thickness
changes. In the SH, the main model differences in simulating the sea ice thickness changes are concentrated in
the Weddell Sea and in the eastern part of the Amundsen Sea, with values of up to 100% there. Furthermore,
the spatial pattern of multimodel standard deviation of ice thickness changes is somewhat independent of the
season in both hemispheres.

Flato (2004) found that models that simulate thick ice in their control integration exhibit less warming than
those with thin ice in the NH. He found an opposite relationship in the SH. We therefore explore here the
possible relationships between ice properties averaged over 1981–2000 and the sea ice extent and volume
changes over the 21st century. These changes correspond to differences between averages over 2081–2100
and 1981–2000. We find that, in late summer, the larger the ice extent for present-day conditions (1981–
2000), the smaller the relative changes of sea ice extent with respect to initial ice extent with a correlation
of about 0.68 in the NH and 0.58 in the SH, and the smaller the relative changes of sea ice volume with a
correlation of about 0.66 in the NH and only 0.43 in the SH. According to this analysis, two model behaviors
should coexist in the Arctic during summertime: on the one hand, models with large summertime ice extent for
present-day conditions which display small fraction of sea ice changes, and, on the other hand, models with
small summertime ice extent for present-day conditions which are very sensitive to increasing greenhouse gas
concentrations leading to an ice-free summer Arctic at the end of the 21st century. By contrast, the relation-
ship between initial ice extent and absolute ice extent change is only significant in late summer in Antarctic and
opposite to that between initial ice extent and relative extent changes: the larger the initial ice extent, the larger
the absolute ice extent change with a correlation of 0.83. No statistically significant relationships is found
between the initial ice thickness (1981–2000) and other sea ice physical quantities, except that the larger the
summertime initial ice thickness (1981–2000), the larger the ice volume changes. The correlation coefficients
are 0.95 in the NH and 0.81 in the SH. In annual mean, the correlation coefficients between initial ice thickness
and absolute volume change is 0.75 in the NH and 0.68 in the SH.

5. Concluding remarks

In this study, we have discussed results about the sea ice behavior over the 20th and 21st centuries from the new
set of simulations performed with state-of-the-art AOGCMs for the IPCC AR4. In particular, we have assessed
the ability of these models to reproduce the observed evolution of the sea ice cover over 1981–2000 using the out-
puts from the 20CM3 experiment. We have also examined the projected sea ice changes over the 21st century in
response to the IPCC SRES A1B scenario for greenhouse gas and sulfate aerosol concentrations.
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Despite the large model disagreement over 1981–2000, the multimodel average Arctic ice extent and its
trend are in reasonable agreement with satellite passive-microwave observations. In the SH, the models gen-
erally overestimate the amplitude of the seasonal cycle of sea ice extent and display, on average, a negative
trend over 1981–2000. This contrasts with the observations that indicate rather a slight increase. However,
the large interannual variability in models as well as in observations makes difficult to compare the simulated
sea ice extent trends with observations in the SH over 1981–2000. We found that, in summer, the larger the
mean ice extent averaged over the period 1981–2000, the smaller the standard deviation of ice extent during
the same period in the NH, but the opposite in the SH. We found that the multimodel annual mean sea ice
extent changes are very similar in both hemispheres over 1981–2000 (�1.8% per decade in the NH and �1.6%
per decade in the SH). By contrast, the multimodel annual mean ice volume decreases almost 70% more
rapidly in the NH than in the SH over 1981–2000 (�4.9% per decade vs. �2.9% per decade respectively).

The climate change projections conducted with the models indicate that the sea ice decline will continue
over the 21st century and half of the model population exhibit an ice-free summer Arctic by 2100. We found
that the annual mean Arctic and Antarctic sea ice extents experience a similar decrease of about 25% over
2081–2100 with respect to average coverage over 1981–2000. Our results also show that the sea ice volume
reduction is about twice that of sea ice extent in the NH but of the same order of the ice extent change in
the SH. The thermodynamic growth-thickness negative feedback documented by Bitz and Roe (2004) is in-
voked to explain those differences of sea ice behavior between the NH and the SH over the 21st century.
Examining the seasonal cycle changes, we showed that the amplitude of the seasonal cycle of sea ice extent
will increase in both hemispheres, but at a greater rate in the NH. Although the projected annual mean Arctic
sea ice changes over the 21st century are mainly in ice volume, we find that the simulated sea ice seasonal
changes are mainly in extent rather than in volume. Future investigations will be needed to determine how
the sea ice changes are related to dynamic and thermodynamic processes.

The models show large differences in sea ice cover over the period 1981–2000. The simulated Arctic mean
sea ice extents in March over 1981–2000 range from about 14 · 106 km2 to 20 · 106 km2, whereas the observed
coverage averaged over the same period is about 15 · 106 km2. The differences between models are more
apparent at the end of the melt season. The modeled Arctic mean sea ice extents in September over 1981–
2000 range from about 3 · 106 km2 to 11 · 106 km2, while the observations show a mean September ice extent
about 7 · 106 km2 averaged over 1981–2000. The multimodel differences are even more pronounced in the
Southern Ocean in winter and summer. Despite the improvement of the representation of sea ice physics in
AOGCMs since the IPCC Third Assessment Report (Houghton et al., 2001), there is still a large uncertainty
in simulating the present-day sea ice climatology. This points out the difficulties of climate models to deal with
high latitude processes. Thus, from this observation, caution has to be taken regarding the reliability of the
simulated future sea ice changes, particularly at the regional scale. Furthermore, sensitivity experiments will
be needed in order to determine to what extent model uncertainty depends on sea ice physics and also other
aspects of climate (Liu et al., 2003), such as oceanic mixing for instance.

Finally several studies have shown that the response of the Southern Ocean to an increase in atmospheric
greenhouse gas concentrations is delayed compared to other regions (Goosse and Renssen, 2001; Bi et al.,
2001; Goosse and Renssen, 2005) mainly because of the large thermal inertia of the Southern Ocean. As
the models used here indicate similar decreasing rates of sea ice extent in both hemispheres, it is possible that
the decrease simulated during the late 20th and 21st centuries is related to the increase in the forcing that oc-
curred since the beginning of the 20th century. Nevertheless, in this framework, as argued by Goosse and
Renssen (2005), the initial conditions might play a role in the model behavior since they could have an influ-
ence on the sea ice cover in the Southern Ocean for more than 200 years. Sensitivity of the model response to
the starting date of the simulations would then be useful to examine the influence of initial conditions on the
variations of sea ice cover in the SH over the 21st century.
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