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Abstract

The strongest manifestation of global warming is observed in the Arctic. The warm-
ing in the Arctic during the recent decades is about twice as strong as in the global
average and has been accompanied by a summer sea ice decline that is very likely
unprecedented during the last millennium. Here, Arctic sea ice variability is analyzed in
the ensemble of CMIP3 models. Complementary to several previous studies, we focus
on regional aspects, in particular on the Barents Sea. We also investigate the changes
in the seasonal cycle and interannual variability. In all regions, the models predict a
reduction in sea ice area and sea ice volume during 1900-2100. Toward the end of the
21st century, the models simulate higher sea ice area variability in September than in
March, whereas the variability in the preindustrial control runs is higher in March. Fur-
thermore, the amplitude and phase of the sea ice seasonal cycle change in response
to enhanced greenhouse warming. The amplitude of the sea ice area seasonal cycle
increases due to the very strong sea ice area decline in September. The seasonal cy-
cle amplitude of the sea ice volume decreases due to the stronger reduction of sea ice
volume in March.

Multi-model mean estimates for the late 20th century are comparable with obser-
vational data only for the entire Arctic and the Central Arctic. In the Barents Sea,
differences between the multi-model mean and the observational data are more pro-
nounced. Regional sea ice sensitivity to Northern Hemisphere average surface warm-
ing has been investigated.

1 Introduction

The surface warming in the Arctic has been twice as strong as the global average
warming during the recent decades (e.g. IPCC, 2007; Anisimov et al., 2007) The Arctic
warming has been accompanied by a rapid summer sea ice decline that has consider-
ably accelerated in the 21st century (Stroeve et al., 2007; Meehl et al., 2007; Stroeve
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et al., 2012). Reconstructions suggest that current summer sea ice decline is likely
to be unprecedented during the last millennium (Kinrad et al., 2011). The winter sea
ice changes are smaller and there are indications that it may be comparable to the
anomalously low sea ice during the Early 20th Century Warming time (Semenov and
Latif, 2012). Global climate models reproduce an Arctic sea ice decline during the 20th
century, but generally with reduced amplitude, and predict a further decrease even with
possibility (in some models) of an ice free Arctic in summer during the next decades
(Wang and Overland, 2009). The model results, however, depict a very large spread.
Stroeve et al. (2007) and Alekseev et al. (2009) have reported differences between
the observed and simulated decline in sea ice area. Alekseev et al. (2009) demon-
strated that multi-model ensemble mean projections indicate a seasonally ice free Arc-
tic Ocean around 2080, whereas extrapolation according to observational data trends
indicate an ice free Arctic Ocean already within the next two decades Changes in sea
ice thickness are also recorded (Meehl et al., 2007), although thickness observations
are sparse. The multi-year sea ice decreases (Kwok et al., 2009), whereas the first-
year sea ice shows a positive trend in observational data (Kwok et al., 2009; Maslanik
et al., 2007). The decrease in sea ice area and mean sea ice thickness results in
a reduction of sea ice volume, which is supported by model simulations. The relative
reduction of sea ice volume is stronger than the sea ice area retreat (Gregory, 2002).
According to the Pan-Arctic Ice-Ocean Modeling and Assimilation System (PIOMAS),
the September 2010 ice volume anomaly, for instance, did in fact exceed the previ-
ous 2007 minimum by a large enough margin to establish a statistically significant new
record (Schweiger et al., 2011).

Most studies to date focused on the changes in the entire Arctic. Here, we exam-
ine sea ice changes of smaller regions in relation to the entire Arctic. As shown by
Overland et al. (1997) the climate changes in the Arctic considerably differ between
individual regions. Some regions may be of particular importance for the Arctic climate
variability such as the Barents Sea. Strong variability of oceanic inflow, intense heat
losses from the sea surface and possible positive feedbacks in the regional coupled
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atmosphere-sea ice-ocean system lead to enhanced climate variations in this region
that affect the whole-Arctic climate (Bengtsson et al., 2004; Semenov and Bengtsson,
2003; Semenov, 2008; Semenov et al., 2009). The sea ice extent in the Barents Sea is
also impacted by the North Atlantic Oscillation (NAO) (Kwok, 2000), the leading mode
of internal atmospheric variability in the northern Extratropics during winter. A nega-
tive NAO phase yields an anomalous sea ice transport into the Barents Sea, whereas
a positive NAO phase transports more sea ice from the Barents Sea into the Arctic
Ocean. The sea ice conditions in the Barents Sea are also influenced by the North
Atlantic Current (Gloersen et al., 1992) and, possibly, by the Atlantic Multidecadal Os-
cillation (Semenov, 2008). The oceanic inflow into the Barents Sea is also impacted
by the NAO, and the link between all these processes may be non-stationary as sug-
gested by climate models (Goosse and Holland, 2005; Semenov, 2008). Petoukhov
and Semenov (2010) suggest that a reduced sea ice extent changes in the Barents-
Kara Sea region may exert a strong effect on the European climate through changes
in atmospheric circulation leading to anomalously cold winters over Eurasia. Thus, the
Barents Sea is one focus region of our analyses. The Central Arctic is another region
of interest, because this region is covered nearly all year round by sea ice in the prein-
dustrial control integrations of the climate models.

The models considerably differ not only in the simulated sea ice behaviour but also
concerning the rates of global warming. Whether the differences in the simulated sea
ice changes are related to the different warming pace or represent regional and sea
ice related model uncertainties remains an open question. Therefore, we assess the
sensitivity of sea ice changes to warming in the individual Arctic regions in each model
as well as the differences between the models.

We also study the amplitude and phase of the sea ice seasonal cycle. The latter char-
acterizes the sharpness of the seasonal contrasts and is an important parameter for
evaluating climate impacts. In particular, a shortened ice season may lead to consider-
able advantages for marine transportation using Northern Sea Route and North-West
Passage (Khon et al., 2010). Furthermore, changes in sea ice area and thickness in
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the Arctic basin are accompanied by changes in the variability (Holland et al., 2008).
We investigate the interannual variability in all CMIP3 models. The main question is
how the interannual sea ice variability may change in a warmer climate.

The paper is organized as follows. In the next section, we provide a description of
the data sets which are used in this study. In section three, the results are presented.
The main conclusions and a discussion of the results can be found in section four.

2 Data and methods

The analysis is based on the World Climate Research Programme’s (WCRP’s) Cou-
pled Model Intercomparison Project phase 3 (CMIP3) multi-model dataset covering the
period 1900-2100 (see Table 1). Additionally, the observational data set HadISST1
(Rayner et al., 2003) providing sea surface temperature (SST) and sea ice extent since
1870 for comparison (see Table 1). Specifically, 20C3M runs for the 20th century com-
plemented by climate change simulations using A1B-scenario for the 21st century were
analysed. We also investigate the preindustrial control runs. Only the first member of
each climate model ensemble is used, since models have different number of ensemble
simulations, some of them just one. Observational and model data were interpolated
onto a 2° x 2° grid for inter comparison.

Sea ice area and sea ice volume are calculated as follows. The sea ice area is
defined as averaged ice concentration multiplied by grid box size. Accordingly, the sea
ice volume is defined as sea ice thickness multiplied by sea ice area.

In the following, we present results for the entire Arctic, the Central Arctic and the Bar-
ents Sea. One should keep in mind that model differences can result from the different
initial conditions and different horizontal resolutions of the land masks. For example,
smaller islands like Svalbard are not resolved in some models. Models with a coarse
coastline resolution are marked with an asterisk in Table 1.
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The Central Arctic is defined as a basin north of 80° N. The Barents Sea is defined
as an area between 70° N (Russian coast) and 80°N and between 20° E (Svalbard)
and 62° E (Novaya Zemlya) (see Gloersen et al., 1992).

The amplitude and the phase of the seasonal cycle are calculated with the Fourier
approach of Granger and Hatanaka (1964). The time series have been detrended prior
to the calculation of the annual harmonic of the monthly mean sea ice data.

3 Results

Figure 1 shows the observed and simulated (for the ensemble mean) interannual vari-
ability of the sea ice concentration. The observations (Fig. 1a, b) reveal that the inter-
annual variability is largest in the regions close to the ice edge during winter (March). In
summer (September), the areas of high interannual variability move with the seasonal
sea ice edge into the Central Arctic Basin. The model data are shown as an over-
all mean of the interannual variability of the sea ice concentration of each ensemble
member (models included here according to Table 1). The sea ice interannual variabil-
ity pattern of the preindustrial (Fig. 1c, d) and the 20th century (Fig. 1e, f) simulations
are similar. However, multi-model mean for the 20th century simulations (Fig. 1e, f)
overestimates the interannual variability in many regions in comparison to the obser-
vations (Fig. 1a, b). In winter, the area of high interannual variability is generally larger
in the models (Fig. 1a, e). In the Barents Sea, the strong interannual variability region
extends too much to the southwest. We also would like to note the large differences
in the Bering Sea and Sea of Okhotsk. In summer, the models exhibit a more sym-
metric interannual variability around the Arctic Ocean, whereas the observations show
stronger variability near the Russian coast and less variability near Canada (Fig. 1b, f).

The spatial pattern of the interannual variability is different in the 21st century.
Changes in variability for the 2050-2100 period relative to the 1950—2000 period are
located along the ice edge and in regions of strong sea ice retreat (Fig. 1g, i). An
enhancement of the inter-annual variability is obvious in the Central Arctic. These
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changes are most noticeable during September (Fig. 1k). The strongest interannual
variability during September for the period 2050-2100 is now located in the centre of
the Arctic basin, whereas in the preindustrial simulations, the maximum can be found
in coastal regions (Fig. 1d, h).

3.1 Changes in Arctic sea ice area and sea ice volume

The sea ice area anomalies have a strong impact on the ocean heat budget due to
changes in albedo and thus insulation, whereas the changes in the ice volume are
of major importance for the surface salinity budget. Changes in sea ice area and sea
ice volume are shown in Fig. 2 for the entire Arctic. The multi-model mean depicts
a continuous reduction of both parameters until the end of the century in all seasons.
The sea ice area decease is stronger in September than in March (Fig. 2a, b). In March,
there is a decrease of about 4 x 10° km? in the multi-model mean by the end of the 21st
century. In September, the decrease reaches about 5 x 10%km? . Similar values have
been reported by Meehl et al. (2007). Figure 2c¢, d shows the sea ice volume anomalies
relative to 1970—2000. There is a decrease of about 17 x 10%km® in March and about
13 x 10°km? in September. In contrast to the ice area changes, we found a stronger
decrease of the ice volume in September.

The multi-model mean decrease of the sea ice area in March has nearly the same
rate as observed for the entire Arctic during the overlapping period (see Fig. 3a). How-
ever, the decrease in sea ice area during September is stronger in the observational
data than in the multi-model mean (see Fig. 3b). This was previously found by Stroeve
et al. (2007). The Arctic sea ice area decline exhibits strong regional variations. We
therefore compare the models with the data for selected regions. In all seasons, a bet-
ter agreement between the models and observations can be found in the Central Arctic
(Fig. 3c, d). Consistent with the empirical data, the models simulate a strong decrease
in this region in September. In the Barents Sea, the multi-model mean sea ice area
considerably departs from the observations (Fig. 3e, f). The multi-model mean predicts
almost the same rate of sea ice area reduction during March and September, with much
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smaller absolute sea ice area values in September. While the rate of change is under-
estimated by the models in March, it is consistent with the observed rate in September.
The most striking difference to the observations is the much too large sea ice area in
the Barents Sea simulated on average by the models. The difference between the ob-
servations and multi-model mean is considerably larger in the Barents Sea than for the
entire Arctic, whereas the Central Arctic shows a realistic sea ice area. In the Central
Arctic, a decrease sea ice area in summer is found in all model runs and in the obser-
vations. In winter, virtually no changes are noticeable neither in the observations norin
the models until the middle of the 21st century (Fig. 3c, d).

3.2 Sensitivity of sea ice area to atmospheric temperature changes

Are the model differences related to different rates of global warming, to different sen-
sitivities of the sea ice to warming or to both? We analyze the sensitivity of the sea
ice area to changes in Northern Hemisphere surface air temperature using the periods
1970-2000 and 2070-2100. The scatter diagrams in Figs. 4 and 5 show the sensi-
tivities for the individual models in the three selected regions during winter (January,
February, March) and summer (July, August, September), respectively. The sea ice
area changes are regressed upon Northern Hemisphere average surface air tempera-
ture anomalies.

For the entire Arctic sea ice area, a linear dependence of the winter sea ice area
on the Northern Hemisphere temperature change can be seen (see Fig. 4a), with
a correlation coefficient amounting to —0.85 and a slope of the regression line of
-2 x10°km?°C~". No linear relation is seen in the Central Arctic (Fig. 4b). This is
consistent with Fig. 3c which shows a large model spread in the sea ice area in March
until the end of the century, ranging from a weak increase to a very strong decline.
This explains the lack of a linear relation in Fig. 4b. Finally, the Barents Sea (Fig. 4c)
features a statistically significant correlation between sea ice area and Northern Hemi-
sphere surface air temperature changes that amounts to —-0.64 with a regression of
—2x10°km?°C™".
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The summer sensitivities (Fig. 5) exhibit several noticeable differences in compar-
ison to those obtained for winter. The strongest correlation (-0.66) is now retrieved
for the Central Arctic (Fig. 5b) with a regression of —0.7 x 10°km?°C~". This corre-
lation is even higher than that obtained for the entire Arctic (Fig. 5a) which showed
the strongest correlation in winter. The entire Arctic is characterized by a correlation
—0.57 and a regression of —1 x 10°km2°C~". This is also weaker than winter value.
Obviously, the sea ice area in the Central Arctic is more sensitive to temperature than
the entire Arctic in summer. The Barents Sea (Fig. 5¢) sea ice area does not show
any linear dependence on the Northern Hemisphere temperature change in summer,
which may suggest that ocean dynamical feedbacks play an important in this region.

3.3 Changes in the amplitude and phase of the seasonal cycle

The large decrease in sea ice area during September and weaker reduction in winter
imply that the amplitude of the annual cycle will increase (Fig. 6a, b). This is seen in
the observations in the entire Arctic (Fig. 6a) and the Central Arctic (Fig. 6¢), but not
in the Barents Sea (Fig. 6e). At the end of the 20th century, the amplitude of seasonal
sea ice area cycle in the entire Arctic for the model ensemble mean is 5.0 x 10° km?,
which consists of about 40 % of the maximum winter sea ice area. Until the end of the
21st century, the amplitude increases to 5.5 x 10° km? in the models on average, which
amounts to 50 % of the maximum sea ice area. Therefore, the increase of the amplitude
of the sea ice area seasonal cycle may serve as a good indicator of the portion of new
ice freezing during winter. The observations suggest a somewhat stronger amplification
of the seasonality than the CMIP3 multi-model mean for the entire Arctic.

The CMIP3 models project a steeper increase in the amplitude of the sea ice area
annual cycle in the Central Arctic (Fig. 6¢) compared to that in the entire Arctic (Fig. 6a).
From the beginning to the end of the 21st century, the ratio between sea ice area an-
nual cycle amplitude to the maximum winter area (for the multi-model mean) increases
from about 0.1 to 0.4, with the amplitude of 0.9 x 10%km? in 2100. During the recent
decades, the observations and the multi-model mean show a consistent amplitude
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increase for the Central Arctic. It should be noted that the model spread is large and
becomes even stronger toward the end of the 21st century (Fig. 6¢). The amplitude of
the sea ice area seasonal cycle in the Barents Sea exhibits a different behavior. The
projections do not show any significant changes in amplitude for the multi-model mean
(Fig. 6e), due to similar rates of sea ice area decrease during March and September
(see Fig. 3e, f). Again, the model spread is large and may exhibit opposite tenden-
cies. The observations indicate a reduction in the amplitude of the sea ice area annual
cycle in the Barents Sea, but with strong variability superimposed. Strong decadal to
inter-decadal variability in the Barents Sea is also simulated by most models, which is
consistent with the notion that the Barents Sea is a region which is strongly affected by
variations of oceanic inflow.

The phase of the seasonal cycle during the 20th and 21st century also exhibits in-
teresting features in the considered regions. The multi-model mean for the entire Arctic
shows a phase shift of about 5 days from year 2000 until year 2100. The observations
do not show a long-term trend, but a strong decadal variability. The simulated multi-
model estimate of the phase corresponds well to the mean observed phase (Fig. 6b).
This is not the case for the Central Arctic, where the observed phase of the annual
cycle exceeds the model average by some 7 days (Fig. 6d). The simulated multi-model
mean increase of the phase amounts to about 15 days in the Central Arctic by the end
of the century. A similar phase shift of about 10 days can be found in the Barents Sea
(Fig. 6f). Again, we see very strong differences between the individual models in all
regions. The models depict decadal variability of the phase similar to that observed in
the Central Arctic, but considerably less decadal variability in the entire Arctic and the
Barents Sea.

We now turn to the seasonal cycle changes of the sea ice volume (Fig. 7). Unfor-
tunately, reliable observations of sea ice volume are not available for the last decades
due to the lack of sea ice thickness measurements. The simulated multi-model mean
sea ice volume exhibits stronger losses in March than in September when considering
the entire Arctic, as shown above (see Fig. 3). This is reflected by a corresponding
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decrease of the seasonal cycle amplitude of the sea ice volume by about 2 x 10% km®
(Fig. 7a) during the 21st century in this region. Concerning the entire Arctic, nearly
all models simulate a long-term decrease. The simulated phase of the sea ice volume
seasonal cycle (Fig. 7b) remains very stable in the vast majority of the models during
the 20th and 21st century. The amplitude of the sea ice volume seasonal cycle shows
a different behavior in the Central Arctic (Fig. 8a). Here, the amplitude of the seasonal
cycle on average increases until the middle of the 21st century due the strong reduction
in the summer sea ice area. In the second half of the 21st century, some models pre-
dict the ice free Arctic in summer, which leads to a reduction of the multi-model mean
amplitude of the sea ice volume seasonal cycle. By the end of the 21st century, the
amplitude of the seasonal cycle has basically returned to the values simulated during
the 20th century (Fig. 8a). In the Barents Sea, most models simulate a decrease of the
sea ice area in winter but a stronger decline during summer. This leads to a reduction
in the sea ice volume seasonal cycle amplitude in most of the model projections for the
21st century (Fig. 8b). The sea ice volume seasonal cycle phase shows no valuable
shift for both region (not shown).

3.4 Changes in variability

Climate change influences not only the annual mean and the seasonal cycle of Arctic
sea ice but also its interannual variability. Changes in interannual variability will affect
the sea ice predictability and occurrence of extreme anomalies of the sea ice area. We
analyze the standard deviation of the sea ice area for the following three time periods:
preindustrial (using the results of the control simulations), 1950-2000 and 2050-2100.
The long-term trend has been subtracted as a fourth order polynomial fit. Figure 9
shows interannual sea ice area variability in each model for March and September.
During the preindustrial period, most models simulate a stronger interannual variability
in March compared to that in September (Fig. 9a). Only minor changes can be seen
for the 1950-2000 period (Fig, 9b). The simulated values for this time period can be
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compared to the observations (Fig. 9b). The latter depict a stronger variability during
September, which is also the case for the majority of the models.

During the second half of the 21st century, the number of the models which simulate
a stronger interannual variability during September relative to that in March markedly
increases (Fig. 9¢). The tendency of enhanced interannual variability for summer sea
ice area t may serve as a fingerprint of anthropogenically forced Arctic sea ice changes.
One possible explanation for the projected changes in the sea ice variability may be
the changes in sea ice thickness. A link between the sea ice area variability during
September and the sea ice thickness in March has been found in the preindustrial
control runs, such that those models that exhibit a higher variability during September
generally show a smaller mean sea ice thickness in March (Fig. 10a), with a correlation
coefficient amounting to —0.68. This relationship is almost lost in the projections for
2050-2100 (Fig. 10b).

We investigate the significance of the change in the interannual variability between
the preindustrial period and the period 2050-2100. According to an one sided F-test,
8 out of 15 models show a statistically significant (95 % confidence level) reduction in
March, while two models project a significantly higher variability for the period 2050—
2100. For September, the month of the sea ice minimum, 9 out of the 15 models show
a significant enhancement of the interannal variability of the sea ice area during 2050—
2100 compared to the preindustrial era, whereas four models predict a reduction of
the interannual variability. Thus there is a tendency that the models simulate higher
variability during September than in March toward the end of the 21st century, while
the models show a higher variability during March in the preindustrial control runs.

4 Discussion and conclusion

The CMIP3 ensemble integrations for the 20th century and 21st century using the
A1B scenario provide a wide range of changes in the Arctic sea ice cover. The multi-
model mean results are generally close to observations during the recent decades.
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The projected decrease in the Arctic sea ice cover is closely linked to the increase
of the Northern Hemisphere average surface air temperature (SAT) and especially to
the increase of the Arctic SAT. The latter is projected to warm twice as strong by the
end of the 21st century than the global average SAT (Anisimov et al., 2007). Due to
positive feedbacks, the decrease in sea ice area during September was and will be
stronger than during March. The winter sea ice retreat shows a stronger sensitivity
(-2 x 10° km2°C'1) to the Northern Hemisphere average SAT than the summer sea
ice (-1 x 10° km2°C'1). This indicates that the SAT is the leading predictor for the
winter sea ice. We find a less strong relationship between the SAT and sea ice area
for the Barents Sea. This suggests that dynamical processes also contribute to the
variations of the sea ice cover. In particular, the Barents Sea is strongly influenced
by the NAO (Kwok, 2000) and Atlantic inflow (Semenov, 2008), both exhibiting strong
natural variability on different time scales. This may be also the reason for why the
models show stronger differences to the observations during the recent decades.

Changes in the seasonal cycle of the sea ice area and sea ice volume have been
analyzed. The sea ice area shows an increase in amplitude and shift in phase of the
seasonal cycle for the majority of the models and basically all regions. This is related
to the faster summer sea ice retreat relative to that in winter. The shift in phase is
due to the delayed occurrence of the sea ice area maximum, which can be explained
by the strong sea ice area decline during September. Changes are also found for the
occurrence of the sea ice area minimum which persists longer, especially in the Central
Arctic. The sea ice volume decreases more in winter than in summer, which leads to
a reduced seasonal cycle amplitude. The multi-model mean sea ice volume shows
practically no change in phase. This is explained by the sea ice thickness which does
not show a clear signal in phase (not shown). The observed sea ice area exhibited
strong decadal variability during 1960—2011, but no change in phase could be detected
when considering the whole period. Gloersen and Campbell (1988) found a change of
24 days for the date of the Arctic sea ice area minimum from 1978 to 1987. Consistent
with their findings, we find a phase shift of about 20 days for the same period.
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Interannual sea ice area variability exhibits some interesting changes in the CMIP3
simulations when considering the entire Arctic. The interannual variability of the sea
ice area during September increases from the preindustrial time until the end of the
21st century in the majority of the CMIP3 models. The interannual variability generally
decreases in March. Enhanced sea ice area variability during September has been
also reported from observations by Holland et al. (2008), Holland and Stroeve (2011)
and Goosse et al. (2009).

Holland et al. (2008) argued that thinner September sea ice melts faster, but can
also faster converge and form big areas. Goosse et al. (2009) also argued that the in-
creasing interannual sea ice area variability in September is related to thinner sea ice.
Holland and Stroeve (2011) suppose less impact of the atmospheric circulation on the
September sea ice variability because of a shift in the surface pressure (SLP) anoma-
lies in the eastern Arctic. We found a relationship between the September interannual
sea ice area variability and the March sea ice thickness in the preindustrial control
runs. Models with a thinner mean sea ice thickness during March simulate a higher
interannual variability in sea ice area during September. However, this relation could
not be found at the end of the 21st century when the sea ice cover is much thinner.

We may conclude that the models forced by increasing greenhouse gas concentra-
tions simulate not only coherent decline of the Arctic mean sea ice area and volume but
also exhibit consistent changes of the seasonal cycle characteristics and interannual
variability. However, regional changes are characterized by much higher uncertainties.
This is particularly the case for the Barents Sea ice that is strongly influenced by natural
oceanic and atmospheric variability.
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Table 1. CMIP3 Model data set.

Model Resolution Resolution
Atmosphere Ice
BCCR-BCM2.0" Bjerknes Centre for Climate T63 (~1.9°x 1.9°) 1°x1°
Research, Norway
CCCMA-CGCM3.1(T47)"  Canadian Centre for Climate T47 (~2.8° x 2.8°) ~3.7° x 3.75°

CCCMA-CGCM3.1(T63)"
CNRM-CM3™"
CSIRO-Mk3.0™"
CSIRO-Mk3.5("
GFDL-CM2.0
GFDL-CM2.1"
Glss-Aom™
GISS-MODEL-E-R"
INM-CM3.0"

IPSL-CM4"
MIROC3.2(hires)™ ("

MIROC3.2(medres) !
MPI-ECHAM5

MRI-CGCM2.3.2A™"
NCAR-CCSM3.0"

UKMO-HadCM3®
UKMO-HadGEM1

Observation

Modelling and Analysis, Canada
Canadian Centre for Climate
Modelling and Analysis, Canada
Centre National de Recherches
Meteorologiques, France
Commonwealth Scientific and Industrial
Research Organisation, Australia
Commonwealth Scientific and Industrial
Research Organisation, Australia
Geophysical Fluid Dynamics
Laboratory, USA

Geophysical Fluid Dynamics
Laboratory, USA

Goddard Institute for Space

Studies, USA

Goddard Institute for Space

Studies, USA

Institute for Numerical

Mathematics, Russia

Institut Pierre Simon Laplace, France
Center for Climate System

Research, Japan

Center for Climate System

Research, Japan

Max Planck Institut for

Meteorology, Germany
Meteorological Research Institute, Japan
National Center for Atmospheric
Research, USA

Hadley Centre for Climate Prediction
and Research/Met Office, UK
Hadley Centre for Climate Prediction
and Research/Met Office, UK

Met Office Hadley Centre

T63 (~1.9° x 1.9°)
T63 (~1.9° x 1.9°)
T63 (~1.9° x 1.9°)
T63 (~1.9° x 1.9°)

2.0°x2.5°

2.5°x3.75°

T106 (~1.1° x 1.1°)

T42 (~2.8° x 2.8°)
T63 (~1.9° x 1.9°)

T42 (~2.8°x 2.8°)
T85 (1.4° x 1.4°)

2.5°x3.75°

~1.3"x1.9°

~2.7° x 2.8125°

1°x2°

~1.8° x 1.875°

~1.8° x 1.875°

0.3-1°x1°

0.3°-1°x 1°

3 x4

2°—4° x 5°

2°x25°

2°x1°
~0.5° x 1.125°

0.5°—2° x 2.5°

0.09°-0.5° x 1.125°

1.25° x 1.25°
0.09°-1° x 1°

1°%x1°

Models marked with ) do not resolve smaller islands like Svalbard.
Only models marked with ™ 4o have preindustrial control runs included.
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Fig. 1. Interannual sea ice area variability in CMIP3 (models included here are marked by

Obs:
1950 - 2000

Models
1950 - 2000

Models:

preindustrial

2050 - 2100

Difference

M

in Table 1); Left: March; Right: September; observation: 1950-2000 (a, b) preindustrial (c, d),

20C3M: 1950-2000 (e, f), SRES A1B: 2050-2100 (g, h) and the differences between SRES

A1B and preindustrial (i, k).
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Fig. 4. Model sensitivity of the sea ice area of the Arctic against changes in surface air tempera-
ture of the Northern Hemisphere between the periods 1970-2000 and 2070-2100 for January,
February and March; (a) the entire Arctic (correlation: —0.85), (b) the Central Arctic and (c) the
Barents Sea (correlation: —0.64). The line in (a) and (c) is a linear regression.
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Fig. 5. Model sensitivity of the sea ice area of the Arctic against changes in surface air tem-
perature of the Northern Hemisphere between the periods 1970-2000 and 2070—-2100 for July,
August and September; (a) the entire Arctic (correlation: —0.57), (b) the Central Arctic (corre-

3 o
ASAT[C]

lation: —0.66) and (c) the Barents Sea.
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Fig. 6. The seasonal cycle of the sea ice area. Left: the amplitude, right: phase. The entire
Arctic (a, b), the Central Arctic (¢, d) and the Barents Sea (e, f). The individual models are
presented in different colors. The thick black line presents the model mean and the thick red
line presents the observations. A five year mean has been applied.
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Fig. 7. Seasonal cycle of the Arctic sea ice volume: Amplitude (a) and phase (b) for individual
models, a five year running mean has been applied.
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Fig. 8. Amplitude of the seasonal cycle of sea ice volume of the Central Arctic (a) and the
Barents Sea (b). A five year running mean has been applied.
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Fig. 9. Changes in standard deviation of sea ice area for the entire Arctic for March (blue) and
September (red): preindustrial period (a), detrended time series of 20C3M period 1950-2000
and observation data (b), detrended time series of SRES A1B period 2050-2100 (c).
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Fig. 10. Interannual standard deviation of sea ice area (September) against the sea ice thick-
ness (March) for individual models; (a) preindustrial period (correlation coefficient: —0.68), (b)

period 2050-2100 (0.23).
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