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ABSTRACT. Using a global climate model coupled with an ocean and a sea-ice model, we compare the
effects of doubling CO2 and halving CO2 on sea-ice cover and connections with the atmosphere and
ocean. An overall warming in the 2�CO2 experiment causes reduction of sea-ice extent by 15%, with
maximum decrease in summer and autumn, consistent with observed seasonal sea-ice changes. The
intensification of the Northern Hemisphere circulation is reflected in the positive phase of the Arctic
Oscillation (AO), associated with higher-than-normal surface pressure south of about 508N and lower-
than-normal surface pressure over the high northern latitudes. Strengthening the polar cell causes
enhancement of westerlies around the Arctic perimeter during winter. Cooling, in the 0.5�CO2

experiment, leads to thicker and more extensive sea ice. In the Southern Hemisphere, the increase in
ice-covered area (28%) dominates the ice-thickness increase (5%) due to open ocean to the north. In
the Northern Hemisphere, sea-ice cover increases by only 8% due to the enclosed land/sea
configuration, but sea ice becomes much thicker (108%). Substantial weakening of the polar cell due
to increase in sea-level pressure over polar latitudes leads to a negative trend of the winter AO index.
The model reproduces large year-to-year variability under both cooling and warming conditions.

1. INTRODUCTION
Global warming due to increased atmospheric CO2 and
other greenhouse gases has been held responsible for
dramatic changes in the Arctic climate during the past two
decades. The Arctic sensitivity to increased concentrations
of greenhouse gases is amplified by positive sea-ice albedo
feedback (Manabe and others, 1992; Randall and others,
1998; Holland and Bitz, 2003) and by an increase in high-
latitude cloud cover (Curry and others, 1996). The obser-
vational evidence indicates that variability in sea ice tends to
be connected with large-scale geographical patterns of
atmospheric circulation, such as the North Atlantic Oscilla-
tion (NAO) and the Arctic Oscillation (AO), which have
shown trends towards the high index phase over the past few
decades (Fang and Wallace, 1994; Slonosky and others,
1997; Deser and others, 2000; Dickson and others, 2000;
Walsh and others, 2002; Belchansky and others, 2005; Rigor
and others, 2006). Sea-ice cover over the Arctic has declined
by about 3% per decade since 1979 (Comiso, 2002;
Parkinson and Cavalieri, 2002). Extensive sea-ice melting
affects the stability of the ocean column, which can
contribute to the strength of deep water formation and to
the intensity of the meridional overturning circulation
(MOC) in the North Atlantic. Changes in the poleward
ocean heat transport at high latitudes, which are part of the
MOC, can modify the sea-ice extent.

Under cooling conditions sea-level pressure (SLP) in-
creases over high northern latitudes (Rind, 1998). This causes
strengthening of the anticyclonic atmospheric circulation
over the central Arctic, southwesterly flow across the
subtropical Atlantic and weakening westerly flow across the
North Atlantic. The precipitation pattern is consistent with a
low AO index phase: reduced precipitation over the Arctic,
northern Europe and Russia, and increased precipitation over
southern Europe, the Mediterranean and northern Africa.

In this study, we focus on comparison of responses to
increased and decreased CO2. Responses considered are sea-
ice changes and connections with hemispheric changes in
the atmospheric circulation, surface air temperature (SAT)
and the Atlantic MOC. Numerical experiments with doubled
and halved CO2 concentration are conducted for simulated
periods of 120 years. Changes relative to a control are
considered for the last 40 year averages. A timescale of
100 years was chosen in accordance with the Intergovern-
mental Panel on Climate Change (Houghton and others,
2001) emphasis for definitions for global warming potentials.
On this timescale, the ocean heat transport, the ocean mixed
layer, the sea-ice distribution and atmospheric circulation
partially adjust to the applied warming or cooling conditions.

2. MODEL DESCRIPTION
We use the NASA Goddard Institute for Space Studies (GISS)
Global Climate Model (GCM) Model III version (Schmidt
and others, 2006) with 4 by 58 horizontal resolution and 20
vertical layers, with the model top at 0.1 hPa. The physics of
this model is similar to the model used in the climate studies
of Hansen and others (2002) but includes some improve-
ments as reported by Schmidt and others (2006). We also
use a dynamic ocean model with the same horizontal
resolution as the GCM; it has 13 vertical levels, with finer
resolution in the top 100m. The ocean model includes the
K-profile parameterization (KPP; Large and others, 1994) for
vertical mixing and Gent and McWilliams’ (1990) param-
eterization for mixing effect associated with mesoscale
eddies. We use a sea-ice model, which includes both
dynamics and thermodynamics of the ice cover in the Arctic
and Antarctic. We employ no flux correction in the heat
exchange between atmosphere and ocean. A control
experiment for AD 1880 atmospheric composition exhibited
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a drift of 0.068C per century and indicated a global mean
SAT of about +148C at model year 1000. The model climate
sensitivity for doubled CO2 is �2.78C, which is within the
range 3�18C for doubled CO2 inferred from paleoclimate
evidence (Hansen and others, 1984, 1993). Two experi-
ments were performed, starting at year 21 of the control,
with instantaneous doubling and halving of CO2 compared
to the control run CO2 level, referred to as the 2�CO2 and
0.5�CO2 experiments, respectively.

3. RESULTS
After 120 years of integration, the global mean SAT warmed
by 28C in 2�CO2 experiments, causing a reduction in sea-
ice extent of 15%. Figure 1a and b show the Northern
Hemisphere (NH) sea-ice extent change based on a linear
trend for 1978–2004 from observational data (Rayner and
others, 2003). Analysis of these data, as well as recently
reported sea-ice cover change data (Serreze and others, 2003;
Johannessen and others, 2004; Rigor and Wallace, 2004;
Stroeve and others, 2005), shows a reduction of sea-ice cover
in every season, with maximum decrease in summer and
autumn. In summer, a decrease in sea-ice extent was

observed in both the Eurasian and Canadian basins of the
Arctic, while in autumn the largest reduction in sea ice was
observed in the Beaufort and Chukchi Seas. The 2�CO2

experiment reveals a seasonality of sea-ice reduction in the
NH consistent with observational data (Fig. 1c and d). The
decreases of sea-ice cover are most pronounced (>50%) in
the Barents andGreenland Seas, in some areas of the Beaufort
and Chukchi Seas and in Baffin Bay. In autumn, the model
shows a residual high shrinkage of sea-ice cover as well.

The Arctic SLP data from the Arctic Ocean Buoy Program
show a significant decrease in the annual mean SLP every
year since 1988 (Walsh and others, 1996). This change in
the SLP pattern is reflected in the positive trend of the AO
index, which is defined as the leading principal component
of the wintertime (November–April) monthly mean SLP field
over the domain poleward of 208N (Thompson and
Wallace, 1998). Thompson and Wallace (1998, 2000) and
Thompson and others (2000) also suggested that the leading
mode of month-to-month variability of the extratropical
general circulation in the NH can be characterized as a
seesaw of atmospheric mass between polar cap and middle
latitudes. There is evidence that the winter AO has had a
persistent positive phase since the mid-1970s (Hurrell, 1995;

Fig. 1. (a,b) Observed NH sea-ice extent change based on a linear trend (%) for 1978–2004 (Rayner and others, 2003): (a) December–
February; (b) June–August. (c,d) Change of NH sea-ice extent (%) in 2�CO2 experiment (2�CO2 experiment minus control): (c) December–
February; (d) June–August.
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Thompson and Wallace, 1998, 2001). In addition to the
positive trend, this period also included an increase in the
temporal variability of the AO index (Dickson and others,
2000; Feldstein, 2002; Overland and Wang, 2005). In the
positive polarity, the AO is characterized by strong wester-
lies around the perimeter of the Arctic. The mean meridional
circulation shows that during the high AO state the polar cell
exhibits an anomalous rising motion over subpolar latitudes,
and subsidence between 408and 508N (Thompson and
Wallace, 2000; Moritz and others, 2002).

Although there is still a question as to whether global
warming is responsible for the upward trend in observations
of the AO (Osborn and others, 1999), it has been argued that
the spatial patterns of the atmospheric circulation response
to external forcing may project into modes of natural climate
variability such as the AO (Corti and others, 1999; Overland
and Wang, 2005). The increased greenhouse gas and
decreased stratospheric ozone concentrations are thought
to cool the lower stratosphere at high latitudes. Cold lower
stratospheric temperatures induce strengthening of the polar
vortex and have the potential to increase the AO index
(Houghton and others, 2001) since stratospheric wind
anomalies are observed to propagate downward. Strato-
spheric wind anomalies are also highly correlated with
zonal wind anomalies at the surface (Perlwitz and Graf,
1995; Baldwin and Dunkerton, 1999). In addition, the
theoretical and observational results indicate that the high
AO events are accompanied by an anomalous poleward
eddy flux of westerly momentum. Under conditions of
strengthened polar cell, this acts to maintain the anomalous
westerlies at high latitudes, providing a self-supporting
mechanism for the AO (Limpasuvan and Hartmann, 1999;
Thompson and Wallace, 2000).

The SLP decreases significantly over the polar regions and
increases at middle latitudes in the warming scenario, which
maintains the seesaw mechanism of atmospheric masses
between polar and mid-latitude regions under constant
warming conditions. In addition, increasing CO2 cools the
stratosphere and warms the troposphere (fig. 20 of Hansen
and others, 2005), which is reflected in a strengthening of
the polar cell and enhancement of westerlies poleward of
�408N (fig. 22 of Hansen and others, 2005) during the NH
winter. These two factors create a self-reinforcing mech-
anism for the positive AO polarity under persistent warming
conditions. The 2�CO2 experiment shows the positive
trend of the winter AO (Fig. 2a). The large temporal
variability of the AO index demonstrates the ability of our
model to reproduce large observed year-to-year changes of
Arctic/North Atlantic climate with increased warming.

Figure 3a shows the correlation coefficient between
winter (December–March) SAT and AO index. Under
warming conditions, the large-scale pattern of SAT vari-
ability is similar to that accompanying the AO (Thompson
and others, 2000). SAT is positively correlated with the AO
over northern Eurasia, southeast USA, the subtropical
Atlantic and Pacific and the central Arctic and it is negatively
correlated over Greenland, the Labrador Sea, northern
Africa, northwestern Canada and the northeastern Pacific.
These SATand AO correlations are consistent with advection
by the large-scale atmospheric flow (Thompson and others,
2000). Figure 4a shows that the surface wind anomaly
patterns indicate intensification of warm southerly flow over
southeast USA, cold northwesterly flow over the Labrador
Sea, warm southwesterly flow over northwest Europe and

cold northeasterly flow over the Mediterranean region. The
winter sea-ice cover is inversely correlated with the winter
AO (Fig. 3c), with two areas of positive correlation with the
AO index. These areas, off the east coast of Greenland and
in the Labrador Sea, are associated with the enhanced
advection of sea ice under the AO trend toward high-index
polarity, which was also noted from the analysis of the
International Arctic Buoy Programme data (Rigor and others,
2006). The largest anticorrelations between the AO index
and sea-ice extent are along the Siberian sector of the Arctic,
which resulted from a great decrease of sea ice through a
combination of advection and melt. Due to significantly
reduced sea-level pressure over the central Arctic, the
cyclone activity north of Siberia has increased during the
high-index conditions of the AO, which favors stronger and
more frequent warm southerly winds (Fig. 4a). These
southerly winds from the area of maximum positive correl-
ation between the AO index and SAT over northern Eurasia
(Figs 3a and 4a) contribute to increased sea-ice melting and
to advection of ice poleward from the coast. In addition, the
increased cyclone activity over the central Arctic is believed
to promote ice divergence (Maslanik and others, 1996;
Serreze and others, 2003; Rigor and others, 2006).

We ran an ensemble of five model simulations beginning
in AD 1880 and extending through 2002, driven by in-
creasing well-mixed greenhouse gases, solar irradiance,
stratospheric water vapor derived from methane oxidation,
tropospheric and stratospheric ozone, volcanic aerosols,
changes in land use and snow/ice albedo change propor-
tional to the local soot deposition (Hansen and others,
2005). A decrease, from about 4.49% of the Earth’s surface
to about 4.2%, of ocean ice cover area over the past century
is simulated. The observational data (Rayner and others,
2003) show a decrease of sea-ice cover from about 4.55% to
about 4.1%. The model reproduces the global sea-ice cover

Fig. 2. Winter (November–April) AO index (5 year running mean)
and long-term trend: (a) 2�CO2; (b) 0.5�CO2.
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well and sea ice is more stable in the present model than in
previous GISS models.

Due to extensive sea-ice melting, enhanced ice advection
from the central Arctic and increased precipitation, the
salinity of the surface ocean layer indicated by our
simulation decreased by about 1 psu (practical salinity unit)
in the central Arctic, the Labrador Sea and the North
Atlantic. All these factors contributed to the fact that under
warming conditions MOC in the North Atlantic weakens
and becomes much shallower (Fig. 5a) such that from a
depth of about 2000m to the bottom the water is ventilated
from the Southern Ocean as the reverse overturning cell of
Antarctic Bottom Water (AABW) intensifies and penetrates
northward up to 40–458N. As was noted in earlier studies
(Manabe and Stouffer, 1999; Wood and others, 1999), the
MOC weakening is attributable mainly to ocean freshening
in high latitudes as a result of strong sea-ice melting and
ocean warming. The sea surface temperature (SST) increased
by several degrees over most of the North Atlantic, with the
maximum SST warming in the Norwegian Sea. The 2�CO2

experiment exhibits the region of SST cooling, which is
located to the southeast of Greenland. Both weakening of
North Atlantic MOC and reduction of the northward ocean
heat transport by the Gulf Stream are important in modifying

the ocean surface response to warming conditions. This was
noted in other studies (Russell and Rind, 1999; Wood and
others, 1999; Hu and others, 2004) and may explain the SST
cooling in this region.

As a consequence of the weakened MOC indicated by
the model, the northward heat transport is reduced due to
weakened flow in the Gulf Stream. The weak Gulf Stream
extends only to about 408N, whereas the cyclonic circula-
tion of the surface ocean layer in the Greenland, Iceland and
Norwegian seas intensifies. The stronger East Greenland
Current of this cyclonic gyre supplies freshened Arctic
Ocean water to the North Atlantic region along the West
Greenland coast. The intensification of upper-ocean cyc-
lonic circulation in the Greenland, Iceland and Norwegian
seas is caused by an increase in surface wind along the
European coast as well as by amplification of westerlies in
the North Atlantic (Fig. 4a). The enhanced westerly flow
across the North Atlantic brings warm, moist air over the
northern part of Russia and Scandinavia, which results in
increased precipitation. At the same time, drier conditions
under warming scenarios are obtained over central and
southern Europe, the Mediterranean and the Middle East.
From the experiments with increased CO2 concentration,
the results show weakening in the Atlantic thermohaline

Fig. 3. (a,b) Correlation coefficient between December–March NH SATand AO index: (a) 2�CO2; (b) 0.5�CO2. (c,d) Correlation coefficient
between December–March NH sea-ice concentration and AO index: (c) 2�CO2; (d) 0.5�CO2. Note the decimal point in the scale.

Nazarenko and others: Sea-ice and climate response to CO2-induced warming and cooling conditions436

https://doi.org/10.3189/172756506781828566 Published online by Cambridge University Press

https://doi.org/10.3189/172756506781828566


circulation and atmospheric conditions favoring a positive
phase in the NAO. This in turn contributes even more to
increased precipitation minus evaporation and freshening at
high northern latitudes.

For the CO2-reduced (0.5�CO2) experiments, the global
mean (40 year) SAT is 1.88C lower than in the control
experiments. The largest cooling is found in the high latitudes
of the NH (fig. 18 of Hansen and others, 2005). A large
cooling of the troposphere and warming of the stratosphere
in the high northern latitudes (fig. 20 of Hansen and others,
2005) leads to increased SLP in these regions. The increased
SLP over polar latitudes causes substantial weakening of the
polar cell, which is immediately reflected by weakened
westerlies poleward of �408N (fig. 22 of Hansen and others,
2005) during the winter. These self-sustaining conditions of
cooling and increase in SLP over the Arctic are reproduced in
the negative overall trend of the winter AO index (Fig. 2b),
although the model again reproduces large year-to-year
variability under extreme cooling. Comparison of sea-ice
extent and AO index shows that the anticorrelations are
stronger in the European sector of the Arctic (Fig. 3d). This
finding is confirmed by the analysis of the sea-ice extent and
negative phase of the NAO and AO oscillations (Dickson and
others, 2000; Thompson and others, 2000; Rigor and others,
2006), and explained by strengthening anticyclonic activity
over the central Arctic and reduction of sea-ice export from
the European Arctic. The cooling conditions lead to thicker
and more extensive sea ice. In the Southern Hemisphere, the
increase in sea-ice area (28%) dominates over the ice-
thickness increase (5%) due to open ocean in the equator-
ward direction, which is favorable for sea-ice spread and
which prevents sea ice from thickening. In the NH, sea-ice
area increased by only 8% due to the enclosed land/sea
configuration, but it became much thicker (108%).

The SAT and AO correlations (Fig. 3b) result from
increased SLP over the polar regions. Increased SLP causes
weaker westerly flow across the North Atlantic and reduced
penetration of maritime air over northern Europe (Fig. 4b). In
the tropical and subtropical Atlantic, the northward shift of
the Inter-Tropical Convergence Zone causes strengthening of
the southwesterly wind flow across the subtropical Atlantic.

This brings moist maritime air masses over southern Europe
and northern Africa and leads to increased precipitation over
these regions. Precipitation and evaporation decrease almost
everywhere due to the colder climate. However, stronger
surface winds over the Labrador Sea and subtropical Atlantic
favor increased evaporation over these areas, which makes
the surface water more saline and contributes to the
strengthening of deep convection in the North Atlantic.

Under cooling conditions, the MOC becomes stronger
(Fig. 5b). The southward shift of the convection sites is
consistent with other modeling studies and paleoceano-
graphic data (Sarnthein and others, 1994; Ganopolski and
others, 1998; Hewitt and others, 2001; Shin and others,
2003; Liu and others, 2005). Increased northward heat
transport is a consequence of stronger Atlantic MOC, which
is seen in an intensification of the Gulf Stream and stronger
circulation in the subtropical Atlantic. Enhanced overturning
circulation in the northern and subtropical Atlantic and a
stronger Gulf Stream contribute to more northward heat
transport and maintain relatively warm SSTs in the northern
part of the North Atlantic. In the Southern Ocean, cooling
experiments show an increase in overturning circulation as
well, which may lead to a situation in which deep ocean
layers of AABW become sufficiently dense that, after
penetration into the deep North Atlantic, vertical stability

Fig. 4. Change of precipitation (mmd–1). Vectors are for the change in surface wind (m s–1). (a) 2�CO2; (b) 0.5�CO2. All the changes are
significant at the 95% level. Note the decimal point in the scale.

Fig. 5. Change of the meridional mass transport stream function in
the Atlantic Ocean (Sv): (a) 2�CO2 (b) 0.5�CO2. All changes are
significant at the 95% level.
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is increased, thus preventing surface water from sinking as
deeply in the North Atlantic. Recent paleoclimate data
indicate evidence of a Southern Ocean lead over the NH
climate by 1000–2000 years for glacial cycles (Wunsch,
2003). However, for the shorter timescales the hemispheres
are not coupled, and the decade-to-century Atlantic vari-
ability is controlled by the North Atlantic itself through its
fast adjustment (Stocker, 2000; Stouffer, 2004).

4. CONCLUSIONS
The primary causal mechanism that drives the AO towards its
high index polarity still remains to be determined. Some
authors (Hurrell, 1996; Thompson and others, 2000) hy-
pothesize that anthropogenic forcing may be a contributing
factor to the recent strengthening of the polar vortex
(reflected by the AO) and warming over the NH continents.
The SLP decrease over polar latitudes and increase south of
about 508N (reflected in strengthening of the polar cell and
enhancement of westerlies around the perimeter of the
Arctic, as well as in cooling of the stratosphere and warming
of the troposphere) create a self-supporting mechanism for
the positive AO phase under the warming scenario. A trend
towards a positive phase of the AO oscillation in the 2�CO2

experiment is in agreement with previously published reports
on the AO trend towards higher values with increasing
greenhouse gas concentration (Fyfe and others, 1999; Gillett
and others, 2002; Osborn, 2004). The typical warming
pattern in the atmosphere is reflected in an anomalously
strong NH atmospheric circulation with a pattern of Atlantic
variability that is very similar to the observations (Hurrell,
1995; Wallace and others, 1995; Timmermann and others,
1998). In addition this NAO-like pattern (SLP decrease over
the Arctic and SLP increase at middle latitudes) includes an
intensification of westerlies in the North Atlantic, which
results in increased precipitation over northern Europe and
decreased precipitation over central and southern Europe,
the Mediterranean and the Middle East. Large temporal
variability of the AO index confirms recently reported
observational evidence of this phenomenon under increased
warming during the past few decades (Dickson and others,
2000; Feldstein, 2002; Overland and Wang, 2005). SAT
increase caused reduction of sea-ice cover by 15%, with the
largest decrease in summer and autumn, consistent with
recently reported analyses of the Arctic sea-ice cover change
(Rayner and others, 2003; Serreze and others, 2003;
Johannessen and others, 2004; Rigor and Wallace, 2004;
Stroeve and others, 2005). The increased fresh-water flux
from sea-ice melting and from enhanced precipitation over
high latitudes contributes to upper ocean stratification in
areas of deep water formation, which is reflected in the
weakening of the North Atlantic MOC.

The CO2-reduced experiment exhibits an SLP increase
over the high latitudes and SLP decrease over middle
latitudes, which cause substantial weakening of the polar
cell and westerlies poleward of �408N. The corresponding
shift of the AO index towards its low index phase is a result
of a self-supporting mechanism due to tropospheric cooling
and stratospheric warming as well as SLP increase over the
Arctic. During negative AO conditions, lower temperatures
and weaker westerly flow across the North Atlantic cause
reduction of precipitation over northern Europe and Russia.
Strengthening the southwesterly wind flow across the sub-
tropical Atlantic contributes to the increase in precipitation

over southern Europe, the Mediterranean and northern
Africa. Overall cooling and strengthening of the anti-
cyclonic circulation over the central Arctic contributes to
the extension and thickening of the sea-ice cover. Under
CO2-induced cooling conditions, the North Atlantic itself
controls the Atlantic thermohaline circulation and climate
due to its fast adjustment on decadal-to-century timescales,
which is reflected in an intensified and deepened North
Atlantic overturning cell.
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