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Abstract This study examines the influence of Antarctic
sea ice distribution on the large scale circulation of the
Southern Hemisphere using a fully coupled GCM where
the sea ice submodel is replaced by a climatology of
observed extremes in sea ice concentration. Three 150-year
simulations were completed for maximum, minimum and
average sea ice concentrations and the results for the aus-
tral summer (January—March) were compared using the
surface temperatures forced by the sea ice distributions as a
filter for creating the composite differences. The results
indicate that in the austral summer the polar cell expands
(contracts) under minimum (maximum) sea ice conditions
with corresponding shifts in the midlatitude Ferrell cell.
We suggest that this response occurs because sea ice lies in
the margin between the polar and midlatitude cells. The
polarity of the Southern Hemisphere Annular (SAM) mode
is also influenced such that when sea ice is at a minimum
(maximum) the polarity of the SAM tends to be negative
(positive).

1 Introduction

While sea ice is a fundamental feature of the Antarctic
climate, it has often been regarded as a passive rather than
an active agent in climate processes, hence, research has
tended to focus on the response of the sea ice to atmosphere
or ocean forcing. Normally, the relationship between sea
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ice and the atmosphere is explained mostly in terms of
local scale atmosphere and ocean dynamics and thermo-
dynamics (e.g. Zhang 2007; Liu et al. 2004; Deser et al.
2000, Sen Gupta and England 2006; Holland et al. 2005,
Raphael 2007; Stammerjohn et al. 2008; Yuan and Li
2008). These studies, among others, make clear the pivotal
role that both the atmosphere and the ocean play in the
formation and maintenance of sea ice. However, once
present, sea ice can and does exert a strong influence on its
environment. Its high albedo reduces the amount of
shortwave radiation that can be absorbed by the surface
(thereby reducing the surface temperature) and the ocean.
It also limits the vertical exchange of heat and moisture
between the ocean and the atmosphere (Maykut 1986). The
net effect of this is to modify the radiative, energy and
mass exchange process in the southern high latitudes. Sea
ice also has the potential to redirect surface currents and to
change the rates at which the surface water subsides at
Antarctic latitudes. Since sea ice anomalies tend to persist
for several months they have the potential for strongly
affecting the atmospheric and oceanic circulation (e.g.
Lemke et al. 1980).

Among the observational studies showing a relationship
between Antarctic sea ice and the Southern atmosphere are
Cavalieri and Parkinson (1981), Carleton (1981, 1988),
Simmonds and Jacka (1995), Yuan and Martinson (2001),
Kwok and Comiso (2002) and Raphael (2007). They have
uncovered links between the atmosphere and sea ice that
vary in scale from synoptic to planetary scales. ENSO has
been shown to have a definitive impact on ice extent and
variability while Antarctic sea ice extent co-varies with a
number of remote climate variables such as tropical Pacific
precipitation. Even with adequate observations it is difficult
to determine cause and effect since the observed data
represent the combined input of all contributors to climate
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and these relationships are not necessarily linear. Atmo-
sphere/sea ice interaction is modulated by the ocean via the
ocean currents and SST, ocean/atmosphere and ocean/sea
ice sensible and latent heat flux exchanges, among other
processes.

Modeling provides one way of testing to see the impact
of sea ice on the atmosphere and ocean and this has been
done for the Southern Hemisphere. Early studies of this
kind have shown strong, physically consistent, atmospheric
responses to sea ice, but interpretation of their results have
been limited by unrealistic assumptions of sea ice amounts
and variability as well as by the limitations of earlier GCM
parameterizations of sea ice attributes (Walsh 1993).
However, the studies show that changes in Antarctic sea ice
have a significant effect on the heat fluxes and on surface
temperature. A reduction in sea ice extent (SIE) produced
changes in the sensible heat flux with subsequent sub-
stantial atmospheric warming (e.g. Simmonds and Budd
1991; Mitchell and Senior 1989; Bromwich et al. 1998).
The surface westerlies and easterlies were also affected as
was the number of cyclones close to Antarctica (Simmonds
and Wu 1993).

Realistic sea ice amounts have been used by Hudson and
Hewitson (2001) who found that apart from an increase in
surface temperature (with reduced SIE) the Hadley cell
circulation strengthened and moved south. Raphael (2002,
2003), showed that the SH atmosphere is sensitive to
extremes of sea ice concentration (SIC) and that the indi-
cations of this sensitivity extend to middle and lower lati-
tudes. More specifically, that research suggested that in
summer, maximum SIC forces weaker surface winds in the
midlatitudes in summer while under minimum SIC condi-
tions the winds are stronger. These variations in the surface
westerlies represent the lower atmosphere manifestation of
the Southern Hemisphere Annular Mode (SAM). Hall and
Visbeck (2002) in their modelling study of the SAM,
associate the weaker westerlies with a southward expansion
of the subtropical high and a weaker subpolar gyre.

The two studies cited above have different foci but their
information suggests that sea-ice variations can have a
detectable impact on the large scale atmospheric circula-
tion. This information, although valuable, cannot effec-
tively address the impact of sea-ice on the ocean because of
their design. The relationship between sea ice and the
atmosphere is non-linear and within this context one study
does not provide enough information because it is too short
and the other cannot effectively isolate the influence on
sea-ice from that of other climatic variables.

It seems clear that sea ice has an influence on climate.
However, questions about how this is achieved and the size
and extent of this influence remain. In the research discussed
in this paper, we examine the interaction between the large
scale atmospheric circulation and the Antarctic sea ice
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distribution on the interannual time scale. In particular, we
examine the simulated impact of satellite-observed sea ice
extremes on the extratropical circulation. This impact is first
seen in the surface temperatures at subpolar latitudes, which
in turn influence the large scale, meridional, temperature and
pressure gradients, and is transferred to the atmosphere via
the surface fluxes of latent and sensible heat.

This current research may be seen as an extension of
Raphael (2003) which used the National Center for
Atmospheric Research (NCAR) Climate System Model
(CSM1) in a multi-year experiment where the atmospheric
circulation was forced by observed SIC extremes. How-
ever, those were 10-year simulations and while useful
information was gleaned, questions such as the impact of
the sea ice on the ocean and the role of the sea ice in the
longer term variability of the atmosphere could not be
addressed. In this paper, for reasons outlined below, we
address the interaction of sea ice with the atmosphere only.
The current experiment was run for 150 years and in this
paper the atmospheric responses to sea ice concentration
for summer are discussed. Section 2 describes the model
and the experiment. Section 3 describes and discusses the
results and Sect. 4 summarizes the results and conclusions.

2 Climate model, data and experiment design
2.1 Climate model description

The model used in these experiments is the NCAR Com-
munity Climate System Model Version Three (CCSM3)
(Collins et al. 2006). This model has been used in a variety
of studies. The Model’s representation of the Southern
Hemisphere’s large scale atmospheric circulation and its
variability has been thoroughly evaluated. The spatial and
temporal characteristics of the large scale, surface and mid
tropospheric circulation (e.g. the SAM and zonal wave 3,
the semi-annual oscillation) are reasonably well simulated
(e.g. Raphael and Holland 2006).

The CCSM3 has four component models—ocean,
atmosphere, land and sea ice—that correspond with each
other via a flux coupler (Bryan et al. 1996). The modular
structure of the CCSM3 allows the user to replace the sea
ice component model with, in this case, satellite-derived
Antarctic sea ice concentration climatologies while the
ocean, atmosphere and land submodels remain active.
Information among the atmosphere, land and sea ice sub-
models is exchanged on an hourly basis while with the
ocean submodel the time step is daily. The experiment is
run at a spectral resolution of T42 (approximately
2.8° x 2.8°). The atmosphere has 26 vertical levels and the
ocean 40. A smaller scale experiment using the same
method with an earlier version of the model was
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successfully completed by Raphael (2003). That model
worked well, producing physically plausible results on
seasonal to interannual time scales.

There are a number of similarities between this experi-
ment and that reported on by Raphael (2002, 2003).
However this experiment differs, particularly in the length
of the simulation which is 150 years. The earlier simula-
tions ran for only 10 years so that variation at longer time
scales in the ocean was not an important factor. In the
current experiment where the ocean is active and is allowed
to respond to the atmosphere through the sea ice leads and
along the ocean/sea ice margin, the role of the ocean
becomes very important over a simulation of 150 years.
Like the earlier experiment surface temperature responses
within the domain of the sea ice are expected to be due to
the sea ice differences while those farther afield are
expected to be due to large scale dynamic adjustments. The
prescribed sea ice distributions potentially present the
model with a perturbation that is not internally consistent
with its physical state and the ocean model’s response
typically would be to try and remove that perturbation.
This could mean that the ocean would try to create more
ice than exists in the minimum scenario or less ice than
exists in the maximum scenario. It is possible that the SST
at the ice/ocean boundary may be too warm or too cold to
support the SIC. In that case if the SST of a preceding
month is too cold to support an ice-free zone the ocean
temperature is brought to freezing point in the regions
where there is no prescribed sea ice and allowed to form ice
in regions where there is ice in the climatology. Brine
rejection, an important part of the process in the formation
of sea ice and in the development of Antarctic Bottom
Water and therefore the thermohaline circulation, will
occur. This is particularly important for longer term
simulations such as the ones described here. If, however,
the SST of the preceding month is too warm to support an
ice-covered ocean then the ocean will melt ice and the
water at the surface will freshen but the SIC will remain as
prescribed. As designed, this experiment isolates the
impact of ice on the atmosphere by not allowing the ocean
to contribute to this impact beyond the limits of that set by
the sea ice distribution. The ocean atmosphere feedback is
potentially not allowed to develop fully. This has direct
consequences for interpretation of the ice on ocean impact
and also influences the degree of ocean atmosphere
exchange. These are limitations that occur if impacts are to
be isolated, however, it allows the results to be seen more
clearly as a response of the atmosphere to sea ice.

2.2 Data and experiment design

This study uses satellite-observed sea ice with the expec-
tation that realistic sea ice conditions facilitate

interpretations of the results, and also to attempt to match
closely conditions that would exist in reality. The sea ice
concentration (SIC) dataset used to construct the minimum,
maximum and average climatologies used in the simula-
tions is the Met Office Hadley Centre’s sea ice and sea
surface temperature (SST) data set, HadISST1 (Rayner
et al. 2003). This dataset is a combination of monthly
globally complete fields of SST and sea ice concentration
on a 1° latitude—longitude grid. Pre-satellite era, observed,
SIC are made consistent with the satellite data. The accu-
racy and quality of this dataset are comparable to other
published datasets and it captures well the trends in global,
hemispheric, and regional sea surface temperatures. More
details on this dataset can be found in Rayner et al. (2003).

Variability in sea ice concentration around Antarctic is
not homogenous, in fact there are strong regional differ-
ences in sea ice trends. Some of this is a response to lower
latitude forcing while some is due to higher latitude oce-
anic and atmospheric forcing. The aim of this study is to
see how the sea ice field as a whole influences the atmo-
sphere so we define the extremes of sea ice using its global
distribution around Antarctica.

The total areal extent of the monthly mean SIC was
compared to determine the months with the least sea ice
and the most sea ice for the Antarctic region as a whole.
The daily data for these months were then chosen for use in
the simulations. Daily data were used in order to capture
existing polynyas since the brine rejection process is
strongly associated with polynyas and the latter can form
and disappear on time scales of less than a month. Each of
the 12 months in the maximum climatology (MAX) is that
month in the dataset when maximum SIC values were
observed. That is, the January SIC used in the maximum
climatology is the January that had the greatest areal
coverage of SIC during the period 1978-2000 and so on.
Since the months were chosen from different years the sea
ice at the beginning and end of each month were inter-
polated to ensure a smooth transition from one month to
the other. The minimum climatology (MIN) was con-
structed in the same way as the maximum climatology but
for minimum areal coverage of sea ice. The average
climatology (CON) is the simple daily average SIC
calculated over the period 1978-2000.

Figure 1 shows the summer [January, February, March
(JFM)] differences in sea ice. In the MAX sea ice is gene-
rally greater than that in the MIN and CON climatologies.
However, the SIC differences are not homogeneous in sign,
ranging in size from +50 to —20%. The largest positive
difference, with respect to the mean (CON) exists in the
eastern Weddell and Ross seas. Elsewhere, there is little to
no difference between the CON and MAX except in the
Bellingshausen—Amundsen (BA) Seas where SIC is smal-
ler in the MAX scenario. By comparison, the difference
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Fig. 1 Summer (JEM) sea ice a
0

concentration distribution.
a MIN-CON and

b MAX-CON. Units

are in %

between the MIN and CON SIC climatologies (Fig. 1a) is
mostly homogeneous—MIN is usually less than CON
except for small areas in the Weddell and Ross seas. The
differences between MIN and CON (not shown) show that
MAX is generally always greater than MIN. The differ-
ences in Fig. 1 are small but small differences in sea ice
concentration and sea ice extent have been associated with
large scale changes with the atmospheric circulation
(Raphael 2003, Yuan and Martinson 2001). It is notable
that the largest differences occur in regions of strong
interannual sea ice variability—the Weddell and Ross Seas
(e.g. Cavalieri et al. 1999)—suggesting that the distribu-
tions used capture some of the variability in sea ice. The
differences in sea ice for both scenarios for the eastern
Antarctic are small but this region has much less ice
compared to the Weddell and Ross Seas and the variability
is smaller than in the west Antarctic (Cavalieri and Par-
kinson 2008). Sea ice variability in west Antarctica, in the
region between and including the Weddell and Ross Seas,
is strongly influenced by the large scale extra-polar circu-
lation (e.g. Kwok and Comiso 2002; Carleton 2003; Liu
et al. 2004; Raphael 2007) and may be key to modulation
of the Antarctic climate.

Three 150-year simulations were run, one each with a
different sea ice climatology. The simulations branched
off year 400 of the 1,000 year control run of the CCSM3
(Collins et al. 2006). This point in the control simulation
was chosen because it represented the beginning of a
period of reduced wvariability, lasting for more than
150 years, in the 1,000 year control run. The rationale
here was that this was a stable period in the control
simulation and therefore there was a reduced chance of
internal model variability influencing the outcomes of the
experiments.
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3 Results and analysis
3.1 Area weighted surface temperature index

Normally, in experiments such as these, the full mean
composites of the variables of interest would be calculated
and difference plots made to see if and where the simulated
variables from, say, MAX were significantly different from
those of CON. For these experiments these composites
were calculated and it was found that the time mean dif-
ferences among the three scenarios were quite weak and
not statistically significant, suggesting that sea ice had little
or no impact on the large scale circulation. However, fur-
ther examination of the temporal variation of several key
variables such as the zonal wind and geopotential height
revealed significant short (interannual) and longer term
(interdecadal) fluctuations. The nature of the latter meant
that the time means and their differences were small. Plots
of primary atmospheric variables at extrema in these longer
term fluctuations (not shown) showed significant differ-
ences between the scenarios that were ultimately reduced
in the averaging process. We believe that the long term
fluctuations maybe due to the influence of the ocean and
some further simulations have been carried out to explore
that influence. We do not report on those here. Instead our
analysis in this paper uses the surface temperature forced
by sea ice as a filter for determining the impact of the sea
ice on the large scale atmosphere at the interannual
timescale.

The analysis is carried out from the point of view that,
through its insulating effect, the sea ice distribution has a
direct influence on the surface temperature. Changes in
surface temperature have a direct effect on lower atmo-
spheric buoyancy which in turn affects the atmospheric
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Fig. 2 Areal difference in a o
summer (JFEM) sea ice fraction. ]
a MIN-CON and b MAX-CON

/1208

pressure surfaces and the meridional temperature and
pressure gradients. The sea ice effect on temperature is
transferred from the surface to the atmosphere by the
radiative and turbulent energy fluxes. To determine the
impact of the sea ice distribution on surface temperature,
we first created an areally averaged weighted surface
temperature index.

To create the index the difference in ice fraction for the
whole ice field for each of the scenarios was calculated:
MIN-CON, MAX—CON and MIN-MAX. This difference
was then multiplied by the grid square area (m?) to give the
difference in m? of ice-free ocean between the extreme SIC
and the average (CON) simulations. Like the ice fraction
differences, the areal differences (Fig. 2) are not homoge-
neous but is clear that in the MIN (Fig. 2a) the area
occupied by sea ice is much less than in the CON. The
reverse is true for the MAX (Fig. 2b) especially in the
Weddell and Ross Seas but the areal differences are not as
large. This areal difference was then used as the weighting
function to create a time series of weighted areal average
temperature (Fig. 3). Although the difference in area has
polarity i.e. some areas are negative, e.g. where area cov-
ered by ice in CON is greater than that in MIN, only the
absolute values were used for the weighting function. This
means that the differences may be damped.

The temperature time series for the simulations and their
differences (Fig. 3) represent the weighted average surface
temperature in the region where there is a difference in SIC
between the scenarios. Note that the temperature series for
CON is different for the two scenarios. This is because the
temperature in the regions where differences in SIC occur
between MIN and CON are different to the temperatures in
the region where differences in SIC are found between
MAX and CON. The temperature time series display three
key characteristics.
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Fig. 3 Area-weighted temperature time series for summer (JFM)
a MIN, b MAX and CON (dashed line) and their difference
MIN-CON, MAX-CON. Units are in K

1. It is always warmer under MIN conditions and cooler
under MAX conditions than under CON conditions.
This thermodynamic response is expected since the
presence of ice would foster lower temperatures and
vice versa.

2. The differences between the perturbations and the
control are very small, never more than half a degree.
This is partly a result of damping due to the use of
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absolute differences; regional differences may be
larger. The small size of the differences may also
indicate that the system is very finely balanced and
small changes can have large impacts.

3. There is strong interannual to longer term variability
apparent in all three simulations and there is no
sustained trend. The interannual variability in surface
temperature might represent fluctuations internal to the
atmosphere—ocean system since they occur in all of
the simulations. It is possible that the longer term
variability involves some adjustment by the ocean and
that is being investigated separately.

3.2 Composite difference in climate variables

The results discussed here focus on the differences between
the simulations on the interannual time scale. To obtain a
sense of the atmospheric response to the different sea ice
scenarios, the significant atmospheric variables—zonal
wind (U), geopotential height (Z3), vertical motion
(OMEGA), temperature (T), sea level pressure (SLP)—
were composited based on the weighted temperature dif-
ferences (Fig. 3) between the CON and the MAX and MIN
scenarios that were one standard deviation away from the
mean difference. In this way, we compare the atmospheric
responses at times when the temperatures were warmest in
the MIN (compared to the CON) and coolest in the MAX
(compared to the CON) so that the impact of the sea ice-
driven surface temperatures, if any, would be maximized.
This approach is chosen because the longer term variability
exhibited in the time series renders the time-mean response
very small. The composite differences are described below.

3.2.1 Temperature

The temperature distribution of the CON is shown in
Fig. 4a and is evidence that the simulation captures the
important elements of the 850 hPa temperature surface. It
is concentric around the South Pole and ranges from 264 K
at the Antarctic continental boundary to 296 K over the
three other southern continents. The differences between
the average and extreme sea ice simulations indicate that in
the MIN (Fig. 4b) scenario it is warmer around Antarctica
poleward of 60°S than in the CON. This is consistent with
the smaller SIC shown in Fig. 1a and the areal difference in
sea ice shown in Fig. 2a. The warmest area is approxi-
mately 1°C warmer, lies within the Ross Sea and extends
north into the Pacific Ocean. In the middle latitudes over
the oceans it is cooler in the MIN. These cooler regions
extend from the southeast Atlantic across the southern
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Fig. 4 Summer (JFM) 850 hPa temperature. a Long term average—
CON and composite differences, b MIN-CON, and ¢ MAX-CON.
Contour interval in a is 4, and 0.2 in b and c¢. Units are in K
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Indian Ocean and to the south and east of Australia. Aus-
tralia itself, the subtropical continents and the northern
Indian Ocean are warmer in the MIN scenario. Overall, this
pattern of differences suggests a local influence around
Antarctica coupled with large scale effects further north.

The differences between MAX and CON (Fig. 4c)
exhibit a pattern that in many respects is the opposite of
that shown in Fig. 4b. It is less well-organized, perhaps
because the areal differences in sea ice and therefore
temperature are not as pronounced as in MIN-CON.
Temperatures are lower close to the continent, lowest in the
Ross Sea. North of this region the difference between
MAX and CON tend to be negative where the differences
between MIN and CON were positive.

These 850 hPa temperature differences match the SIC
differences such that it is warmer where there is less ice
and cooler where there is more. The larger differences
occur close to the continental edge but, notably, they
extend well north of the region of summer sea ice. The
differences in temperature close to the continental edge
may be reasonably explained as a direct thermal response
to the sea ice distribution. Lower SIC (in the MIN)
means a reduced albedo, more absorption of shortwave
radiation—especially important in the summer period of
high sun—warmer surface ocean temperatures and sub-
sequent stronger flux of heat from the ocean to the atmo-
sphere. The reverse argument can be made for more sea
ice—in the MAX. However, the coherent differences that
occur further afield indicates that there maybe some indi-
rect dynamic adjustment.

The temperature differences that are seen at the surface
extend through the depth of the troposphere and reach a
maximum in the middle troposphere (Fig.5). This is a
clear indication that the impact of the distribution of sea ice
on temperature is not limited to the surface. Under the MIN
scenario (Fig. 5a) it is warmer poleward of 50°S, and peak
differences occur in the mid troposphere (500 hPa) where
the difference is as much as 0.8°C. Between 35°S and 50°S

Fig. 5 Summer (JEM) a MIN-CON

200

temperatures are cooler by as much as 0.3°C whereas
equatorward of 35°S temperatures are warmer reaching a
maximum near 25°S. The pattern of differences in the
MAX-CON (Fig. 5b), while smaller in magnitude, is
approximately the opposite of MIN-CON. One noticeable
difference is that the cooler temperatures poleward of 60°S
in MAX peak near 300 mb compared to the warming in
MIN.

The temperature response suggests a reduction of the
mid/high latitude temperature gradient in the MIN and a
strengthening of the same gradient in the MAX. Exami-
nation of the 65°S—40°S temperature gradient for all three
simulations confirm this. Such large scale changes in the
temperature gradient, while promoted by the surface tem-
peratures forced by the sea ice distribution, must be sup-
ported by large scale circulation responses as is discussed
below.

3.2.2 Atmospheric pressure

SLP in the extratropics is dominated by the subtropical
highs and the circumpolar low, as illustrated in Fig. 6a. The
results shown in Fig. 6b and c suggest that sea ice distri-
bution in the MAX and MIN simulations influences the
magnitude of atmospheric pressure in region of the cir-
cumpolar low so that the low is deeper (negative differ-
ences) in the MAX and shallower (positive differences) in
the MIN with respect to the CON. Further north there are
also significant, coherent, and opposing differences in the
MIN and MAX simulations. Extending from the subtropics
to the midlatitudes SLP is lower in the MIN. The opposite
is true of the MAX, except over the Indian Ocean, but the
values are smaller and the latitudinal range is also smaller.

As found for temperature, the pattern of sea level
atmospheric pressure differences extend through the depth
of the troposphere (Fig. 7); maximum differences occur
near 200 hPa. The zonally averaged data show that the
largest positive differences between MIN and CON

hemispheric zonally averaged
vertical distribution of
composite temperature 260
differences. a MIN-CON and
b MAX-CON. Contour interval
is 0.1 in a and 0.04 in b. Units
are in degrees K
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Fig. 6 Summer (JFM) sea level pressure. a Long term average CON
and composite differences, b MIN-CON and ¢ MAX—CON. Units are
in hPa

(Fig. 7a) are found south of 55°S over Antarctica while the
negative differences are found in the middle latitudes,
30-60°S. Between MAX and CON (Fig. 7b) the differ-
ences are much smaller but the pattern is coherent. The
reduced mid/high latitude meridional temperature gradient
suggested in Fig. 4b coincides well with the apparent
relaxation of the meridional pressure gradient.
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The overall impression given by Figs. 6 and 7 is that the
mid-high latitude pressure gradient is influenced by SIC
such that when there is more sea ice (cooler surface tem-
peratures) the gradient is steeper and when there is less sea
ice (warmer surface temperatures) the gradient is shal-
lower. The changes in the meridional pressure gradient are
consistent with the meridional temperature gradient dis-
cussed above; the shallower (steeper) temperature gradient
of the MIN (MAX) coincides with the apparent relaxation
(steepening) of the meridional SLP gradient. Such an
association may be explained in terms of the energy flux
from the ocean surface to the atmosphere. The warmer
surface conditions that occur under reduced sea ice (MIN)
results in an increased flux of energy (latent and sensible)
from the ocean to the lower atmosphere with consequent
increase in temperature in the lower layers. The warmed air
becomes more buoyant, the pressure surfaces lift and as a
consequence the meridional pressure gradient decreases.
On the other hand, if energy transfer from the ocean to the
atmosphere is restricted by sea ice (as in the MAX), the
flux of heat from ocean to atmosphere will be significantly
reduced. The surface will also be cooler because of the
higher albedo, and the lower layers of the atmosphere will
also be cooler and less buoyant. As a result, the meridional
pressure gradient would steepen.

We note that if the flux of energy from ocean to atmo-
sphere were to continue then the ocean surface should cool
and the vertical flux will decrease—a negative feedback.
Under minimum SIC this negative feedback is not allowed
because the sea ice distribution and therefore the tempera-
ture associated with it is not allowed to change. The
atmosphere then remains more buoyant than in the CON or
the MAX. Note that if the SIC were allowed to respond
then the MIN sea ice conditions would maintain a neutrally
stable atmospheric state in the absence of other forcing
factors.

3.2.3 Zonal wind

The CON composite of the zonal wind (U) at 1,000 hPa
(Fig. 8a) show the polar easterlies, the westerlies and the
subtropical easterlies quite clearly. The strength and spatial
domain of these winds correspond well with observations.
In the MIN-CON (Fig. 8b), easterly wind speeds are
stronger from 60°S to the continent. This is the result of an
equatorward expansion of the region occupied by the polar
easterlies and an increase in the speed of easterly winds at
high latitudes. At mid latitudes, between 45°S and 60°S the
westerly winds are weaker in MIN. The peak reductions lie
near 60°S where it reaches —1.6 m s~!. Further north,
from 30° to 45°S, westerly wind speeds are stronger in
MIN, reaching a maximum difference of 0.8 m s~ over
the ocean near southeastern Australia. The pattern of
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differences between the MAX and CON (Fig. 8c) although
less well-organized, is the reverse of what is shown for
MIN-CON and their magnitude is smaller. The polar eas-
terlies are weaker in a reduced spatial domain, and the
westerlies from 30° to 45°S are also weaker, except over
the southern Indian ocean. Stronger westerlies occur from
45° to 60°S.

The zonally averaged zonal wind (Fig. 9a) displays the
single upper tropospheric midlatitude jet with core speed of
40 m s~ that is characteristic of the southern summer
circulation. More striking, is the well defined pattern of
alternating positive and negative differences between MIN
and CON, and also MAX and CON, ranging from —2.25 to
1.5 m s~' (Fig. 9b, ¢). These correspond well to the spatial
difference patterns shown in Fig. 8b and c. In MIN-CON,
stronger winds occur in the middle troposphere over the
continent while from 45°S to 70°S winds are weaker,
weakest near 250 hPa and this extends into the strato-
sphere. Stronger winds occur from 30°S to 40°S also
peaking near 250 hPa while weaker winds occur above the
surface (near surface easterlies are stronger in CON) from
25°S to the equator. This alternating pattern of weaker and
stronger winds suggest an equatorward shift in the circu-
lation so that the effect of the smaller sea ice concentration
is a general weakening of the circulation accompanied by
an equatorward shift of about 2°. The core of the jet stream
is more expanded in MIN (not shown) than CON indicating
a relaxation of the jet associated with the gentler pressure
gradient suggested by Fig. 7a. Assuming that angular
momentum is conserved as the jet widens it should slow
down (e.g. Monaghan and Fyfe 2006). In the MIN the peak
strength of the jet remains unchanged and its equatorward
shift dominates any changes in wind speed.

Compared to the CON the core of the jet in the MAX
(not shown) is smaller, suggesting a contraction in response
to the steeper pressure gradient. The differences in wind
speed are smaller and of opposite sign to that between MIN
and CON, ranging in size from —1.4 to 14 ms'
(Fig. 8c). The pattern of alternating differences in this case

suggest a poleward shift of the circulation which also
dominates any changes in wind speed.

The responses of the zonal circulation to the sea ice
distributions appear linked to the different meridional
temperature and pressure gradients forced by the SIC. They
are also integrated by the large scale meridional circulation
as demonstrated by OMEGA, the vertical velocity
(Fig. 10). Figure 10a shows, for reference, the vertical
motion simulated in the CON. Clearly seen is the strong
uplift in the Hadley Cell, descent in the subtropical high
and the weaker uplift associated with the Antarctic polar
frontal zone. Also apparent is a zone of descent over
Antarctica associated with the Polar Cell. Alternating pat-
tern of differences between MIN and CON (Fig. 10b)
suggest that there is an equatorward shift in the zones of
uplift and descent, corresponding closely to what the
zonally averaged zonal winds show in Fig. 9b. For example
in Fig. 10b, MIN-CON, the center of the zone of uplift
associated with the polar cell shifted from around 60°S to
lie closer to 50°S. In MAX—CON (Fig. 10c) these differ-
ences are not as well-defined although they do suggest a
shift of the circulation toward the South Pole. We note that
the circulation appears stronger in the MIN but maintain
that this is mainly due to the shift of the circulation rather
than an in situ increase. This response in the vertical
velocity reinforces the idea that sea ice distribution can
have an effect on the circulation beyond the local scale
thermodynamic impacts.

We offer an explanation for how these responses can
occur using the MIN simulation as an example. Antarctic
sea ice advances and retreats in the circumAntarctic region
that coincides with the subpolar frontal zone; the margin
between the Polar and midlatitude cells (Fig. 11). When
the temperature and pressure are consistently increased due
to the reduction of sea ice in that region in the model, the
region of uplift expands latitudinally. The polar cell as well
as the region dominated by the surface easterlies expands
with it. Subsequently the midlatitude cell is displaced
equatorward with the concurrent shift of the zonal winds.
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Fig. 8 Summer (JFM) zonal wind at 1,000 hPa. a Long term average
CON and composite differences, b MIN-CON and ¢ MAX-CON.
Contour interval is 2 in a, 0.5 in b and 0.4 in c. Units are in meters per
second
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When SIC is consistently larger than average, as occurs in
the MAX, the reverse logic applies, as also shown in
Fig. 11. This response in the polar and midlatitude cells
explains how relatively small changes in temperature can
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result in the composite differences that extend so deeply
into the middle and upper troposphere. This large scale
response to relatively small changes in SIC is possible
because the sea ice lies in the sensitive region of the
Antarctic polar frontal zone.

4 Sea ice and the SAM

The combined responses of the key variables discussed
above—temperature, pressure and zonal wind—suggest
that the average surface temperatures forced by the
extreme sea ice distributions influence the state of the
leading mode of variability in the Southern Hemisphere
circulation, the SAM. The SAM is a mode of variability
that is expressed in the geopotential height field as a see-
saw in geopotential height between the polar regions and
the middle latitudes. Lower geopotential heights over the
poles coupled with higher heights over the midlatitudes
constitute the positive polarity SAM. Based on the fore-
going results the SAM appears to persist in negative
polarity when there is less sea ice and positive polarity
when there is more. This response is similar to those
found by Marshall and Connolley (2006) when they
modified the extra-tropical surface temperatures in winter.
A reduced temperature gradient moved the SAM toward
negative polarity. Additionally, observations suggest that
there is a strong tendency for the SAM to exist in neg-
ative polarity in summer. (See Fig. 1 of Monaghan et al.
2008) likely due to the reduced temperature gradient
which exists during that period.

Here we examine the SAM as represented in the atmo-
spheric pressure field using the method described in Gong
and Wang (1999). Figure 12 shows the summer SAM
extracted from the three simulations. The index is calcu-
lated at 500 mb and normalized over the 120 years of the
dataset. Note that the size and range of the index here is
larger than observed. The information shown in Fig. 12
supports the earlier analysis and indicate that the SIC dis-
tribution can and does influence the polarity of the SAM.
While there is short and long term variability apparent in
all three indices, the overall responses differ remarkably.
There is a strong and significant trend towards positive
polarity in the MAX (MAX represents an unstable state),
there is no trend in the CON (both polarities are repre-
sented with equal frequency) and the MIN, while also
displaying no long term trend tends to be negative. A
significant trend towards positive polarity in the SAM in
the austral summer has been observed since the mid 1960s.
This trend has been attributed to the combined effect of
anthropogenic and natural forcings with the anthropogenic
forcing being the more dominant of the two (Marshall et al.
2004). As designed, our experiments cannot address the
role of these forcings on the SAM. However we note that
sea ice concentration on average around Antarctica has
experienced a slight but significant increase in recent
decades (Cavalieri and Parkinson 2008). Sen Gupta and
England (2006) show that sea ice concentration is indi-
rectly affected by the SAM through the latter’s impact on
ocean, wind stresses and thermal effects. The results
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Fig. 11 Schematic of polar and
midlatitude cell response to sea
ice concentration
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Fig. 12 Southern Hemisphere Annular Mode index at 500 hPa for
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presented here suggest that the SIC in turn may have an
impact on the SAM.

It could be argued that the variability seen in the sim-
ulations (Fig. 12) is internal to the system and not forced
by the SIC. Some studies show that variability of the SAM
may be due to internal atmospheric physics and may exist
without external forcing. However, a number of studies
suggest that it is sensitive to external forcing, especially its
temporal evolution. Using ensemble AGCM integrations
Zhou and Yu (2006) show that there is a small but sig-
nificant predictability to the observed SAM when ocean
SST is prescribed from observations.

Using regression analysis we removed the variability
associated with the SAM from the SIC simulations above.

@ Springer

The results show a slightly weaker pattern in the zonal
wind (not shown) but the same sense as Fig. 12. Therefore
the patterns that apparent in Fig. 12 are not forced solely
by the natural variability of the SAM within the model.
This reinforces the idea that sea ice has a significant impact
on the whole atmosphere in the model.

Additionally, composite differences of the observed
zonal circulation for the months that were used in creating
the climatologies shows the same patterns as the simulated
composite differences, especially for the MIN (Fig. 13). By
inadvertently choosing sea ice distributions during a period
when the SAM was in its negative mode (for the MIN) to
force the model, we may have predisposed the SAM to
occur in its negative polarity. However that only lends
support to the idea that the SIC distributions reinforce the
state of the SAM on interannual timescales.

5 Discussion and conclusions

We have used a fully coupled, global climate model,
substituting its sea ice model with observed sea ice
extremes, to examine the impact of Antarctic sea ice on the
large scale, Southern Hemisphere atmosphere. Our results
show that in summer, when sea ice is at its extreme
minimum, the surface temperature and pressure in the
circumAntarcic region are higher, the polar easterlies are
stronger and they extend further north than average. In the
midlatitudes, the surface temperature and pressure are
generally lower, and the westerlies are weaker from 45°S
to 60°S, but stronger from 30°S to 45°S. These responses
extend into the upper atmosphere and occur in the opposite
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sense when sea ice is at its extreme maximum. This
combination of responses indicate that under minimum
(maximum) sea ice extremes, there is an expansion (con-
traction) of the polar cell and subsequent equatorward
(poleward) shift of the midlatitude (Ferrell) cell. We sug-
gest that this is possible because the sea ice lies in the very
sensitive margin between the polar and midlatitude cells,
the subpolar frontal zone.

The influence of the SAM on sea ice has been
explored to some extent. Lefebvre et al. (2004) show
that the meridional winds associated with the non-
annular component of the SAM create conditions that
allow more ice to form in the Ross and Amundsen Seas
and less ice to form in the Weddell Sea and around the
Antarctic peninsula. Sen Gupta and England (2006)
indicate that the effect that the SAM has on the ocean
and on the atmosphere is transferred to sea ice dynam-
ically and thermodynamically. Here we suggest that
through its impact on temperature and pressure, sea ice
also appears to influence the polarity of the Southern
Hemisphere Annular Mode. When sea ice is at its
minimum (maximum) the polarity of the SAM tends to
be negative (positive). This result, while not previously
explored, is tentatively supported by observations
(Monaghan et al. 2008) and by the results of experiments
done by Marshall and Connolley (2006).

The apparent influence of sea ice on the large scale
circulation and on the SAM has relevance for our under-
standing of the current state of the Antarctic climate.
Cavalieri and Parkinson (2008) report an identifiable
average increase in sea ice over the past few years, obvious
in summer in the Ross and Weddell seas and the western
Pacific. The negative trend continues, but is reduced, in the

Bellingshausen/Amundsen Seas. Steig et al. (2009) show
that the continent of Antarctica is warming with significant
warming over most of west Antarctica. Monaghan et al.
(2008) found a widespread but not significant warming
over Antarctica from 1992 to 2005 that coincided with a
reduction of the positive trend in the SAM (positive
polarity) during summer and autumn. Until recently (from
the 1960s to 2006), the SAM exhibited a trend towards
positive polarity. The significant positive trend of the SAM
has been linked to increasing greenhouse gas concentra-
tions (e.g. Cai et al. 2003; Rauthe et al. 2004) and to
changes in stratospheric ozone (Thompson and Solomon
2002). Shindell and Schmidt (2004) and Arblaster and
Meehl (2006) argue that both stratospheric ozone and
increasing greenhouse gas concentration contribute to the
trend while Marshall et al. (2004) argue that natural forc-
ings have also played a role. Obviously, there are a number
of factors influencing the large scale southern circulation
and therefore, the state of the SAM. Our modeling study
suggests that the state of the Antarctic sea ice, because of
its influence on the surface temperature and its location at
the margins of the Polar and Ferrell cells, is another very
important contributor.

Currently a small but significant increase in Antarctic
sea ice is observed. This increase is not simulated by our
models; they simulate a decrease over the end of the
twentieth century and over the whole of the twenty-first
century (IPCC 2007). The consensus is that the current
increase is associated with stratospheric ozone depletion
(Turner et al. 2009) and our models which do not do an
explicit treatment of the chemistry of the stratosphere are
not able to replicate the increase. It is expected that Ant-
arctic sea ice will decrease once the ozone recovery is
complete. Within this context the response of the atmo-
sphere to sea ice reported here has some significance.
While we continue to observe an increase in SIC we may
also see a contraction of the polar cell and the SAM may
continue in its positive phase. If, as expected, stratospheric
ozone recovers to normal levels, under present global
warming trends the predicted reduction in SIC may lead to
an expansion of the polar cell and a SAM that exists in
negative polarity. In the absence of longer term records this
highlights the need for coupled climate models with better

representation of sea ice and sea ice/atmosphere
interactions.
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