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[1] The extent and thickness of Antarctic sea ice have important climatic effects on radiation balance, energy
transfer between the atmosphere and ocean, and moisture availability. This paper explores the role of sea ice and
related feedbacks in the Cenozoic evolution of Antarctic climate and ice sheets, using a numerical climate model
with explicit, dynamical representations of sea ice and continental ice sheets. In a scenario of decreasing
Cenozoic greenhouse gas concentrations, our model initiates continental glaciation before any significant sea ice
forms around the continent. Once variable ice sheets are established, seasonal sea ice distribution is highly
sensitive to orbital forcing and ice sheet geometry via the ice sheet’s control on regional temperature and low-
level winds. Although the expansion of sea ice has significant climatic effects near the coast, it has only minimal
effects in the continental interior and on the size of the ice sheet. Therefore the Cenozoic appearance of Antarctic
sea ice was primarily a response to the growth of grounded ice sheets and was not a critical factor in episodes of
Paleogene and Neogene glaciation. The influence of the East Antarctic Ice Sheet on sea ice, Southern Ocean
surface temperatures, and winds has important implications for ocean circulation, the marine carbon cycle, and
the development of the West Antarctic Ice Sheet. The sensitivity of sea ice to grounded ice sheets implies
reconstructions of sea ice based on marine diatoms are good indicators of glacial conditions in the continental
interior and may provide insight into the long-term stability of Antarctic Ice Sheets.

Citation: DeConto, R., D. Pollard, and D. Harwood (2007), Sea ice feedback and Cenozoic evolution of Antarctic climate and ice

sheets, Paleoceanography, 22, PA3214, doi:10.1029/2006PA001350.

1. Introduction

[2] The maximum equatorward extent and thickness of
Southern Hemisphere sea ice varies over a wide range of
timescales, with important climatic effects on albedo, energy
transfer between the ocean and atmosphere, regional mois-
ture availability, air-sea gas exchange, and deep water for-
mation [Bromwich et al., 1998b; Fletcher, 1969; Liu et al.,
2002; Rind et al., 1995; Stephens and Keeling, 2000;
Washington and Meehl, 1996]. Today, sea ice reaches
�55�S in the South Atlantic and �60�S in the South Pacific
during September–October, covering an area about 20 �
106 km2. Sea ice cover decreases to �4 � 106 km2 in
February–March, with perennial cover (the area maintaining
>30% fractional coverage) averaging between �1.5–2.0 �
106 km2 [Parkinson, 1998].
[3] In today’s world, interannual-decadal Antarctic sea ice

variability on the order of �14,000 km2 yr�1 [Zwally et al.,
2002] has been correlated with El Niño Southern Oscillation
(ENSO) and the Antarctic Oscillation via a wide range of
possible linkage mechanisms associated with surface heat
flux anomalies, clouds, mean meridional atmospheric cir-

culation, heat flux, and sea ice advection [Carleton, 1989;
Carleton, 2003; Liu et al., 2004]. Over glacial-interglacial
timescales, sea ice reconstructions based on diatom assemb-
lages show much larger variability [Armand, 2000; Cooke
and Hays, 1982; Gersonde et al., 2005]. Equatorward extent
of Southern Ocean sea ice at the Last Glacial Maximum
(LGM) is thought to have increased between 5� and
8� [Crosta et al., 1998], effectively doubling its area relative
to today, while substantially reduced sea ice is evident
during other periods of the Pleistocene and Pliocene
[Bohaty et al., 1998; Mahood and Barron, 1996; Whitehead
et al., 2005; Winter and Harwood, 1997].
[4] On longer timescales, paleo-Global Climate Model

(GCM) simulations (like those shown here) suggest Southern
Hemisphere sea ice was absent during peak warm periods
of the Mesozoic and Cenozoic. However, the presence of
sea ice in the Late Cenozoic and its dramatic expansion
during peak Quaternary glacial periods suggests the possi-
bility of at least some sea ice during relatively cold episodes
of Antarctic ice sheet expansion in the Paleogene and
Neogene (for example, Oi-1, Mi-1-4) [Billups and Schrag,
2002; Lear et al., 2000; Miller et al., 1987; Zachos et al.,
2001a]. Considering the powerful albedo/cooling feedback
associated with sea ice, its growth around the Antarctic
margin could have played an active role in these and other
episodes of cooling and glaciation. Sea ice-ice sheet linkages
could also be important during warming events. For example,
ice margin retreat in the Lambert/Prydz Bay region
[Hambrey and McKelvey, 2000a; Whitehead et al., 2005]
is coincident with Pliocene intervals of minimal sea ice and
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elevated sea surface temperatures (SSTs) [Harwood et al.,
2000; Whitehead and Bohaty, 2003; Whitehead et al.,
2001], although a clear cause-and-effect relationship has
yet to be determined.
[5] The climatic effects of Antarctic sea ice variability

have been studied extensively from both observational
and climate-modeling perspectives [Bromwich et al., 1998a;
Gloerson, 1995; Ingram et al., 1989; Jeffries, 1998; Liu et al.,
2003; Simmonds and Budd, 1991; Weatherly, 2004; Wu et al.,
1996]. These and other studies have shown that changes in
Antarctic sea ice do indeed produce strong regional climate
effects that can extend into the tropics and even the Northern
Hemisphere via teleconnections associated with clouds, the
forcing of stationary planetary waves, cyclogenesis, and storm
track location [Bromwich et al., 1998a; Carleton, 2003; Lubin
et al., 1998; Simmonds and Jacka, 1995]. Over interannual
and longer timescales, the effects of Antarctic sea ice include
the well-known sea ice-albedo feedback mentioned above,
whereby cooler climates produce sea ice which increases
albedo and reduces net radiation, leading to additional cooling
and more sea ice. In coupled atmosphere-ocean GCM (A/
OGCM) simulations of the LGM [Shin et al., 2003], expand-
ing seasonal sea ice strengthens the westerlies. Increased
equatorward Ekman transport reduces poleward oceanic heat
transport and drives the sea ice edge northward, adding to the
cooling/albedo feedback.
[6] Like albedo, the insulating effect of sea ice on surface

air temperature and moisture availability also has important
implications for polar (and possibly global) climate. Modern
observations have shown that ocean-atmosphere heat exchange
can be orders of magnitude smaller over sea ice than
adjacent open-water locations and polynas [Andreas and
Murphy, 1986; King and Turner, 1997], where local heat
flux can exceed 500 Wm�2 [Fahbach et al., 1994]. Over
ice-free regions, atmospheric heating and moisture flux are
known to affect regional pressure and precipitation patterns
[Bromwich et al., 1998a; Parkinson et al., 2001]. In the
Northern Hemisphere, sea ice variability and associated
changes in moisture availability have been implicated in
hysteresis between sea ice and Quaternary ice sheets, with
land ice growing when sea ice is reduced and shrinking
when sea ice is more extensive [Sayag et al., 2004]. In the
Southern Hemisphere, GCM experiments using modern
boundary conditions have shown that reductions in sea ice
significantly increase precipitation (up to 100%) over pre-
viously ice-covered regions and in coastal locations but with
much smaller effects on the continental ice sheet, where
increased moisture convergence is approximately balanced
by increased evaporation [Weatherly, 2004].
[7] At times in the geologic past, when global mean

temperatures were warmer and Antarctic ice sheets were
smaller than today, the net effect of expanding sea ice on
continental snow budgets was likely a complex balance
between albedo-enhanced cooling, particularly in coastal
and lower-altitude locations susceptible to high-ablation
rates during austral summer, and reductions in moisture
availability and snowfall in the continental interior. During
times of sea ice retreat and warmer SSTs, increased moisture
availability should increase total precipitation [Oglesby,
1989; Prentice and Mathews, 1991]. However, warming

can also increase the fraction of precipitation falling as rain
[Simmonds and Budd, 1991], so the net effect of sea ice
cover on Antarctic ice sheet development and Cenozoic
variability remains unclear. While the problem is well-suited
to numerical climate modeling, most prior work has focused
on positive sea ice-albedo feedback in future global warm-
ing scenarios [Pollard and Thompson, 1994; Rind et al.,
1995], or the effects of open water on the present-day
climate system [Bromwich et al., 1998a; Simmonds and
Budd, 1991; Weatherly, 2004; Wu et al., 1996]. However,
model results using modern boundary conditions may not
be applicable to ancient climates when the Antarctic ice
sheet was nonexistent or smaller than today. Today’s Ant-
arctic continental elevations (>2000 m) and steep coastal
topographic slopes limit the climatic effects (particularly the
advection of moisture) in the interior, so the effects of sea
ice on glacial mass balance may have been larger during
intervals of the Cenozoic when ice sheets were small.
Furthermore, the area for sea ice expansion around Antarc-
tica is essentially unlimited, so the strength of positive sea
ice feedback should be larger for a cooling climate than a
warming climate [Rind et al., 1995]. This positive (cooling)
ice/albedo feedback may have played an important role in
the sudden climate events recognized during the Paleogene
and Neogene as the planet transitioned from a greenhouse to
icehouse world.
[8] This paper addresses the role of sea ice in the climatic

and glacial evolution of the Antarctic region through the
Cenozoic, including the sometimes sudden variations in the
Cenozoic ice volume inferred from benthic marine oxygen
isotope and Mg/Ca records [Billups and Schrag, 2003;
Coxall et al., 2005; Holbourn et al., 2005; Lear et al.,
2000; Lear et al., 2004; Miller et al., 1987; Zachos et al.,
2001a]. We use a GCM with explicit, dynamical represen-
tations of sea ice and grounded continental ice sheets to test
(1) the sensitivity of Southern Hemisphere sea ice to early
Cenozoic climate forcing (atmospheric CO2, orbital vari-
ability, and ice sheet configuration) and (2) the importance
of physical sea ice-atmosphere feedbacks on the climatic
and glacial evolution of the Antarctic interior.

2. Numerical Model Simulations

2.1. Model Description

[9] As in our coupled GCM-ice sheet modeling work of
the Paleogene [DeConto and Pollard, 2003a; DeConto and
Pollard, 2003b] we use the GENESIS Version 2.2 GCM,
which includes several improvements for simulating realis-
tic snow mass balances over ice sheets [Pollard and
Thompson, 1997; Thompson and Pollard, 1997]. The per-
formance of GENESIS has been studied extensively, with
an emphasis on the cryosphere [Pollard and Thompson,
1994; Pollard and Thompson, 1997; Thompson and Pollard,
1997]. Present-day seasonal sea ice distributions and snow
mass balances over Antarctica and Greenland simulated by
GENESIS are among the most realistic of paleoclimatic
GCMs [Pollard, 2000], and the model has been used in a
number of paleoclimate simulations of Laurentide [Pollard
and Thompson, 1997] and Antarctic ice sheet variability
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[DeConto and Pollard, 2003a; DeConto and Pollard,
2003b; Pollard and DeConto, 2005].
[10] The atmospheric component of GENESIS has 18

vertical layers and a spectral resolution of T31 (�3.75� �
3.75�), coupled to 2� � 2� surface model components
including a nondynamical 50-meter slab ocean, a dynam-
ic-thermodynamic sea ice model, and multilayer models of
soil, snow, and vegetation. Sea-surface temperatures are
calculated by the model and are freely varying. Similarly,
ocean heat transport is not prescribed but is calculated as
linear diffusion down the local ocean temperature gradient,
with the diffusion coefficient depending on latitude and the
zonal fraction of land versus sea. Modifications to the
standard GENESIS version 2.0 [Thompson and Pollard,
1997] include improvements in the slab ocean model,
yielding more realistic present zonal ocean heat transport
within the range of uncertainties of observations and like
those produced by GCMs with dynamical, full-depth oceans
(with about 1.5 and 2.0 petawatts peak heat transport in the
southern and northern hemisphere, respectively), and the
elimination of hard-coded hemispheric asymmetries in
cloud single-scattering albedo. While the use of a slab
ocean component precludes explicit examination of sea
ice effects on the thermohaline circulation, its computational
efficiency allows multiple sensitivity tests using different
ice sheet configurations, CO2, and orbital parameters, while
fully accounting for feedbacks between the surface ocean,
sea ice, and our dynamic ice sheet model.
[11] Model components representing snow, sea ice, and

grounded ice are of particular importance to this study. The
three-layer snow model represents snow cover on soil, ice
sheets, and sea ice surfaces, accounting for fractional areal
cover where snow is thin. Heat is diffused linearly through
the snow, with the total thickness changing as a function of
additional snowfall or melting on the upper layer. Fractional
snow cover is diagnosed from total snow mass assuming a
linear relationship between fraction and depth below 100%
cover. The depth at which the cover reaches 100% varies

within the range 20 to 70 cm depending on the height of the
lower vegetation canopy, which in this case is prescribed as
tundra over ice-free regions of Antarctica. Solar albedos of
melting snow and ice sheet surfaces for the visible and near-
infrared wave bands are 0.55 and 0.35 for snow (except on
land ice), 0.70 and 0.55 for land ice and associated snow
cover, and 0.70 and 0.40 for sea ice, respectively. For colder
snow between 0 and �5�C, albedos of snow and ice
surfaces increase linearly. Below �5�C, the values are
0.90 and 0.60 for snow and 0.80 and 0.50 for sea ice.
These albedos are used equally for direct and diffuse beams,
except for the direct beam on snow, which depends on solar
zenith angle. The effects of snow compactness, aging, and
moisture content on albedo are ignored.
[12] In the natural world, sea ice formation depends on

ocean temperature and heat flux, and its spatial distribution
is affected by wind stress, inertial forces, and ocean cur-
rents. Our three-layer sea ice thermodynamic model predicts
the local melting and freezing of sea ice, essentially as in
[Semtner, 1976]. Fractional areal cover is accounted for as
in the studies of Hibler [1979] and Harvey [1988]. While
our slab-ocean component lacks explicit representation of
ocean currents, GCM surface winds drive the sea ice
dynamics, with advection simulated as a cavitating fluid
[Flato and Hibler, 1990; Flato and Hibler, 1992]. In this
case, the ice resists compressive stresses but offers no
resistance to divergence or shear. In addition to its effect
on albedo, snow cover increases the conductive insulation
potential of sea ice, reduces the thickening rate of the
underlying ice, and decreases surface roughness [Ledley,
1991; Sturm et al., 1998]. In the slab-ocean configuration
used here, the GCM reaches equilibrium within the first
15 years of each simulation. All GCM results are shown as
averages over the last 10 years of 30-year simulations, so
variables including sea ice fraction and thickness are spun
up and in climatic equilibrium.
[13] To test the long-term effects of different GCM

climates on ice sheet development, the GCM is coupled to

Table 1. Model Simulations and Relevant Model Inputs

Number CO2 Mixing Ratioa Orbital Parameters (ecc., obl., pre.)b Ice Sheet Geometryc

1 2 � CO2 0.05, 22,5, 270.0 NOICE
2 2 � CO2 0.0, 23.5, 0.0 NOICE
3 2 � CO2 0.05, 24.5, 90.0 NOICE
4 2 � CO2 0.05, 22,5, 270.0 MEDICE
5 2 � CO2 0.0, 23.5, 0.0 MEDICE
6 2 � CO2 0.05, 24.5, 90.0 MEDICE
7 2 � CO2 0.05, 22,5, 270.0 FULLICE
8 2 � CO2 0.0, 23.5, 0.0 FULLICE
9 2 � CO2 0.05, 24.5, 90.0 FULLICE
10 3 � CO2 0.05, 22,5, 270.0 NOICE
11 3 � CO2 0.0, 23.5, 0.0 NOICE
12 3 � CO2 0.05, 24.5, 90.0 NOICE
13 3 � CO2 0.05, 22,5, 270.0 MEDICE
14 3 � CO2 0.0, 23.5, 0.0 MEDICE
15 3 � CO2 0.05, 24.5, 90.0 MEDICE
16 3 � CO2 0.05, 22,5, 270.0 FULLICE
17 3 � CO2 0.0, 23.5, 0.0 FULLICE
18 3 � CO2 0.05, 24.5, 90.0 FULLICE

aCO2 mixing ratios in multiples of the preindustrial level of 280 ppmv [Houghton et al., 1990].
bIdealized orbital parameters producing relatively cold, moderate, or warm austral summers. Values of precession are shown as the prograde angle

between perihelion and the Northern Hemisphere vernal equinox.
cPrescribed ice sheet configurations representing an ice-free, partly glaciated, and fully glaciated East Antarctica as shown in Figure 1.
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a standard three-dimensional thermomechanical ice sheet
model [Huybrechts, 1990; Huybrechts, 1993; Ritz et al.,
1997], modified to allow asynchronous coupling with the
GCM [DeConto and Pollard, 2003a]. The ice sheet com-
ponent predicts the evolution of grounded ice in response to

surface mass-balance forcing, ice flow, and basal melting.
Ice flow is mainly by shear under its own weight, following
the shallow ice approximation. The ice sheet grid is polar
stereographic with 40 � 40 km resolution and ten unequally
spaced vertical layers. An alternating direction-implicit

Figure 1. Antarctic paleogeography and ice sheet geometries used in our Paleogene GCM simulations.
(a) Place names used in the text include: AP, Antarctic Peninsula; AB, Aurora Basin; GM, Gamburtsev
Mountains; LG, Lambert Graben; RS, Ross Sea; TM, Transantarctic Mountains; VLC, Victoria Land
coast; WAS, West Antarctic Seaway; WB, Wilkes Basin; WL, Wilkes Land; WLC, Wilkes Land coast.
(b) NOICE; Ice-free elevation (meters above sea level) based on isostatically relaxed present-day bedrock
elevations (see text). (c) Partially (MEDICE) and (d) fully glaciated (FULLICE) Antarctic ice sheet
geometries, elevations, and thicknesses (in meters), from prior coupled GCM-dynamical ice sheet model
simulations [DeConto and Pollard, 2003a].
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numerical scheme is used, with time-implicit tridiagonal
Newton-Raphson contributions from all terms, allowing a
10-year timestep. Thermodynamic equations are solved to
account for ice temperature’s effect on deformation and
basal conditions. Temperatures through the ice sheet are
affected by surface temperature, advection, vertical diffu-
sion, frictional heating, and geothermal heat flux. Vertical
diffusive temperatures are predicted through the upper 2 km
of underlying bedrock using a six-layer model and a
uniform geothermal heat flux of 41 mWm�2. The astheno-
spheric response to ice load is a simple local relaxation
toward isostacy, with a timescale of 5000 years. Lithospheric
response is modeled as linear elastic deformation [Brotchie
and Sylvester, 1969] using a flexural rigidity of 1 � 1025 N
m [Huybrechts, 1990]. There is no explicit representation of
ice shelves in this model and all ice reaching the coast
calves instantaneously, so the development of ice shelves
between West and East Antarctica is not directly simulated.
In reality, ice shelves can only be initiated if (1) grounded
ice reaches the coast, and (2) regional climate is cold
enough to avoid strong surface or basal melt (i.e., probably
cold enough to maintain perennial sea ice). Because our
model predicts these two conditions, some inferences
concerning ice shelves can be made.

2.2. Effect of Continental Ice on Seasonal Sea Ice
Extent

[14] To explore the effects of Paleogene Antarctic ice
sheet variations on sea ice, we ran a suite of eighteen
climate simulations (Table 1) using the GCM described
above, a 34-Ma global paleogeography, combinations of 2�
or 3� atmospheric CO2 (1 � CO2 = 280 ppmv), three

different orbital configurations, and prescribed ice sheet
geometries representing unglaciated (NOICE), moderately
glaciated (MEDICE), and a fully glaciated (FULLICE) East
Antarctica (Figure 1). The global 34-Ma paleogeography is
the same as that used in our prior simulations of Paleogene
climates and ice sheets [DeConto and Pollard, 2003a] and
includes reconstructions of earliest Oligocene shorelines,
topography, and vegetation superposed on a global tectonic
model [Hay et al., 1999] and rotated to their 34-Ma
positions. Ice-free Antarctic topography (Figure 1b) is
reconstructed from a modern 5-km digital ice surface and
bedrock elevation data [Bamber and Bindschadler, 1997],
isostatically relaxed to ice-free equilibrium, while account-
ing for higher, ice-free sea level. The prescribed ice sheet
geometries (Figures 1c and 1d) come from our prior coupled
GCM-ice sheet simulations of East Antarctic glaciation in
the earliest Oligocene [DeConto and Pollard, 2003a;
DeConto and Pollard, 2003b]. Because there are no explicit
ice shelves in these simulations, the flooded region between
East and West Antarctica (West Antarctic Seaway) is
initialized as open water.
[15] To simplify this paper, we show the results from

selected simulations, all with 2 � CO2 (except in Figure 2a).
Higher CO2 mixing ratios were found to produce only
limited seasonal sea ice regardless of ice sheet size or
orbital configuration. Additionally, prior work [DeConto
and Pollard, 2003b] showed that 3 � CO2 is above this
GCM’s threshold value for initiating Antarctic glaciation.
Figure 2 shows maximum and minimum (March and
September) sea ice cover averaged over the last 10 years
of 30-year GCM integrations, with different combinations
of atmospheric CO2 and orbital parameters representing

Figure 2. Simulated sea ice fractional cover (FC) during March (top) and September (bottom) with the
FULLICE ice sheet configuration shown in Figure 1, different levels of atmospheric CO2, and different
orbital configurations (see Table 1). (a) Seasonal sea ice with 3�CO2, the cold orbital case, and FULLICE.
At 3 � CO2, no seasonal sea ice forms in the MEDICE or NOICE cases (not shown). (b) Seasonal sea ice
cover with FULLICE, 2�CO2, and the warm orbital case; (c) FULLICE, 2�CO2, and the medium orbital
case; and (d) FULLICE, 2 � CO2, and the cold orbital case. No seasonal sea ice forms in the NOICE and
MEDICE cases with 2 � CO2 and warm or mean orbits (not shown).
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cold (eccentricity = 0.05; obliquity = 23.5�; perihelion in
July), moderate (eccentricity = 0; obliquity = 23.5�), warm
(eccentricity = 0.05; obliquity = 24.5�; perihelion in January)
Antarctic summer climates, and prescribed ice sheet sizes.
At 3 � CO2, limited seasonal sea ice forms adjacent to the
Victoria Land coast and only with a large continental ice
sheet and cold austral summer orbit (Figure 2a). At 2 �
CO2, seasonal sea ice extent is sensitive to both prescribed
orbital parameters and ice sheet configuration. With the
‘warm’ orbital parameters, a relatively small area of ice
cover forms along the Victoria Land coast, but only in the
FULLICE case, and no sea ice forms with the warm orbital
parameters and the smaller MEDICE and NOICE ice sheet
configurations. With the exception of the three fixed ice
sheet geometries shown in Figure 1, the simulations shown
in Figure 3 use identical initial and boundary conditions.
This approach isolates the effects of growing continental ice
sheets on sea ice extent. As clearly seen in Figure 3, sea ice
extent and thickness are highly dependent on continental
ice sheet geometry. In the MEDICE case, austral winter sea
ice expands markedly relative to the NOICE case, filling
most of the shallow West Antarctic Seaway. A small area of
perennial sea ice is maintained along the Victoria Land
coast, marginal to the glaciated Transantarctic Mountains. In
the FULLICE case, late-winter sea ice extends to �65�S
around much of the continent, particularly in the Ross Sea
sector. The area of perennial sea ice also expands along the
Victoria Land coast and in the Weddell Sea region. In the
FULLICE simulations, sea ice reaches maximum thickness
late in austral winter. The thickest ice is concentrated in the
Ross Sea, along the Northern Victoria Land coastline, and
against the peninsula extending northward from the South Pole
on the Antarctic Peninsula side of the West Antarctic Seaway.
[16] The effects of growing ice sheets on Southern Hemi-

sphere seasonal temperature are shown in Figure 4. Winter
surface air temperatures over the West Antarctic Seaway
(ocean grid cells) fall from just below freezing in the
NOICE case, to �15 to �20�C in the FULLICE scenario,
with the area within the zero degree isotherm expanding
equatorward to �65�S. Seasonal temperature differences
between the FULLICE and NOICE case are shown in
Figure 5, showing that the direct effects of a large conti-
nental ice sheet on austral winter temperatures exceed 10�C
over a significant fraction of the Southern Ocean, with the
perturbation to mean annual temperature extending to�50�S
(Figure 5b). While an in-depth discussion of the global
atmospheric effects of a growing Antarctic ice sheet will be
the focus of another paper, we note the addition of the
FULLICE ice sheet reduces global and Southern Hemispher-
ic mean annual temperatures by 0.8�C and 1.5�C, respec-
tively. With the addition of the ice sheet, the low-level polar
high strengthens and the circumpolar trough stays close to
65�S but deepens, increasing the intensity of the westerlies
over most of the Southern Ocean poleward of 55�S.
[17] The growing ice sheet’s influence on the develop-

ment of the katabatic-dominated Antarctic wind field is
clearly seen in Figure 6. In the MEDICE and FULLICE
simulations, a combination of katabatic forcing (radiational
and diabatic cooling) and topographic modification of the
large-scale circulation creates strong winds down steep

topographic gradients and in troughs between elevated
terrain and ice caps. Southeasterly outflow dominates most
of the circum-Antarctic margin, with coastal and offshore
wind speeds averaging over 10 m s�1 in many locations.
The large ice sheet also affects the dynamics of the free
atmosphere, increasing the intensity of the circumpolar
vortex and displacing the center of 500 hPa cyclonic
circulation slightly eastward, away from the pole and
toward the geographic center of East Antarctica.
[18] Comparison of Figure 3 with Figures 4 and 6 shows

the effects of ice sheet geometry on the extent and distri-
bution of sea ice via its combined control on surface
temperature and the polar wind field. In the FULLICE
simulation, thick (>5 m) accumulations of sea ice converge
along the northern Victoria Land coastline in response to the
strong southerly flow adjacent to the Victoria Land coast
and the Transantarctic Mountains. Winter winds provide
easterly wind stress across the Weddell Sea, pushing sea ice
against the Antarctic Peninsula where thick, perennial ice
cover is maintained.

2.3. Sea Ice Effect on Ice Sheet Mass Balance

[19] In the GCM sensitivity experiments described above,
the distribution of ice in the continental interior is shown to
have an important effect on the maximum seasonal extent,
fractional cover, seasonal duration, and thickness of the sea ice
surrounding the continent. In those simulations, Southern
Ocean sea ice is considered part of the fast-response (seasonal)
climate system, and the grounded Antarctic ice is a long-term
(103–104 years) component that is assumed to be invariant
over the decadal timescales of our GCM simulations.
[20] Here we test the impact of sea ice on continental

climate, particularly net snow accumulation (surface mass
balance), and the importance of sea ice-related feedbacks
versus other purely atmospheric and/or open-ocean influ-
ence on ice sheet variability. To assess sea ice feedback, we
compare simulations with sea ice feedback (allowing freely
varying, prognostic sea ice as shown above) with a simu-
lation without sea ice feedback (with sea ice prescribed and
fixed). To do this, we performed another 2 � CO2 GCM
simulation (MINSEAICE) with the same continental-scale
ice sheet as in our FULLICE simulation (Figure 3, right
panels) but with sea ice prescribed and fixed from the
monthly geographical extents in the prior experiment with
no ice sheet (NOICE) and only minimal predicted sea ice
during austral winter (Figure 3, left panels). In all ice-free
grid points in the MINSEAICE run, SSTs are predicted by
the slab-ocean component of the GCM as usual. If SSTs fall
to the freezing point where no sea ice is prescribed, the sea
surface is forced to remain unfrozen at �1.9�C. Assuming
our results do not depend on the details of sea ice lead
fractions and thicknesses [Andreas and Murphy, 1986], we
simply set them to constant values of 10% and 1 m,
respectively; similar to but not exactly their values in the
first run. By comparing model results with minimal fixed sea
ice with those when sea ice is predicted and freely varying
as in the FULLICE simulation, we can isolate the magnitude
of sea ice feedback in a scenario of continental glaciation.
[21] The simulated effects of circum-Antarctic sea ice

expansion in the FULLICE simulation (Figure 2d), hence-
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