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Abstract : We investigated the response of the westerly winds over the Southern Ocean (SO) to glacial
boundary conditions for the Last Glacial Maximum using the CCM3 atmospheric general circulation
model. In response to glacial boundary conditions, the zonally averaged maximum SO westerly winds
weakened 20-35% and were displaced toward the equator by 3-4 degrees. This weakening of the SO
westerly winds arose from a substantial increase in mean sea level pressure (MSLP) in the southern part of
the SO around Antarctica relative to the northern part. The increase in MSLP around Antarctica is
associated with a marked temperature reduction caused by an increase in sea ice cover and ice albedo
feedback during the glacial time. The weakened westerly winds in the SO and their equator-ward
displacement might play a role in reducing the atmospheric CO, concentration by reducing upwelling of

the carbon rich deep water during the glacial time.
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1. Introduction

The glacial-interglacial fluctuation of atmospheric CO,
concentration plays an important role in amplifying the
climate change initiated by orbital parameters’ variability.
Analyses of air bubbles trapped in Antarctic ice cores
have shown that for about the past 0.7 million years, the
atmospheric CO, concentration fluctuates from about 180
ppmv in glacial to 300 ppmv in interglacial periods
(Sigenthaler et al. 2005). In order to explain the glacial
CO, reduction, many hypotheses have been suggested;
and hypotheses based on the Southern Ocean (SO) have
been shown to be more valid than others (Broecker and
Henderson 1998; Sigman and Boyle 2000; Anderson et al.
2009).

Hypotheses based on the SO rely on the strong
interaction between surface and deep ocean. In the SO, the
surface winds are strongest near 50°S north of Drake
Passage and decreases towards the south. This leads to the
divergence of surface water and draws deep water (~15
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Sv) into the surface at the latitude band of Drake Passage
due to topographic constraint (Toggweiler and Samuels,
1995). Because the deep water provides abundant nutrients
and dissolved inorganic carbon to the ocean’s surface, a
change in the rate of upwelling of deep water can
influence the atmospheric CO, budget. Atmospheric CO,
drawdown could be possible by either increasing the
productivity or inhibiting the out-gassing of inorganic
carbon to the atmosphere. Increasing biological productivity
could readily reduce the atmospheric CO, concentration to
glacial levels (Knox and McElroy 1984; Sarmiento and
Toggweiler 1984; Siegenthaler and Wenk 1984). However,
this hypothesis suffers from a lack of evidence (Boyle
1992; Sigman and Boyle 2000; Anderson et al. 2002).
People therefore have searched for alternative ways to
suppress CO, out-gassing to the atmosphere.

Three hypotheses to illustrate the mechanism, which
could limit the CO, out-gassing, have been suggested,
even though they have some points to be clarified. First,
by analysing nitrogen-isotope records obtained in the SO
together with geochemical tracers of biogenic matter,
several studies suggested that the ocean stratification
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increased south of the Polar Front during the glacial time
and this reduced the CO, leak from ocean to atmosphere
(Francois et al. 1997; Toggweiler 1999; Sigman and
Boyle 2000; Gildor et al. 2002). However, Keeling and
Visbeck (2001) argued that the more stratified SO during
glacial time would weaken southward eddy transports due
to the flattening of the slope of the isopycnal surfaces. The
weakened southward eddy transports would allow more
deep water to upwell rather than inhibiting as suggested
by authors mentioned above.

Second, Stephens and Keeling (2000) argued that
increased perennial sea ice cover and melt water around
the SO during the glacial time inhibited the sea-air
outgassing and reduced the atmospheric CO, concentration.
By increasing the Antarctic sea ice cover using a box
model, they were able to reduce the atmospheric CO,
concentration by about 65 ppm. This hypothesis requires a
continuous and complete coverage of sea ice in the
Antarctic zone through the season (Sigman and Boyle,
2001). However, recent sea ice reconstructions (Crosta et
al. 1998; Gersonde et al. 2005) suggested that sea ice had
a more intensified seasonal cycle during the glacial times
than the reconstruction by CLIMAP (1976, 1981), which
showed almost complete coverage of sea ice in all
seasons.

Third, the northward shift of westerly winds was
suggested to inhibit the CO, out-gassing through a
weakening of the Ekman divergence in the SO (Sigman
and Boyle 2000; Toggweiler et al. 2006; Toggweiler
2009; Anderson et al. 2009). McCulloch et al. (2000)
obtained the northward displacement of westerlies during
the glacial time by analysing lacustrine palynologic
records along the western Andean front of Chile. Based
on pollen types which contain the information of the
vegetation migration near the tip of South America,
Moreno et al. (1999) suggested that the SO westerly
winds were shifted northward by 7-10° in the LGM.
Heusser (1989) also obtained a northward shift of the SO
westerlies. Although preponderance of the evidence
showed the northward displacement of the mean position
of the glacial westerlies, a southward shift was also
suggested. For example, Markgraf (1987, 1989) suggested
a poleward shift of the mean position of westerly winds.

In addition to a meridional shift of the westerlies, a
change in their strength would obviously influence deep-
water upwelling around Antarctica, but the strength of the
westerly winds over the SO during the glacial time
remains highly uncertain. Some proxy records such as
dust concentrations, including sea-salt chlorides, recorded

in Antarctic ice cores (74°S, 124°E; 78°S, 106°E), suggest
an enhanced atmospheric circulation with a drier climate
than at present in the southern high latitudes (Petit et al.
1981; De Angelis et al. 1987). Some authors attribute the
SO westerly winds’ intensification to an increase in the
Equator-to-Pole temperature gradient (Keeling and Visbeck
2001). However, this might be an overly simplified view
because low-level winds depend on regional temperature
gradient rather than global-scale temperature change
(Sigman and Boyle 2001). Moreover, there is a large
uncertainty in linking eolian sediments or dust concentration
directly to the change in surface winds and the proxy
records are generally highly localized and not representative
of the large-scale surface wind pattern. This study aims to
investigate the SO westerly winds’ response to glacial
boundary conditions using a numerical model and to
analyze the westerly response’s cause.

The northward shift of the westerlies during glacial
time in the SO and associated weakening of Ekman
divergence seemed to play a role in reducing the
atmospheric CO, concentration. However, the change in
the strength of westerly winds and its possible role in
glacial CO, fluctuation has not been rigorously studied.
The purpose of this study is to investigate the response of
westerly winds over the SO to the glacial boundary
conditions and to analyse the cause of the change using a
numerical model.

2. Model description and experimental design

In order to investigate the response of the polar
westerlies over the Southern Ocean, we used the National
Center for Atmospheric Research (NCAR) Community
Climate Model version 3 (CCM3) atmospheric general
circulation model with 3.6.6 physics. This study uses
horizontal resolution of T42 (2.8125° in Gaussian grid).
The model has 18 vertical levels in a hybrid coordinate
that is terrain-following at the surface and reduces to a
pressure coordinate in the upper atmosphere. This model
represents important physical processes as Kiehl et al.
(1998a, 1998b) described in detail. The CCM3 includes a
comprehensive model of land surface processes known as
the NCAR Land Surface Model (LSM; Bonan 1998).

We performed two experiments. The first reproduces
the modern climate and is hereinafter referred to as
MODern (MOD). The modern climate simulation was
forced by prescribed climatologically averaged monthly
sea-surface temperatures (SSTs) and sea ice distributions
provided by NCAR. We used a CO, concentration of 355
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ppm and a contemporary land mask and topography. The
second experiment includes glacial boundary conditions
for the Last Glacial Maximum (LGM), i.e., reduced
atmospheric CO, concentration to 200 ppm following ice
core data (e.g. Siegenthaler et al. 2005), glacial surface
topography following Peltier’s (1994) ICE-4G reconstruction
(4™ generation ice sheet reconstruction), a modified land
mask to account for the lower sea level (about 120 m from
Clark et al. 2001) than present, orbital parameters for
21,000 years before present according to Berger (1978),
and monthly climatological SST for the LGM based on
the climate long-range investigation mapping and
prediction (CLIMAP, 1981) reconstruction. We used
contemporary vegetation and soil types except for the
glaciated surfaces and land points arising from sea-level
reduction (these were assigned median vegetation and soil
types for the CCM3).

b) MSLP (0BS)
~

. 3. Results

With modem and glacial boundary conditions, we
integrated the model for 10 years and analyzed the last
five years. Because in the southern hemisphere the
seasonal fluctuations are not as large as in the northern
hemisphere, we analyzed the annual-mean result averaged
for the last five years. Before we investigated the SO
westerly winds’ response, we examined the numerical
model’s performance at reproducing present climate.

Fig. 1 displays the geographic distribution of the annual
mean simulated and observed surface winds at 1000 hPa
(hecto pascal) and mean sea level pressure (MSLP). The
observed data are an NCEP (National Center of
Environmental Protection) /NCAR reanalysis. In the SO,
the strong westerly winds typically are observed and the
weak easterly winds are observed around Antarctica. The

c) Surface Wind (MOD)

d) MSLP (MOD)
f,

Fig. 1. Geographic distribution of the annual-mean observed and simulated surface wind vectors with wind magnitude
and mean sea level pressure (MSLP). The observed data are from NCEP/NCAR reanalysis.
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westerly winds are stronger in the eastern part of the SO
than in the western part, in association with the
distribution of the MSLP, which decreases gradually from
subtropical to subpolar regions and increases toward
Antarctica. The minimum MSLP between 60-70°S is the
Antarctic circumpolar trough, which is an almost

a) LGM-MOD Surface Wind

Fig. 2. Geographic distribution of the change in annual
mean a) surface winds, b) MSLP, and c¢) surface
air temperature (SAT) between MOD and LGM.

continuous zonal belt around Antarctica with very low
surface pressure values of less than 985 hPa. Generally a
high MSLP prevails over the continent, although the
MSLP in the interior should be regarded as merely a
qualitative indicator because of uncertainties caused by
high orography. Even though simulation tends to
overestimate the wind’s magnitude and associated Antarctic
trough compared to those of the observation, the model
reproduces the SO westerly winds and MSLP reasonably
well.

Fig. 2 displays the geographic distribution of the
change in annual mean surface winds, MSLP, and surface
air temperature (SAT). In the wind fields, the shading
represents a change in the wind’s magnitude. With glacial
boundary conditions, the SO westerlies are simulated to
be about 20-35% weaker overall than the MOD. The
reduction is especially large in the Indian sector of the SO,
where the wind’s speed is reduced by more than 4 m s,
which is about a 40% reduction. Wide-spread reduction of
surface winds by more than 1 m s™' is also present in the
northern part of the Atlantic and Pacific sectors of the SO.
The easterly winds around Antarctica, on the other hand,
simulated to be slightly stronger in the LGM than in the
MOD.

In order to illustrate what caused the SO westerly to
weaken under glacial conditions, we present the change in
MSLP between the two experiments (Fig. 2b). In the
LGM, the MSLP increases gradually toward Antarctica
from the mid-latitudes, and its increase is especially large
in the Indian sector of the SO. The biggest increase is
found in the Antarctic interior but, as noted above, it
might not be meaningful in eastern Antarctica because of
the high orography. In subtropical regions of the mid-
latitudes, on the other hand, the MSLP decreases,
especially in the Pacific sector. The increase in the MSLP
around Antarctica and the decrease in subtropical regions
reduces meridional pressure gradient, consequently
weakening the westerly winds.

Because the change in MSLP is closely linked to the
change in surface air temperature (SAT), we examine the
change in SAT in the LGM (Fig. 2¢). The change in SAT
appears to be consistent with the change in the MSLP, as
we expected. With glacial boundary conditions, the SAT
decreases everywhere and the reduction becomes large
toward Antarctica. The biggest SAT reduction is off
Wilkes Land and the eastern Ross Sea, where the MSLP
increases substantially (Fig. 2b). The SAT reduction is
lowest where there is a reduction of the MSLP in the
Pacific sector’s subtropical regions.
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a) NCAR SST & Sea Ice (Ann)

Fig. 3. Geographic distribution of the annual mean sea
surface temperature (SST) and sea ice for a) mod-
ern from NCAR and b) LGM from CLIMAP
(1981) reconstructions, and c) the change between
the periods.

The marked SAT reduction around Antarctica in the
LGM is associated with the extension of sea ice. Fig. 3
shows the geographic distribution of the annual mean SST
and sea ice used to force the MOD and LGM simulations.
The sea ice for the LGM simulation is from the CLIMAP
(1981) reconstruction based on ice rafted debris. A
marked increase in sea ice appears in the LGM. Where

a) Surface Wind
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Fig. 4. Zonally averaged annual mean a) zonal surface
wind, b) MSLP, c¢) change in SAT. Units are in
m s, hPa, and °C, respectively.

the ocean became sea ice, the SAT is dramatically reduced
because of the marked difference in surface reflectivity
between water and sea ice. Open water has low, less than
10%, reflectivity of short wave radiation, compared to sea
ice, which has a reflectivity of more than 70%.

To investigate whether the SO westerly winds’ axis is
meridionally displaced, we examine zonally averaged
quantities. Fig. 4 displays the zonally averaged annual
mean zonal surface winds and MSLP for the MOD and
LGM experiments, and the change in SAT between the
two experiments. In the MOD experiment, the surface
winds peak in the southern latitudes around 52°S, with a
wind speed of about 10 m s™'. In the LGM, the maximum
westerly’s mean position is displaced toward the equator
by roughly 3-4°. This is consistent with proxy estimates
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(Sigman and Boyle 2000, 2001). As the geographic
distribution of the change in surface winds shows, the
zonal-mean zonal winds decrease overall by about 20-
30% in latitudes of the SO, and at the maximum decrease
by about 20%.

The zonally averaged MSLP is in large part associated
with the weakening of westerlies in the LGM, that is
caused by a reduction in meridional pressure gradient. In
the LGM, the zonal-mean MSLP increases substantially,
by several hPa, in high southern latitudes of the Antarctic
trough between 60-70°S, whereas at latitudes of the
subtropical high pressure around 35°S, MSLP decreases.
This change in MSLP eventually reduces merdional
pressure gradient. As noted above, the change in zonal-
mean MSLP in the LGM is consistent with the change in
zonal-mean SAT, which decreases remarkably toward the
high southern latitudes, and at 50°S it decreases by up to
about 18°C. The large SAT reduction in subpolar latitudes
is caused partly by the large amount of sea ice, which was
specified based on reconstruction (CLIMAP 1981). This
result indicates that the increase in the amount of sea ice
in the SO is partly responsible for the SO westerly winds’
weakening during glacial times.

4. Discussion and conclusion

Coupled model simulations also obtained the weak SO
westerly winds in response to glacial conditions. For
example, using an atmosphere-ocean coupled model
developed at the Canadian Center for Climate Modeling
and Analysis, Kim et al. (2003) obtained a substantially
reduced, by more than 4 m s™', intensity of SO westerly
winds in their LGM simulation almost everywhere around
Antarctica. By analyzing four coupled model results of
the LGM simulation from the second phase of the
Paleoclimate Modelling Intercomparison Project (PMIP-
2), Rojas et al. (2008) obtained the decreased SO westerly
intensities near the surface and the decreased upwelling in
the SO in three out of four models. They argued that
although the LGM atmosphere is colder than present and
the equator-to-pole gradient increases, the tropospheric
temperature  gradient decreases, weakening the SO
westerlies.

The SO westerly winds’ shift toward the equator under
glacial conditions mirrors their pole-ward shift under
global warming. Observations suggest that the SO
westetlies have been shifting pole-ward over the past 40
years (Hurrell and van Loon 1994) and many models
project the westerlies to continuously intensify and shift

pole-ward in the future (Kushner et al. 2001; Yin 2005;
Fyfe and Saenko 2006). The pole-ward intensifying
westerly winds are consistent with the southern annular
mode’s shifting toward a high-index state (Thompson et
al. 2000). As the introduction mentions, paleoclimatic
proxy evidence for the SO westerlies’ intensity and
shifting in the LGM is vague. In a recent analysis of
pollen proxy records, Moreno et al. (1999) argue that the
SO westerly storm track shifted toward the equator by 7°
in the LGM, but uncertainties are high. A further study of
the paleoclimate proxy evidence to evlauate the intensity
of the SO westerly winds are desirable.

The results of this study and other LGM simulations,
and the SO westerlies’ responses under the global
warming scenario, suggest that the SO westerly winds are
weak and shifted to the equator under glacial conditions.
In conclusion, the growing sea ice in the SO weakened the
westerly winds and shifted them equatorward, which
presumably played an important role in reducing the
atmospheric CO, concentration by inhibiting the out-
gassing of inorganic carbon in the SO during glacial
periods.
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