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In April 2002, | organized a short colloquium for the National Academy Polar Research Board
on the importance of the Southern Ocean to the world ocean, and particularly its potential importance
for climate change. An impetus was a public address given by Richard Alley to the PRB at its Spring
meeting in 2001. In it he emphasized the apparent bipolar see-saw during the Dansgaard-Oescher events
as the globe was emerging from the last glaciation, where temperature in Antarctica, particularly in the
Atlantic/Indian Ocean sectors, appears to have been in antiphase with the large swings evident in the
Greenland cores, with something like a 400-year lag between cooling in the north and warming in the
south; or alternatively, a millenium lag between warming in the south and cooling in the north. Given
these climate reconstructions, one can visualize a scenario where reduced deep convection in the North
Atlantic allows deep water to begin warming. The deep-water warming would propagate southward
with a centuries-like timescale, eventually increasing the temperature contrast between the cold,
relatively fresh surface waters of the Antarctic Zone and the underlying warm, deep water. Because
cold water over warm is by itself destabilizing, increasing this temperature contrast enhances the
tendency for starting deep ocean convection in the presence of sea ice, which often presents a major
obstacle to extensive overturn and ventilation. As | delved somewhat more into the paleoceanographic
evidence on the Southern Ocean, | was struck first by the potential importance of Antarctic convection
in the global climate, but second by the dearth of data from the Southern Ocean south of the polar front,
particularly in winter when convective processes operate.

A striking result from the Antarctic ice core analysis is the correlation between proxy tem-
perature and COz2 over at least four ~100 kyr cycles of glacial-interglacial climate change [docu
mented in Sigman and Boyle, Nature, 407, p. 859, 2000 after Petit et al., Nature, 399, p. 429, 1999].
One aspect of these records that has drawn attention (in the political sphere as well as scientific) is that the
temperature rise apparently leads the COz2 increase by a short but measurable
time (centuries). Whether or not that interpretation holds up, the near lockstep between Antarctic
temperature and atmospheric COz2 provides a fascinating scientific mystery for which several
solutions have been proposed, ranging from a more active biological pump during glacial times at both
low and high latitudes, to control mainly by physical process in the Southern Ocean. The latter is
exemplified by an hypothesis put forth by Toggweiler and associates [it is diagrammed by Sigman
and Boyle, op. cit.]. In brief, the modern (interglacial) regime with the westerlies aligned more or less
with the Antarctic Circumpolar Current is marked by intense northward Ekman transport and robust
deep water ventilation in the Antarctic zone, which brings nutrients and CO2
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from the vast reservoir of the deep ocean to the surface. In contrast to lower latitude upwelling, organic
uptake of nutrients in the Antarctic cannot keep pace with the supply, hence the biologic pump is not
efficient enough to again sequester the deep ocean carbon brought to the surface. Thus the ocean
supplies CO2 to the atmosphere.

During glacial times the westerlies are thought to move north of the polar frontal zone (which is
geographically constrained), reducing the Ekman transport and deep convection in the Antarctic zone
as stratification of the water column increases. In effect, this breaks the direct connection with bottom
water and removes a major conduit between the atmosphere and deep ocean in the carbon cycle.
Biogenic export production and deep water sequestration continues elsewhere, with the net effect of
reducing carbon in the atmosphere, while adding to the ocean reservoir.

Recent climate modeling by Toggweiler, Russell, and Carson (unpublished manuscript)
generally supports this view. They pursue the idea that cold climates shift the westerlies equatorward
(thus lessening convection in the Antarctic zone) by modeling a highly idealized climate system where
varying the strength of the SH circumpolar westerlies produces an internal cycle of Southern Ocean
halocline formation/destruction that alternately restricts or enhances Antarctic bottom water
communication with the atmosphere. They consider two tests for the climate simulation: (a) timing of
Antarctic temperature and atmospheric CO2 changes coinciding, with a slight

lag in COz2 ; and (b) retention of organically cycled carbon in the deep ocean during glacial peri
ods. Their model, which changes bottom water ventilation from on to off states based entirely on
Antarctic zone stratification, satisfies the two tests. In several ways the Toggweiler et al. model results
are at odds with most other climate simulations that show less polar stratification under cooling
conditions. They point this out, but question whether the current models are consistent with the
Antarctic ice-core reconstructions, implying that they lack some essential physical processes.

While there is still much uncertainty and controversy surrounding why Antarctic temperatures
and atmospheric CO2 are so closely linked, a strong case can be made that temperatures rise
rapidly when deep convection in the Antarctic Zone intensifies at the transition from glacial to
interglacial climates, releasing massive amounts of heat from relatively warm deep water to the
atmosphere, along with large amounts of COz2.

In this respect, it is worth noting that with present conditions, there are large regions in the
Weddell Sea where the water column static stability is so marginal by late winter that a few tens of
centimeters of additional ice growth would make the cold surface layer as dense as the underlying
Weddell Deep Water (WDW). In open ocean situations, this would normally set the stage for deep
convection and vigorous overturn, but instead what usually happens is that as soon as heat from below
the halocline is mixed to the surface, sea ice begins melting. The ensuing freshwater influx
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is a powerful stabilizing influence, which rapidly quells turbulence in the deep part of the mixed layer.
A new, shallower, halocline forms and having been cut off from its source of energy at the surface,
mixing at the original halocline ceases. In essence, the presence of even a thin layer of sea ice furnishes a
strong negative feedback to widespread deep ocean convection in the Weddell.

There do appear to be times when this general picture breaks down. The best known example is
the so-called Weddell Polynya of the mid-1970s This large area of thin ice or open water, detected by
satellite passive microwave sensors, persisted for several seasons well within the limits of the seasonal ice
pack in the Weddell Sea. Wintertime open water in polar oceans generally signals intense ocean-to-
atmosphere heat transfer— often at least an order of magnitude greater than heat loss with even a
relatively thin ice cover. That this occurred during the 1970s in the Weddell is borne out by significant
cooling of Weddell Deep Water. By comparing nearby profiles sampled in 1977 and 1996, | found
(Antarctic Science, 15, p. 153, 2003) the heat transfer required to cool a 3000-m water column from
present levels to those observed in the late 1970s is roughly equivalent to the heat needed to melt about
20 m of sea ice. Is it possible that the Weddell Polynya, with several years of intensive “thermal mode”
convection, represented in microcosm the sort of vast Southern Ocean deep convection that triggered the
transition from glacial to interglacial climates? If so, will anthropogenic climate modification trigger
similar episodes in the near future?

So what about changes occurring now? If there is anything resembling a “smoking gun” in the
connection between anthropogenic activity and climate it is the recent work showing the coupling
between the stratosphere and troposphere in the Antarctic, specifically that ozone depletion appears to
be driving observable changes in the surface temperatures and winds [Thompson and Solomon ,
Science, 296, p. 898, 2002]. Recent modeling work by Gillett and Thompson [Science, 302, p. 273,
2003] demonstrated that the seasonality, structure, and amplitude of observed climate trends in the high
latitude southern hemisphere can be simulated by an atmospheric model with high vertical resolution
forced solely by the prescribed stratospheric ozone depletion. The characteristics include cooling over
the continent, substantial warming over the Antarctic Peninsula, and a strengthening of the winds
around the continent. These trends could very well lead to enhanced SO convection, and associated
heat and CO2 transfer from deep ocean to atmosphere.

Given plausible hypotheses that Antarctic zone convection (and associated changes in
atmospheric CO2) respond to the position and strength of the circumpolar westerly wind, what
will be the impact of changes occurring in the past few decades on Southern Ocean circulation?
Issues that deserve consideration include:

~ Is water that circulates under the extensive ice shelves warming, causing increased basal

melting? Dramatic disintegration of the Larsen B ice shelf in early 2002 caught the
entire community by surprise. How will a rapid increase in melting impact the stability of
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the West Antarctic ice sheet?

* Are observed temperature and wind trends modifying the production of cold, dense brine on
the Antarctic continental shelves? How does increased shelf convection (vis-a-vis deep water
convection) impact the carbon cycle at high latitudes?

*  Will more northward Ekman transport due to increasing circumpolar wind stress en-
hance deep ocean convection in the Weddell or elsewhere in the Antarctic zone? Can we
expect more of the “thermal mode” convection that apparently characterized the Weddell
Polynya?

« If there is a marked increase in Antarctic zone convection, will it lead to a significant increase
in the transfer of CO2 from the ocean to the atmosphere? Or will a more active biological pump
kick in, making the bottom water circulation more akin to the biologically active deep water
circulation?

*  What does a “more active biological pump” mean for primary production, and the Ant
arctic food chain?

By their very nature, these questions are cross disciplinary, involving atmospheric and oceanic
dynamics, carbon-cycle chemistry, high-latitude biology, glacier dynamics, and much more. It was
recommended in a National Research Council report entitled Physical Oceanography and Tracer
Chemistry of the Southern Ocean that

“Collection of a full suite of oceanographic data within the ice-covered
regions and during the winter remains a high priority for Southern Ocean
studies.”

It turns out that since that report there has been considerable progress in the Weddell sector but little
elsewhere. In fact, | could find no station in the NODC database for the Indian Ocean sector for the
months July through September, despite the repeated appearance of the large Cosmonaut Polynya
there, and only 16 profiles in the Ross Sea. In the 15 years since the Polar Research Board report,
technology for sampling remote ocean locations (e.g., by autonomous floats and ocean gliders,
advanced moorings) has advanced substantially. These should be applied to basic year-round monitoring
in the Southern Ocean, to complement ongoing intensive process oriented studies in the successful
iAnZone mode.

The International Geophysical Year in 1957-1958 included extensive studies in the Southern
Ocean. We have, of course, learned a great deal since, yet the region remains one of the least explored
and in many ways, most enigmatic places left on earth. IPY (2007-2008) can provide an excellent
organizing structure for addressing the outstanding problems. Our understanding of not only the polar
regions, but the whole globe, will be well served if it includes a strong Southern Ocean component,
with emphasis on climate impact.
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