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[1] This paper reviews developments in our
understanding of the state of the Antarctic and Southern
Ocean climate and its relation to the global climate system
over the last few millennia. Climate over this and earlier
periods has not been stable, as evidenced by the
occurrence of abrupt changes in atmospheric circulation
and temperature recorded in Antarctic ice core proxies for
past climate. Two of the most prominent abrupt climate
change events are characterized by intensification of the
circumpolar westerlies (also known as the Southern
Annular Mode) between ~6000 and 5000 years ago and
since 1200—1000 years ago. Following the last of these is
a period of major trans-Antarctic reorganization of
atmospheric circulation and temperature between A.D.
1700 and 1850. The two earlier Antarctic abrupt climate
change events appear linked to but predate by several
centuries even more abrupt climate change in the North
Atlantic, and the end of the more recent event is
coincident with reorganization of atmospheric circulation
in the North Pacific. Improved understanding of such
events and of the associations between abrupt climate
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change events recorded in both hemispheres is critical to
predicting the impact and timing of future abrupt climate
change events potentially forced by anthropogenic changes
in greenhouse gases and aerosols. Special attention is
given to the climate of the past 200 years, which was
recorded by a network of recently available shallow firn
cores, and to that of the past 50 years, which was
monitored by the continuous instrumental record.
Significant regional climate changes have taken place in
the Antarctic during the past 50 years. Atmospheric
temperatures have increased markedly over the Antarctic
Peninsula, linked to nearby ocean warming and
intensification of the circumpolar westerlies. Glaciers are
retreating on the peninsula, in Patagonia, on the sub-
Antarctic islands, and in West Antarctica adjacent to the
peninsula. The penetration of marine air masses has
become more pronounced over parts of West Antarctica.
Above the surface, the Antarctic troposphere has warmed
during winter while the stratosphere has cooled year-
round. The upper kilometer of the circumpolar Southern
Ocean has warmed, Antarctic Bottom Water across a wide
sector off East Antarctica has freshened, and the densest
bottom water in the Weddell Sea has warmed. In contrast
to these regional climate changes, over most of Antarctica,
near-surface temperature and snowfall have not increased
significantly during at least the past 50 years, and proxy
data suggest that the atmospheric circulation over the
interior has remained in a similar state for at least the past
200 years. Furthermore, the total sea ice cover around
Antarctica has exhibited no significant overall change
since reliable satellite monitoring began in the late 1970s,
despite large but compensating regional changes. The
inhomogeneity of Antarctic climate in space and time
implies that recent Antarctic climate changes are due on
the one hand to a combination of strong multidecadal
variability and anthropogenic effects and, as demonstrated
by the paleoclimate record, on the other hand to
multidecadal to millennial scale and longer natural
variability forced through changes in orbital insolation,
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greenhouse gases, solar variability, ice dynamics, and
aerosols. Model projections suggest that over the 21st
century the Antarctic interior will warm by 3.4° + 1°C,
and sea ice extent will decrease by ~30%. Ice sheet
models are not yet adequate enough to answer pressing
questions about the effect of projected warming on mass
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balance and sea level. Considering the potentially major
impacts of a warming climate on Antarctica, vigorous
efforts are needed to better understand all aspects of the
highly coupled Antarctic climate system as well as its
influence on the Earth’s climate and oceans.
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1. PRELUDE TO RECENT CLIMATE

[2] In this paper we review the significant roles that
Antarctica and the Southern Ocean play in the global
climate system. This review is a contribution to the pan-
Antarctic research on Antarctica and the global climate
system, carried out under the aegis of the Scientific Com-
mittee on Antarctic Research (SCAR), which is an interdis-
ciplinary body of the International Council for Science.

[3] By way of introduction, we show some of the main
elements of the geographical and climate-related character-
istics of Antarctica and the Southern Ocean in Figures 1 and
2, respectively. The processes occurring in these regions are
known to play a significant role in the global climate
system. The Southern Ocean is the world’s most biologi-
cally productive ocean and a significant sink for both heat
and CO,, making it critical to the evolution of past, present,
and future climate change. The Southern Ocean is the site
for the production of the coldest, densest water that partic-
ipates in global ocean circulation and so is of critical
importance to climate change. The strong westerly winds
that blow over the Southern Ocean drive the world’s largest
and strongest current system, the Antarctic Circumpolar
Current (ACC), and are recognized to be the dominant
driving force for the global overturning circulation [Pickard
and Emery, 1990; Klinck and Nowlin, 2001].

[4] Today, Antarctica holds 90% of the world’s fresh
water as ice. Along with its surrounding sea ice, it plays a
major role in the radiative forcing of high southern latitudes
and is an important driving component for atmospheric
circulation. Its unique meteorological and photochemical
environment led to the atmosphere over Antarctica experi-
encing the most significant depletion of stratospheric ozone
on the planet, in response to the stratospheric accumulation
of man-made chemicals produced largely in the Northern
Hemisphere. The ozone hole influences the climate locally
and is itself influenced by global warming.

[5] The climate of the Antarctic region is profoundly
influenced by its ice sheet, which reaches elevations of over
4000 m. This ice reduces Southern Hemisphere temper-
atures and stabilizes the cyclone tracks around the continent.
The ice sheet is a relatively recent feature geologically,
developing as Antarctic climate changed from temperate
to polar, and from equable to strongly cyclic, over the last
50 million years (Ma).

[6] Modern climate over the Antarctic and the Southern
Ocean results from the interplay of the ice sheet, ocean, sea
ice, and atmosphere and their response to past and present
climate forcing. Our review assesses the current state of the

Antarctic climate, identifying key processes and cycles. One
aim is to try and separate signals of human-induced change
from variations with natural causes. Another is to identify
areas worth special attention in considering possible future
research.

[7] To fully understand the operation of this system as the
basis for forecasting future change we begin with the
development of the Antarctic ice sheet far back in geolog-
ical time (Figures 3 and 4). In the high CO, world of
Cretaceous and early Cenozoic times, when atmospheric
CO, stood at between 1000 and 3000 ppm, global temper-
atures were 6° or 7°C warmer than at present, gradually
peaking around 50 Ma ago with little or no ice on land.
Superimposed on this high CO, world, deep-sea sediments
have provided evidence of the catastrophic release of more
than 2000 gigatonnes of carbon into the atmosphere from
methane hydrate around 55 Ma ago, raising global temper-
atures a further ~4°-5°C, though they recovered after
~100,000 years [Zachos et al., 2003, 2005].

[8] The first continental ice sheets formed on Antarctica
around 34 Ma ago [Zachos et al., 1992], when global
temperature was around 4°C higher than today, as a conse-
quence of a decline in atmospheric CO, levels [DeConto
and Pollard, 2003; Pagani et al., 2005]. The early ice sheets
reached the edge of the Antarctic continent, although they
were warmer and thinner than today’s. They were dynamic,
fluctuating on Milankovitch frequencies (20 ka, 41 ka, and
100 ka) in response to variations in the Earth’s orbit around
the Sun, causing regular variations in climate and sea level
[Naish et al., 2001; Barrett, 2007]. Recent evidence from
ice-rafted debris suggests that glaciers also existed on
Greenland at this time [Eldrett et al., 2007].

[9] Further cooling around 14 Ma ago led to the current
thicker and cooler configuration of the Antarctic ice sheet
[Flower and Kennett, 1994], and subsequently, the first ice
sheets developed in the Northern Hemisphere on Greenland
around 7 Ma ago [Larsen et al., 1994]. The Antarctic ice
sheet is now considered to have persisted intact through the
early Pliocene warming from 5 to 3 Ma [Kennett and
Hodell, 1993; Barrett, 1996], though temperatures several
degrees warmer than today around the Antarctic margin are
implied by coastal sediments [Harwood et al., 2000] and
offshore cores [Whitehead et al., 2005] and from diatom
ooze from this period recently cored from beneath glacial
sediments under the McMurdo Ice Shelf [Naish et al.,
2007]. Global cooling from around 3 Ma [Ravelo et al.,
2004] led to the first ice sheets on North America and NW
Europe around 2.5 Ma ago [Shackleton et al., 1984]. These
ice sheets enhanced the Earth’s climate response to orbital
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Figure 1. Geographical locations of some key places and
regions in Antarctica and the Southern Ocean.

forcing, taking us to the Earth’s present “ice house” state
(Figure 4), which for the last million years (Figure 5) has
been alternating over ~100,000 year long cycles including
long (~90,000 years) glacials, when much of the Northern
Hemisphere was ice covered, global average temperature
was around 5°C colder, and sea level was 120 m lower than
today, and much shorter warm interglacials like that of the
last ~10,000 years, with sea levels near or slightly above
those of the present.

[10] Changes in the atmospheric gases CO,, CHy, and
N,O and temperature through the past 650,000 years
[Siegenthaler et al., 2005; Spahni et al., 2005] of these
glacial/interglacial cycles are recorded with remarkable
fidelity [e.g., Etheridge et al., 1992] in deep ice cores
recovered from Antarctica. The cores reveal both the
responsiveness of the ice sheet to changes in orbitally
induced insolation patterns and the close association be-
tween atmospheric greenhouse gases and temperature
[EPICA Community Members, 2004]. They also demon-
strate the narrow band within which the Earth’s climate and
its atmospheric gases have oscillated over at least the last
800,000 years through eight glacial cycles, with CO, values
oscillating between 180 and 300 ppmv. Global average
temperatures, assessed through a combination of paleocli-
mate records, varied through a range of 5°C (between
average interglacial values of around 15°C and average
glacial values of 10°C [Severinghaus et al., 1998]).

[11] The Intergovernmental Panel on Climate Change
(IPCC) Fourth Assessment Report [Intergovernmental Panel
on Climate Change (IPCC), 2007] reviewed the ways in
which the climate worldwide has changed in response to
rising levels of CO, in the atmosphere, which, at 380 ppm,
are currently higher than at any time in the last 800,000
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years [EPICA Community Members, 2004] and most likely
in the last 25 Ma [Royer, 2006].

[12] Knowledge of the phasing of climate events on
regional to hemispheric scales is essential to understanding
the dynamics of the Earth’s climate system. Correlations
based on the similarities seen in Greenland and Antarctic ice
core methane signals (Figure 6) suggest that climatic events
of millennial to multicentennial duration are correlated
between the north and south polar regions as described in
the following results from EPICA Community Members
[2006]. Antarctic warm events correlate with but precede
Greenland warm events. The start of each warming signal in
the Antarctic takes place when Greenland is at its coldest,
the period when armadas of icebergs crossed the North
Atlantic in so-called Heinrich events. Moreover, warming in
the Antarctic is gradual whereas warming in the associated
Greenland signal is abrupt. These relationships are inter-
preted as reflecting connection between the two hemi-
spheres via the ocean’s meridional overturning circulation
(MOC). The lag reflects the slow speed of the MOC, with
complete ocean overturning taking up to 1000 years. The
data also show a strong relationship between the magnitude
of each warming event in the Antarctic and the duration of
the warm period that follows each abrupt warming event in
Greenland [EPICA Community Members, 2006]. This rela-
tionship is interpreted to reflect the extent to which the
MOC is reduced, with reduced overturning assumed to lead
to the retention of more heat in the Southern Ocean. These
associations are indirectly supported by marine sediment
records off Portugal that reveal changes in deep water
masses related to Antarctic Bottom Water formation and
in Atlantic surface water, at the same time as the events seen
in the central Greenland deep ice cores [Shackleton et al.,
2000]. The cause(s) of these millennial-scale climate events
are not fully understood, but slowing of the MOC has been
attributed to North Atlantic meltwater flood events and/or to
massive iceberg discharges (Heinrich events) that slow the
formation of North Atlantic Deep Water. Changes in the
Antarctic ice sheet and sea ice extent can also affect
Southern Ocean heat retention and ocean circulation [Stocker
and Wright, 1991; Knorr and Lohman, 2003].

[13] As shown in Figures 7 and 8, over the past 12,000
years (Holocene), there have been several abrupt changes in
Antarctic climate despite the fact that this period is more
stable climatically than the preceding glacial period
(Figure 6). These abrupt changes in Holocene Antarctic
climate, as well as the abrupt changes in Holocene climate
recorded in a global array of paleoclimate records covering
the same period, appear to be the product of short-term
fluctuations in solar variability, aerosols, and greenhouse
gases superimposed on longer-term changes in insolation,
greenhouse gases, and ice sheet dynamics [Mayewski et al.,
2004a]. There has been sufficient variability during the
Holocene to cause major disruptions to ecosystems and
civilizations [Mayewski et al., 2004a], demonstrating that
this natural variability must be taken into account in under-
standing modern climate and the potential for future climate
change. The relation between the ice sheet and climate is not
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Figure 2a. Some key elements of the Antarctic and Southern Ocean climate system. (top left) The
bathymetry and topography of Antarctica and the Southern Ocean, with the main fronts of the Antarctic
Circumpolar Current marked over the Southern Ocean; (top right) wind vectors at 10 m height, with wind
speed colored as background, where wind vector and speed are long-term means from European Centre
for Medium-Range Weather Forecasts (ECMWF) 40-year reanalysis (ERA-40); (bottom left) the loading
pattern of the El Nifio—Southern Oscillation phenomenon over Antarctica and the Southern Ocean,
defined as the correlation of the Southern Oscillation Index with surface atmospheric pressure; and
(bottom right) as for Figure 2a (bottom left) but for the Southern Annular Mode index.

simple. For example, the current configuration of the Ant- head of the Ross Ice Shelf, started to retreat to their current
arctic ice sheet has as its underpinning a multimillennial-  position from a position close to the edge of the current Ross
scale lagged response to climate forcing. Grounding lines in  Ice Shelf 7000-9000 years ago [Conway et al., 1999].
the marine-based parts of the West Antarctic ice sheet, at the  Synthesis of ice core isotope proxy records for temperature
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Figure 2b. Some key elements of the Antarctic climate system. (top left) Rate of accumulation of
precipitation over Antarctica; (top right) the seasonal maximum and minimum of the sea ice field;
(bottom left) spatial variability of sodium concentration compiled from snow samples and firn cores; and
(bottom right) as for Figure 2b (bottom left) but for sulphate concentration. (Sodium is predominantly a
sea-salt aerosol, while sulphate is often used to reconstruct marine bioactivity and volcanic eruptions.)

reveals that this massive retreat was preceded by an early
Holocene climatic optimum between 11,500 and 9000 years
ago [Masson et al., 2000].

[14] Comparison of similarly resolved and analyzed ice
core records from Greenland (Greenland Ice Sheet Project 2
(GISP2)) and West Antarctica (Siple Dome) reveals evi-
dence related to phasing, magnitude, and possible forcing of

changes in atmospheric circulation and temperature over the
Holocene (Figures 7 and 8, core locations shown in
Figure 1). Atmospheric circulation and temperature recon-
structions are based on ice core proxies referenced in the
following text and in Figures 7 and 9. These observations
are relevant to understanding not only the forcing of climate

5 of 38



RG1003

Mayewski et al.: ANTARCTIC AND SOUTHERN OCEAN CLIMATE

RG1003

The last ~65 Million years

65 Ma 60 Ma 55 Ma 50 Ma 45 Ma 40 Ma 35 Ma
1 1 1 1 1 1

30 Ma

25 Ma 20 Ma 15 Ma 10 Ma 5Ma Today
1 1 1 1 1 >

A

Antarctic climate temperate

_Antarctic climate sub-polar

1 1 1 1 1 g

Antarctic climate polar*

!

Antarctic ice cover lifnited to local glaciers and ice caps

! !

Dynamic continental Antarctic ice sheets‘ Permanent Antarctic ice shset

PETM** - global
temperature briefly >10°C
warmer than today

Global temperature >4°C warmer than today

_ 2°C to 3°C above today

Greenland Ice
Sheet develops

N-American and

European ice

sheets develop
-

1°C to 3°C above today  same

-

Atmospheric CO, 2000-1000 ppm***

_ 1800-800 ppm 800-400 ppm  Atmospheric CO, below 400 ppm

»

!

40,000 year cycles dominate

!

100,000 year
cycles dominate
»

-

* Antarctica was warmer around the margin from 5 to 3 Ma and during MIS 31 (~1Ma)

** Palaeocene - Eocene Thermal Maximum, Zachos et al. (2003)
*** Pagani et al. (2005)

Figure 3. Main climatic events of the last 65 Ma: the Antarctic context.

change over the polar regions but also the implications of
change over the polar regions for climate at the global scale.

[15] With respect to changes in atmospheric circulation,
Figure 7 shows the following:

[16] 1. The North Atlantic climate record (GISP2 K',
Na', and Ca"" proxies for Siberian High, Icelandic Low,
and northern circumpolar westerlies, respectively) displays
more frequent and larger shifts in atmospheric circulation
than does the Antarctic climate record (Siple Dome Na" and
Ca"" proxies for Amundsen Sea Low and southern circum-
polar westerlies, respectively) [Mayewski and Maasch,
2006]. This finding is similar to that seen between Green-
land and Antarctica in millennial-scale events from glacial
age ice core records (Figure 6) [EPICA Community Members,
2006].

[17] 2. The North Atlantic climate record (GISP2 K',
Na', and Ca"" proxies for Siberian High, Icelandic Low,
and northern circumpolar westerlies, respectively) generally
displays more abrupt onset and decay of multicentennial-
scale events than does the Antarctic climate record (Siple
Dome Na' and Ca"" proxies for Amundsen Sea Low and
southern circumpolar westerlies, respectively) [Mayewski
and Maasch, 2006] similar to the glacial age abrupt change
record (Figure 6) [EPICA Community Members, 2006].

[18] 3. The Siple Dome and GISP2 ice core proxies for
northern and southern circumpolar westerlies (Ca'") show
considerable similarity in event timing with major intensi-
fication periods between ~6000 and 5000 years ago and
starting ~1200—-600 years ago, although as noted above the
Antarctic events start earlier and less abruptly than those in
Greenland.

[19] 4. The most dramatic changes in atmospheric circu-
lation during the Holocene noted in the Antarctic are (1) the
abrupt weakening of the southern circumpolar westerlies
(Siple Dome Ca"™") ~5200 years ago and (2) intensification
of the westerlies and the deepening of the Amundsen Sea
Low (Siple Dome Na") starting ~1200—1000 years ago.

[20] With respect to changes in temperature, Figure 7
shows the following:

[21] 1. The prominent temperature decrease ~8200 years
ago over the North Atlantic, noted in the GISP2 6'*0 proxy
for temperature, is subdued in the Siple Dome §'%0 tem-

5
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Figure 4. Change in average global temperature over the
last 80 Ma, plus future rise in temperature to be expected
from energy use projections and showing the Earth warming
back into the “greenhouse world” typical of earlier times
more than 34 Ma ago [Barrett, 2006]. The temperature
curve of Crowley and Kim [1995] is modified to show the
effect of the methane discharge at 55 Ma [Zachos et al.,
2003].
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Figure 5. Main climatic events of the last 1 Ma: the Antarctic context.
-34
L
-2
37
e
- )
— -40
8 .46 [—
8
9 -
w -49 — EDML
-410 —
- -
.;__'.; -
§-430 [ EDC
2 o 33
as0 |- D ; NorthGRIP 3
, D012 al <3785
fP il 2
J]‘]]"M ' n -4 B
800 %Nﬁ %ﬁ“ u W
= : -45
0 I
g Greenland CH,
* composite
= o
v 500 )
EDML
350

10000 20000 30000 40000 50000 60000
NGRIP age [yrBP]

Figure 6. Methane (CH,) synchronization of the ice core records of 6'0 as a proxy for temperature
reveals one-to-one association of Antarctic warming (Antarctic isotope maxima (AIM)) events with
corresponding Greenland cold (stadial) events (Dansgaard/Oeschger (DO)) covering the period 10,000—
60,000 years ago. EDML, EPICA core from Dronning Maud Land Antarctica; Byrd, core from West
Antarctica; EDC, core from East Antarctica; NGRIP, core from north Greenland. Gray bars refer to
Greenland stadial periods. Greenland CH4 composite curve is blue; EDML CH, signal is pink. Figure
modified from EPICA Community Members [2006] by H. Fischer.
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perature proxy series, although it is suggested in a compos-
ite isotope record covering East Antarctica [Masson et al.,
2000], indicating that this event is not as prominent in the
southern as in the northern polar regions.

[22] 2. Siple Dome 60 temperature reconstructions
reveal notable cooling between ~6400 and 6200 years
ago, followed by relatively milder temperatures over East
Antarctica 6000—3000 years ago [Masson et al., 2000],
lasting until ~1200 years ago in the Siple Dome area.

[23] 3. The Siple Dome and GISP2 60 proxies for
temperature show a flattening and a decline, respectively, in
temperature starting ~1200—1000 years ago, followed by
warming in the last few decades; the recent warming in the
Siple Dome record is the greatest of the last ~10,000 years.

[24] Several interacting factors potentially provide the
climate forcing for decadal to centennial-scale and longer
Holocene climate change, as demonstrated by their associ-
ation in timing with climate change events. While further
research is needed to go from associations in timing to
mechanisms for forcing, identifying these associations is an
essential first step. The most prominent associations noted
from Figure 7 are the following:

[25] Intensification of atmospheric circulation in the
Northern Hemisphere (stronger Siberian High and northern
circumpolar circumpolar westerlies and deeper Icelandic
Low) and to a lesser degree in the Southern Hemisphere
(stronger circumpolar westerlies and deeper Amundsen Sea
Low) occurs ~8200—-8400 years ago [Mayewski et al.,
2004b; Mayewski and Maasch, 2006]. This event is asso-
ciated with cooling over East Antarctica [Masson et al.,
2000] and, as seen in Figure 7, with a drop in CHy, a long-
term decline in CO,, and an increase in solar energy output
(based on the '*C proxy for solar variability). Between
~8200 and 7800 years ago, there is a decrease in precip-
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itation in equatorial Africa suggested to have been the
consequence of an expanding polar cell and consequent
displacement of moisture-bearing winds [Stager and
Mayewski, 1997]. Intensification of the southern circumpo-
lar westerlies ~6400—5600 years ago is preceded by cool-
ing in West Antarctica ~6400—6200 years ago.
Intensification of the Northern Hemisphere westerlies fol-
lows abruptly at ~6000—5000 years ago. All of these
changes coincide with a reverse in the trend of orbitally
forced insolation, a small drop in CHy, a slight rise in CO,,
and a decrease in solar energy output and are within the
period of early collapse of the Ross Sea ice sheet [Conway
et al., 1999]. Intensification of the Northern Hemisphere
westerlies is coincident with intensification of the Icelandic
Low and the Siberian High. Another period of intensifica-
tion of southern circumpolar westerlies and the Amundsen
Sea Low commences ~1200—1000 years ago, accompanied
by relatively cooler conditions over East Antarctica [Mas-
son et al., 2000] and West Antarctica (Siple Dome). This
change is associated with a decrease in solar energy output,
a drop in CO,, and increased frequency of volcanic source
sulphate aerosols over Antarctica. A satisfactory explana-
tion for the forcing of these Holocene Antarctic climate
changes remains elusive, though the link to variations in
solar energy output is highly suggestive. More detailed
examination of forcing over the last 2000 years using the
ice cores in Figure 7 and other paleoclimate records sup-
ports the close association in timing between changes in
atmospheric circulation and solar energy output [Maasch et
al., 2005].

[26] The abrupt climate change event commencing
~1200—-1000 years ago is the most significant Antarctic
climate event of the last ~5000 years [Mayewski and
Maasch, 2006]. Its onset is characterized by strengthening

Figure 7. Examination of potential controls on and sequence of Antarctic Holocene climate change compared to
Greenland climate change using 200 year Gaussian smoothing of data from the following ice cores: Greenland Ice Sheet
Project 2 (GISP2) ice core, K' proxy for the Siberian High [Meeker and Mayewski, 2002]; GISP2 Na' proxy for the
Icelandic Low [Meeker and Mayewski, 2002]; GISP2 Ca"" proxy for the Northern Hemisphere westerlies [Mayewski and
Maasch, 2006]; Siple Dome (West Antarctic) Ca' " ice core proxy for the Southern Hemisphere westerlies [Yan et al.,
2005]; Siple Dome Na® proxy for the Amundsen Sea Low [Kreutz et al., 2000]; GISP2 §'®0 proxy for temperature
[Grootes and Stuiver, 1997]; Siple Dome §'®0 proxy for temperature [Mayewski et al., 2004a; J. White, unpublished data,
2005]; timing of the Lake Agassiz outbreak that may have initiated Northern Hemisphere cooling at ~8200 years ago
[Barber et al., 1999]; global glacier advances [Denton and Karlén, 1973; Haug et al., 2001; Hormes et al., 2001];
prominent Northern Hemisphere climate change events (shaded zones [Mayewski et al., 2004a]); winter insolation values
(W m~?) at 60°N (black curve) and 60°S latitude (blue curve) [Berger and Loutre, 1991]; summer insolation values (W m™~?)
at 60°N (black curve) and 60°S latitude (blue curve) [Berger and Loutre, 1991]; proxies for solar output (A™C residuals
[Stuiver et al., 1998], raw data (light line) with 200 year Gaussian smoothing (bold line)); atmospheric CH, (ppbv)
concentrations in the GRIP ice core, Greenland [Chappellaz et al., 1993]; atmospheric CO, (ppmv) concentrations in the
Taylor Dome, Antarctica, ice core [Indermiihle et al., 1999]; and volcanic events marked by SO4>~ residuals (ppb) in the
Siple Dome ice core, Antarctica [Kurbatov et al., 2006], and by SO3 ™ residuals (ppb) in the GISP2 ice core [Zielinski et al.,
1994]. Timing of Northern Hemisphere deglaciation is from Mayewski et al. [1981], and retreat of Ross Sea Ice Sheet is
from Conway et al. [1999]. Figure modified from Mayewski et al. [2004a, 2004b]. Green bar denotes the 8800—8200 year
ago event seen in many globally distributed records associated with a negative A'*C residual [Mayewski et al., 2004a.
Yellow denotes events from 6400 to 5200 years ago, events from 3400 to 2400 years ago, and events since 1200 years ago
seen in many globally distributed records associated with positive A'*C residuals [Mayewski et al., 2004a]. Map shows
location of GISP2, Siple Dome, Icelandic Low, Siberian High, Amundsen Sea Low, Intertropical Convergence Zone, and
westerlies in both hemispheres.

9 of 38



RG1003

o of iﬁtel'tropiCa/C
SVt -

LAKEWICTORTA

Mayewski et al.: ANTARCTIC AND SOUTHERN OCEAN CLIMATE

RG1003

"9en

Nve oy o
C e z o \,f

Winte @W
t

Figure 7.

of the Amundsen Sea Low (Siple Dome Na') and the
southern circumpolar westerlies (Siple Dome Ca™), with
cooling both at Siple Dome (5'°0), until recent decades,
and in the East Antarctic composite proxy temperature
record [Masson et al., 2000]. This event provides the
underpinning for centennial and perhaps shorter-scale nat-
ural variability upon which future climate change over
Antarctica might operate. A comparison of reconstructions
of Northern and Southern Hemisphere temperature [Mann
and Jones, 2003] and ice core proxies for Northern and
Southern Hemisphere atmospheric circulation referred to in
Figures 7 and 9 covering the last 2000 years, when these
records are most precisely dated (+10 years), demonstrates
that major changes in temperature and circulation intensity

(continued)

are associated, such that cooler temperatures coincide with
more intense atmospheric circulation and warmer temper-
atures with milder circulation [Mayewski and Maasch,
2006]. Further, until the warming of the last few decades,
major changes in temperature were preceded by or coinci-
dent with changes in atmospheric circulation. Modern
warming is not preceded by or coincident with change in
atmospheric circulation, suggesting that recent warming is
not operating in accordance with the natural variability of
the last 2000 years and that therefore, modern warming is a
consequence of nonnatural (anthropogenic) forcing
[Mayewski and Maasch, 2006].

[27] Comparison of ice core proxies for atmospheric
circulation and temperature between West Antarctica (Siple
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