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The Southern Hemisphere (SH) mid-latitude westerly winds play a central role in the global
climate system via Southern Ocean upwelling?, carbon exchange with the deep ocean?, Agulhas
Leakage?, and possibly Antarctic ice sheet stability?. Meridional shifts of the SH westerlies have
been hypothesized in response to abrupt North Atlantic Dansgaard-Oeschger (DO) climatic
events of the last ice age®®, in parallel with the well-documented shifts of the intertropical
convergence zone (ITCZ)’. Shifting moisture pathways to West Antarctica® are consistent with
this view, but may represent a Pacific teleconnection pattern®. The full SH atmospheric-
circulation response to the DO cycle and its impact on Antarctic temperature remain unclear.
Here we use five volcanically-synchronized ice cores to show that the Antarctic temperature
response to the DO cycle can be understood as the superposition of two modes: a spatially
homogeneous oceanic “bipolar seesaw” mode that lags Northern Hemisphere (NH) climate by
about 200 years, and a spatially heterogeneous atmospheric mode that is synchronous with
NH abrupt events. Temperature anomalies of the atmospheric mode are similar to those
associated with present-day Southern Annular Mode (SAM) variability, rather than the Pacific
South America (PSA) pattern. Moreover, deuterium excess records suggest a zonally coherent
migration of the SH westerlies over all ocean basins in phase with NH climate. Our work
provides a simple conceptual framework for understanding the circum-Antarctic temperature
response to abrupt NH climate change. We provide observational evidence for abrupt shifts in
the SH westerlies, which has previously-documented'? ramifications for global ocean
circulation and atmospheric CO.. These coupled changes highlight the necessity of a global,

rather than a purely North Atlantic, perspective on the DO cycle.



During the glacial DO cycle, abrupt variations in northward heat transport by the Atlantic
Meridional Overturning Circulation (AMOC) affect Greenland and Antarctic temperature
oppositely (Fig. 1), via an oceanic teleconnection called the bipolar seesaw®!!. Antarctica warms
during Greenland cold phases (stadials), and cools during Greenland warmth (interstadials), with
the gradual nature of Antarctic climate change reflecting buffering by a large heat reservoir!! —
likely the global ocean interior®. The DO cycle affects atmospheric circulation also; the ITCZ shifts
southwards during stadials, and northwards during interstadials’. General Circulation Model
(GCM) simulations suggest parallel shifts of the SH westerlies>®1?, but the available observational
evidence (a deuterium excess record from West Antarctica®) cannot distinguish between such
shifts and Pacific-only teleconnections®. Furthermore, the impact of the atmospheric circulation
changes on Antarctic climate remains unknown, and models are inconclusive on this

question®13,

We use water stable isotope ratios, a proxy for site temperature!4, from five Antarctic ice cores:
WAIS (West Antarctic Ice Sheet) Divide (WDC), EPICA (European Project for Ice Coring in
Antarctica) Dronning Maud Land (EDML), EPICA Dome C (EDC), Dome Fuji (DF) and Talos Dome
(TAL). WDC is synchronized to Greenland ice cores at high precision via atmospheric methane
(Fig. 1a, b)*>; here we synchronize WDC to the other cores in the 10-57 ka before present (BP)
interval using volcanic markers (Methods; Extended Data Figure 1), greatly improving our ability
to study the timing of regional Antarctic climate variations relative to Greenland. The Antarctic
response to DO events is investigated using a stacking technique, in which 19 individual events
are aligned at the midpoint of their abrupt methane transition in the WDC core, and averaged to

obtain the shared climatic signal (Methods).



Antarctica cools in response to DO warming (Fig. 2a, b), consistent with the bipolar seesaw
theory®!!. In the Antarctic mean 880 stack, the cooling onset occurs about two centuries after
the abrupt NH event, providing validation of earlier results from West Antarctical®. There is a
spatial pattern to the Antarctic response, however. A step-like divergence from the mean signal
is seen around t = 0 yr (i.e., synchronous with NH climate), with the interior East Antarctic Plateau
sites (DF and EDC) warming, and EDML cooling (Fig. 2c). This instantaneous warming over the

Plateau is particularly pronounced at DO events 1, 8, 12 and 14 (Fig. 1d, red curve).

Using principal component analysis (PCA, see Methods), we find that two modes of variability
explain over 96% of signal variance in the five stacked records (Fig. 2d). The first principal
component (PC1, 83% of variance explained) has the triangular shape of the Antarctic Isotope
Maximum events — the classic thermal bipolar seesaw signal'! — with a spatially homogeneous
expression (Fig. 2f). The two-century lag behind Greenland warming identifies PC1 as an ocean-

propagated response®.

The second principal component (PC2, 13% of variance explained) is a step-like function with a
heterogeneous spatial pattern (Fig. 2g). This mode is very different from the bipolar seesaw. The
PC2 response is synchronous with NH warming within precision (28 + 40 year lag); this timing,
and additional evidence presented below, suggest this mode represents an atmospheric
teleconnection. The PCA does not necessarily separate physical processes. We assume two
underlying teleconnections: oceanic (two-century lag) and atmospheric (synchronous). Some
amount of each process is included in PC1, as evident by some immediate warming around t=0.
We perform a rotation of the PCA vectors (Methods) to isolate the “purely” oceanic and

atmospheric responses (Fig. 2e). The associated estimate of the atmospherically-forced



temperature anomaly (Fig. 2h) is cooling at EDML, warming at DF, EDC and TAL, and a negligible
response at WDC; this pattern is robustly reproduced using different methods (Extended Data
Fig. 6). The magnitude of the Antarctic atmospheric response is roughly proportional to the

Greenland ice core 880 perturbation (Extended Data Fig. 4).

The Antarctic response to DO cooling is qualitatively similar to the DO warming case. The ocean
seesaw warming response is delayed by 226 * 44 years and the EOF2 spatial pattern has the
opposite sign —i.e. additional warming at EDML, and cooling on the interior East Antarctic Plateau
(Extended Data Fig. 7). The atmospheric signal over Antarctica is much weaker for the DO cooling
case, with PC2 explaining only 9% of variance. This difference is likely due to the fact that DO

warmings are more abrupt and of larger magnitude than DO coolings.

To better understand the atmospheric mode, we turn to deuterium excess (d), a proxy for vapor
source conditions!® commonly used to identify changes in atmospheric circulation and vapor
transport pathways®78, In isotope-enabled GCM simulations, Antarctic d is anti-correlated with
the Southern Annular Mode (SAM) index®!°. This anti-correlation can be understood
conceptually: when the SH westerlies are displaced equatorward (negative SAM phase), Antarctic
moisture will originate further north where sea-surface temperature (SST) is higher and relative
humidity lower (Extended Data Fig. 8b), both of which act to make d more positive'®. We use the
logarithmic definition of deuterium excess (din), which better preserves isotopic moisture source

information than the linear definition®2°.

The Antarctic mean di, response (Figs. 3a, b) lags NH climate by 8 + 48 years for DO warming, and

9 + 42 years for DO cooling, respectively, consistent with previous results for WDC8. The observed



din response is consistent with a shift in the meridional position of the SH westerly winds and
vapor origin, such that they move equatorward in response to NH warming, and poleward in
response to NH cooling. The timing suggests propagation to the SH high-latitudes via an
atmospheric teleconnection. The di, response is largest for the interior Plateau sites (DF, EDC),
possibly because their vapor source areas are more distant from confounding local effects such
as the sea-ice edge?!. The response is weak or absent at EDML; possibly because SH westerlies’
variability is relatively weak in the Atlantic sector (Extended Data Fig. 9), or because of regional
effects such as wind-driven changes to the sea ice, gyre circulation or Weddell Sea deep
convection??, Critically, the four cores that do show a clear di, response collectively sample water
vapor from all ocean basins (Extended Data Fig. 8a), suggesting the changes to the SH
atmospheric circulation are zonally coherent and involve all ocean basins (rather than just the

Pacific basin as demonstrated previously with WDC).

Figure 4a compares the two independent signals we attribute to a change in atmospheric
circulation: PC2 of the 880 response, and the Antarctic mean di, response. Their time evolution
is nearly identical, suggesting they are distinct but consistent manifestations of the atmospheric
circulation change. The SAM and Pacific-South American (PSA) pattern are the leading modes of
large-scale SH atmospheric variability with strong influence on Antarctic temperature®?3. We
focus our analysis on East Antarctica, where we infer the largest response. The SAM (Fig. 4b)
clearly impacts East Antarctic surface air temperature (SAT) strongly (correlation |r| up to 0.65),
and with the correct sign to explain the warming seen at EDC, DF and TAL. East Antarctic warming
is seen for a more negative SAM index, driven primarily by anomalous atmospheric heat

advection?* (the observed cooling at EDML is discussed below). The PSA (Fig. 4c), on the other



hand, is not meaningfully correlated with SAT at the East Antarctic sites (|r| at or below 0.15).
We further create a synthetic index that is the projection of the atmospheric loadings (Fig. 2h)
onto the reanalysis SAT anomaly at the core locations (Methods). The patterns in SAT and
geopotential height associated with this index (Fig. 4d) closely resemble those of the SAM, with

warming in East Antarctica, and roughly annular geopotential height anomalies.

These tests suggest that the SAM is the closest present-day analog to the temperature response
we identify in the ice core record, corroborating our independent evidence from the di, data.
While the PSA pattern may have been active during the DO cycle, it does not dominate the

Antarctic response.

Our data-based inferences on the timing and sign of changes to the SH westerlies/SAM are
consistent with coupled atmosphere-ocean GCM simulations in which AMOC transitions are
induced by North Atlantic fresh-water forcing®'22°, Such model simulations show a positive shift
in SAM index in response to AMOC shutdown and vice versa (Fig. 3a, b); this shift is synchronous
with the applied forcing within uncertainty (Extended Data Table 1). Our observed atmospheric
response is more gradual than the model-simulated SAM shift, possibly because of (multi-
decadal) data resolution in some cores and the fact that the di» signal integrates over a large

moisture source area extending to 20°S.

Next, we address differences between the ice-core data and the modern-day correlation pattern
(Fig. 4b), most notably at EDML. The reanalysis correlation pattern captures the SAT response to
monthly internal SAM variability, representing atmospheric heat advection anomalies?*. The ice

cores, on the other hand, record the response to a persistent long-term shift in SAM326, driving



changes in SST, stratification and sea ice extent?>25. We speculate that on longer timescales the
oceanic influence of the Weddell Sea drives the cooling at EDML, due to e.g. enhanced sea ice
cover?? and stratification, and a weakening of the wind-driven Weddell Gyre. The negligible
warming response at WDC is consistent with the relatively weak influence of the SAM in West
Antarctic seen in monthly reanalysis (Fig. 4b). Our observations may help constrain the long-term

response to a persistent SAM shift, on which GCMs disagree®3.

Last, we want to highlight additional structure in the Antarctic 620 stacks that is currently not
part of scientific discourse on interhemispheric climate coupling. Most notably, Antarctic
warming appears to slow down around t=—400 yr (Fig. 2b), forming a secondary change point
that precedes the abrupt DO warming events?’. Likewise, the rate of Antarctic cooling appears to
increase 200 years prior to the abrupt DO cooling events (Extended Data Fig. 7b). These
secondary change points are subtler than the ones analyzed in this work, have no apparent

corresponding features in Antarctic din or Greenland climate, and remain unexplained.

In conclusion, our results show that Antarctica is influenced by NH abrupt climate change on two
distinct time scales, representing a slow oceanic and a fast atmospheric teleconnection. In
particular, we provide observational evidence for zonally-coherent meridional shifts in the SH
westerly winds in phase with Greenland DO events, and its impact on Antarctic temperature.
Such shifts have implications for global ocean circulation, Southern Ocean upwelling and
productivity, and atmospheric CO,*3. It is therefore paramount to consider the DO cycle from a

global, rather than a purely North Atlantic perspective.
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Figure 1 | Records of abrupt glacial climate variability. a, Greenland Summit (average of GISP2

and GRIP?8) ice core §*80. b, WDC methane?®. ¢, Antarctic 5-core average di» anomaly. d, Antarctic

880 anomaly at EDML (blue), the Antarctic Plateau (average of DF and EDC, red) and 5-core

average (black); offset for clarity. All records are synchronized to the WAIS Divide WD2014

chronology; Antarctic data are shown as anomalies relative to present. DO interstadial periods

marked in grey and numbered; Heinrich stadials marked in blue. Isotope ratios are on the

VSMOW (Vienna Standard Mean Ocean Water) scale. Thin curves show records at original

resolution (ranging from ~5 to ~50 years), with the thick lines a moving average (300 and 150

year window for Antarctic and Greenland data, respectively).
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Figure 2 | The Antarctic climate response to DO warming. a, Stack of NGRIP 3'80. b, Stack of

Antarctic 8'80 at indicated locations, with “Plateau” the average of DF and EDC. ¢, As in b, but

with 5-core mean subtracted. d, First two principal components of the Antarctic 580 stacks

(1500 yr window), with percentage of variance explained (offset for clarity). PC1 is strongly

correlated (r = 0.998) to the Antarctic mean. Linear fit to PC1 (t = -400 to t=0 interval) is shown

to highlight the response around t = 0. e, Rotated PC1 and PC2 vectors representing proposed

oceanic and atmospheric modes, with fits from change point analysis (Methods). The oceanic

mode lags by 211 + 42 years; the atmospheric mode by 28 + 40 years (1o bounds; Extended

Data Table 1). f-g, Empirical Orthogonal Functions EOF1 and EOF2 associated with PC1 and PC2

in d, scaled to show the magnitude in permil. h, Spatial pattern associated with the atmospheric

mode as shown in e, scaled to permil. Isotope ratios are on the VSMOW scale.
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Figure 3| Deuterium excess and the SH westerlies. a, DO warming: Greenland 830 stack
(turquoise); 5-core average Antarctic d, stack (orange with BREAKFIT result, see Extended Data
Table 1); SAM index (here the leading principal component of sea level pressure variability
south of 20°S) following a freshwater-forced AMOC perturbation in CCSM3 (Community Climate
System Model version 3) model simulations (grey with fit from change-point analysis, see
Extended Data Table 1). b, as a, but for DO cooling. ¢, Magnitude of Antarctic di, response to DO
warming in permil. The weak di, trend before and after the abrupt jump likely reflects the SST
of SH vapor source waters following the thermal bipolar seesaw®!?. d, as ¢, but for DO cooling.

Isotope ratios are on the VSMOW scale.
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Figure 4 | Attribution of the atmospheric mode of Antarctic temperature variability. a,
Comparison of PC2 of the 5 Antarctic 880 stacks as in Fig. 2d (pink, left axis) and the Antarctic
mean d, stack as in Fig. 3a (black, right axis). Isotope ratios are on the VSMOW scale. b,
Correlation between a standardized monthly SAM index and SAT (2-meter temperature) in ERA-
Interim3° for 1979-2017 (shading, scale bar on right) with superimposed 850 hPa geopotential
height regressions (10 m contours) and the ice core atmospheric temperature mode from Fig.
2h (circles, scale bar from Fig. 2). Note that regions of anti-correlation are colored red (i.e.
warming in response to negative SAM shift). ¢, as panel b, but for a standardized PSA index. The
SAM and PSA are here taken to be PC1 and PC2 of the 850 hPa geopotential height field south
of 20°S, respectively. d, as panel b, but for a synthetic index of the atmospheric mode created
by regressing ERA-Interim SAT anomalies at the ice core sites onto the coefficients in Fig. 2h

(Methods).



