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            Abstract
The mid-latitude westerly winds of the Southern Hemisphere play a central role in the global climate system via Southern Ocean upwelling1, carbon exchange with the deep ocean2, Agulhas leakage (transport of Indian Ocean waters into the Atlantic)3 and possibly Antarctic ice-sheet stability4. Meridional shifts of the Southern Hemisphere westerly winds have been hypothesized to occur5,6 in parallel with the well-documented shifts of the intertropical convergence zone7 in response to Dansgaard–Oeschger (DO) events— abrupt North Atlantic climate change events of the last ice age. Shifting moisture pathways to West Antarctica8 are consistent with this view but may represent a Pacific teleconnection pattern forced from the tropics9. The full response of the Southern Hemisphere atmospheric circulation to the DO cycle and its impact on Antarctic temperature remain unclear10. Here we use five ice cores synchronized via volcanic markers 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 behind Northern Hemisphere climate by about 200 years, and a spatially heterogeneous atmospheric mode that is synchronous with abrupt events in the Northern Hemisphere. Temperature anomalies of the atmospheric mode are similar to those associated with present-day Southern Annular Mode variability, rather than the Pacific–South American pattern. Moreover, deuterium-excess records suggest a zonally coherent migration of the Southern Hemisphere westerly winds over all ocean basins in phase with Northern Hemisphere climate. Our work provides a simple conceptual framework for understanding circum-Antarctic temperature variations forced by abrupt Northern Hemisphere climate change. We provide observational evidence of abrupt shifts in the Southern Hemisphere westerly winds, which have previously documented1,2,3 ramifications for global ocean circulation and atmospheric carbon dioxide. These coupled changes highlight the necessity of a global, rather than a purely North Atlantic, perspective on the DO cycle.
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                    Fig. 1: Records of abrupt glacial climate variability.[image: ]


Fig. 2: Antarctic climate response to DO warming.[image: ]


Fig. 3: Deuterium excess and the Southern Hemisphere westerlies.[image: ]


Fig. 4: Attribution of the atmospheric mode of Antarctic temperature variability.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Volcanic synchronization of Antarctic ice cores.
a, Age offset between the WD201437,38 (WDC) and AICC201236 (TAL, EDML, EDC) age scales, with each dot representing a volcanic tie point. Yellow and blue triangles denote the timing of TAL–EDC and EMDL–EDC volcanic ties32,36, respectively. b, Overview of synchronizations between the ice cores used in this study. Grey arrows indicate previously published synchronizations and coloured arrows denote synchronizations performed here. Synchronizations within Antarctica are based purely on volcanic links; synchronization between WDC and NGRIP (Greenland) are based on atmospheric CH4 (green arrow).


Extended Data Fig. 2 Age uncertainty due to volcanic synchronization.
a, Interpolation uncertainty (1σ) for four different values of L (the spacing between two adjacent volcanic tie points), based on the layer-counted WD2014 age scale38. b, Interpolation uncertainty in synchronizing the four ice cores to WD2014 chronology. Grey vertical lines give the timing of DO events.


Extended Data Fig. 3 Site-specific stacks of δ18O and dln.
a, Stack of NGRIP δ18O (teal; left axis) and WDC CH4 (green; right axis) during DO warming. b, As in a, but for DO cooling. c, Stack of Antarctic δ18O at the indicated locations (see key) during DO warming. d, As in c, but for DO cooling. e, Stack of Antarctic dln at the indicated locations during DO warming. f, As in e, but for DO cooling. Isotope ratios are on the VSMOW scale.


Extended Data Fig. 4 Proportionality of the atmospheric response.
a–f, Comparison of stacks of just the major DO events (those following Heinrich events, namely, DO events 0, 1, 4, 8, 12 and 14; a, c, e) and just the minor DO events (the remainder; b, d, f). a, b, Stacks of NGRIP δ18O (left axis) and CH4 (right axis). c, d, Stacks of Antarctic δ18O at the indicated locations. e, f, As in c and d, but with the Antarctic mean subtracted. g, Proportionality of the atmospheric response for individual events (numbered). The NGRIP event size is found via regression of individual NGRIP events to the multi-event NGRIP δ18O stack normalized to unit variance (Fig. 2a). The Antarctic atmospheric response is found via multiple linear regression of single-site individual events to the atmospheric and oceanic modes (Fig. 2e). Shown are the average (dots) and standard deviation (error bars) of the response at EDC, DF and EDML (the cores with the strongest atmospheric response); the EDML response is multiplied by −1 because it has the opposite sign of the response at DF and EDC. Red and blue dots denote the major and minor DO events, respectively. Isotope ratios are on the VSMOW scale.


Extended Data Fig. 5 Reduction of the number of events in the δ18O stacks.
a, PC1, when stacking n = 2 and n = 8 randomly selected events. The thick line and shaded area represent the mean and ±1σ, respectively, obtained from 50,000 runs. The vertical yellow bands denote the 200-yr period after the abrupt DO event at t = 0. b, As in a, but for PC2. c, Fraction of signal variance explained by PC1 and PC2, when stacking 2 or 8 randomly selected events. Colour coding as in a and b.


Extended Data Fig. 6 Robustness of the atmospherically forced warming pattern.
a, PCA as a function of window length, with the fraction of variance explained by PC1 and PC2. b, Comparison of PC1 at a 400-yr window length to PC2 at a 2,000-yr window length, showing the crossover of the atmospheric response (that is, from PC1 to PC2) as a function of window length. c, Lag time of the Antarctic PC1 and PC2 response as a function of window length, assessed using the BREAKFIT55 and RAMPFIT56 routines (see Methods for the selection of routine). d, EOF1 at a 400-yr window length, expressed in units of δ18O (‰). e, EOF2 at a 2,000-yr window length, expressed in units of δ18O (‰). f, Slope of linear fit to δ18O stacks in the interval t = 0 to t = +200 yr, shown as the change (in ‰) during these 200 years. Isotope ratios are on the VSMOW scale.


Extended Data Fig. 7 Antarctic climate response to DO cooling.
a, Stack of NGRIP δ18O. b, Stack of Antarctic δ18O at indicated locations. c, As in b, but with the Antarctic mean subtracted. d, First two principal components of the Antarctic δ18O stacks, with the fraction of variance explained (offset for clarity). The lines show the BREAKFIT (PC1) and RAMPFIT (PC2) fits. e, f, Empirical orthogonal functions EOF1 and EOF2 associated with PC1 and PC2 in d, scaled to show the magnitude in units of δ18O (‰). Isotope ratios are on the VSMOW scale.


Extended Data Fig. 8 Moisture sources of Antarctic ice cores and the SAM.
a, Mass-weighted probability distribution functions of Antarctic moisture sources for the five ice cores of interest (5 × 10−5 deg−2 contour lines; the area-integrated probability distribution function equals 1). Distributions are calculated from reanalysis data30,67 using a Lagrangian source diagnostic21,66 (Methods). Parallels are plotted in 15° increments of latitude and meridians in 45° increments of longitude. b, SST (black)69 and relative humidity (RH; grey)70 as a function of latitude. The coloured curves give the latitudinal source distribution during a negative SAM phase (solid curves; SAM index <0) and a positive SAM phase (dashed curves; SAM index >0). The solid and open dots show the first moment of the source distribution during negative and positive SAM phases, respectively. We note that during a positive SAM phase, moisture sources for all core locations are located closer to the Antarctic continent. Source distribution data were obtained using water tagging experiments8 in the CAM (Methods).


Extended Data Fig. 9 SAM-like variability in zonal near-surface winds.
a, ERA-Interim reanalysis (1979–2016 annual means) zonal wind speed at a height of 10 m, regressed onto the SAM index (here the first principal component of sea-level pressure variability south of 20° S), expressed in metres per second per standard deviation in the index. b, As in a, but for internal variability in the CCSM3 TraCE model simulation25,62 during glacial climate before freshwater forcing of Heinrich stadial 1 (19.5 kyr bp to 19.01 kyr bp, decadal means). c, As in a, but for the response to North Atlantic freshwater forcing in the CCSM3 TraCE model (19.1 kyr bp to 18.9 kyr bp, decadal means, with the freshwater forcing applied at 19 kyr bp).


Extended Data Table 1 Change-point analysis of Antarctic responseFull size table
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