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            Abstract
The dominant feature of large-scale mass transfer in the modern ocean is the Atlantic meridional overturning circulation (AMOC). The geometry and vigour of this circulation influences global climate on various timescales. Palaeoceanographic evidence suggests that during glacial periods of the past 1.5 million years the AMOC had markedly different features from today1; in the Atlantic basin, deep waters of Southern Ocean origin increased in volume while above them the core of the North Atlantic Deep Water (NADW) shoaled2. An absence of evidence on the origin of this phenomenon means that the sequence of events leading to global glacial conditions remains unclear. Here we present multi-proxy evidence showing that northward shifts in Antarctic iceberg melt in the Indian–Atlantic Southern Ocean (0–50° E) systematically preceded deep-water mass reorganizations by one to two thousand years during Pleistocene-era glaciations. With the aid of iceberg-trajectory model experiments, we demonstrate that such a shift in iceberg trajectories during glacial periods can result in a considerable redistribution of freshwater in the Southern Ocean. We suggest that this, in concert with increased sea-ice cover, enabled positive buoyancy anomalies to ‘escape’ into the upper limb of the AMOC, providing a teleconnection between surface Southern Ocean conditions and the formation of NADW. The magnitude and pacing of this mechanism evolved substantially across the mid-Pleistocene transition, and the coeval increase in magnitude of the ‘southern escape’ and deep circulation perturbations implicate this mechanism as a key feedback in the transition to the ‘100-kyr world’, in which glacial–interglacial cycles occur at roughly 100,000-year periods.
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                    Fig. 1: Modelled iceberg trajectories and meridionally averaged SST and meltwater distribution for the pre-industrial and LGM Atlantic Southern Ocean.


Fig. 2: Palaeoceanographic proxy records from the mid-to-late Pleistocene APcomp.


Fig. 3: IRDMAR versus δ13Cbenthic lead–lag relationship.


Fig. 4: The evolution of the APcomp IRDMAR record in the time and frequency domain with respect to orbital forcing, global climate and inter-hemispheric phasing.



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Projections of an ice-free Arctic Ocean
                                        
                                    

                                    
                                        Article
                                        
                                         05 March 2024
                                    

                                

                                Alexandra Jahn, Marika M. Holland & Jennifer E. Kay

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Deep-sea hiatus record reveals orbital pacing by 2.4 Myr eccentricity grand cycles
                                        
                                    

                                    
                                        Article
                                         Open access
                                         12 March 2024
                                    

                                

                                Adriana Dutkiewicz, Slah Boulila & R. Dietmar Müller

                            
                        

                    
                        
                            
                                
                                    

                                
                                
                                    
                                        Oxygen production from dissociation of Europa’s water-ice surface
                                        
                                    

                                    
                                        Article
                                         Open access
                                         04 March 2024
                                    

                                

                                J. R. Szalay, F. Allegrini, … R. J. Wilson

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              All newly presented data are available at https://doi.org/10.1594/PANGAEA.921315.

            

Code availability

              
              Code for all data analysis presented is available at https://github.com/AidanStarr/Starr_et_al_2020 and code for the Pyberg model is available at https://github.com/trackow/pyberg.

            

References
	Lisiecki, L. E. Atlantic overturning responses to obliquity and precession over the last 3 Myr. Paleoceanography 29, 71–86 (2014).
ADS 
    
                    Google Scholar 
                

	Hesse, T., Butzin, M., Bickert, T. & Lohmann, G. A model-data comparison of δ13C in the glacial Atlantic Ocean. Paleoceanography 26, PA3220 (2011).

	Bower, A. et al. Lagrangian views of the pathways of the Atlantic meridional overturning circulation. JGR Oceans 124, 5313–5335 (2019).

                    Google Scholar 
                

	Talley, L. D. Closure of the global overturning circulation through the Indian, Pacific, and southern oceans. Oceanography 26, 80–97 (2013).

                    Google Scholar 
                

	Swingedouw, D., Braconnot, P., Delecluse, P., Guilyardi, E. & Marti, O. The impact of global freshwater forcing on the thermohaline circulation: adjustment of North Atlantic convection sites in a CGCM. Clim. Dyn. 28, 291–305 (2007).

                    Google Scholar 
                

	Caley, T., Giraudeau, J., Malaizé, B., Rossignol, L. & Pierre, C. Agulhas leakage as a key process in the modes of Quaternary climate changes. Proc. Natl Acad. Sci. USA 109, 6835–6839 (2012).
ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Knorr, G. & Lohmann, G. Southern Ocean origin for the resumption of Atlantic thermohaline circulation during deglaciation. Nature 424, 532–536 (2003).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Watson, A. J., Vallis, G. K. & Nikurashin, M. Southern Ocean buoyancy forcing of ocean ventilation and glacial atmospheric CO2. Nat. Geosci. 8, 861–864 (2015).
ADS 
    CAS 
    
                    Google Scholar 
                

	Ferrari, R. et al. Antarctic sea ice control on ocean circulation in present and glacial climates. Proc. Natl Acad. Sci. USA 111, 8753–8758 (2014).
ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Govin, A. et al. Evidence for northward expansion of Antarctic Bottom Water mass in the Southern Ocean during the last glacial inception. Paleoceanography 24, PA1202 (2009).

	Marino, G. et al. Agulhas salt-leakage oscillations during abrupt climate changes of the Late Pleistocene. Paleoceanography 28, 599–606 (2013).
ADS 
    
                    Google Scholar 
                

	Simon, M. H. et al. Millennial-scale Agulhas Current variability and its implications for salt-leakage through the Indian–Atlantic Ocean Gateway. Earth Planet. Sci. Lett. 383, 101–112 (2013).
ADS 
    CAS 
    
                    Google Scholar 
                

	Ziegler, M., Diz, P., Hall, I. R. & Zahn, R. Millennial-scale changes in atmospheric CO2 levels linked to the Southern Ocean carbon isotope gradient and dust flux. Nat. Geosci. 6, 457–461 (2013).
ADS 
    CAS 
    
                    Google Scholar 
                

	Rackow, T. et al. A simulation of small to giant Antarctic iceberg evolution: differential impact on climatology estimates. JGR Oceans 122, 3170–3190 (2017).

                    Google Scholar 
                

	Zhang, X., Lohmann, G., Knorr, G. & Xu, X. Different ocean states and transient characteristics in last glacial maximum simulations and implications for deglaciation. Clim. Past 9, 2319–2333 (2013).

                    Google Scholar 
                

	Bigg, G. R. The impact of icebergs of sub-Antarctic origin on Southern Ocean ice-rafted debris distributions. Quat. Sci. Rev. 232, 106204 (2020).

                    Google Scholar 
                

	Schmittner, A. et al. Calibration of the carbon isotope composition (δ13C) of benthic foraminifera. Paleoceanography 32, 512–530 (2017).
ADS 
    
                    Google Scholar 
                

	Mackensen, A. & Licari, L. Carbon isotopes of live benthic foraminifera from the South Atlantic: sensitivity to bottom water carbonate saturation state and organic matter rain rates. In The South Atlantic in the Late Quaternary (eds Wefer, G. et al.) 623–644 (Springer, 2003).

	Lear, C. H. et al. Breathing more deeply: deep ocean carbon storage during the mid-Pleistocene climate transition. Geology 44, 1035–1038 (2016).
ADS 
    CAS 
    
                    Google Scholar 
                

	Howe, J. N. & Piotrowski, A. M. Atlantic deep water provenance decoupled from atmospheric CO2 concentration during the lukewarm interglacials. Nat. Commun. 8, 2003 (2017).
ADS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Merino, N. et al. Antarctic icebergs melt over the Southern Ocean: climatology and impact on sea ice. Ocean Model. 104, 99–110 (2016).
ADS 
    
                    Google Scholar 
                

	Keany, J., Ledbetter, M., Watkins, N. & Huang, T. C. Diachronous deposition of ice-rafted debris in sub-Antarctic deep-sea sediments. Bull. Geol. Soc. Am. 87, 873–882 (1976).

                    Google Scholar 
                

	Diekmann, B. et al. Terrigenous sediment supply in the polar to temperate South Atlantic: land–ocean links of environmental changes during the Late Quaternary. In The South Atlantic in the Late Quaternary (eds Wefer, G. et al.) 375–399 (Springer, 2003).

	Weber, M. E. et al. Millennial-scale variability in Antarctic ice-sheet discharge during the last deglaciation. Nature 510, 134–138 (2014).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Teitler, L. et al. Determination of Antarctic Ice Sheet stability over the last ~500 ka through a study of iceberg-rafted debris. Paleoceanography 25, PA1202 (2010).

	Gersonde, R., Crosta, X., Abelmann, A. & Armand, L. Sea-surface temperature and sea ice distribution of the Southern Ocean at the EPILOG Last Glacial Maximum – a circum-Antarctic view based on siliceous microfossil records. Quat. Sci. Rev. 24, 869–896 (2005).
ADS 
    
                    Google Scholar 
                

	Wolff, E. W. et al. Southern Ocean sea-ice extent, productivity and iron flux over the past eight glacial cycles. Nature 440, 491–496 (2006).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Wagner, T. J. et al. Wave inhibition by sea ice enables trans-Atlantic ice rafting of debris during Heinrich events. Earth Planet. Sci. Lett. 495, 157–163 (2018).
ADS 
    CAS 
    
                    Google Scholar 
                

	Schodlok, M. P., Hellmer, H. H., Rohardt, G. & Fahrbach, E. Weddell Sea iceberg drift: five years of observations. JGR Oceans 111, C06018 (2006).

	Tournadre, J., Bouhier, N., Girard-Ardhuin, F. & Rémy, F. Antarctic icebergs distributions 1992–2014. JGR Oceans 121, 327–349 (2016).

                    Google Scholar 
                

	Teitler, L. et al. Antarctic Ice Sheet response to a long warm interval across Marine Isotope Stage 31: a cross-latitudinal study of iceberg-rafted debris. Earth Planet. Sci. Lett. 409, 109–119 (2015).
ADS 
    CAS 
    
                    Google Scholar 
                

	Pollard, D. & DeConto, R. M. Modelling West Antarctic ice sheet growth and collapse through the past five million years. Nature 458, 329–332 (2009).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Silva, T. A., Bigg, G. R. & Nicholls, K. W. Contribution of giant icebergs to the Southern Ocean freshwater flux. JGR Oceans 111, C03004 (2006).

	Sun, S., Eisenman, I. & Stewart, A. L. Does Southern Ocean surface forcing shape the global ocean overturning circulation? Geophys. Res. Lett. 45, 2413–2423 (2018).
ADS 
    
                    Google Scholar 
                

	Gordon, A. L. Interocean exchange of thermocline water. J. Geophys. Res. 91, 5037–5046 (1986).
ADS 
    
                    Google Scholar 
                

	Scussolini, P., Marino, G., Brummer, G. J. A. & Peeters, F. J. Saline Indian Ocean waters invaded the South Atlantic thermocline during glacial termination II. Geology 43, 139–142 (2015).
ADS 
    
                    Google Scholar 
                

	Seidov, D., Stouffer, R. J. & Haupt, B. J. Is there a simple bi-polar ocean seesaw? Glob. Planet. Change 49, 19–27 (2005).
ADS 
    
                    Google Scholar 
                

	Stouffer, R. J., Seidov, D. & Haupt, B. J. Climate response to external sources of freshwater: North Atlantic versus the Southern Ocean. J. Clim. 20, 436–448 (2007).
ADS 
    
                    Google Scholar 
                

	Schmittner, A. Southern Ocean sea ice and radiocarbon ages of glacial bottom waters. Earth Planet. Sci. Lett. 213, 53–62 (2003).
ADS 
    CAS 
    
                    Google Scholar 
                

	Menviel, L. et al. Poorly ventilated deep ocean at the Last Glacial Maximum inferred from carbon isotopes: a data-model comparison study. Paleoceanography 32, 2–17 (2017).
ADS 
    
                    Google Scholar 
                

	Molyneux, E. G., Hall, I. R., Zahn, R. & Diz, P. Deep water variability on the southern Agulhas Plateau: interhemispheric links over the past 170 ka. Paleoceanography 22, PA4209 (2007).

	Imbrie, J. et al. On the structure and origin of major glaciation cycles 1. Linear responses to Milankovitch forcing. Paleoceanography 7, 701–738 (1992).
ADS 
    
                    Google Scholar 
                

	Brathauer, U. & Abelmann, A. Late quaternary variations in sea surface temperatures and their relationship to orbital forcing recorded in the Southern Ocean (Atlantic sector). Paleoceanography 14, 135–148 (1999).
ADS 
    
                    Google Scholar 
                

	Venz, K. A., Hodell, D. A., Stanton, C. & Warnke, D. A. A 1.0 Myr record of Glacial North Atlantic Intermediate Water variability from ODP site 982 in the northeast Atlantic. Paleoceanography 14, 42–52 (1999).
ADS 
    
                    Google Scholar 
                

	Timmermann, A. et al. Modeling obliquity and CO2 effects on Southern Hemisphere climate during the past 408 ka. J. Clim. 27, 1863–1875 (2014).
ADS 
    
                    Google Scholar 
                

	Romero, O. E. et al. High-latitude forcing of diatom productivity in the southern Agulhas Plateau during the past 350 kyr. Paleoceanography 30, 118–132 (2015).
ADS 
    
                    Google Scholar 
                

	Willeit, M., Ganopolski, A., Calov, R. & Brovkin, V. Mid-Pleistocene transition in glacial cycles explained by declining CO2 and regolith removal. Sci. Adv. 5, eaav7337 (2019).
ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Rodríguez-Sanz, L., Graham Mortyn, P., Martínez-Garcia, A., Rosell-Melé, A. & Hall, I. R. Glacial Southern Ocean freshening at the onset of the Middle Pleistocene Climate Transition. Earth Planet. Sci. Lett. 345–348, 194–202 (2012).
ADS 
    
                    Google Scholar 
                

	Raymo, M. E., Lisiecki, L. E. & Nisancioglu, K. H. Plio-pleistocene ice volume, Antarctic climate, and the global δ18O record. Science 313, 492–495 (2006).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Pena, L. D. & Goldstein, S. L. Thermohaline circulation crisis and impacts during the mid-Pleistocene transition. Science 345, 318–322 (2014).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Graham, R. M. & De Boer, A. M. The dynamical subtropical front. JGR Oceans 118, 5676–5685 (2013).

                    Google Scholar 
                

	Laskar, J. et al. A long-term numerical solution for the insolation quantities of the Earth. Astron. Astrophys. 428, 261–285 (2004).
ADS 
    
                    Google Scholar 
                

	Ahn, S., Khider, D., Lisiecki, L. E. & Lawrence, C. E. A probabilistic Pliocene–Pleistocene stack of benthic δ18O using a profile hidden Markov model. Dyn. Stat. Clim. Syst. 2, dzx002 (2017).

                    Google Scholar 
                

	Lisiecki, L. E. & Raymo, M. E. A Pliocene–Pleistocene stack of 57 globally distributed benthic δ18O records. Paleoceanography 20, PA1003 (2005); correction 20, PA2007 (2005).

	Lougheed, B. C. & Obrochta, S. P. A. Rapid, deterministic age-depth modeling routine for geological sequences with inherent depth uncertainty. Paleoceanogr. Paleoclimatol. 34, 122–133 (2019).
ADS 
    
                    Google Scholar 
                

	Hall, I. R. et al. Site U1475. In Proc. Int. Ocean Discovery Program Vol. 361 (eds Hall, I. R. et al.) https://doi.org/10.14379/iodp.proc.361.104.2017 (International Ocean Discovery Program, 2017).

	Gruetzner, J. et al. A new seismic stratigraphy in the Indian–Atlantic Ocean Gateway resembles major paleo-oceanographic changes of the last 7 Ma. Geochem. Geophys. Geosyst. 20, 339–358 (2019).
ADS 
    
                    Google Scholar 
                

	Kanfoush, S. L. et al. Millennial-scale instability of the Antarctic Ice Sheet during the last glaciation. Science 288, 1815–1819 (2000).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Nielsen, S. H., Hodell, D. A., Kamenov, G., Guilderson, T. & Perfit, M. R. Origin and significance of ice-rafted detritus in the Atlantic sector of the Southern Ocean. Geochem. Geophys. Geosyst. 8, Q12005 (2007).

	Diekmann, B. & Kuhn, G. Provenance and dispersal of glacial–marine surface sediments in the Weddell Sea and adjoining areas, Antarctica: ice-rafting versus current transport. Mar. Geol. 158, 209–231 (1999).
ADS 
    CAS 
    
                    Google Scholar 
                

	St John, K., Passchier, S., Tantillo, B., Darby, D. & Kearns, L. Microfeatures of modern sea-ice-rafted sediment and implications for paleo-sea-ice reconstructions. Ann. Glaciol. 56, 83–93 (2015).
ADS 
    
                    Google Scholar 
                

	Roeckner, E. et al. The Atmospheric General Circulation Model ECHAM 5. Part I: Model Description. Report no. 439 (Max-Planck-Institut für Meteorologie, 2003).

	Brovkin, V., Raddatz, T., Reick, C. H., Claussen, M. & Gayler, V. Global biogeophysical interactions between forest and climate. Geophys. Res. Lett. 36, L07405 (2009).

	Marsland, S. J., Haak, H., Jungclaus, J. H., Latif, M. & Röske, F. The Max-Planck-Institute global ocean/sea ice model with orthogonal curvilinear coordinates. Ocean Model. 5, 91–127 (2003).
ADS 
    
                    Google Scholar 
                

	Hibler, W. D. A dynamic thermodynamic sea ice model. J. Phys. Oceanogr. 9, 815–846 (1979).
ADS 
    
                    Google Scholar 
                

	Wei, W. & Lohmann, G. Simulated Atlantic multidecadal oscillation during the Holocene. J. Clim. 25, 6989–7002 (2012).
ADS 
    
                    Google Scholar 
                

	Stärz, M., Jokat, W., Knorr, G. & Lohmann, G. Threshold in North Atlantic–Arctic Ocean circulation controlled by the subsidence of the Greenland–Scotland Ridge. Nat. Commun. 8, 15681 (2017).
ADS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Bigg, G. R., Wadley, M. R., Stevens, D. P. & Johnson, J. A. Modelling the dynamics and thermodynamics of icebergs. Cold Reg. Sci. Technol. 26, 113–135 (1997).

                    Google Scholar 
                

	Gladstone, R. M., Bigg, G. R. & Nicholls, K. W. Iceberg trajectory modeling and meltwater injection in the Southern Ocean. JGR Oceans 106, 19903–19915 (2001).

                    Google Scholar 
                

	Lichey, C. & Hellmer, H. H. H. Modeling giant-iceberg drift under the influence of sea ice in the Weddell Sea, Antarctica. J. Glaciol. 47, 452–460 (2001).
ADS 
    
                    Google Scholar 
                

	Wagner, T. J., Stern, A. A., Dell, R. W. & Eisenman, I. On the representation of capsizing in iceberg models. Ocean Model. 117, 88–96 (2017).
ADS 
    
                    Google Scholar 
                

	Weeks, W. F. & Mellor, M. Some elements of iceberg technology. In Iceberg Utilization: Proc. First Int. Conf. Worksh. on Iceberg Utilization for Fresh Water Production, Weather Modification and Other Applications (ed. Husseiny, A. A.) 45–98 (Pergamon, 1977).

	Bouhier, N., Tournadre, J., Rémy, F. & Gourves-Cousin, R. Melting and fragmentation laws from the evolution of two large Southern Ocean icebergs estimated from satellite data. Cryosphere 12, 2267–2285 (2018).
ADS 
    
                    Google Scholar 
                

	Wagner, T. J. et al. The “footloose” mechanism: iceberg decay from hydrostatic stresses. Geophys. Res. Lett. 41, 5522–5529 (2014).
ADS 
    
                    Google Scholar 
                

	Wesche, C. & Dierking, W. Near-coastal circum-Antarctic iceberg size distributions determined from synthetic aperture radar images. Remote Sens. Environ. 156, 561–569 (2015).
ADS 
    
                    Google Scholar 
                

	Barbat, M. M., Rackow, T., Hellmer, H. H., Wesche, C. & Mata, M. M. Three years of near-coastal Antarctic iceberg distribution from a machine learning approach applied to SAR imagery. JGR Oceans 124, 6658–6672 (2019).

                    Google Scholar 
                

	Cooke, D. W. & Hays, J. D. Estimates of Antarctic Ocean seasonal sea-ice cover during glacial intervals. In Antarctic Geoscience: Symposium on Antarctic Geology and Geophysics (ed. Craddock, C.) 1017–1025 (1982).

	Grobe, H. & Mackensen, A. Late Quaternary climatic cycles as recorded in sediments from the Antarctic continental margin. In The Antarctic Paleoenvironment: A Perspective on Global Change (eds Kennett, J. P. & Warkne, D. A.) 349–376 (1992).

	Oppo, D. W. & Fairbanks, R. G. Variability in the deep and intermediate water circulation of the Atlantic Ocean during the past 25,000 years: Northern Hemisphere modulation of the Southern Ocean. Earth Planet. Sci. Lett. 86, 1–15 (1987).
ADS 
    CAS 
    
                    Google Scholar 
                

	Raymo, M. E. et al. Stability of North Atlantic water masses in face of pronounced climate variability during the Pleistocene. Paleoceanography 19, PA2008 (2004).

	Hodell, D. et al. Data report: oxygen isotope stratigraphy of ODP leg 177 sites 1088, 1089, 1090, 1093, and 1094. In Proc. ODP Sci. Res. Vol. 177 (eds Gersonde, R. et al.) Ch. 9 (2003).

	Raymo, M. E., Oppo, D. W. & Curry, W. The mid-Pleistocene climate transition: a deep sea carbon isotopic perspective records from the deep ocean, extending back examined in order to constrain decrease in mean. Paleoceanography 12, 546–559 (1997).
ADS 
    
                    Google Scholar 
                

	Lang, D. C. et al. Incursions of southern-sourced water into the deep North Atlantic during late Pliocene glacial intensification. Nat. Geosci. 9, 375–379 (2016).
ADS 
    CAS 
    
                    Google Scholar 
                

	Venz, K. A. & Hodell, D. A. New evidence for changes in Plio–Pleistocene deep water circulation from Southern Ocean ODP leg 177 site 1090. Palaeogeogr. Palaeoclimatol. Palaeoecol. 182, 197–220 (2002).

                    Google Scholar 
                

	Yu, J. et al. Last glacial atmospheric CO2 decline due to widespread Pacific deep-water expansion. Nat. Geosci. 13, 628–633 (2020).
ADS 
    CAS 
    
                    Google Scholar 
                

	Rehfeld, K., Marwan, N., Heitzig, J. & Kurths, J. Comparison of correlation analysis techniques for irregularly sampled time series. Nonlinear Process. Geophys. 18, 389–404 (2011).
ADS 
    
                    Google Scholar 
                

	Barker, S. et al. Icebergs not the trigger for North Atlantic cold events. Nature 520, 333–336 (2015).
ADS 
    CAS 
    PubMed 
    
                    Google Scholar 
                

	Past Interglacials Working Group of PAGES. Interglacials of the last 800,000 years. Rev. Geophys. 54, 162–219 (2016).
ADS 
    
                    Google Scholar 
                

	Paillard, D., Labeyrie, L. & Yiou, P. Macintosh program performs time-series analysis. Eos 77, 379 (1996).
ADS 
    
                    Google Scholar 
                

	Grinsted, A., Moore, J. C. & Jevrejeva, S. Application of the cross wavelet transform and wavelet coherence to geophysical time series. Nonlinear Process. Geophys. 11, 561–566 (2004).
ADS 
    
                    Google Scholar 
                

	Fogwill, C. J., Turney, C. S., Hutchinson, D. K., Taschetto, A. S. & England, M. H. Obliquity control on Southern Hemisphere climate during the last glacial. Sci. Rep. 5, 11673 (2015).
ADS 
    CAS 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Wu, Z., Yin, Q., Guo, Z. & Berger, A. Hemisphere differences in response of sea surface temperature and sea ice to precession and obliquity. Glob. Planet. Change 192, 103223 (2020).

                    Google Scholar 
                

	Marshall, J. & Speer, K. Closure of the meridional overturning circulation through Southern Ocean upwelling. Nat. Geosci. 5, 171–180 (2012).
ADS 
    CAS 
    
                    Google Scholar 
                

	Eide, M., Olsen, A., Ninnemann, U. S. & Johannessen, T. A global ocean climatology of preindustrial and modern ocean δ13C. Glob. Biogeochem. Cycles 31, 515–534 (2017).
ADS 
    CAS 
    
                    Google Scholar 
                

	Budge, J. S. & Long, D. G. A comprehensive database for Antarctic iceberg tracking using scatterometer data. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 11, 434–442 (2018).
ADS 
    
                    Google Scholar 
                


Download references




Acknowledgements
This research used samples and/or data provided by the International Ocean Discovery Program (IODP). Funding for this research was provided by The Natural Environmental Research Council GW4+ Doctoral Training Partnership (A.S.) and NERC grant NE/P000037/1 (I.R.H.). A.S. acknowledges further funding through the Antarctic Science International Bursary. X.Z. acknowledges funding from Lanzhou University (number 225000-830006) and National Key R&D programme of China (number 2018YFA0606403). F.J.J.-E. acknowledges funding through Spanish Ministry of Science and Innovation (grant CTM2017-89711-C2-1-P), co-funded by the European Union through FEDER funds. G.K. acknowledges funding by the German Helmholtz national REKLIM initiative and the BMBF project PalMod. L. Owen, S. Slater, A. Nedebragt and D. Muir are thanked for laboratory assistance.


Author information
Authors and Affiliations
	School of Earth and Environmental Sciences, Cardiff University, Cardiff, UK
Aidan Starr, Ian R. Hall, Stephen Barker, H. J. L. van der Lubbe & H. J. L. van der Lubbe

	Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, Germany
Thomas Rackow, Gregor Knorr, Xun Gong & Jens Gruetzner

	Center for Pan Third Pole Environment (Pan-TPE), Key Laboratory of Western China’s Environmental Systems, (Ministry of Education), College of Earth and Environmental Science, Lanzhou University, Lanzhou, China
Xu Zhang

	CAS Center for Excellence in Tibetan Plateau Earth Sciences, Chinese Academy of Sciences (CAS), Beijing, China
Xu Zhang

	Department of Earth and Environmental Sciences, Lamont-Doherty Earth Observatory of Columbia University, Palisades, NY, USA
Sidney R. Hemming & Sophia K. V. Hines

	Faculty of Science, Vrije University, Amsterdam, The Netherlands
H. J. L. van der Lubbe & H. J. L. van der Lubbe

	Department of Civil and Environmental Engineering and Earth Sciences, University of Notre Dame, Notre Dame, IN, USA
Melissa A. Berke & Alejandra Cartagena-Sierra

	Department of Geography, University of Sheffield, Sheffield, UK
Grant R. Bigg

	Instituto Andaluz de Ciencias de la Tierra (CSIC-UGR), Armilla, Spain
Francisco J. Jiménez-Espejo & Francisco J. Jimenez Espejo

	Research Institute for Marine Resources Utilization (Biogeochemistry Program), JAMSTEC, Yokosuka, Japan
Francisco J. Jiménez-Espejo, Francisco J. Jimenez Espejo & Masako Yamane

	Hubei Key Laboratory of Marine Geological Resources, China University of Geosciences, Wuhan, China
Xun Gong

	National Centre for Polar and Ocean Research, Ministry of Earth Sciences, Goa, India
Nambiyathodi Lathika

	International Ocean Discovery Program, Texas A&M University, College Station, TX, USA
Leah J. LeVay

	Graduate School of Oceanography, University of Rhode Island, Narragansett, RI, USA
Rebecca S. Robinson

	Department of Earth Sciences, Utrecht University, Utrecht, The Netherlands
Martin Ziegler

	Earth and Environmental Sciences, University of Technology Queensland, Brisbane, Queensland, Australia
Luna Brentegani

	EPOC, UMR CNRS 5805, University of Bordeaux, Pessac, France
Thibaut Caley & Julien G. Crespin

	Scripps Institution of Oceanography, University of California, San Diego, La Jolla, CA, USA
Christopher D. Charles & Richard D. Norris

	Department of Geology, Northern Illinois University, Sycamore, IL, USA
Jason J. Coenen

	Natural Sciences Department, School of Earth and Environmental Sciences, Hostos Community College (C.U.N.Y.), Bronx, NY, USA
Allison M. Franzese

	Second Institute of Oceanography (SOA), Key Laboratory of Submarine Science, Hangzhou, People’s Republic of China
Xibin Han

	Geologisches Institut, Universität Köln, Cologne, Germany
Janna Just

	Institute of Earth Sciences, University of Heidelberg, Heidelberg, Germany
Andreas Koutsodendris

	Atmosphere and Ocean Research Institute, University of Tokyo, Kashiwashi, Japan
Kaoru Kubota

	Institute for Geosciences, Universidade Federal Fluminense (UFF), Rio de Janeiro, Brazil
Thiago Pereira dos Santos

	Chemistry Department, University of Otago, Dunedin, New Zealand
John M. Rolison

	Bjerknes Centre for Climate Research, Bergen, Norway
Margit H. Simon

	Department of Geosciences, University of Bremen, Bremen, Germany
Deborah Tangunan

	Laboratory of Plateau Lake Ecology and Global Change, Yunnan Normal University, Kunming, People’s Republic of China
Hucai Zhang


Authors	Aidan StarrView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ian R. HallView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stephen BarkerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Thomas RackowView author publications
You can also search for this author in
                        PubMed Google Scholar



	Xu ZhangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Sidney R. HemmingView author publications
You can also search for this author in
                        PubMed Google Scholar



	H. J. L. van der LubbeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Gregor KnorrView author publications
You can also search for this author in
                        PubMed Google Scholar



	Melissa A. BerkeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Grant R. BiggView author publications
You can also search for this author in
                        PubMed Google Scholar



	Alejandra Cartagena-SierraView author publications
You can also search for this author in
                        PubMed Google Scholar



	Francisco J. Jiménez-EspejoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Xun GongView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jens GruetznerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Nambiyathodi LathikaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Leah J. LeVayView author publications
You can also search for this author in
                        PubMed Google Scholar



	Rebecca S. RobinsonView author publications
You can also search for this author in
                        PubMed Google Scholar



	Martin ZieglerView author publications
You can also search for this author in
                        PubMed Google Scholar





Consortia
Expedition 361 Science Party
	Ian R. Hall
	, Sidney R. Hemming
	, Leah J. LeVay
	, Stephen Barker
	, Melissa A. Berke
	, Luna Brentegani
	, Thibaut Caley
	, Alejandra Cartagena-Sierra
	, Christopher D. Charles
	, Jason J. Coenen
	, Julien G. Crespin
	, Allison M. Franzese
	, Jens Gruetzner
	, Xibin Han
	, Sophia K. V. Hines
	, Francisco J. Jimenez Espejo
	, Janna Just
	, Andreas Koutsodendris
	, Kaoru Kubota
	, Nambiyathodi Lathika
	, Richard D. Norris
	, Thiago Pereira dos Santos
	, Rebecca S. Robinson
	, John M. Rolison
	, Margit H. Simon
	, Deborah Tangunan
	, H. J. L. van der Lubbe
	, Masako Yamane
	 & Hucai Zhang


Contributions
IODP Expedition 361 was led by I.R.H. and S.R.H. All Expedition 361 Science Party members contributed to sample collection. I.R.H. formulated the research. A.S. performed laboratory analysis. A.S. performed data analysis with input from S.B., I.R.H., G.K., and H.J.L.v.d.L. T.R. performed Pyberg experiments and X.Z. performed COSMOS experiments. A.S. wrote the manuscript with input from I.R.H., S.B., G.K., T.R. and X.Z. All authors contributed to the interpretation of results and commented on the final manuscript.
Corresponding authors
Correspondence to
                Aidan Starr or Ian R. Hall.


Ethics declarations

              
                Competing interests

                The authors declare no competing interests.

              
            

Additional information
Peer review information Nature thanks Helen Bostock, Till Wagner and the other, anonymous, reviewer(s) for their contribution to the peer review of this work.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 Schematic representation of the ‘southern escape’ mechanism described in this study.
a, An idealized representation of the Southern Ocean during interglacial conditions. The front-facing panel gives meridional-averaged overturning circulation93, with circulation divided into an upper cell and lower cell. Arrow width represents the relative strength of each circulation cell (wider being stronger). The top panel represents the ocean surface, with icebergs calving from the Antarctic Ice Sheet (AIS) and following a northward then eastward trajectory. The blue shading represents iceberg meltwater being entrained into the lower cell as icebergs melt south of the main Antarctic Circumpolar Current (ACC) belt. Orange wavy arrows represent brine rejection from sea-ice formation. The peach-coloured band represents the subtropical frontal zone (STFZ) delineating the subtropical regime to the north and the (sub)Antarctic regime to the south. b, As in a, for conditions during glacial inception; that is, the transition from interglacial to glacial conditions. The major change from a is the northward displacement of iceberg trajectories, resulting in much of the meltwater spreading northwards and being entrained in the upper cell, instead of the lower cell. Second, colder surface conditions facilitate extended sea-ice cover, and subsequent increase in brine rejection. The lower cell experiences less-positive buoyancy forcing from the combination of less iceberg meltwater and more brine rejection, and thus becomes stronger. The southern escape of meltwater into the upper cell has not yet occurred in high enough amounts to perturb the upper cell and hence the geometries of the overturning cells are unchanged from a. c, As in a and b, for full glacial conditions (occurring after b.). Here the southern escape of meltwater has successfully perturbed the upper cell, which is now weaker and has contracted upwards. The now-dominant lower cell has thus increased in volume.


Extended Data Fig. 2 APcomp age model and composite record construction.
a, The appending of U1475 to the bottom of MD02-2588 using δ18Obenthic with the new APcomp composite depth scale on the right-hand axis. b, Age-depth tie points (circles) with the median and 95% confidence bounds for the deterministic age model. Depth is given on the APcomp scale. c, The δ18Obenthic from this study (purple) and the tuning target, the global δ18Obenthic stack53 (light grey), and the implied linear sedimentation rates (black dashed line) and calculated MAR (green solid line) from the final age model in the lower subplot.


Extended Data Fig. 3 SEM imaging and mineralogy of IRD grains from the APcomp.
a, An SEM image of a quartz grain from site U1475 with an enlarged view of surface microtextures in the inset panel. b–d, SEM images of IRD grains with examples of relative peak intensities for elements derived from EDS point analyses. The images show spectra typical of quartz (b), of garnet (almandine member; c) and of K-feldspar (orthoclase; d). Scale bars are given in white on all SEM images.


Extended Data Fig. 4 Comparison of δ13Cbenthic and water mass ‘end-members’.
a, Authigenic εNd (143Nd/144Nd) isotope record from the deep equatorial Atlantic (ODP site 154-929 from ref. 20; top, green), Smoothed δ13Cbenthic stacks for northern-sourced water (NSW), Pacific deep water (PDW) and southern-sourced water (SSW) end-members (see Methods for stack construction and constituent core sites) and the APcomp δ13Cbenthic record. Selected MISs are shown as grey vertical shading. The bottom time series in a shows %NSW at the APcomp calculated using a binary mixing model with NSW and a PDW (grey) or SSW (purple) end-members. b, Scatter plots of APcomp δ13Cbenthic versus %NSW calculated with an SSW (left) and PDW (middle) end-member, and versus the εNd isotope record of ref. 20 (right). Pearson’s correlation coefficient, r2, is given. c, Pre-industrial δ13C of dissolved organic carbon (from ref. 94) along a north–south (blue) and then east–west (red) transect, with the APcomp position shown as a white circle.


Extended Data Fig. 5 Time-series analysis algorithm tests.
a, b, Testing the peak-lag algorithm to detect relationships in a series of surrogate time series with known lags applied. The ‘actual lag’ axes represent the known lag time imposed between pairs of the surrogate series and the ‘calculated lag’ axes show the lag estimated by the algorithm. A perfect performance would manifest as a 1:1 straight line through the scatter points. In b, the violin plots show the mean, median and kernel probability-density estimates of calculated lags from 104 iterations of the test. c, Results of the ‘glacial accumulation’ algorithm with each shaded curve representing IRDMAR (green) and δ18Obenthic (purple) integrated and normalized to 100% within each glacial cycle. Above, the δ18Obenthic record is shown (purple solid line) with green triangles denoting the peak interglacials identified and the dashed black line showing the δ18Obenthic threshold above which the transitions from glacial to interglacial conditions are defined. d, Gaussian kernel-based cross-correlation (gXCF)86 function for APcomp IRDMAR versus δ13Obenthic and δ13Cbenthic. The horizontal lines show the 95% Monte Carlo confidence levels for significant cross-correlation.


Extended Data Fig. 6 COSMOS model experiment results.
a–c, Annual mean sea surface height (SSH; shaded) in experiments for pre-industrial (a) LGM (b) and 27 ka (c). Solid (dashed) contours represent 90% (15%) sea-ice concentration. d–f, As in a–c, for climatological annual mean sea surface temperature (SST). g, Anomaly of mean annual SSH between 27 ka and LGM experiments. Solid (dashed) contours give 90% (15%) sea-ice concentration (black and white lines represent LGM and 27 ka, respectively). h, As in g, for SST.


Extended Data Fig. 7 Pyberg model experiment results.
a, c, e, Spatial distribution of meltwater input estimated for 1° × 1° cells by Pyberg when forced by COSMOS outputs for pre-industrial (PI; a), LGM (c), and LGM 27 ka (LGM27ka; e) conditions. In purple are observed modern iceberg trajectories from the BYU Giant Iceberg database95 (QSCAT); the modelled pre-industrial trajectories appear substantially longer than the observed, probably because icebergs are tracked in Pyberg even after they become too small to be identified and hence tracked by modern observational techniques. b, d, f, Zonally averaged meltwater estimates for pre-industrial (b), LGM (d) and LGM27ka (f) experiments. The average is taken for each latitude between 0 and 50° E; in other words, this shows the latitudinal distribution of meltwater across the Indian–Atlantic Ocean Gateway.
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