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            Abstract
Our current understanding of ocean–atmosphere–cryosphere interactions at ice-age terminations relies largely on assessments of the most recent (last) glacial–interglacial transition1,2,3, Termination I (T-I). But the extent to which T-I is representative of previous terminations remains unclear. Testing the consistency of termination processes requires comparison of time series of critical climate parameters with detailed absolute and relative age control. However, such age control has been lacking for even the penultimate glacial termination (T-II), which culminated in a sea-level highstand during the last interglacial period that was several metres above present4. Here we show that Heinrich Stadial 11 (HS11), a prominent North Atlantic cold episode5,6, occurred between 135 ± 1 and 130 ± 2 thousand years ago and was linked with rapid sea-level rise during T-II. Our conclusions are based on new and existing6,7,8,9 data for T-II and the last interglacial that we collate onto a single, radiometrically constrained chronology. The HS11 cold episode5,6 punctuated T-II and coincided directly with a major deglacial meltwater pulse, which predominantly entered the North Atlantic Ocean and accounted for about 70 per cent of the glacial–interglacial sea-level rise8,9. We conclude that, possibly in response to stronger insolation and CO2 forcing earlier in T-II, the relationship between climate and ice-volume changes differed fundamentally from that of T-I. In T-I, the major sea-level rise clearly post-dates3,10,11 Heinrich Stadial 1. We also find that HS11 coincided with sustained Antarctic warming, probably through a bipolar seesaw temperature response12, and propose that this heat gain at high southern latitudes promoted Antarctic ice-sheet melting that fuelled the last interglacial sea-level peak.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: Location of the palaeoclimate archives discussed here, and the Mediterranean circulation pattern.[image: ]


Figure 2: Construction and validation of a radiometrically constrained chronology for western Mediterranean Sea ODP975 and ODP976.[image: ]


Figure 3: Interhemispheric records of climate change across glacial Termination II.[image: ]


Figure 4: Origin and impacts of meltwater pulses during glacial termination II.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Orbital parameters, insolation forcing, and atmospheric CO2 concentrations during the last two glacial–interglacial transitions.
a, f, Incoming solar radiation on 21 June and 21 December at 65° N (orange) and 65° S (blue), for T-I (a) and T-II (f)31. b, g, Precession of the Earth’s axis31 for T-I (b) and T-II (g). c, h, as b, g, but for eccentricity of the Earth’s orbit31. Note the different axis scales in c and h. d, i, Obliquity of the Earth’s axis31 for T-I (d) and T-II (i). Different orbital configurations during glacial terminations I (T-I) and II (T-II) led to markedly different insolation forcing31,71,72,73, with the summer 65° N insolation increase during T-II larger by ∼35% (∼23 W m−2), and occurring at faster rates18, than that during T-I. e, j, atmospheric CO2 concentrations during T-I (refs 74, 75, 76) and T-II (ref. 56). Yellow bands illustrate the timing of Heinrich stadial 1 (HS1) and 11 (HS11), following previous literature1 and this study, respectively. Dashed blue lines highlight that atmospheric CO2 concentrations were systematically higher during T-II than during T-I. Symbols indicate the maxima and/or minima in insolation, precession, eccentricity, and obliquity cycles.


Extended Data Figure 2 Flowchart of the approach used to construct and validate chronologies of the various records.
See main text and Methods for details.


Extended Data Figure 3 Synchronization of western Mediterranean Sea ODP975 to ODP977 and Iberian Margin core MD01-2444.
a, Synchronization of G. bulloides δ18O from western Mediterranean ODP977 to its counterpart from nearby ODP975. Circles and error bars depict tie points and 2σ synchronization errors, respectively (Methods, Extended Data Table 3). The G. bulloides δ18O from ODP976 is only shown for comparison and is not used to transfer our new, radiometrically constrained chronology, to ODP977 (Methods). b, Validation of the synchronization exercise shown in a by comparing the alkenone-based sea surface temperature (SST) records from ODP977 and ODP976, on their new, radiometrically constrained chronology. The 95% confidence intervals (light grey envelope) and probability maximum (heavier grey line) and its associated 95% confidence intervals (heavier grey envelope) of the ODP976 SST data (grey circles) are based on a Monte Carlo analysis of chronological and SST uncertainties, employing a 0.2 kyr Gaussian filter (Methods). The synthetic record of Greenland climate variability16 is also shown. c, Synchronization of the G. bulloides δ18O from Iberian Margin (Atlantic Ocean) core MD01-2444 to its counterpart from ODP975 (Western Mediterranean, Methods). Circles and error bars depict tie points and 2σ synchronization errors, respectively (Methods, Extended Data Table 3). The G. bulloides δ18O from ODP976 is shown for comparison and is not used to transfer the MD01-2444 records to our new, radiometrically constrained chronology (Methods). d, Validation of the synchronization exercise shown in c by comparing alkenone-based SST records from core MD01-2444 and ODP976 (shaded envelopes and circles as in b), on their new radiometrically constrained chronology. The synthetic record of Greenland climate variability16 is also shown.


Extended Data Figure 4 Relationship between the duration of the North Atlantic cold phases (stadials) and the magnitude of Antarctic warming.
a, δ18Oice time series from North Greenland Ice Core Project (NGRIP)77(light blue). The probability maximum (solid blue line) and associated 95% confidence bounds (shaded blue envelope) of the δ18Oice record result from 10,000 Monte Carlo simulations, employing a 0.15 kyr Gaussian filter through the data and their chronological and δ18Oice uncertainties (see Methods). b, EPICA Dome C (EDC) temperature reconstructions (ΔT) based on δDice data13 (light red). The probability maximum (solid red line) and associated 95% confidence bounds (shaded red envelope) of the temperature record result from 10,000 Monte Carlo simulations, employing a 0.2 kyr Gaussian filter through the data and their chronological and ΔT uncertainties. c, Comparison between Antarctic temperature reconstructions from EDC using the methods of Jouzel et al. (ΔT, ref. 13) and Stenni et al. (TSITE, ref. 78), revealing no difference in the amplitude of the estimated Antarctic temperature shifts. d, Relationship between duration of Greenland stadials and Antarctic warming for bipolar seesaw events highlighted in a and b by yellow bands. Greenland and Antarctic records are on the latest ice core chronology AICC2012 (ref. 55). Error bars depict 1σ uncertainty in the magnitude and duration of North Atlantic cooling.


Extended Data Figure 5 Synchronization of western Mediterranean Sea ODP975 to eastern Mediterranean core LC21.
a, Synchronization of the N. pachyderma (d) δ18O from ODP975 to its counterpart from eastern Mediterranean core LC21 (Methods), which was placed on a radiometric chronology by ref. 8. Red filled circles and error bars depict the tie points used to synchronize ODP975 to LC21 and the 2σ synchronization uncertainties, respectively. b, Validation of the synchronization exercise shown in a by comparing the respective co-registered N. pachyderma (d) δ13C profiles from the same cores.


Extended Data Figure 6 Glacial 18O-enrichment in oceanic and Mediterranean seawater.
Blue (open ocean), black (eastern Mediterranean Sea) and green (western Mediterranean Sea) lines illustrate the relationship between seawater δ18O (δ18Oseawater) and relative sea level (RSL). The open ocean relationship has been re-calculated here using the latest assessment (grey symbol) of the sea-level lowstand11 of the Last Glacial Maximum (26.5–19 ka, ref. 79) and the mean ocean δ18Oseawater value derived from porewater analyses in a suite of deep-sea cores63. The eastern Mediterranean relationship is derived from the model presented in ref. 60. The western Mediterranean relationship (green line) reflects linear mixing between eastern Mediterranean (black line) and open ocean (blue line) end-members, assuming that the residence time effect60,62 on δ18Oseawater (and salinity) in the western Mediterranean is 70 ± 5% of that in eastern Mediterranean64. Shaded envelopes are 1σ confidence bounds, derived from probabilistic analysis of uncertainties.


Extended Data Table 1 Synchronization of ODP975 to LC21Full size table


Extended Data Table 2 Synchronization of ODP976 to ODP975Full size table


Extended Data Table 3 Synchronization of ODP977 to ODP975Full size table


Extended Data Table 4 Synchronization of core MD01-2444 to ODP975.Full size table
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A central goal of palaeoclimate research is that of deciphering the mechanisms responsible for major state shifts in the Earth system, such as between glacial and interglacial conditions. This has proven difficult enough even for the last glacial termination (T-I), much less termination II (T-II), which ended glacial conditions about 130,000 years ago. Gianluca Marino et al. use new and existing data to demonstrate a link, within uncertainties, between Heinrich Stadial 11 (HS11) — a prominent Northern Hemisphere cold event — and the timing of peak sea level rise during T-II. A strong Southern Hemisphere warming also occurred during HS11, consistent with the idea of a bipolar seesaw that would probably have promoted Antarctic ice sheet melting. In contrast, rapid sea level rise in T-1 clearly postdated Heinrich Stadial 1. Possibly in response to differing CO2 and insolation conditions during T-I and T-II, fundamentally different mechanisms seem to be at work in triggering glacial terminations.
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