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            Abstract
Variations in the strength of the North Atlantic Ocean thermohaline circulation have been linked to rapid climate changes1 during the last glacial cycle through oscillations in North Atlantic Deep Water formation and northward oceanic heat flux2,3,4. The strength of the thermohaline circulation depends on the supply of warm, salty water to the North Atlantic, which, after losing heat to the atmosphere, produces the dense water masses that sink to great depths and circulate back south2. Here we analyse two Caribbean Sea sediment cores, combining Mg/Ca palaeothermometry with measurements of oxygen isotopes in foraminiferal calcite in order to reconstruct tropical Atlantic surface salinity5,6 during the last glacial cycle. We find that Caribbean salinity oscillated between saltier conditions during the cold oxygen isotope stages 2, 4 and 6, and lower salinities during the warm stages 3 and 5, covarying with the strength of North Atlantic Deep Water formation7. At the initiation of the BÃ¸lling/AllerÃ¸d warm interval, Caribbean surface salinity decreased abruptly, suggesting that the advection of salty tropical waters into the North Atlantic amplified thermohaline circulation and contributed to high-latitude warming.
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                    Figure 1: Temperature and Î´18OSW variation in the western Caribbean Sea during the past 136â€‰kyr.[image: ]


Figure 2: A comparison of local Î´18OSW change in Colombian basin surface water and estimated variation in NADW formation over the past 136â€‰kyr.[image: ]


Figure 3: Temperature and salinity variation in the Colombian Basin and in the western tropical Atlantic over the last deglacial.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Late Miocene onset of the modern Antarctic Circumpolar Current
                                        
                                    

                                    
                                        Article
                                         Open access
                                         18 January 2024
                                    

                                

                                Dimitris Evangelinos, Johan Etourneau, â€¦ Carlota Escutia

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Isotopic evidence for an intensified hydrological cycle in the Indian sector of the Southern Ocean
                                        
                                    

                                    
                                        Article
                                         Open access
                                         13 May 2023
                                    

                                

                                Camille Hayatte Akhoudas, Jean-Baptiste SallÃ©e, â€¦ Christian Stranne

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Strong glacial-interglacial variability in upper ocean hydrodynamics, biogeochemistry, and productivity in the southern Indian Ocean
                                        
                                    

                                    
                                        Article
                                         Open access
                                         05 May 2021
                                    

                                

                                Deborah Tangunan, Melissa A. Berke, â€¦ Expedition 361 Science Party

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Boyle, E. A. Is ocean thermohaline circulation linked to abrupt stadial/interstadial transitions? Quat. Sci. Rev. 19, 255â€“272 (2000)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Broecker, W. S., Bond, G., Klas, M., Bonani, G. & Wolfli, W. A salt oscillator in the glacial Atlantic? The concept. Paleoceanography 5, 469â€“478 (1990)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Keigwin, L. D. & Boyle, E. A. Surface and deep ocean variability in the northern Sargasso Sea during marine isotope stage 3. Paleoceanography 14, 164â€“170 (1999)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Duplessy, J. C. et al. Changes in surface salinity of the North Atlantic Ocean during the last deglaciation. Nature 358, 485â€“488 (1992)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lea, D. W., Pak, D. K. & Spero, H. J. Climate impact of Late Quaternary equatorial Pacific sea surface temperature variations. Science 289, 1719â€“1724 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Elderfield, H. & Ganssen, G. Past temperature and Î´18O of surface ocean waters inferred from foraminiferal Mg/Ca ratios. Nature 405, 442â€“445 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Curry, W. B. & Oppo, D. W. Synchronous high-frequency oscillations in tropical sea surface temperatures and North Atlantic deep water production during the last glacial cycle. Paleoceanography 12, 1â€“14 (1997)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Johns, W. E., Townsend, T. L., Fratantoni, D. M. & Wilson, W. D. On the Atlantic inflow to the Caribbean Sea. Deep-Sea Res. I 49, 211â€“243 (2002)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Broecker, W. S., Peng, T. H., Jouzel, J. & Russell, G. The magnitude of global fresh-water transports of importance to ocean circulation. Clim. Dyn. 4, 73â€“79 (1990)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Craig, H. & Gordon, L. I. in Stable Isotopes in Oceanographic Studies and Paleotemperatures (ed. Tongiorgi, E.) 9â€“130 (CNR, Pisa, 1965)

                    Google ScholarÂ 
                

	Bassinot, F. C. et al. The astronomical theory of climate and the age of the Brunhes-Matuyama magnetic reversal. Earth Planet. Sci. Lett. 126, 91â€“108 (1994)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Chappell, J. et al. Reconciliation of late Quaternary sea levels derived from coral terraces at Huon Peninsula with deep sea oxygen isotope records. Earth Planet. Sci. Lett. 141, 227â€“236 (1996)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Dekens, P. S., Lea, D. W., Pak, D. K. & Spero, H. J. Core top calibration of Mg/Ca in tropical foraminifera: refining paleotemperature estimation. Geochem. Geophys. Geosyst. 3, no. 1022 (2002)

	Thunell, R., Tappa, E., Pride, C. & Kincaid, E. Sea-surface temperature anomalies associated with the 1997â€“1998 El NiÃ±o recorded in the oxygen isotope composition of planktonic foraminifera. Geology 27, 843â€“846 (1999)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Waelbroeck, C. et al. Sea-level and deep water temperature changes derived from benthic foraminifera isotopic records. Quat. Sci. Rev. 21, 295â€“305 (2002)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Ruhlemann, C., Mulitza, S., Muller, P. J., Wefer, G. & Zahn, R. Warming of the tropical Atlantic ocean and slowdown of thermohaline circulation during the last deglaciation. Nature 402, 511â€“514 (1999)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Conkright, M. et al. NODC Internal Report at ã€ˆhttp://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NODC/.WOA98/ã€‰ (NODC, Silver Springs, Maryland, 1998)

                    Google ScholarÂ 
                

	Hastings, D. W., Russell, A. D. & Emerson, S. R. Foraminiferal magnesium in Globigerinoides sacculifer as a paleotemperature proxy. Paleoceanography 13, 161â€“169 (1998)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Grootes, P. M. & Stuiver, M. Oxygen 18/16 variability in Greenland snow and ice with 103 to 105-year time resolution. J. Geophys. Res. 102, 26455â€“26470 (1997)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lea, D. W., Pak, D. K., Peterson, L. C. & Hughen, K. A. Synchroneity of tropical high latitude Atlantic temperatures over the last glacial termination. Science 301, 1361â€“1364 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Vink, A. et al. Shifts in the position of the North Equatorial Current and rapid productivity changes in the western Tropical Atlantic during the last glacial. Paleoceanography 16, 1â€“12 (2001)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Watanabe, T. A., Winter, A. & Oba, T. Seasonal changes in sea surface temperature and salinity during the Little Ice Age in the Caribbean Sea deduced from Mg/Ca and 18O/16O ratios in corals. Mar. Geol. 173, 21â€“35 (2001)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Jouzel, J., Hoffmann, G., Koster, R. D. & Masson, V. Water isotopes in precipitation: data/model comparison for present-day and past climates. Quat. Sci. Rev. 19, 363â€“379 (2000)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	DÃ¼rkoop, A., Hale, W., Mulitza, S., Patzold, J. & Wefer, G. Late Quaternary variations of sea surface salinity and temperature in the western tropical Atlantic: Evidence from Î´18O of Globigerinoides sacculifer. Paleoceanography 12, 764â€“772 (1997)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Stidd, C. K. The use of eigenvectors for climate estimates. J. Appl. Meteorit. 6, 255â€“264 (1967)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Vellinga, M. & Wood, R. A. Global climatic impacts of a collapse of the Atlantic thermohaline circulation. Clim. Change 54, 251â€“267 (2002)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Peterson, L. C., Haug, G. H., Hughen, K. A. & Rohl, U. Rapid changes in the hydrologic cycle of the tropical Atlantic during the last Glacial. Science 290, 1947â€“1951 (2000)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Lynch-Stieglitz, J., Curry, W. B. & Slowey, N. Weaker Gulf stream in the Florida Straits during the Last Glacial Maximum. Nature 402, 644â€“648 (1999)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Weaver, A. J., Saaenko, O. A., Clark, P. U. & Mitrovica, J. X. Meltwater pulse 1A from Antarctica as a trigger of the Bolling/Allerod warm interval. Science 299, 1709â€“1713 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Knorr, G. & Lohmann, G. Southern Ocean origin for the resumption of Atlantic thermohaline circulation during deglaciation. Nature 424, 532â€“536 (2003)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank the Ocean Drilling Program (ODP) and the LDEO Deep-Sea Sample Repository for core samples. Laboratory assistance from D. Pak and mass spectrometer operation by G. Paradis and D. Winter were critical to the success of this study. We also thank A. Droxler for providing a suite of his ODP 999A samples, and J. Kennett and A. Russell for their comments and suggestions. Funding for this research was provided by a USSSP Schlanger Ocean Drilling Fellowship to M.W.S. and the US National Science Foundation (H.J.S. and D.W.L.).


Author information
Authors and Affiliations
	Department of Geology, University of California, Davis, California, 95616, USA
Matthew W. SchmidtÂ &Â Howard J. Spero

	Department of Geological Sciences and Marine Science Institute, University of California, Santa Barbara, California, 93106, USA
David W. Lea


Authors	Matthew W. SchmidtView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Howard J. SperoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	David W. LeaView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                Matthew W. Schmidt.


Ethics declarations

              
                Competing interests

                The authors declare that they have no competing financial interests.

              
            

Supplementary information

Supplementary Figure
Modern mean annual salinity in the western tropical Atlantic at 10 m water depth and location of ODP 999A (12Â°45â€™N, 78Â°44â€™W; 2,827 m; 4 cm/ka sed. rate) and VM28-122 (11.56Â°N, 78.41Â°W; 3,623 m; 4 cm/ka sed. rate during the Holocene and LGM, 10 - 15 cm/ka sed. rate during the deglaciation).  (DOC 550 kb)


Supplementary Data
Table SI-1 shows the raw 14C ages and their corresponding Calendar Age (ka BP). Table SI-2 shows a complete data listing of the measured G. ruber Î´18O, Mg/Ca, and the computed Î´18OSW values.  (XLS 30 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Schmidt, M., Spero, H. & Lea, D. Links between salinity variation in the Caribbean and North Atlantic thermohaline circulation.
                    Nature 428, 160â€“163 (2004). https://doi.org/10.1038/nature02346
Download citation
	Received: 24 October 2003

	Accepted: 19 January 2004

	Issue Date: 11 March 2004

	DOI: https://doi.org/10.1038/nature02346


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Dynamic and thermodynamic influences on precipitation in Northeast Mexico on orbital to millennial timescales
                                    
                                

                            
                                
                                    	Kevin T. Wright
	Kathleen R. Johnson
	Laura Beramendi-Orosco


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Last glacial hydroclimate variability in the YucatÃ¡n Peninsula not just driven by ITCZ shifts
                                    
                                

                            
                                
                                    	Leah Travis-Taylor
	MartÃn Medina-Elizalde
	David McGee


                                
                                Scientific Reports (2023)

                            
	
                            
                                
                                    
                                        Hydroclimate variability in the Caribbean during North Atlantic Heinrich cooling events (H8 and H9)
                                    
                                

                            
                                
                                    	Yassine Ait Brahim
	Matthew C. Peros
	Frank Oliva


                                
                                Scientific Reports (2022)

                            
	
                            
                                
                                    
                                        Deglacial increase of seasonal temperature variability in the tropical ocean
                                    
                                

                            
                                
                                    	Lars WÃ¶rmer
	Jenny Wendt
	Kai-Uwe Hinrichs


                                
                                Nature (2022)

                            
	
                            
                                
                                    
                                        Rapid northern hemisphere ice sheet melting during the penultimate deglaciation
                                    
                                

                            
                                
                                    	Heather M. Stoll
	Isabel Cacho
	R. Lawrence Edwards


                                
                                Nature Communications (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
