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            Abstract
High carbon dioxide (CO2) concentrations in sea-water (ocean hypercapnia) can induce neurological, physiological and behavioural deficiencies in marine animals1,2,3,4,5,6,7,8,9,10. Prediction of the onset and evolution of hypercapnia in the ocean requires a good understanding of annual variations in oceanic CO2 concentration, but there is a lack of relevant global observational data. Here we identify global ocean patterns of monthly variability in carbon concentration using observations that allow us to examine the evolution of surface-ocean CO2 levels over the entire annual cycle under increasing atmospheric CO2 concentrations. We predict that the present-day amplitude of the natural oscillations in oceanic CO2 concentration will be amplified by up to tenfold in some regions by 2100, if atmospheric CO2 concentrations continue to rise throughout this century (according to the RCP8.5 scenario of the Intergovernmental Panel on Climate Change)11. The findings from our data are broadly consistent with projections from Earth system climate models12,13,14,15. Our predicted amplification of the annual CO2 cycle displays distinct global patterns that may expose major fisheries in the Southern, Pacific and North Atlantic oceans to hypercapnia many decades earlier than is expected from average atmospheric CO2 concentrations. We suggest that these ocean â€˜CO2 hotspotsâ€™ evolve as a combination of the strong seasonal dynamics of CO2 concentration and the long-term effective storage of anthropogenic CO2 in the oceans that lowers the buffer capacity in these regions, causing a nonlinear amplification of CO2 concentration over the annual cycle. The onset of ocean hypercapnia (when the partial pressure of CO2 in sea-water exceeds 1,000 micro-atmospheres) is forecast for atmospheric CO2 concentrations that exceed 650 parts per million, with hypercapnia expected in up to half the surface ocean by 2100, assuming a high-emissions scenario (RCP8.5)11. Such extensive ocean hypercapnia has detrimental implications for fisheries during the twenty-first century.
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                    Figure 1: Future amplification of ocean CO2 levels.[image: ]


Figure 2: Increasing variability in future CO2 levels.[image: ]


Figure 3: Example of future CO2 amplification and early-onset hypercapnia.[image: ]


Figure 4: Global onset of future hypercapnia.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Ocean Revelle factor.
Distribution of the mean Revelle or â€˜bufferâ€™ factor in the surface ocean in 2000, determined from our study.

                          Source data
                        


Extended Data Figure 2 Quantifying biases in the SOMLO approach.
Bias in [image: ] concentrations (expressed as a percentage) in 2100 due to using steady-state assumptions in the SOMLO analysis. Positive (negative) values indicate that SOMLO over-estimates (under-estimates) [image: ].


Extended Data Figure 3 Future CO2 amplification as predicted by climate models.
aâ€“d, CO2 amplification factors by the year 2100 as predicted by four ESMs: HadGEM2-ES (a), IPSL-CM5A-MR (b), CanESM2 (c) and GFDL-ESM2M (d); see Extended Data Table 1 for model details.


Extended Data Figure 4 Comparison of present-day natural CO2 variability as predicted by model and data.
Taylor diagram comparing the ability of ESMs to capture the dynamics and magnitude of the annual cycle of CO2 with our data-based approach. Here, the open circle on the x axis represents the standard deviation in our data-based predictions, while the grey contour lines represent the residual standard error between the ESMs and our data-based predictions.


Extended Data Figure 5 Interannual variability of future CO2 amplification.
CO2 amplification factors within the HadGEM2 model for each year from 2097 to 2100.


Extended Data Figure 6 Nonlinearity of future CO2 distributions between SOMLO and models.
Surface [image: ] distribution (normalized such that the mean [image: ] level across the whole surface ocean is shifted to zero) as predicted by SOMLO and two climate models (CanESM2 and HadGEM2-ES), highlighting the change in distribution between 2006 and 2100. The nonlinearity is evidenced by â€˜bulgingâ€™ in the 2100 distributions for positive [image: ], relative to those for negative [image: ].


Extended Data Table 1 Main characteristics of the four ESMs used in this studyFull size table
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Elevated carbon dioxide concentrations in seawater, a phenomenon known as hypercapnia, can have detrimental effects on marine animals. This study finds that some oceanic regions may undergo an up to tenfold amplification of the natural cycle of carbon dioxide by 2100, if atmospheric carbon dioxide concentrations continue to rise throughout this century. It forecasts the onset of ocean hypercapnia events for atmospheric CO2 concentrations higher than 650 p.p.m., with hypercapnia spreading to up to half of the surface ocean by the year 2100 under a high carbon dioxide emission scenario, with potential implications for major fisheries.

show all

    

    
    

    
        
            
                
                    
                        
                            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
	Protocol Exchange
	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 Korea
	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: ]
