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            Abstract
The global temperature response to increasing atmospheric CO2 is often quantified by metrics such as equilibrium climate sensitivity and transient climate response1. These approaches, however, do not account for carbon cycle feedbacks and therefore do not fully represent the net response of the Earth system to anthropogenic CO2 emissions. Climateâ€“carbon modelling experiments have shown that: (1) the warming per unit CO2 emitted does not depend on the background CO2 concentration2; (2) the total allowable emissions for climate stabilization do not depend on the timing of those emissions3,4,5; and (3) the temperature response to a pulse of CO2 is approximately constant on timescales of decades to centuries3,6,7,8. Here we generalize these results and show that the carbonâ€“climate response (CCR), defined as the ratio of temperature change to cumulative carbon emissions, is approximately independent of both the atmospheric CO2 concentration and its rate of change on these timescales. From observational constraints, we estimate CCR to be in the range 1.0â€“2.1â€‰Â°C per trillion tonnes of carbon (Ttâ€‰C) emitted (5th to 95th percentiles), consistent with twenty-first-century CCR values simulated by climateâ€“carbon models. Uncertainty in land-use CO2 emissions and aerosol forcing, however, means that higher observationally constrained values cannot be excluded. The CCR, when evaluated from climateâ€“carbon models under idealized conditions, represents a simple yet robust metric for comparing models, which aggregates both climate feedbacks and carbon cycle feedbacks. CCR is also likely to be a useful concept for climate change mitigation and policy; by combining the uncertainties associated with climate sensitivity, carbon sinks and climateâ€“carbon feedbacks into a single quantity, the CCR allows CO2-induced global mean temperature change to be inferred directly from cumulative carbon emissions.
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                    Figure 1: 
                        Schematic representation of the progression from CO
                        
                        2
                         emissions to climate change.
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Figure 2: 
                        Idealized model simulations of the CCR.
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Figure 3: CCR estimated from the C4MIP simulations11. [image: ]


Figure 4: 
                        Observational estimates of CCR.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Emergent constraints on carbon budgets as a function of global warming
                                        
                                    

                                    
                                        Article
                                         Open access
                                         29 February 2024
                                    

                                

                                Peter M. Cox, Mark S. Williamson, â€¦ Rebecca M. Varney

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Short-lived climate forcers have long-term climate impacts via the carbonâ€“climate feedback
                                        
                                    

                                    
                                        Article
                                        
                                         13 July 2020
                                    

                                

                                Bo Fu, Thomas Gasser, â€¦ Jing Xu

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        An integrated approach to quantifying uncertainties in the remaining carbon budget
                                        
                                    

                                    
                                        Article
                                         Open access
                                         18 January 2021
                                    

                                

                                H. Damon Matthews, Katarzyna B. Tokarska, â€¦ Reto Knutti

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Randall, D. A. et al. in Climate Change 2007: The Physical Science Basis (eds Solomon, S. et al.) 589â€“845 (Cambridge University Press, 2007)

                    Google ScholarÂ 
                

	Caldeira, K. & Kasting, J. F. Insensitivity of global warming potentials to carbon dioxide emissions scenarios. Nature 366, 251â€“253 (1993)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Matthews, H. D. & Caldeira, K. Stabilizing climate requires near-zero emissions. Geophys. Res. Lett. 35, L04705 (2008)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Zickfeld, K., Eby, M., Matthews, H. D. & Weaver, A. J. Setting cumulative emissions targets to reduce the risk of dangerous climate change. Proc. Natl Acad. Sci. USA (submitted)

	Allen, M. R. et al. Warming caused by cumulative carbon emissions towards the trillionth tonne. Nature 458, 1163â€“1166 (2009)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Shine, K. P., Fuglestvedt, J. S., Hailemariam, K. & Struber, N. Alternatives to the global warming potential for comparing climate impacts of emissions of greenhouse gases. Clim. Change 68, 281â€“302 (2005)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Solomon, S., Kasper Plattner, G., Knutti, R. & Friedlingstein, P. Irreversible climate change due to carbon dioxide emissions. Proc. Natl Acad. Sci. USA 106, 1704â€“1709 (2009)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Eby, M. et al. Lifetime of anthropogenic climate change: millennial time-scales of potential CO2 and surface temperature perturbations. J. Clim. 22, 2501â€“2511 (2009)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Weaver, A. J. et al. The UVic Earth System Climate Model: model description, climatology and applications to past, present and future climates. Atmos. Ocean 39, 361â€“428 (2001)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Matthews, H. D. Emissions targets for CO2 stabilization as modified by carbon cycle feedbacks. Tellus 55B, 591â€“602 (2006)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Friedlingstein, P. et al. Climate-carbon cycle feedback analysis, results from the C4MIP model intercomparison. J. Clim. 19, 3337â€“3353 (2006)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Huntingford, C., Stott, P. A., Allen, M. R. & Lambert, F. H. Incorporating model uncertainty into attribution of observed temperature change. Geophys. Res. Lett. 33, L05710 (2006)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Plattner, G.-K. et al. Long-term climate commitments projected with climate-carbon cycle models. J. Clim. 21, 2721â€“2751 (2008)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Marland, G., Boden, T. A. & Andres, R. J. Global, regional, and national fossil fuel CO2 emissions. In TRENDS, A Compendium of Data on Global Change (Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, US DOE, 2008)

                    Google ScholarÂ 
                

	Houghton, R. A. Carbon flux to the atmosphere from land-use changes: 1850â€“2005. In TRENDS, A Compendium of Data on Global Change (Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, US DOE, 2008)

                    Google ScholarÂ 
                

	European Commission. Limiting global climate change to 2 degrees Celsius: the way ahead for 2020 and beyond. (Commission of the European Communities, 2007)

	Meehl, G. A. et al. in Climate Change 2007: The Physical Science Basis (eds Solomon, S. et al.) 747â€“845 (Cambridge University Press, 2007)

                    Google ScholarÂ 
                

	Meissner, K. J., Weaver, A. J., Matthews, H. D. & Cox, P. M. The role of land-surface dynamics in glacial inception: a study with the UVic Earth System Climate Model. Clim. Dyn. 21, 515â€“537 (2003)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Matthews, H. D., Weaver, A. J. & Meissner, K. J. Terrestrial carbon cycle dynamics under recent and future climate change. J. Clim. 18, 1609â€“1628 (2005)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Schmittner, A., Oschlies, A., Matthews, H. D. & Galbraith, E. D. Future changes in climate, ocean circulation, ecosystems and biogeochemical cycling simulated for a businessas-usual CO2 emissions scenario until year 4000 AD. Glob. Biogeochem. Cycles 22, GB1013 (2008)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Gregory, J. M. & Forster, P. M. Transient climate response estimated from radiative forcing and observed temperature change. J. Geophys. Res. 113, D23105 (2008)
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Forster, P. et al. in Climate Change 2007: The Physical Science Basis (eds Solomon, S. et al.) 129â€“234 (Cambridge University Press, 2007)

                    Google ScholarÂ 
                

	Denman, K. et al. in Climate Change 2007: The Physical Science Basis (eds Solomon, S. et al.) 129â€“234 (Cambridge University Press, 2007)

                    Google ScholarÂ 
                

	Canadell, J. G. et al. Contributions to accelerating atmospheric CO2 growth from economic activity, carbon intensity, and efficiency of natural sinks. Proc. Natl Acad. Sci. USA 104, 18866â€“18870 (2007)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank A. Weaver, M. Eby, V. Arora, N. Ramankutty, M. Allen, S. Solomon, K. Keller, K. Caldeira and S. Turner for commentary and discussions on this work. We also thank P. Forster for providing radiative forcing time series, and P. Friedlingstein and the C4MIP modelling community for the availability of their model output. H.D.M. acknowledges support from the National Science and Engineering Research Council of Canada, and the Canadian Foundation for Climate and Atmospheric Sciences Project Grants. P.A.S. was supported by the Joint DECC, Defra and MoD Integrated Climate Programme. N.P.G. received support from the Leverhulme Trust. N.P.G. and P.A.S. acknowledge support from the Climate Change Detection and Attribution Project, jointly funded by NOAAâ€™s Office of Global Programs and the US Department of Energy.
Author Contributions H.D.M. proposed the study, carried out model simulations and analysis, and wrote most of the paper. N.P.G. proposed the inclusion of observational constraints, N.P.G. and P.A.S. carried out this analysis, and N.P.G. wrote the sections of the paper and methods describing these results. K.Z. provided additional model simulations and analysis as described in the Supplementary Information. All authors participated in discussions pertaining to interpretation and presentation of results.


Author information
Authors and Affiliations
	Department of Geography, Planning and Environment, Concordia University, 1455 de Maisonneuve Blvd W., Montreal, Quebec, H3G 1M8, Canada, 
H. Damon Matthews

	 Canadian Centre for Climate Modelling and Analysis, Environment Canada, 3800 Finnerty Road, Victoria, British Columbia, V8P 5C2, Canada , 
Nathan P. GillettÂ &Â Kirsten Zickfeld

	 Met Office Hadley Centre, FitzRoy Road, Exeter, Devon, EX1 3PB, UK , 
Peter A. Stott


Authors	H. Damon MatthewsView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Nathan P. GillettView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Peter A. StottView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Kirsten ZickfeldView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                H. Damon Matthews.


Supplementary information

Supplementary Information
This file contains Supplementary Data, Supplementary Table 1 and Supplementary Figure 1 with Legend. (PDF 173 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
Cite this article
Matthews, H., Gillett, N., Stott, P. et al. The proportionality of global warming to cumulative carbon emissions.
                    Nature 459, 829â€“832 (2009). https://doi.org/10.1038/nature08047
Download citation
	Received: 04 December 2008

	Accepted: 14 April 2009

	Issue Date: 11 June 2009

	DOI: https://doi.org/10.1038/nature08047


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
                        








            


            

            
                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
            
        

        
    



            

        
    


    
        Editorial Summary
Climate-carbon sensitivity
To date, efforts to describe and predict the climate response to human CO2 emissions have focused on climate sensitivity: the equilibrium temperature change associated with a doubling of CO2. But recent research has suggested that this 'Charney' sensitivity, so named after the meteorologist Jule Charney who first adopted this approach in 1979, may be an incomplete representation of the full Earth system response, as it ignores changes in the carbon cycle, aerosols, land use and land cover. Matthews et al. propose a new measure, the carbon-climate response, or CCR. Using a combination of a simplified climate model, a range of simulations from a recent model intercomparison, and historical constraints, they find that â€” independent of the timing of emissions or the atmospheric concentration of CO2 â€” emitting a trillion tonnes of carbon will cause 1.0â€“2.1 Â°C of global warming, a CCR value that is consistent with model predictions for the twenty-first century.

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: ]
