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            Abstract
During the Arctic polar springtime, dramatic ozone losses occur not only in the stratosphere but also in the underlying troposphere1. These tropospheric ozone loss events have been observed over large areas2,3 in the planetary boundary layer (PBL) throughout the Arctic4,5. They are associated with enhanced concentrations of halogen species1,6,7,8,9 and are probably caused by catalytic reactions involving bromine monoxide (BrO) and perhaps also chlorine monoxide (ClO)1,10,11,12. The origin of the BrO, the principle species driving the ozone destruction, is thought to be the autocatalytic release of bromine from sea salt accumulated on the Arctic snow pack10,11,13, followed by photolytic and heterogeneous reactions which produce and recycle the oxide10,11,14,15. Satellite observations have shown the horizontal and temporal extent of large BrO enhancements in the Arctic troposphere16,17, but the vertical distribution of the BrO has remained uncertain. Here we report BrO observations obtained from a high-altitude aircraft that suggest the presence of significant amounts of BrO not only in the PBL but also in the free troposphere above it. We believe that the BrO is transported from the PBL into the free troposphere through convection over large Arctic ice leads (openings in the pack ice). The convective transport also lifts ice crystals and water droplets well above the PBL18,19, thus providing surfaces for heterogeneous reactions that can recycle BrO from less-reactive forms and thereby maintain its ability to affect the chemistry of the free troposphere.
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                    Figure 1: Summary of DOAS analysis for BrO for the 26 April 1997 flight.[image: ]


Figure 2: Study area and measurement geometry.[image: ]


Figure 3: Example of a DOAS fit and the residual of the fitting procedure.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Widespread detection of chlorine oxyacids in the Arctic atmosphere
                                        
                                    

                                    
                                        Article
                                         Open access
                                         30 March 2023
                                    

                                

                                Yee Jun Tham, Nina Sarnela, â€¦ Alfonso Saiz-Lopez

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Substantial contribution of iodine to Arctic ozone destruction
                                        
                                    

                                    
                                        Article
                                         Open access
                                         15 September 2022
                                    

                                

                                Nuria Benavent, Anoop S. Mahajan, â€¦ Alfonso Saiz-Lopez

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Natural halogens buffer tropospheric ozone in a changing climate
                                        
                                    

                                    
                                        Article
                                        
                                         20 January 2020
                                    

                                

                                Fernando Iglesias-Suarez, Alba Badia, â€¦ Alfonso Saiz-Lopez

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Barrie, L. A., Bottenheim, J. W., Schnell, R. C., Crutzen, P. J. & Rasmussen, R. A. Ozone destruction and photochemical reactions at polar sunrise in the lower Arctic atmosphere. Nature 334, 138â€“141 (1988).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kieser, B. N., Bottenheim, J. W., Sideris, T. & Niki, H. Spring 1989 observations of lower tropospheric chemistry in the Canadian high arctic. Atmos. Environ. A 27, 2979â€“2988 (1993).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Leaitch, W. R. et al. Airborne observations related to ozone depletion at polar sunrise. J. Geophys. Res. 99, 25499â€“25517 (1994).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	PSE, Polar Sunrise Experiment (PSE 1992), J. Geophys. Res. 99(1994).

                    Google ScholarÂ 
                

	Solberg, S., Schmidbauer, N., Semb, A., Stordal, F. & Hov,Ã˜. Boundary-layer ozone depletion as seen in the Norwegian Arctic in spring. J. Atmos. Chem. 23, 301â€“332 (1996).
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Hausmann, M. & Platt, U. Spectroscopic measurement of bromine oxide and ozone in the high Arctic during polar sunrise experiment 1992. J. Geophys. Res. 99, 25399â€“25413 (1994).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Jobson, B. T. et al. Measurements of C2-C6hydrocarbons during the polar sunrise 1992 experiment: evidence for Cl atom and Br atom chemistry. J. Geophys. Res. 99, 25355â€“25368 (1994).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Impey, G. A., Shepson, P. B., Hastie, D. R., Barrie, L. A. & Anlauf, K. G. Measurements of photolyzable chlorine and bromine during the polar sunrise experiment 1995. J. Geophys. Res. 102, 16005â€“16010 (1997).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Platt, U. & Lehrer, E. Arctic Tropospheric Ozone Chemistry (Final Rep. To European Union, Brussels, (1996)).

                    Google ScholarÂ 
                

	McConnell, J. C. et al. Photochemical bromine production implicated in Arctic boundary-layer ozone depletion. Nature 355, 150â€“152 (1992).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Tang, T. & McConnell, J. C. Autocatalytic release of bromine from Arctic snow pack during polar sunrise. Geophys. Res. Lett. 23, 2633â€“2636 (1996).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Le Bras, G. & Platt, U. Possible mechanism for combined chlorine and bromine catalyzed destruction of tropospheric ozone in the Arctic. Geophys. Res. Lett. 22, 599â€“602 (1995).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Finlayson-Pitts, B. J., Livingston, F. E. & Berko, H. N. Ozone destruction and bromine photochemistry at ground level in the Arctic spring. Nature 343, 622â€“624 (1990).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Fan, S. M. & Jacob, D. J. Surface ozone depletion in Arctic spring sustained by bromine reactions on aerosols. Nature 359, 522â€“524 (1992).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mozurkewich, M. Mechanisms for the release of halogens from sea salt particles by free radical reactions. J. Geophys. Res. 100, 14199â€“14207 (1995).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Richter, A. et al. GOME observations of tropospheric BrO in northern hemispheric spring and summer 1997. Geophys. Res. Lett. 25, 2683â€“2686 (1998).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Wagner, T. & Platt, U. Satellite mapping of enhanced BrO concentrations in the troposphere. Nature 395, 486â€“470 (1998).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Andreas, E. L., Miles, M. W., Barry, R. G. & Schnell, R. C. Lidar-derived particle concentrations in plumes from Arctic leads. Ann. Glaciol. 14, 9â€“12 (1990).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Schnell, R. C. et al. Lidar detection of leads in Arctic sea ice. Nature 339, 530â€“532 (1989).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	McElroy, C. T. Aspectroradiometer for the measurement of direct and scattered solar irradiance on-board the NASA ER-2 high-altitude research aircraft. Geophys. Res. Lett. 22, 1361â€“1364 (1995).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	McElroy, C. T., Midwinter, C., Barton, D. V. & Hall, R. B. Acomparison of J-values estimated by the composition and photodissociative flux measurement with model calculations. Geophys. Res. Lett. 22, 1365â€“1368 (1995).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	McKinney, K. A., Pierson, J. M. & Toohey, D. W. Awintertime in situ profile of BrO between 17 and 27â€‰km in the Arctic vortex. Geophys. Res. Lett. 24, 853â€“856 (1997).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Beg, W. B., Sperry, P. D., Rahn, K. A. & Gladney, E. S. Atmospheric bromine in the Arctic. J. Geophys. Res. 88, 6719â€“6736 (1983).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Parungo, F. C. et al. Individual particle analyses of Arctic aerosol samples collected during AGASP-II. Atmos. Environ. A 27, 2825â€“2837 (1993).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Serreze, M. C. et al. Theoretical heights of buoyant convection above open leads in the winter Arctic pack ice cover. J. Geophys. Res. 97, 9411â€“9422 (1992).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	Scientific Assessment of Ozone Depletion: 1994 (Rep. No. 37, World Meteorological Organization, Geneva, (1995)).

	Warneck, P. Chemistry of the Natural Atmosphere (Academic, San Diego, (1988)).

                    Google ScholarÂ 
                

	Dibb, J. E. et al. Estimation of stratospheric input to the Arctic troposphere: 7Be and 10Be in aerosols atAlert, Canada. J. Geophys. Res. 99, 12855â€“12864 (1994).
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	McKenzie, R. L. et al. Altitude distributions of stratospheric constituents from ground-based measurements at twilight. J. Geophys. Res. 96, 15499â€“15511 (1991).
ArticleÂ 
    ADSÂ 
    
                    Google ScholarÂ 
                

	McLinden, C. A. et al. J. Atmos. Sci. (in the press).


Download references




Acknowledgements
We thank NASA/Ames and Lockheed Aircraft Corp. operations staff and S. E. Gaines for generating and providing the aircraft position data used in this study. POLARIS project flight operations costs were supported by the NASA Office of Earth Sciences' Upper Atmosphere Research Program and the NASA High Speed Research Program. We thank the pilots of the ER-2 whose skill made these measurements possible. J.McC. thanks the Natural Sciences and Engineering Research Council of Canada and the Atmospheric Environment Service of Canada for support. We also thank A. Tang and L.Barrie for discussions.


Author information
Authors and Affiliations
	Environment Canada, Downsview, M3H 5T4, Ontario, Canada
C. T. McElroy

	Department of Physics & Astronomy, York University, North York, M3J 1P3, Ontario, Canada
C. T. McElroy,Â C. A. McLindenÂ &Â J. C. McConnell

	Department of Earth & Atmospheric Science, York University, North York, M3J 1P3, Ontario, Canada
J. C. McConnell


Authors	C. T. McElroyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	C. A. McLindenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	J. C. McConnellView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Corresponding author
Correspondence to
                C. T. McElroy.


Rights and permissions
Reprints and permissions


About this article
Cite this article
McElroy, C., McLinden, C. & McConnell, J. Evidence for bromine monoxide in the free troposphere during the Arctic polar sunrise.
                    Nature 397, 338â€“341 (1999). https://doi.org/10.1038/16904
Download citation
	Received: 28 October 1997

	Accepted: 17 November 1998

	Issue Date: 28 January 1999

	DOI: https://doi.org/10.1038/16904


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

                
                    	
                            
                                
                                    
                                        Molecular dynamics simulations of the evaporation of hydrated ions from aqueous solution
                                    
                                

                            
                                
                                    	Philip Loche
	Douwe J. Bonthuis
	Roland R. Netz


                                
                                Communications Chemistry (2022)

                            
	
                            
                                
                                    
                                        Substantial contribution of iodine to Arctic ozone destruction
                                    
                                

                            
                                
                                    	Nuria Benavent
	Anoop S. Mahajan
	Alfonso Saiz-Lopez


                                
                                Nature Geoscience (2022)

                            
	
                            
                                
                                    
                                        A global model study of natural bromine sources and the effects on tropospheric chemistry using MOZART4
                                    
                                

                            
                                
                                    	Gabriela Sousa Santos
	Sebastian Rast


                                
                                Journal of Atmospheric Chemistry (2013)

                            
	
                            
                                
                                    
                                        Selected topics in arctic atmosphere and climate
                                    
                                

                            
                                
                                    	William Perrie
	Zhenxia Long
	N. T. Oâ€™Neill


                                
                                Climatic Change (2012)

                            
	
                            
                                
                                    
                                        An ozone depletion event in the sub-arctic surface layer over Hudson Bay, Canada
                                    
                                

                            
                                
                                    	B. A. Ridley
	T. Zeng
	A. Richter


                                
                                Journal of Atmospheric Chemistry (2007)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                     Bromine explosion
                

                
	Paul Wennberg



                
    
        
            Nature
        
        News & Views
        
        
            28 Jan 1999
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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: ]
