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            Abstract
Mars has lost most of its initial water to space as atomic hydrogen and oxygen. Spacecraft measurements have determined that present-day hydrogen escape undergoes large variations with season that are inconsistent with long-standing explanations. The cause is incompletely understood, with likely contributions from seasonal changes in atmospheric circulation, dust activity and solar extreme ultraviolet input. Although some modelling and indirect observational evidence suggest that dust activity can explain the seasonal trend, no previous study has been able to unambiguously distinguish seasonal from dust-driven forcing. Here we present synoptic measurements of dust, temperature, ice, water and hydrogen on Mars during a regional dust event, demonstrating that individual dust events can boost planetary H loss by a factor of five to ten. This regional storm occurred in the declining phase of the known seasonal trend, establishing that dust forcing can override this trend to drive enhanced escape. Because similar regional storms occur in most Mars years, these storms may be responsible for a large fraction of Martian water loss and represent an important driver of Mars atmospheric evolution.
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                    Fig. 1: Atmospheric response to the Mars Year 34 C regional dust event.[image: ]


Fig. 2: Paradigm for dust-driven and seasonal versus impulsive escape at Mars.[image: ]
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                Data availability

              
              MCS-derived and IUVS radiance data shown in Fig. 1 are available to the public on the Planetary Data System Planetary Atmospheres Node (MCS, https://atmos.nmsu.edu/data_and_services/atmospheres_data/MARS/mcs.html; IUVS, https://atmos.nmsu.edu/data_and_services/atmospheres_data/MAVEN/maven_iuvs.html). NOMAD and ACS data are available on the Planetary Science Archive of the European Space Agency at https://archives.esac.esa.int/psa. Complete datasets of retrieved water abundances from NOMAD are available on the BIRA-IASB data repository at http://repository.aeronomie.be/?doi=10.18758/71021054. ACS water data are available at http://exomars.cosmos.ru/ACS_Results_stormy_water_vREzUd4pxG.

            

Code availability

              
              Figure 1 results from plotting the accessible datasets described previously. The data reduction procedures to produce these data for the MCS, IUVS, NOMAD and ACS datasets are described in the Methods and references therein.
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Extended data

Extended Data Fig. 1 Geometry of MAVEN apoapsis location throughout the MAVEN mission.
MAVEN orbit numbers and Earth Year/Month dates are shown on the bottom axis, with Mars Year and Ls on the top axis. The blue/brown and green curves show the location of MAVEN’s apoapsis in solar zenith angle (SZA) and local time, and in geographic latitude, respectively. The tan curve shows the latitude of the subsolar point. Intermittent spacecraft activities such as MAVEN Deep Dips (DD-X), Earth-Sun-Mars conjunctions, and the recent aerobraking campaigns are also indicated. IUVS Stellar occultation campaigns are indicated with the star icons. Time periods useful for IUVS H loss measurements occur when apoapsis SZA and latitude are both close to zero and occur relatively rarely in the dataset. Unfortunately these time periods are relatively rare in the dataset.


Extended Data Fig. 2 Geometry of TGO and IUVS observations shown in Fig. 1.
Points show the Mars surface geometry of the point along the observation line of sight with minimum ray height. For TGO, occultations are made in both hemispheres, but Fig. 1 shows only Southern Hemisphere data. MCS observations are made at 3 PM across all latitudes, and zonally averaged across longitudes, and so are not shown here. Both TGO and IUVS observing geometry evolved with time over the period of the study, with minimal impact on the conclusion that regional storms can make possible large amounts of high-altitude water that subsequently increases coronal H abundances and loss rates.


Extended Data Fig. 3 Comparison of middle atmosphere water retrievals.
From top to bottom, water retrieved in the Northern Hemisphere by ACS and NOMAD; MCS water retrievals using the methods of Heavens et al. 2018; and Southern Hemisphere water retrievals from ACS and NOMAD. Data presented in the text comes from the Southern Hemisphere, from ACS before Ls 330, and from NOMAD afterward. Color scales are unique to each instrument for clarity, but because these schemes are perceptual the perceived darkness in each panel is a trustworthy indicator of the water abundance retrieved. ACS retrieved abundances are higher than NOMAD abundances and display larger variations; MCS retrievals are higher than both and limited in altitude range.





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Chaffin, M.S., Kass, D.M., Aoki, S. et al. Martian water loss to space enhanced by regional dust storms.
                    Nat Astron 5, 1036–1042 (2021). https://doi.org/10.1038/s41550-021-01425-w
Download citation
	Received: 12 August 2020

	Accepted: 07 June 2021

	Published: 16 August 2021

	Issue Date: October 2021

	DOI: https://doi.org/10.1038/s41550-021-01425-w


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

                
                    	
                            
                                
                                    
                                        Alternate oscillations of Martian hydrogen and oxygen upper atmospheres during a major dust storm
                                    
                                

                            
                                
                                    	Kei Masunaga
	Naoki Terada
	Ichiro Yoshikawa


                                
                                Nature Communications (2022)

                            
	
                            
                                
                                    
                                        Observations and Modeling of Martian Auroras
                                    
                                

                            
                                
                                    	S. A. Haider
	K. K. Mahajan
	J. C. Gérard


                                
                                Space Science Reviews (2022)

                            
	
                            
                                
                                    
                                        The Emirates Mars Mission
                                    
                                

                            
                                
                                    	H. E. S. Amiri
	D. Brain
	M. Yousuf


                                
                                Space Science Reviews (2022)

                            
	
                            
                                
                                    
                                        The Emirates Mars Ultraviolet Spectrometer (EMUS) for the EMM Mission
                                    
                                

                            
                                
                                    	Gregory M. Holsclaw
	Justin Deighan
	Kush Tyagi


                                
                                Space Science Reviews (2021)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    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 Astronomy (Nat Astron)
                
                
    
    
        ISSN 2397-3366 (online)
    
    


                
    

            

        

    




    
        
    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 — 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: ]
