







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 10 April 2019



                    Martian dust storm impact on atmospheric H2O and D/H observed by ExoMars Trace Gas Orbiter

                    	Ann Carine Vandaele1, 
	Oleg Korablev2, 
	Frank Daerden1, 
	Shohei Aoki1, 
	Ian R. Thomas1, 
	Francesca Altieri3, 
	Miguel López-Valverde4, 
	Geronimo Villanueva5, 
	Giuliano Liuzzi5, 
	Michael D. Smith5, 
	Justin T. Erwin1, 
	Loïc Trompet1, 
	Anna A. Fedorova2, 
	Franck Montmessin6, 
	Alexander Trokhimovskiy2, 
	Denis A. Belyaev2, 
	Nikolay I. Ignatiev2, 
	Mikhail Luginin2, 
	Kevin S. Olsen6, 
	Lucio Baggio6, 
	Juan Alday7, 
	Jean-Loup Bertaux2,6, 
	Daria Betsis2, 
	David Bolsée1, 
	R. Todd Clancy8, 
	Edward Cloutis9, 
	Cédric Depiesse1, 
	Bernd Funke4, 
	Maia Garcia-Comas4, 
	Jean-Claude Gérard10, 
	Marco Giuranna3, 
	Francisco Gonzalez-Galindo4, 
	Alexey V. Grigoriev2, 
	Yuriy S. Ivanov11, 
	Jacek Kaminski12, 
	Ozgur Karatekin13, 
	Franck Lefèvre6, 
	Stephen Lewis14, 
	Manuel López-Puertas4, 
	Arnaud Mahieux1, 
	Igor Maslov2, 
	Jon Mason14, 
	Michael J. Mumma5, 
	Lori Neary1, 
	Eddy Neefs1, 
	Andrey Patrakeev2, 
	Dmitry Patsaev2, 
	Bojan Ristic1, 
	Séverine Robert1, 
	Frédéric Schmidt15, 
	Alexey Shakun2, 
	Nicholas A. Teanby16, 
	Sébastien Viscardy1, 
	Yannick Willame1, 
	James Whiteway17, 
	Valérie Wilquet1, 
	Michael J. Wolff8, 
	Giancarlo Bellucci3, 
	Manish R. Patel14, 
	Jose-Juan López-Moreno4, 
	François Forget18, 
	Colin F. Wilson7, 
	Håkan Svedhem19, 
	Jorge L. Vago19, 
	Daniel Rodionov2, 
	NOMAD Science Team & 
	ACS Science Team

Show authors

                    

                    
                        
    Nature

                        volume 568, pages 521–525 (2019)Cite this article
                    

                    
        
            	
                        5967 Accesses

                    
	
                        104 Citations

                    
	
                            413 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Atmospheric chemistry
	Inner planets


    


                
    
    
        
            
                
                    
                        
                    
                
            
            
                
                    A Publisher Correction to this article was published on 17 April 2019

                
            
        

    

    
        
            
                
                    
                        
                    
                
            
            This article has been updated

        

    
    

                
            


        
            Abstract
Global dust storms on Mars are rare1,2 but can affect the Martian atmosphere for several months. They can cause changes in atmospheric dynamics and inflation of the atmosphere3, primarily owing to solar heating of the dust3. In turn, changes in atmospheric dynamics can affect the distribution of atmospheric water vapour, with potential implications for the atmospheric photochemistry and climate on Mars4. Recent observations of the water vapour abundance in the Martian atmosphere during dust storm conditions revealed a high-altitude increase in atmospheric water vapour that was more pronounced at high northern latitudes5,6, as well as a decrease in the water column at low latitudes7,8. Here we present concurrent, high-resolution measurements of dust, water and semiheavy water (HDO) at the onset of a global dust storm, obtained by the NOMAD and ACS instruments onboard the ExoMars Trace Gas Orbiter. We report the vertical distribution of the HDO/H2O ratio (D/H) from the planetary boundary layer up to an altitude of 80 kilometres. Our findings suggest that before the onset of the dust storm, HDO abundances were reduced to levels below detectability at altitudes above 40 kilometres. This decrease in HDO coincided with the presence of water-ice clouds. During the storm, an increase in the abundance of H2O and HDO was observed at altitudes between 40 and 80 kilometres. We propose that these increased abundances may be the result of warmer temperatures during the dust storm causing stronger atmospheric circulation and preventing ice cloud formation, which may confine water vapour to lower altitudes through gravitational fall and subsequent sublimation of ice crystals3. The observed changes in H2O and HDO abundance occurred within a few days during the development of the dust storm, suggesting a fast impact of dust storms on the Martian atmosphere.
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                    Fig. 1: Evolution of dust/cloud extinction during the onset of the GDS.[image: ]


Fig. 2: H2O volume mixing ratio profiles observed by ACS NIR during the onset of the GDS.[image: ]


Fig. 3: H2O, HDO and D/H detections before and during the storm.[image: ]
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                Data availability


The datasets generated by the NOMAD and ACS instruments and analysed in this study will be available in the ESA PSA repository, https://archives.esac.esa.int/psa, after the proprietary period. The datasets used directly in this study, including the data used for the figures, are available from the corresponding author upon reasonable request.



Code availability


The codes used to calculate the dust/aerosol optical depths shown in Fig. 1 are available upon request from the corresponding author. The code used to inverse the NOMAD and ACS spectra and derive density profiles has been favourably compared to the PSG tool, which can be accessed at https://psg.gsfc.nasa.gov/ and which is part of this study. A version of the retrieval code is available at https://psg.gsfc.nasa.gov/helpatm.php#retrieval.
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Extended data figures and tables

Extended Data Fig. 1 Continuum optical depth versus latitude and solar longitude.
The colour denotes the lowest altitude at which the optical depth is less than 1.0, that is, the lowest altitude where sunlight can still penetrate the atmosphere easily. There is a strong latitudinal dependence, with northern and southern high latitudes being relatively clear until the line of sight drops below 10–15 km (blue and dark blue)—except during the Ls = 200°–240° period, where the GDS appears to have raised this altitude to 20–25 km (light blue and cyan).


Extended Data Fig. 2 Impact of the dust storm on NOMAD LNO nadir observations.
a, b, The calibrated radiance at 2.3 μm is shown for two orbits, before (a) and during (b) the dust event, as a function of the latitude. Red lines show the results of a radiative-transfer model. The dust opacity before the GDS is τ = 0.46 at 3 μm, whereas during the event there is an increase by at least a factor of 10 (τ = 4.6). The 1σ error of the data is 8.2 × 10−5 W m−2 sr−1 cm. c, Surface albedo. Black, albedo at 2.33 μm from the OMEGA/Mars Express instrument (corresponding to NOMAD order 190); red, bond albedo from the TES/Mars Global Surveyor instrument, scaled to the OMEGA one.


Extended Data Fig. 3 Atmospheric transmittances measured by NOMAD during the storm.
Data obtained at Ls = 196.64°, latitude 51° N and longitude 148° E, showing HDO absorption features (arrows) appearing at tangent heights of up to 50 km; most of the other absorption features originate from CO2. The transmittances have been normalized by the continuum defined by a fifth-order polynomial applied to eliminate aerosol extinction and instrument effects. The transmittances are plotted with an interval of 0.015 to avoid overlapping.

Source data



Extended Data Fig. 4 Example of NOMAD water-retrieval results.
Top, transmittance measured at a tangent height of 22.2 km (black), best fit (blue) and different simulations with 1 p.p.m. (cyan) and 100 p.p.m. (green) water content. The insets show zooms on two absorption lines of water. Bottom, residuals between the observation and the best fit. The transmittance errors were calculated from the 1σ noise value.


Extended Data Fig. 5 Example of ACS NIR water-retrieval results.
Top, transmittance measured at a tangent height of 34.1 km (black), best fit (blue) and different simulations with no water (cyan), 1 p.p.m. (red) and 50 p.p.m. (green) water content. The insets show zooms on several absorption lines of water. Bottom, residuals between the observation and the best fit. The transmittance errors were calculated from the 1σ noise value.


Extended Data Fig. 6 Extinction of water ice measured by NOMAD.
Results shown as a function of particle size (retrieved effective radius, reff; top) and slant optical depth (in units of km−1; bottom). Data obtained for the solar occultation before the dust storm, on 7 May between 05:40 and 05:46 utc (local time 18:00), which covers the latitude range 44° N to 57° N and the longitude range −122.6° E to −121.4° E.

Source data



Extended Data Fig. 7 Independent retrieval of dust and water ice from the TIRVIM dataset.
Data obtained for a typical southern-hemisphere occultation (20 June 2018; latitude (Lat) 81° N; longitude (Lon) −66° E; egress). Shown is a selection of transmission profiles at five wavelengths (left), the corresponding slant opacities (top centre) and extinction profiles (top right), the retrieved effective radius reff (in micrometres; bottom centre) and the aerosol number density (in cm−3; bottom right). The occultation measurement was performed at orbit 2556 (local time 21:25) and covers the latitude range 81° N to 82° N and the longitude range −67° E to −60° E. The observation corresponds to the ACS MIR H2O and HDO profiles shown in Fig. 3 (yellow curves). The water ice and dust are well distinguished using the 3-µm water-ice absorption band (wavenumber 3,263 cm−1 in the figure). In this case the water-ice cloud is detected at 25–30 km. All errors shown are 1σ.


Extended Data Table 1 Overview of NOMAD and ACS observations of H2O and HDO used in this studyFull size table





Source data
Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 6
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