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            Abstract
Global water transport between oceans and continents during the transition from glacial to interglacial times has been enormous. The viscoelastic solid Earth has been responding to this unloading of large ice masses with a rise of the land masses, in a process termed glacial isostatic adjustment. In addition, significant changes in the land/ocean water distribution occur at present. As both present-day changes in the ice/water thickness and glacial isostatic adjustment affect space geodetic measurements, it is difficult to untangle the relative contributions of these two processes. Here we combine gravity measurements and geodetic data of surface movement with a data-assimilating model of ocean bottom pressure to simultaneously estimate present-day water transport and glacial isostatic adjustment. We determine their separate contributions to movements in the geocentre, which occur in response to changes in the Earthâ€™s mass distribution, with uncertainties below 0.1â€‰mmâ€‰yrâˆ’1. According to our estimates, mass losses between 2002 and 2008 in Greenland, Alaska/Yukon and West Antarctica are 104Â±23, 101Â±23 and 64Â±32â€‰Gtâ€‰yrâˆ’1, respectively. Our estimates of glacial isostatic adjustment indicate a large geocentre velocity of âˆ’0.72Â±0.06â€‰mmâ€‰yrâˆ’1 in the polar direction. We conclude that a significant revision of the present estimates of glacial isostatic adjustments and landâ€“ocean water exchange is required.
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                    Figure 1: Average global PDMT estimates including the atmospheric mass in thickness of water equivalent.[image: ]


Figure 2: Unfiltered GIA geoid height trends.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Bathymetry constrains ocean heat supply to Greenlandâ€™s largest glacier tongue
                                        
                                    

                                    
                                        Article
                                        
                                         03 February 2020
                                    

                                

                                Janin Schaffer, Torsten Kanzow, â€¦ David H. Roberts

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Global ocean freshening, ocean mass increase and global mean sea level rise over 2005â€“2015
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 November 2019
                                    

                                

                                William Llovel, S. Purkey, â€¦ J. Bamber

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Drivers and distribution of global ocean heat uptake over the last half century
                                        
                                    

                                    
                                        Article
                                         Open access
                                         07 September 2022
                                    

                                

                                Maurice F. Huguenin, Ryan M. Holmes & Matthew H. England

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Cox, C. M. & Chao, B. F. Detection of a large-scale mass redistribution in the terrestrial system since 1998. Science 297, 831â€“833 (2002).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Cheng, M. & Tapley, B. D. Variations in the Earthâ€™s oblateness during the past 28 years. J. Geophys. Res. 109, B09402 (2004).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Tapley, B. D., Bettadpur, S., Ries, J. C., Thompson, P. F. & Watkins, M. M. GRACE measurements of mass variability in the Earth system. Science 305, 503â€“505 (2004).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Velicogna, I. Increasing rates of ice mass loss from the Greenland and Antarctic ice sheets revealed by GRACE. Geophys. Res. Lett. 36, L19503 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Chen, J. L., Wilson, C. R., Blankenship, D. & Tapley, B. D. Accelerated Antarctic ice loss from satellite gravity measurements. Nature Geosci. 2, 859â€“862 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Tamisiea, M. E., Leuliette, E. W., Davis, J. L. & Mitrovica, J. X. Constraining hydrological and cryospheric mass flux in southern Alaska using space-based gravity measurements. Geophys. Res. Lett. 32, L20501 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Luthcke, S. B. et al. Recent glacier mass changes in the Gulf of Alaska region from GRACE mascon solutions. J. Glaciol. 54, 767â€“777 (2008).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Luthcke, S. B. et al. Recent Greenland ice mass loss by drainage system from satellite gravity observations. Science 314, 1286â€“1289 (2006).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Dowdeswell, J. A., Benham, T. J., Strozzi, T. & Hagen, J. O. Iceberg calving flux and mass balance of the Austfonna ice cap on Nordaustlandet, Svalbard. J. Geophys. Res. 113, F03022 (2008).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Thomas, R., Frederick, E., Krabill, W., Manizade, S. & Martin, C. ProgressiveÂ increase in ice loss from Greenland. Geophys. Res. Lett. 33, L10503 (2006).

                    Google ScholarÂ 
                

	Pritchard, H. D., Arthern, R. J., Vaughan, D. G. & Edwards, L. A. Extensive dynamic thinning on the margins of the Greenland and Antarctic ice sheets. Nature 461, 971â€“975 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Wingham, D. J., Shepherd, A., Muir, A. & Marshall, G. J. Mass balance of the Antarctic ice sheet. Phil. Trans. R. Soc. A 364, 1627â€“1635 (2006).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Smith, B. E., Bentley, C. R. & Raymond, C. F. Recent elevation changes on the ice streams and ridges of the Ross Embayment from ICESat crossovers. Geophys. Res. Lett. 32, L21S09 (2005).

                    Google ScholarÂ 
                

	Peltier, W. R. Global glacial isostasy and the surface of the ice-age Earth: The ICE-5G (VM2) model and GRACE. Annu. Rev. Earth Planet. Sci. 32, 111â€“149 (2004).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Ivins, E. R. & James, T. S. Antarctic glacial isostatic adjustment: A new assessment. Antarct. Sci. 17, 537â€“549 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Vermeersen, L. L. A. & Sabadini, R. A new class of stratified viscoelastic models by analytical techniques. Geophys. J. Int. 129, 531â€“570 (1997).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Wahr, J., Wingham, D. & Bentley, C. A method of combining ICESat and GRACE satellite data to constrain Antarctic mass balance. J. Geophys. Res. 105, 16279â€“16294 (2000).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Larsen, C. F., Motyka, R. J., Freymueller, J. T., Echelmeyer, K. A. & Ivins, E. R. Rapid viscoelastic uplift in southeast Alaska caused by post-Little Ice Age glacial retreat. Earth Planet. Sci. Lett. 237, 548â€“560 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Wieczerkowski, K., Mitrovica, J. X. & Wolf, D. A revised relaxation-time spectrum for Fennoscandia. Geophys. J. Int. 139, 69â€“86 (1999).
ArticleÂ 
    
                    Google ScholarÂ 
                

	James, T. S., Gowan, E. J., Wada, I. & Wang, K. Viscosity of the asthenosphere from glacial isostatic adjustment and subduction dynamics at the northern Cascadia subduction zone, British Columbia, Canada. J. Geophys. Res. 114, B04405 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Tamisiea, M. E., Mitrovica, J. X. & Davis, J. L. GRACE gravity data constrain ancient ice geometries and continental dynamics over Laurentia. Science 316, 881â€“883 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Trupin, A. S., Meier, M. F. & Wahr, J. M. Effects of melting glaciers on the Earthâ€™s rotation and gravitational field: 1965â€“1984. Geophys. J. Int. 108, 1â€“15 (1992).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Greff-Lefftz, M. Secular variation of the geocenter. J. Geophys. Res. 105, 25685â€“25692 (2000).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Klemann, V. & Martinec, Z. Contribution of glacial-isostatic adjustment to the geocenter motion. Tectonophysics 10.1016/j.tecto.2009.08.031 (2009,Â inÂ theÂ press).

	Altamimi, Z., Collilieux, X., Legrand, J., Garayt, B. & Boucher, C. ITRF2005: A new release of the international terrestrial reference frame based on time series of station positions and Earth orientation parameters. J. Geophys. Res. 112, B09401 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Wu, X., Blom, R. G., Ivins, E. R., Oyafuso, F. A. & Zhong, M. Improved inverse and probabilistic methods for geophysical applications of GRACE gravity data. Geophys. J. Int. 177, 865â€“877 (2009).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Fukumori, I., Raghunath, R., Fu, L. & Chao, Y. Assimilation of TOPEX/POSEIDON data into a global ocean circulation model: How good are the results? J. Geophys. Res. 104, 25647â€“25665 (1999).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Benjamin, D., Wahr, J., Ray, R. D., Egbert, G. D. & Desai, S. D. Constraints on mantle anelasticity from geodetic observations, and implications for the J2 anomaly. Geophys. J. Int. 165, 3â€“16 (2006).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Chao, B. F., Wu, Y. H. & Li, Y. S. Impact of artificial reservoir water impoundment on global sea level. Science 320, 212â€“214 (2008).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Shepherd, A. & Wingham, D. Recent sea-level contributions of the Antarctic and Greenland ice sheets. Science 315, 1529â€“1532 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Trenberth, K. & Smith, L. The mass of the atmosphere: A constraint on global analyses. J. Clim. 18, 864â€“875 (2005).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Leuliette, E. W. & Miller, L. Closing the sea level rise budget with altimetry, Argo, and GRACE. Geohys. Res. Lett. 36, L04608 (2009).

                    Google ScholarÂ 
                

	Steele, M. & Ermold, W. Steric sea level change in the Northern Seas. J. Clim. 20, 403â€“417 (2007).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Sparrenbom, C. J., Bennike, O., Bjorck, S. & Lambeck, K. Relative sea-level changes since 15,000 cal. yr BP in the Nanortalik area, southern Greenland. J. Quat. Sci. 21, 29â€“48 (2006).
ArticleÂ 
    
                    Google ScholarÂ 
                

	Wu, X., Heflin, M. B., Ivins, E. R. & Fukumori, I. Seasonal and interannual global surface mass variations from multisatellite geodetic data. J. Geophys. Res. 111, B09401 (2006).

                    Google ScholarÂ 
                


Download references




Acknowledgements
Part of this work was carried out at the Jet Propulsion Laboratory (JPL), California Institute of Technology, under a contract with the National Aeronautics and Space Administration (NASA), and financially supported through NASAâ€™s International Polar Year, GRACE Science Team and MEaSUREs (through a project led by V.Â Zlotnicki in JPL) programmes. We thank Z.Â Altamimi, S.Â Bettadpur, J.Â Davis, I.Â Fukumori, F.Â Landerer, J.Â Ries, R.Â Riva, D.Â Salstein, M.Â Tamisiea and J.Â Wahr for discussions and help, and Y.Â Xu for editorial assistance. The figures are prepared using the GMT graphics package (Wessel and Smith, EOS, 1991).


Author information
Authors and Affiliations
	Jet Propulsion Laboratory, California Institute of Technology, Mail Stop 238-600, 4800 Oak Grove Drive, Pasadena, California 91109, USA
Xiaoping Wu,Â Michael B. Heflin,Â Danan Dong,Â Richard S. Gross,Â Erik R. Ivins,Â Angelyn W. MooreÂ &Â Susan E. Owen

	DEOS, Faculty of Aerospace Engineering, Delft University of Technology, Kluyverweg 1, Delft, 2629 HS, Netherlands
Hugo SchotmanÂ &Â Bert L. A. Vermeersen

	SRON Netherlands Institute for Space Research, Sorbonnelaan 2, Utrecht, 3584 CA, Netherlands
Hugo Schotman


Authors	Xiaoping WuView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Michael B. HeflinView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Hugo SchotmanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Bert L. A. VermeersenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Danan DongView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Richard S. GrossView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Erik R. IvinsView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Angelyn W. MooreView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Susan E. OwenView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
X.W. formulated the project, conducted the inverse analysis and wrote the paper. M.B.H. produced the JPL GPS time series and participated in work formulation. H.S. and B.L.A.V. provided the viscoelastic deformation code and contributed to forward modelling of GIA. R.S.G. participated in work formulation and worked on consistency of gravity and polar-wander data. E.R.I. provided the IJ05 model and contributed to work formulation. D.D., A.W.M. and S.E.O. contributed to GPS data processing. All authors read the manuscript and discussed the results.
Corresponding author
Correspondence to
                Xiaoping Wu.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Information
Supplementary Information (PDF 1552 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Wu, X., Heflin, M., Schotman, H. et al. Simultaneous estimation of global present-day water transport and glacial isostatic adjustment.
                    Nature Geosci 3, 642â€“646 (2010). https://doi.org/10.1038/ngeo938
Download citation
	Received: 12 January 2010

	Accepted: 16 July 2010

	Published: 15 August 2010

	Issue Date: September 2010

	DOI: https://doi.org/10.1038/ngeo938


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

                
                    	
                            
                                
                                    
                                        Feasibility of a global inversion for spatially resolved glacial isostatic adjustment and ice sheet mass changes proven in simulation experiments
                                    
                                

                            
                                
                                    	Matthias O. Willen
	Martin Horwath
	JÃ¼rgen Kusche


                                
                                Journal of Geodesy (2022)

                            
	
                            
                                
                                    
                                        Hydrology signal from GRACE gravity data in the Nelson River basin, Canada: a comparison of two approaches
                                    
                                

                            
                                
                                    	Tanghua Li
	Patrick Wu
	Holger Steffen


                                
                                Earth, Planets and Space (2018)

                            
	
                            
                                
                                    
                                        Climate-driven seasonal geocenter motion during the GRACE period
                                    
                                

                            
                                
                                    	Hongyue Zhang
	Yu Sun


                                
                                Acta Geophysica (2018)

                            
	
                            
                                
                                    
                                        Earthâ€™s gravity field modelling based on satellite accelerations derived from onboard GPS phase measurements
                                    
                                

                            
                                
                                    	X. Guo
	P. Ditmar
	H. H. Farahani


                                
                                Journal of Geodesy (2017)

                            
	
                            
                                
                                    
                                        Seasonal low-degree changes in terrestrial water mass load from global GNSS measurements
                                    
                                

                            
                                
                                    	Thierry Meyrath
	Tonie van Dam
	Paul Rebischung


                                
                                Journal of Geodesy (2017)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Ice-sheet uncertainty
                

                
	David H. Bromwich
	Julien P. Nicolas



                
    
        
            Nature Geoscience
        
        News & Views
        
        
            15 Aug 2010
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    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
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Press Releases
                                
                            
	
                                
                                    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 Geoscience (Nat. Geosci.)
                
                
    
    
        ISSN 1752-0908 (online)
    
    


                
    
    
        ISSN 1752-0894 (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: ]
