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            Abstract
The location and persistence of surface water (inland and coastal) is both affected by climate and human activity1 and affects climate2,3, biological diversity4 and human wellbeing5,6. Global data sets documenting surface water location and seasonality have been produced from inventories and national descriptions7, statistical extrapolation of regional data8 and satellite imagery9,10,11,12, but measuring long-term changes at high resolution remains a challenge. Here, using three million Landsat satellite images13, we quantify changes in global surface water over the past 32 years at 30-metre resolution. We record the months and years when water was present, where occurrence changed and what form changes took in terms of seasonality and persistence. Between 1984 and 2015 permanent surface water has disappeared from an area of almost 90,000 square kilometres, roughly equivalent to that of Lake Superior, though new permanent bodies of surface water covering 184,000 square kilometres have formed elsewhere. All continental regions show a net increase in permanent water, except Oceania, which has a fractional (one per cent) net loss. Much of the increase is from reservoir filling, although climate change14 is also implicated. Loss is more geographically concentrated than gain. Over 70 per cent of global net permanent water loss occurred in the Middle East and Central Asia, linked to drought and human actions including river diversion or damming and unregulated withdrawal15,16. Losses in Australia17 and the USA18 linked to long-term droughts are also evident. This globally consistent, validated data set shows that impacts of climate change and climate oscillations on surface water occurrence can be measured and that evidence can be gathered to show how surface water is altered by human activities. We anticipate that this freely available data will improve the modelling of surface forcing, provide evidence of state and change in wetland ecotones (the transition areas between biomes), and inform water-management decision-making.
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                    Figure 1: Different facets of surface water dynamics.[image: ]


Figure 2: Global surface water distribution and changes.[image: ]


Figure 3: Trends in annual permanent water surface area.[image: ]


Figure 4: Surface water changes for the Aral Sea and Tibetan plateau.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Geographic and temporal coverage of the Landsat 5, 7 and 8 L1T archive between 16 March 1984 and 10 October 2015.
a, Total number of unique views. b, First year of imaging. c, Number of scenes per month and year.

Source data



Extended Data Figure 2 Diagram of the expert system classifier.

Extended Data Figure 3 Multispectral feature-space occupied by water and other surfaces.
a, Hue (from SWIR2, NIR, red) versus NDVI. b, Hue versus Value (both from SWIR2, NIR, red). c, Hue versus Saturation (both from SWIR2, NIR, red). d, Hue versus Value (both from NIR, green, blue).


Extended Data Figure 4 Diagram of the validation protocol.
a, Omission error protocol. b, Commission error protocol.


Extended Data Figure 5 Global geographic distribution of validation sample points and error.

Extended Data Figure 6 Mapping the history of surface water occurrence.
a, Examples of increasing surface water occurrence in Myanmar (see inset for regional context). b, Pixel-based temporal profiles showing recurrence by month over 32 years (top), water history by seasonality class and by year over 32 years (middle) and monthly water presence for each year in the water seasonality record, in this case 2011 (bottom). Collectively, the graphs show that at this location (latitude 18.3928°, longitude 96.2633°) there are no valid observations available for the period 1984–1986, in 1993, 1997 or 1998 (the gaps in the middle graph), that before 2011 this was dry land, that the dam formed in 2011 and this point was flooded sometime between April and September (bottom), but since then it has been permanent water (centre), and that in the 32 years of observation water has not been detected in June (no observations have been made in June since the dam filled (top)).


Extended Data Figure 7 Mapping changes in intra-annual persistence (seasonality).
a, Surface water seasonality between October 2014 and October 2015 in the Sundarbans in Bangladesh (see inset). b, Changes in inter-annual persistence between 1984 and 2015. The increase in permanent surface water at the expense of seasonal is indicative of changes in land use from seasonally flooded paddy fields to permanently flooded fishponds.


Extended Data Figure 8 Water transitions map the Parana river.
The regional context is shown in the insets. River channel migration, changes to seasonal water across the floodplain and transitions from permanent to seasonal water (‘New seasonal’) and seasonal to permanent water (‘New permanent’), visible in the figure, are symptomatic of habitat fragmentation and changing ecosystem service delivery.


Extended Data Table 1 Validation resultsFull size table





Supplementary information
Supplementary Information
This file contains Supplementary Tables 1-2. (PDF 432 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Source data
Source data to Fig. 1

Source data to Extended Data Fig. 2




Rights and permissions
Reprints and permissions


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



Cite this article
Pekel, JF., Cottam, A., Gorelick, N. et al. High-resolution mapping of global surface water and its long-term changes.
                    Nature 540, 418–422 (2016). https://doi.org/10.1038/nature20584
Download citation
	Received: 12 April 2016

	Accepted: 19 October 2016

	Published: 07 December 2016

	Issue Date: 15 December 2016

	DOI: https://doi.org/10.1038/nature20584


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

                
                    	
                            
                                
                                    
                                        Spatial comparison of inland water observations from CYGNSS, MODIS, Landsat, and commercial satellite imagery
                                    
                                

                            
                                
                                    	G. K. Pavur
	H. Kim
	V. Lakshmi


                                
                                Geoscience Letters (2024)

                            
	
                            
                                
                                    
                                        Remote Sensing-Based Extension of GRDC Discharge Time Series - A Monthly Product with Uncertainty Estimates
                                    
                                

                            
                                
                                    	Omid Elmi
	Mohammad J. Tourian
	Nico Sneeuw


                                
                                Scientific Data (2024)

                            
	
                            
                                
                                    
                                        Recent intensified erosion and massive sediment deposition in Tibetan Plateau rivers
                                    
                                

                            
                                
                                    	Jinlong Li
	Genxu Wang
	Dongfeng Li


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Land cover changes across Greenland dominated by a doubling of vegetation in three decades
                                    
                                

                            
                                
                                    	Michael Grimes
	Jonathan L. Carrivick
	Alexis J. Comber


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        National-scale remotely sensed lake trophic state from 1984 through 2020
                                    
                                

                            
                                
                                    	Michael F. Meyer
	Simon N. Topp
	Jacob A. Zwart


                                
                                Scientific Data (2024)

                            


                

            

        
    

            
                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
A moving picture of Earth's surface waters
The distribution of surface water has been mapped globally, and local-to-regional studies have tracked changes over time. But to date, there has been no global and methodologically consistent quantification of changes in surface water over time. Jean-François Pekel and colleagues have analysed more than three million Landsat images to quantify month-to-month changes in surface water at a resolution of 30 metres and over a 32-year period. They find that surface waters have declined by almost 90,000 square kilometres—largely in the Middle East and Central Asia—but that surface waters equivalent to about twice that area have been created elsewhere. Drought, reservoir creation and water extraction appear to have driven most of the changes in surface water over the past decades.
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