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            Abstract
In recent decades, meltwater runoff has accelerated to become the dominant mechanism for mass loss in the Greenland ice sheet1,2,3. In Greenland’s high-elevation interior, porous snow and firn accumulate; these can absorb surface meltwater and inhibit runoff4, but this buffering effect is limited if enough water refreezes near the surface to restrict percolation5,6. However, the influence of refreezing on runoff from Greenland remains largely unquantified. Here we use firn cores, radar observations and regional climate models to show that recent increases in meltwater have resulted in the formation of metres-thick, low-permeability ‘ice slabs’ that have expanded the Greenland ice sheet’s total runoff area by 26 ± 3 per cent since 2001. Although runoff from the top of ice slabs has added less than one millimetre to global sea-level rise so far, this contribution will grow substantially as ice slabs expand inland in a warming climate. Runoff over ice slabs is set to contribute 7 to 33 millimetres and 17 to 74 millimetres to global sea-level rise by 2100 under moderate- and high-emissions scenarios, respectively—approximately double the estimated runoff from Greenland’s high-elevation interior, as predicted by surface mass balance models without ice slabs. Ice slabs will have an important role in enhancing surface meltwater feedback processes, fundamentally altering the ice sheet’s present and future hydrology.
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                    Fig. 1: Meltwater runoff over low-permeability ice slabs in southwest Greenland.[image: ]


Fig. 2: Low-permeability ice slabs on the Greenland ice sheet and peripheral ice caps detected by IceBridge AR (2010–2014).[image: ]


Fig. 3: Ice-slab growth and runoff computed by outputs from RCMs.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Increasing surface runoff from Greenland’s firn areas
                                        
                                    

                                    
                                        Article
                                        
                                         16 June 2022
                                    

                                

                                Andrew J. Tedstone & Horst Machguth

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Extreme melt season ice layers reduce firn permeability across Greenland
                                        
                                    

                                    
                                        Article
                                         Open access
                                         20 April 2021
                                    

                                

                                Riley Culberg, Dustin M. Schroeder & Winnie Chu

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Low elevation of Svalbard glaciers drives high mass loss variability
                                        
                                    

                                    
                                        Article
                                         Open access
                                         14 September 2020
                                    

                                

                                Brice Noël, C. L. Jakobs, … M. R. van den Broeke

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data and code availability

              
              Firn cores presented in Extended Data Fig. 1 are available in the 2018 release of Greenland’s SumUp dataset32. Post-processed GPR and IceBridge AR transects, shapefiles and CSV-summaries are publicly available in Figshare project ‘Greenland Ice Slabs Data’ at https://doi.org/10.6084/m9.figshare.8309777. Codes for post-processing core, GPR, IceBridge AR and RCM data are available at https://github.com/mmacferrin/Greenland_Ice_Slabs. RCM outputs are available from the respective online data repositories for each model and/or upon request from the authors. Greenland boundary outlines used in all maps are available from the Natural Earth open-access GIS repository at https://www.naturalearthdata.com/downloads/.
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Extended data figures and tables

Extended Data Fig. 1 Firn core density profiles.
Firn density is plotted in black with ice layers indicated in blue. a, Firn cores drilled during the ACT-13 campaign5. b, A time series of firn core measurements at the KAN_U field site; data obtained in 2009–2017. c, Firn cores from the BAB_U field site, 40 km southeast of KAN_U, measured in 2015 and 2017.


Extended Data Fig. 2 Map of core locations.
IceBridge flight lines are shown in light blue and 50-m-elevation contours in grey, derived from ArcticDEM dataset31. KAN_U, at an elevation of 1,840 m, is identified on the left. IceBridge flight lines that overlap core locations are highlighted in orange.


Extended Data Fig. 3
RCM calculations of excess melt in pixels in which ice slabs are detected by IceBridge AR data.


Extended Data Fig. 4 Simulated ice slabs in Greenland drainage basins.
a, Area (×103 km2; top) and mean elevation (in metres, ±1 s.d.; bottom) of ice slabs, as detected by IceBridge AR and simulated by RCMs, around 2014. b, Ice slabs simulated using RACMO ERA-Int 2014 model results in each drainage basin.


Extended Data Table 1 Metadata of firn coresFull size table
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Supplementary Information
Text and figures describing the GPR and IceBridge AR processing steps used in the main manuscript (Fig. 2).


Supplementary Table 3
List of derived empirical formula variables for the roll-correction parameters of every IceBridge AR track (Supplementary section S.2.3.2).
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Source Data Fig. 2

Source Data Fig. 3
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