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            Abstract
Understanding the causes of recent catastrophic ice shelf disintegrations is a crucial step towards improving coupled models of the Antarctic Ice Sheet and predicting its future state and contribution to sea-level rise. An overlooked climate-related causal factor is regional sea ice loss. Here we show that for the disintegration events observed (the collapse of the Larsen A and B and Wilkins ice shelves), the increased seasonal absence of a protective sea ice buffer enabled increased flexure of vulnerable outer iceÂ shelf margins by ocean swells that probably weakened them to the point of calving. This outer-margin calving triggered wider-scale disintegration of ice shelves compromised by multiple factors in preceding years, with key prerequisites being extensive flooding and outer-margin fracturing. Wave-induced flexure is particularly effective in outermost ice shelf regions thinned by bottom crevassing. Our analysis of satellite and ocean-wave data and modelling of combined ice shelf, sea ice and wave properties highlights the need for ice sheet models to account for sea ice and ocean waves.
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                    Fig. 1: Linkages and processes in the structural weakening over time, then abrupt disintegration, of the Larsen A and B and Wilkins ice shelves.[image: ]


Fig. 2: Satellite images showing the common features of four disintegration events.[image: ]


Fig. 3: Trend map of satellite-derived annual sea ice season duration for the Weddell and Bellingshausen seas for 1979/1980 to 2009/2010.[image: ]


Fig. 4: Time series showing reduction in sea ice coverage offshore from the Wilkins and Larsen ice shelves, and temporal coincidence with disintegration events.[image: ]


Fig. 5: Results from a sea ice attenuation model and ice shelf-wave flexure model.[image: ]


Fig. 6: Maximum swell-induced strain and enhanced fracture in the ice shelf front zone.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Trends in satellite-derived daily sea ice concentration offshore of the ice shelves for 1979â€“2010.
Data for the Larsen A and B (a) and Wilkins (b) ice shelves are from the boxes marked L and W, respectively, in Fig.Â 3. Red denotes statistical significance at 90% level, while blue is not statistically significant.

                          Source Data
                        


Extended Data Fig. 2 Maps of sea ice concentration anomaly conditions during the five disintegration events.
a, January 1995 (Larsen A); b, Januaryâ€“March 2002 (Larsen B); c, Februaryâ€“March 2008 (Wilkins); d, Mayâ€“July 2008 (Wilkins); and e, Marchâ€“April 2009 (Wilkins), versus the 1979â€“2010 mean for those months. The solidÂ black contour demarcates the contemporary sea ice edge, while the dashed blackÂ contour demarcates the mean climatological (1981â€“2010) ice edge location for the periods in question. SeeÂ Methods for an explanation of the sea ice artefact within the black circle in a. The Larsen A, Larsen B and Wilkins ice shelves are marked as LA, LB and WIS in d. The background map is based on the CIA World Map database (and we produced it using IDL; seeÂ Methods).


Extended Data Fig. 3 Time series of observed wave height and peak wave period and modelled maximum ice shelf strain, in the lead up to and during the Larsen disintegration events.
a, b, Daily significant wave height (blue) and peak wave period (red) within the Larsen boxed region (marked L in Fig.Â 3 for the Larsen A Ice Shelf collapse in 1995 and the Larsen B Ice Shelf collapse in 2002, respectively. c, d, Corresponding model predictions of maximum ice shelf strain for an ice shelf of thickness 80â€‰m, 150â€‰m and 200â€‰m. Pink horizontal bars indicate periods when waves were propagating towards the shelf from the sector 30Â°â€“120Â°Â E, and light blue bars indicate periods when the ice concentration was less thanÂ 40%. Approximate timings of disintegration event onsets are marked as vertical dashed lines.

                          Source Data
                        


Extended Data Fig. 4 Time series of observed wave height and peak period and modelled maximum ice shelf strain, in the lead up to and during the Wilkins disintegration events.
a, b, Daily significant wave height (blue) and peak wave period (red) within the Wilkins boxed region (marked W in Fig.Â 3 for the Wilkins Ice Shelf disintegration events in 2008 and 2009, respectively. c, d, Corresponding model predictions of maximum ice shelf strain for an ice shelf of thickness 80â€‰m, 150â€‰m and 200â€‰m. Pink horizontal bars indicate periods when waves were propagating towards the shelf from the sector 0Â°â€“90Â°Â W, and light blue bars indicate periods when the sea ice concentration was less thanÂ 40%. Approximate timings of disintegration event onsets are marked as dashed lines.

                          Source Data
                        


Extended Data Fig. 5 MODIS visible images of the northern and western boundaries of the Wilkins Ice Shelf showing the presence or absence of landfast ice.
a, 18 January 2006; b, 16 January 2008; c, 17 March 2008; d, 27 December 2008; e, 6 March 2009; and f, 10 April 2009. CI is Charcot Island, LI is Latady Island, RI is Rothschild Island and AI is Alexander Island. Dashed lines denote the approximate seaward limit of the ice shelf. Other features (such as â€˜unconsolidated mÃ©langeâ€™) marked are explained in the text. Imagery from the NASA MODIS instrument was obtained from the NASA NSIDC DAAC archive (http://nsidc.org/data/iceshelves_images/)51.

                          Source Data
                        


Extended Data Fig. 6 Modelled strain magnitude as a function of distance in from the seaward ice shelf edge.
Modelled for an ice shelf of thickness 80â€‰m, 150â€‰m and 200â€‰m and for wave periods 8 s (a), 12 s (b) and 16 s (c). Wave height is 2â€‰m and a regular incident swell is assumed.

                          Source Data
                        


Extended Data Table 1 Monthly, annual and seasonal mean satellite-derived sea ice concentrations for the earlier â€˜ice-covered epochâ€™ from the region offshore of the Larsen A and B ice shelvesFull size table


Extended Data Table 2 Monthly, annual and seasonal mean satellite-derived sea ice concentrations for the later â€˜sea ice loss epochâ€™ from the region offshore of the Larsen A and B ice shelvesFull size table


Extended Data Table 3 Monthly, annual and seasonal mean satellite-derived sea ice concentrations from the region offshore of the Wilkins Ice ShelfFull size table
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