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            Abstract
The propagation of large, storm-generated waves through sea ice has so far not been measured, limiting our understanding of how ocean waves break sea ice. Without improved knowledge of ice breakup, we are unable to understand recent changes, or predict future changes, in Arctic and Antarctic sea ice. Here we show that storm-generated ocean waves propagating through Antarctic sea ice are able to transport enough energy to break sea ice hundreds of kilometres from the ice edge. Our results, which are based on concurrent observations at multiple locations, establish that large waves break sea ice much farther from the ice edge than would be predicted by the commonly assumed exponential decay1,2,3. We observed the wave height decay to be almost linear for large wavesâ€”those with a significant wave height greater than three metresâ€”and to be exponential only for small waves. This implies a more prominent role for large ocean waves in sea-ice breakup and retreat than previously thought. We examine the wider relevance of this by comparing observed Antarctic sea-ice edge positions with changes in modelled significant wave heights for the Southern Ocean between 1997 and 2009, and find that the retreat and expansion of the sea-ice edge correlate with mean significant wave height increases and decreases, respectively. This includes capturing the spatial variability in sea-ice trends found in the Ross and Amundsenâ€“Bellingshausen seas. Climate models fail to capture recent changes in sea ice in both polar regions4,5. Our results suggest that the incorporation of explicit or parameterized interactions between ocean waves and sea ice may resolve this problem.
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                    Figure 1: Deployment location and track of each wave sensor.[image: ]


Figure 2: Decay rates of sensors farther than 100â€‰km from the ice edge.[image: ]


Figure 3: Ice-breaking potential as a function of the distance from the ice edge and the significant wave height at the ice edge.[image: ]


Figure 4: A comparison between the trends in sea-ice extent and significant wave height between 1997 and 2009.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Latitudinal profiles of sea-ice concentration.
ERA-Interim reanalysis of satellite observations34 is averaged between 120Â°â€‰E and 129Â°â€‰E for the peak of each large-wave event: 23 September 2012 at 18:00 (blue long-dashed), 1 October 2013 at 12:00 (green long-dashed) and 7 October 2012 at 12:00 (orange short-dashed) (all dates in utc). The solid line is the mean concentration (120â€‰Â°Eâ€“129Â°â€‰E) between 15 September and 15 October for 1979â€“2012, and the shaded area (yellow) spans the maximum and minimum concentrations over the same time period.


Extended Data Figure 2 Overview of the observations.
Smoothed significant wave height (solid) and smoothed distance from the ice edge (dashed) of the sensor closest to the ice edge (red) and the sensor farthest from the ice edge (blue). The ice edge is derived from the ASI algorithm SSMI-SSMIS sea-ice concentrations29,30,31. Dates are in utc.


Extended Data Figure 3 The power spectral densities during a storm-generated wave event and during calm seas.
a, A storm-generated wave event at 20:00 on 23 September 2012 utc with significant wave heights of 6, 5.5 and 4.2â€‰m at, respectively, 39 (green solid), 51 (red dashed) and 90â€‰km (yellow dotted) from the ice edge. b, Calm conditions at 02:00 on 27 September 2012 utc with significant wave heights of 2, 1.3 and 0.1â€‰m at, respectively, 0 (green solid), 14 (red dashed) and 150â€‰km (yellow dotted) from the ice edge. The shaded regions give the 90% confidence intervals.


Extended Data Figure 4 Trend in the location of the ice edge versus trend in significant wave height for each longitude and each month between 1997 and 2009.
a, The trends during the ice decay season (September to February). b, The trends during the ice growth season (March to August). The Pearson coefficients are given in the top right of each panel (n = 1,727 for each). The linear least-squares approximation during ice decay is âˆ’1.28 (Hs trend)â€‰+â€‰0.02, with a 95% confidence interval of (âˆ’1.39, âˆ’1.16) for the slope. During ice growth, it is âˆ’1.03 (Hs trend)â€‰+â€‰0.01, with a 95% confidence interval of (âˆ’1.12, âˆ’0.94) for the slope.


Extended Data Table 1 Floe size distributionFull size table


Extended Data Table 2 Numbers of data points and missing values for each sensorFull size table


Extended Data Table 3 A comparison of dHs/dx values for the full data set and for data more than 100â€‰km from the ice edgeFull size table
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        Editorial Summary
Sea ice shrinks from the ocean waves
Sea ice is retreating in the Arctic. In the Antarctic it is retreating in some places but expanding in others. These changes have not yet been fully explained. Ocean waves are one factor, tending to destabilize and break up sea ice, but their effects â€” in the absence of firm observational constraints â€” have been assumed to decay exponentially from the ice edge. Alison Kohout and colleagues now use observations from Antarctica to show that in fact the destructive effect of waves greater than three metres in height declines only linearly. Their effect can be felt hundreds of kilometres from the ice edge. The results suggest that ocean waves and the storms that generate them may have a more important role in overall sea-ice trends and spatial variability than was previously thought.
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