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            Abstract
Antarctic sea ice has paradoxically become more extensive over the past four decades despite a warming climate. The regional expression of this trend has been linked to changes in vertical redistribution of ocean heat and large-scale wind-field shifts. However, the short length of modern observations has hindered attempts to attribute this trend to anthropogenic forcing or natural variability. Here, we present two new decadal-resolution records of sea ice and sea surface temperatures that document pervasive regional climate heterogeneity in Indian Antarctic sea-ice cover over the last 2,000 years. Data assimilation of our marine records in a climate model suggests that the reconstructed dichotomous regional conditions were driven by the multi-decadal variability of the El Niño Southern Oscillation and Southern Annular Mode (SAM). For example, during an El Niño/SAM– combination, the northward sea-ice transport was reduced while heat advection from the subtropics to the Southern Ocean increased, which resulted in reduced sea-ice extent in the Indian sector as sea ice was compacted along the Antarctic coast. Our results therefore indicate that natural variability is large in the Southern Ocean and suggest that it has played a crucial role in the recent sea-ice trends and their decadal variability in this region.
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                    Fig. 1: Location of studied marine cores and modern SO hydrographic features.[image: ]


Fig. 2: Intercomparison of sea-ice and climate records over the last 2,000 years.[image: ]


Fig. 3: Mean environmental conditions for the SST+/SIC+ composite and the SST+/SIC– composite based on offline DA using the CESM1-CAM5 model outputs.[image: ]
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                Data availability

              
              Diatom-based sea surface temperature data from core COR1GC can be found at https://doi.org/10.1594/PANGAEA.913621. Diatom and highly branched isoprenoid data from IODP Hole U1357B are available at https://doi.org/10.1594/PANGAEA.924721 and https://doi.org/10.1594/PANGAEA.924723, respectively.

            

Code availability

              
              The results of the Last Millennium Ensemble performed with the CESM1 model are available at https://www.earthsystemgrid.org/dataset/ucar.cgd.ccsm4.CESM_CAM5_LME.html.
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Extended data

Extended Data Fig. 1 Scaling diatom relative abundances to sea-ice presence.
a, Raw relative abundances of the Open Water Diatom (OWD) group in core DTCI2010 off Adélie Land (black line)15 and resampled relative abundances of the OWD group at a 1 year resolution (red line). b, Resampled relative abundance of the OWD group at a 1 year resolution (red line) compared to the length of the yearly sea-ice free season off Adélie Land between 1979 and 2010 (blue line)15. Grey shaded boxes represent the upper and lower end members used to scale the relative abundances of the OWD group to the yearly open water length. c, The mean upper and lower end members used to calculate the equation to scale the OWD group relative abundances to the length of the open season.


Extended Data Fig. 2 Sea-ice duration off Adélie Land over the last 2000 years.
Length of the sea-ice free season (orange line) calculated by applying the equation presented in Extended Data Fig. 1c to the relative abundances of the OWD group in IODP Hole U1357B and length of the sea-ice duration calculated (blue line) by subtracting the ice-free values from 365 days.
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