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49  Abstract. Antarctic sea ice plays a critical role in the Earth system, influencing energy, heat, and
50  freshwater fluxes, air-sea gas exchange, ice shelf dynamics, ocean circulation, nutrient cycling, marine
51  productivity, and global carbon cycling. However, accurate simulation of recent sea-ice changes remains
52 challenging, and therefore projecting future sea-ice changes and their influence on the global climate
53 system is uncertain. Reconstructing past changes in sea-ice cover can provide additional insights into
54  climate feedbacks within the Earth system at different timescales. This paper is the first of two review
55  papers from the Cycles of Sea Ice Dynamics in the Earth system (C-SIDE) Working Group. In this first
56  paper, we review marine- and ice core-based sea-ice proxies and reconstructions of sea-ice changes
57  throughout the last glacial-interglacial cycle.

58  Antarctic sea-ice reconstructions rely mainly on diatom fossil assemblages and highly branched
59  isoprenoid (HBI) alkenes in marine sediments, supported by chemical proxies in Antarctic ice cores.
60  Most reconstructions for the Last Glacial Maximum (LGM) suggest winter sea-ice expanded all around
61 Antarctica and covered almost twice its modern surface extent. In contrast, LGM summer sea-ice
62  expanded mainly in the regions off the Weddell and Ross seas. The difference between winter and
63  summer sea ice during the LGM led to a larger seasonal cycle than today. More recent efforts have
64  focused on reconstructing Antarctic sea-ice during warm periods, such as the Holocene and the Last
65  Interglacial (LIG), which may serve as an analogue the future. Notwithstanding regional heterogeneities,
66  existing reconstructions suggest sea-ice cover increased from the warm mid-Holocene to the colder Late
67  Holocene, with pervasive decadal-to-millennial scale variability throughout the Holocene. Sparse
68  marine and ice core data, supported by proxy modelling experiments, suggest that sea-ice cover was
69  halved during the warmer LIG, when global average temperatures were ~2°C above the pre-industrial
70 (PD).

71  There are limited marine (14) and ice core (4) sea-ice proxy records covering the complete 130,000 year
72 (130 ka) last glacial cycle. The glacial-interglacial pattern of sea-ice advance and retreat appears
73 relatively similar in each basin of the Southern Ocean. Rapid retreat of sea ice occurred during
74  Terminations II and I, while the expansion of sea ice during the last glaciation appears more gradual,
75  especially in cores data sets. Marine records suggest that the first prominent expansion occurred during
76  Marine Isotope Stage (MIS) 4 and that sea ice reached maximum extent during MIS 2. We however
77  note that additional sea-ice records and transient model simulations are required to better identify the
78  underlying drivers and feedbacks of Antarctic sea-ice changes over the last 130 ka. This understanding

79 s critical to improve future predictions.
80
81 1. Introduction

82  Seaice is a vital component of the Southern Ocean (SO), exerting influence on water mass properties,

83  ocean dynamics (Maksym, 2019) and ecosystem functioning (Massom and Stammerjohn, 2010) (Figure
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84  1). The formation of sea ice within large coastal polynyas around Antarctica results in brine rejection,
85  leading to the formation and sinking of Dense Shelf Water (DSW). In some regions (Weddell Sea, Ross
86  Sea, Adelie Land, Cape Darnley), this DSW contributes to the formation of Antarctic Bottom Water
87  (AABW; Rintoul, 1998, 2018; Ohshima et al., 2013), which plays an important role in ventilating the
88  bottom waters of the global ocean (Purkey et al., 2018). The melting of sea ice also adds buoyancy to
89  waters that are upwelled in the SO, helping transform deep waters into mode and intermediate waters
90  found in the Atlantic, Indian, and Pacific basins (Abernathey et al., 2016; Pellichero et al., 2018). Sea
91  ice has been proposed as an important long-term modulator of global ocean circulation through its
92  influence on surface buoyancy fluxes that control the interface between the shallow and deep SO
93 overturning cells (Ferrari et al., 2014) and the overturning rate of the deep ocean (Galbraith and Skinner,
94 2020).
95  Sea-ice cover also influences atmospheric energy fluxes by reducing the solar heating (ice-albedo effect)
96  of the ocean (Hall, 2004), air-sea fluxes of sensible and latent heat, and by reducing the vertical ocean
97  mixing (surface stratification effect) when sea-ice melts (Goosse and Zunz, 2014; Lecomte et al., 2017;
98  Maksym, 2019). Landfast ice (sea ice that is attached to icebergs or land) has also been shown to dampen
99  the mechanical impact of ocean swell onto ice shelves that are flowing out of the Antarctic ice sheet,
100  therefore increasing the ice shelves’ stability, and preventing them from calving (Greene et al., 2018;
101  Massom et al., 2018).
102 Seaice has a strong influence on nutrient and carbon cycling along with marine ecosystem functioning
103 throughout the SO. Sea-ice formation in autumn and winter results in the sinking of CO»-enriched brine,
104  while the sea-ice cover prevents the exchange of CO; between the surface waters and the atmosphere
105  (Arrigo and van Dijken, 2007; Rysgaard et al., 2011). In spring and summer sea ice melt forms a low-
106 density lid enriched in micro- and macro-nutrients at the ocean surface (Lannuzel et al., 2010),
107  supporting biological productivity that acts as a carbon sink (Vancoppenolle et al., 2013; Takao et al.,
108  2020). Another area of high biological productivity are in polynyas, where open water surrounded by
109  sea ice often support dense algal blooms (Arrigo and van Dijken, 2003; Arrigo et al., 2015; DeJong and
110 Dunbar, 2017) that subsequently die and sink to the bottom transferring large amount of organic carbon
111 to the seafloor (DeJong and Dunbar, 2017). Sea-ice presence can also have direct or indirect impacts on
112 other components of the Antarctic marine ecosystem (Massom and Stammerjohn, 2010). Phytoplankton
113 within sea-ice melt or coastal polynyas provides the primary food source for zooplankton and the
114 cascading food chain (Eicken, 1992; Loeb et al., 1997; Norkko et al., 2007; Ainley et al., 2017;
115 Labrousse et al., 2018; Wing et al., 2018; Rossi et al., 2019). Sea ice also provides a direct substrate for
116  algae, and an important resting and breeding platform for large predators such as penguins and seals
117 (Fraser et al. 1989; Ancel et al. 1992; Labrousse et al., 2017). Thus, Antarctic sea ice plays an important
118  physical, biogeochemical, and ecological role that is observed around the Antarctic margin, the SO and

119 further afield.
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121  Figure 1. Major feedbacks and interactions between Antarctic sea ice and the ocean, biosphere,
122 atmosphere, and cryosphere.
123
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124 After decades of expansion (Hobbs et al., 2016; Comiso et al., 2017), Antarctic sea ice has been
125  declining since 2014, with satellite images showing Antarctic summer and winter sea ice (SSI and WSI,
126 respectively) at a minimum compared to the average for the 1981-2010 period (Parkinson, 2019, 2021).
127  The causes of this expansion and subsequent decline are not yet fully understood, but may be related to
128  complementary processes such as deepening of the ozone hole (Ferreira et al., 2015), freshening of
129  surface waters due to ice shelf melt (Bintanja et al., 2013; Rye et al., 2020) or changes in atmospheric
130 circulation, wind stress and thermodynamic processes linked to the Southern Annular Mode (SAM) and
131 El Nifio-Southern Oscillation (ENSO) (Hall and Visbeck, 2002; Holland and Kwok, 2012; Matear et al.,
132 2015; Kwok et al., 2016; Turner et al., 2016; Kusahara et al., 2019; Maksym, 2019; Yang et al., 2021;
133 Fogt et al., 2022). Climate models that were part of the Third, Fifth, and Sixth Coupled Model
134 Intercomparison Projects (CMIP3, CMIP5, and CMIP6, respectively), used by the United Nations
135  Intergovernmental Panel on Climate Change (IPCC), have predicted that the WSI extent is expected to
136 decline between 24 and 34% by 2100 (Arzel et al., 2006; Bracegirdle et al., 2008; IPCC, 2013; Roach
137 et al., 2020). The greatest declines are expected in the Amundsen, Bellingshausen, and Weddell seas.
138  The projected changes in sea ice over the coming century are expected to have implications for changes
139  in ocean (Swingedouw et al., 2008) and atmospheric circulation patterns (England et al., 2020), heat
140  transport, marine productivity (Arrigo et al., 2008), as well as nutrient and carbon cycling (Pant et al.,
141 2018; Vernet et al., 2019). However, models do not capture the overall observed trends or regional
142 variability over the historical period (Maksym et al., 2012; Turner et al., 2013; Zunz et al., 2013;
143 Maksym, 2019) and there remains uncertainty about sea-ice parametrization (Blockley et al., 2020), and
144 therole of mesoscale eddies in ice area trends (Rackow et al. 2022). Thus, projections of future Antarctic
145  sea-ice extent and the associated climate implications are highly uncertain.

146 Quantifying past changes in sea ice and its influence on the Earth system is one approach for better
147 understanding the short and long-term feedbacks of sea ice in different climatic contexts, and to provide
148  the data necessary to test our sea-ice modeling capabilities. Our understanding of past sea-ice dynamics
149  over the Pleistocene is based on a limited number of sediment and ice core records. The C-SIDE
150  Working Group (Chadwick et al. 2019; Rhodes et al., 2019) recently compiled an inventory of published
151  marine records that have the potential to provide evidence of changes in sea ice during the past 130,000
152 years. In the present paper, we review how past changes in sea ice are reconstructed from marine and
153 ice core proxies, and we summarize sites with existing records and present reconstructions for key
154  periods of time such as the Last Glacial Maximum, Holocene and warmer-than-PI past interglacial
155  periods. Section 2 describes our current understanding of how sea ice is changing, and some of the
156  challenges faced by models in reproducing these changes. Section 3 describes the proxies used to
157  reconstruct past sea-ice conditions, while Section 4 communicates what we currently know (and do not
158  know) about past sea-ice changes. Section 4 mainly focuses on marine records that allow the
159  reconstruction of the WSI and SSI extent during key periods of time. Finally, Section 5 gives some

160  future directions for Antarctic sea-ice research.
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161 2. Modern sea-ice formation and trends in the Southern Ocean
162 2.1. Formation and decay processes

163  Sea ice forms from the freezing of ocean water. The large decrease in solar energy at high-southern
164 latitudes during austral autumn-winter (Van Den Broeke et al., 2005) cools the atmosphere, which favors
165  the dissipation of ocean sensible heat to the atmosphere, hence cooling the surface water layer (Gordon,
166  1981; Tamsitt et al., 2017). Initial ice crystals form when ocean water reaches a salinity-dependent
167  freezing temperature (-1.9°C for sea water with a salinity of ~34 psu) (Petrich and Eicken, 2017).
168  Abundant solid impurities present in the ocean accelerate ice crystal nucleation, with individual crystal
169  growing up to few millimeters in diameter, but less than a millimeter in thickness (Weeks et al., 1982).
170 Further freezing, accretion and consolidation by winds, ocean currents, waves and swell subsequently
171  produce centimeter-large aggregates (frazil ice) which then form decimeter-large floes/pans in the
172 presence of surface ocean waves (pancake ice). Ultimately, pans are agglomerated in a consolidated
173 sheet that thickens via congelation at the ocean-ice interface and snow accumulation and subsequent
174 flooding at the atmosphere-ice interface (Sturm and Massom, 2017). This consolidated pack-ice ‘lid’
175 drastically reduces heat dissipation to the atmosphere, which provides a negative feedback on sea-ice
176  vertical growth and limits its thickness to ~1 meter (Worby et al., 2008; Petrich and Ficken, 2017).
177  However, thicker sea ice can be found in coastal areas around Antarctica due to dynamic convergence
178  and accretion of platelet ice below the initial sea-ice sheet (Hoppman et al., 2020). Platelet ice are
179  lamellar plates 2-15 cm wide and 1-2 mm thick, formed by the supercooling of Ice Shelf Water at depth,
180  which, due to positive buoyancy, float up to the surface below the congealed sea ice layer (Dieckmann
181 et al., 1986; Langhorne et al., 2015). Large polynyas can be present between the thicker, sometimes
182  multi-year, coastal fast sea ice and the thinner pack ice and serve as “sea-ice factories.” Most of these
183  polynyas are latent-heat polynyas (formed by winds) where new sea ice is continuously formed and
184  transported northward by ocean currents and katabatic winds (Massom et al., 1998).

185 At present, sea ice reaches a peak extent of ~18.10° km? in September (Cavalieri et al., 2003; Cavalieri
186  and Parkinson, 2008) and covers a large part of the SO. The WSI limit reaches as far north as ~55°S in
187  the Atlantic and western Indian sectors, ~60°S in the central Indian sector, and 62-65°S in the eastern
188  Indian and Pacific sectors (Hobbs et al., 2016). The maximum extent is a balance between sea-ice gain,
189  from surface water freezing, equatorward transport, and sea-ice loss at the margin, by ocean and
190  atmosphere induced melting and mechanical break-up (Ackley, 1980; Comiso, 2003). Greater sea-ice
191  extent in the Atlantic and western Pacific sectors is due to intense northward transport by the Weddell
192 and Ross oceanic gyres (Olbers et al., 1992; Comiso, 2003; Nicholls et al., 2009).

193 Sea-ice decay starts in austral spring when solar energy at southern high-latitudes increases, in addition
194  to ocean heat due to direct intrusion of warm waters from lower latitudes (Comiso, 2003). The
195  atmosphere-to-ocean heat flux and the deep-to-surface ocean heat flux were initially thought to play

196  equal roles in sea-ice decay (Gordon, 1981). However, recent models suggest that upwelling of warm

6
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197  water below the ice pack promotes sea-ice thinning through bottom melt, which eventually drives sea-
198  ice spring-summer retreat (Singh et al., 2020). Mechanical breakup at the ice margin and absorption of
199  solar radiation by the ice-free surface ocean in increasingly large leads within the sea ice provide
200  additional positive feedbacks to sea-ice melting and accelerate its decay (Ackley, 1980; Gordon, 1981;
201  Holland, 2014). Mean summer sea-ice extent amounts to ~4.10° km? in February-March and is
202 essentially restricted to the Weddell, Ross, and Amundsen sea embayments (Cavalieri et al., 2003;
203  Cavalieri and Parkinson, 2008). Overall, the Antarctic sea-ice seasonal cycle is asymmetric with a faster

204  decay in spring than formation in autumn.
205
206  2.2. Recent sea-ice changes

207  The satellite era has allowed a precise assessment of Antarctic seasonal sea-ice cover since 1979. Over
208  this period, high spatial variability has been observed in seasonal-to-interannual trends in maximum and
209  minimum sea-ice extents, concentrations, and thickness (Parkinson and Cavalieri, 2012; Yuan et al.,
210 2017; Wang and Wu, 2021). Overall, Antarctic sea-ice extent increased slightly, with a significant trend,
211 between 1979 and 2014 (Simmonds, 2015; Parkinson, 2019). The trend was significant for all seasons,
212 but more pronounced for the fall-winter period (Cavalieri and Parkinson, 2008). The slight increase in
213 total extent was the result of opposing trends in different regions of Antarctica, with a large decrease in
214  sea-ice extent in the Amundsen and Bellinghausen seas offset by a large increase in the western Ross
215 Sea (Zwally et al., 2002; Holland and Kwok, 2012; Fan et al., 2014; Jena et al., 2018; Parkinson, 2019).
216  This regional and inter-annual variability has mainly been attributed to the atmospheric climate modes
217  prevailing over the SO, such as the Antarctic Circumpolar Wave (White and Peterson, 1996; Raphael,
218 2007; Fogt et al., 2022) and the SAM (Kwok and Comiso, 2002; Simpkins et al., 2012; Kohyama and
219  Hartmann, 2015), along with teleconnections to low latitude climate modes such as ENSO (Liu et al.,
220  2002; Yuan, 2004; Hobbs and Raphael, 2010; Deb et al., 2014; Ciasto et al., 2015; Kohyama and
221 Hartmann, 2015; Meehl et al., 2016). After years of increasing extent, there was an exceptional decline
222 in Antarctic sea-ice extent in 2016 (Parkinson et al., 2019), especially in the Weddell and Ross seas
223 (Haoetal.2021). The 2016 minimum has been attributed to a combination of factors, including decades
224 of ocean warming, weakening of Southern Hemisphere Westerly winds, and increased advection of
225  warmer air masses from low latitudes (Doddridge and Marshall, 2017; Nicolas et al., 2017; Stuecker et
226 al., 2017; Turner et al., 2017; Alkama et al. 2020; Eayrs et al. 2021; Sabu et al., 2021). A small rebound
227  in sea-ice extent has been observed in 2020 (Parkinson et al., 2021).

228  CMIP models simulate a large range of responses in Antarctic sea-ice extent and remain unable to
229  capture some of the recently observed sea-ice trends. Most CMIP models simulate a decrease in WSI
230  and SSI over the satellite period (Landrum et al., 2012; Turner et al., 2013; Gagné et al., 2015; Roach et
231  al. 2021), and underestimate ice thickness (Shu et al., 2015). This mismatch may be the result of several
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232 factors. For example, the simulated sea-ice characteristics in CMIP models correlate closely with the
233 simulated wind regimes. Some models do not adequately simulate the recent observed intensification
234 and southward migration of the Southern Hemisphere Westerly Winds (SHWW) (Purich et al., 2016)
235  and the associated poleward advection of warm waters into the Permanently Open Ocean Zone (POOZ)
236  (Delworth and Zeng, 2008; Sigmond and Fyfe, 2010). Although the sea-ice models are increasingly
237  sophisticated (Vancoppenolle et al., 2009; Hunke et al., 2015), the inaccurate representation of polynyas
238  (Morhmann et al., 2021) and SHWW location can impact the ice dynamics in models, including sea-ice
239 melt through evaporation and sublimation (Andreas and Ackley, 1982), and sea-ice formation by floe
240  accretion and sea-ice transport (Wadhams et al., 1987). Inclusion of more realistic floe size distribution
241  may improve representation of the effects of wind-driven waves on ice growth and break-up (Roach et
242 al, 2019). Some important processes may also be missing in the models. Snow ice formation, which
243 occurs as snow on sea ice is submerged or washed with ocean waves, is particularly important in the SO
244  and likely not well represented (Jeffries et al., 2001; Massom et al., 2001). Additionally, the impact of
245  mesoscale eddies on sea-ice accretion and transport is not resolved in the relatively coarse resolution
246  CMIP class models (Hewitt et al. 2020; Li et al., 2021), an important shortcoming given that more recent
247  highresolution climate models simulate a more realistic trend in sea-ice loss over the instrumental period
248  (Rackow et al. 2022). Finally, the diversity in simulated sea-ice conditions may arise from different
249  model responses to climatic modes of variability and atmosphere-ocean-ice interactions at different
250  timescales (Holland et al., 2017; Kusahara et al., 2019). Given the shortcoming mentioned above,
251  models cannot currently robustly assess whether the observed changes in sea ice over the last decades
252 are part of natural climate variability, or a response to anthropogenic forcing (Polvani and Smith, 2013;

253 Hobbs et al., 2014; Jones et al., 2016; Eayrs et al., 2021).

254

255 3. Proxies for past sea-ice changes

256  Our current understanding of the drivers of decadal to multi-decadal variability in Antarctic sea-ice is
257  limited by the brevity of the satellite record (1979-present) and sparse distribution of observations on
258  longer timescales. A longer-term understanding of Antarctic sea-ice extent, offered by paleoclimate
259  data, is crucial to document the natural variability of sea ice, its drivers and feedbacks on the other
260  climatic component from decadal to glacial-interglacial timescales. These data are also pivotal for
261  identifying the pace of sea-ice-climate responses under different mean conditions (such as time periods
262  that were warmer than present) and during climate transitions. Past sea-ice changes are reconstructed
263  using proxies, such as fossil diatom assemblages and specific biomarkers archived in marine sediments,

264  as well as geochemical tracers in polar ice cores (Figure 2).
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266  Figure 2. Relationships between sea ice and sea-ice proxies found in marine sediment and ice core
267  records.

268
269 3.1. Diatoms

270  Diatoms preserved in marine sediments have been used for over 40 years as a way of reconstructing past
271  changes in Antarctic sea ice and sea-surface temperatures (SST) (Armand et al., 2017). Diatoms are
272 phototrophic algae living in the euphotic zone and thus represent environmental conditions of the upper
273 water column. In the SO, diatom assemblages are useful tools for reconstructing past SST because
274  diatoms are widely distributed, and their biogeographic distribution patterns are closely related to
275 surface water temperature (e.g., Zielinski and Gersonde, 1997; Zielinski et al., 1998; Armand et al.,
276  2005; Crosta et al., 2005; Romero et al., 2005; Esper et al., 2010). Furthermore, the abundance patterns
277  of diatoms, specific diatom species, or diatom assemblages are powerful tools for reconstructing
278  Antarctic sea-ice conditions because specific species are found thriving at the sea-ice edge or attached
279  to the sea ice (Armand et al., 2017).

280  Early works (e.g., Hays et al., 1976; DeFelice, 1979a; Cooke and Hays, 1982; Burckle, 1983) used
281  surface sediment lithology for mapping Antarctic sea-ice extent, with diatom-rich oozes found north of
282  the modern WSI edge and diatomaceous muds and pelagic clays under sea-ice covered water (DeFelice,
283 1979b; Burckle et al., 1982). Using these modern sediment lithofacies as a guide, past large-scale sea-
284  ice changes (e.g., glacial-interglacial cycles) were identified in the sediment record (DeFelice, 1979a).
285  The lithological approach was further developed by relating sedimentary biogenic opal content to the
286  WSI extent under the assumption that the majority of sediment-forming diatoms live in open ocean
287  conditions between the WSI edge and the Subantarctic Front (Burckle and Cirilli, 1987; Burckle and
288  Mortlock, 1998). Modern sediments show a strong anti-coherence between their biogenic opal content

289  and the overlying yearly sea-ice concentration, which can be extended back through the sediment record
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290  to reconstruct past sea-ice concentrations (Burckle and Mortlock, 1998). Reconstructed sea-ice
291 concentrations produced this way have a sizeable error (£30%, Burckle and Mortlock, 1998), however,
292 and low biogenic opal content could also be related to temperature and/or nutrient constraints on diatom
293  productivity (Neori and Holm-Hansen, 1982; Chase et al., 2015), dissolution and/or dilution of the
294  biogenic opal (Zielinski et al., 1998), or reworking of sediments by bottom currents.

295  The diatom species assemblage preserved in marine sediments provides a more robust and precise
296  method for reconstructing past sea-ice extent and duration. While diatoms make up almost two-thirds
297  ofthe biota in modern sea ice (Garrison et al., 1986), many of these species that thrive on sea ice are too
298  weakly silicified to be preserved in the underlying sediment (Leventer, 1998). However, several semi-
299  quantitative approaches using more silicified sea-ice related species have been proposed. Burckle (1984)
300  suggested the abundance pattern of the diatom species Eucampia antarctica as a sea-ice indicator, while
301  Kaczmarska et al. (1993) defined an Eucampia-index calculated as the ratio of terminal to intercalary
302  valves to trace the winter sea-ice field. Whitehead et al. (2005) improved the latter approach by
303  calibrating the index with satellite-derived sea-ice data. Leventer (1992) and Leventer et al. (1993)
304  suggested the relative abundance of Chaetoceros and the ratio of Chaetoceros resting spores to
305  vegetative cells to be a potential tool for sea-ice reconstruction. Pike et al. (2009) proposed that the
306  relationship between resting spores of Porosira glacialis and Thalassiosira antarctica has a potential as
307  asemi-quantitative sea-ice proxy, with ratio values >0.1 indicative of sea-ice concentration above 80%
308  and sea-ice duration greater than 7.5 month per year. However, these proxies have not been widely used,
309  probably because of the lack of large-scale modern validation.

310  Gersonde and Zielinski (2000) used information from sediments traps on the timing and magnitude of
311 diatom fluxes from the ocean surface to the seafloor, along with considering diatom preservation and
312 biogenic sediment accumulation, to assess whether diatoms can be used to estimate past WSI and SSI
313 extent. They showed that the combined relative abundances of the more robustly silicified species
314 Fragilariopsis curta and Fragilariopsis cylindrus (FCC), two species thriving at or below martheginal
315  sea-ice margin (Burckle et al., 1987; von Quillfeldt, 2004) (Figure 2), could be considered a qualitative
316  tool to locate the edge of the mean WSI extent (Gersonde et al., 2003). Relative abundances of >3%
317  correspond roughly to an average WSI extent with mean sea-ice concentrations of 50-80% (Gersonde
318 et al., 2005). FCC values between 1 and 3% are considered to mark the maximum WSI extent (mean
319  September sea-ice concentrations <20%) (Gersonde et al., 2003, 2005). It should be noted, however,
320  that the FCC proxy cannot be applied to sediments containing poorly preserved diatom assemblages, i.e.
321 where selective dissolution could alter the relative abundances. Furthermore, because the FCC signal is
322 produced during the spring/summer melt-back of the WSI, it is unrelated to the seasonal duration of the
323  sea ice. Reconstruction of the SSI extent is more challenging. This is because regions covered by sea
324 ice for long periods of the year experience low opal export, poor preservation, and high opal dissolution,
325  which obscure the fossil signal of the SSI edge (Gersonde and Zielinski, 2000). However, the cold-water

326  species (summer sea-surface temperature, SSST, <-1°C) Fragilariopsis obliquecostata is associated
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327  with year-long sea ice and is robustly silicified enough to be preserved in the sediment record (Zielinski
328  and Gersonde, 1997; Gersonde and Zielinski, 2000). This allows the F. obliquecostata relative
329  abundance threshold of >3% to be used as an indicator of the mean February SSI extent (Gersonde and
330  Zielinski, 2000). The above-mentioned limitations suggest that the FCC and F. obliquecostata proxies
331  are generally considered as threshold responses that reflect presence/absence of overlying sea ice rather
332 than sea-ice duration (e.g., month per year). However, it should be noted that the relative abundances of
333 both FCC and F. obliquecostata in modern sediments increase southward with increasing sea-ice
334 concentration and duration (Zielinski and Gersonde, 1997; Armand et al., 2005; Esper et al., 2010)
335  because these species are adapted to very short growing seasons. Therefore, high relative abundances of
336  these species can still provide valuable qualitative information on sea-ice duration.

337  Multiple studies have used inverse statistical models to reconstruct quantitative estimates of past sea-
338  ice concentration and duration using diatom assemblage-based transfer functions (e.g., Crosta et al.,
339 1998; Whitehead and McMinn, 2002; Esper and Gersonde, 2014; Ferry et al., 2015b) with the most
340  popular models being the Imbrie and Kipp Method (IKM; Imbrie and Kipp, 1971) and the Modern
341  Analog Technique (MAT; Hutson, 1980). Crosta et al. (1998; 2004) made siginificant progress using
342 the Modern Analog Technique to reconstruct yearly sea-ice duration in terms of months per year
343 coverage, while Esper and Gersonde (2014) developed MAT and IKM approaches to generate
344  quantitative winter (September) sea-ice concentrations. These approaches generally make use of a large
345  proportion of the diatom assemblage by incorporating around 30 diatom species that generally present
346  a positive or negative relationship to sea-ice duration or sea-ice concentration. A different statistical
347  approach is presented by Ferry et al. (2015b) who applied a generalized additive model (GAM) that only
348  uses diatoms with statistically significant associations and ecologically based links with sea ice. It is
349  important to note that GAM and MAT approaches, despite being based on different statistical
350  approaches, gave similar reconstructions of sea ice over the past 200 ka in a marine sediment core
351  (SO136-111) from the southwest Pacific sector of the SO (Ferry et al., 2015a). The MAT and IKM
352 methods also provided comparable reconstructions of WSI concentration in two cores (PS58/271-1 and
353 PS1768-8) from the Pacific and Atlantic sectors of the SO (Esper and Gersonde, 2014). These results
354  give strong confidence in the diatom transfer function tool to quantitatively estimate past sea-ice
355  changes. These methods generally yield calibration errors on the modern model of about 1 month per
356  year for sea-ice duration (Crosta et al., 1998, 2004) and 10% for WSI concentration (Esper and
357  Gersonde, 2014).

358  Like most proxy methods, diatom-based reconstructions of sea ice are depend on various assumptions
359  and face certain limitations. First, all reconstruction methods rely on the fact that specific diatom species
360  are adapted to use sea ice as a habitat (Thomas and Dieckmann, 2002; Bayer-Giraldi et al., 2010; van
361  Leeuwe et al., 2018) and that this association has not changed through time. A second limitation is the
362  so-called non-analog condition, where fossil assemblages are composed of taxa in numbers that exceed

363  their abundance in the surface sediment reference data set or are dominated by extinct diatom species.
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364  Third, this method requires that diatoms produce well-silicified valves, allowing them to be preserved
365  inthe sediment record. Selective dissolution of less robustly silicified diatom valves results in an overall
366  dominance of a few robust species in the surface and the down-core sediment record (Zielinski et al.,
367  1998; Esper and Gersonde, 2014). Poor preservation may complicate the reconstruction of past sea-ice
368  changes in the region south of the modern WSI edge, especially in cores located beneath yearlong SSI.

369  Regions close to the Antarctic continent require other proxies to complement the diatom record.

370
371  3.2. Highly branched isoprenoids (HBIs)

372 Arelatively new tool for past sea-ice reconstructions are highly branched isoprenoid (HBI) alkenes that
373  are produced by certain diatoms and are generally well preserved in marine sediments (Massé et al.,
374 2011; Belt, 2018). A specific C,s-HBI di-unsaturated alkene (or diene), more recently termed IPSOzs,
375  has been shown to be produced dominantly by the sympagic diatom Berkeleya adeliensis (Belt et al.,
376  2016), which is a common constituent in platelet, bottom, and landfast ice in Antarctic coastal
377  environments (Riaux-Gobin and Poulin, 2004; Riaux-Gobin et al., 2013; Belt et al., 2016) (Figure 2).
378  Very few studies exist on the modern distribution of HBIs, and the first analyses were done directly in
379  sediment cores from the Antarctic continental shelf which had existing diatom counts (Barbara et al.,
380  2010; Denis et al., 2010). However, the few studies performed so far have shown that the concentration
381 of the HBI diene in water and surface sediment samples increases towards the Antarctic coast where
382  heavy sea ice persists in spring-summer (Massé et al., 2011; Smik et al., 2016; Belt, 2018; Vorrath et
383  al, 2019; Lamping et al., 2021). These studies also established the presence of tri-unsaturated C,s-HBI
384  alkenes (or trienes) with the HBI z-triene mostly biosynthesized by open ocean diatoms, such as those
385  belonging to the genus Rhizosolenia (Belt et al., 2017). An increased abundance of the HBI triene in
386  surface waters and underlying sediments is associated with enhanced phytoplankton production near the
387  marginal ice zone (Collins et al., 2013; Smik et al., 2016). Thus, paired records of IPSO»s and the HBI
388 triene, and especially the ratio of the two biomarkers, reflect the relative contributions of sea-ice algae
389  and open-water algae to phytoplankton productivity and, therefore, allow for improved reconstructions
390  of seasonal sea-ice conditions/ice margin position (Barbara et al., 2010, 2016; Denis et al., 2010; Massé
391  etal, 2011; Etourneau et al., 2013). Organic compounds such as HBIs may undergo some degradation,
392 especially the triene, through abiotic and bacterial degradation in the water column and during early
393  diagenesis in the sediments (Sinninghe Damsté et al., 2007; Massé et al., 2011; Rontani et al., 2014;
394 2019), or in laboratory repositories if storage conditions are not optimized (Sinninghe Damsté et al.,
395  2007; Cabedo-Sanz et al., 2016). Differential effects of degradation on the HBI diene and triene might
396  bias the diene/triene ratio observed in sediment records (Rontani et al., 2019). Therefore, caution is
397  advised before analyzing and interpreting HBI data with respect to past sea-ice conditions. HBIs have
398  been measured back to 60 ka BP in deep-sea cores from the Scotia Sea, with down-core variations

399  showing good agreement with the diatom assemblage sea-ice proxies (Collins et al., 2013). This analysis
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400  indicates that the HBIs, whether locally produced or advected, can remain very well preserved in marine
401  sediments for long periods of time.

402  Because of the lack of calibration studies, IPSO,s and Diene/Triene proxies have so far only provided
403 qualitative information, with higher values suggesting the presence of heavy sea-ice conditions.
404  Fortunately, a semi-quantitative approach for HBI-based sea-ice reconstructions in the SO — the PIPSO»s
405  index — has recently been proposed by Vorrath et al. (2019) and further developed by Vorrath et al.
406  (2020) and Lamping et al. (2021). The PIPSO,s index is determined as the ratio of IPSO»s to the sum of
407  IPSO»s and a phytoplankton biomarker (HBI triene or phytoplankton sterols; Vorrath et al., 2019).
408 PIPSOss values in surface sediments off the Amundsen Sea, the northern Antarctic Peninsula, and from
409  the southern Weddell Sea appear to show a positive correlation with sea-ice concentration derived from
410  satellite observations and diatom transfer functions (Vorrath et al., 2019, 2020; Lamping et al., 2021).
411  Importantly, the consideration of a phytoplankton biomarker alongside IPSOs helps to avoid the
412  misinterpretation of the absence of the sea-ice biomarker in a sediment sample which may result from
413 ice-free conditions or perennial sea ice and/or ice shelf cover, both conditions inhibiting any ice algae
414 productivity (Lamping et al., 2021). Therefore, while the PIPSO,s index seems a promising tool, further
415  investigations of other environmental parameters such as nutrient and light availability that affect
416  bottom-ice algal growth (Kennedy et al., 2020), and of ice-shelf processes such as the formation and
417  accretion of platelet ice that offer habitat to IPSO,s-synthesizing diatoms, are required to obtain more
418  information on the production and fate of IPSO,s and better constrain its applicability as an Antarctic
419  sea-ice proxy (Lamping et al., 2021). Further attempts to calibrate the PIPSO,s index against
420  observational (i.e., satellite) sea-ice data also require higher circum-Antarctic spatial coverage of HBI

421  analyses conducted on well-dated, ideally by 2'°Pb and '“C, surface sediments.

422

423 3.3. Other approaches: foraminifera, radiolaria, dinoflagellates

424 A new approach using oxygen isotope ratios (5'30) of planktonic and benthic foraminifera was recently
425  proposed to reconstruct WSI extent (Lund et al., 2021). The method relies on the fact that winter sea-
426  ice formation creates a cold, surface mixed layer that persists in sub-surface layers during the spring and
427  summer months. In the SO, this cold “winter water” rests above relatively warmer, deep water and
428  creates an inverted temperature profile that is reflected in estimates of the equilibrium 8'%0 of calcite.
429  Spatial mapping shows that winter water isotherms parallel the modern WSI edge throughout the SO.
430  Additionally, published foraminiferal data from the Atlantic sector yield an estimate of WSI edge
431  consistent with modern observations (Lund et al. 2021). The 8'%0 method is promising because it is
432 grounded in hydrographic conditions associated with sea-ice formation and it takes advantage of
433 foraminiferal §'%0 measurements already used for stratigraphic purposes. However, the method is based

434 on the assumption that winter water consistently tracks WSI extent and that the planktonic foraminifera
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435  (Neogloboquadrina pachyderma) primarily calcifies in winter water. Furthermore, the approach is
436  necessarily limited to places with adequate preservation of foraminifera, such as mid-ocean ridges and
437  plateaus. Thus, as with most paleoceanographic proxies, the 5'%0 method is best used as a complement
438  to existing multi-proxy efforts based on diatom assemblages, HBIs, and opal fluxes, for unambiguous
439  assessment of sea-ice conditions.

440  Assemblages and abundance patterns of radiolaria in SO sea floor sediments vary between open ocean
441  and seasonal sea-ice zones (Lawler et al 2021; Lowe et al. 2022), and show strong potential to develop
442 similar indicator species and transfer approaches to infer sea-ice extent as have been done with diatoms.
443 Dinoflagellate cysts have been used extensively to reconstruct sea-ice extent in the northern hemisphere
444  (e.g. de Vernal et al., 2005). However, similar approaches have proved less suitable in the SO, where
445  dinoflagellate assemblages are of lower diversity that in high northern latitudes (Esper and Zonneveld,
446 2007; Prebble et al. 2013).

447

448  3.4.Ice core proxies

449  Antarctic ice cores provide well-dated, high-resolution records of marine aerosols and of the isotopic
450  composition of water transported in the atmosphere to Antarctica. Variations in the concentration of
451  these species are linked to past changes in sea-ice conditions. Chemical tracers that have proven
452 particularly fruitful for sea-ice reconstruction include: sea salt (usually reported as sea salt sodium,
453  ssNa), bromine (Br) and methane sulfonic acid (MSA). In addition to these aerosols, the stable isotope
454 composition (3'%0) of snowfall is also influenced by sea-ice extent due to the impacts of sea ice on
455  moisture sources conditions, air mass transport, the atmospheric hydrology, and temperature over
456  Antarctic, all of which determine 8'®0 in snow. Thus in each case, sea-ice conditions alter the
457  atmospheric conditions of the region and this is reflected in the composition of snow that is subsequently
458  archived in the ice core (Figure 2). However, as with all tracers in ice cores, the preservation of ssNa,
459  Br, MSA and 8'30 signals is often influenced by several factors in addition to sea ice, which necessitate
460  care in their interpretation. Despite this, the regionally integrated and higher temporal resolution
461 information provided by ice cores complements location-specific information about the precise position
462  of the sea ice edge obtained from marine sediment proxies.

463 For the purposes of this review, we focus only on ssNa, Br and §'%0. This is because, while MSA can
464  be an effective tracer of sea-ice extent over decadal timescales (Thomas et al., 2019), it has not proven
465  useful over orbital to millennial timescales due to poor signal preservation (Weller et al., 2004; Abram

466  etal., 2013).
467

468
469
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470  3.4.1. Sea-salt sodium (ssNa)

471  Sublimation of salty snow from the sea-ice surface is an efficient source of sea-salt aerosols over the
472 SO, according to recent field measurements (Giordano et al., 2018; Frey et al., 2020) and atmospheric
473 modelling studies (Yang et al., 2008, 2019; Huang et al., 2018). In fact, the sea-ice surface appears to
474 be a more important source of sea salt than bubble-bursting over the open ocean in the polar regions
475  (Yang et al., 2008). This recognition forms the basis for interpreting ssNa in ice cores as a qualitative
476  tracer of Antarctic WSI extent. Antarctic snow and aerosol measurements support this idea, because
477  ssNa concentrations in ice cores are typically higher in winter (relative to summer), when sea ice is
478  expanded, and an open-ocean source is further away. It is also supported by the fact that the ratio of Na*
479  to sulfate (SO4¥) in aerosols transported to the ice sheet is fractionated relative to seawater, characteristic
480  of mirabilite salt precipitation in, or on, sea ice (Wagenbach et al., 1998; Jourdain et al., 2008). Although
481 early studies implicated frost flower crystals as the source of this sea salt (e.g., Rankin et al., 2002), they
482  are surprisingly difficult to break apart and entrain (Roscoe et al., 2011; Abram et al., 2013).

483  Coastal Antarctic ice core records with sub-annual resolution provide the opportunity to calibrate ssNa
484  (and other chemicals) against the satellite record of recent sea-ice change. The potential for ssNa to track
485  sea-ice changes on an annual timescale appears to be site-dependent. Some sites display a positive
486  relationship between ssNa levels and WSI extent over recent decades (lizuka et al., 2008; Rahaman et
487  al., 2016; Severi et al., 2017). In contrast, other Antarctic locations show that recent variability in ssNa
488  1is linked to atmospheric pressure patterns (e.g., Fischer et al., 2004; Vance et al., 2013), while process-
489  based modelling efforts suggest that meteorological activity (e.g., wind speed and direction) exerts a
490  strong control on ssNa levels in ice cores over these short timescales (Levine et al., 2014; Rhodes et al.,
491  2018). It seems likely that ssNa may become a more reliable proxy for sea ice when averaged over
492  several years to remove the influence of meteorological conditions. In addition, the large changes in
493  Antarctic sea-ice extent across glacial-interglacial cycles or millennial scale climate changes are much
494 more likely to leave an imprint on ssNa than the relatively modest recent changes.

495  Thus, ssNa records from Antarctic ice cores are often interpreted as regional records of changes in WSI
496  extent over orbital timescales (Wolff, 2006; Wolff et al., 2010). Comparison between EPICA Dome C
497  ssNa and a sea-ice reconstruction from a marine sediment core located in the moisture source region
498  suggests a good level of agreement, with ssNa increasing with WSI extent during glacial periods;
499  however, the sensitivity of ssNa as a sea-ice proxy appears to weaken during peak glacial periods
500  (Rothlisberger et al., 2010). Conversely, ssNa levels during peak interglacial periods provide valuable
501  information on WSI variability during periods little documented in marine cores (Chadwick et al.,
502 2022a).

503  An alternative interpretation of orbital to millennial ssNa variability is that it is a record of variations in
504  the atmospheric residence time of aerosols in response to fluctuating atmospheric moisture content as

505  temperatures rise and fall (Petit and Delmonte, 2009). Condensation-driven variations in ice core aerosol
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506  concentrations may explain the strong inverse relationship between water isotopes and both ssNa and
507  non-sea salt Ca (nssCa) across a range of timescales (Markle et al., 2018). Although plausible, this
508  simple theory is not yet supported by global simulations of aerosol transport changes across the last
509  deglaciation (Reader and McFarlane, 2003; Mahowald et al., 2006). Indeed, a process-based modelling
510  study, which explicitly accounted for emission, transport, and deposition of sea salt aerosol, has shown
511 that sea-ice expansion could be responsible for a substantial portion of the ssNa increase during the last
512 glacial period relative to the Holocene in Dome C ice core, without needing to invoke meteorological
513 changes (Levine et al., 2014). This supports the qualitative interpretation on orbital timescales.
514  Resolution of this long-standing debate may come from three research opportunities: incorporation of
515  sea-ice-sourced sea salt into global climate models capable of past climate simulations, development of
516  geochemical measurements to trace the origin of sea salt in ice cores (Seguin et al., 2014), and coeval
517  analysis of co-variability in water isotope records and marine and terrestrial aerosols (Markle et al.,

518 2018).

519
520  3.4.2. Bromine enrichment (Brenr)

521 Bromine (Br), a halogen species in Antarctic ice cores, is also derived from sea salt. Its concentration in
522 ice cores results from a complex set of photochemical reactions, collectively known as bromine
523 explosion events. These events occur over the first-year sea-ice zone during the spring months and cause
524 the level of bromine in the atmosphere to sharply increase (Schonhardt et al., 2012). In ice cores, these
525  events are generally recorded as bromine enrichment (Brey,) relative to the seawater Br/Na value. Over
526  the satellite era, Bre, at Law Dome has been inversely correlated to WSI extent in the adjacent ocean
527  (90-110 °E) (Vallelonga et al., 2017). Over longer timescales, the Bren record from Talos Dome shows
528  greatest values during full interglacial periods while a depletion in bromide is observed during glacial
529  periods (Spolaor et al., 2013). This pattern is due to the distance between the sea-ice edge and the ice
530  core site, with a more northerly location of the sea-ice edge during glacial periods increasing the distance
531  between the production source and the ice core site beyond the maximum distance of Br deposition
532 observed today (Spolar et al., 2013; Vallelonga et al., 2021). Halogens seem to be stable in ice over
533 several tens of thousands of years, thus alleviating temporal limitations of MSA (Vallelonga et al.,
534 2021). However, as the atmospheric chemistry of Br introduces additional complexity relative to
535  conservative aerosol tracers such as ssNa, further investigation is needed to fully understand and exploit

536  the potential of this proxy.

537
538  3.4.3. Stable water isotopes (6'%0)

539  The stable isotope composition (5'%0) of snowfall over Antarctic is heavily influenced by sea-ice extent.

540  This is because sea ice exerts a major control on moisture sources’ locations and conditions, subsequent
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541  transport of vapour, the atmospheric circulation and vapour content, and the temperature over Antarctica
542  (which is traditionally considered the main control on §'®0). Thus sea-ice change largely determines
543 30 in snow.

544 Noone and Simmonds (2004) and Holloway et al. (2016) demonstrated, using climate models equipped
545  with the capability to simulate 5'30 in water, that §'%0 varies with sea-ice extent. They showed that less
546  extensive sea ice permits greater transfer of heat and moisture inland and leads to less negative 3'0
547  values. Holloway et al. (2017) provide a suite of 3'®0O-enabled experiments with differing sea-ice extents
548  which help link 3'30 in ice cores with sea-ice change for the LIG. These papers also demonstrated that
549 3“0 from multiple Antarctic ice cores yield more robust information on the most likely sea-ice
550  configuration for this climate period. More broadly, Malmierca-Vallet et al. (2018) also demonstrated
551  that sea-ice change can be quantified from Greenland ice core §'%0 measurements, whilst Sime et al.
552 (2019) showed that the intimate relationship between sea ice and ice sheet surface temperature means
553  that 8'®0 in ice cores tend to provide a record that is reflective of the broadly intertwined effects of sea
554  ice and temperature.

555  Thus 8'®0 and other ice core approaches mentioned above have the potential advantages of providing
556  information for all SO sectors, particularly during time periods when the sea-ice edge is close to the
557  continent (and therefore not overlying the open-ocean sediment cores). However to be most effective,
558  this information should always be checked (whenever and whenever possible) against the precise sea-

559  ice information that can be gleaned from marine cores.

560

561 4. Past sea-ice changes

562  The C-SIDE Working Group (Chadwick et al. 2019; Rhodes et al., 2019) recently compiled an inventory
563  of published marine records that provide evidence of changes in sea ice during the past 130 ka
564  (Chadwick et al., 2022). This compilation shows that ~20 records represent Holocene conditions (0-12
565  ka ago); ~150 records cover the LGM (ca. 21 ka ago) or part of Marine Isotope Stage 2; 14 records
566  capture changes in sea ice back to late Marine Isotope Stage 6 (~130 ka ago); and only 2 records extend
567  beyond MIS 6 (Figure 3). In this section we first summarize reconstructed changes in Antarctic sea ice
568 for the LGM, Holocene, and past warmer-than-PI periods. We then consider what is known about the

569  climate transitions between these periods.
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571  Figure 3. Compilation of marine sea-ice proxy records. Map: locations of sediment cores with published
572 sea-ice records. The 1981-2010 monthly median sea-ice extent is shown for February (grey line) and
573  September (black line) (Fetterer et al., 2017; last access on 29" April 2020). Plot: cumulative number
574  of published sea-ice records vs time from the Atlantic (light grey), Indian (dark grey) and Pacific (light
575  blue) sectors of the Southern Ocean. (Figure adapted from Chadwick et al., 2019). The list of the cores
576  presented herein can be found in Appendix 1.

577
578  4.1. The Last Glacial Maximum (LGM)

579  The only spatially extensive attempts to map WSI and SSI extent have centered on the LGM. The first
580  global reconstruction was completed by the “Climate: Long range Investigation, Mapping, and
581  Prediction” Project (CLIMAP Project Members, 1981), which centered the LGM at ~18 ka BP. This
582  reconstruction was subsequently re-evaluated by the “Multiproxy Approach for the Reconstruction of
583  the Glacial Ocean surface” (MARGO) project (Gersonde et al., 2005; MARGO, 2009), which used the
584  LGM definition (19-23 ka BP) of the ‘‘Environment Processes of the Ice Age: Land, Ocean, Glaciers’
585  (EPILOG) working group (Mix et al., 2001). Several studies have since contributed more detailed
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586  regional LGM reconstructions for the Southwest Atlantic (Allen et al., 2011; Xiao et al., 2016) and
587  Pacific (Benz et al., 2016) sectors of the SO. CLIMAP placed the austral winter and summer sea-ice
588  edge at the faunally identified 0°C winter and summer isotherm, respectively. Other studies used diatom
589  census counts and diatom-based transfer functions.

590  Both CLIMAP and subsequent studies concur on the location of the WSI limit at the LGM (Figure 4).
591 They all suggest that WSI expanded by 5-10° of latitude during the LGM relative to today, leading to a
592  LGM mean WSI surface of ~33 x 10° km? when an equidistant projection system and a LGM Antarctic
593 ice cap of 17 x 10® km? are used (Lhardy et al., 2021). This value for WSI extent is slightly lower than
594  previously published (~39 x 10° km?), using a polar stereographic projection system and a modern
595  Antarctic ice cap for the LGM (Gersonde et al., 2005; Roche et al., 2012). The large LGM WSI cover
596  was likely due to expansion of consolidated sea-ice area with concentrations > 40% (Crosta et al., 1998).
597  Unfortunately, accurate reconstruction of the LGM SSI extent is hindered by low diatom productivity
598  atatime of very high to perennial sea-ice cover and by the lack of adequate sediment records as the SSI
599  limit may have been above abyssal plains where preservation is poor and chronological issues are
600  common. Recent studies suggest an expansion of the glacial SSI in the Atlantic and southwestern Pacific
601  sectors, probably as a result of enhanced transport of sea ice from the Weddell Sea (Gersonde et al.,
602  2005; Allen et al., 2011) and Ross Sea (Benz et al., 2016). SSI expansion was seemingly limited
603  elsewhere (Gersonde et al., 2005), at odds with the original CLIMAP (1981) reconstructions which
604  placed the LGM SSI limit at the modern WSI edge. However, it is long known that CLIMAP
605  reconstructions over-estimated glacial SSI extent (Burckle et al., 1982). Based on the few control points
606  and the modern relationship between sea ice and SST, the current understanding is that the SSI extent
607  was 2-3 times greater (i.e., 8-12 x 10° km?) during the LGM when compared to today (Gersonde et al.,
608  2005; Lhardy et al., 2021; Green et al., 2022). An important implication of this change is that the
609  seasonal cycle of sea-ice expansion and melt was substantially greater during the LGM as compared to
610  today with potential implications for SO and global circulation through the export of brines to the abyssal
611 waters (Shin et al., 2003; Bouttes et al., 2010; Lhardy et al., 2021; Green et al., 2022).

612 Ice core records of ssNa from EDC and EDML similarly suggest that WSI reached its maximum extent
613 between ~27 and 18 ka BP (Wolff et al., 2006; Fischer et al., 2007), but this proxy does not provide the
614  location of the WSI and SSI edges (Figure 4).
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616  Figure 4. Sea-ice reconstructions over the last glacial-interglacial period. Lower plot: ssNa flux in the
617  EDML ice core (black line) (Fischer et al., 2007; here smoothed with 200 years running mean and
618  plotted on AICC2012 timescale (Veres et al., 2012)). Relative abundance of sea-ice (SI) related diatoms
619  and winter sea-ice (WSI) concentration estimates. The F. curta group (light blue shading) is a proxy for
620 WSl presence while F. obliquecostata (dark blue shading) is a proxy for summer sea-ice (SSI) presence.
621  WSI concentration estimates (blue line) are based on the application of the MAT to diatom assemblages
622  in marine sediment core PS1768-8 (Gersonde and Zielinski, 2000) Upper plot: Maps of winter (light
623 blue line) and summer (dark blue line) sea-ice edges in the modern (Hobbs et al., 2016), the Last Glacial
624  Maximum (19-23 ka BP; Gersonde et al., 2005) and the warmer-than-pre-industrial MIS5.5 (125-130
625  ka BP; Holloway et al., 2017). Gray field represents the modern Polar front Zone (Orsi et al., 1995). For
626  the LGM map, the thick dark blue line indicates regions where marine data suggest the presence of SSI
627  while the thin dark blue line indicates regions where SSI is inferred to be south of core sites where SSI
628  was not identified and applying the modern relationship between SSI and SST to LGM SSTs (Lhardy
629  etal., 2021). Location of marine sediment core PS1768-8 shown as a blue dot and EDML ice core shown
630  as a white circle on the modern map.

631
632 4.2. The Holocene

633  The vast majority of sea-ice records covering the Holocene are located on the Antarctic continental
634  shelves, with only a handful of offshore records from the Atlantic sector of the SO (Bianchi and
635  Gersonde, 2004; Nielsen et al., 2004; Divine et al., 2010; Xiao et al., 2016) and the southwest Pacific
636  sector (Ferry et al., 2015a). In coastal Antarctica, diatom and HBI records generally agree at the multi-
637  millennial timescale and allow the Holocene to be separated into three distinct periods, although these
638  periods may not be in phase around Antarctica due to regional environmental responses to long-term

639  forcing and dating uncertainties. During the Early Holocene (~11.5 ka to ~8 ka BP), most coastal records
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640  suggest congruent cool surface ocean and heavy sea-ice conditions, probably in response to high glacial
641  melt fluxes when ice sheets receded (Sjunneskog and Taylor, 2002; Heroy et al., 2008; Barbara et al.,
642  2010; Etourneau et al., 2013; Mezgec et al., 2017; Lamping et al., 2020) because of overall warm air
643 and ocean temperature in the SO (Masson-Delmotte et al., 2011; Shevenell et al., 2011; Totten et al.,
644  2022). A recent analysis of seven Antarctic ice core ssNa records supports this scenario, providing
645  evidence for heavier WSI conditions around the entire continent between 10 ka and 8 ka (Winski et al.,
646  2021). The Mid Holocene (~7 ka to ~4-3 ka) was generally marked by higher SST, and a well-
647  established seasonal sea-ice cycle with a longer ice-free summer. Similarly, the EDML ice core ssNa
648  record indicates reduced sea-ice cover in the South Atlantic sector between 6 ka and 5 ka, while other
649  ice cores suggest little change in other sectors of the SO (Winski et al., 2021). The Late Holocene (~5-
650 3 ka to ~1-0 ka) experienced a return to cool surface waters and heavy sea-ice conditions around
651  Antarctica (Taylor et al., 2001; Sjunneskog and Taylor, 2002; Taylor and Sjunneskog, 2002; Crosta et
652 al, 2008; Allen et al., 2010; Denis et al., 2010; Peck et al., 2015; Barbara et al., 2016; Mezgec et al.,
653 2017; Kim et al., 2018; Li et al., 2021; Totten et al., 2022). A similar increasing trend in Late Holocene
654  seaice is suggested by the ssNa record in the Dome Fuji ice core (lizuka et al., 2008).

655  Marine offshore records from the Polar Front Zone show a different, almost opposite, sea-ice pattern to
656  coastal records. The Early Holocene records display high sea-surface temperatures, and the WSI limit
657 s believed to have been south of 55°S in the Atlantic sector of the SO (Bianchi and Gersonde, 2004;
658 Divine et al., 2010; Xiao et al., 2016). The Mid-Holocene experienced a surface ocean cooling and a
659  global re-expansion of sea ice until 3-2 ka BP. Sea ice possibly retreated again during the Late Holocene,
660  after 2 ka BP (Nielsen et al., 2004).

661 The long-term increase in sea ice near the coast of Antarctica has been explained by a delayed response
662  to orbital forcing and the long memory of the SO (Renssen et al., 2005). It is also believed that increasing
663  glacial meltwater injection into coastal surface waters, as the Antarctic ice sheet retreated, contributed
664 to the rapid increase in sea-ice duration at ~4-4.5 ka BP off Wilkes Land, East Antarctica (Ashley et al.,
665  2020). However, the marine records published to date suggest that heavy sea-ice conditions proximal to
666  Antarctica since ~4 ka BP did not result in a concomitant extended sea-ice cover further from the
667  continent. Such distinctive latitudinal variations have been attributed to the intensification of the
668 latitudinal insolation gradient, primarily forced by obliquity and precession (Denis et al., 2010). This
669  resulted in an intensification of the extra-tropical wind system and greater atmospheric transport toward
670  the pole over the course of the Holocene, limiting sea-ice expansion into the SO despite a cooling world
671  (Denis et al., 2010).

672  High-amplitude, decadal to millennial variations in sea-ice conditions are present throughout the
673  Holocene. Spectral and wavelet analyses have suggested the rapid variability to be forced by solar
674  variability (Leventer et al., 1996; Nielsen et al., 2004; Crosta et al., 2007b), or driven by internal climate
675  wvariability such as thermohaline circulation (Crosta et al., 2007b; Debret et al., 2009) and multi-decadal
676  to multi-centennial expression of ENSO and SAM (Etourneau et al., 2013; Pike et al., 2013; Crosta et
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677  al,2021; Yang et al., 2021). In specific settings such as in the Mertz Glacier region off East Antarctica,
678  the interplay between ice-sheet internal dynamics and the continental shelf seafloor may also yield
679  centennial periodicity (Campagne et al., 2015) that may overlap with climate forcing. The lack of records
680  covering the last 2000 years, however, limits our ability to document sea-ice variability, and its drivers,
681  at a time scale relevant to the recent changes and deconvolve natural and anthropogenic forced

682  variability over the recent decades (Thomas et al., 2019).

683
684  4.3. The Last Interglacial period (LIG)

685  In an effort to evaluate what a future warmer world might look like, researchers have focused on past
686  warmer-than-present intervals. The most studied warmer-than-PI period is the LIG (129-116 ka BP),
687  when global mean annual temperatures were ~1-2°C above PI and atmospheric CO» concentration was
688  similar to PI (Burke et al., 2018; Fischer et al., 2018). Reconstructions of LIG sea ice from marine
689  sediment cores are hampered by the scarcity of records south of 60°S that contain LIG sediments, well
690  preserved sea-ice proxies, and well-constrained age models. Most existing records are located north of
691  the modern WSI extent and they show an extended period when no sea ice was present at the core sites
692  (Chadwick et al., 2020, 2022a). It is therefore clear that the WSI extent during the LIG was substantially
693  reduced when compared with modern conditions. Aerosol sea-ice proxies in ice cores similarly have
694  been qualitatively interpreted as indicative of a reduced WSI cover during the LIG (Wolff et al., 2006;
695  Spolaor et al., 2013). Due to this reduced LIG sea-ice extent it has been difficult to accurately reconstruct
696  the position of the WSI edge using marine core evidence alone. For this reason, there has been a focus
697  onusing 8'30 from multiple Antarctic ice cores to attempt quantify the reduction in sea ice that occurred.
698  Using §'®0 from multiple climate model experiments to deduce the relationship between 8'30 and sea
699  ice extent, Holloway et al. (2016) and Holloway et al. (2017) calculated that LIG WSI extent was
700  roughly half its pre-industrial extent (Figure 4). The calculations (based on differing 8'%0 in each
701  Antarctic ice core) suggest that the reduction in WSI extent was not uniform over the SO, with the
702 greatest reductions relative to Pl in the Atlantic and Indian sectors, 67% and 59% respectively, compared
703  to 43% in the Pacific sector (Holloway et al., 2017). This non-uniform WSI retreat may be related to
704  prolonged meltwater inputs into the North Atlantic Ocean causing heat accumulation in the Southern
705  Hemisphere, with the most intense warming in the Atlantic sector (Holloway et al., 2017, 2018).

706  Although most marine core records of LIG WSI are located too far north to corroborate the likely LIG
707  WSI edge location (Chadwick et al., 2020, 2022a), SST information can be used to provide additional
708  constrain. Recent compilations of SST indicate that the SO was ~1-3°C warmer during the LIG
709  compared to present day (Capron et al., 2014; Chadwick et al., 2020; Shukla et al., 2021). These
710  reconstructions suggest strong LIG polar amplification when compared with middle and low latitude
711  mean annual SSTs (e.g. Hoffman et al., 2017), implying reduced WSI extent in the SO. LIG warming
712 in the SO appears to be both spatially and temporally heterogeneous, however, with the greatest SST
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713 anomalies occurring in sediment cores located near the modern Subtropical Front (Capron et al., 2017;
714 Chadwick et al., 2020), and the Pacific sector seemingly reaching peak SST later than the Atlantic and
715  Indian sectors (Chadwick et al., 2020). These spatial and temporal heterogeneities require further
716  investigation using additional sediment cores.

717  Current marine and ice core data do not constrain LIG SSI. It is however very likely there was
718  substantially less SSI during the peak LIG warm period as compared to modern and PI. Here again
719 models can help constraining SSI. CMIP6 models show a large spread in LIG SSI extent from 0.06 to
720 4.65 x 10 km? and a multi-model mean (MMM) of 1.84 x 10° km? (Otto-Bliesner et al., 2021), the latter
721  being only slightly lower than the lowest SSI extent of 2.3 x 10°km? recorded in February 2017
722 (Parkinson et al., 2021). We however note that none of these experiments are subjected to the prolonged
723 meltwater inputs into the North Atlantic Ocean that preceded the LIG, and that likely caused LIG heat
724  accumulation in the Southern Hemisphere (Holloway et al., 2018). The results obtained by Otto-Bliesner
725  etal.(2021) therefore seemingly represent an upper limit of SSI extent during the LIG peak warm period.

726

727  4.4. Transient changes — deglaciation and glaciation

728 The few long marine records (Crosta et al., 2004; Collins et al., 2013; Esper and Gersonde, 2014; Ferry
729  etal., 2015a; Xiao et al., 2016; Ghadi et al., 2020; Jones et al., 2022) display sharp changes in sea ice
730 during rapid climate transitions from cold glacial periods to warm periods (Figure 4). These sharp
731  changes are likely due to a quick response of sea ice to surface air temperature, SST, and winds. Few
732 records allow us to infer sea-ice dynamics across the last deglaciation, and even fewer across the
733 penultimate one (Figure 3). Although these marine records have relatively low resolution, sea-ice retreat
734 initiates slightly before SST increases in the same cores (depending on the baseline from which changes
735  are inferred). In the Atlantic sector, sea ice retreat began as early as ~19-18 ka at 50°S, its northernmost
736  extent during the LGM (Shemesh et al., 2002; Xiao et al., 2016), and reached 55°S by 16-15 ka (Xiao
737  etal., 2016) (Figure 4). In the Pacific sector, sea ice rapidly retreated at ~20-19 ka from 56°S (Crosta et
738 al., 2004; Ferry et al., 2015a) while in the Indian sector it retreated at ~18 ka BP from 55°S (Ghadi et
739  al.,,2020). Additional well-dated cores are necessary to accurately document and understand the drivers
740  of the sea-ice retreat history across deglaciations.

741  In contrast to the sharp changes in WSI extent inferred from the marine sediment records, ice core
742  records show a more gradual decline in ssNa across the last deglaciation starting from 19 ka
743 (Rothlisberger et al., 2004) (Figure 4). This is because the ssNa flux exhibits a highly non-linear
744  response to sea-ice area (Rothlisberger et al., 2010), and it is likely influenced by other complicating
745  factors discussed in section 4.3.1 (Markle et al., 2018). Interestingly, ice core records suggest that the
746  ssNaresponded in phase with Antarctic air temperature, leading CO; concentrations by around 500 years
747  over the last glacial cycle (Bauska et al., 2021). Given that Antarctic air temperature led CO;

748  concentrations during the last deglaciation (Marcott et al., 2014), it is expected that sea ice as well. If
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749  the phasing can be verified, it would suggest that Antarctic sea ice exerted a strong control on
750  atmospheric CO, concentration changes through its role on global ocean circulation (Gildor and
751 Tziperman, 2000; Ferrari et al., 2014; Marzocchi and Jansen, 2019; Stein et al., 2020).

752 Although very few records cover the last climatic cycle (Figure 3), marine proxy-based sea-ice records
753  show increases in sea-ice cover during cold periods of the last glacial cycle with small expansions during
754  MIS 5 stadial periods and the first important re-advance during MIS 4 (Gersonde and Zielinski, 2000;
755 Crosta et al., 2004; Kohfeld and Chase, 2017; Nair et al., 2019) (Figure 4). This contrasts with the
756  gradual increase in ssNa documented by ice core records (Wolff et al., 2006), which would suggest a
757  progressive sea-ice expansion from the last glacial inception (~116 ka BP) to the last glacial (~20 ka
758  BP). The global and inter-basinal differences in sea-ice changes over the glaciation, are developed in

759  Chadwick et al. (2022b).

760

761 5. Future directions

762  In each section we have highlighted the progress, assumptions, and limitations of each of the sea-ice
763  proxies used to reconstruct different aspects of Antarctic sea ice. Our focus in the following section is
764 not on the future work needed to advance each proxy on its own but rather how the records (and proxies)
765  can be used together to help fill the existing spatio-temporal gaps.

766  The inventory of sea-ice records described above provides a first step in understanding what records are
767  currently available, but also highlights major spatial and temporal gaps, as well as the challenges of
768  developing a comprehensive understanding of past changes in Antarctic sea-ice extent. First, the spatial
769  distribution of these samples reveals several gaps, with ocean sampling limited by preservation issues
770  in deep ocean basins. As a result, samples are clustered along ridges, plateaus and coastal settings, and
771  this distribution has limited our ability to develop latitudinal transects and document the dynamic of sea-
772 ice retreat at deglaciations as well as sea-ice advance during glacial inceptions. Furthermore, coastal
773  sites around Antarctica are limited to the Holocene time period because the expansion of the Antarctic
774  ice cap over the continental shelf during the peak glaciation has eroded sediments deposited during
775  preceding interglacial periods. As such, only sites beyond the continental shelf can be used to reconstruct
776  Antarctic sea-ice extent beyond the Holocene.

777  One important next step in improving our representation of Antarctic sea-ice changes over glacial-
778  interglacial timescales involves the development of multi-proxy approaches. These approaches could
779  involve (a) combining marine and ice core indicators of sea-ice change, (b) combining multiple sea-ice
780  indicators from marine sediments, and (c) integrating data with model simulations. The first approach
781  allows for comparison of open ocean reconstructions and long-term records from Antarctica, but
782  requires a recognition of differences in the spatial representation and processes controlling sea-ice
783  proxies in these environments. Information from marine sediment cores tend to be representative of

784  regional conditions and, as a result, many records are necessary to draw robust interpretations at the
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785  basin scale. In contrast, materials archived in ice cores are generally representative of a much larger
786  spatial area and, thus, can complement marine-based reconstructions. However, ice core proxies
787  represent and integration of oceanic and atmospheric processes, produce only qualitative reconstructions
788  of sea-ice changes, and the signal may become saturated during glacial periods. Combining qualitative
789  and quantitative proxies using a range of reconstruction techniques and archives will provide useful and
790  complementary insights, but producing consistent and coherent interpretations of past time periods from
791  such disparate records remains a challenge.

792 The second potential step forward involves integrating multiple lines of evidence from marine sediment
793 archives themselves. To date, most Antarctic marine-based sea-ice records are inferred from diatom
794  assemblages. Where sediment preservation allows it, the incorporation of planktonic/benthic
795  foraminiferal oxygen isotope reconstructions from down core records has the potential to provide
796  complementary insights into changes in the cold “winter water” formed below WSI. Importantly,
797  thoughtful integration of multiple proxies also has the potential to expand the aerial coverage of our
798  knowledge of sea-ice changes. The current methods of applying transfer functions to reconstruct sea-ice
799  conditions at open ocean sites have been used for many decades, but their robustness drops along the
800  Antarctic continental shelf where the signal-to-noise ratio (i.e., high variability in diatom assemblages
801  despite low ranges of surface conditions) decreases. Other proxies such as HBIs, ancient DNA (De
802  Schepper et al., 2019) or geochemical proxies in mumiyo, the fossilized stomach oil of snow petrels
803  (McClymont et al., 2022), may complement diatom assemblage reconstructions, especially in the coastal
804  regions. When compared to microfossil assemblages and/or other sea-ice indicators from ice cores, these
805  organic proxies may contribute valuable information on the feedback mechanisms between sea ice and
806 ice-shelves because of their potential to reconstruct sea-ice conditions proximal to ice-shelves where the
807  preservation of diatoms is often affected by opal dissolution. However, these new tools still need to be
808  calibrated to provide quantitative sea-ice concentration values, as has been initiated around the Antarctic
809  Peninsula (Vorrath et al., 2019; Lamping et al., 2021). Ultimately, improved spatial and temporal
810  coverage of near-coastal sea-ice conditions for pre-Holocene time intervals such as the last deglaciation
811  and the Last Interglacial period is critical for elucidating the impact of sea-ice variability on ice-shelf
812  dynamics.

813  The third approach is to combine discrete marine records of Antarctic sea ice with climate model
814  simulations to provide a fuller picture of changes in sea-ice cover during past time periods. These type
815  of approaches tend to fall into three distinct categories or strands of work: (i) the use climate model
816  output, including from proxy-enabled models, to help interpret measurements from marine and ice cores;
817  (ii) the use of marine and ice core based sea-ice reconstructions to investigate past transient changes and
818  their underlying processes; and (iii) the assimilation of data into models to help provide better records,
819  and an improved understanding of past sea-ice changes.

820  The first of these strands of model-data work proved valuable in improving our knowledge on the spatial

821  distribution of WSI and SSI fields at the LGM (Lhardy et al., 2021; Green et al., 2022) and the LIG
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822  (Holloway et al., 2016, 2017), and on the associated impacts on the global ocean circulation and carbon
823  cycle (Marzocchi et al., 2017).

824  On the second strand, using transient simulations, sea-ice evolution has been investigated for the last
825  glacial period with coupled models (Menviel et al., 2015) and for the whole 130 ka through models with
826  simplified ocean and sea-ice dynamics (Brovkin et al., 2012; Stein et al., 2020). However, Antarctic sea
827  ice has not been studied in detail therein, and simulations were generally restricted to the total sea-ice
828  extent with little comparison to marine or ice core records of sea ice. Additional transient climate
829  simulations of parts of the last glacial-interglacial cycle, which can provide estimates of the Antarctic
830  sea-ice evolution exist (e.g. Menviel et al., 2012, 2018; Bagniewski et al., 2017; Yeung et al., 2019), but
831  have not been exploited to date. A thorough model-data comparison of the transient changes in Antarctic
832  sea ice over the last glacial-interglacial cycle would improve our understanding of the interaction
833  between changes in climate, sea ice, and ocean circulation. In this vein, Holloway et al. (2018) tested
834  limited-length CMIP-model (2000 year) transient simulations, focused on the LIG, against ice and
835  marine core based reconstructions of SST and sea ice from the SO. This approach suggested that the
836  HI1 event, interrupting the penultimate deglaciation, could explain the SO sea-ice minima and SST
837  maximum recorded at 127 ka, even though some PMIP4 experiments similarly simulate a reduced LIG
838  sea-ice extent under LIG-only boundary conditions (Otto-Bliesner et al., 2020, Yeung et al., 2021).
839  On a third strand, quantitative sea-ice data can also be assimilated into models to direct their trajectories
840  as done recently for the last 2000 years (Crosta et al., 2021). In return, models can provide spatial links
841  to address the geographic gaps that hamper a transect-style approach based solely on the marine and ice
842  core records. Such an approach will facilitate documentation of the dynamics of sea-ice changes over
843 the last glacial cycle and, especially, will help resolve the speed of sea-ice retreat during deglaciations
844  and the speed of advance during glacial inceptions. It will also improve our understanding of the factors
845  driving the differences evident between ocean basins (Chadwick et al., 2022b). Finally, this approach
846  will help refine our understanding of the impact of Antarctic sea ice on the global ocean circulation and

847  carbon cycle through time.
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