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Abstract. Antarctic sea ice plays a critical role in the Earth the last 130 ka. This understanding is critical to improve fu-
system, in uencing energy, heat and freshwater uxes, air—ture predictions.
sea gas exchange, ice shelf dynamics, ocean circulation, nu-
trient cycling, marine productivity and global carbon cycling.
However, accurate simulation of recent sea-ice changes rer |ntroduction
mains challenging and, therefore, projecting future sea-ice
changes and their in uence on the global climate system isSea ice is a vital component of the Southern Ocean (SO),
uncertain. Reconstructing past changes in sea-ice cover cakerting in uence on water mass properties, ocean dynam-
provide additional insights into climate feedbacks within the ics (Maksym, 2019) and ecosystem functioning (Massom
Earth system at different timescales. This paper is the rst ofand Stammerjohn, 2010) (Fig. 1). The formation of sea ice
two review papers from the Cycles of Sea Ice Dynamics inwithin large coastal polynyas around Antarctica results in
the Earth system (C-SIDE) working group. In this rst paper, brine rejection leading to the formation and sinking of dense
we review marine- and ice core-based sea-ice proxies and reshelf water (DSW). In some regions (Weddell Sea, Ross Sea,
constructions of sea-ice changes throughout the last glacialAdelie Land, Cape Darnley), this DSW contributes to the for-
interglacial cycle. mation of Antarctic bottom water (AABW; Rintoul, 1998,
Antarctic sea-ice reconstructions rely mainly on diatom 2018; Ohshima et al., 2013) which plays an important role in
fossil assemblages and highly branched isoprenoid (HBIl)ventilating the bottom waters of the global ocean (Purkey et
alkenes in marine sediments, supported by chemical proxal., 2018). The melting of sea ice also adds buoyancy to wa-
ies in Antarctic ice cores. Most reconstructions for the Lastters that are upwelled in the SO, helping transform deep wa-
Glacial Maximum (LGM) suggest that winter sea ice ex- ters into mode and intermediate waters found in the Atlantic,
panded all around Antarctica and covered almost twice itsndian and Paci ¢ basins (Abernathey et al., 2016; Pellichero
modern surface extent. In contrast, LGM summer sea iceet al., 2018). These SO intermediate waters represent the
expanded mainly in the regions off the Weddell and Rossmain source of nutrients for the thermocline and, ultimately,
seas. The difference between winter and summer sea icgsupport low latitudes primary productivity (Sarmiento et al.,
during the LGM led to a larger seasonal cycle than today.2004). Sea ice has been proposed as an important long-term
More recent efforts have focused on reconstructing Antarctionodulator of global ocean circulation through its in uence
sea ice during warm periods, such as the Holocene and then surface buoyancy uxes that control the interface between
Last Interglacial (LIG), which may serve as an analogue forthe shallow and deep SO overturning cells (Ferrari et al.,
the future. Notwithstanding regional heterogeneities, exist-2014) and the overturning rate of the deep ocean (Galbraith
ing reconstructions suggest that sea-ice cover increased fromind Skinner, 2020).
the warm mid-Holocene to the colder Late Holocene with  Sea-ice cover also in uences atmospheric energy uxes by
pervasive decadal- to millennial-scale variability throughoutreducing the solar heating (ice—albedo effect) of the ocean
the Holocene. Studies, supported by proxy modelling ex-(Hall, 2004), air—sea uxes of sensible and latent heat and by
periments, suggest that sea-ice cover was halved during theeducing the vertical ocean mixing (surface strati cation ef-
warmer LIG when global average temperatures weg C fect) when sea ice melts (Goosse and Zunz, 2014; Lecomte
above the pre-industrial (PI). et al., 2017; Maksym, 2019). Landfast ice (sea ice that is at-
There are limited marine (14) and ice core (4) sea-icetached to icebergs or land) has also been shown to dampen
proxy records covering the complete 130 000 year (130 kaxhe mechanical impact of ocean swell onto ice shelves that
last glacial cycle. The glacial-interglacial pattern of sea-iceare owing out of the Antarctic ice sheet, therefore, increas-
advance and retreat appears relatively similar in each basin dfg the ice shelves' stability and preventing them from calv-
the Southern Ocean. Rapid retreat of sea ice occurred duringng (Greene et al., 2018; Massom et al., 2018).
Terminations Il and | while the expansion of sea ice during Sea ice has a strong in uence on nutrient and carbon cy-
the last glaciation appears more gradual especially in ice coreling along with marine ecosystem functioning throughout
data sets. Marine records suggest that the rst prominent exthe SO. Sea-ice formation in autumn and winter results in
pansion occurred during Marine Isotope Stage (MIS) 4 ancthe sinking of CQ-enriched brine while the sea-ice cover
that sea ice reached maximum extent during MIS 2. We,prevents the exchange of Gdetween the surface waters
however, note that additional sea-ice records and transierdind the atmosphere (Arrigo and van Dijken, 2007; Rysgaard
model simulations are required to better identify the under-et al., 2011). In spring and summer, sea-ice melt forms a
lying drivers and feedbacks of Antarctic sea-ice changes ovefow-density lid enriched in micro- and macro-nutrients at the
ocean surface (Lannuzel et al., 2010) supporting biological
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productivity that acts as a carbon sink (Vancoppenolle et al.heat transport, marine productivity (Arrigo et al., 2008) and
2013; Takao et al., 2020). Another area of high biological nutrient and carbon cycling (Pant et al., 2018; Vernet et al.,
productivity are in polynyas where open water surrounded2019). However, models do not capture the overall observed
by sea ice often supports dense algal blooms (Arrigo andsea-ice trends or regional variability over the historical pe-
van Dijken, 2003; Arrigo et al., 2015; DeJong and Dunbar, riod (Maksym et al., 2012; Turner et al., 2013; Zunz et al.,
2017) that subsequently die and sink to the bottom, trans2013; Maksym, 2019) and there remains uncertainty about
ferring large amount of organic carbon to the sea oor (De- sea ice parametrization (Blockley et al., 2020) and the role
Jong and Dunbar, 2017). In these sea-ice environments, def mesoscale eddies in sea-ice area trends (Rackow et al.,
atoms andPhaeocystisepresent the main primary producers 2022). Thus, projections of future Antarctic sea-ice extent
(Wright and van den Enden, 2000; Wright et al., 2010) andand the associated climate implications are highly uncertain.
vectors of carbon to the sea oor (Nissen and Vogt, 2021) Quantifying past changes in sea ice and its in uence on
with diatoms generally being dominant in more strati ed the Earth system is one approach for better understanding the
surface waters (Di Tullio et al., 2000; Arrigo et al., 2010). short- and long-term feedbacks of sea ice in different climatic
Sea-ice presence can also have direct or indirect impacts ocontexts, and to provide the data necessary to test our sea-
other components of the Antarctic marine ecosystem (Masice modelling capabilities. Our understanding of past sea-ice
som and Stammerjohn, 2010). Phytoplankton within sea-icedynamics over the Pleistocene is based on a limited num-
melt or coastal polynyas provides the primary food sourceber of sediment and ice core records. The C-SIDE working
for zooplankton and the cascading food chain (Eicken, 1992group (Chadwick et al., 2019; Rhodes et al., 2019) recently
Loeb et al., 1997; Norkko et al., 2007; Ainley et al., 2017; compiled an inventory of published marine records that have
Labrousse et al., 2018; Wing et al., 2018; Rossi et al., 2019)the potential to provide evidence of changes in sea ice dur-
Sea ice also provides a direct substrate for algae, and an ining the past 130 000 years. In the present paper, we review
portant resting and breeding platform for large predators sucthow past changes in sea ice are reconstructed from marine
as penguins and seals (Fraser et al., 1989; Ancel et al., 1992nd ice core proxies, and we summarise sites with existing
Labrousse et al., 2017). Thus, Antarctic sea ice plays an imrecords and present reconstructions for key periods of time
portant physical, biogeochemical and ecological role that issuch as the Last Glacial Maximum, Holocene and warmer-
observed around the Antarctic margin, the SO and furthetthan-PI past interglacial periods. Section 2 describes our cur-
aeld. rent understanding of how sea ice is changing and some of

After decades of expansion (Hobbs et al., 2016; Comiso ethe challenges faced by models in reproducing these changes.
al., 2017), Antarctic sea ice has been declining since 2014%ection 3 describes the proxies used to reconstruct past sea-
with satellite images showing Antarctic summer and win- ice conditions while Sect. 4 communicates what we currently
ter sea ice (SSI and WSI, respectively) at a minimum com-know (and do not know) about past sea-ice changes. Sec-
pared to the average for the 1981-2010 period (Parkinsortjon 4 mainly focuses on marine records that allow the re-
2019; Parkinson and DiGirolamo, 2021). The causes of thisconstruction of the WSI and SSI extent during key periods of
expansion and subsequent decline are not yet fully undertime. Finally, Sect. 5 gives some future directions for Antarc-
stood but may be related to complementary processes sudit sea-ice research.
as deepening of the ozone hole (Ferreira et al., 2015), fresh-
ening of surface waters due to ice-shelf melt (Bintanja et al., . : :
2013, 2015; Rye et al., 2020) or changes in atmospheric cir—2 Modern sea-ice formation and trends in the

. . : : Southern Ocean

culation, wind stress and thermodynamic processes linked to
the Southern Annular Mode (SAM) and El Nifio—Southern
Oscillation (ENSO) (Hall and Visbeck, 2002; Holland and
Kwok, 2012; Matear et al., 2015; Kwok et al., 2016; Turner Sea ice forms from the freezing of ocean water. The large
et al., 2016; Kusahara et al., 2019; Maksym, 2019; Yang etdecrease in solar energy at high Southern latitudes during
al., 2021; Fogt et al., 2022). Climate models that were part ofaustral autumn—winter (Van Den Broeke et al., 2005) cools
the Third, Fifth and Sixth Coupled Model Intercomparison the atmosphere which favours the dissipation of ocean sensi-
Projects (CMIP3, CMIP5 and CMIP6, respectively), used ble heat to the atmosphere, hence, cooling the surface water
by the United Nations Intergovernmental Panel on Climatelayer (Gordon, 1981; Tamsitt et al., 2017). Initial ice crystals
Change (IPCC), have predicted that the WSI extent is exform when ocean water reaches a salinity-dependent freez-
pected to decline between 24 % and 34 % by 2100 (Arzel eing temperature (1.9 C for sea water with a salinity of
al., 2006; Bracegirdle et al., 2008; IPCC, 2013; Roach et al., 34 psu) (Petrich and Eicken, 2017). Abundant solid im-
2020). The greatest declines are expected in the Amundsepurities present in the ocean accelerate ice crystal nucle-
Bellingshausen and Weddell seas. The projected changes mtion with individual crystal growing up to few millimetres
sea ice over the coming century are expected to have imin diameter but less than a millimetre in thickness (Weeks
plications for changes in ocean (Swingedouw et al., 2008)and Ackley, 1982). Further freezing, accretion and consolida-
and atmospheric circulation patterns (England et al., 2020)tion by winds, ocean currents, waves and swell subsequently

2.1 Formation and decay processes
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Figure 1. Major feedbacks and interactions between Antarctic sea ice and the ocean, biosphere, atmosphere and cryosphere. WW: winter
water, AASW: Antarctic surface water; AAIW: Antarctic intermediate water; mCDW: modi ed circumpolar water; AABW: Antarctic bottom
water; HWWS: high salinity shelf water; mISW: modi ed ice shelf water.
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produce centimetre-large aggregates (frazil ice) which therParkinson, 2008). Overall, the Antarctic sea-ice seasonal cy-
form decimetre-large oes/pans in the presence of surfacecle is asymmetric with a faster decay in spring than formation
ocean waves (pancake ice). Ultimately, pans are agglomerin autumn.
ated in a consolidated sheet that thickens via congelation at
the ocean-ice interface and snow accumulation and subs
quent ooding at the atmosphere—ice interface (Sturm an
Massom, 2017). This consolidated pack-ice lid' drastically The satellite era has allowed a precise assessment of Antarc-
reduces heat dissipation to the atmosphere which provides tic seasonal sea-ice cover since 1979. Over this period,
negative feedback on sea-ice vertical growth and limits itshigh spatial variability has been observed in seasonal-to-
thickness to 1 m (Worby et al., 2008; Petrich and Eicken, interannual trends in maximum and minimum sea-ice ex-
2017). However, thicker sea ice can be found in coastal areatents, concentrations and thickness (Parkinson and Cava-
around Antarctica due to dynamic convergence and accrekeri, 2012; Yuan et al., 2017; Wang and Wu, 2021). Over-
tion of platelet ice below the initial sea-ice sheet (Hoppmanall, Antarctic sea-ice extent increased slightly with a signi -
et al., 2020). Platelet ice are lamellar plates 2—15 cm widecant trend between 1979 and 2014 (Simmonds, 2015; Parkin-
and 1-2 mm thick formed by the supercooling of ice shelf son, 2019). The trend was signi cant for all seasons but more
water at depth which, due to positive buoyancy, oats up to pronounced for the fall-winter period (Cavalieri and Parkin-
the surface below the congealed sea-ice layer (Dieckmanson, 2008). The slight increase in total extent was the result
et al., 1986; Langhorne et al., 2015). Large polynyas can bef opposing trends in different regions of Antarctica with a
present between the thicker, sometimes multi-year, coastdhrge decrease in sea-ice extentin the Amundsen and Belling-
fast sea ice and the thinner pack ice, and serve as “sea-ideausen seas offset by a large increase in the western Ross
factories”. Most of these polynyas are latent heat polynyasSea (Zwally et al., 2002; Holland and Kwok, 2012; Fan et
(formed by winds) where new sea ice is continuously formedal., 2014; Jena et al., 2018; Parkinson, 2019). This regional
and transported northward by ocean currents and katabatiand inter-annual variability has mainly been attributed to the
winds (Massom et al., 1998). atmospheric climate modes prevailing over the SO, such as
At present, sea ice reaches a peak extent®8 10° km? the Antarctic Circumpolar Wave (White and Peterson, 1996;
in September (Cavalieri et al., 2003; Cavalieri and Parkin-Raphael, 2007; Fogt et al., 2022) and the SAM (Kwok and
son, 2008) and covers a large part of the SO. The WSI limitComiso, 2002; Simpkins et al., 2012; Kohyama and Hart-
reaches as far north as55 S in the Atlantic and western mann, 2015), along with teleconnections to low latitude cli-
Indian sectors, 60 S in the central Indian sector and 62— mate modes such as ENSO (Liu et al., 2002; Yuan, 2004;
65 S in the eastern Indian and Paci ¢ sectors (Hobbs et al. Hobbs and Raphael, 2010; Deb et al., 2014; Ciasto et al.,
2016). The maximum extent is a balance between sea-ic2015; Kohyama and Hartmann, 2015; Meehl et al., 2016).
gain from surface water freezing, equatorward transport andhfter years of increasing extent, there was an exceptional de-
sea-ice loss at the margin by ocean and atmosphere-inducetdine in Antarctic sea-ice extent in 2016 (Parkinson et al.,
melting and mechanical break-up (Ackley, 1980; Comiso,2019), especially in the Weddell and Ross seas (Hao et al.,
2003). Greater sea-ice extent in the Atlantic and western Pa2021). The 2016 minimum has been attributed to a combina-
ci c sectors is due to intense northward transport by the Wed-tion of factors including decades of ocean warming, weaken-
dell and Ross oceanic gyres (Olbers et al., 1992; Comisoing of Southern Hemisphere westerly winds and increased
2003; Nicholls et al., 2009). advection of warmer air masses from low latitudes (Dod-
Sea-ice decay starts in austral spring when solar energy atridge and Marshall, 2017; Nicolas et al., 2017; Stuecker
Southern high latitudes increases in addition to ocean heatt al., 2017; Turner et al., 2017; Alkama et al., 2020; Eayrs
due to direct intrusion of warm waters from lower latitudes et al., 2021; Sabu et al., 2021). A small rebound in sea-ice
(Comiso, 2003). The atmosphere-to-ocean heat ux and theextent has been observed in 2020 (Parkinson and DiGiro-
deep-to-surface ocean heat ux were initially thought to play lamo, 2021).
equal roles in sea-ice decay (Gordon, 1981). However, recent CMIP models simulate a large range of responses in
models suggest that upwelling of warm water below the iceAntarctic sea-ice extent and remain unable to capture some
pack promotes sea-ice thinning through bottom melt whichof the recently observed sea-ice trends. Most CMIP models
eventually drives sea-ice spring—summer retreat (Singh et alsimulate a decrease in WSI and SSI over the satellite pe-
2020). Mechanical breakup at the ice margin and absorptiomiod (Landrum et al., 2012; Turner et al., 2013; Gagné et
of solar radiation by the ice-free surface ocean in increasal., 2015; Roach et al., 2020) and underestimate ice thick-
ingly large leads within the sea ice provide additional pos-ness (Shu et al., 2015). This mismatch may be the result of
itive feedbacks to sea-ice melting and accelerate its retreateveral factors. For example, the simulated sea-ice character-
(Ackley, 1980; Gordon, 1981; Holland, 2014). Mean summeristics in CMIP models correlate closely with the simulated
sea-ice extent amounts to4 10° km? in February—-March  wind regimes. Some models do not adequately simulate the
and is essentially restricted to the Weddell, Ross and Amundrecent observed intensi cation and southward migration of
sen seas' embayments (Cavalieri et al., 2003; Cavalieri andhe Southern Hemisphere westerly winds (SHWW) (Purich

2 Recent sea-ice changes
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et al., 2016) and the associated poleward advection of warn3.1 Diatoms

waters into the Permanently Open Ocean Zone (POOZ) (Del-

worth and Zeng, 2008; Sigmond and Fyfe, 2010). AlthoughDiatoms preserved in marine sediments have been used for
the sea-ice models are increasingly sophisticated (Vancopever 40 years as a way of reconstructing past changes in
penolle et al., 2009; Hunke et al., 2015), the inaccurate repAntarctic sea ice and sea surface temperatures (SST) (Ar-
resentation of polynyas (Mohrmann et al., 2021) and SHWWmand et al., 2017). Diatoms are phototrophic algae living in
location can impact the ice dynamics in models, includingthe euphotic zone and thus represent environmental condi-
sea-ice melt through evaporation and sublimation (Andreagions of the upper water column. In the SO, diatom assem-
and Ackley, 1982) and sea-ice formation by oe accretion blages are useful tools for reconstructing past SST because
and sea-ice transport (Wadhams et al., 1987). Inclusion ofliatoms are widely distributed and their biogeographic dis-
more realistic oe size distribution may improve representa- tribution patterns are closely related to surface water tem-
tion of the effects of wind-driven waves on ice growth and perature (e.g. Zielinski and Gersonde, 1997; Zielinski et al.,
break-up (Roach et al., 2019). Some important processe$998; Armand et al., 2005; Crosta et al., 2005; Romero et
may also be missing in the models. Snow ice formation,al., 2005; Esper et al., 2010). Furthermore, the abundance
which occurs as snow on sea ice is submerged or washed witpatterns of diatoms, speci ¢ diatom species or diatom assem-
ocean waves, is particularly important in the SO and likely blages are powerful tools for reconstructing Antarctic sea-ice
not well-represented (Jeffries et al., 2001; Massom et al.conditions because speci ¢ species are found thriving at the
2001). Additionally, the impact of mesoscale eddies on seasea-ice edge or attached to the sea ice (Armand et al., 2017).
ice accretion and transport is not resolved in the relatively Early works (e.g. Hays et al., 1976; DeFelice, 1979a;
coarse resolution CMIP class models (Hewitt et al., 2020;Cooke and Hays, 1982; Burckle, 1983) used surface sed-
S. Lietal., 2021), an important shortcoming given that moreiment lithology for mapping Antarctic sea-ice extent with
recent high resolution climate models simulate a more realisdiatom-rich oozes found north of the modern WSI edge and
tic trend in sea-ice loss over the instrumental period (Rackowdiatomaceous muds and pelagic clays under sea-ice covered
et al., 2022). Finally, the diversity in simulated sea-ice con-water (DeFelice, 1979b; Burckle et al., 1982). Using these
ditions may arise from different model responses to climaticmodern sediment lithofacies as a guide, past large-scale sea-
modes of variability and atmosphere—ocean—ice interactiongce changes (e.g. glacial-interglacial cycles) were identi ed
at different timescales (Holland et al., 2017; Kusahara et al.jn the sediment record (DeFelice, 1979a). The lithological
2019). Given the shortcoming mentioned above, models canapproach was further developed by relating sedimentary bio-
not currently robustly assess whether the observed changes genic opal content to the WSI extent under the assumption
sea ice over the last decades are part of natural climate varthat the majority of sediment-forming diatoms live in open
ability or a response to anthropogenic forcing (Polvani andocean conditions between the WSI edge and the Subantarc-
Smith, 2013; Hobbs et al., 2014; Jones et al., 2016; Eayrs dic Front (Burckle and Cirilli, 1987; Burckle and Mortlock,

al., 2021). 1998). Modern sediments show a strong negative relationship
between their biogenic opal content and the overlying yearly
sea-ice concentration which can be extended back through
the sediment record to reconstruct past sea-ice concentra-

Our current understanding of the drivers of decadal to multi-tions (Burckle and Mortlock, 1998). Reconstructed sea-ice
decadal variability in Antarctic sea ice is limited by the concentrations produced in this way have a sizeable error
brevity of the satellite record (1979—present) and sparse dist 30 %, Burckle and Mortlock, 1998) however, and low bio-
tribution of observations on longer timescales. A longer termgenic opal content could also be related to temperature and/or
understanding of Antarctic sea-ice extent, offered by palaeonutrient constraints on diatom productivity (Neori and Holm-
climate data, is crucial to document the natural variability Hansen, 1982; Chase et al., 2015), dissolution and/or dilution
of sea ice, its drivers and feedbacks on the other climaticof the biogenic opal (Zielinski et al., 1998) or reworking of
component from decadal to glacial-interglacial timescalessediments by bottom currents.

These data are also pivotal for identifying the pace of sea-ice The diatom species assemblage preserved in marine sed-
climate responses under different mean conditions (such aknents provides a more robust and precise method for re-
time periods that were warmer than present) and during cliconstructing past sea-ice extent and duration. While diatoms
mate transitions. Past sea-ice changes are reconstructed ugake up almost two-thirds of the biota in modern sea ice
ing proxies such as fossil diatom assemblages and speci ¢Garrison et al., 1986), many of these species that thrive on
biomarkers archived in marine sediments, and geochemica€a ice are too weakly silici ed to be preserved in the un-
tracers in polar ice cores (Fig. 2). Advantages and limitationsderlying sediment (Leventer, 1998). However, several semi-

of each proxy and approach are summarised in Table S1. quantitative approaches using more silici ed sea-ice related
species have been proposed. Burckle (1984) suggested the

abundance pattern of the diatom spediegampia antarc-
tica as a sea-ice indicator while Kaczmarska et al. (1993)

3 Proxies for past sea-ice changes

Clim. Past, 18, 1729-1756, 2022 https://doi.org/10.5194/cp-18-1729-2022



X. Crosta et al.: A review of what sea-ice proxy records tell us 1735

DMS

oxidation =~ MSA, ssNa, Brtransport to continental
to MSA winds |
bromine ’ > \7\"\/7
explosion ' MSA ssNa, Br transport to coastal Antarctica
chemistry

spring to
summer
sea ice

winter
seaice
extent

@ spring/summer sea ice proxy E permanently open ocean II IPSO,,

~ I seasonal sea ice terrigenous silt/clay III HBI triene

. . ' diatoms
# BN winter sea ice proxy

Figure 2. Relationships between sea ice and sea-ice proxies found in marine sediment and ice core records. HBI: highly branched iso-
prenoids; IPSO25: ice proxy for the Southern Ocean with 25 carbon atoms; DMS: dimethyl sul de; MSA: methane sulfonic acid; ssNA: sea
salt sodium; Br: bromine compounds.

de ned an Eucampia index calculated as the ratio of terminalserved diatom assemblages, i.e. where selective dissolution
to intercalary valves to trace the winter sea-ice eld. White- could alter the relative abundances. Furthermore, because the
head et al. (2005) improved the latter approach by calibrating=-CC signal is produced during the spring/summer melt-back
the index with satellite-derived sea-ice data. Leventer (1992)f the WSI, it is unrelated to the seasonal duration of the
and Leventer et al. (1993) suggested the relative abundancgea ice. Reconstruction of the SSI extent is more challeng-
of Chaetocerosand the ratio ofChaetocerosesting sporesto  ing. This is because regions covered by sea ice for long peri-
vegetative cells to be a potential tool for sea-ice reconstruceds of the year experience low opal export, poor preservation
tion. Pike et al. (2009) proposed that the relationship betweerand high opal dissolution which obscure the fossil signal of
resting spores dPorosira glacialisandThalassiosira antarc-  the SSI edge (Gersonde and Zielinski, 2000). However, the
tica has a potential as a semi-quantitative sea-ice proxy withcold-water species (summer sea surface temperature, SSST,
ratio values> 0:1 indicative of sea-ice concentration above < 1 C) Fragilariopsis obliquecostatas associated with
80 % and sea-ice duration greater than 7.5 months per yeayear-long sea ice and is robustly silici ed enough to be pre-
However, these proxies have not been widely used probablgerved in the sediment record (Zielinski and Gersonde, 1997;
because of the lack of large-scale modern validation. Gersonde and Zielinski, 2000). This allows tReoblique-
Gersonde and Zielinski (2000) used information from sed-costatarelative abundance threshold ®f3 % to be used as
iments traps on the timing and magnitude of diatom uxes an indicator of the mean February SSI extent (Gersonde and
from the ocean surface to the sea oor, along with consid-Zielinski, 2000). The above mentioned limitations suggest
ering diatom preservation and biogenic sediment accumulathat the FCC ané. obliquecostatg@roxies are generally con-
tion, to assess whether diatoms can be used to estimate pasitiered as threshold responses that re ect presence/absence
WSI and SSI extent. They showed that the combined relativeof overlying sea ice rather than sea-ice duration (e.g. month
abundances of the more robustly silici ed spedieagilari- per year). However, it should be noted that the relative abun-
opsis curtaandFragilariopsis cylindrus(FCC), two species dances of both FCC anld obliquecostatan modern sed-
thriving at or below sea-ice margin (Burckle et al., 1987; von iments increase southward with increasing sea-ice concen-
Quillfeldt, 2004) (Fig. 2), could be considered a qualitative tration and duration (Zielinski and Gersonde, 1997; Armand
tool to locate the edge of the mean WSI extent (Gersonde eg¢t al., 2005; Esper et al., 2010) because these species are
al., 2003). Relative abundancesof3 % correspond roughly adapted to very short growing seasons. Therefore, high rel-
to an average WSI extent with mean sea-ice concentrations adtive abundances of these species can still provide valuable
50 %—80 % (Gersonde et al., 2005). FCC values between 1 %qualitative information on sea-ice duration.
and 3% are considered to mark the maximum WSI extent Multiple studies have used inverse statistical models to
(mean September sea-ice concentratior) %) (Gersonde reconstruct quantitative estimates of past sea-ice concentra-
et al., 2003, 2005). It should be noted, however, that the FCQion and duration using diatom assemblage-based transfer
proxy cannot be applied to sediments containing poorly prefunctions (e.g. Crosta et al., 1998; Whitehead and McMinn,
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2002; Esper and Gersonde, 2014; Ferry et al., 2015b), witlduration can be robustly reconstructed through diatom-based
the most popular models being the Imbrie and Kipp Methodtransfer functions (Crosta et al., 1998; Esper and Gersonde,
(IKM; Imbrie and Kipp, 1971) and the Modern Analog Tech- 2014). Notwithstanding, poor preservation may complicate
nigue (MAT; Hutson, 1980). Crosta et al. (1998, 2004) madethe reconstruction of past sea-ice changes in the region south
signi cant progress using the Modern Analog Technique to of the modern WSI edge especially in cores located beneath
reconstruct yearly sea-ice duration in terms of months peryear-long SSI. In extreme cases, very poor preservation may
year coverage while Esper and Gersonde (2014) developel@ad to non-analogue condition where fossil assemblages are
MAT and IKM approaches to generate quantitative winter composed of taxa in numbers that exceed their abundance in
(September) sea-ice concentrations. These approaches gehe surface sediment reference data set or are dominated by
erally make use of a large proportion of the diatom assem-extinct diatom species. In this extreme case, transfer func-
blage by incorporating around 30 diatom species that gentions produce non-trustable, generally too warm estimates
erally present a positive or negative relationship to sea-ic€IKM, GAM approaches) or are even unable to provide quan-
duration or sea-ice concentration. A different statistical ap-titative estimates (MAT). Regions close to the Antarctic con-
proach is presented by Ferry et al. (2015b) who applied ainent require other proxies to complement the diatom record.
generalised additive model (GAM) that only uses diatoms
with stgtistica[ly signi.cant gs;ociations and ecologically- 3.2 Highly branched isoprenoids (HBIs)
based links with sea ice. It is important to note that GAM
and MAT approaches, despite being based on different staA relatively new tool for past sea-ice reconstructions are
tistical approaches, gave similar reconstructions of sea icdighly branched isoprenoid (HBI) alkenes that are produced
over the past 200 ka in a marine sediment core (SO136-111by certain diatoms and are generally well preserved in marine
from the southwest Paci c sector of the SO (Ferry et al.,, sediments (Massé et al., 2011; Belt, 2018). A specig-C
2015a). The MAT and IKM methods also provided com- HBI di-unsaturated alkene (or diene), more recently termed
parable reconstructions of WSI concentration in two coreslPSOy5 standing for ice proxy for the Southern Ocean with
(PS58/271-1 and PS1768-8) from the Paci c and Atlantic 25 carbon atoms, has been shown to be produced by the sym-
sectors of the SO (Esper and Gersonde, 2014). These resulpggic diatomBerkeleya adeliensi@Belt et al., 2016) which
give strong con dence in the diatom transfer function tool is a common constituent in platelet, bottom and landfast ice
to quantitatively estimate past sea-ice changes. These metin Antarctic coastal environments (Riaux-Gobin and Poulin,
ods generally yield calibration errors on the modern model2004; Riaux-Gobin et al., 2013; Belt et al., 2016) (Fig. 2).
of about 1 month per year for sea-ice duration (Crosta et al.Very few studies exist on the modern distribution of HBIs
1998, 2004) and 10 % for WSI concentration (Esper and Gerand the rst analyses were done directly in sediment cores
sonde, 2014). from the Antarctic continental shelf which had existing di-
Like other proxy methods, diatom-based reconstructionsatom counts (Barbara et al., 2010; Denis et al., 2010). How-
of sea ice are dependent on various assumptions and faayer, the few studies performed so far have shown that the
certain limitations (Chandler and Langebroek, 2021a). Firstconcentration of the HBI diene in water and surface sedi-
all reconstruction methods rely on the assumption that spement samples increases towards the Antarctic coast where
ci ¢ diatom species are adapted to use sea ice as a habitdteavy sea ice persists in spring—summer (Massé et al., 2011;
(Thomas and Dieckmann, 2002; Bayer-Giraldi et al., 2010;Smik et al., 2016; Belt, 2018; Vorrath et al., 2019; Lamp-
van Leeuwe et al., 2018) and that this association has noing et al., 2021). These studies also established the pres-
changed through time, i.e. the principle of actualism. An-ence of tri-unsaturatedsg-HBI alkenes (or trienes) with the
other assumption is that fossil assemblages still track surHBI z-triene mostly biosynthesised by open ocean diatoms
face conditions despite the important and selective loss obuch as those belonging to the gemlsizosolenigBelt et
diatoms during settling and burial. Indeed, around 1 %-5 %al., 2017). An increased abundance of the HBI triene in sur-
of the diatoms produced in the surface ocean reach the sedace waters and underlying sediments is associated with en-
iment (Ragueneau et al., 2000) and lightly silici ed diatoms hanced phytoplankton production near the marginal ice zone
are preferentially lost in the rst hundreds of metres of the (Collins et al., 2013; Smik et al., 2016). Thus, paired records
water column (Lafond et al., 2020) and at the water—sedimenbf IPSGys and the HBI triene, and especially the ratio of
interface (Rigual-Hernandez et al., 2016). Selective dissoluthe two biomarkers, re ect the relative contributions of sea-
tion of less robustly silici ed diatom valves results in an over- ice algae and open-water algae to phytoplankton productiv-
all dominance of a few robust species in the surface and théy and, therefore, allow for improved reconstructions of sea-
down-core sediment record (Zielinski et al., 1998; Esper andsonal sea-ice conditions/ice margin position (Barbara et al.,
Gersonde, 2014). Despite selective dissolution, many studie®010, 2016; Denis et al., 2010; Massé et al., 2011; Etourneau
have shown that the distribution of the main diatom speciest al., 2013; Weber et al., 2022). Organic compounds such as
in the phytoplankton (Hasle, 1969) is preserved in the sur-HBIs may undergo some degradation, especially the triene,
face sediment (Zielinski et al., 1998; Armand et al., 2005; through abiotic and bacterial degradation in the water col-
Esper et al., 2010) and that winter sea-ice concentration andmn and during early diagenesis in the sediments (Sinninghe
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Damsté et al., 2007; Massé et al., 2011; Rontani et al., 2014¢n the fact that winter sea-ice formation creates a cold, sur-
2019) or in laboratory repositories if storage conditions areface mixed layer that persists in sub-surface layers during
not optimised (Sinninghe Damsté et al., 2007; Cabedo-Santhe spring and summer months. In the SO, this cold “win-
et al., 2016). Differential effects of degradation on the HBI ter water” rests above relatively warmer, deep water and
diene and triene might bias the diene/triene ratio observed irtreates an inverted temperature pro le that is re ected in
sediment records (Rontani et al., 2019). Therefore, cautiorestimates of the equilibrium!80 of calcite. Spatial map-
is advised before analysing and interpreting HBI data withping shows that winter water isotherms parallel the mod-
respect to past sea-ice conditions. HBIs have been measurean WSI edge throughout the SO. Additionally, published
back to 60 ka BP in deep-sea cores from the Scotia Sea witforaminiferal data from the Atlantic sector yield an estimate
down-core variations showing good agreement with the di-of WSI edge consistent with modern observations (Lund
atom assemblage sea-ice proxies (Collins et al., 2013). Thist al., 2021). The 80 method is promising because it is
analysis indicates that the HBIs, whether locally producedgrounded in hydrographic conditions associated with sea-
or advected, can remain very well preserved in marine sediice formation and it takes advantage of foraminiferlO
ments for long periods of time. measurements already used for stratigraphic purposes. How-
Because of the lack of calibration studies, IP§@nd  ever, the method is based on the assumption that winter
diene/triene proxies have so far only provided qualitativewater consistently tracks WSI extent and that the plank-
information with higher values suggesting the presence otonic foraminifera Neogloboquadrina pachydermarimar-
heavy sea-ice conditions. Fortunately, a semi-quantitative apily calci es in winter water. Furthermore, the approach is
proach for HBI-based sea-ice reconstructions in the SO -necessarily limited to places with adequate preservation of
the PIPSQs index — has recently been proposed by Vorrath foraminifera such as mid-ocean ridges and plateaus. Thus,
et al. (2019) and further developed by Vorrath et al. (2020)as with most palaeoceanographic proxies, tH® method
and Lamping et al. (2021). The PIP&{ndex is determined is best used as a complement to existing multi-proxy efforts
as the ratio of IPSg; to the sum of IPS@; and a phy- based on diatom assemblages, HBIs and opal uxes for un-
toplankton biomarker (HBI triene or phytoplankton sterols; ambiguous assessment of sea-ice conditions.
Vorrath et al., 2019). PIPSf values in surface sediments  Assemblages and abundance patterns of radiolaria in SO
off the Amundsen Sea, the northern Antarctic Peninsula andea oor sediments vary between open ocean and seasonal
from the southern Weddell Sea appear to show a positivesea-ice zones (Lawler et al., 2021; Lowe et al., 2022), and
correlation with sea-ice concentration derived from satelliteshow strong potential to develop similar indicator species and
observations and diatom transfer functions (Vorrath et al. transfer approaches to infer sea-ice extent as have been done
2019, 2020; Lamping et al., 2021). Importantly, the consider-with diatoms.
ation of a phytoplankton biomarker alongside IR§®elps Dino agellate cysts have been used extensively to recon-
to avoid the misinterpretation of the absence of the sea-icestruct sea-ice extent in the Northern Hemisphere (e.g. de Ver-
biomarker in a sediment sample which may result from ice-nal et al., 2005). However, similar approaches have proved
free conditions or perennial sea ice and/or ice shelf cover|ess suitable in the SO where dino agellate assemblages are
both conditions inhibiting any ice algae productivity (Lamp- of lower diversity that in high northern latitudes (Esper and
ing et al., 2021). Therefore, while the PIPSndex seems  Zonneveld, 2007; Prebble et al., 2013).
a promising tool, further investigations of other environmen-
tal parameters, such as nutrient and light availability that
affect bottom-ice algal growth (Kennedy et al., 2020), and
of ice-shelf processes such as the formation and accretioAntarctic ice cores provide well-dated, high-resolution
of platelet ice that offer habitat to IP$S§synthesising di- records of marine aerosols and of the isotopic composition
atoms, are required to obtain more information on the pro-of water transported in the atmosphere to Antarctica. Varia-
duction and fate of IPS£3 and better constrain its applicabil- tions in the concentration of these species are linked to past
ity as an Antarctic sea-ice proxy (Lamping et al., 2021). Fur-changes in sea-ice conditions. Chemical tracers that have
ther attempts to calibrate the PIPgIndex against observa- proven particularly fruitful for sea-ice reconstruction include
tional (i.e. satellite) sea-ice data also require higher circum-sea salt (usually reported as sea salt sodium, ssNa), bromine
Antarctic spatial coverage of HBI analyses conducted on(Br), methane sulfonic acid (MSA) and iodine (l). In addi-
well-dated, ideally by*'1%Pb and*“C, surface sediments. tion to these aerosols, the stable isotope composititho)
of snowfall is also in uenced by sea-ice extent due to the
impacts of sea ice on moisture sources conditions, air mass
transport, the atmospheric hydrology and temperature over
Antarctic, all of which determine!®0 in snow. Thus, in each
A new approach using oxygen isotope ratio€Q) of plank-  case, sea-ice conditions alter the atmospheric conditions of
tonic and benthic foraminifera was recently proposed to re-the region and this is re ected in the composition of snow
construct WSI extent (Lund et al., 2021). The method reliesthat is subsequently archived in the ice core (Fig. 2). How-

3.4 Ice core proxies

3.3 Other approaches: foraminifera, radiolaria,
dino agellates
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ever, as with all tracers in ice cores, the preservation of ssNan Antarctic sea-ice extent across glacial-interglacial cycles
Br, MSA and 180 signals is often in uenced by several fac- or millennial-scale climate changes are much more likely to
tors in addition to sea ice which necessitates care in their inleave an imprint on ssNa than the relatively modest recent
terpretation. Despite this, the regionally integrated and highechanges.
temporal resolution information provided by ice cores com- Thus, ssNa records from Antarctic ice cores are often in-
plements location-speci ¢ information about the precise po-terpreted as regional records of changes in WSI extent over
sition of the sea-ice edge obtained from marine sedimenbrbital timescales (Wolff et al., 2006, 2010). Comparison
proxies. between the European Project for Ice Coring in Antarctica
For the purposes of this review, we focus only on ssNa, Br(EPICA) Dome C ssNa and a sea-ice reconstruction from
and 180. This is because while MSA and | can be an effec-a marine sediment core located in the moisture source re-
tive tracer of sea-ice extent over decadal timescales (Thomagion suggests a good level of agreement with ssNa increasing
et al., 2019), they have not proven useful over orbital to mil- with WSI extent during glacial periods; however, the sensi-
lennial timescales due to poor signal preservation (Weller etivity of ssNa as a sea-ice proxy appears to weaken during
al., 2004; Abram et al., 2013). peak glacial periods (Réthlisberger et al., 2010). Conversely,
ssNa levels during peak interglacial periods provide valuable
information on WSI variability during periods little docu-
mented in marine cores (Chadwick et al., 2022a).
Sublimation of salty snow from the sea-ice surface is an ef- An alternative interpretation of orbital to millennial ssNa
cient source of sea-salt aerosols over the SO according tovariability is that it is a record of variations in the atmo-
recent eld measurements (Giordano et al., 2018; Frey et al.spheric residence time of aerosols in response to uctuating
2020) and atmospheric modelling studies (Yang et al., 2008atmospheric moisture content as temperatures rise and fall
2019; Huang et al., 2018). In fact, the sea-ice surface ap{Petit and Delmonte, 2009). Condensation-driven variations
pears to be a more important source of sea salt than bubblen ice core aerosol concentrations may explain the strong in-
bursting over the open ocean in the polar regions (Yang et al.yerse relationship between water isotopes and both ssNa and
2008). This recognition forms the basis for interpreting ssNanon-sea salt Ca (nssCa) across a range of timescales (Markle
in ice cores as a qualitative tracer of Antarctic WSI extent. et al., 2018). Although plausible, this simple theory is not yet
Antarctic snow and aerosol measurements support this ideaupported by global simulations of aerosol transport changes
because ssNa concentrations in ice cores are typically higheacross the last deglaciation (Reader and McFarlane, 2003;
in winter (relative to summer) when sea ice is expanded andMahowald et al., 2006). Indeed, a process-based modelling
an open-ocean source is further away. It is also supported bgtudy which explicitly accounted for emission, transport and
the fact that the ratio of Nato sulfate (S(ﬁ ) in aerosols  deposition of sea salt aerosol has shown that sea-ice expan-
transported to the ice sheet is fractionated relative to seawasion could be responsible for a substantial portion of the
ter, characteristic of mirabilite salt precipitation in or on sea ssNa increase during the last glacial period relative to the
ice (Wagenbach et al., 1998; Jourdain et al., 2008). AlthoughHolocene in the Dome C ice core without needing to in-
early studies implicated frost ower crystals as the sourcevoke meteorological changes (Levine et al., 2014). This sup-
of this sea salt (e.g. Rankin et al., 2002), they are surprisports the qualitative interpretation on orbital timescales. Res-
ingly dif cult to break apart and entrain (Roscoe et al., 2011; olution of this long-standing debate may come from three
Abram et al., 2013). research opportunities: incorporation of sea-ice-sourced sea
Coastal Antarctic ice core records with sub-annual reso-salt into global climate models capable of past climate simu-
lution provide the opportunity to calibrate ssNa (and otherlations, development of geochemical measurements to trace
chemicals) against the satellite record of recent sea-icghe origin of sea salt in ice cores (Seguin et al., 2014), and
change. The potential for ssNa to track sea-ice changes oooeval analysis of co-variability in water isotope records and
an annual timescale appears to be site-dependent. Some sitegrine and terrestrial aerosols (Markle et al., 2018).
display a positive relationship between ssNa levels and WSI
extent over recgnt decades (lizuka et al., 2008; Rahaman 42 Bromine enrichment (Bren)
al., 2016; Severi et al., 2017). In contrast, other Antarctic lo-
cations show that recent variability in ssNa is linked to atmo-Bromine (Br), a halogen species in Antarctic ice cores, is
spheric pressure patterns (e.g. Fischer et al., 2004; Vance elso derived from sea salt. Its concentration in ice cores re-
al., 2013) while process-based modelling efforts suggest thasults from a complex set of photochemical reactions collec-
meteorological activity (e.g. wind speed and direction) exertstively known as bromine explosion events. These events oc-
a strong control on ssNa levels in ice cores over these shortur over the rst-year sea-ice zone during the spring months
timescales (Levine et al., 2014; Rhodes et al., 2018). It seemand cause the level of bromine in the atmosphere to sharply
likely that ssNa may become a more reliable proxy for seaincrease (Schénhardt et al., 2012). In ice cores, these events
ice when averaged over several years to remove the in uencare generally recorded as bromine enrichmeng{Brelative
of meteorological conditions. In addition, the large changesto the seawater Br/Na value. Over the satellite era,/Bat

3.4.1 Sea-salt sodium (ssNa)
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Law Dome has been inversely correlated to WSI extent in the

adjacent ocean (90-118) (Vallelonga et al., 2017). Over

longer timescales, the By, record from Talos Dome shows

greatest values during full interglacial periods while a deple-

tion in bromide is observed during glacial periods (Spolaor et

al., 2013). This pattern was attributed to the distance between

the sea-ice edge and the ice core site with a more northerly

location of the rst-year sea-ice edge during glacial periods

increasing the distance between the production source and

the ice core site beyond the maximum distance of Br depo-

sition observed today (Spolaor et al., 2013; Vallelonga et al.,

2021). Halogens seem to be stable in ice over several tens

of thousands of years, thus, alleviating temporal limitations

of MSA (Vallelonga et al., 2021). However, the atmospheric

chemistry of Br introduces additional complexity relative to

conservative aerosol tracers such as ssNa. For example, Br

can be transported inland as sea salt aerosol or gaseous com-

pounds, which may have very different residence times in the

atmosphere, therefore, impacting the ice core signal (Valle-

longa et al., 2021). Further investigation is needed to fully Figure 3. Compilation of marine sea-ice proxy records. Map: loca-
understand and exploit the potential of this proxy. tions of sediment cores with published sea-ice records. The 1981—
2010 monthly median sea-ice extent is shown for February (blue
line) and September (green line) (Fetterer et al., 2017). Plot: cumu-
lative number of published sea-ice records vs. time from the At-
lantic (light grey), Indian (dark grey) and Paci c (light blue) sec-

‘s e G i _ tors of the Southern Ocean. (Figure adapted from Chadwick et al.,
Antarctic is heavily in uenced by sea-ice extent. This is be 2019). The list of the cores presented herein can be found in Ta-

cause sea ice exerts a major control on moisture sources' |°6|e S2. LGM: Last Glacial Maximum.
cations and conditions, subsequent transport of vapour, the
atmospheric circulation and vapour content and the temper-
ature over Antarctica (which is traditionally considered the effective, this information should always be checked (when-
main control on 180). Thus sea-ice change largely deter- ever possible) against the precise sea-ice information that can
mines 80 in snow. be gleaned from marine cores.
Noone and Simmonds (2004) and Holloway et al. (2016)
demonstrated, using climate models equipped with the capa, Past sea-ice changes
bility to simulate 80 in water, that 180 varies with sea-

ice extent. They showed that less extensive sea ice permitghe C-SIDE working group (Chadwick et al., 2019; Rhodes
greater transfer of heat and moisture inland and leads to lesgt g, 2019) recently compiled an inventory of published ma-
negative %0 values. Holloway et al. (2017) provide a suite rine records that provide evidence of changes in sea ice dur-
of 180-enabled experiments with differing sea-ice extentsing the past 130 ka (Chadwick et al., 2022b). This compila-
which help link 80 in ice cores with sea-ice change for the tion shows that 20 records represent Holocene conditions
LIG. These papers also demonstrated tH&0 from mul- (0-12ka ago); 150 records cover the LGM (ca. 21 ka ago)
tiple Antarctic ice cores yield more robust information on g part of Marine Isotope Stage 2; 14 records capture changes
the most likely sea-ice con guration for this climate period. i sea ice back to late Marine Isotope Stage 680 ka ago);
More broadly, Malmierca-Vallet et al. (2018) also demon- gng only two records extend beyond MIS 6 (Fig. 3). In this
strated that sea-ice change can be quanti ed from Greengection, we rst summarise reconstructed changes in Antarc-
land ice core 80 measurements whilst Sime et al. (2019) tic sea ice for the LGM, Holocene and the last interglacial

showed that the intimate relationship between sea ice an@leriod (LIG). We then consider what is known about the cli-
ice sheet surface temperature means th&® in ice cores  mate transitions between these periods.

tend to provide a record that is re ective of the broadly inter-
twined effects of sea ice and temperature.

Thus, 80 and other ice core approaches mentioned
above have the potential advantages of providing informationThe only spatially extensive attempts to map WSI and SSI
for all SO sectors particularly during time periods when the extent have focused on the LGM. The rst global recon-
sea-ice edge is close to the continent (and therefore not ovestruction was completed by the “Climate: Long range Inves-
lying the open-ocean sediment cores). However, to be mostigation, Mapping, and Prediction” Project (CLIMAP Project

3.4.3 Stable water isotopes ( 180)

The stable isotope composition'f0) of snowfall over

4.1 The Last Glacial Maximum (LGM)
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Members, 1981), which centred the LGM atl8 ka BP. This  and 18 ka BP (Wolff et al., 2006; Fischer et al., 2007) but
reconstruction was subsequently re-evaluated by the “Multi-this proxy does not provide the location of the WSI and SSI
proxy Approach for the Reconstruction of the Glacial Oceanedges (Fig. 4).
surface” (MARGO) project (Gersonde et al., 2005; MARGO,
2009), which used the LGM de nition (19-23ka BP) of 42 The Holocene
the “Environment Processes of the Ice Age: Land, Ocean,
Glaciers” (EPILOG) working group (Mix et al., 2001). Sev- The vast majority of sea-ice records covering the Holocene
eral studies have since contributed more detailed regionahre located on the Antarctic continental shelves with only a
LGM reconstructions for the southwest Atlantic (Allen et al., handful of offshore records from the Atlantic sector of the SO
2011; Xiao et al., 2016) and Paci c (Benz et al., 2016) sectors(Bianchi and Gersonde, 2004; Nielsen et al., 2004; Divine et
of the SO. CLIMAP placed the austral winter and summeral., 2010; Xiao et al., 2016) and the southwest Paci c sector
sea-ice edge at the faunally identi ed G winter and sum-  (Ferry et al., 2015a). In coastal Antarctica, diatom and HBI
mer isotherm, respectively. Other studies used diatom censugcords generally agree at the multi-millennial timescale and
counts and diatom-based transfer functions. allow the Holocene to be separated into three distinct periods
Both CLIMAP and subsequent studies concur on the loca-although these periods may not be in phase around Antarc-
tion of the WSI limit at the LGM (Fig. 4). They all suggest tica due to regional environmental responses to long-term
that WSI expanded by 5-10of latitude during the LGM  forcing and dating uncertainties. During the Early Holocene
relative to today, leading to a LGM mean WSI surface of ( 11:5kato 8ka BP), most coastal records suggest con-
33 10°km? when an equidistant projection system and gruent cool surface ocean and heavy sea-ice conditions, prob-
a LGM Antarctic ice cap of 17 10°km? are used (Lhardy ably in response to high glacial melt uxes when ice sheets
et al., 2021). This value for WSI extent is slightly lower than receded (Sjunneskog and Taylor, 2002; Heroy et al., 2008;
previously published (39 10°km?) using a polar stere- Barbara et al., 2010; Etourneau et al., 2013; Mezgec et al.,
ographic projection system and a modern Antarctic ice cap2017; Lamping et al., 2020) because of overall warm air
for the LGM (Gersonde et al., 2005; Roche et al., 2012). Theand ocean temperature in the SO (Masson-Delmotte et al.,
large LGM WSI cover was likely due to expansion of con- 2011; Shevenell et al., 2011; Totten et al., 2022). A recent
solidated sea-ice area with concentrationd0 % (Crosta et  analysis of seven Antarctic ice core ssNa records supports
al., 1998). this scenario, providing evidence for heavier WSI conditions
Unfortunately, accurate reconstruction of the LGM SSI around the entire continent between 10 and 8 ka (Winski et
extent is hindered by low diatom productivity at a time of al., 2021). The mid-Holocene (7 to 4-3ka) was gener-
very high to perennial sea-ice cover and by the lack of ad-ally marked by higher SST and a well-established seasonal
equate sediment records as the SSI limit may have beerea-ice cycle with a longer ice-free summer. Similarly, the
above abyssal plains where preservation is poor and chrond=DML ice core ssNa record indicates reduced sea-ice cover
logical issues are common. Recent studies suggest an exa the south Atlantic sector between 6 and 5ka, while other
pansion of the glacial SSI in the Atlantic and southwest-ice cores suggest little change in other sectors of the SO
ern Paci ¢ sectors, probably as a result of enhanced transfWinski et al., 2021). The Late Holocene 6-3 to 1-
port of sea ice from the Weddell Sea (Gersonde et al., 20050 ka) experienced a return to cool surface waters and heavy
Allen et al., 2011) and Ross Sea (Benz et al., 2016). SSI exsea-ice conditions around Antarctica (Taylor et al., 2001;
pansion was seemingly limited elsewhere (Gersonde et al.Sjunneskog and Taylor, 2002; Taylor and Sjunneskog, 2002;
2005), at odds with the original CLIMAP (1981) reconstruc- Crosta et al., 2008; Allen et al., 2010; Denis et al., 2010; Peck
tions which placed the LGM SSI limit at the modern WSI et al., 2015; Barbara et al., 2016; Mezgec et al., 2017; Kim
edge. However, it is long known that CLIMAP reconstruc- et al., 2018; Q. Li et al., 2021; Totten et al., 2022). A similar
tions over-estimated glacial SSI extent (Burckle et al., 1982).increasing trend in Late Holocene sea ice is suggested by the
Based on the few control points and the modern relationshigssNa record in the Dome Fuiji ice core (lizuka et al., 2008).
between sea ice and SST, the current understanding is that Marine offshore records from the polar front zone show a
the SSI extent was 2—3 times greater (i.e. 8—11° km?) different, almost opposite, sea-ice pattern to coastal records.
during the LGM when compared to today (Gersonde et al.,The Early Holocene records display high sea surface tem-
2005; Lhardy et al., 2021; Green et al., 2022). An importantperatures and the WSI limit is believed to have been south
implication of this change is that the seasonal cycle of seaof 55 S in the Atlantic sector of the SO (Bianchi and Ger-
ice expansion and melt was substantially greater during thesonde, 2004; Divine et al., 2010; Xiao et al., 2016). The mid-
LGM as compared to today with potential implications for Holocene experienced a surface ocean cooling and a global
SO and global circulation through the export of brines to there-expansion of sea ice until 3-2 ka BP. Sea ice possibly re-
abyssal waters (Shin et al., 2003; Bouttes et al., 2010; Lhardyreated again during the Late Holocene after 2 ka BP (Nielsen
etal., 2021; Green et al., 2022). et al., 2004).
Ice core records of ssNa from EDC and EDML similarly  The long-term increase in sea ice near the coast of Antarc-
suggest that WSI reached its maximum extent betwe@i tica has been explained by a delayed response to orbital forc-
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Figure 4. Sea-ice reconstructions over the last glacial-interglacial period. Lower plot: ssNa ux in the EPICA Dronning Maud Land (EDML)

ice core (black line) (Fischer et al., 2007, here smoothed with a 200-year running mean and plotted on the AICC2012 timescale, Veres et
al., 2013). Relative abundance of sea-ice (SI) related diatoms and winter sea-ice (WSI) concentration estim@atesrtalyzoup (green

shading) is a proxy for WSI presence wheobliquecostatgblue shading) is a proxy for summer sea-ice (SSI) presence. WSI concentration
estimates (green line) are based on the application of the MAT to diatom assemblages in marine sediment core PS1768-8 (Gersonde an
Zielinski, 2000). Upper plot: maps of winter (green line) and summer (blue line) sea-ice edges in the modern (Hobbs et al., 2016), the Last
Glacial Maximum (LGM at 19-23 ka BP; Gersonde et al., 2005) and the warmer-than-pre-industrial MIS5.5 (125-130 ka BP; Holloway et
al., 2017). Grey eld represents the modern polar front zone (Orsi et al., 1995). For the LGM map, the thick blue line indicates regions where
marine data suggest the presence of SSI while the thin blue line indicates regions where SSl is inferred to be south of core sites in which
SSI was not identi ed, and applying the modern relationship between SSI and SST to LGM SSTs (Lhardy et al., 2021). Location of marine
sediment core PS1768-8 shown as a blue dot and EDML ice core shown as a white circle on the modern map.

ing and the long memory of the SO (Renssen et al., 2005)mate variability such as thermohaline circulation (Crosta et
It is also believed that increasing glacial meltwater injec- al., 2007; Debret et al., 2009) and multi-decadal to multi-
tion into coastal surface waters as the Antarctic ice sheet reeentennial expression of ENSO and SAM (Etourneau et al.,
treated contributed to the rapid increase in sea-ice duratior2013; Pike et al., 2013; Crosta et al., 2021; Yang et al., 2021).
at 4:5-4ka BP off Wilkes Land, East Antarctica (Ashley In specic settings such as in the Mertz Glacier region off
et al., 2021). However, the marine records published to datdast Antarctica, the interplay between ice-sheet internal dy-
suggest that heavy sea-ice conditions proximal to Antarcticanamics and the continental shelf sea oor may also yield cen-
since 4ka BP did not result in a concomitant extended sea-tennial periodicity (Campagne et al., 2015) that may overlap
ice cover further from the continent. Such distinctive latitu- with climate forcing. The lack of records covering the last
dinal variations have been attributed to the intensi cation of 2000 years, however, limits our ability to document sea-ice
the latitudinal insolation gradient, primarily forced by oblig- variability and its drivers at a timescale relevant to the recent
uity and precession (Denis et al., 2010). This resulted in archanges and deconvolve natural and anthropogenic forced
intensi cation of the extra-tropical wind system and greater variability over the recent decades (Thomas et al., 2019).
atmospheric transport toward the pole over the course of the

Holocene, limiting sea-ice expansion into the SO despite 8, 3 The Last Interglacial period (LIG)

cooling world (Denis et al., 2010).

High-amplitude, decadal to millennial variations in sea- In an effort to evaluate what a future warmer world might
ice conditions are present throughout the Holocene. SpectrdPok like, researchers have focused on past warmer-than-
and wavelet analyses have suggested the rapid variability tfresent intervals. The most studied warmer-than-PI period is
be forced by solar variability (Leventer et al., 1996; Nielsen the LIG (129-116 ka BP) when global mean annual tempera-

et al., 2004; Crosta et al., 2007) or driven by internal cli- tures were 1-2 C above Pl and atmospheric g€oncen-
tration was similar to PI (Burke et al., 2018; Fischer et al.,
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2018). Reconstructions of LIG sea ice from marine sedimeniextent from 0.06 to 65 10° km? and a multi-model mean
cores are hampered by the scarcity of records south 0860 (MMM) of 1:84 10°km? (Otto-Bliesner et al., 2021), the
that contain LIG sediments, well-preserved sea-ice proxiedatter being only slightly lower than the lowest SSI extent
and well-constrained age models. Most existing records aref 2:3 10° km? recorded in February 2017 (Parkinson and
located north of the modern WSI extent and they show anDiGirolamo, 2021). We however note that none of these ex-
extended period when no sea ice was present at the core sitpgriments are subjected to the prolonged meltwater inputs
(Chadwick et al., 2020, 2022a). It is therefore clear that theinto the North Atlantic Ocean that preceded the LIG and that
WSI extent during the LIG was substantially reduced whenlikely caused LIG heat accumulation in the Southern Hemi-
compared with modern conditions. Aerosol sea-ice proxiessphere (Holloway et al., 2018). The results obtained by Otto-
in ice cores similarly have been qualitatively interpreted asBliesner et al. (2021) therefore seemingly represent an upper
indicative of a reduced WSI cover during the LIG (Wolff limit of SSI extent during the LIG peak warm period.
et al., 2006; Spolaor et al., 2013). Due to this reduced LIG
sea-ice extent, it has been dif cult to accurately reconstruct
the position of the WSI edge using marine core evidences 4  Transient changes — deglaciation and glaciation
alone. For this reason, there has been a focus on usfiay
from multiple Antarctic ice cores to attempt to quantify the The few long marine records (Crosta et al., 2004; Collins
reduction in sea ice that occurred. UsinfO from mul- et al., 2013; Esper and Gersonde, 2014; Ferry et al., 2015a;
tiple climate model experiments to deduce the relationshipXiao et al., 2016; Ghadi et al., 2020; Jones et al., 2022) dis-
between 180 and sea-ice extent, Holloway et al. (2016) play sharp changes in sea ice during rapid climate transitions
and Holloway et al. (2017) calculated that the LIG WSI ex- from cold glacial periods to warm periods (Fig. 4). These
tent was roughly half its pre-industrial extent (Fig. 4). The sharp changes are likely due to a quick response of sea ice
calculations (based on differing®0 in each Antarctic ice  to surface air temperature, SST and winds. Few records al-
core) suggest that the reduction in WSI extent was not uni{ow us to infer sea-ice dynamics across the last deglaciation
form over the SO with the greatest reductions relative to Pland even fewer across the penultimate one (Fig. 3). Although
in the Atlantic and Indian sectors, 67 % and 59 % respec-these marine records have relatively low resolution, sea-ice
tively, compared to 43 % in the Paci c sector (Holloway et retreat initiates slightly before SST increases in the same
al., 2017). This non-uniform WSI retreat may be related tocores (depending on the baseline from which changes are in-
prolonged meltwater inputs into the North Atlantic Ocean ferred). In the Atlantic sector, sea-ice retreat began as early as
causing heat accumulation in the Southern Hemisphere with 19-18 ka at 50S, its northernmost extent during the LGM
the most intense warming in the Atlantic sector (Holloway et (Shemesh et al., 2002; Xiao et al., 2016) and reache®&55
al., 2017, 2018). by 16-15ka (Xiao et al., 2016) (Fig. 4). In the Paci ¢ sector,
Although most marine core records of LIG WSI are lo- sea ice rapidly retreated at20-19 ka from 56S (Crosta et
cated too far north to corroborate the likely LIG WSI edge al., 2004; Ferry et al., 2015a) while in the Indian sector it
location (Chadwick et al., 2020, 2022a), SST information canretreated at 18 ka BP from 55S (Ghadi et al., 2020). Ad-
be used to provide additional constrain. Recent compilationglitional well-dated cores are necessary to accurately docu-
of SST indicate that the SO was1-3 C warmer during ment and understand the drivers of the sea-ice retreat history
the LIG compared to present day (Capron et al., 2014; Chadacross deglaciations.
wick et al., 2020; Chandler and Langebroek, 2021b; Shukla In contrast to the sharp changes in WSI extent inferred
etal., 2021). These reconstructions suggest strong LIG polafrom the marine sediment records, ice core records show
ampli cation when compared with middle- and low-latitude a more gradual decline in ssNa across the last deglaciation
mean annual SSTs (e.g. Hoffman et al., 2017), implying re-starting from 19 ka (Ro6thlisberger et al., 2004) (Fig. 4). This
duced WSI extent in the SO. LIG warming in the SO appearsis likely because the ssNa ux is integrating a signal from
to be both spatially and temporally heterogeneous, however relatively wide area relative to marine sediment records
with the greatest SST anomalies occurring in sediment corethat respond to sea-ice changes at their specic location.
located near the modern subtropical front (Capron et al. Additionally, ssNa may also be in uenced by other com-
2017; Chadwick et al., 2020), and the Paci ¢ sector seem-plicating factors discussed in Sect. 3.4.1. Interestingly, ice
ingly reaching peak SST later than the Atlantic and Indiancore records suggest that the ssNa responded in phase with
sectors (Chadwick et al., 2020). These spatial and temporahntarctic air temperature, leading GQ@oncentrations by
heterogeneities require further investigation using additionalaround 500 years over the last glacial cycle (Bauska et al.,
sediment cores. 2021). Given that Antarctic air temperature led £g@ncen-
Current marine and ice core data do not constrain LIGtrations during the last deglaciation (Marcott et al., 2014),
SSI. It is however very likely that there was substantially one could infer that sea-ice change also led,@@rease. If
less SSI during the peak LIG warm period as compared tahe phasing can be veri ed, it would suggest that Antarctic
modern and PIl. Here again, models can help constrain theea ice exerted a strong control on atmospherig Gihcen-
SSI extent. CMIP6 models show a large spread in LIG SSiltration changes through its role on global ocean circulation
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(Gildor and Tziperman, 2000; Ferrari et al., 2014; Marzoc- from marine sediment cores tend to be representative of re-
chi and Jansen, 2019; Stein et al., 2020). gional conditions and, as a result, many records are neces-

Although very few records cover the last climatic cycle sary to draw robust interpretations at the basin scale. In con-

(Fig. 3), marine proxy-based sea-ice records show increasdsast, materials archived in ice cores are generally representa-
in sea-ice cover during cold periods of the last glacial cy-tive of a much larger spatial area and, thus, can complement
cle with small expansions during MIS 5 stadial periods andmarine-based reconstructions. However, ice core proxies rep-
the rst important re-advance during MIS 4 (Gersonde andresent an integration of oceanic and atmospheric processes,
Zielinski, 2000; Crosta et al., 2004; Kohfeld and Chase, produce only qualitative reconstructions of sea-ice changes,
2017; Nair et al., 2019) (Fig. 4). This contrasts with the grad-and the signal may become saturated during glacial periods.
ual increase in ssNa documented by ice core records (WolffCombining qualitative and quantitative proxies using a range
et al., 2006) which would suggest a progressive sea-ice exef reconstruction techniques and archives will provide useful
pansion from the last glacial inception (L16 ka BP) to the and complementary insights, but producing consistent and
last glacial ( 20 ka BP). The global and inter-basinal differ- coherent interpretations of past time periods from such dis-
ences in sea-ice changes over the glaciation, are developed parate records remains a challenge.

Chadwick et al. (2022b). The second potential step forward involves integrating
multiple lines of evidence from marine sediment archives
themselves. To date, most Antarctic marine-based sea-ice

5 Future directions records are inferred from diatom assemblages. Where sed-
iment preservation allows it, the incorporation of plankton-

In each section, we have highlighted the progress, assumpge/benthic foraminiferal oxygen isotope reconstructions from

tions and limitations of each of the sea-ice proxies used tadown core records has the potential to provide complemen-

reconstruct different aspects of Antarctic sea ice. Our focudary insights into changes in the cold “winter water” formed

in the following section is not on the future work needed to below WSI. Importantly, thoughtful integration of multiple

advance each proxy on its own but rather how the recordproxies also has the potential to expand the aerial coverage

(and proxies) can be used together to help Il the existing of our knowledge of sea-ice changes. The current methods of

spatio-temporal gaps. applying transfer functions to reconstruct sea-ice conditions

The inventory of sea-ice records described above provideat open ocean sites have been used for many decades but

a rst step in understanding what records are currently avail-their robustness drops along the Antarctic continental shelf

able but also highlights major spatial and temporal gaps, anavhere the signal-to—noise ratio (i.e. high variability in di-

the challenges of developing a comprehensive understandingtom assemblages despite low ranges of surface conditions)

of past changes in Antarctic sea-ice extent. First, the spatiatlecreases. Other proxies such as HBIs, ancient DNA (De
distribution of these samples reveals several gaps with oceaSchepper et al., 2019) or geochemical proxies in mumiyo,
sampling limited by preservation issues in deep ocean basinghe fossilised stomach oil of snow petrels (McClymont et al.,

As a result, samples are clustered along ridges, plateaus ar022), may complement diatom assemblage reconstructions

coastal settings, and this distribution has limited our ability especially in the coastal regions. When compared to micro-

to develop latitudinal transects and document the dynamidossil assemblages and/or other sea-ice indicators from ice
of sea-ice retreat at deglaciations and sea-ice advance duringpres, these organic proxies may contribute valuable infor-
glacial inceptions. Furthermore, coastal sites around Antarcmation on the feedback mechanisms between sea ice and ice
tica are limited to the Holocene time period because the exshelves because of their potential to reconstruct sea-ice con-

pansion of the Antarctic ice cap over the continental shelfditions proximal to ice shelves where the preservation of di-

during the peak glaciation has eroded sediments depositedtoms is often affected by opal dissolution. However, these

during preceding interglacial periods. As such, only sites be-new tools still need to be calibrated to provide quantitative
yond the continental shelf can be used to reconstruct Antarcsea-ice concentration values as has been initiated around the
tic sea-ice extent beyond the Holocene. Antarctic Peninsula (Vorrath et al., 2019; Lamping et al.,

One important next step in improving our representa-2021). Ultimately, improved spatial and temporal coverage
tion of Antarctic sea-ice changes over glacial-interglacialof near-coastal sea-ice conditions for pre-Holocene time in-
timescales involves the development of multi-proxy ap-tervals such as the last deglaciation and the Last Interglacial
proaches. These approaches could involve (a) combining maperiod is critical for elucidating the impact of sea-ice vari-
rine and ice core indicators of sea-ice change, (b) combiningbility on ice-shelf dynamics.

multiple sea-ice indicators from marine sediments and (c) in- The third approach is to combine discrete marine records

tegrating data with model simulations. The rst approach al- of Antarctic sea ice with climate model simulations to pro-

lows for comparison of open ocean reconstructions and longvide a fuller picture of changes in sea-ice cover during past
term records from Antarctica but requires a recognition oftime periods. These type of approaches tend to fall into three
differences in the spatial representation and processes comtistinct categories or strands of work: (i) the use climate
trolling sea-ice proxies in these environments. Informationmodel output, including from proxy-enabled models, to help
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interpret measurements from marine and ice cores; (ii) theData availability. Data associated with Table S2 can be found

use of marine and ice core based sea-ice reconstructions & https://doi.org/10.1594/PANGAEA.943275 (Chadwick et al.,

investigate past transient changes and their underlying pro2022c).

cesses; and (iii) the assimilation of data into models to help

provide better records and an improved understanding of past

sea-ice changes. Supplement. The §upplement related to this article is available
The rst of these strands of model—data work proved valu- online at: https://doi.org/10.5194/cp-18-1729-2022-supplement.

able in improving our knowledge on the spatial distribution

of WSl and SSI elds atthe LGM (Lhardy et al., 2021; Green

etal., 2022) _and the LIG (Holloway et al., 2016’. 2017?' and roject and led the writing of the original draft. CX, KEK, HCB,

on the associated impacts on the global ocean circulation an C, ADV, OE, JE, AL, M. RHR participated to the writing of the

carbon cycle (Marzocchi et aI._, 2017). ) . . original draft. CX, MC, JE and JP produced the gures. CX and
On the second strand, using transient simulations, seayc produced the tables. MC, JJ, KAL and JGP participated to the

ice evolution has been investigated for the last glacial pe-curation of the data. All authors contributed to the improvement and
riod with coupled models (Menviel et al., 2015) and for the nalisation of the manuscript through several iterations.
whole 130 ka through models with simpli ed ocean and sea-
ice dynamics (Brovkin et al., 2012; Stein et al., 2020). How-
ever, Antarctic sea ice has not been studied in detail thereirtompeting interests.  The contact author has declared that none
and simulations were generally restricted to the total sea-icef the authors has any competing interests.
extent with little comparison to marine or ice core records
of sea ice. Additional transient climate simulations of parts
of the last glacial-interglacial cycle, which can provide es- Disclaimer. Publisher's note: Copernicus Publications remains
timates of the Antarctic sea-ice evolution exist (e.g. Men- _neu_tral_ with regar_d to jurisdictional claims in published maps and
viel et al., 2012, 2018; Bagniewski et al., 2017; Yeung et nstitutional af liations.
al., 2019) but have not been exploited to date. A thorough
model-data comparison of the transient changes in Antarctic = o o
sea ice over the last glacialinterglacial cycle would improve >Pecid! issue statement.  This article is part of the special issue
our understanding of the interaction between changes in cli- ~cconstructing Southern Ocean sea-ice dynamics on glacial-to-
mate, sea ice and ocean circulation. In this vein, Hollowayhlstorlcal timescales”. It is not associated with a conference.
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