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Abstract

:

Dramatic changes in sea ice have been observed in both poles in recent decades. However, the observational period for sea ice is short, and the climate models tasked with predicting future change in sea ice struggle to capture the current Antarctic trends. Paleoclimate archives, from marine sedimentary records and coastal Antarctic ice cores, provide a means of understanding sea ice variability and its drivers over decadal to centennial timescales. In this study, we collate published records of Antarctic sea ice over the past 2000 years (2 ka). We evaluate the current proxies and explore the potential of combining marine and ice core records to produce multi-archive reconstructions. Despite identifying 92 sea ice reconstructions, the spatial and temporal resolution is only sufficient to reconstruct circum-Antarctic sea ice during the 20th century, not the full 2 ka. Our synthesis reveals a 90 year trend of increasing sea ice in the Ross Sea and declining sea ice in the Bellingshausen, comparable with observed trends since 1979. Reconstructions in the Weddell Sea, the Western Pacific and the Indian Ocean reveal small negative trends in sea ice during the 20th century (1900–1990), in contrast to the observed sea ice expansion in these regions since 1979.
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1. Introduction


Sea ice plays a major role in modulating regional and global climate. It governs the amount of heat and sunlight absorbed by the earth’s albedo effect and the ocean-atmosphere transfer of gas and energy. Sea ice also influences biogeochemical cycling, water mass formation, ocean circulation, precipitation and atmospheric circulation [1,2]. It is a potential major source of dimethylsulphide (DMS) [3] (a climate-cooling gas), and is thought to modulate the physical and biological processes that can draw down atmospheric CO2 into the ocean [4].



Sea ice is currently undergoing major changes. In the Arctic, sea ice has been declining rapidly over the last few decades, with an expectation of amplified global climate change due to ice-albedo feedbacks [5]. Climate models predict a rapid decline in Arctic sea ice during the 21st century, in response to anthropogenic greenhouse gas forcing, but the current rate of decline is faster than predicted [6]. Conversely, the total Antarctic sea ice cover has been steadily increasing since systematic satellite observations began in the late 1970s [7,8], although a precipitous decline since 2014 has halved the increasing trend for 1979–2018 relative to 1979–2014 [9]. At a regional scale, Antarctic sea ice trends are more variable; the Weddell Sea and the Ross Sea sectors have shown marked increases in sea ice extent [10], while the Bellingshausen Sea has seen a pronounced reduction [11]. Model simulations predict a 25% decline with little regional heterogeneity [12], partly due to underestimation of the intensification and position of the Southern Hemisphere westerly winds [13] and associated Ekman pumping of subsurface warm waters [14], as, for instance, recently illustrated in the eastern Antarctic Peninsula [15].



Observations of both Antarctic and Arctic sea ice conditions are limited to the satellite era (post 1970). Thus, it is hard to assess the significance of recent trends. Climate model simulations of future warming are heavily dependent on the historical sea ice area data [16], and thus it is of global importance that we provide reliable paleo-sea ice reconstructions to ensure that the climate models tasked with predicting future changes are fully optimised.



Prior to the satellite era (post-1970) and historical records (post-1930s), the best method for reconstructing past sea ice conditions comes from paleoclimate archives. Changes in sea ice conditions have been reconstructed from the chemical or isotopic records measured in continental ice cores. Marine sediment cores drilled in the Southern Ocean (SO) capture changes in sea ice over millennial timescales, based on fossil assemblages of marine biota and their geochemical signature that are buried in the sediments. These archives have the potential to enhance our understanding of longer term variability and place the recently observed changes in an extended context. Importantly, they also have the potential to provide realistic boundary conditions required by climate models tasked with predicting future sea ice and climate change [16]. Paleoclimate records have proved to be successful in this respect for other climate proxies. For example, reconstructions of past Antarctic surface temperature [17] and surface mass balance (SMB) [18] have successfully been used to validate regional climate models [19] and reanalysis climate data [20] and global climate simulations [21]. The success of these studies is largely a result of international efforts to collate all the available records to produce regional to continental-scale composites. In the case of SMB, data assimilation has resulted in a continent wide gridded data product that can now be directly compared with model output [22].The structure of the paper is as follows



The scarcity of records from the southern hemisphere has hindered the production of similar regional or hemispheric reconstructions for sea ice. Despite recent drilling efforts, neither the marine nor ice core networks on their own provide sufficient coverage. However, combining all the available records from multiple archives might be possible, especially over shorter time periods. The aim of this work is to establish the feasibility of producing regional to continental-scale sea ice reconstructions from Antarctica over the past 2 ka.



The structure of the paper is as follows:




	
In the first section, we collate the published sea ice reconstructions derived from (1) ice cores and (2) marine sediments spanning all, or part, of the past 2 ka. For each archive we review the different proxies and approaches used to reconstruct sea ice.



	
We then discuss the potential for combining ice core and marine records and the obstacles which need to be overcome.









2. Results


2.1. Ice Core Based Reconstructions of Sea Ice Spanning the Past 2000 Years


The poleward advection of air masses transports marine aerosols from the open ocean and the sea ice zone to the Antarctic continent. Aerosols deposited on the ice sheet, through both wet and dry deposition, are trapped in annual snow layers. Through various chemical and biological processes, the amounts of sea ice each year affects the concentrations of a number of aerosols in the atmosphere and subsequently deposited into the snow layers. Thus, the chemistry of Antarctic ice cores can be robustly used to reconstruct past sea ice conditions over centennial to millennial timescales.



There are currently only seventeen published sea ice reconstructions derived from Antarctic ice cores (Table 1). The majority of the sites are located close to the coast, in areas of high snow accumulation, and as such span only the past three centuries or less. The longest record is from the Antarctic Peninsula dating back to 1702 AD [23]).




2.2. Proxies for Sea Ice


A number of chemical species have been proposed as proxies for past sea ice and will be discussed in detail in the next section. However, the concentration of all proxies in an ice core will depend on a number of important factors [39]. These include (1) conditions at the sea ice source, (2) prevailing wind direction and transport pathways, (3) deposition on route (fallout or precipitation), (4) distance from source, (5) post depositional processes in the snow (windblown ablation, melt, photo-oxidation of compounds), and (6) species migration in the firn and ice. For a proxy to be successful, changes in sea ice conditions at the source needs to be the dominant factor. Therefore, the best ice core based sea ice reconstructions originate from high accumulation coastal sites where the dominant wind direction is onshore, transporting species associated with sea ice directly to the ice core site.



In reality, the wind direction and meteorological conditions around Antarctica are highly variable. The air masses reaching an ice core site may have originated from a large area and come into contact with sea ice at several different locations. For this reason the majority of ice core-based sea ice reconstructions represent regional sea ice changes, commonly calibrated against satellite derived sea ice extent (SIE) or sea ice concentration (SIC) over a one-to-ten degree longitudinal section [23,32] (Figure 1). The range of ice core proxies for sea ice, together with the mechanisms for how they reach an ice core site, are summarized in Figure 2, together with the sea ice proxies derived from marine records.



2.2.1. Sea Salts


Over most of the Earth, sea salt aerosol originates from breaking waves over the sea surface. Once this aerosol is generated, the large particles are quickly deposited over the open water, while the smaller particles can travel long distances over the continents. Sea salt aerosol deposited on ice sheets is normally measured in ice cores as sodium (Na+). In Antarctica, assuming the main source of sea salt aerosol is represented by sea spray, one would expect to observe the highest sea salt concentrations during summer when the sea ice margin is closer to the continent. Aerosol chemical characterization at both coastal and inland sites in Antarctica displays a seasonal cycle of sea salt with summer minima and winter/spring maxima [40], thus excluding open water as the main source of sea salt in ice cores.



The ionic composition of sea salt aerosol arriving on polar ice sheets during winter shows a systematic depletion of the sulfate to sodium mass ratio with respect to bulk sea water [40]. For these reasons, the sea ice surface origin has been invoked by several studies [41]. During the process of sea ice formation, highly saline brine is formed on the surface of the sea ice and under particular conditions (low wind speed, temperature below −8 °C and very thin ice) frost flowers can form from these brine pockets [42,43]. For almost a decade, frost flowers have been considered the most probable phenomenon responsible of the origin of fractionated sea salt aerosol reaching coastal and inner Antarctica. However, laboratory experiments [44] showed later that frost flowers are very stable in the presence of high wind speed and no significant aerosol emission was observed. An alternative mechanism is the sublimation of salty blowing snow [45,46]. The sea ice surface can be covered by snow which may be contaminated or wetted by underlying frost flowers and brine which can be uplifted and transported by wind [47].



The potential of Na+ as a marker to reconstruct past sea ice changes seems to be strongly site dependent. Concentrations of Na+ from an array of West Antarctic ice cores revealed at positive correlation with winter SIE at some sites but not others [48]. In East Antarctica (Talos Dome), Severi et al. (2017) [28] found a good correlation between September SIE maxima and sodium flux and the same relationship is observed at Dome Fuji [49]. In both these cases, the correlations were stronger when converting sodium concentrations to fluxes, which take into account of the amount of snowfall each year. In Dronning Maud Land, the total sea salt Na+ flux was positively correlated with winter sea ice in the Weddell Sea [38]. Besides distance from open water, another factor controlling the amount of sea spray transported over the continent is wind strength, which affects the transport efficiency towards inland sites. Thus, Na+ has also been proposed as a proxy for marine air mass advection, suggesting that the positive correlations with sea ice may result from strengthened atmospheric circulation at the sea ice margin [50].



Several model studies have been carried out to disentangle the real relative contribution of the different sources Na+ (open ocean, frost flowers and blowing snow) [46,51], but more observations are needed to fully understand what can be inferred from sodium in ice core records. A promising approach to better unravel the link between sea ice and sodium flux is the comparison with marine sediment records. For example, Mezgec et al. (2017) [52] succeeded in combining complementary information measured in both terrestrial and marine records.




2.2.2. MSA


Methanesulfonic acid (MSA) is the oxidation product of dimethylsulfide (DMS), produced by marine algae. In the SO, DMS production is highest within the seasonal sea ice zone, produced primarily by phytoplankton species associated with sea ice [53]. During sea ice breakup, phytoplankton blooms release dimethylsulfoniopropionate (DMSP), which degrades to DMS by biologically-mediated processes including phytoplankton cell lysis or grazing by zooplankton [54]. The oxidation of DMS in the atmosphere also creates sulphate (SO42−), which has a number of possible sources, including sea salts and volcanic activity. However, marine biological activity is the only known source of MSA. The concentration of MSA deposited by solid precipitation onto the adjacent ice sheet is influenced by the timing, duration, and spatial extent of the sea ice breakup. Thus, the hypothesis arose that MSA preserved in ice cores could be used to reconstruct past marine productivity and seasonal sea ice cover.



MSA was one of the first organic aerosol components detected in polar ice cores [41,55]. A number of statistically significant correlations between MSA and SIE is observed at coastal sites around Antarctica [23,24,26,29,32,33]. In these studies, greater SIE during the winter months leads to a larger area of sea ice breakup during the following spring and summer, enhancing biological activity and DMS production. Thus, high MSA represents winter SIE. However, at some sites the opposing relationship is observed, with elevated MSA representing summer productivity within the sea ice zone and the presence of open water polynyas [30,36,56].




2.2.3. Halogens


Halogen species, primarily Bromine (Br−), have been proposed as proxies for sea ice in polar ice cores [57]. Bromine chemistry is complex, involving heterogeneous reactions of halide salts (such as HOBr and BrONO2) in the sea ice and snow. However, studies indicate that photochemical recycling above the salt rich snow and ice surfaces drives the production of bromine in the boundary layer. The emission of Br2 molecules, and the subsequent formation of Br-radicals, results in further heterogeneous chemical recycling known as “Bromine explosions”. Bromine explosion events occur primarily in early spring and summer [58,59].



Total bromine concentrations measured in the Talos Dome ice core, East Antarctica, revealed a depletion of bromine relative to the Br/Na ratio found in seawater during the last two glacial maximum [57]. The temporal variability of bromine in the Talos Dome record corresponded with the reconstructed sea ice duration in the Victoria Land sector derived from marine records [60]. The ratio of Br/Na has been used to calculate the bromine enrichment (Brenr). In the Law Dome ice core, Wilkes Land, the Brenr is correlated with first year sea ice (FYSI) in the adjacent ocean (90–110° E) and has been used to suggest a reduction in sea ice during the 20th century [25] as also observed using MSA from this site [24]. At this site, Bromine enrichment peaks during the summer, while satellite observations of BrO in the polar regions suggests an early spring peak [25,61].



The observation of large amounts of oxidized iodine in coastal Antarctica [62], from a ground-based spectrometer, suggested iodine as a possible sea ice proxy. Instrumental measurements have confirmed the flux of iodine from the sea ice to the atmosphere [63], with iodocarbon concentrations above sea ice over 10 times greater than concentration in the seawater below. Biological productivity during springtime has been suggested as the main source of iodine in the Antarctic Peninsula [64]. Excess chloride (ExCl−), defined as chloride in excess of the expected Cl−/Na+ ration of bulk seawater, has also been related to sea ice [36,37]. The annual cycle of ExCl− exhibits a maximum in late winter, when the sea-salt aerosol is depleted in Na+, consistent with the timing of increased SIC around Antarctica. Total Cl− and ExCl− measured in a West Antarctic site (THW2010) was positively correlated with SIC in nearby polynyas [36], while winter time concentrations of ExCl−, measured in three West Antarctic ice cores (DIV2010, PIG2010, and THW2010), is positively correlated with winter SIC in the Bellingshausen-Amundsen Sea [37]. Future research into sea-salt ratios in ice cores would establish the possibilities of utilizing halogens (Br−, Cl−, and I−) as proxies for sea ice.




2.2.4. Novel Organic Compounds


Novel organic compounds in ice cores hold great promise as environmental proxies [65]. A major source of primary organic aerosol from the marine biosphere, such as fatty acids, is phytoplankton blooming events. The organic concentration of sub-micrometer aerosols is higher during biological activity in the summer [66], and studies of MSA have already shown emissions of the organic compound is related to SIC. It is therefore highly likely that concentrations of further organic compounds emitted by phytoplankton will be influenced by sea ice. Oleic acid, a short-chain unsaturated fatty acid, is a constituent of cell membranes in phytoplankton and has now been investigated in ice cores from Alaska [67], Greenland, [68], and the sub-Antarctic [34]. A positive correlation is observed between oleic acid and MSA in Alaska while King et al., (2019) [34] found a direct positive correlation between oleic acid and SIC in the region of Bouvet Island. This suggests a similar mechanism of production as MSA, whereby greater SIC in the winter results in a greater region of phytoplankton blooming along sea ice margins during spring following the break-up of sea ice. Kawamura et al. [68] instead found an inverse correlation between low molecular weight fatty acids, including oleic acid, and sea ice in the source regions of the Iceland coasts, proposing that less sea ice also indicated higher arctic temperatures, which would support greater sea-to-air transmission of marine organic matter.



In addition to MSA, a number of secondary organic aerosols (SOA) from the marine biosphere show potential for use as sea ice markers. Dicarboxylic acids (oxidation products of unsaturated fatty acids) and azelaic acid records from a Greenland ice core showed links with SICs over long time scales [67]. Oxalate, formate and acetate are oxidation products (of oxalic acid, formic acid and acetic acid respectively) that are more commonly investigated as terrestrial markers in ice cores, but do have a marine source measured in sea spray [69,70]. Only very few investigations exist for these compounds in snow and ice at remote marine locations. Legrand et al. [55] related concentrations of oxalate and formate to the presence of a local Adelie penguin populations in coastal Antarctic ice samples, while in the sub-Antarctic [34] a summertime correlation between oxalate and SIC is related to both penguin emissions and a cloud-based photo-oxidation processes.




2.2.5. Stable Water Isotopes


Stable isotope ratios of precipitation (δ18O and δD), preserved in ice cores, provide records of climate variability across a range of spatial and temporal scales. The distribution of water isotopes is dependent on temperature, thus the isotopic composition of polar ice is a powerful tool to reconstruct changes in past temperature [71,72]. Stable water isotopes fractionate due to atmospheric transport, evaporation and condensation processes. As such, changes in sea ice conditions have been proposed to influence the composition of water isotopes in coastal ice in the Antarctic Peninsula, West Antarctica and the Ross Sea region [73,74]. Observations show that during years of less extensive sea ice, greater transfer of heat and moisture inland leads to less negative δ18O values in Antarctic precipitation [75], although in West Antarctica, sea ice drives changes both in seasonal water isotopes and temperature [76]. Recently, the stable water isotope maximum observed in Antarctic ice cores during last interglacial has been reinterpreted to reflect a sea ice minimum [73,77]. Despite observations from a handful of coastal ice cores, little work has gone into validating stable water isotopes as a proxy to reconstruct past sea ice variability during recent centuries.



Nevertheless, deuterium excess has been used to reconstruct sea ice area (SIA) and, combined with MSA and Na concentrations, shows great promise as a sea ice proxy [30]. Deuterium excess, (d-excess = δD − 8 × δ18O), is a tracer of precipitation origin. It is largely controlled by the conditions at the source where moisture evaporates, in particular relative humidity and sea surface temperature (SST). These parameters control diffusive processes at the air-ocean boundary and produce a positive relationship between SST and d-excess [72]. Ice core d-excess has been used to reconstruct 20th century trends in the Ross Sea [30]. The d-excess signal in the Whitehall Glacier ice core is inversely correlated with SIA, reflecting the seasonal pattern of sea ice break out.



Water isotopes are commonly and relatively easy to measure in ice cores, yet water isotopes are only recently emerging as a potential tracer of past sea ice conditions. A large number of ice core water isotope records in Antarctica span at least the past 2 ka [17], thus ample coastal records exist to investigate d-excess as an indicator of sea ice change. However, MSA and Na concentrations were required to validate the d-excess derived SIA proxy.




2.2.6. Snow Accumulation


Another indirect proxy for sea ice in ice cores is snow accumulation. Sea ice provides a barrier between the ocean and the atmosphere and thus a reduction in sea ice can result in enhanced availability of surface level moisture and increased poleward advection of moisture transport [78]. The strong negative correlation between snow accumulation and sea ice is observed at several sites in the Antarctic Peninsula [35,75] and in a recent regional reconstruction of surface mass balance [18]. It explains the longitudinal differences in snow accumulation in the southern Antarctic Peninsula [79], which is greater at sites adjacent to the Bellingshausen Sea (where sea ice exhibits a decline) than those closer to the Amundsen Sea (where sea ice has been increasing). At Bruce Plateau, in the northern Antarctic Peninsula, a reconstruction based on annual snow accumulation reveals a 20th century decline in SIE in the Bellingshausen Sea [35]. This is in agreement with ice core reconstructions based on MSA [32] but at Bruce Plateau the relationship between SIE and snow accumulation is significantly greater than the correlations between SIE and chemical species (Na and MSA). In addition to altering moisture availability, sea ice and snow accumulation exhibit a shared response to large-scale climate variability. For example, both SIE and snow accumulation are modulated by changes in the Amundsen Sea Low, a quasi-permanent low-pressure system that drives the advection of onshore winds to the Antarctic Peninsula [79]. Thus, the lack of correlation between SIE and chemical proxies at this site suggests an indirect link between SIE and snow accumulation.





2.3. Marine Based Reconstructions of Sea Ice Spanning the Past 2000 Years


In the ocean, marine snow (comprising dead organisms, faecal matter, sand, ash, and other inorganic particles) sinks out of surface waters to the sea floor and preserves a record of past oceanic conditions in the fossils and chemical components of the accumulated marine sediment [80]. A range of different proxies can be extracted from these sediments to reconstruct past sea surface temperatures, primary productivity, ocean currents and the presence or absence of sea ice [81] (Figure 2).



Over 70 marine core sites have published sediment records containing relevant proxy data on the past 2 ka of Antarctic sea ice conditions (Table 2; Figure 3). In order to maximise the number of records considered, broad selection criteria were adopted for inclusion in this study. The records need to contain 1) at least two data points used to infer sea ice conditions during some or all of the past 2 ka or 2) adequate dating control to establish the surface/near surface age and the depth of the 2 ka interval. Many of these records extend over the Holocene or longer time intervals, with several sites affording the potential for higher resolution sampling of the past 2 ka. This results in a spatial distribution that is largely limited to the continental shelf, with only six records of adequate chronological control and/or resolution from deep ocean sites within or close to the seasonal sea ice zone.




2.4. Marine Proxies of Sea Ice


2.4.1. Diatoms


Diatoms are microscopic, unicellular algae that inhabit a wide range of aqueous to sub-aqueous environments—from boggy peat-lands through to the open ocean. Diatoms display immense morphological diversity and are renowned for the geometric patterns and intricate ornamentation of their siliceous shells (frustule). As algae, they require sunlight to photosynthesize so that in the oceans, their distribution and growth is restricted to the photic zone. Other factors limiting diatom growth include temperature, salinity and nutrient availability [140,141]. As individual species have different tolerances and preferences with respect to these controls, they occupy particular environments. It is the association between specific diatom taxa and their preferred environment that provides the basis for their use as proxies for past environmental conditions.



In the SO, diatoms offer excellent potential for reconstructing Antarctic sea ice conditions as they occupy niche assemblages close to or within the sea ice, produce intense ice edge blooms characterised by high primary- and export-production, are well-preserved in most Antarctic marine sediments and have been studied throughout the SO [142,143,144]. As a result, many studies use fossil diatoms as the basis for reconstructing past Antarctic sea ice cover.



There are two broad approaches to using fossil diatom assemblages to reconstruct past sea ice conditions: firstly, direct association of particular sea ice conditions or parameter(s) to the relative abundance(s) of sea ice-related diatom taxa and secondly, statistical methods to relate the abundance patterns of several diatom taxa or broad assemblage to a quantitative range of sea ice conditions. Both approaches make use of the ecological associations and distribution of diatoms in surface sediments (assumed to be modern) to relate to sea ice parameters (such as seasonal cover (days or months per year), seasonal or mean monthly extent (typically defined as 15% ice cover), or mean monthly SIC)) averaged over years within the satellite era to establish the proxy relationship.



The vast majority of studies that present sea ice records for the past 2 ka with adequate chronological control and resolution are from continental shelf sediments (Figure 3; Table 2) yielding a biased view of sea ice dynamics over this period. In the highly dynamic coastal environments, where other processes such as winds and mixed layer depth along with polynya presence and sea ice transport strongly impact onto diatom production and burial, statistical methods cannot be applied. There, sea ice reconstructions mainly rely on relative abundances of a few diatoms species and diatom specific organic compounds (see Section 2.4.2).



Based on sediment trap timeseries and extensive literature on SO diatom distribution, Gersonde and Zielinski (2000) [145] have shown that relative abundances >3% in Fragilariopsis curta, a diatom species thriving at very low ocean temperature and very high sea ice cover [142], both at the sea ice edge or below the ice, record the mean winter sea ice edge. This proxy has been used extensively in the Atlantic sector of the SO to reconstruct changes in winter SIE over different periods [135,136,146,147]. The approach is a little bit different in Antarctic coastal environments. As the winter sea ice edge is located far offshore (Figure 3), high relative abundances in F. curta or F. curta + F. cyclindrus (FCC) have been used to infer longer sea ice duration and greater SIC [52,85,93,94,106,107,108,111,126,132,148,149]. As such, high FCC values suggest sea ice lasting longer into the spring season and, generally, a shorter ice-free season.



In the same vein, Gersonde and Zielinski (2000) [145] proposed that relative abundances of F. obliquecostata, a sea ice related diatom [142], greater than 3% could track the mean position of the summer sea ice edge. There again, this proxy has mainly been used in offshore records from the south Atlantic to track past migrations in summer SIE [135,136,150]. In coastal environments, high occurrences of F. obliquecostata suggest sea ice presence during summer time, reflecting a minimal ice-free season.



However, the length of the ice-free season is also dependent on the timing of sea ice freezing in autumn. Thin sections of laminated sediments, preserve the depositional sequence of seasonal diatom assemblages. These studies evidenced two diatom species, Porosira glacialis and Thalasiosira antarctica, forming near mono-specific sub-micrometer laminae at the end of the summer, ice-free season. The laminae are generally composed of resting spores, the formation of which is triggered by low light levels, and attributed to mass settling events when sea ice reforms [103,148,151]. By compiling several records distributed around Antarctica, Pike et al. (2009) [89] demonstrated that P. glacialis thrives at slightly colder and icier conditions than T. antarctica and that the ratio of the two species can be used to infer the timing of sea ice formation. Ratio values above 0.1 may indicate a late sea ice melting in spring but a late sea ice freezing in autumn. However, a recent study comparing sedimentary diatom records to instrumental data off Adélie Land, East Antarctica, over the last 40 years suggested T. antarctica to be more positively correlated to early autumn sea ice return than P. glacialis [104]. It appears therefore necessary to understand the relationship between these species and autumn sea ice conditions at the regional scale before interpreting down-core records.



Diatoms can even provide information on winter SIC. Both varieties of Eucampia antarctica, namely E. antarctica var. antarctica thriving in sub-polar waters and E. antarctica var. recta living at the ice edge [142], presents the particularity to form heavily silicified winter stages that are able to germinate into short chains during winter when conditions are not too harsh [152]. These chains are composed of two pointy-horned terminal valves and a variable number of flat-horned intercalary valves. Low ratio values of terminal-to-intercalary valves indicate long chains that developed under no winter sea ice to loose winter sea ice conditions [153]. However, this proxy has not been intensively used because of generally low abundances of E. antarctica in sediment cores [154].



In offshore environments, diatom-based transfer functions are robust approaches to reconstruct both sea-surface temperatures [60,135,144,145,147] and sea ice [147,150,155,156,157] over a range of timescales. Several statistical approaches have been used, all of them having different advantages and flaws but most of the time providing similar results when applied to the same dataset [134,147,150]. Detailing the advantages and flaws of each statistical technique is beyond the scope of the present manuscript and readers are encouraged to go back to the original publications. The main issue in offshore environments is to identify sites with high accumulation rates to retrieve sediment sequences preserving the past 2 ka. Generally, high accumulation sites are located at the Polar Front in the opal belt, i.e., north of the modern winter sea ice. Only a handful of cores present sea ice records over the past 2 ka [136,157,158] indicating that SIE might have been episodically larger in the last 2000 years than today.




2.4.2. Biomarkers


Relatively new source-specific organic compounds, the C25-highly branched isoprenoid (HBI) alkenes, have been developed over the last 10 years to investigate past Antarctic SIE [159,160,161,162]. Although these lipid biomarkers, composed of 25 carbon atoms, can have several structures [163], only two have currently been investigated for use in Antarctic sediments. The di-unsaturated C25-HBI with a double bond, also referred to as diene, HBI II or more recently IPSO25 [164] by analogy to the Artic IP25 [165], is mostly sourced by the sympagic diatom species Berkeleya adeliensis [164]. This species grows as part of the sea ice diatom community, in particular in coastal zones where platelet ice is present [166]. In contrast, the tri-unsaturated C25-HBIs with three double bonds, also referred to as triene or HBI III, including its two isomers Z and E, is mostly produced by the pelagic Rhizosolenia species such as R. antennata var. semispina and R. polydactyla var. polydactyla [159,160,163,167], two open ocean species that grow in regions of a retreating sea ice edge/exhibit preference for regions of retreating sea ice.



The HBIs are then transferred downward through the water column to the surface sediment probably attached to particles produced from the melting of sea ice or ice shelf, included in fecal pellets or marine snow, in a similar way than its Arctic counterpart or most of the lipid biomarkers in polar areas [168]. Although the main downward vector is still unknown within Antarctic waters, a recent study showed that the relative amount of HBIs was unchanged between the food source, ingested material and fecal pellets [169]. During this vertical transport, the effect of the visible light induced photo-degradation was invoked; however, it seems to have a little impact, especially for the less unsaturated HBI II [170]. Once in marine sediments, both HBIs II and III are relatively well preserved from significant alteration as attested by their long-term persistence in 60,000 years old marine cores [171]. However, we cannot exclude that both molecules do not undergo any degradation, especially the triene, during early diagenesis [159,172], or even later, during inappropriate storage after sediment sampling [173]. The HBIs may also be substantially affected by rapid sulfurization when conditions become anoxic in sediments [172]. It is therefore essential to detect any organic sulfur species when using any HBI records. Nevertheless, their distribution in Antarctic surface sediments is overall well consistent with modern sea ice or open water conditions [159,160,174], making this proxy reliable enough to reflect past sea ice changes.



Before interpreting the HBIs as paleoclimate indicator, it is important to fully consider the regional environmental context. Indeed, as recently underlined by Müller et al. (2009) [175,176] and Belt (2018) [162], the absence of the sea ice biomarker could reflect either permanent or sea ice free conditions, thus potentially giving an opposite interpretation of the generated records. Regional features such as glacial ice or iceberg calving could also impact sea ice presence, source-diatom growth and thereby HBI concentrations [111]. The establishment of seasonal polynyas could also affect diatom distribution and HBI production [104]. Moreover, the abundance of both sympagic and pelagic diatom species are intimately connected to numerous additional physical, chemical and biogeochemical processes (e.g., sunlight penetration, seasonal duration of sea ice, thickness of sea ice, snow accumulation, oxygen conditions, micro and macro-nutrient supply), which the source-diatom production and therefore the HBI concentration also depends on.



While extensive work still needs to be performed on this new proxy, we can circumvent most of the aforementioned issues by combining HBI records with diatom assemblages. Whilst B. adeliensis is rarely preserved in marine sediment archives due to their thin silica shells and inherent vulnerability to water column and sediment dissolution, other diatom species, associated with sea ice (e.g., Fragilariopsis curta and Fragilariopsis cylindrus) or seasonally open water/ice free conditions (e.g., Thalassiosira antarctica, Chaetoceros resting spore or Fragilariopsis kerguelensis), can be used to infer sea ice conditions [88,111,118,121]. In Antarctica, the IPSO25 and IPSO25/triene ratio has been utilized in eight marine cores located in the western and eastern Antarctic Peninsula [111,118,121], Prydz Bay [88] and the Adélie Basin [88,100,104], East Antarctica. Recently, a modified IPSO25/triene and IPSO25/brassicasterol ratio (termed PIPSO25 index in reference to the Arctic PIP25 index [176]) was evaluated regarding its potential use as semi-quantitative sea ice proxy [174]. Most of the existing HBI records span the Holocene (i.e, the last 11kyrs BP), of these, four cover most of the last 2000 years at decadal or sub-centennial resolution [88,111,121]. Four records from the Vega Drift and Andvord Drift in the Antarctic Peninsula, the Dumont d’Urville Trough and Prydz Bay on the East Antarctic Margin cover the last centuries [100,118] and decades [104].




2.4.3. Foraminifera


Planktic foraminifera are single-celled, marine organisms with a calcite shell. Where carbonate shells are preserved in marine sediments foraminifera provide a valuable source of proxy information, firstly, from their assemblage composition and secondly, from the geochemistry of their shells (see Section 2.4.4).



Neogloboquadrina pachyderma sinistral is the one true polar species of planktic foraminfera and typically dominates the planktic foraminifera assemblage south of the Polar Front [177] This species has also been found living within a variety of sea ice settings [178,179,180,181]. The shells of N. pachyderma sin. are rarely preserved in Antarctic sediments. However, where they are preserved, the flux and morphology of their shells within the fossil assemblage may give insights into past sea ice conditions [182]. A recent study of sediment traps on Anvers Shelf confirms that low fluxes of N. pachyderma sin., especially small, immature specimens, is consistent with sea ice cover [183]. Accordingly, high primary productivity at the sea ice margin can be associated with enhanced fluxes of large, mature specimens of N. pachyderma sin.



Benthic foraminifera, both with calcified and agglutinated tests, have species-specific environmental niches. Benthic foraminifera assemblages (BFA) can be used to infer past variables such as temperature, salinity, dissolved oxygen levels and phytodetrital flux to the sea floor. While BFA is not a direct proxy for sea ice presence, a strong presence of phytodetrius-dependant benthic foraminifera provides an indirect indicator of sea ice cover due to the control sea ice exerts over primary productivity. As such, BFA is typically used in conjunction with other proxies of past sea ice variability to ratify and support reconstructions [94,114,123,184,185,186].




2.4.4. Geochemical


Stable oxygen isotope composition (δ18O) is the most commonly used isotopic tool in paleoceanography. Within the marine realm, δ18O can be measured on calcium carbonate (foraminifera, corals, mollusc shells etc) and opal (diatoms, radiolarian). The δ18O of carbonate is controlled by temperature, sea water δ18O and a biological, or vital, fractionation effect. Since sea ice is not an optimal environment for planktic foraminifera the factors controlling oxygen isotope fractionation may become complicated and the application of δ18O to N. pachyderma sin., is not a reliable tool for inferring past sea ice conditions [183]. Furthermore, within the seasonal sea ice zone seawater δ18O and temperature typically occupy a very narrow range meaning that subtle differences within the foramiferal δ18O are easily masked by biological factors. Diatom δ18O is found to be a faithful recorder of sea water δ18O [187,188,189] however, since minimal oxygen isotope fractionation occurs during the formation and melting of sea ice [190,191] this approach is suited to documenting meteoric water fluxes rather than sea ice variability [192,193,194,195].



The δ13C of marine biogenic carbonate (foraminifera, corals, mollusc shells etc.) and silica (diatoms, radiolarians) is widely used to understand carbon cycling in the ocean. Primarily controlled by the isotopic composition of the dissolved carbonate in seawater, local primary productivity and remineralisation, variations in δ13C reflect changes in one or more of these factors. In the sea ice, preferential biological uptake of 12C coupled with limited sea water exchange leads to brine pockets and channels that are enriched in 13C. Diatoms and other algae living in these brines have δ13C values higher than surface waters. This more positive δ13C signal is particularly useful to determine whether specific diatom taxa, biomarkers and/or other organic compounds originate from within the sea ice [168,196,197]. During winter N. pachyderma sin. dwells at shallow depths, just below or within the sea ice, where scarce food supply limits energy for growth and reproduction. Specimens overwintering under these conditions appear to enter a hibernation-like state so are unlikely to incorporate a sea ice δ13C signal into their shells [183].



In Antarctic marine sediments, other geochemical proxies that are sensitive to primary productivity are also used as indirect indicators of sea ice, usually in conjunction with diatom or biomarker evidence. These proxies are measured on bulk sediment or diatom material and include: total organic carbon (TOC) content, biogenic silica (BSiO2) content (weight percent), carbon/nitrogen ratios (C/N), total nitrogen percentage (TN %) and nitrogen isotopes (δ15N) [91,92,99,102,105,110,130,131,137]. The TOC and BSiO2 content of marine sediments provide a record of export production. Whilst only a fraction of exported organic carbon is ultimately buried at the sea floor, sediment trap studies show that TOC content is proportional to export production and strongly relates to primary productivity in the surface water [198,199]. BSiO2 is specific to organisms precipitating silica, as diatoms dominate primary productivity in the SO, BSiO2 content provides a reliable indicator of export and primary production in Antarctic marine sediments [200,201,202,203]. Nitrogen proxies are used to resolve nutrient utilisation. In the SO, where sea-ice exerts a strong influence on primary production, gas exchange between the ocean and atmosphere, sea surface stratification and water column mixing, nitrogen proxies reflect primary productivity as well as limitations on mixing and gas exchange [91,92,94,204,205].






3. Advantages and Limitations


The relative advantages and limitations of using marine sediments and ice cores are summarized in Table 3.



3.1. Ice Cores


The optimal location for continental ice core based sea ice reconstructions are high accumulation coastal regions, where the prevailing wind originates from or travels over the adjacent sea ice zone. Alternatively, ice-capped islands in, or on the margin of, the sea ice zone may be similarly useful. The high snow accumulation, combined with enhanced analytical capabilities, result in multiple sea ice proxies from the same ice core at annual to sub-seasonal resolution. However, a limitation of the high accumulation sites is that few coastal ice cores extend beyond a few hundred years (Figure 4).



The majority of ice core based sea ice reconstructions overlap with the satellite observations of sea ice, available from 1979 onwards, providing a direct calibration tool for ice core based proxies [23] and the possibility to run backtrajectory models to determine the source region and transport paths of proxies reaching an ice core site [206]. The development of new proxies has the potential to reconstruct sub-annual sea ice changes. For example, the MSA record reflects the changes in winter SIE, while bromide captures changes from multi-year to first-year sea ice.



However, the dependence of favourable meteorological conditions (onshore winds) is a limiting factor. Not all ice core sites will yield a reliable sea ice record and those that do rely on the assumption that the meteorological conditions have remained stable through time [11]. Even if the conditions delivering a chemical or isotopic species to an ice core site are favourable, there are a number of post depositional processes which can limit its use as a proxy. Post depositional changes include (1) wind drift or erosion, (2) reactions or transfer at the air-ice interface, (3) diffusion with depth, (4) migration across seasonal boundaries and (5) sample loss during storage.




3.2. Marine Records


Marine sea ice proxies offer the potential for excellent circum-Antarctic coverage of sea ice reconstructions at a variety of temporal resolutions (annual to centennial) over the past 2 ka. Whilst diatomaceous sediments are available throughout the continental shelf region, the existing distribution of records reflects the frequency and accessibility of logistical routes to Antarctic Bases, with the highest concentration of sites in the Northern Antarctica Peninsula and the Western Ross Sea (Figure 3). As mentioned above, the identification of high sediment accumulation rates and recovery of cores covering the past 2 ka is also a challenge in offshore environments. Figure 3 highlights how the distribution of published records biased our understanding of sea ice history over the past millennia.



The main weakness in the use of marine sea ice proxies over the past 2 ka is the lack of proxy calibration. With the exception of diatom transfer functions, most of sea ice reconstructions based on diatom abundance and HBI concentrations are inferred from ecological associations and changes relative to core top measurements. These approaches rely on the composition of core top sediments accurately reflecting the modern sea ice setting. Whilst this is a standard assumption for marine sediment proxies, declining (increasing) Antarctic sea ice distribution over recent decades may lead to proxies predisposed to underestimate (overestimate) past sea ice, as observed in a pilot study to calibrate the HBI IPSO25 vs. satellite-derived winter SIC in the Antarctic Peninsula [174]. The diversity of sea ice proxies used to infer sea ice conditions can also be considered a weakness, making comparison of sea ice histories problematic and deterring regional assimilations. The diversity of the sea ice proxies, each recording a different aspect of sea ice conditions, may also provide a more exhaustive view of past sea ice changes once proxies are better understood.



Other limitations that are not specific to sea ice reconstructions but common to all Antarctic marine sediment archives include: dating uncertainty (i.e., variable reservoir age and local contamination offset) [207,208,209,210] and depositional modification (i.e., transport, winnowing, bioturbation and dissolution).





4. Feasibility of Combining Marine and Ice Core Records over the Past 2000 Years


The target period for this study is sea ice reconstructions that span, or partially span, the past 2 ka. A total of 92 sites exist with published records of sea ice variability during this time period, 75 marine sites and 17 ice cores (Table 1 and Table 2).



4.1. Spatial Coverage


The spatial distribution of sea ice reconstructions is limited (Figure 4). However, the current distribution of records is favourable for reconstructing changes in the Bellingshausen Sea and the Ross Sea, two regions that have been experiencing considerable change during the observational period. The greatest data density is around the Antarctic Peninsula, especially in the north, where multiple marine and ice core records have been used to reconstruct sea ice over the past 2 ka. The second highest data density is the Ross Sea region while there is a notable absence of records from the South Atlantic sector. No ice core records exist from the Weddell Sea coast or Dronning Maud Land. A few marine records exist in the deep ocean however the majority of these sites do not contain data relating to sea ice changes over the past 2 ka.



Combining both the marine and ice core records does increase the spatial coverage; however, at present we do not have enough records to produce a circum-Antarctic sea ice reconstruction. More data is urgently needed in the South Atlantic sector and beyond the continental shelf.




4.2. Temporal Coverage


The ice core records are all available at annual resolution or higher, while the marine records are mainly in the multi-decadal to centennial range (Figure 4). A number of the marine records span all or most of the past 2 ka, with the potential to capture decadal-to-centennial scale variability. Conversely, the longest ice core record extends just 300 years, which is arguably too short a time period to investigate the full range of natural variability.



However, within the network of records a few sites do show promise for a cross comparison between marine and ice core records. In the Antarctic Peninsula, two marine records have a comparable sample resolution and age-scale to that of the ice core records. The Vega drift, on the east Antarctic Peninsula, and the Andvord Drift, on the west [118]. Both records contain diatoms and HBI records at greater than two-year resolution, spanning the time period 1918–2000 and 1875–2000 respectively. Their locations within the fjord system suggest that the marine records are strongly influenced by local, rather than regional, sea ice conditions. Nevertheless, they both exhibit a declining trend in sea ice since 1900 AD, which is comparable to the 20th century decline reconstructed from the Antarctic Peninsula ice core stack [32].



A number of other marine records may contain comparable sea ice records, however they have either not been sampled at high enough resolution over the past 2 ka or the constraints on the dating are not good enough to assign calendar ages. If resampling were possible at these sites we would greatly increase the possibilities of a multi-archive reconstruction in this region.



We also have multiple marine records in the Ross Sea, close to two ice core records, although the temporal resolution of the marine records is less favourable in this region. The highest resolution marine record is the multi-decadal record from Joides basin, western Ross Sea [52]. The resolution of between 9 and 23 years could be compared with ice core records, such as Whitehall Glacier in northern Victoria Land [30] and Talos Dome [28]. Both ice core sites capture changes in the Ross Sea during the 20th century. In the case of Talos Dome, the sea ice record is short, but the ice core extends back several thousand years, and a full 2 ka reconstruction might be possible.



A few other promising marine records exist, especially in the Dumont d’Urville basin in East Antarctica where the -CB210 site [100] and the DTCI-2010 site [104] contain either Pb210 or a large amount of 14C dated sea ice reconstructions based on the comparison of both diatoms and HBI. The records respectively span the periods 1750–2000, 1970–2010, or the entire last 2 ka at sub-annual to decadal resolution. The location of these marine sites is currently remote from any existing ice core sites, the closest being Talos Dome, and thus future ice core drilling in this region, or the resampling of existing ice cores would be extremely valuable.




4.3. Comparable Proxies?


By reviewing the current state-of-the-art in sea ice proxies from both ice cores and marine records we have a better understanding of how the different archives may complement each other. The marine and ice core records are fundamentally reconstructing different aspects of the sea ice environment. For the ice cores, the atmospheric transport results in a reconstruction region that is distant from the ice core source. In most cases, the concentration of a chemical species has been related both physically and biologically to conditions at the sea ice edge. The absence of marine records directly below the sea ice edge makes a direct comparison difficult. Instead, the marine records are biased towards continental sites, revealing qualitative changes in seasonal duration and extent over the past 2 ka. We urgently require marine records that extend beyond the continental shelf and can capture changes at the sea ice edge, ideally beneath a region reconstructed by ice cores.



Measurements of organic compounds in ice cores offer a unique opportunity for a more direct comparison with marine archives. Oleic acid, a fatty acid found in marine diatoms, has been isolated in an ice core from Bouvet Island [34]. At this site, the oleic acid is transported by the prevailing westerly winds and thus the concentration in the ice core reflects changes in the diatom bloom which itself is driven by changes in sea ice. This would be expected to closely resemble to diatom abundance measured in marine sediments, once transport through the water column has been taken into account. Or it may be possible to directly measure oleic acid in the marine sediments. However, this new ice core proxy is still under development and has not been measured from any Antarctic locations. In addition, the comparison would also require marine sediment records from within the seasonal sea ice zone.





5. Synthesis of Sea Ice Trends during the 20th Century


The spatial and temporal resolution of published sea ice reconstructions is not sufficient to reconstruct circum-Antarctic sea ice change over the past 2 ka. However, there is sufficient data, primarily from the ice cores, to capture sea ice trends during the 20th century (Figure 5a). Eight ice core reconstructions provide quantitative estimates of sea ice extent, across almost the entire SO. The ice core reconstructions presented in Figure 5 have all been calibrated against satellite observations and provide an estimated change in sea ice extent as either a latitudinal change or an area (km2·yr−1).



Only four marine records have sufficient resolution to capture changes in sea ice during the 20th century. However, as discussed previously the sea ice signal captured in coastal marine sediments may not necessarily relate to the large-scale changes in sea ice extent captured in the ice cores. In the absence of a calibrated sea ice change in the marine reconstructions, we simply indicate a sea ice increase or decrease in Figure 5. It is worth noting that the resolution of the marine cores is generally lower than the ice cores and have a greater dating uncertainty. We compare our reconstructions with the observed fast ice duration from the South Orkney Islands [211] (1903–1990) that has been calibrated against sea ice extent in the Weddell Sea (15–50° W) [23,32,211].



Multiple reconstructions reveal an increase in sea ice in the Ross Sea since 1900, advancing at a rate of approximately 2000 km2 yr−1. This trend is consistent with satellite observations (+5800 +/− 2900 km2·yr−1 (1979–2019)) [9]. Satellite observations show that the Ross Sea has experienced the largest regional change in sea ice over the past 40 years. The ice core reconstructions demonstrate that this recent expansion in sea ice is part of a continuous 100 year trend, which has accelerated in recent decades [23].



A similar agreement between the reconstructions and the observations occurs in the Bellingshausen Sea, where sea ice extent has declined at a rate of 3700 +/− 1800 km2 yr−1 since 1979 [9]. This negative trend is captured in the ice core reconstructions as a decline of ~2500 km2 yr−1. The rate of decline is broadly consistent in both time periods, given the errors in the reconstructions and calculated sea ice extent. Coastal marine records on both the east and west of the Antarctic Peninsula also indicate reduced sea ice cover during the end of the 20th century.



Reconstructions from the Weddell Sea, the Western Pacific and the Indian Ocean indicate a small decline in sea ice extent during the 20th century (1900–1990), while the satellite observations reveal increasing trends in these regions since 1979. Based on the relatively short overlap between the reconstructions and the observations (1979–1990), we do not expect the two time-periods to show identical trends, but these differences may reflect the high level of inter-annual and inter-decadal sea ice variability in these regions.




6. Conclusions


Advances in analytical capability, together with increased drilling efforts to obtain both marine and ice core records, has greatly improved our understanding of sea ice variability over the past 2 ka. Our review of marine and ice core reconstructions highlights the increasing number of proxies for sea ice in Antarctica, with promising new research using biomarkers and organic compounds. By combining both marine and ice core reconstructions of past sea ice we could increase the spatial coverage around the southern hemisphere. However, as our study shows, despite there being almost one hundred published sea ice reconstructions from around Antarctica, spanning all or part of the past 2 ka, the spatial distribution of those records is poor. In this study we have identified the Antarctic Peninsula and the Western Ross Sea as key regions where a combined marine and ice core reconstruction of sea ice should be achievable.



With the existing marine records, there is scope for producing higher resolution records. This should be a priority in areas where we have ice core records, particularly in the Ross Sea and Antarctic Peninsula, two regions which are experiencing rapid changes during the observational period. The lowest data density is the Atlantic sector, the Weddell Sea and Droning Maud Land. Marine records do exist in the deep SO, which at first glance would be suitably located to capture changes in winter sea ice that correspond to the sea ice reconstructions captured in the ice cores. However, they either do not have sufficient sample resolution for the past 2 ka, the sedimentation rates are too low or the core top has been lost during recovery.



Despite the limited reconstructions available we do have sufficient coverage, primarily from ice cores, to reconstruct changes during the 20th century. The records from ten ice cores, and one observational record from the South Orkney islands, provides a near continuous circum-Antarctic estimate of sea ice extent from 1900 to 1990. The reconstructions demonstrate that sea ice extent in the Ross Sea has been increasing during the 20th century, while the Bellingshausen Sea has experienced a 90 year decline. This dipole pattern is reflected in the observations from 1979 to 2019 but the rate of change is accelerated during this period. Reconstructions from the Weddell Sea, the Western Pacific and the Indian Ocean reveal a small decline in sea ice extent since 1900, despite observed sea ice expansion in these regions during the satellite era (1979–2019).
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Figure 1. Ice core locations (A–Q; see Table 1), marked with colored symbols, and corresponding sea ice zone the proxy is related to (colored lines at sea ice edge). The shape inside the diamond represents the proxy types. The sector highlighted is taken from the published literature for each site (Table 1). Dashed and dotted blue lines indicate mean September (winter, WSIE) and February (summer, SSIE) sea ice limits respectively (Source: /DATASETS/NOAA/G02135/south/monthly/). 
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Figure 2. Schematic of atmospheric and oceanic sea ice proxies recorded in ice cores and marine sediments. Includes modified version of NASA Goddard Space Flight Center Scientific Visualization Studio image #3402. 
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Figure 3. Marine based sea ice reconstructions spanning the past 2 ka with corresponding proxies shown for each site (Table 2). The maximum sample resolution represented by the symbol size. Dashed blue line marks the mean Antarctic Polar Front position, from Australian and Antarctic Data Center Map Catalogue: map_id = 13438: dashed and dotted white lines indicate mean September (winter) and February (summer) sea ice limits respectively (Source: /DATASETS/NOAA/G02135/south/monthly/). 
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Figure 4. Maps showing all ice core and marine sites that have a published sea ice reconstruction spanning all, or part of the past 2 ka. Details and references for each ice core (letters) and marine record (numbers) presented in Table 1 and Table 2 respectively. Colour bar indicates basal age at each site and symbol size represents maximum sample resolution. Dashed blue line marks the mean Antarctic Polar Front position from Australian and Antarctic Data Center Map Catalogue: map_id = 13438; dashed and dotted white lines indicate mean September (winter) and February (summer) sea ice limits respectively (Source: /DATASETS/NOAA/G02135/south/monthly/). 






Figure 4. Maps showing all ice core and marine sites that have a published sea ice reconstruction spanning all, or part of the past 2 ka. Details and references for each ice core (letters) and marine record (numbers) presented in Table 1 and Table 2 respectively. Colour bar indicates basal age at each site and symbol size represents maximum sample resolution. Dashed blue line marks the mean Antarctic Polar Front position from Australian and Antarctic Data Center Map Catalogue: map_id = 13438; dashed and dotted white lines indicate mean September (winter) and February (summer) sea ice limits respectively (Source: /DATASETS/NOAA/G02135/south/monthly/).



[image: Geosciences 09 00506 g004]







[image: Geosciences 09 00506 g005 550] 





Figure 5. (a) Reconstructed trends in sea ice extent (km2 yr−1) during the 20th century (1900–1990) compared with (b) satellite observations (1979–2019) [9]. Estimated change in sea ice extent is represented by shaded areas at the winter sea ice edge, with the corresponding colour shown at the corresponding ice core site (diamonds). Diamond in (b) is shaded to illustrate the rate of sea ice change recorded in the F10 record for the 1979–2010 period. Marine reconstructions shown as either increased sea ice (purple circles) or decreased sea ice (green circles). Site numbers (marine) and letters (ice cores) from Table 1 and Table 2. Observational fast ice record from South Orkney Islands [211] (1903–1990). Dashed black lines indicate mean September (winter) sea ice limits (Source: /DATASETS/NOAA/G02135/south/monthly/). 
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Table 1. Ice core sites with sea ice proxy records for part of the past 2 ka. MSA, Methanesulfonic acid; Br, Bromine; Na, Sodium; Dxs, Deuterium excess; ExCl, Excess Chlorine.
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	Map Reference
	Core ID
	Latitude (°)
	Longitude (°)
	Location
	Dates
	Sea Ice Proxy
	Reference





	A
	F10
	−74.57
	−86.90
	Ferrigno
	1703–2010
	MSA
	[23]



	B
	DSS0506
	−66.77
	112.81
	Law Dome (Summit)
	1841–2012
	MSA, Br
	[24,25]



	C
	Mount Brown
	−69.13
	86.00
	Mount Brown, Wilkes Land
	1984–1999
	MSA
	[26]



	D
	TALDICE
	−72.80
	159.06
	Talos Dome, East Antarctica
	
	MSA, Na
	[27,28]



	E
	NG
	−77.58
	162.50
	Newell Glacier, Victoria Land
	
	MSA
	[29]



	F
	WHG
	−72.90
	169.83
	Whitehall Glacier, Victoria Land
	1883–2004
	MSA, Na, Dxs
	[30]



	G
	SP95
	−90.00
	0.00
	South Pole
	1801–1991
	MSA
	[31]



	H
	B92
	−71.90
	74.60
	Beethoven Peninsula
	1949–1991
	MSA
	[32]



	I
	DY90
	−70.68
	−64.87
	Dyer Plateau, Antarctic Peninsula
	1900–1988
	MSA
	[32]



	J
	JRI97
	−64.22
	−57.68
	James Ross Island, Antarctic Peninsula
	1832–1997
	MSA
	[32]



	K
	LGB69
	−70.83
	−77.07
	Princess Elizabeth Land, East Antarctica
	1745–1996
	MSA
	[33]



	L
	B17
	−54.42
	3.39
	Bouvet Island, South Atlantic
	2001–2017
	MSA, Oleic acid
	[34]



	M
	BP
	−66.04
	−64.08
	Bruce Plateau, Antarctic Peninsula
	1900–2009
	MSA, snow accumulation
	[35]



	N
	DIV2010
	−76.77
	−101.74
	Thwaites Glacier, West Antarctica
	1786–2010
	MSA, ExCl-
	[36,37]



	O
	THW2010
	−76.95
	−121.22
	Thwaites Glacier, West Antarctica
	1867–2010
	MSA, ExCl-
	[36,37]



	P
	PIG2010
	−77.96
	−95.96
	Pine Island Glacier, West Antarctica
	1918–2010
	MSA, ExCl-
	[36,37]



	Q
	IND-25/B5
	−71.33
	11.58
	Central Dronning Maud Land
	1905–2005
	Na
	[38]
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Table 2. Marine core sites with sea ice proxy records for all or part of the past 2 ka.
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	Map Reference
	Core/Site ID
	Latitude (°)
	Longitude (°)
	Location Name
	Dates **
	Resolution (Lowest) $
	Resolution (Highest) $
	Sea Ice Proxy
	Reference(s)





	1
	WG35
	−77.989
	162.853
	Granite Harbor, Ross Sea
	1.2 to 0.6 ka BP
	60
	32
	Diatom
	[82]



	2
	Multiple
	−77.668
	165.500
	McMurdo Sound; Ross Sea
	0.5 to 0 ka BP
	100
	56
	Diatom
	[83]



	3
	WG17
	−77.000
	162.850
	Granite Harbor, Ross Sea
	1.2 to 0.6 ka BP
	60
	32
	Diatom
	[82]



	4
	KC208.09
	−76.972
	162.876
	Granite Harbor, Ross Sea
	1.3 to 0 ka BP
	65
	33
	Diatom
	[82]



	5
	KC31
	−75.700
	165.418
	Western Ross Sea
	2.0 to 0 14C ka BP
	400
	222
	Diatom
	[84]



	6
	KC37
	−74.499
	167.744
	Western Ross Sea
	2.0 to 0 14C ka BP
	400
	222
	Diatom
	[84]



	7
	KC39
	−74.474
	173.474
	Western Ross Sea
	2.0 to 0 14C ka BP
	400
	222
	Diatom
	[84]



	8
	BAY05-43c
	−74.000
	166.050
	Wood Bay, Western Ross Sea
	2.0 to ~0.5 ka BP
	38
	15
	Diatom
	[52]



	9
	ANTA99-cJ5
	−73.817
	175.650
	Joides Basin, Western Ross Sea
	2.0 to 0 ka BP
	23
	9
	Diatom
	[52]



	10
	KC17
	−73.420
	−102.827
	Ferrero Bay, Amundsen Sea Embayment
	2.0 to 0 ka BP
	2000
	500
	Diatom; BFA; Geochemistry
	[52]



	11
	KC15
	−73.360
	−101.836
	Ferrero Bay, Amundsen Sea Embayment
	2.0 to 0 ka BP
	2000
	500
	Diatom; BFA; Geochemistry
	[52]



	12
	BAY05-20c
	−72.300
	170.050
	Cape Hallet, Western Ross Sea
	2.0 to ~0.1 ka BP
	48
	19
	Diatom
	[52]



	13
	AM02
	−69.713
	72.640
	Amery Ice Shelf, East Antarctica
	2.0 to 0.0 14C ka BP
	400
	222
	Diatom
	[85]



	14
	CO1011
	−68.827
	77.760
	Flag Island Inlet, Rauer Group, Prydz Bay, EA
	2.0 to 0 ka BP
	2000
	500
	Diatom
	[86]



	15
	CO1010
	−68.817
	77.833
	Filla Island Inlet, Rauer Group, Prydz Bay, EA
	2.0 to 0 ka BP
	400
	222
	Diatom
	[86]



	16
	JPC24
	−68.694
	76.709
	Svenner Channel, Prydz Bay, EA
	2.0 to 0.6 ka BP
	70
	36
	Diatom; HBIs
	[87,88,89]



	17
	KROCK-15-GC29
	−68.664
	76.696
	Prydz Bay, EA
	2.0 to 0 14C ka BP
	400
	222
	Diatom
	[90]



	18
	Abel Bay
	−68.650
	78.400
	Abel Bay, Vestfold Hills, EA
	2.0 to 0 ka BP
	200
	51
	Diatom; Geochemistry
	[91]



	19
	Watts Basin
	−68.603
	78.213
	Ellis Fjord, Vestfold Hills, EA
	2.0 to 0.2 14C ka BP
	45
	18
	Diatom; Geochemistry
	[92]



	20
	Deep Basin
	−68.560
	78.199
	Ellis Fjord, Vestfold Hills, EA
	2.0 to 0.8 14C ka BP
	30
	12
	Diatom; Geochemistry
	[92]



	21
	Platcha Bay
	−68.515
	78.478
	Platcha Bay, Vestfold Hills, EA
	2.0 to ~0.8 ka BP
	120
	63
	Diatom; Geochemistry
	[91]



	22
	JPC43
	−68.257
	−66.962
	Neny Fjord, Marguerite Bay, AP
	2.0 to 0 ka BP
	100
	51
	Diatom
	[93]



	23
	TPC522
	−67.856
	−68.205
	Marguerite Bay, AP
	2.0 to ~0.8 ka BP
	240
	133
	Diatom; BFA; Geochemistry
	[94]



	24
	KROCK-125-GC2
	−67.474
	64.973
	Nielsen Bay, MacRobertson Shelf, EA
	2.0 to 0 14C ka BP
	100
	133
	Diatom
	[95]



	25
	GC1
	−67.180
	−66.797
	Lallemand Fjord, AP
	2.0 to 0 14C ka BP
	200
	133
	Diatom; Geochemistry
	[96,97]



	26
	JPC41
	−67.131
	62.990
	Iceberg Alley, MacRobertson Shelf, EA
	2.0 to 0 ka BP
	<1 *
	
	Diatom
	[98]



	27
	GC 5
	−67.059
	69.016
	MacRobertson Shelf, Prydz Bay, EA
	1.3 to 0 14C ka BP
	700
	175
	Diatom; Geochemistry
	[99]



	28
	KROCK-128-GC1
	−66.983
	63.154
	Iceberg Alley, MacRobertson Shelf, EA
	2.0 to 0.2 14C ka BP
	100
	51
	Diatom
	[95]



	29
	CB2010
	−66.906
	142.436
	Commonwealth Bay, Prydz Bay
	0.25 to 0 ka BP
	6
	3
	Diatom; HBIs
	[100]



	30
	PG1433
	−66.465
	110.572
	Browning Bay, Windmill Islands, EA
	2.0 to 0.3 ka BP
	85
	44
	Diatom
	[101]



	31
	PG1430
	−66.453
	110.498
	Peterson Inlet, Windmill Islands, EA
	2.0 to 0 ka BP
	100; 50
	51; 20
	Diatom; Geochemistry
	[101,102];



	32
	MD03-2597
	−66.412
	140.421
	Dumont d’Urville Trough, EA
	2.0 to 0.7 ka BP
	<1 *
	
	Diatom
	[103]



	33
	DTCI2010
	−66.411
	140.445
	Dumont d’Urville Trough, EA
	0.04 to 0 ka BP
	0.4
	<0.4
	Diatom; HBIs
	[104]



	34
	PG1173
	−66.267
	100.750
	Rybiy Khvost Bay, Bunger Oasis, EA
	2.0 to 0 ka BP
	50; 100
	20; 51
	Diatom; Geochemistry
	[105]



	35
	MD03-2601
	−66.052
	138.557
	Dumont d’Urville Trough, EA
	2.0 to 1.0 ka BP
	25; 50
	<10; 26
	Diatom; HBIs
	[88,89,106,107,108,109]



	36
	WAP13-GC47
	−65.613
	−64.759
	Bigo Bay, AP
	2.0 to 0.1 ka BP
	190
	100
	Diatom; Geochemistry
	[110]



	37
	JPC10
	−64.883
	−64.200
	Palmer Deep, AP
	2.0 to 0.1 ka BP
	50
	20
	Diatom; HBIs
	[111]



	38
	PD92-30/178-1098A
	−64.862
	−64.208
	Palmer Deep, AP
	2.0 to 0.1 ka BP
	200; 33
	44; 13
	Diatom; Geochemistry
	[96,111,112,113]



	39
	178-1098B/C
	−64.862
	−64.208
	Palmer Deep, AP
	2.0 to 0.2 ka BP
	100; 50; 18;
	51; 20; <18
	Diatom; BFA; Geochemistry
	[114,115,116,117]



	40
	MTC18A
	−64.772
	−62.829
	Andvord Drift, Gerlache Strait, AP
	0.13 to 0 ka BP
	3
	1
	Diatom; HBIs
	[118]



	41
	GC 02
	−64.000
	−64.000
	Anvers Shelf, AP
	2.0 to 0.9 14C ka BP
	220
	122
	Diatom
	[119]



	42
	KC2B
	−63.971
	−57.759
	Herbert Sound, James Ross Island, AP
	2.0 to 0 ka BP
	200; 100
	105; 51
	Diatom; Geochemistry
	[120]



	43
	MTC38C; JPC38
	−63.717
	−57.411
	Vega Drift, Prince Gustav Channel, AP
	0.08 to 0 ka BP; 2.0 to 0 ka BP ***
	2; 50; 20
	1; 20; <20
	Diatom; HBIs
	[118,121]



	44
	PC61
	−63.389
	−60.319
	Bransfield Strait, AP
	2.0 to 0 ka BP
	200
	105
	Diatom
	[122]



	45
	JPC02
	−63.343
	−55.887
	Firth of Tay, AP
	2.0 to 0 ka BP
	200; 50; 50
	105; 20; 20
	Diatom; BFA; Geochemistry
	[123]

[124]



	46
	A-3
	−63.168
	−59.302
	Bransfield Strait, AP
	1.7 to 0 ka BP
	95
	44
	Diatom
	[125,126]



	47
	JPC36
	−63.089
	−55.411
	Perseverence Drift, Joinville Island, AP
	0.8 to 0 ka BP; 2.0 to 0 ka BP ***
	40; 20
	21; <20
	Diatom; BFA
	[127]



	48
	GC 03
	−63.000
	−64.000
	Anvers Shelf, AP
	2.0 to 0.12 14C ka BP
	188
	99
	Diatom
	[119]



	49
	A-6
	−62.912
	−59.970
	Bransfield Strait, AP
	1.8 to 0.1 ka BP
	80
	41
	Diatom
	[125,126]



	50
	NCS 09
	−62.594
	−62.254
	Outer Shelf, S. Shetland Islands
	2.0 to 0 14C ka BP
	400
	222
	Diatom; BFA
	[119]



	51
	Gebra-2
	−62.589
	−58.542
	Bransfield Strait, AP
	2.0 to 0.2 ka BP
	90
	46
	Diatom
	[125,126]



	52
	1B
	−62.282
	−58.754
	Maxwell Bay, S. Shetland Islands
	2.0 to 0.1 ka BP
	1900; 200
	475;105
	Diatom; Geochemistry
	[128]



	53
	MC-01
	−62.202
	−58.727
	Marian Cove, S. Shetland Islands
	1.7 to 0 14C ka BP
	17
	<17
	Diatom; Geochemistry
	[129]



	54
	WB2
	−62.200
	−60.700
	Outer Shelf, S. Shetland Islands
	1.5 to 0 14C ka BP
	38
	15
	Diatom; Geochemistry
	[130]



	55
	CB2
	−62.191
	−58.833
	Collins Harbour, Maxwell Bay, S. Shetland Islands
	2.0 to 0 14C ka BP
	20
	<20
	Diatom; Geochemistry
	[131]



	56
	Gebra-1
	−61.943
	−55.170
	Bransfield Strait, AP
	1.6 to 0.1 ka BP
	90
	15
	Diatom
	[125,132]



	57
	13PC (TN057-13PC4)
	−53.200
	5.100
	Cape Basin, South Atlantic
	2.0 to 0 ka BP
	20
	<20
	Diatom
	[133]



	58
	E27-23
	−59.618
	155.238
	Emerald Basin, South Indian-Pacific
	2.0 to 1.5 ka BP
	500
	100
	Diatom
	[134]



	59
	PS1652-2
	−53.664
	5.100
	Cape Basin, South Atlantic
	2.0 to 0.6 ka BP
	280
	156
	Diatom
	[135]



	60
	PS1768-8
	−52.593
	4.476
	Cape Basin, South Atlantic
	2.0 to 0.8 ka BP
	600
	300
	Diatom
	[135]



	61
	177-1094/PS2090-1
	−53.179
	5.132
	Cape Basin, South Atlantic
	2.0 to 0.8 ka BP
	240
	133
	Diatom
	[135,136]



	62
	PS2102-2
	−53.073
	4.986
	Cape Basin, South Atlantic
	2.0 to 0.2 ka BP
	180
	95
	Diatom
	[135]



	63
	17PC (TN057-17PC1)
	−50.000
	6.000
	Cape Basin, South Atlantic
	2.0 to 4.0 ka BP
	40
	16
	Diatom
	[133]



	64
	KC72
	−67.210
	−66.888
	Lallemand Fjord, AP
	2.0 to 0 14C ka BP
	200
	105
	Geochemistry
	[96]



	65
	KC5
	−67.166
	−66.950
	Lallemand Fjord, AP
	2.0 to 0 14C ka BP
	200
	105
	Geochemistry
	[96]



	66
	KC75
	−67.140
	−66.797
	Lallemand Fjord, AP
	2.0 to 0 14C ka BP
	200
	105
	Geochemistry
	[96]



	67
	26PC12
	−66.560
	142.950
	Mertz Ninnis Trough, EA
	2.0 to 0 14C ka BP
	2000
	500
	Geochemistry
	[137]



	68
	17PC02
	−66.540
	143.200
	Mertz Ninnis Trough, EA
	2.0 to 0 14C ka BP
	400
	222
	Geochemistry
	[137]



	69
	11GC03
	−66.490
	143.420
	Mertz Ninnis Trough, EA
	2.0 to 0 14C ka BP
	320
	178
	Geochemistry
	[137]



	70
	WAP13-GC45
	−65.752
	−64.525
	Bigo Bay, AP
	1.2 to 0.2 ka BP
	10
	<10
	Geochemistry
	[110]



	71
	LMG_KC1
	−64.862
	−64.217
	Palmer Deep, AP
	0.5 to 0 ka BP
	25
	13
	Geochemistry
	[115]



	72
	WB1
	−62.300
	−60.100
	Outer Shelf, S. Shetland Islands
	0.8 to 0 14C ka BP
	20
	8
	Geochemistry
	[130]



	73
	CB1
	−62.173
	−58.826
	Collins Harbour, Maxwell Bay, S. Shetland Islands
	2.0 to 0 14C ka BP
	20
	<20
	Geochemistry
	[131]



	74
	A9-EB2
	−61.982
	−55.957
	Bransfield Strait, AP
	2.0 to 0 ka BP
	50
	20
	Geochemistry
	[138]



	75
	PS69/849-2
	−67.583
	68.125
	Burton Basin, MacRobertson Shelf, EA
	2.0 to 0.3 ka BP
	850
	320
	Geochemistry
	[139]







$ Resolution calculated from n