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Abstract Southern Ocean sea ice plays a central role in the oceanic meridional overturning
circulation, transforming globally prevalent watermasses through surface buoyancy loss and gain.
Buoyancy loss due to surface cooling and sea ice growth promotes the formation of bottom water that
flows into the Atlantic, Indian, and Pacific basins, while buoyancy gain due to sea ice melt helps transform
the returning deep flow into intermediate and mode waters. Because northward expansion of Southern
Ocean sea ice during the Last Glacial Maximum (LGM; 19-23 kyr BP) may have enhanced deep ocean
stratification and contributed to lower atmospheric CO, levels, reconstructions of sea ice extent are critical
to understanding the LGM climate state. Here, we present a new sea ice proxy based on the **0/*°0 ratio
of foraminifera (§'%0,). In the seasonal sea ice zone, sea ice formation during austral winter creates a

cold surface mixed layer that persists in the sub-surface during spring and summer. The cold sub-surface
layer, known as winter water, sits above relatively warm deep water, creating an inverted temperature
profile. The unique surface-to-deep temperature contrast is reflected in estimates of equilibrium 80,
implying that paired analysis of planktonic and benthic foraminifera can be used to infer sea ice extent.

To demonstrate the feasibility of the 5'*0, method, we present a compilation of N. pachyderma and
Cibicidoides spp. results from the Atlantic sector that yields an estimate of winter sea ice extent consistent
with modern observations.

Plain Language Summary Sea ice coverage in the Southern Ocean plays a critical role in
Earth’s climate system by influencing ocean-atmosphere gas exchange and the global ocean circulation.
While satellite observations provide detailed information on sea ice cover in the modern era, the satellite
record is only a few decades in duration, limiting our long-term perspective. An improved understanding
of sea ice requires reconstructions in the geologic past under climate conditions different than today. Here,
we propose a new technique for reconstructing sea ice extent in the Southern Ocean based on the '*0/'°0
ratio (8"®0.) of foraminifera. The 8'*0, of foraminifera is sensitive to temperature and it can therefore be
used to infer areas of surface cooling where sea ice tends to form and warmer areas where sea ice melts.
We present an initial compilation of data showing that the §'*0. method yields an estimate of modern
sea ice extent consistent with satellite observations, highlighting the potential of the §'*0, method for
paleoclimate studies.

1. Introduction

Southern Ocean sea ice plays an important role in air-sea exchange of CO, and the ocean’s overturning cir-
culation. Expanded sea ice coverage during the Last Glacial Maximum (LGM; 19-23 kyr BP) may influence
atmospheric CO, directly, by blocking air-sea gas exchange (Morales Maqueda & Rahmstorf, 2002; Stephens
& Keeling, 2000; Watson et al., 2015) and indirectly, by promoting brine formation and the global expansion
of Antarctic Bottom Water (AABW) (Adkins et al., 2002; Jansen & Nadeau, 2016). As the upper boundary
of AABW shoals and moves away from the zone of intense mixing near the seafloor, reduced mixing with
overlying watermasses will tend to isolate abyssal waters and promote oceanic carbon sequestration (Ad-
kins, 2013; De Boer & Hogg, 2014; Lund et al., 2011; Marzocchi & Jansen, 2019). Additionally, greater sea ice
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growth, transport, and melt could enhance the meridional overturning circulation, decrease the residence
time of surface waters in the Southern Ocean, and further limit equilibration of the deep ocean inorganic
carbon pool with the atmosphere (Eggleston & Galbraith, 2018; E. D. Galbraith & Skinner, 2020; Khatiwala
et al., 2019; Haumann et al., 2016). A clear picture of Southern Ocean sea ice cover is therefore essential to
understand the mechanisms that drive glacial-interglacial climate change.

Previous sea ice reconstructions have been based on several proxies, including: sediment lithology (Burck-
le & Cirilli, 1987; Burckle & Mortlock, 1998; Burckle et al., 1982; Hays et al., 1976), diatom assemblages
(Allen et al., 2011; Benz et al., 2016; Collins et al., 2012; Crosta et al., 1998; DeFelice, 1979; Gersonde
et al., 2003, 2005), chemical tracers in ice cores (ssNa, Br, MSA; Abram et al., 2013; Thomas et al., 2019), and
highly branched isoprenoid alkenes (e.g., Belt, 2018; Belt et al., 2016; Collins et al., 2013; Massé et al., 2011;
Vorrath et al., 2019). The most extensive maps of Southern Ocean sea ice are based on sea-ice indicator
diatom species (Gersonde et al., 2003) and/or statistical models using diatom assemblage-based transfer
functions (Benz et al., 2016; Crosta et al., 1998; Ferry et al., 2015; Gersonde et al., 2005; Whitehead &
McMinn, 2002). These proxies provide important insights into past sea-ice distributions, but like all prox-
ies, they can be affected by issues such as non-analog situations (Crosta et al., 2004), selective dissolution
(Burckle, 1983; Gersonde & Zielinski, 2000; Pichon et al., 1992), and core top calibration uncertainty (Esper
& Gersonde, 2014; Esper et al., 2010). The use of multiple proxies, especially those based on independent
approaches (e.g., Kucera et al., 2005; Peck et al., 2015), is beneficial for painting a more complete picture of
past changes in sea ice.

Here, we present a novel technique for reconstructing Southern Ocean sea ice extent (SIE) using the oxy-
gen isotopic signature (5§'°0,) of foraminifera. Our method is based on the observed spatial distribution of
winter water (WW), a cold near-surface layer that overlies warmer Circumpolar Deep Water (CDW) and
persists beneath the seasonal pycnocline during austral summer. If planktonic foraminifera secrete their
calcite in or near equilibrium with WW, the resulting 8'0, should be heavier than co-located benthic 8'°0..
Beyond the reach of WW, planktonic 8'*0, should be similar to or lighter than benthic §'*0. because the
weaker halocline and stronger surface warming maintain a water column with less pronounced subsurface
temperature inversions (Pellichero et al., 2017). As a result, we propose that meridional transects of plank-
tonic and benthic 80, can be used to map relative changes in WW and winter sea ice (WSI) extent in the
Southern Ocean. Our method builds on the work of Matsumoto et al. (2001), who used latitudinal trends in
planktonic and benthic §'%0, to infer the position of the Polar Front.

The remainder of the paper is organized as follows. First, in the background section, we briefly review the
role of sea ice in Southern Ocean watermass transformation processes and the LGM climate state. Next, in
the method rationale section, we discuss the spatial extent of WW in the Southern Ocean, its relationship
to sea ice, and how sea ice extent can be inferred using the 8'0, of foraminifera. Finally, in the results sec-
tion, we present a compilation of published Holocene data from the Atlantic sector of the Southern Ocean
to show that 8'80, results yield an estimate of WSI extent consistent with modern observations. We also
show preliminary data for the LGM and discuss strategies for improving sea ice estimates during this time
interval.

2. Background

2.1. Role of Sea Ice in Southern Ocean Watermass Transformation

Sea ice plays a central role in the transformation of watermasses in the Southern Ocean, where persistent
surface westerly winds and Ekman divergence drive upwelling of deep waters from the Atlantic, Indian,
and Pacific basins along isopycnal surfaces toward Antarctica. As deep waters are entrained into the Ant-
arctic Circumpolar Current, they mix to form CDW, the predominant watermass in the Southern Ocean
(Talley, 2013; Whitworth & Nowlin, 1987). Lower CDW is characterized by a salinity maximum, due to the
influence of high salinity North Atlantic Deep Water (Figure 1) (Whitworth & Nowlin, 1987). As CDW up-
wells toward the surface, it diverges into a southward flowing lower branch and northward flowing upper
branch. In the lower branch, surface buoyancy loss due to cooling, sea ice formation, and brine rejection
transforms CDW into AABW (Naveira Garabato et al., 2002; Talley, 2013; Vernet et al., 2019; Whitworth &
Nowlin, 1987). In the upper branch, surface buoyancy gain due to sea ice melt, precipitation, and surface
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Figure 1. WOCE A12/S2 hydrographic sections at the approximate longitude of Atlantic sector oxygen isotope results (20°E to 20°W). (a) Neutral density
section, including the 27.6 kg m ™~ isopycnal (thick black line) that marks the dividing line between positive and negative surface buoyancy forcing regimes
(Pellichero et al., 2018). Surface waters north of the line are subject to positive buoyancy fluxes (light gray horizontal bar) while surface waters to the south are
subject to negative buoyancy fluxes (dark gray horizontal bar). Also noted are Lower Circumpolar Deep Water (LCDW) and Antarctic Bottom Water (AABW), as
defined by neutral density surfaces (thin black lines) (Orsi et al., 1999). (b) Potential temperature section, including the approximate locations of the Polar Front
(PF), Sub-Antarctic Front (SAF), and Subtropical Front (STF) at ~50°S, 46°S, and 40°S, respectively (Belkin & Gordon, 1996). Approximate summer sea ice (SSI)
extent and winter sea ice extent (WSI) are shown as blue horizontal bars on the upper x-axis (http://nsdic.org). (c) Salinity section for WOCE A12/S2, showing
low salinity AAIW and high salinity NADW.

warming transforms CDW into Sub-Antarctic Mode Water (SAMW) and Antarctic Intermediate Water
(AAIW) (Abernathey et al., 2016; Orsi et al., 1995; Pellichero et al., 2018; Saenko et al., 2002). The seasonal
cycle of sea ice acts as a buoyancy pump that removes freshwater from the Antarctic margin, promoting
AABW production, and adds freshwater along the sea ice edge, facilitating AAIW formation (Pellichero
et al., 2018).

2.2. Winter Sea Ice Extent During the Last Glacial Maximum

Early reconstructions of Southern Ocean sea ice for the LGM were based on the lithology of seafloor sedi-
ments. Reconstructions by the CLIMAP (Climate: Long-range Investigation, Mapping And Prediction) pro-
ject relied on the latitudinal boundary between diatom ooze and less diatomaceous radiolarian clays, where
clay deposition was interpreted to represent perennial sea ice cover, that is, the northern edge of summer
sea ice (Burckle et al., 1982; CLIMAP Project Members, 1976; Hays et al., 1976). The winter sea ice edge was
estimated as the half-way point between the summer sea ice edge and the Polar Front, which was identified
using faunal indicators (CLIMAP Project Members, 1976). The available lithological data implied that the
LGM winter sea ice edge in the Atlantic sector (30°W to 30°E) was located at 49 + 2°N, or ~5° north of its
current position.

More recently, sea ice indicator diatoms have become the primary proxy for sea ice extent. One common
approach involves using the relative abundance of F. curta and F. cylindrus in core top sediments, which
has been shown to correspond with the modern WSI edge (Gersonde & Zielinski, 2000). While there is little
discernible relationship between sea ice conditions and the flux of F. curta and F. cylindrus to sediment
traps, within £2° of the ice edge their combined abundance in sediment core tops ranges from 3% to 15% of
the total diatom assemblage (Gersonde & Zielinski, 2000; Zielinski & Gersonde, 1997). Given that diatom
flux to the sediments is minimal during intervals of sea ice cover, the abundance signal likely reflects the
integrated effect of repeated sea-ice advance and retreat over many years (Gersonde & Zielinski, 2000).
Using the abundance of F. curta and F. cylindrus in well-dated sediment cores, Gersonde et al. (2003) esti-
mated maximum winter SIE from 30°W to 30°E reached 48 + 1°S during the LGM, roughly 6° north of its
current position. Crosta et al. (1998) reached a similar conclusion by applying the modern-analog technique
to diatom assemblages, although the reconstructed winter ice extent showed somewhat greater latitudinal
variability (48 & 2°S). A more recent study by Allen et al. (2011) also suggests LGM winter SIE expanded
~5° northward in the Scotia Sea. Because F. curta and F. cylindrus are vulnerable to selective dissolution,
the diatom-based techniques depend on moderate to high sediment preservation and reasonably high opal
fluxes (Burckle, 1983; Gersonde & Zielinski, 2000).
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Phylogenetic patterns in bull kelp have also been used to estimate SIE in the Southern Ocean. Because bull
kelp cannot survive along coastlines influenced by ice scour, the retreat of sea ice allows for recolonization,
which can be traced using kelp DNA. Sub-Antarctic islands with the least genetically diverse kelp specimens
correspond approximately with the diatom-inferred location of the LGM WSI edge (Fraser et al., 2009). In
the Indian Ocean sector, however, the bull kelp results suggest that WSI extended several degrees further
northward than indicated by the limited available diatom-based constraints (Fraser et al., 2009). In the
Atlantic sector, the two methods agree within ~+2°, which is similar to the difference between existing
diatom-based reconstructions (Allen et al., 2011; Crosta et al., 1998; Gersonde et al., 2003).

2.3. Implications for LGM Climate

Greater sea ice cover in the Southern Ocean may have contributed to lower atmospheric CO, levels during
the LGM. Nearly the entire atmospheric pCO, decline can be achieved if >99% of the area south of the
modern Polar Front was covered in sea ice year-round (Stephens & Keeling, 2000). This is the maximum
possible effect, however, because: (1) modern observations indicate that the area of open water within the
sea ice pack ranges from 20% to 30% (Watkins & Simmonds, 1999), and (2) summer sea ice during the LGM
does not appear to have extended to the Polar Front (Gersonde et al., 2005). A more realistic value for sea
ice coverage of 75% yields a much smaller CO, signal of ~15 ppm, or ~20% of the glacial-interglacial signal
(Stephens & Keeling, 2000). The effectiveness of sea ice in blocking air-sea gas exchange is limited because
greater areal coverage results in higher surface ocean dissolved inorganic carbon concentrations, which en-
hances the air-sea CO, gradient, thereby driving greater outgassing in areas of open water (Morales Maque-
da & Rahmstorf, 2002). Sea ice also weakens the biological pump by decreasing light availability, an effect
that further offsets the physical blocking effect (Gupta et al., 2020; Sun & Matsumoto, 2010).

In addition to acting as a physical barrier to gas exchange, sea ice may influence outgassing of CO, by alter-
ing the location and rate of overturning in the Southern Ocean. Northward expansion of the seasonal sea ice
zone would mean that surface waters south of the Ekman divergence are exposed at the surface for a longer
period of time (Watson et al., 2015). Assuming slower vertical overturning and no light or iron limitation,
the increase in surface water residence time would drive greater nutrient consumption, lower preformed
nutrients, and therefore greater transfer of carbon into the ocean interior by the biological pump (Wat-
son et al., 2015). Alternatively, expanded sea-ice cover may accelerate the meridional overturning, which
would enhance the existing air-sea disequilibrium and limit oceanic outgassing of CO, (Galbraith & de
Lavergne, 2019; Galbraith & Skinner, 2020; Saenko et al., 2002; Stossel et al., 1998; Khatiwala et al., 2019).
To further complicate matters, the horizontal circulation in the Southern Ocean must also be considered
because it mediates the accumulation of respired carbon in subpolar gyres, which in turn influences the air-
sea CO, gradient (MacGilchrist et al., 2019). During the LGM, sea ice cover may inhibit export production
in subpolar gyres, reducing the accumulation of respired carbon in CDW, counteracting enhanced carbon
storage due to other factors.

Sea ice may also influence atmospheric CO, via the deep ocean stratification, which reflects integrated
buoyancy loss around Antarctica. If the area of negative buoyancy forcing around Antarctica expanded ~5°
northward during the LGM and the slope of isopycnals in the Antarctic Circumpolar Current remained
similar to today, the density surface acting as the upper “lid” for AABW would have shoaled (Ferrari
et al., 2014). Once the upper boundary of AABW has moved away from the zone of intense mixing near
the seafloor, vertical mixing between southern and northern water masses would decrease, allowing for
carbon to accumulate in the abyss (Adkins, 2013; Lund et al., 2011). Shoaling can occur by either expanding
the zone of negative surface buoyancy flux or by increasing the buoyancy loss rate over a smaller region
(Jansen & Nadeau, 2016). At steady state, buoyancy loss around Antarctica must be balanced by diffusive
buoyancy flux between the lower and upper overturning cells (Jansen & Nadeau, 2016). Thus, greater sea
ice formation in the Southern Ocean causes contraction of NADW as its properties are modified by mixing
with AABW (Jansen & Nadeau, 2016).
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3. Method Rationale

30W |
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Given the myriad ways that Southern Ocean sea ice can influence the
oceanic circulation, reconstructions of sea ice extent are an essential
component of any effort to understand glacial-interglacial CO, cycles.
Below, we outline a new method to constrain sea ice extent that involves
mapping winter water (WW) using the oxygen isotopic signature of fo-
raminifera. The following text includes a brief description of the study
area followed by discussion of WW and its relation to sea ice extent. We
then discuss the influence of surface cooling on the §'®0 of calcite (§'*0,)
and the depth habitat of the planktonic foraminifer (N. pachyderma) that
likely records the WW §'°0, signal.

3.1. Winter Sea Ice Extent in the Study Area

60"05 7575 7o 60°S Our study focuses on the Atlantic sector of the Southern Ocean, in par-
ticular 20°W to 20°E, where there is an existing array of Holocene fo-
Figure 2. Mean Southern Ocean sea ice concentration for September raminiferal 8'®0, data that straddle the modern WSI edge (Figure 2). By

1979-2007 (http://nsdic.org) contoured at 5% intervals. Darkest blue
shading represents >15% sea ice concentration, white represents 100%.

convention, the ice edge is defined as the 15% ice concentration contour

Also included is the approximate location of key Southern Ocean fronts, inferred from satellite observations (Hobbs et al., 2016). The ice concen-
including the subtropical front (STF), sub-Antarctic Front (SAF), and trations depicted in Figure 2 represent climatological values for Septem-
Polar Front (PF) (from Orsi et al., 1995). Core locations for published 8'"0.  ber, when sea ice is at its greatest extent. The climatological WSI edge

results in Figure 8 are shown as circles. Map generated using GeoMapApp
(Ryan et al., 2009).

varies by +1° latitude across the study area, facilitating the comparison
between modern observations and §'®0.-based reconstructions. East of
25°E, however, the WSI edge is located several hundred kilometers to
south, highlighting the spatially heterogeneous nature of ice cover in the
Southern Ocean (Figure 2). Satellite observations also show that the winter ice edge at any given location
varies by +2° on an interannual basis (www.nsidc.org). Thus, we should expect a latitudinal precision of no
better than +2° for paleo-reconstructions.

3.2. Winter Water and Sea Ice Extent

Wintertime cooling in the Southern Ocean causes surface buoyancy loss and the creation of a cold surface
mixed layer. In the seasonal sea ice zone, ice formation and brine rejection create a mixed layer character-
ized by temperatures below —1.5°C (Martinson, 1990; Pellichero et al., 2017; Wilson et al., 2019). Between
the seasonal sea ice zone and the Polar Front, the mixed layer temperature is warmer, ranging from —1.5°C
to 1.5°C (Pellichero et al., 2017). During spring and summer, enhanced solar insolation and ice melt cre-
ates a relatively warm and fresh surface layer that caps the winter mixed layer, leaving a cold sub-surface
remnant known as WW (Moffat & Meredith, 2018; Sabu et al., 2020). The summertime vertical temperature
profile is therefore characterized by warm-cold-warm layering, with the WW layer typically occupying the
depth range from 50 to 200 m (Figure S1).

To evaluate the spatial relationship between WW and WSI, we use summertime (January-May) WOCE
sections to determine the latitude of WW isotherms in the 50-150 m depth range. As discussed below, this
depth range overlaps with the habitat of the planktonic foraminifer N. pachyderma. The latitude of WW
isotherms was compared to the climatological WSI extent for 1979-2019 and to the sea ice extent during
the September prior to the corresponding WOCE section (www.nsidc.org). At the warm end of the WW
spectrum, we find that the 1°C isotherm is located on average 3° north of the WSI edge; at the cold end,
the —1.5°C WW isotherm falls on average 4° to the south (Figure 3). The best match between WSI and WW
spatial extent occurs for the —0.5°C and 0°C isotherms, which are on average located within 1° of the ice
edge. The correspondence between WSI and WW is insensitive to whether ice extent is defined using clima-
tological values or those from the prior September. Compared to the ~10° latitudinal range in WSI extent,
the spatial offset between WW isotherms and the ice edge is small, implying that relative changes in the
latitude of WW isotherms can be used to track WSI.
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Figure 3. Latitude of winter water (WW) isotherms relative to the winter sea ice (WSI) edge in the Southern Ocean.
(a) Latitude of the 1.0°C WW isotherm (open blue circles) versus longitude, determined using 14 summertime WOCE
hydrographic sections and the depth habitat range of N. pachyderma (50-150 m). Also shown is the sea ice edge the
September prior to the corresponding hydrographic section (black circles) and the climatological WSI edge from

1981 to 2010 (gray circles). The WSI edge was determined using September satellite observations from 1981 to 2020
(http://nsdic.org). (b-f) Same as panel A, but for WW isotherms of 0.5°C, 0.0°C, —0.5°C, —1.0°C, and —1.5°C. (g) WSI
latitude minus WW latitude for the 1.0°C isotherm. On average, the 1.0°C isotherm is found 3.0+1.7° north of the
prior September ice edge (black circles) and 3.1+1.6° north of the climatological WSI edge (gray circles). In each case,
the stated error is 1o; the standard errors are ~4x lower. (h-1) Same as panel G, but for WW isotherms of 0.5°C, 0.0°C,
—0.5°C, —1.0°C, and —1.5°C. The best match between WW and WSI latitudes occurs for the —0.5°C isotherm (J).

To cross-check the results in Figure 3, we also mapped WW isotherms using the Monthly Isopycnal &
Mixed-layer Ocean Climatology (MIMOC) and Roemmich-Gilson (RG) gridded data products. The MIMOC
product is a global climatology based on conductivity-temperature-depth (CTD) data from Argo floats, ship-
board casts, and ice-tethered profilers (Schmidtko et al., 2013). Since the MIMOC product excludes a large
portion of Southern Ocean Argo float data collected since 2012, we compare these climatological values
with those from the objectively mapped RG Argo climatology, which spans January 2004 to December 2020
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Figure 4. Vertical hydrographic profiles at 1°E, 61°S from October 1989 (Mackensen et al., 1996), including (a)
salinity, (b) §'*0y, (SMOW), (c) in situ temperature, and (d) the calculated equilibrium 80 of calcite (5'*0.) (PDB).
80, was determined using the quadratic equation for Cibicidoides spp., calibrated using data from —1°C to 25°C
(Marchitto et al., 2014). The Marchitto et al. (2014) core top calibration yield a (5'*0.~8'%0y,,) versus T relationship that
is indistinguishable from the inorganic precipitation experiments of Kim and O'Neil (1997).

(Roemmich & Gilson, 2009). The RG climatology extends to a southernmost latitude of 65°S. The JFM cli-
matology for each product is shown in Figure S2. Similar to the WOCE results in Figure 3, the maps show
that WW isotherms parallel WSI extent throughout the Southern Ocean. Offsets between the 0°C isotherm
and the ice edge are generally less than 2°, particularly from ~10°W to 30°E and ~130°W to 70°W. In areas
where fronts are constricted by bathymetry, near 60°W and 150°E, the offsets are larger. For example, at
56°W, the 0°C WW isotherm is located at ~58°S, or ~4° north of the WSI edge (Cunningham et al., 2003).
The reason for the spatial decoupling at this location is unclear, but it may be related to the focused flow of
the ACC through Drake Passage. To first order, however, the spatial offset between WW isotherms and WSI
in the Southern Ocean is small relative to the total latitudinal range in sea ice extent, supporting the idea
that WSI can be mapped using WW.

3.3. Influence of Surface Cooling on the §®0 of Calcite

The unique hydrography of the Southern Ocean is reflected in vertical profiles of the §'°0 of calcite (§'°0,),
which is a function of both the 8§'*0 of seawater (§'%0y,) and temperature. As an example, we use a profile
from 1°E, 61°S that is representative of wintertime conditions in the seasonal sea ice zone. The salinity pro-
file displays a strong halocline due to surface freshening (Figure 4a). Similarly, the 8'*0y,, profile shows a
small surface depletion but otherwise shows only minor variations below 200 m (Figure 4b). Temperatures
are near freezing (—1.8°C) in the upper 150 m and systematically warmer (~0°C) from 1,000 to 4,000 m
(Figure 4c). The influence of the winter mixed layer is evident in the vertical profile of §'*0, where tem-
perature-dependent fractionation overwhelms the small surface depletion in §'®*Q,, yielding surface "0,
values that are greater than those deeper in the water column (Figure 4d). Surface cooling therefore creates
a unique vertical 8", profile, which reflects the winter mixed layer positioned over relatively warm deep
waters.

To facilitate comparison with planktonic and benthic foraminiferal results, the inverted §'°0, profile in Fig-
ure 4 can be expressed as the difference between surface and deep §**0.. The surface (0-150 m) minus deep
(1,500-3,500 m) 8'0, difference (A8'¥0,) at 61°S is 0.2-0.3%o. Additional wintertime data from the same
transect show a similar pattern, with positive A3'*0. values spanning from 70°S to 54°S, the northernmost
profile in the transect (Figure 5a). For this section, which is the only available wintertime section in our
study area, the zone of positive A8"0, coincides with the northward extent of winter sea ice (WSI).
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Figure 5. Predicted surface minus deep (1,500-3,500 m) §'*0, (A5"°0,.)
versus latitude. (a) A8'®0, for austral winter near 0°E, using values from 0
to 50 m (open circles) and 50-150 m (closed circles). Error bars represent
the propagated standard error for the mean surface and deep 5'°0, at each
location. On average, 2—4 individual 8180, estimates were used to calculate
the mean 8'°0, for each depth range. Also shown is the average position of
winter sea ice extent at 0°E (Figure 3). Positive A8'*0, values correspond
to regions of sea ice formation. Both A8"0, definitions yield similar
results during austral winter. (b) Same as top panel but for austral summer
at 30°E. Unlike at 0°E, the estimates of A8'%0, diverge because surface
warming yields lower 8'°0, from 0 to 50 m. The A8'*O, estimate based

on sub-surface values corresponds with winter sea ice extent because
temperatures from 50 to 150 m reflect the presence of remnant WW.

The influence of temperature on §'°0, is also apparent during austral
summer. To illustrate this point, we use temperature and §'°Oy,, profiles
from 30°E in the Southern Ocean collected during March 1993 (Archam-
beau et al., 1998). This is the closest transect to our study area that spans
the entire latitude range of interest (~70°S to 40°S). To first order, the
summer and winter temperature profiles look very similar in the season-
al sea ice zone, with both having the inverted pattern of cold over warm
waters (Figure 6). But surface warming during austral summer creates
a thin mixed layer above WW, resulting in a warm-cold-warm layering
that is typical of austral summer conditions in the seasonal sea ice zone
(Gordon & Huber, 1984; Pellichero et al., 2017; Wilson et al., 2019). The
presence of WW from ~50 to 150 m yields equilibrium 8'%0, values that
are higher than in either the thin surface mixed layer or the underly-
ing deep water. In the Polar Frontal Zone, between ~55°S and 48°S, the
lack of WW yields a temperature profile that is nearly isothermal, but
with a thin warm layer at the surface. Both features are reflected in the
corresponding 8'°0, profile. Moving further north into the sub-Antarctic
Zone, between ~48°S and 42°S, a more traditional open water thermo-
cline develops, which is characterized by warm (~10°C) surface waters
positioned over CDW (Figure 6). As a result, the sub-Antarctic §'*0, pro-
file shows surface ocean values that are 1-2%o lower than those associat-
ed with CDW.

The presence of cold WW along the 30°E transect can be mapped us-
ing A8"0,. Surface (0-50 m) minus deep (1,500-3,500 m) 8'*0, values
at 30°E are ~0%o from 70°S to 64°S (Figure 5b), which reflects similar
temperatures in the thin summer layer and deep waters. However, if we
instead estimate A8'®0, using hydrographic data from 50 to 150 m, which
coincides with the WW layer, we observe positive AS8™0, as far north as
~60°S, which is the approximate latitude of the WSI edge at 30°E (Fig-
ure 5b). Thus, A8'®0, calculated using austral summer hydrographic data
from 50 to 150 m reflects the influence of sea ice formation during the
preceding winter, implying that planktonic and benthic §'*0, can be used
to reconstruct WSI extent.

3.4. N. pachyderma "0, as Tracer for Winter Water

We propose that the planktonic foraminiferal species N. pachyderma can
be used to estimate sub-surface 8'°0, in the geologic past. N. pachyder-
ma lives year-round in Antarctic surface waters, including austral win-
ter when it is found near the sea ice edge and in sea ice itself (Dieck-
mann et al., 1991; Hendry et al., 2009; Lipps & Krebs, 1974; Spindler &
Dieckmann, 1986). Reported densities of N. pachyderma routinely exceed
20,000 individuals per cubic meter of melted sea ice, including live and
dead individuals (Lipps & Krebs, 1974; Spindler & Dieckmann, 1986). N.
pachyderma are apparently incorporated into sea ice during ice growth
and survive in brine channels by feeding on abundant diatoms (Spindler
& Dieckmann, 1986). Because brine formation has little influence on
504y (Tan & Strain, 1996), the 8'°0, of N. pachyderma will primarily
reflect temperature.

Previous studies imply that the §'*0, of N. pachyderma is offset from its expected equilibrium 8'*0.. N. pach-
yderma has been shown to have §'*0, values ranging from ~1%o lower than equilibrium (Bauch et al., 1997;
Mortyn & Charles, 2003; Norris et al., 1998) to ~0.5%0 higher than equilibrium (Kohfeld et al., 1996; Matsu-
moto et al., 2001). In the studies, predicted 80, values were based on the O’Neil et al. (1969) temperature
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Figure 6. Vertical profiles of in situ temperature (left panel) and predicted equilibrium 80, (right panel) from ~30°E
(Archambeau et al., 1998). The 8'®0, estimates are based on the quadratic equation for Cibicidoides spp. (Marchitto
et al., 2014). Hydrographic data represent austral summer conditions (March 1993).

calibration. The more recent calibration of Kim and O'Neil (1997) yields equilibrium 8'0, estimates that
are in better agreement with foraminiferal results, however, particularly at the cold end of the temperature
spectrum (Marchitto et al., 2014). For example, when the predicted 80, for the Bauch et al. (1997) data
are determined using the Kim and O'Neil (1997) calibration, the average offset with N. pachyderma 880,
decreases to ~0.1%.. Similarly, Livsey et al. (2020) found that N. pachyderma 8'*0, in the hydrographically
complex Fram Strait have an average offset from equilibrium values of 0.3 + 0.8%. (using the Kim and
O'Neil (1997) equation). Calcification temperature is another key consideration when calculating s%0..
In the case of the core top studies (Kohfeld et al., 1996; Matsumoto et al., 2001), it was assumed that N.
pachyderma calcifies in equilibrium with summer sea surface temperatures. As a result, the predicted 50,
values skewed toward the light end of the spectrum, making N. pachyderma 80, isotopically heavy by
comparison.

Here, we estimate equilibrium 8'®0, values using the non-linear temperature calibration from Marchitto
et al. (2014):

5'%0,(PDB) - 6'°0,,,(SMOW ) + 0.27 = ~0.245¢ + 0.0011¢> + 3.58

where ¢ is in situ temperature (°C), 880, is expressed relative to PDB (%o), and 8'®0, is expressed rela-
tive to SMOW (%o). Following convention, we add 0.27%. to 5804, to convert from the SMOW to PDB
scale (Hut, 1987). The above equation is based on more than 100 benthic foraminiferal §"0.-8"*0y, pairs
spanning —1°C to 20°C. It also yields 8", estimates indistinguishable from the Kim and O'Neil (1997)
calibration (Marchitto et al., 2014). The resulting 8'*0, values are therefore more positive than those cal-
culated using older equations (O’Neil et al., 1969; Marchitto et al., 2014; Shackleton, 1974). The source of
our temperature and 80y, data are the NASA-Goddard seawater 80 database (https://data.giss.nasa.
gov/ol18data/), which we use because the 8'80,, data are based on in situ observations. In situ observations
are preferable to estimates based on regional 51805W-salinity relationships because §*0y, and salinity can
become decoupled in areas of melting of sea ice (Bauch et al., 1997; Norris et al., 1998).

Hydrographic data from the study area are shown in Figure 7, including, from left to right, panels depict-
ing temperature, salinity, 8'®Oy,, and the predicted 5'°0, of calcite. The top row of panels displays austral
summer conditions (JFM), while the bottom row is for austral winter (ASO). During winter, the predicted
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Figure 7. Latitudinal transects of in situ temperature, salinity, 804, and calculated equilibrium 8'*0, for the Atlantic and Indian sectors of the Southern
Ocean (50°W to 60°E) for austral summer (JFM; top row) and winter (ASO; bottom row). Data are partitioned into surface (0-50 m; open red circles), sub-
surface (50-150 m; solid red circles), and deep ocean (1,500-3,500 m; blue circles). Also shown are the climatological extent of winter sea ice (WSI) at

0°E (horizontal dashed lines) (https://nsidc.org) and the approximate position of the Polar Front (PF), Sub-Antarctic Front (SAF) and Subtropical Front

(STF) (vertical gray text) (Orsi et al., 1995). Winter sea ice extent corresponds to the zone where JFM sub-surface temperatures are colder than deep ocean
temperatures (a) and where the calculated JFM sub-surface 880, is greater than deep ocean 880, (d). Also shown is the equilibrium 8180, for the —0.5°C WW
isotherm (3.1 % 0.2%o; thin horizontal line and shaded bar). The estimated in 5§'°0, uncertainty reflects the two-sigma range in 'O, (c and g). Hydrographic
data are from the NASA-GISS seawater §'°0 database (https://data.giss.nasa.gov/o18data/).

50, for surface (0-50 m) and subsurface (50-150 m) waters reaches a maximum of 3.5%. in the seasonal
sea ice zone (Figure 7h), a value that is set by the freezing point of seawater (Figure 7e). During summer,
surface layer 8'®0, averages ~2.5% in the seasonal sea ice zone, compared to ~3.0%o in the sub-surface layer
(Figure 7d), where the higher 8'30, values are due to the presence of WW (Figure 7a). The §'°0, difference
between the layers (~0.5%o) is similar to the offset between N. pachyderma and equilibrium 8'30, observed
in core top studies, implying the predicted §'°0, in these studies was too low due to the use of warmer sur-
face calcification temperatures. If N. pachyderma instead calcifies in colder sub-surface WW, the apparent
offset in predicted and observed 8'*0, largely disappears.

Plankton tow results from polar regions indicate that the depth habitat of N. pachyderma overlaps with
the depth range of WW. In the Southern Ocean, the results from three different plankton tow studies
show that N. pachyderma resides in the upper 200 m of the water column (Kohfeld et al., 2000; Mortyn &
Charles, 2003; Meilland et al., 2018). Similarly, a compilation of 104 plankton tow studies from the Arctic
and North Atlantic indicates that the abundance weighted habitat depth for N. pachyderma is 100 + 41 m
(1o) (Greco et al., 2019). It is important to note, however, that the Arctic and Antarctic are inhabited by
distinct genotypes of N. pachyderma (Darling et al., 2004, 2007). Whether the observed genetic differences
translate into unique depth habitats remain unknown. But the available data indicate that N. pachyderma
primarily resides in the upper 150 m of the water column, intersecting the depth range of WW.

Additionally, sediment trap results suggest = N. pachyderma calcifies in equilibrium with WW. At Maud
Rise, the 8'%0, of N. pachyderma in the >250 um size fraction exceeds 3.2%. throughout the year, with the
heaviest 8'*0, values occurring in January and February (Donner & Wefer, 1994). As discussed above, plank-
tonic 8", results >3%o are consistent with calcification in WW (Figure 7d). The highest fluxes of N. pachy-
derma at Maud Rise occur during January through March, when WW is located at ~50-100 m water depth
(Figure S1). Trap results from the West Antarctic Peninsula show a similar pattern, with the heaviest N.
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Figure 8. Atlantic sector transects of planktonic and benthic 8'*0.. (Top)

Holocene, including N. pachyderma (red) and Cibicidoides spp. (blue).

Also noted is the modern winter sea ice extent (horizontal dashed line)
(Figure 2), the Gaussian-smoothed equilibrium surface §'*0, for winter
(upper gray line) and summer (lower gray line), and the deep ocean 80,

trend from Figure 7 (blue-dashed line). Open red symbols denote N.

pachyderma results from the tops of cores that lack chronostratigraphic

information. (Bottom) Same as top panel but for the LGM, including
winter sea ice extent based on diatom assemblages (horizontal dashed

line) (Gersonde et al., 2003). The trend in benthic §'*0, from 50°S to 70°S

is shown for reference (dashed blue line; see text for details). Benthic
data for ODP 1094 at 53°S are shown as light blue symbols (Hasenfratz
et al., 2019). For reasons that are unclear, the Holocene benthic §**0,

reported for this core averages 3.7%o, which is 0.7%. higher than both the
expected equilibrium value and the mean benthic 8'*0, based on 10 nearby
cores. The estimated mean LGM benthic 50, for ODP 1094 is 5.3%o, or
~1%o higher than nearby results. All of the data depicted in Figure 8 are

summarized in Table S1.

pachyderma 8'°0, coinciding with intervals of maximum shell flux from
December through February (Mikis et al., 2019). These isotopically heavy
individuals have completed their full life cycle, as indicated by their large
(>250 um) spherical tests and clear evidence for secondary encrustation
(Mikis et al., 2019; Kohfeld et al., 1996). The heavier 530, of the second-
ary calcite reflects calcification deeper in the water column under cooler
ambient conditions (Kozdon et al., 2009). Because the mass of individual
N. pachyderma shells is dominated by their crust (Kohfeld et al., 1996),
so too is their 80, signature (Kozdon et al., 2009). At the West Antarc-
tic Peninsula trap site, the 8", of large individuals (>3%o) is consistent
with addition of secondary crust in equilibrium with WW at ~50-100 m,
where temperatures range from 0°C to —1°C (Mikis et al., 2019). Becuase
the flux of large individuals during summertime dominates the annual
shell flux, the oxygen isotopic signature of mature, encrusted N. pachy-
derma in seafloor samples should reflect the 580, of WW.

4. Results and Discussion

Do core top data support our assertion that N. pachyderma 80, can be
used to map WW and therefore sea ice extent? To address this question,
we adopt the approach of Matsumoto et al. (2001), who used the inter-
section of planktonic and benthic 'O, trends in the Southern Ocean
to infer the position of the Polar Front (Figure 8). Here, we supplement
their Atlantic sector data using records published since 2001 (Table S1).
During the Holocene, N. pachyderma 80, values are persistently high
(>3.3%0) from 70°S to 55°S and then decrease moving northward (Fig-
ure 8). The results are similar to the estimated equilibrium 80, for
wintertime conditions in the upper 150 m, which reflect near freezing
temperatures in the seasonal sea ice zone and progressively warmer con-
ditions in the sub-Antarctic and sub-tropical Atlantic. In contrast to the
planktonic results, benthic §'*0, decreases by only ~0.4%. from 70°S to
30°S, due to the relatively homogenous temperature and 8'*0y, charac-
teristics of CDW (Figure 7). Higher benthic 80, values south of 45°S are
due to geostrophic flow of the Antarctic Circumpolar Current and the
upward tilting of isopycnals toward Antarctica (Figure 1). The area where
N. pachyderma 80, exceeds benthic "0, (70°S to 55°S) coincides with
the zone of maximum winter sea ice extent (Figure 8). Thus, initial core
top results from the Atlantic sector suggest A8'®0, can be used to map the
sea ice edge.

The spatial trends in planktonic and benthic §'*0, during the LGM are
broadly consistent with those during the Holocene. N. pachyderma 80,
is persistently high from 70°S to ~53°S, with monotonically decreasing
values north of 50°S (Figure 8). The benthic §'%0, data are sparse by com-
parison but show little variability from 55°S to 30°S. The core site at 55°S
has a mean planktonic 8'*0, that is 0.5%o higher than the mean benthic
8'0, in the same core, which is consistent with winter sea ice reaching

this location. But overall the LGM data are too limited to make any conclusive statements about sea ice
extent. We can, however, estimate the likely trend in LGM benthic "0, south of the PF using modern and
Holocene constraints. Today, the equilibrium 8'80. of CDW decreases by 0.4%o from 70°S to 45°S (Figure 7),
similar to the late Holocene trend in benthic 80, (Figure 8). Assuming that the latitudinal gradient of
880, surfaces was similar during the LGM, we superimpose the late Holocene 8'°0, gradient on the LGM
data after adding 1.4%., which is the mean LGM-Holocene difference in benthic 8130, from 48°S to 30°S,
where there is reasonably high LGM coverage. Most of the planktonic data from 70°S to 52°S plot above
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the resulting trendline (dashed blue), implying this region was covered by sea ice at least part of the year.
By comparison, diatom-based estimates near 0°E suggest that the WSI edge was located at ~50°S (Crosta
et al., 1998; Gersonde et al., 2003).

4.1. Planktonic §®0, Plateau

In the preceding sections, we outlined a method for estimating WSI extent using paired analyses of plank-
tonic and benthic foraminifera. However, planktonic §'®0, alone may be an effective proxy for sea ice extent.
Our analysis of modern hydrographic data indicates that the summertime position of the —0.5°C and 0°C
WW isotherms track the WSI edge, with a latitudinal uncertainty of ~ +1° (Figure 3). In the depth range
of WW, the mean 8'%0y,, south of the PF is —0.35 + 0.2%o (20) (Figure 7). The resulting equilibrium &'*0,
associated with —0.5°C WW is therefore 3.1 & 0.2%o. For the 0°C isotherm, it is nearly the same, 3.0 = 0.2%o.
Given the spatial relationship between WW isotherms and WSI extent, equilibrium 8'®0, values greater
than 3.3%. should generally occur south of the WSI edge, while 80, values less than 3.3%. should occur
north of it. As shown in Figure 7d, this is indeed the case; predicted equilibrium 8'*0, values at or above the
3.3%o threshold occur entirely in the seasonal sea ice zone. For the late Holocene, N. pachyderma §'%0, data
exceed 3.3%. south of ~54°S (Figure 8). The climatological winter sea ice edge in this region (20°W to 20°E)
occurs at 55°S (Figure 2). Thus, N. pachyderma 8'°0, results on their own yield an estimate of winter sea ice
extent consistent with modern observations.

The Holocene N. pachyderma results are characterized by a plateau of §'°0, values at or above ~3.3%o
(Figure 8). There is a slope in the §'°0, plateau, however, which is likely due to individual foraminifera
calcifying in water warmer than 0°C. Given the small mass of individual N. pachyderma shells, multiple
shells are typically required to yield adequate CO, for stable isotope analysis. Thus, as one moves toward
warmer latitudes, the likelihood of incorporating individuals that calcified in warmer WW should increase,
resulting in a lower mean 8'*0.. Future studies can address this potential issue by analyzing individual N.
pachyderma specimens (Metcalfe et al., 2019; Mikis et al., 2019).

4.2. Caveats

While our preliminary results for the Holocene are encouraging, there are several caveats to consider. First,
our approach is necessarily limited to those areas of the Southern Ocean where foraminifera are preserved,
such mid-ocean ridges and plateaus. Second, the planktonic-benthic §'*0, signal associated with the sea-
sonal sea ice zone is comparable to observed interlaboratory 80, offsets of ~0.3%. (Hodell et al., 2003;
Ostermann & Curry, 2000). Future efforts to constrain sea ice extent should therefore be based on 880, data
from a single laboratory or on carefully intercalibrated results from different labs. This will be particularly
important for inferring the inflection point in planktonic 80, near the WSI edge. Third, the depth range
of N. pachyderma in the seasonal sea ice zone is poorly constrained. While it appears that mature N. pach-
yderma calcify in WW, an improved understanding of their depth habitat will require plankton tow studies
in the seasonal sea ice zone during austral spring/summer when shells fluxes are at their annual maximum.
Finally, warm WW isotherms (>0°C) can exist well north of the sea ice edge, which complicates the use of
foraminiferal 8'%0, as a sea ice proxy. Efforts to constrain sea ice extent will therefore need to carefully assess
the difference between co-located planktonic and benthic 8'80. results, the spatial pattern in planktonic
8180, data, and the absolute value of 80, to determine relative movement of WW isotherms. Given these
caveats, we recommend that the "0, method, like any proxy, be used as part of a multi-proxy strategy to
reconstruct sea ice in the geologic past.

5. Conclusions

We present a new method to estimate winter sea ice extent that is based on the unique vertical temperature
profile in the seasonal sea ice zone of the Southern Ocean. Sea ice formation and brine rejection durting
austral winter create a deep mixed layer characterized by near freezing temperatures. Enhanced solar heat-
ing and ice melt during austral summer creates a warm and fresh surface layer that caps the winter mixed
layer, creating a cold sub-surface remnant known as winter water (WW). The superposition of cold WW
over relatively warm Circumpolar Deep Water creates an inverted temperature profile in the seasonal sea
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ice zone. The unique temperature conditions yield an equilibrium §'°0, profile where surface mixed layer
880, is greater than deeper in the water column. As a result, the difference between planktonic and benthic
foraminiferal 50 (A8'®0) can be used as a proxy for winter water and sea ice extent, where areas with
positive A3'*0 are conducive to sea ice formation, while areas with negative A8"*0, values are too warm to
support ice growth.

To determine the spatial relationship between WW and WSI, we mapped WW isotherms using WOCE sec-
tions and gridded data products from the Southern Ocean. Our findings suggest that the —0.5°C WW iso-
therm, which equates to an equilibrium 80, of 3.1 + 0.2%0, most closely aligns with the winter sea ice
edge. Sub-surface equilibrium 8'*0, values >3.3%o only occur in the seasonal sea ice zone and they are
greater than co-located deep ocean equilibrium 8'®0, results. Thus, the difference between surface and deep
ocean 8'%0, can be used as a proxy for sea ice extent.

To evaluate the §'°0, method, we present a compilation of planktonic and benthic §'*0, from the Atlantic
sector of the Southern Ocean. We find that: (a) the 80, of N. pachyderma is consistent with calcification in
cold sub-surface WW, and (b) that §'*0, values >3.3%. occur only in the seasonal sea ice zone. Furthermore,
we show that the difference between planktonic and benthic §**0, (A8'0,) is positive as far north as 54°S,
similar to the latitude of the winter sea ice edge inferred from satellite observations (~55°S). Preliminary
results for the LGM are inconclusive, mainly due to an absence of benthic data. While the initial Holo-
cene results are encouraging, the 8'*0. method requires further testing using data from other sectors of the
Southern Ocean where foraminifera are preserved and cross-validation with existing sea ice reconstruction
techniques. The depth range in which N. pachyderma calcifies also needs to be verified using plankton tow
results from the seasonal sea ice zone during austral spring and summer, when shell fluxes are highest.
Analyses of individual N. pachyderma shells will also be helpful to determine the maximum §'*0 at a given
latitude, which will allow for improved visualization of the planktonic §**0, plateau associated with the
seasonal sea ice zone. Finally, we suggest that model simulations can be used to improve our understanding
of the spatial relationship between WW and WSI extent in the modern Southern Ocean and to provide con-
straints on the expected LGM 8'*0, signal associated with northward expansion of the WSI edge.

Data Availability Statement

The ARGO data depicted in Figure S2 were collected and made freely available by the International Argo
Program and the national programs that contribute to it (http://www.argo.ucsd.edu, http://argo.jcommops.
org). The Argo Program is part of the Global Ocean Observing System. The stable isotope data in Figure 8
are summarized in Table S1 and are available on the NOAA Paleoclimatology Data website (http://www.
ncdc.noaa.gov/data-access/paleoclimatology-data).
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