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Abstract: The Southern Ocean waters exchange freshwater, nutrients, carbon, heat, and salt to the
Equator and influence the global carbon budget. Therefore, it is essential to understand the varia-
tions in Southern Ocean circulation during the last deglacial period to comprehend its changes with
climate change. To understand the spread of the Southern Ocean Antarctic Intermediate and Sub-
antarctic Mode Waters during the last deglaciation (from about 19 to 11 thousand years before the
present (kyr BP)), this modeling study employs a synchronously coupled general circulation model.
The results show that the Southern Hemisphere's low-level winds overlap with the zone of maxi-
mum mixed layer depth, signifying the influence of westerlies in the Southern Ocean waters. The
results also indicate that the Southern Ocean Antarctic Intermediate and Subantarctic Mode Waters
are fresher, warmer, and about 2.4 times deeper during the early Holocene compared to the Hein-
rich-1. The model simulated the Antarctic sea ice edge (grid points in the ice model have a sea ice
concentration above ten percent) overlapping with the poleward edge of the Antarctic Intermediate
Waters, and the Southern Ocean mixed layers. Additionally, the simulated quasi-permanent Ant-
arctic sea ice edge (grid points in the ice model have a sea ice concentration above eighty percent)
and the surface distribution of Antarctic Intermediate and Subantarctic Mode Waters shifted pole-
wards by about 5° and 10°, respectively, during the early Holocene compared to the Heinrich-1.
Therefore, this study highlights a close linkage between the Southern Ocean Antarctic Intermediate
and Subantarctic Mode Waters with the Antarctic sea ice distribution throughout the last deglacial
period.

Keywords: Antarctic sea ice; Southern Ocean; Subantarctic Mode Water; Antarctic Intermediate
Water; Last deglaciation.

1. Introduction

The Southern Ocean (SO) (the ocean body south of 30°S) dynamically links the at-
mosphere (Southern Hemisphere westerly winds), ocean, and Antarctic sea ice and ven-
tilates a significant part of the global ocean. Through biogeochemical processes, including
primary surface productivity, remineralization at depth, and upwelling of carbon-rich
water masses, the SO has played a significant role in the Earth's climate system by directly
connecting the deep ocean carbon storage. Although the SO occupies less than one-third
of the global ocean and 14% of the Earth's surface, it has absorbed about 43% of total oce-
anic anthropogenic carbon dioxide and 75% of heat [1]. In addition, the upwelled SO wa-
ter exchanges freshwater, nutrients, carbon, heat, and salt with the Equator. Therefore, it
contributes to the ocean's biological productivity and affects the global carbon budget.
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The wind and buoyancy-driven SO Circumpolar Deep Water upwelling bring nutri-
ents and carbon onto the ocean surface poleward of the Antarctic Polar Front. The Ant-
arctic Bottom Water (AABW), which is formed around the Antarctic coast, is created when
a portion of this upwelled water travels south, loses heat and buoyancy, and sinks. The
other share of this upwelled water gets Ekman transported equatorward along the ocean
surface and mixes with Antarctic surface water. The densest form of this water subducts
to form Antarctic Intermediate Water (AAIW), characterized by salinity minimum [2] and
can be traced northward beyond the Equator. Further north of AAIW production, Antarc-
tic surface water mixes with subtropical surface water to form Subantarctic Mode Water
(SAMW). The SAMW originates in the thick wintertime mixed layers surrounding the
Southern Ocean [3].

Currently, the understanding of the SO dynamics is still developing. Paleoclimate
scientists acknowledge the SO overturning circulation to be predominantly wind-driven
[4, 5]. But numerous studies have demonstrated that variations in buoyant flux caused by
freshwater outflow [6, 7], ocean eddies [8], topography [7], and Antarctic sea ice feedback
[9-14] contribute to the SO dynamical changes during the last deglacial time. Therefore,
understanding how the distribution of Antarctic sea ice affects the surface distribution
and transport of AAIW and SAMW movement is crucial.

The Southern Hemisphere sub-tropical gyres depend on the AAIW and SAMW of
the Southern Ocean for the transportation of freshwater, heat, and nutrients. The SO's
AAIW and SAMW are essential components of equatorward freshwater, nutrient, and
heat transport which distributes in all southern hemisphere subtropical gyres and even
spans the Equator [3]. Therefore, it is essential to understand the change in atmospheric,
oceanic, and cryosphere dynamics affecting Southern Ocean water transport. Moreover,
a change in the volume transport of AAIW and SAMW transport can affect the eastern
equatorial productivity primary productivity and carbon budget [15-17].

Li, et al. [18] have shown changes in the depth and position of the AAIW during the
onset of the last deglaciation. They hypothesized that variations in Antarctic Intermediate
Water depth were caused by Antarctic sea ice growth and the weakening hydrological
cycle, highlighting the importance of Antarctic sea ice in SO circulation. Additionally, it is
essential to remember that the physical processes responsible for the SO dynamics during
the most recent deglacial period still apply today. Therefore, it is crucial to understand the
SAMW and AAIW transport during the last deglacial period to help us understand the
present and future changes.

As a result of global warming, the oceans are currently warming, and the waters off
the Antarctic shelf are becoming fresher [19, 20]. This study aims to comprehend the SO
processes and transport of nutrient-rich SAMW and AAIW export using an atmosphere-
ocean-ice-land surface coupled earth system climate model that would contribute to un-
derstanding the global carbon budget. Moreover, this study highlights the association of
Antarctic sea ice distribution with the SAMW and AAIW transport, which is vital to un-
derstanding the present and future climate projections.

2. Materials and Methods

This study employs a synchronously coupled ocean-atmosphere-ice-land surface
general circulation model (TraCE-21ka). The TraCE-21ka experiment includes a
T31_gx3v5 resolution version of the Community Climate System Model (CCSM3) from
the National Center for Atmospheric Research (NCAR). The Community Atmosphere
Model version 3 (CAM3), Community Sea Ice Model version 5 (CSIM5), the Parallel Ocean
Program version (POP), and the Community Land Surface Model version 3 (CLM3) are
all included in the TraCE-21ka experiment [21]. Realistic transient variations in the melt-
water fluxes in the Northern and Southern Hemispheres, incoming solar radiation, re-
treating continental ice sheet topography, which is denoted by the rise in eustatic sea level,
and atmospheric greenhouse gas concentrations were used as boundary conditions for the
TraCE-21ka experiment. The TraCE-21ka model output data are publicly available at
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https://www.earthsystemgrid.org/project/trace.html (most recent access was on 27 Octo-
ber 2022).

The Community Atmospheric Model 3 (CAM3), run at a T31 (around 3.75 degrees)
resolution and a vertical resolution of 26 hybrid coordinate levels, served as the atmos-
pheric model for the TraCE-21ka experiment. The Parallel Ocean Program (POP) and
NCAR Community Sea Ice Model version 5 (CSIM5) output data from the TraCE-21ka
experiment have similar resolutions (gx3v5). The model output data have about 3.6 de-
grees resolution in the longitudinal and a variable resolution in the latitudinal direction,
such that it is about 0.9 degrees close to the Equator). As a result, the output data from the
ocean and ice models were interpolated to a resolution of 3.75 degrees, just like the data
from the atmospheric model. The ocean model employs the parameterization of ocean
eddies and comes with a vertical z coordinate that has 25 depth levels. [22]. A subgrid-
scale distribution of ice thickness was also added to the CSIM5 model.

Sloyan and Kamenkovich [23] showed that the GFDLCM2.1, CCSM3, MIROC3.2, and
CNRM-CM3 climate models well simulate the AAIW and SAMW volume and tempera-
ture transport. Sloyan and Kamenkovich [23] adopted the definitions used by Sloyan and
Rintoul [24] and simulated the volume transport of for the CCSM3 climate model between
neutral densities ranging between 26.0 to 27.4 kg m™~3. In this study, we have analyzed the
TraCE-21ka experiment model outputs, which employ the CCSM3 climate model. There-
fore, we have followed Sloyan and Kamenkovich [23] and Sloyan and Rintoul [24] and
calculated the AAIW and SAMW volume transport between potential densities ranging
between 26.0 to 27.4 kgm™3.

This study examined the time evolution of the AAIW and SAMW transport and Ant-
arctic sea ice coverage from about 19 to 9 kyr BP. We have selected three millennial time-
scales: (a) H1 (Heinrich 1 event; from 17.3 to 16.3 kyr BP), (b) YD (Younger Dryas event;
12.5 to 11.5 kyr BP), and (c) O_H (early Holocene period; 10 to 9 kyr BP), to highlight the
variability during the last deglacial period.

3. Results

We analyzed the TraCE-21ka near-surface winds (950mb) and ocean data from about
19 to 9 kyr BP to understand the evolution of the ocean mixed layer depths and the spatial
distribution of the SAMW and AAIW waters in the SO. Figure 1 shows that the Southern
Hemisphere's low-level winds overlap with the zone of mixed layer depth in the Southern
Ocean waters. The southernmost point of the AAIW distribution can be seen in the iso-
pycnals 27.4 (values are reported after deducting 1000. Hence a potential density of 27.4
kg m~3 represents the 1027.4 kgm™3 isopycnals). Figure 1 illustrates that the southward
extent of AAIW and mixed layer depths closely follow during the later part of the last
deglacial period.
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Figure 1. The depths of the mixed layer in the Southern Ocean on an annual average
(color-shaded; meters (m)). It is overlain with near surface 950mb winds (black,
dashed; contour lines) and surface isopycnals (red, solid; contour lines) during the
early part of deglaciation (H1) and early Holocene (O_H).

We further analyzed the TraCE-21ka Antarctic sea ice distribution. Figure 2 shows
the SO mixed layer depth and the spatial distribution of AAIW and SAMW. It also shows
the Antarctic sea ice boundary (green dashed contour line) and Antarctic quasi-permanent
sea ice boundary (blue dashed contour line) in the Southern Ocean waters.
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Figure 2. The depths of the mixed layer in the Southern Ocean on an annual average
(color-shaded; meters (m)). It is overlain with surface isopycnals 26 and 27.4 (red,
dashed; contour lines), showing the spatial extent of SAMW and AAIW waters. Ad-
ditionally, the quasi-permanent sea ice edge, defined as the grid points in the ice
model which have a sea ice concentration above eighty percent, and Antarctic sea ice
edge, defined as the grid points in the ice model which have a sea ice concentration
above ten percent during the early part of deglaciation (H1) and early Holocene (O_H)
periods.

Figure 2 also illustrates that the southward extent of AAIW and mixed layer depths
closely follow during the latter part of the last deglacial period. The Antarctic sea ice edge
(grid points in the ice model have a sea ice concentration above ten percent) overlaps with
the southward position of the AAIW and the SO mixed layers. Additionally, the quasi-
permanent sea ice edge (grid points in the ice model have a sea ice concentration above
eighty percent) and the zone of SAMW and AAIW shifted southwards during the early
Holocene compared to the H1.

Figure 3 shows the Southern Hemisphere depth-latitude section of the SAMW and
AAIW during the early part of deglaciation (H1) and early Holocene (O_H). It highlights
that the simulated AAIW and SAMW are deeper and equatorward shifted during the
early Holocene than H1.
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Figure 3. The depth-latitude section of AAIW and SAMW waters (color-shaded; kil-
ogram per cubic meters (kg m~3) ) in the SO. The AAIW and SAMW are calculated
between a potential density ranging from 26 and 27.4 kg m~3 isopycnals during the
early part of deglaciation (H1) and early Holocene (O_H).

4. Discussion and Conclusions

Recent publications employing the TraCE-21ka experiment model simulations have
highlighted the relationship between Antarctic sea ice and SO processes [7, 9, 10]. The SO
upwelling was made stronger by an increase in freshwater discharge brought on by Ant-
arctic sea ice melting [6, 10]. Studies have also shown changes in the depth and position
of the Antarctic Intermediate Water during the onset of the last deglaciation [18]. They
emphasized the importance of Antarctic sea ice in the SO and proposed that variations in
Antarctic Intermediate Water depth were caused by Antarctic sea ice expansion and the
weakening hydrological cycle.

The study shows that the near-surface winds overlap with the mixed layer depth in
the SO, demonstrating the influence of Southern Hemisphere westerlies in the SO dynam-
ics (Figure 1). The findings show that the modeled AAIW during the early Holocene is
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warmer, fresher, and roughly 2.4 times deeper (Figure 3) than during the early portion of
the deglaciation (H1 event). The Antarctic sea ice edge overlaps with the southward edge
of the Antarctic Intermediate Waters and the mixed layers in the SO.

The results also highlight that the modeled quasi-permanent Antarctic sea ice edge
and AAIW and SAMW surface distribution shift southward by about 5° and 10°, respec-
tively, during the early Holocene compared to the early portion of the deglaciation (H1).
Therefore, this study highlights the association between AAIW and SAMW surface distri-
bution and the SO sea ice distribution during the most recent deglacial period (Figure 2).

But it's important to remember that the same physical processes that governed SO
dynamics during the last glacial period would apply today. For instance, recent research
has discovered that the freshening of the Antarctic shelf waters caused by sea ice melt
regulates the changes in heat and salt in the upper meridional overturning circulation [25].
Studies have also revealed salinity [19] and meltwater [20] variations in the Antarctic wa-
ters. Consequently, it is crucial to comprehend the distribution of SAMW, AAIW, and
Antarctic sea ice in the SO to comprehend the present and future estimates of nutrient
export and climate.
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