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It is widely accepted that meltwater from northern ice sheets drove changes in the
Atlantic Meridional Overturning Circulation, impacting global climate. In contrast,
data are lacking on the Antarctic Ice Sheet’s (AIS) effect on Southern Ocean overturning,
despite the Southern Ocean’s central role in ventilating the ocean interior. Here, we
present diatom-bound nitrogen isotope evidence indicating that during deglaciations, as
wind-driven upwelling in the open Antarctic Ocean increased, AIS melting strengthened
density stratification in the polar Antarctic Ocean. This change coincides with recon-
structions of meltwater discharge and resembles model simulations of global warming
including AIS meltwater forcing. The transient input of freshwater and, thus, buoyancy
weakened Southern Ocean’s “lower cell” that outcrops in the polar Antarctic Ocean even
as open Antarctic Ocean’s “upper cell” strengthened. Given evidence that deep-ocean
ventilation and CO, release were ongoing early in deglaciation, our data suggest that
the open Antarctic Ocean, and not solely the most polar Antarctic Ocean, can directly
ventilate the deep ocean. During the last deglaciation, the strongest density stratification
in the polar Antarctic Ocean occurred just before the Antarctic Cold Reversal, when
southern hemisphere warming paused and the northern hemisphere warmed sharply
(i.e., during the Bolling—Allered period). We propose that when combined with stronger
wind-driven upwelling, the freshwater-driven redirection of upwelled water away from
deep water formation and toward the upper cell deepened the global pycnocline, working
to restart North Atlantic deep water formation in the Bolling—Allerad period. If so, polar
ocean freshening in both hemispheres drove the “bipolar seesaw” events of deglaciation.

Southern Ocean | Antarctic Ice Sheet | deglaciation | stratification | N isotopes

In the Southern Ocean’s Antarctic Circumpolar Current (Fig. 1A4), westerly winds force
upwelling by causing a divergent meridional Ekman transport at the surface of the Antarctic
Zone (AZ) south of the Antarctic Polar Front (APF). This process allows previously seques-
tered CO, to be released back into the atmosphere (1) while also encouraging the ocean’s
absorption of anthropogenic CO, and of the excess atmospheric heat associated with global
warming (2). Recent observations suggest that westerly winds are migrating poleward and
intensifying (3), which appears to be increasing the ventilation of the upper AZ and global
pycnocline (roughly the upper 1.2 km) (4). While potentially accelerating the exchange
of CO, and heat between the atmosphere and the interior of the ocean (2), the upwelling
may also bring warm deep water, derived from Circumpolar Deep Water (CDW), onto
the Antarctic continental shelf, where, along with atmospheric warming, it can accelerate
the melting of the Antarctic Ice Sheet (AIS) (5). One possible consequence of the resulting
meltwater addition to the ocean is the promotion of upper ocean density stratification,
which may isolate the upwelled warm deep water from the surface (6). This mechanism
may cool the sea surface (or slow its warming) while warming the shallow subsurface,
which may further accelerate ice-sheet loss through basal melting of ice shelves (7, 8).
While climate models simulate wind and buoyancy forcings, their relative importance and
interactions in the Southern Ocean depend on poorly constrained aspects of the model,
such as isopycnal and diapycnal mixing, and instrumental data are too limited for model
validation (9-11). This situation adds to the uncertainty of models” hindcasts of Southern
Ocean conditions during past climates and their predictions of the future.

As a complementary window into the AIS’s impact on the upper ocean in the AZ and
the relative contribution of different forcings (wind vs. buoyancy), we examine the
Southern Ocean’s circulation over the last full glacial cycle, encompassing two deglaciations
when Earth’s temperature and sea level rose by 6 °C and 120 m, respectively (28). We
measured the °N/™N ratio (hereafter referred to in delta notation, as 8"°N vs. Air) of
organic nitrogen encapsulated within diatom frustules (i.e., diatom-bound N) in deep-sea
sediments. Diatom-bound 8'°N provides a metric of the ratio of nitrate uptake to gross
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Significance

The effect of global warming on
the circulation of the Southern
Ocean is complicated by the
potential for interactions
between wind-driven upwelling
and surface buoyancy fluxes.
Here, we study changes in the
Southern Ocean's surface
conditions during the last two
deglaciations, when Earth
warmed rapidly. We demonstrate
that during each of these events,
meltwater from the Antarctic Ice
Sheet temporarily stratified the
upper ocean near Antarctica.

The findings point to specific
mechanisms for the early rise in
atmospheric CO, concentrations
during deglaciations and the
climatic “seesaw” behavior
between the hemispheres,
highlighting the potential impacts
of the Antarctic Ice Sheet on the
ocean's ability to absorb heat and
carbon dioxide in a warming
world.
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Fig. 1. Maps of the Southern Ocean with the locations of sediment cores. The red circle shows the location of the diatom-bound §'°N record in the Polar
Antarctic Zone (PS69/899-2; this study). (A) Surface current velocity (12) (color scale), Antarctic Iceberg Tracking database (13) (black tracks), and winter median
sea-ice extent (14) (1981 to 2010; white line; WSIE). (B) Distinction between regions of the upper ocean feeding the upper and lower cells, respectively, based
on particles released at 500 m depth in a high-resolution ocean model (15). The Antarctic Polar Front (APF) is shown as the black line (16). White circles indicate
previously published diatom-bound 8'°N records from the Open Antarctic Zone (17, 18) (PS75/072-4, MD11-3353, and MD12-3394) to which we compare
our record from the Polar Antarctic Zone. The light-blue circle is the EPICA Dome C ice-core record (19-21) (EDC). Gray circles indicate sediment cores with
reconstructions of the ice-rafted-debris flux (22-24) (MD07-3133, MD07-3134, U1536, U1537, and U1538). The petrol circle indicates a reconstruction since
the Last Glacial Maximum of wind-driven upwelling near the APF based on the thorium-normalized opal accumulation rates (25) (TN57-013). The blue circle
indicates a reconstruction of deep ocean O, based on authigenic U levels (26) (MD12-3396). Yellow circles indicate a reconstruction of subglacial discharge

inferred from deep-sea coral §>*U measurements (27).

nitrate supply (i.e., the degree of nitrate consumption) in AZ
surface waters (17, 18). The degree of nitrate consumption is
expected to decrease with stronger wind-driven upwelling, which
increases the gross supply of nitrate, unless this increase is met by
a proportionally equivalent increase in nitrate assimilation by
phytoplankton. Conversely, the degree of nitrate consumption
will increase with stronger density stratification of the AZ upper
water column. An increase in stratification would lower gross
nitrate supply from below while also possibly improving the light
conditions for phytoplankton growth, leading to more complete
consumption of the available nitrate pool.

Reconstructions of Surface Conditions in the Polar Southern
Ocean. Previous studies in the AZ indicate higher nitrate
consumption in surface waters during ice ages, as recorded by
higher diatom-bound 8N (17, 18) (Fig. 2D). In addition, proxy
data such as lower biogenic barium and opal fluxes point to a
concurrent decrease in export production (i.e., reduced sinking of
organic matter out of the surface ocean) (29, 30) (Fig. 2E). Here,
the sedimentary barium-to-iron (Ba/Fe) ratio is taken as a proxy
for export production, as Ba/Fe records have aligned with thorium-
normalized opal flux measurements when obtained from the same
core (17, 30). Higher nutrient consumption and lower export
production, together, suggest a reduction in gross nitrate supply
to the surface, due to a decrease in the exchange of water between
the surface and underlying ocean interior during ice ages (31).
This decrease in upper AZ exchange is best explained by a decrease
in wind-driven upwelling, caused by equatorward migration and
weakening of the westerly winds in response to global cooling (18,
31-33) (Fig. 34). Alternative mechanisms include an expansion of
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the region of buoyancy loss (34, 35) and the reduced sensitivity of
seawater density to temperature at low temperatures (36).

However, these diatom-bound 8'°N records are confined to the
so-called “opal belt” near the APF (Fig. 1). This area is located in the
“upper cell” of the Southern Ocean, which ventilates the global pyc-
nocline and ultimately feeds North Atantic Deep Water (NADW)
formation (15) (Fig. 3), and it is far from the AIS. In the polar
Antarctic Zone (PAZ), surface waters have a greater tendency to
return to the deep ocean, for example, with the formation of Antarctic
Bottom Water (AABW) near Antarctica, as part of the “lower cell”
of Southern Ocean overturning (15) (Figs. 1 and 3). The low con-
centration of opal in PAZ sediments, coupled with challenges in
establishing reliable chronologies due to limited biogenic carbonate,
has hitherto hindered diatom-bound 8N reconstructions, despite
the critical role of this region in ventilating the ocean interior.

To extend glacial-interglacial diatom-bound 8N data further
south into the PAZ, we report measurements from sediment core
PS69/899-2 in the Indian sector at the northern margin of the sea-
sonal sea-ice zone (Fig. 15 59.62°S, 85.67°E, water depth = 4,128 m;
see methods) (39, 40). The core is situated near the present-day win-
ter sea-ice edge (Fig. 14) and along one of the primary routes for
icebergs from Antarctica to the Southern Ocean (13). Sea-ice recon-
structions suggest that, during the Last Glacial Maximum (LGM),
the core site was in the seasonal sea-ice zone (41). This record covers
the last full glacial cycle (back to 150 ka), encompassing two degla-
ciations. The age-depth model uses a combination of stratigraphic
markers (42), with down-core age uncertainties estimated with the
UNDATABLE Matlab routine (S Appendix, section S1) (43).

As in sediment records near the APE PAZ diatom-bound 8"°N
is on average higher in the glacial intervals of core PS69/899-2,
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Fig. 2. Ice-core and sedimentary records of Antarctic climate, atmospheric CO,, surface nitrate consumption, and export production in the Southern Ocean
over the last glacial cycle. (A) Reconstruction of air temperature anomaly in Antarctica (20) (black). (B) Atmospheric CO, reconstruction (21) (dark blue). (C) Earth’s
obliquity (i.e., axial tilt) (orange) (37). (D) Diatom-bound 5'°N records near the Antarctic Polar Front (APF), with black circles for MD12-3394 in the Indian Sector
(18), dark-gray squares for MD11-3353 in the Indian Sector (18), light-gray triangles for PS75/072-4 in the Pacific Sector (17), and the diatom-bound §'°N record
of PS69/899-2 in the Polar Antarctic Zone (PAZ; this study; filled red circles). Note inverse orientation of the vertical axis. Red error bars in (D) represent the
68.2% Cl of the diatom-bound 5'°N record of PS69/899-2 for age uncertainties. () From the same sediment cores, Ba-to-Fe ratio, a proxy for export production
(30), with the colors corresponding to those of the diatom-bound 8'°N records in (D). Gray shaded areas indicate the deglaciations. The dashed vertical red
lines highlight the transient deglacial declines in the gross supply of nitrate to PAZ surface waters. The age model tie-points for PS69/899-2 are indicated with
triangles along the top (filled symbols for the piston core and open symbols for the trigger core).

supporting a greater degree of nitrate consumption during the
ice ages (Fig. 2D). This, in conjunction with decreased export
production (Fig. 2E), indicates reduced exchange between surface
water and the underlying ocean relative to the interglacials. The
shared PAZ and APF diatom-bound 8"°N rise from the last inter-
glacial into the early glacial inception (i.e., a 1.5%o rise in 8N
from 120 to 110 ka) calls for a common mechanism of change
(Fig. 2D). Previous work on the APF records has pointed to a
reduction of the Southern Ocean’s upper cell, with an equator-
ward shift and weakening of the westerlies reducing Ekman
transport and associated wind-driven upwelling (17, 18). This
reduction in Ekman transport would have been compensated by
the opposing response of eddies (44), but only partially (45, 46),
such that the “residual” (net large-scale) transport of the upper
cell and thus nitrate supply to the AZ surface would have
decreased. In addition to large-scale advective flow, isopycnal
mixing with the ocean interior also supplies nutrients to the AZ
surface. Eddy-resolving numerical models suggest that isopycnal
mixing along the upwelling limb of the upper cell depends on
wind strength (38). Thus, the weakening of the westerlies may
have further reduced the gross nitrate supply by decreasing iso-
pycnal mixing.

PNAS 2026 Vol.123 No.6 2502076123

The decline in upwelling would have increased the water residence
time in the upper AZ, which may have allowed the halocline to
strengthen and further limit the exchange of water between the sur-
face and the deep ocean (32), potentially explaining part or all of the
PAZ 8"N rise. Halocline strengthening in the PAZ may also have
restricted the processes that ventilate the deep ocean, which include
the formation of AABW near the coast of Antarctica, open ocean
deep convection in offshore polynyas, and widespread diffuse vertical
mixing across the base of the winter mixed layer (38, 47) (Fig. 34).
Even if the PAZ surface continued to serve as an important source
for the deep ocean, our results indicate that it did so at reduced rates,
consistent with radiocarbon data from the LGM deep ocean (48,
49), and with less unused nitrate being conveyed into the interior.

From the glacial inception to the LGM (i.e., from ~110 to ~20
ka), PAZ diatom-bound 8"°N lacks a clear secular trend, instead
showing a moderate correlation with Earth’s obliquity (Pearson
correlation = 0.38, P-value of <0.01; Fig. 2 Cand D). This con-
trasts with diatom-bound 8"°N records near the APE, which show
an additional 8" N rise of ~1.5%o around 60 to 54 ka. Near the
APE the continued rise in diatom-bound 8'°N suggests a progres-
sive increase in the degree of nitrate consumption over the course
of the ice age. This could be explained by 1) a further decrease in
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Fig. 3. The proposed Southern Ocean’s overturning circulation
since the Last Glacial Maximum and teleconnections with the
North Atlantic Ocean. (A) the Last Glacial Maximum, (B) the
initiation of the Heinrich Stadial 1, (C) Antarctic Ice Sheet response
during Heinrich Stadial 1, (D) the Antarctic Cold Reversal, and (E)
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the Holocene. The numbers in (B, C, and D) indicate the sequence
of events. Thin black lines represent isopycnals. The double-
direction arrow indicates isopycnal mixing, which is sensitive
to Ekman upwelling (38) and is proposed here to provide

a mechanism for deep ocean ventilation and CO, release,
independent of the advection associated with the lower cell.
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cyan arrows in panels B and C show the modifications on the
meridional buoyancy gradient induced by meltwater discharge.
The right side of the figure shows the proposed interactions with
the Meridional Overturning Circulation and global pycnocline
thickness. The colors for the lower and upper cells correspond
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to those in Fig. 1B. AIS refers to the Antarctic Ice Sheet, AABW
to Antarctic Bottom Water, CDW to Circumpolar Deep Water,

PS69/899-2

Previous cores

the supply of subsurface nutrients to the surface ocean near the
APE, as suggested by a progressive reduction in export production
(17, 18), 2) an increase of the nitrate drawdown associated with
iron fertilization in the Subantarctic Zone to the north (50), the
signal of which may have been mixed southward into the AZ near
the APE and/or 3) “slumping” of isopycnals (31) that homoge-
nized surface conditions between the Subantarctic Zone and the
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and NADW to North Atlantic Deep Water. The vertical lines
schematically illustrate the locations of core PS69/899-2 and
previously investigated cores.

Lower Cell I

open AZ. Some persistent rate of surface-subsurface exchange,
associated with the lower cell and/or a background of wintertime
vertical mixing, may have buffered the PAZ against further reduc-
tions in the nitrate supply. Alternatively, stronger constraints on
phytoplankton growth in the PAZ, such as from light, may have
led to a stable degree of nitrate consumption despite a progressive
decline in nitrate supply.

pnas.org



Downloaded from https://www.pnas.org by 178.197.223.66 on February 2, 2026 from |P address 178.197.223.66.

Remarkably, in contrast to the APF records that show a deglacial
decrease in 8”N, our new PAZ record indicates a transient rise in
diatom-bound 8"°N during each of the last two deglaciations
(Fig. 2D, dashed red lines). This finding is further supported by
a direct comparison of TEXIS‘G-based sea surface temperature and
diatom-bound 8N values plotted against depth in core
PS69/899-2 (51) (81 Aé)pmdix, Fig. 7). The comparison indicates
that these transient 8°N maxima occurred during deglaciations,
irrespective of the age-depth model. At these times, PAZ
diatom-bound 8"°N not only shifts toward open AZ 8N values
but also rises above it for a brief period (Figs. 4 and 5). Since these
8N rises were not accompanied by a peak in productivity
(Fig. 2E), the data imply a transient decline in the gross supply of
nitrate into the surface waters. We interpret this transient feature
during the deglaciation as a response of the upper PAZ to the
melting of the AIS, which induced a meltwater discharge that was
apparently sufficient to stratify the upper ocean near Antarctica
and reduce the strength of the Southern Ocean’s lower cell (Fig. 3).

Antarctic Ice Sheet, Meltwater Discharge, and Stratification of
the Polar Southern Ocean. While the AIS contracted after the
LGM, its deglacial history is uncertain due to sparse and unevenly
distributed  geological and glaciological observations (54).
However, records of Ice Rafted Debris (IRD) accumulation from
Iceberg Alley in the Atlantic sector (Fig. 14) (22, 23) support a

rise in ALS mass loss and meltwater discharge during deglaciations,
coinciding with the transient rises in 8"N in core PS69/899-2
(Fig. 4). During the penultimate deglaciation, the 8"°N maximum
appears to lag behind the IRD flux peak, though this may reflect
uncertainties in our age model. For the last deglaciation, the 8PN
rise coincides with evidence of subglacial discharge through the
Drake Passage (27) (Fig. 4C) and widespread AIS retreat, as
supported by some observational and modeling studies (54, 55).

The link between the deglacial increase in diatom-bound 8PN
and ice sheet discharge is further supported by concurrent peaks
in terrigenous elements [e.g., titanium (T1) and iron (Fe)] in core
PS69/899-2 (Fig. 4 Fand G), despite the significantly lower IRD
presence compared to records closer to iceberg source regions
(Fig. 4 H and ]). This lower IRD abundance is expected, as most
icebergs melt before reaching this remote site. Glacial-interglacial
variations in terrigenous components align with ice-core dust
records, reflecting higher dust fluxes during ice ages (S Appendix,
Fig. S1) (19). However, the deglacial peaks in Ti and Fe are con-
sistent with records of IRD rather than with ice-core dust records
(Fig. 4) (19, 22, 23). Fine terrigenous particles generated by glacial
erosion can be transported farther than larger grains, which
explains the deglacial peaks in terrigenous constituents despite the
near absence of visibly identifiable IRD. In any case, while a large
IRD flux should signal grounded ice loss, a perfect correlation
between ice loss and IRD flux is not expected (56).
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Fig. 4. Changes in the Southern Ocean and Antarctic Ice Sheet over the last (Left) and penultimate (Right) deglaciations. (A and B) Air temperature anomaly in
Antarctica (20) (black). (C) Subglacial discharge inferred from deep-sea coral 52%*U measurements (yellow circles), where higher §2%*U values indicate increased
subglacial discharge (27). (D and E) Surface nitrate consumption based on diatom-bound 5'°N of PS69/899-2 in the Polar Antarctic Zone (PAZ; red) and a diatom-
bound §'°N stack for the records (17, 18) near the Antarctic Polar Front (APF; black). Error bars in (D) represent the 68.2% Cl of the diatom-bound 5'°N record
of PS69/899-2 for age uncertainties. (Fand G) XRF Ti and Fe concentrations for PS69/899-2. (H and /) IRD flux for the last (23) and penultimate (22) deglaciations

(gray line), and IRD counts (orange) for PS69/899-2.
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Together, data suggest that a substantial meltwater flux from
the AIS early in the deglaciations caused the surface water near
Antarctica to become fresher, and thus more buoyant, increasing
the density stratification of the PAZ upper ocean (Fig. 30).
Because the overturning circulation must cross isopycnals in the
mixed layer to close the circulation, this buoyancy input would
have weakened the lower overturning cell (34, 57). The reduction
in upper ocean vertical mixing and the weakening of the lower
cell caused a transient reduction in the gross nitrate supply to the
PAZ surface (Fig. 3C). Even if meltwater is discharged into specific
sectors of the AZ, coastal and offshore currents will transport it
around Antarctica within years to decades (9, 58).

Present-day mass loss of the AIS occurs by basal melting of float-
ing ice shelves and iceberg calving (59, 60). Basal melting is closely
tied to oceanic heat supply into sub-ice shelf cavities, which is
accelerated where and when relatively warm CDW intrudes onto
the continental shelf. The westerlies and wind-driven upwelling
offshore in the Southern Ocean shoal CDW in the PAZ, facilitating
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its flow onto the shelf (5). As a resul, a relationship between wind
forcing and AIS mass loss is both expected and observed in the
context of present-day global warming (60, 61). For example,
warm-water sub-ice shelf cavities, where most of the basal melting
occurs today, are observed where the Antarctic Circumpolar Current
is situated near the continental shelf break (62).

As with present-day global warming (3), the westerlies are
thought to have migrated poleward and intensified during deglaci-
ations (32) (Fig. 3B), although the proxy support for this is debated
(33, 63). Opal burial rates in AZ sediments have led to the inference
of two intervals of enhanced upwelling during the last deglaciation,
which coincided with Antarctic warming (25) (Fig. 5 C and G).
Diatom-bound 8"°N records near the APF indicate that these two
intervals were accompanied by increases in surface nitrate concen-
tration, consistent with the upwelling interpretation (Fig. 5K). The
first of these intervals corresponds to the transient rise in PAZ
diatom-bound 8"°N and the first deglacial peak in IRD flux from
Iceberg Alley. This initial interval of enhanced upwelling, likely from
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Fig. 5. Changes in the Southern Ocean ventilation and atmosphere over the last (Left) and penultimate (Right) deglaciations. (A and B) Atmospheric CO,
reconstruction (21) (dark blue). (C and D) Air temperature anomaly in Antarctica (20) (black). (E) 4¢ ventilation ages for the deep Atlantic, Southern, and Pacific
Ocean (49). (F) Deep ocean O, concentration based on authigenic U (aU) of MD12-3396 (26) (blue). (G and H) Export production based on XRF Ba-to-Fe ratio
of PS69/899-2 (red) and thorium-normalized opal flux of TN57-13 (petrol) (25, 30), in the Polar Antarctic Zone (PAZ) and in the Antarctic Polar Front (APF),
respectively. (/ and J) Strength of the Atlantic Meridional Overturning Circulation (cyan) based on #'Pa-to-**Th ratio in North Atlantic sediments (52, 53). (K and
L) Surface nitrate consumption based on diatom-bound 8'°N of PS69/899-2 in the PAZ (red) and MD12-3394 (18) near the APF (black). Error bars in (D) represent
the 68.2% Cl of the diatom-bound &'°N record of PS69/899-2 for age uncertainties.
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a poleward migration of the westerlies, may have triggered melting
of the AIS along bathymetric troughs by increasing oceanic heat
supply to sub-ice shelf cavities (Fig. 3B). At the same time, melt-
water inputs may have prevented the emergence of these interior
isopycnals, redirecting their heat transport toward the ice shelves
rather than the ocean surface (64). While the glacial deep ocean
was substantially colder than today, CDW is modified by mixing
with the overlying low-latitude pycnocline (65), which would likely
have maintained an adequately high temperature to drive melting
in the sub-ice shelf cavities, even under glacial and deglacial condi-
tions. While freshening around Antarctica reduced buoyancy flux
and weakened the lower overturning cell, the northward advection
of meltwater into the open AZ enhanced buoyancy flux there, which
should have further strengthened the upper overturning cell (34,
57). Thus, the meltwater-associated buoyancy input to the Southern
Ocean may have shifted the balance between the Southern Ocean’s
lower and upper cells, weakening the lower cell while strengthening
the upper cell (Fig. 3).

Buoyancy fluxes are central to the residual circulation of the
Southern Ocean (34, 57), and their consideration has engendered
debate as to whether wind stress can play a primary role in setting
the overturning (45, 46). One view in support of winds as a driver
of the overturning is that the westerly winds cause Ekman transport
of open AZ surface waters toward lower latitudes, where these
waters become more buoyant due to air-sea flux, thus satisfying
the need for a buoyancy balance in the overturning circulation
(45). Our data would appear to require a role for the winds in
glacial/interglacial changes in the overturning. Specifically, the
diatom-bound 8"°N records indicate that the Antarctic meltwater
discharge was a transient deglacial feature. Thus, the continued
elevation of upwelling rates throughout the deglaciation and into
the interglacial requires a nonmeltwater forcing, such as
warming-associated southward-migration of the westerly winds.
In summary, the accumulated data indicate that the open AZ and
PAZ changes were initiated by wind-driven open AZ upwelling
changes, which spurred meltwater release that weakened the
Southern Ocean’s lower cell while further strengthening its
upper cell.

The initial warming interval in Antarctica in the context of the
last deglaciation corresponds with Heinrich Stadial 1 (HS1; ~18
to 14.7 ka), a period marked by a dramatic reduction in the
Adantic Meridional Overturning Circulation (AMOC) due to an
influx of freshwater to the Nordic Seas, presumably from net loss
of the northern hemisphere ice sheets (52, 53) (Fig. 5/). The weak-
ening of the AMOC cooled the northern hemisphere while driving
warming in the southern hemisphere (66) (Fig. 3B). While the
impact of meltwater discharge on the AMOC is well documented,
with a similar collapse/reduction during the penultimate deglaci-
ation (Fig. 5/), the effect of Antarctic melting on the overturning
circulation in the Southern Ocean has not received comparable
attention. Our findings reveal that buoyancy forcing also impedes
the overturning near Antarctica (lower cell in Fig. 3) during degla-
ciations (Fig. 5), even as poleward migration and intensification
of the westerlies increased overturning rates near the APF (upper
cell in Fig. 3 Band C). These coupled changes point to a “bipolar”
interaction mechanism for deglacial changes in deep ocean
ventilation.

Bipolar Interaction in Deep Ocean Overturning. During the last
deglaciation, the strongest density stratification in the polar AZ
occurred around 15 ka, just prior to the Antarctic Cold Reversal
(ACR; ~14.7 t0 13.0 ka). The ACR marked a pause in Antarctic
deglacial warming trends (Fig. 44) and coincided with the Bolling—
Allergd warming in the Northern Hemisphere. As described above,
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in addition to reinforcing the density stratification in the PAZ,
the spreading of meltwater from the AIS northward would add
buoyancy to the open AZ, transforming CDW into lower-density
surface waters that flow northward in the upper cell (Fig. 3C). Thus,
the AIS melting would have caused upwelling CDW to be shifted
from the lower cell to the upper cell. This would have synergized
with the poleward migration and intensification of the westerlies in
enhancing the upper cell of Southern Ocean overturning (Fig. 3C).
Such a supercharging of the upper cell during HS1 may explain
the exceptional peak in opal accumulation observed in the Atlantic
sector of the AZ (25) (Fig. 5G).

The resulting increase in global pycnocline water formation from
the Southern Ocean’s upper cell, simultaneous with a weakening
in the lower cell, may have triggered the restart of the AMOC at
the onset of the Bolling—Allerad period (67). The stronger upper
cell would have deepened the pycnocline and increased
sea-surface-height gradient between the tropical North Adantic
and the subpolar North Adantic, encouraging high-latitude sinking
of North Atlantic Deep Water (68). The temporary reduction in
the lower cell and AABW formation may have further facilitated
this process by allowing the density of the deep ocean to decrease,
thus enabling dense surface waters from the North Atlantic to
penetrate into the deep ocean (Fig. 3D).

Thus, the “seesaw” climate events of deglaciation may have been
driven by polar ocean freshening in both hemispheres. To outline
this bipolar mechanism, freshening of the North Atlantic at the
onset of the deglaciation (HS1) would have cooled the Northern
Hemisphere while warming the Southern Hemisphere. This warm-
ing intensified and shifted the southern westerlies poleward (18,
32, 33), driving melting of the AIS, which freshened the AZ. This,
in turn, reinvigorated the AMOCG, leading to Northern Hemisphere
warming of the Bolling—Allerod period and the coincident Southern
Hemisphere cooling of the ACR.

The positive correlation observed between diatom-bound 8N
and Earth’s obliquity during ice ages (Fig. 2 Cand D) provides an
additional sign of interaction between the AIS and the exchange
of water and nutrients between the surface and deep ocean near
Antarctica. When Earth’s obliquity increases, the rise in high-latitude
insolation may cause an increase in Antarctic meltwater that, in
turn, enhances buoyancy flux in the upper PAZ, leading to more
complete nitrate consumption and, thus, higher 8'°N. This process
may be driven by insolation-induced surface ocean warming, which
is subsequently transported into ice-shelf cavities along bathymetric
troughs (69, 70). An alternative or possibly additional explanation
is that higher obliquity weakens the westerly winds and their influ-
ence on Antarctic upwelling, which allows the PAZ halocline to
strengthen (18). However, the obliquity signal in diatom-bound
8N appears stronger in the PAZ than the open AZ, causing the
PAZ and APF 8"N records to converge during high obliquity
(Fig. 2C). This leads us to favor AIS meltwater discharge changes
as the cause of the correlation between obliquity and PAZ
diatom-bound 8"N.

Deglacial Changes in Ocean Ventilation and Atmospheric
CO,. Marine radiocarbon data point to diminished deep ocean
ventilation during ice ages. During the last deglaciation, there
is evidence that reinvigoration of deep ventilation began early,
i.e.,, during HS1 (48, 49), although it may have increased at
subsequent times as well, continuing into the later deglaciation
(67) (Fig. 5E). It appears that neither the North Atlantic nor
the PAZ contributed to the early deep ocean ventilation, due to
meltwater discharge in both regions (Fig. 3C). The early increase
in deep Southern Ocean ventilation coincides with the initial
deglacial rise in atmospheric CO,, suggesting that the cause of
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the early increase in deep ocean ventilation also allowed CO, to
escape from the deep ocean to the atmosphere (Fig. 5 4 and E).
With PAZ stratification and its inhibition of AABW formation,
what can explain the observations of increased deep Southern
Ocean ventilation and rising atmospheric CO,?

The traditional view of deep ocean ventilation focuses on the
large-scale advective flows of NADW and AABW. However, the
open AZ, closer to the APE, may be more important than previously
assumed for the ventilation of the deep ocean. Eddy-resolving
numerical models suggest that wind stress and its effects on isopy-
cnal tilt and mesoscale eddies drive ventilation of the ocean interior
through isopycnal mixing, with the isopycnals outcropping during
the winter across much of the AZ (38). This mixing ventilates the
deep ocean in the density range of the CDW that upwells to the
surface as part of the upper and lower cells. Thus, despite stronger
stratification in the PAZ near the Antarctic margin early in the
deglaciation, intensification of the westerlies may have enhanced
the ventilation of the deep ocean through the open AZ (Fig. 3, black
double-direction arrow). This mechanism would tend to start its
ventilation in the lower densities of the upwelling CDW and pro-
gressively ventilate higher-density waters (i.e., greater depths), con-
sistent with some deglacial radiocarbon data (71-73).

However, evidence suggests that the polar AZ also contributed
to the deglacial changes in deep ocean ventilation and atmospheric
CO,. The heightened stratification in the upper PAZ around 15.5
ka likely increased the sequestration of CO, in the deep ocean,
countering the release of deeply sequestered CO, in the open AZ
and the waning of iron fertilization in the Subantarctic Zone (50)
so as to explain the cessation of the rise in atmospheric CO, during
the latter portion of HS1 (Fig. 5 4 and K). This interpretation is
supported by a record of authigenic uranium from abyssal waters
(3.6 km deep) in the Southern Ocean (26), which indicates a
reversal of deep ocean oxygenation during late HS1, coinciding
with the peak in PAZ stratification (Fig. 5 F and K). With the
subsequent waning of PAZ stratification, acceleration of the lower
overturning circulation cell (including AABW formation) could
have then contributed to the increases in atmospheric CO, in the
later deglaciation and early Holocene (Fig. 3C). Indeed, this is
likely required to offset the CO,-lowering effect of NADW invig-
oration at that time (52, 67) (Fig. 5i).

Implications for the Future. Our data indicate that the partial
melting of the AIS early in deglaciations induced a transient rise
in the buoyancy flux near Antarctica, weakening the lower cell of
the overturning circulation and inducing a density stratification
of the upper polar AZ. In the open AZ near the APE, previous
records suggest a concurrent deglacial rise in upwelling rates,
leading to a strengthening of the upper overturning circulation
cell (17, 18). Both observations can be explained by a poleward
migration and intensification of the westerlies and its effect on
ocean circulation and melting at the AIS margin, which in turn
reinforced the weakening of the lower cell and a strengthening of
the upper cell. This set of deglacial changes is remarkably similar to
recent observations across the Southern Ocean during the present-
day global warming (9, 74). These present-day observations are
not simulated in models unless the model forcing includes the
increasing meltwater flux from the AIS, which has not been the
case for IPCC CMIP simulations (6, 9, 10).

In the context of the orbitally paced ice age cycles, deglacial strat-
ification of the polar AZ was transient (Fig. 4), with the stratifying
effects of meltwater discharge eventually being overwhelmed by
increased wind-driven upwelling due to the poleward migration
and intensification of the westerlies (18, 25, 33). In the case of
anthropogenic global warming, AIS melting and stratification of
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the polar AZ may be maintained into the foreseeable future.
Accordingly, we must ask how impactful this stratification will be
for deep ocean ventilation, which is required for energetic and
chemical equilibration between the atmosphere and the voluminous
ocean interior. Models cannot yet convincingly answer this question,
given uncertainties in AIS behavior and the model resolution
required to capture all modes of ocean ventilation (38, 75). Our
data from the last deglaciation, when compared to records of deep
ocean ventilation and atmospheric CO,, imply that the wind-driven
dynamics of the open AZ will maintain deep ocean ventilation even
in the face of polar AZ stratification by meltwater. If correct, the
Southern Ocean’s “door” to the deep ocean will remain “propped
open” (2) for the foreseeable future, allowing the Southern Ocean
to continue to absorb anthropogenic CO, and the excess of atmos-
pheric heat associated with global warming. At the same time, the
redirection of the water upwelled in the AZ away from the Southern
Ocean’s lower overturning cell and into its upper cell may help to
stabilize North Atlantic deep water formation in the face of surface
freshening in the high latitude North Atlantic (76).

Materials and Methods

Piston core PS69/899-2 was retrieved during the R.V. Polarstern expedition ANT-
XXI1/9 in 2007 from the Indian sector of the Southern Ocean (59.62°S, 85.67°E,
water depth = 4,128 m) (Fig. 2). The 22.63 m long sediment core consists of an
alternation of diatom ooze, diatom mud, and diatom-bearing mud (77). It was
located on the slope of the southeast margin of the Kerguelen Plateau (Fig. 1),
atthe northern edge of the winter maximum sea-ice extent (median for 1981 to
2010)(14) and south of the southern ACC front (16). A trigger core for the piston
core (PS69/899-2TC) was also retrieved and consisted of 0.30 m of diatom ooze.

Diatom-bound &"°N measurements (39, 40) were obtained from 5 to 10 g of
sediments following the protocol of Studer et al. (17). First, diatoms were phys-
ically separated from the bulk sediment, then chemically cleaned. The physical
separation of sediment samples was conducted by first dispersing them in a 2%
Na-polyphosphate solution, which was sieved at 63 um to remove the larger
size fraction that can contain significant radiolarian shells and terrigenous mate-
rial. Diatoms were then separated from the sediments using a series of steps,
including i) eight to ten repeated differential settlings in 2% Na-polyphosphate
solution to remove clays, ii) removal of calcium carbonate with 10% hydrochloric
acid, and iii) a heavy-liquid density separation using Na-polytungstate solution
(p=2.15gcm ™) and centrifugation to separate opal from remaining minerals.
The last step was repeated until no sedimented fraction was deposited at the
bottom of the centrifugation tube. We verified the separation of 60 samples
with smear slides analyzed under the microscope during each step of the phys-
ical separation. Diatoms were then subjected to a three-step chemical cleaning,
which began with a reductive step using a buffered sodium dithionite-citric acid
solution at 80 °Ciin a water bath for 1 h to ensure the removal of oxide coatings.
An oxidative treatment followed this step using 7% perchloric acid and then 72%
perchloric acid in a boiling water bath for 1 and 2 h, respectively. The oxidative
treatment ensured the elimination of external organic matter adhering to the
diatom frustule surfaces. Cleaned diatom samples weighing 90 to 1,100 mg
were rinsed with high-purity deionized water and dried in a clean oven at 60 °C.

Cleaned diatom samples were analyzed for their 8"°N using the "persulfate-
denitrifier" method (17, 78). 6 mg of clean opal was dissolved and the organic
nitrogen released from the frustules oxidized to nitrate in a 1.0 to 1.5 M sodium
hydroxide and 0.15 to 0.22 M potassium persulfate solution in an autoclave at
120 °C for 90 min. 20 nmol of nitrate was quantitatively converted to N,O gas by
astrain of denitrifying bacteria (Pseudomonas chlororaphis, ATCC® 43928TM) that
lacks an active N,O reductase enzyme (78). The isotopic composition of N,0 was
measured by gas chromatography/isotope ratio mass spectrometry using a custom-
built N, 0 extraction and purification system online to a Thermo MAT 253 mass spec-
trometer (79). Measurements were referenced to air N, using the nitrate reference
materials IAEA-NO3, with a 8"N of 4.7%,, and USGS-34, with a 8"N of —1.8%o
(80). International reference organic standards (UGSG 40 and 41) and in-house
internal diatom standards were processed along with the samples to ensure proper
transformation of the N encapsulated in the diatom frustules into N,0. Replicate

pnas.org



Downloaded from https://www.pnas.org by 178.197.223.66 on February 2, 2026 from |P address 178.197.223.66.

analyses of samples (n = 82) indicate a median 1 SD reproducibility of 0.08%o.
Long-term reproducibility of 0.22%. was determined on our in-house internal
diatom standards measured twice in each batch, which underwent all steps from
the physical separation of the bulk sediment to the diatom-bound &"N analysis.

Diatom species composition (81) was analyzed from quantitative diatom slides
prepared from core PS69/899-2, following the method in ref. 82 (S/ Appendix,
Fig. S2). For diatom counting, approximately 550 valves per sample were counted
at1,000x magnification using a Zeiss microscope, with identification at the spe-
cies or species-group level. No correlations were found between diatom-bound
"N and diatom species composition (S/ Appendix, Fig. S3).

To determine the relative sedimentary elemental concentrations of Ba, Fe, and
Ti, X-ray fluorescence scanning was performed using an Avaatech XRF core scanner.
The data were collected at a 1 cm resolution for a duration of 30 s at 10 and 30 kV
(77).Assuming that sedimentary Fe s of detrital origin, the Ba vs. Fe ratio provides an
estimate of the sedimentary concentration of biogenic (or excess) Ba, used as a paleo-
productivity proxy (30). This approach is further validated as this proxy is proportional
with thorium-normalized opal fluxes if measured on the same cores (17, 30), despite
large variability in paleoproductivity reconstructions between sediment cores (29).
We use Fe and Ti as proxies for the supply of terrigenous constituents in PS68/899-2,
which is further supported by their strong correlation with XRF Ca and K data (Pearson
correlation coefficient >0.88; P-value of <0.01) along the record. During ice ages,
higher concentrations of these constituents correlate with aeolian dust deposition in
ice cores (S/ Appendix, Fig. S1)(19), suggesting an aeolian origin. In contrast, deglacial
peaks align with increases in IRD flux records (22-24), suggesting glacial erosion as
the source for terrigenous constituents in PS68/899-2 (Fig. 4). Gravel clasts (>2 mm)
were counted as ice-rafted debris (83)from 1 cm-thick X-radiographs of the sediment
core (84, 85), although their abundance was significantly lower than in records from
areas closer to iceberg source regions (22, 23).

The TExgé-paleothermometer is based on the temperature sensitivity of the
relative abundance of isoprenoid glycerol dibiphantanyl glycerol tetraether lipids
(GDGTs) with varying numbers of cyclopentane rings in their structure (86, 87).
The temperature calibration proposed by Kim et al. (86) is used to estimate sea
surface temperature (SST)in our study (51, 88). GDGTs were extracted from freeze-
dried sediment samples using a solvent mixture of DCM:MeOH (1:1) on a Dionex
Accelerated Solvent Extraction (ASE) 350 system with silica added inside the cell
(89). GDGTs were then measured by high-performance liquid chromatography/
mass spectrometry (HPLC-MS) using the method proposed by Hopmans etal.(90).
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Paleomagnetic directions and magnetization intensities were measured on
a superconducting rock magnetometer (2G Enterprises model 755 HR) on spec-
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