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The Southern Hemisphere westerly winds strongly influence deep ocean circulation
and carbon storage'. While the westerlies are hypothesised to play a key role in
regulating atmospheric CO. over glacial-interglacial cycles®*, past changes in their
position and strength remain poorly constrained®’. Here, we use a compilation of
planktic foraminiferal 3'%0 from across the Southern Ocean and constraints from an
ensemble of climate models to reconstruct changes in the westerlies over the last
deglaciation. We find a 4.7° (2.9-6.9°, 95% confidence interval) equatorward shift and
about a 25% weakening of the westerlies during the Last Glacial Maximum (about
20,000 years ago) relative to the mid-Holocene (about 6,000 years ago). Our
reconstruction shows that the poleward shift in the westerlies over deglaciation closely
mirrors the rise in atmospheric CO,. Experiments with a 0.25° resolution ocean-sea-ice-
carbon model demonstrate that shifting the westerlies equatorward substantially
reduces the overturning rate of the abyssal ocean, leading to a suppression of CO;
outgassing from the Southern Ocean. Our results establish a central role for the
westerly winds in driving the deglacial CO- rise, and suggest natural CO; outgassing
from the Southern Ocean is likely to increase as the westerlies shift poleward due to

anthropogenic warming®'°.

The Southern Hemisphere westerly winds play a key role in returning deep ocean
waters to the surface and thus largely govern the rate at which the deep oceanic reservoirs of
heat and carbon communicate with the surface ocean and atmosphere’'!. South of ~47°S the
modern westerly winds drive divergent northward Ekman transports in the near-surface ocean
that contribute to lift deepwaters and tilt density surfaces''. Although mesoscale eddies work

to flatten out the steep isopycnals, the counteraction of the wind-driven circulation by the
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eddies is incomplete, resulting in a residual circulation which brings macro-nutrient and carbon
rich deepwaters to the surface™'2. Due to iron' and light limitation' the upwelled nutrients are
not completely utilised before buoyancy loss close to the Antarctic continent causes some of
the upwelled waters to sink as Antarctic Bottom Water, filling the deep ocean with ‘preformed’
nutrients'®. This ‘leak’ in the biological pump, largely caused by the over-supply of nutrients to
the surface ocean by the wind-driven upwelling, leads to the hypothesis that changes in the
Southern Hemisphere westerly winds could regulate atmospheric CO; over glacial-interglacial

15-17

cycles®™. Modelling studies indicate a tight coupling between the oceans’ preformed

4,18

nutrient inventory and atmospheric CO2, while proxy data™'® indicate large changes in nutrient

supply to the surface of the Southern Ocean over glacial-interglacial cycles.

Past changes in the position and strength of the Southern Hemisphere westerly winds
are poorly constrained, making it difficult to assess their role in driving past carbon cycle
changes. A recent compilation of diverse proxy data® suggested signals of an equatorward
shift in the westerlies during the Last Glacial Maximum (LGM, 19-23 ka) relative to the
Holocene. However, relating changes in the measured proxies (i.e. terrestrial moisture, marine
productivity) back to the position of the westerlies is challenging, both quantitatively and
qualitatively, such that even the direction of change during the LGM (i.e. poleward versus
equatorward) is debated®’. Furthermore, while climate models show a relatively clear and
consistent signal of an equatorward shift in the Northern Hemisphere near-surface westerlies

'%-21in good agreement with proxy data'®, they show little consistency in

under glacial forcings
the magnitude or sign of change in the Southern Hemisphere®?%??, |ce core data suggest
abrupt shifts in the westerlies during the millennial scale atmospheric CO, variability of the last
glacial period®, but there is currently very little constraint on how or when the westerlies shifted

over the last deglaciation (20 - 10 ka), as atmospheric CO> rose by ~90 ppmv?*.

To reconstruct changes in the position of the Southern Hemisphere westerly winds
over the last deglaciation we exploit the coupling between the latitude of the maximum zonal
wind stress (hereafter referred to as wind latitude) and the latitude of the maximum meridional
sea surface temperature (SST) gradient (hereafter referred to as SST front latitude) in the
Southern Ocean (Fig. 1). This two-way coupling arises through the winds’ dependence on the
atmospheric temperature gradient and through the winds’ control on ocean circulation, which
together shape the meridional SST profile?>%". The position of the peak in westerly wind-speed
coincides with the position of the SST front around much of the modern Southern Ocean,
except where bathymetric steering of ocean currents causes local decoupling®2® (Fig 1). An
ensemble of models from the Paleoclimate Modelling Intercomparison Project (PMIP3 and
PMIP4) and Coupled Model Intercomparison Project (CMIP5 and CMIP6) show a tight
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relationship between the wind latitude and the SST front latitude across pre-industrial, LGM,
and 4xCO; simulations (Methods; Fig. 1c). This relationship, stemming from large-scale
atmosphere-ocean coupling, indicates we can use changes in the SST front latitude to

reconstruct past shifts in the wind latitude.

To track changes in the latitude of the Southern Ocean SST front over the deglaciation
we use a basin-wide compilation of §'80 in planktic foraminiferal calcite (8'®Ocaicite). Although
5'®0carcite is a function of both temperature and the §'®0 of seawater (8'®Ouater), the effect of
temperature is around six times greater than the effect of 5'®Ouater at the basin scale (Extended
Data Fig. 1). As no physical mechanism exists to drive such large changes in "®Ouwater at the
basin scale, the meridional pattern of §'®Qcaiite Will always be dominated by temperature
(Methods). Meridional profiles of §'®Qcaiite thus allow us to identify the latitude of the SST front

and ultimately that of the westerly winds.

We compiled existing records of planktic foraminiferal §'%0 from near-surface dwelling
species from core sites across the Southern Ocean and generated new data from the
Kerguelen plateau and southeast Pacific, resulting in a dataset of 64 planktic foraminiferal
580 records spanning the last deglaciation (Fig. 1a; Extended Data Figs. 2 and 3; Methods).
Meridional shifts in the SST front (ALatsst) are calculated by finding the latitudinal shift that
minimises the difference between the Holocene §'80 profile and the profile at each time step
within a 10° latitudinal window that includes the steepest part of the meridional §'0 profile'®
(Methods; Fig. 1b and Extended Data Figs. 2 and 3). We account for whole ocean changes in
5"®Owater and the global-mean SST change (5'®Owegt; Fig. 1a; Extended Data Figs. 2 and 3),
quantifying uncertainties via bootstrapping and Monte-Carlo simulation (Methods). We
compute AlLatsst across the entire Southern Ocean, as well as separately in the Indian-Pacific
and Atlantic sectors (Fig. 2; Extended Data Fig. 4).

The data reveal an equatorward shift in the SST front during the LGM (20ka) relative
to 10 ka, indicative of an equatorward shift in the westerly winds (Fig. 1b; Extended Data Figs.
2 and 3). Mapping the LGM §'®0jc.qtc anomalies shows a large mid-latitude cooling during the
LGM across the Indian and Pacific sectors (Fig. 1a; equivalent to a cooling of 4-5°C beyond
the global-mean SST change). Our Indian-Pacific ALatsst reconstruction shows a 4.8° (3.6-
6.1° 95% confidence interval [CI]) equatorward shift in the SST front during the LGM relative
to 10 ka (Fig. 2c; Extended Data Fig. 4). We perform a ‘leave-one-out’ analysis of the Indian-

Pacific dataset which shows that no single record is contributing more than 5% of the total
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reconstruction and indicates that Indian-Pacific ALatsst reconstruction primarily reflects a mid-
latitude signal (Methods; Extended Data Fig. 4).

By contrast, we find a slight warming anomaly (relative to the global-mean LGM SST
change) at all latitudes in the western Atlantic (Fig. 1), possibly a signal of a weakened Atlantic
Meridional Overturning Circulation (AMOC)?**°, and no significant change in the SST front
latitude within the Atlantic sector over deglaciation (Extended Data Fig. 4). This result is
consistent with strong bathymetric steering of currents in the Atlantic sector?®, and the lack of
a modelled relationship between the SST front latitude and wind latitude in this sector,
particularly in the eastern Atlantic where the vast majority of the mid-latitude cores are located
(Fig. 1; Extended Data Fig. 5bc). Although we attribute the lack of change in the SST front
latitude within the Atlantic to the modelled decoupling of the westerlies and SST front there
(Extended Data Fig. S5bc), we cannot rule out that the westerlies did not shift substantially over

deglaciation within the Atlantic.

We apply the multi-model relationship between the wind latitude and the SST front
latitude in the Indian-Pacific sector (Fig. 2; Extended Data Fig. 5a) to our Indian-Pacific ALatsst
reconstruction and quantify shifts in the zonal-mean wind latitude over the deglaciation
(ALatwing). A regional subset test demonstrates that our method is able to track shifts in the
zonal-mean wind latitude using changes in the latitude of regional SST fronts (Fig. 2;
Methods); although different regions yield differing magnitudes of deglacial change in the SST
front latitude (Fig. 2b), they yield almost identical time series of the zonal-mean wind latitude
(Fig. 2d), given the region-specific multi-model relationship between the two variables (Fig.
2c¢). Measured shifts in the SST front latitude thus provide a robust constraint on the wind
latitude. We find a 6.2° (4.4-8.4° 95% CI) equatorward shift in the wind latitude during the LGM
(20 ka) relative to 10 ka (Figs. 2d and 3a). The evolution of the wind latitude over deglaciation
closely mirrors, and is highly correlated with, the evolution of atmospheric CO, (ref**) (Fig. 3).
A lagged correlation suggests changes in the wind latitude may have led the rise in
atmospheric CO; and global temperature®' by a few hundred years during certain intervals
over the deglaciation, although difficulties in fully quantifying age uncertainties make this result
tentative (Methods; Fig. 3c).

Extending our analysis to span a longer time interval (22 to 6.5 ka) indicates an early
Holocene extremum in the poleward position of the westerlies, followed by a
~1.5° equatorward shift in the winds over 10-6.5 ka (Extended Data Fig. 6). Despite the larger
uncertainties in the early Holocene reconstruction, it agrees well with the analysis of the full

dataset (i.e., 10-20 ka) in the overlapping sections (Extended Data Fig. 6). Our results thus
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indicate a 4.7° (2.9-6.9° 95% CI) equatorward shift of the westerlies during the LGM (20 ka)
relative to the mid Holocene (6.5 ka). Assuming no substantial shift in the westerlies from the
mid- to late- Holocene (Methods), the magnitude of the reconstructed wind shift is substantially
greater than that predicted by any of the models within the PMIP3/4 ensemble between
preindustrial and LGM states (Extended Data Fig. 7). The models show a relationship between
the wind latitude and the maximum magnitude of the zonal-mean zonal wind stress (wind
strength; Extended Data Fig. 5e), such that the reconstructed shift in wind latitude also implies
a reduction in wind strength of ~25% during the LGM relative to the mid Holocene (Methods;
Extended Data Fig. 8).

The similarity of the changes in wind latitude and atmospheric CO. over the
deglaciation (Fig. 3) reinforces the hypothesis of their coupling through Southern Ocean
circulation and carbon cycling. While modelling studies typically show a consistent increase in
oceanic carbon storage following a weakening of the westerlies, the impact of shifts in the
latitude of the westerlies is more uncertain'”*?. To better understand how changes in the
latitude of the westerlies may affect the oceanic overturning circulation and carbon cycle, we
performed two experiments with a global ocean-sea-ice-carbon model with 0.25° horizontal

resolution3334;

A Control experiment is forced by climatological atmospheric forcing
representative of the recent instrumental period. A Perturbed experiment uses the same
forcing except for a uniform 4° equatorward shift of the Southern Hemisphere westerlies, with
no change in their magnitude (Methods). Both experiments are run for 125 years, starting from
the near-equilibrium control state. As the applied wind stress forcing does not include the
implied 25% reduction in wind strength (and is smaller than our reconstructed LGM shift) this
simulation is not designed to represent our ‘best estimate’ of LGM Southern Hemisphere wind
stress, but rather represents a conservative estimate which enables us to assess the broad
impacts of an equatorward shift in the westerlies alone. The 125-year transient response of
the system forced by an equatorward shift in the westerlies does not allow quantification of
the equilibrium response of the deep ocean nutrient and carbon cycles'. It nevertheless
reveals clear trends in circulation and biogeochemistry which provide an indication of how the
rapidly responding Ekman-driven transport reorganizes the residual circulation, allowing us to
assess how an equatorward shift in the westerlies may qualitatively impact the carbon cycle

on longer timescales.

We find a complete suppression of CO, outgassing south of 60°S in the Perturbed
experiment (Fig. 4), with only a partial compensation further north. As such, there is an
anomalous uptake of 27 GtC by the Southern Ocean south of 35°S over the course of the

Perturbed experiment, equivalent to a CO2 decrease of 13 ppm (Fig. 4). Deepwater upwelling
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and surface nutrient and carbon concentrations are substantially reduced south of 60°S (Fig.
4), indicating that reduced exposure of nutrient and carbon rich deepwaters in the polar
Southern Ocean underpins the simulated carbon cycle response to equatorward-shifted
westerlies (Methods). As the winds shift equatorward relative to their modern position,
northward Ekman transports become more divergent north of about 60°S, but less divergent
south of 60°S (Fig. 4). In our simulation, the effect is a substantial decrease in upwelling within
the polar Southern Ocean south of 60°S (Fig. 4) and a pronounced slowdown in the residual
circulation of the abyssal ocean globally (Fig. 5), with the largest reduction within the Pacific
(Extended Data Fig. 9). The decrease in abyssal overturning results in increased storage of
carbon and regenerated nutrients throughout the deep ocean below ~1.5 km, concurrent with
a decrease in dissolved oxygen (Fig. 5c; Extended Data Fig. 10). Conversely, we see an
increase in upwelling north of 60°S and increased overturning at intermediate depths, such
that carbon concentrations decrease in the upper ~1.5 km (Fig. 5c; Extended Data Fig. 10).
Hence, although shifting the winds equatorward increases the overall Ekman divergence
across the Southern Ocean (Fig. 4b), it focuses the wind’s energy away from isopycnals
outcropping carbon-rich abyssal waters, toward isopychals outcropping intermediate waters
containing relatively less carbon (Fig. 5b); these changes are synergistic such that the
concentration of carbon and nutrients within the intermediate depths decreases as the
overturning at these depths spins up. The net effect in the model is an increase in oceanic
carbon storage (Fig 5c¢). In contrast, some previous studies using coarser-resolution models
simulated a decrease in oceanic carbon content in response to an equatorward shift in the
westerlies'*2. We attribute this difference to the response of the residual circulation in the

Southern Ocean, the representation of which should improve at higher resolution®*¢.

Crucially, the reduction in the upwelling of nutrients to the surface of the polar Southern
Ocean lowers the preformed nutrient concentration of Antarctic Bottom Water (Fig. 4;
Extended Data Fig. 10). Preformed nutrient concentrations also decrease in the upper cell
(Methods), such that preformed nutrient concentrations begin to decrease throughout the
deep ocean (Extended Data Fig. 10). The simulated circulation changes with equatorward-
shifted winds thus imply a substantial long-term increase in the efficiency of the biological
pump and decrease in atmospheric CO2 (Methods; refs'>'®). In addition to the overall increase
in regenerated nutrients and carbon, the model indicates a redistribution of the regenerated
nutrient and carbon pools toward the abyss (Fig. 5c; Extended Data Fig. 10), such that the
vertical carbon gradient increases. This implies a further reduction atmospheric CO, via

carbonate compensation'®3” (Methods).
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Despite the 4° equatorward shift in the Southern Hemisphere westerlies being the only
perturbation applied, and the short duration of the Perturbed experiment, the sign of the
simulated circulation and carbon cycle changes concurs with proxy observations from the
LGM of a more sluggish abyssal circulation®®, an increase in regenerated nutrients and carbon
within the deep ocean®*’
abyss®*4%42 as well as a shoaling of the AMOC? (Fig. 5; Extended Data Fig. 9). The simulated

decrease in nutrient upwelling and export production within the polar Southern Ocean, and

and a redistribution of regenerated nutrients and carbon toward the

the increase further north (Fig. 4; Extended Data Fig. 10), are also in good agreement with
3,5,43

LGM proxy data

The sign of the simulated trends is unlikely to be contingent on the absence of a
simulated change in atmospheric temperature or on model approximations such as
parameterized eddy effects (Methods). Indeed, the trends directly ensue from changes in
Ekman transports—themselves a function only of wind stress and geometry—and their
position relative to the underlying bathymetry. The northward shift of the Ekman divergence
(Fig. 4b,c) explains the northward shift in upwelling and CO- outgassing (Fig. 4d,e; Methods).
This shift does not merely draw the overturning northward but shoals the upper cell and
weakens the abyssal cell (Fig. 5b; Extended Data Fig. 9). This response stems from the
influence of bathymetry on the vertical extent of wind-driven upwelling''#*. Specifically, the
presence of a zonally continuous channel at Drake Passage latitudes (56-60°S) above 2 km
depth favors deeper waters as the mass replacement for the surface divergence to its
south''*®. Displacement of the Ekman divergence from south of 60°S to lower latitudes thus
suppresses the privileged upwelling pathway of abyssal waters (> 2 km depth) and instead
favors overturning in the upper ocean. Although the representation of surface buoyancy
forcing and mesoscale eddies can affect the response of the overturning to changing
winds'?* the simulated slowdown of the abyssal overturning is a robust consequence of its

bathymetry-driven sensitivity to Ekman flow in the polar Southern Ocean.

Our results thus suggest that as the winds shifted poleward through the deglaciation,
their ability to lift abyssal waters to the surface increased in approximate proportion to the
northward Ekman transport at 60°S. Using the relationship between wind latitude and the
zonal-mean wind stress at 60°S within the PMIP/CMIP ensemble (Extended Data Fig. 5d;
Extended Data Fig. 8) we estimate that over deglaciation this transport increased from an
LGM minimum of around 4 x 10° m*® s to a maximum of 18 x 10°m* s™ at 11 ka, before
decreasing back to 14 x 10°m?* s™ by the mid-Holocene (Fig. 6a; Methods). This invigoration
of the abyssal overturning over deglaciation would have driven carbon out of the abyssal

ocean and back to the intermediate depths, surface, and atmosphere. This concurs with
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records of deep Pacific oxygen*' and deep Southern Ocean pH* which suggest of a loss of
regenerated nutrients and carbon from the abyssal ocean over deglaciation (Fig. 6c).
Furthermore, a decrease in the global-mean deep-intermediate carbon isotope gradient*?, and

other carbon cycle tracers®94¢

, suggest the vertical gradient of regenerated nutrients and
carbon weakened over deglaciation (Fig. 6b). Finally, records of nutrient utilisation'® and
export production* support an increase in nutrient upwelling to the Southern Ocean’s surface
over deglaciation, with boron isotope records*’ demonstrating a concurrent increase in CO,
outgassing from the Southern Ocean. The early Holocene maximum in poleward position of
the winds may have led to an overshoot of the oceanic carbon cycle, with enhanced upwelling
and CO, outgassing persisting until ~6 ka**’. However, atmospheric CO, decreased by ~10

ppm from 10 to 6 ka suggesting uptake by another sink, likely the terrestrial biosphere®®.

Our findings indicate that shifts in the Southern Hemisphere westerlies are likely to
have played a key role in driving the deglacial rise in atmospheric CO> (ref*®), and thus may
be an important mechanism underlying glacial-interglacial CO, variations®*. Given that
atmospheric CO, and global temperature may also influence the latitude of the westerly

810 a deglacial feedback mechanism has been proposed?. The apparent temporal lead

winds
of shifts in the westerlies over atmospheric CO, and global temperature during certain intervals
of the deglaciation indicated by our reconstruction (Fig 3c) suggests that some initial change
18,49

in the winds, perhaps driven by obliquity'**”, could have initiated a cascade of increasing CO-,
global warming, and poleward shifting winds. The tight coupling demonstrated here between
the latitude of the westerlies and atmospheric CO; over the last deglaciation, together with the
sensitivity of the abyssal circulation and carbon cycle to the latitude of the westerlies in our
ocean-sea-ice-carbon model experiments, suggest that future poleward shifts in the position

of the westerly winds®°

are likely to drive a positive feedback on anthropogenic warming—
via a decrease in the efficiency of the biological pump and an increase in natural CO-

outgassing from the Southern Ocean®.
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Fig. 1: 8'%0 data and relationship between wind latitude and SST front latitude in the model
ensemble. (a) LGM-Holocene §'®0ivc-gtc (3'®Ocaicite corrected for ice volume and global-mean SST
changes; Methods) at the core sites with climatological meridional §'80 gradient represented by
background shading (Extended Data Fig. 1; darkest shade represents 0.25 %o/°Lat, equivalent to ~1
°C/°Lat). Modern position of maximum westerlies® (solid red line) and the estimated LGM position of
the westerlies based on a uniform shift (dashed red line). (b) LGM and Holocene §'®Qivc.gic meridional
profiles. The grey box shows latitudinal window in which ALatsstis calculated (Methods). Symbols on
(a) and (b) distinguish foraminiferal species. (c) Relationship between positions of the wind latitude
(latitude of maximum ) and SST front latitude (latitude of maximum @&SST/dLat) within the
PMIP3/CMIP5 and PMIP4/CMIP6 ensemble (Methods).
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Fig. 2: SST front and westerly wind changes based on regional subsets (a) Map showing regional
subsets of data. Light grey dashed line corresponds to all core sites. Black includes all Indian-Pacific
sites, blue has eastern Pacific sites removed, while pink has western Indian sites removed. Note that
given the paucity of data from south of 65 °S we include Antarctic marginal sites from all sectors in all
regional subsets. (b) Relationship between wind latitude (latitude of maximum zonal-mean 1) and
regional SST front latitude (latitude of maximum @SST/dLat) within the model ensemble. (c)
Reconstructed change in SST front latitude (ALatsst) within the regional subsets. (d) Reconstructed
zonal-mean wind latitude (ALatwind) calculated from the regional AlLatsst reconstruction (c) and the
relationships between regional SST front and zonal-mean wind latitude given in (b).
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Fig. 3: Deglacial shifts in the westerlies and atmospheric CO-. (a) Deglacial change in the position
of the wind latitude (ALatwing, lines show the 5%, 32", 50", 68", and 95" percentiles) and atmospheric
CO:z2 (ref?*) over time. HS1, ACR, and YD are Heinrich Stadial 1, Antarctic Cold Reversal, and Younger-
Dryas, respectively. (b) Correlation between ALatwina and atmospheric CO2 over deglaciation. (c) Lead-
lag between changes in Alatwina and changes in atmospheric CO2 and global temperature®! over

deglaciation (Methods).
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Fig. 4: Modelled impact of shifted westerlies on Southern Ocean CO: outgassing. Zonally
averaged (a) zonal wind stress, (b) northward Ekman transport, (c) Ekman divergence and, (d) ocean-
atmosphere CO:2 flux (positive flux for ocean outgassing). Black curves correspond to the Control
equilibrium state (CTR) and red curves to the average over years 116-126 of the Perturbed experiment
(EQ). The grey box on (a-d) indicates the latitude of the Drake Passage (56-60°S). 1 Sv is 108 m3 s™.
Map of (e) ocean-atmosphere CO: flux (mol/m?/yr, positive flux for ocean outgassing) and (f) nitrate
(mmol/m?3, average over upper 149 m depth) anomalies, obtained as difference between Perturbed and
Control simulations.



354
355

356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390

Overtuming rate anomaly (Sv)
-10 0 10

Ekman flow (Sv)
=)

Depth (km)

Cc

L L L L L I L

-80 -60 -40 -20 0 20 40 60 -3 -2 -1 0 1
Latitude (°) Anomaly (Tmol m™")

Fig. 5: Modelled impact of shifted westerlies on deep ocean circulation and carbon storage. (a)
Northward Ekman transport in the Control (Black) and Perturbed (red) simulations. 1 Sv is 106 m® s™.
(b) Global MOC anomaly (Perturbed-Control) after 125 years, normalised for sign such that blue is a
decrease in overturning rate and red is an increase. Contours show Control (solid) and Perturbed
(dashed) isopycnals (c) Dissolved Inorganic Carbon (DIC) and Oxygen anomalies (Perturbed-Control)
horizontally integrated globally. Zonally averaged concentration anomalies are shown in Extended Data
Fig. 10). Grey box on (a) and (b) indicates the Drake Passage.
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Materials and methods

Planktic foraminiferal 5'0O records from the Kerguelen plateau and southeast Pacific

We generated new planktic foraminiferal §'®0O data from sediment cores spanning the last
deglaciation located in the mid-latitudes of the Indian and Pacific sectors of the Southern
Ocean. We generated new records from two sediment cores retrieved from the Kerguelen
Plateau during cruise OSCAR INDIEN-SUD (MD12-3396CQ, -47.73 °N, 87.69 °E; MD12-
3401CQ, -44.68°S, 80.39°E). Furthermore, we extended/increased the resolution of two
previously published records from cores located on Kerguelen (MD02-2488, -51.07 °N, 67.73
°E) and in the southeast Pacific (MD07-3119, -46.08 °N, -76.1 °E). We analysed §'%0 on either
G. bulloides or N. pachyderma using a GV Isoprime 100 and an OPTIMA, and a Finnigan
MAT251 and a A+ at CFR/LSCE laboratory. The measurements are reported versus Vienna
Pee Dee Belemnite standard (VPDB) defined with respect to the NBS19 standard. The mean
external reproducibility (1) of carbonate standards is +0.06% for §'®0; the different mass
spectrometers are regularly inter-calibrated and the data are corrected, depending on the
devices, for nonlinearity and the common acid bath. Within this internal calibration, NBS18 is
-23.2+0.2% VPDB for §'®0 and -5.0+0.1%VPDB for 5'*C. Age models for all the cores are
based on radiocarbon dating, and further details of the age models can be found in ref°? for
core MD07-3119 and ref®® for core MD12-3396CQ. Reservoir age changes for the Kerguelen
area followed recent results by ref®® to establish the age model of core MD12-3401CQ. The
new data are provided in Table S1 and are available on Pangaea (DOI pending).

Southern Ocean planktic foraminiferal 5'°0O compilation

We compiled all available existing 5'80 records for near-surface dwelling planktic foraminifera
species (G. ruber, G. bulloides, N. pachyderma) spanning the last deglaciation (10-20 ka) from
across the Southern Ocean (refs®°"). All records are kept on the original age model of
publication. The compilation contains 64 deglacial records of planktic foraminiferal 5'30. All
5'®0 data are given in table Table S1 and are available on Pangaea (DOI pending).

Using planktic foraminiferal 60 to track the latitude the SST front

Although 8'"®Ocaicite is a function of both temperature and §'®Ouater, at the basin scale the effect
of temperature dominates over §'®Owater (Extended Data Fig. 1). Using the Southern Ocean
salinity-5'®Ouwater relationship of ref®® a meridional salinity difference of greater than 25 PSU
would be required to equal the meridional temperature changes across the basin. As no
physical mechanism exists to drive such changes, the meridional pattern of §'®Ocaicite Will
always be dominated by temperature, enabling us to use meridional profiles of 8'®Ocaite t0
identify the latitude of the SST front'®.

We quantify changes in the position of the SST front through time (ALatsst) from following the
method of ref'®. Briefly, we first interpolate the §'®0 data to 250-year time steps from 20 ka to
10 ka using a Generalised Additive Model (GAM)%, with the smoothing term determined by
restricted maximum likelihood (REML)'®. The reader is referred to ref'®' for an overview of
GAMs. Only foraminiferal 5'®0 records that span the entire time period of the reconstruction
are utilised such that our analysis is always comparing relative changes in the same cores
through time. The mean resolution of the individual records over deglaciation is about 1 point
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per 250 yrs and we only include §"®Qcaicite records with a minimum of 1 point per 2 ka over the
deglaciation.

We model the §'80 data at each time step (first correcting for whole ocean effects, see below)
as a function of latitude using a GAM®, with the smoothing term determine by restricted
maximum likelihood (REML)'® (Extended Data Figs. 2 and 3). We compute the shift in latitude
which minimises the Euclidean distance (L?) between the GAM fit at each time step relative to
10 ka, within a 10° latitude band centred around the steepest part of the Holocene meridional
SST/5"®0calcite profile (-50 to -40 °N; grey box in Fig. 1b and Extended Data Figs. 2 and 3). The
10 ka reference time is chosen to maximise the number of records spanning the deglaciation.
Our analysis thus tracks changes in the position of the steepest part of meridional SST profile
across a 10° latitudinal window, rather than the position of any individual front.

To minimise changes in the meridional §'®Ocaiite profile between different time steps that arise
from whole-ocean changes rather than local dynamics we correct the §'®Qcaiite data for the
whole ocean change in §"®Owater (arising from ice sheet growth/retreat) and the global-mean
SST change (8"®0wc.qtc). For the whole-ocean change in §'®0water We scale the LGM-Holocene
change of 1£0.1 %o (20) (ref'®) to the sea level curve of ref'®. For the global-mean SST
change we scale the -1.7+£1.0 °C (2c) area-weighted global-mean LGM-preindustrial change
in SST from the PMIP3/4 ensemble (see below) to the global temperature record of ref*!, using
the water-calcite temperature fractionation (8" Ocaicite-water) Of ref'®, which agrees well with the
pooled-foraminiferal species sensitivity of ref'%. We propagate all of the uncertainty from these
whole-ocean corrections through to our final results (see below). We note these whole-ocean
corrections make the reconstructed changes in the position of the winds more conservative;
removing the global-mean SST change correction entirely results in an Indian-Pacific ALatsst
of ~7° between 10-20 ka (c.f. ~5° including the correction). Furthermore, our leave-one-out
analysis shows that our reconstruction is primarily driven by mid-latitude sites, indicating these
whole ocean corrections are unlikely to be biasing our results.

We derive uncertainties via bootstrapping’® (10,000 iterations), accounting for the age and
analytical uncertainties on individual records as well as the uncertainties in the whole-ocean
change in §'®0uwater and the global-mean SST change with Monte-Carlo simulation. We ascribe
conservative age uncertainties of £+1000 years (2c), and analytical uncertainties of £0.08 %o
(20) to all planktic foraminiferal §'®0 records. The R code and data used to perform the
analysis is provided on Github (https://github.com/willyrgray/SOd180).

We repeat the analysis over a longer time period (22-6.5 ka) which necessitates using a
smaller subsection of cores and thus results in larger uncertainties (Extended Data Fig. 6).
Still, the results show excellent agreement with the complete set of cores (i.e. spanning 10-20
ka) (Extended Data Fig. 6), with a ratio of 0.95 during the overlapping interval. We apply this
correction to the longer reconstruction, though the correction makes a negligible difference
and does not impact our conclusions (Extended Data Fig. 6). Performing the analysis further
into the Holocene (22-2.5 ka) results in substantially higher uncertainties due to the lack of
cores spanning this interval, but the results suggest the westerlies are relatively stable through
the late Holocene (Extended Data Fig. 6), in agreement with qualitative indicators of the
winds?1%7.
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Leave-one-out analysis

We perform a jackknife resampling of the dataset to determine the contribution of each planktic
foraminiferal 5'®0 record to the Indian-Pacific ALatsst reconstruction. We sequentially remove
each record from the dataset, recompute ALatsst, and determine the contribution of that record
as the time-integrated absolute difference from AlLatsst computed using the entire dataset
(expressed as a percentage of the absolute cumulative change in ALatsst over deglaciation;
Extended Data Fig. 4). This analysis shows that no single record is contributing more than 5%
of the total signal, and that the cores with the highest weighting are all located in the mid-
latitudes. Thus, we conclude that our reconstruction is primarily tracking a mid-latitude signal.

Seasonality of planktic foraminifera

Our approach assumes that any changes in the seasonal bias of foraminifera relating to their
habitat preference are small relative to the change in temperature due to the movement of the
SST front. The validity of this approach is supported by §'®0 records measured on species of
foraminifera with different temperature/seasonal habitats at the same (or nearby) mid-latitude
sites within the compilation. Foraminiferal species with different habitat temperature (and thus
seasonal) preferences (G. bulloides and N. pachyderma, ref '°) show very similar Holocene-
LGM changes (compare circles and triangles on Fig. 1a). Furthermore, the leave-one-out
analysis (Extended Data Fig. 4) shows that records of G. bulloides and N. pachyderma §'®0
(which should have different seasonal biases) are both contributing highly to the AlLatsst
reconstruction. This suggests the impacts of seasonality on the reconstruction are likely to be
small. Crucially, the relatively warm temperature preference of G. bulloides (the dominant
species in the mid-latitudes) means that global SST cooling during the LGM would shift the
annual SST distribution further away from its preferred habitat temperature, shifting its
seasonal bias further towards the summer and minimising the degree of glacial cooling it
records. This would thus make the anomalous mid-latitude cooling we see in the LGM more
conservative relative to the annual mean cooling, thus making our reconstruction of changes
in the wind latitude more conservative.

PMIP3/4 and CMIP5/6 ensemble

We use an ensemble of models from the Paleoclimate Modelling Intercomparison Project
(PMIP3' and PMIP4?%""%) and Coupled Model Intercomparison Project (CMIP5'" and
CMIP6'?); data available at https://esgf-node.linl.gov/projects/esgf-linl/. We use all
CMIP5/PMIP3 and CMIP6/PMIP4 models for which both SST and zonal surface wind fields
are available for the LGM and preindustrial simulations, and also include the 4xCO:
simulations from these models where available. Annual-mean climatologies are calculated
from the final 100 years of each simulation and interpolated to a common 2-degree analysis
grid.

To convert the reconstructed changes in the SST front latitude (ALatsst) to changes in the
latitude of the westerly winds we use the relationship between the SST front latitude and the
wind latitude within the ensemble. We calculate the SST front latitude as the latitude of
maximum meridional SST gradient (9SST/dLat) in each simulation within a 10° latitudinal
averaging window (to emulate the 10° latitudinal window used to calculate ALatsst from the
5"®0we-gtc data downcore. We do this using zonal-mean SST across the Southern Ocean (Fig.
1c¢) and across regional subsets (Fig. 2; Extended Data Fig. 5). We calculate the wind latitude
as the latitude of maximum zonal-mean zonal wind stress (ty). We regress the SST front
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latitude against wind latitude (Fig. 2; Extended Data Fig. 5) and then apply this relationship to
our AlLatsst reconstruction in order to determine changes in the position of the wind latitude
(ALatwing), propagating the uncertainty in the relationship through to our final estimates of
ALatwing using Monte-Carlo simulation. We exclude the MPI model from the regressions for the
Indian-Pacific sector, as this model sits as an outlier from the remainder of the ensemble
(however we note the slope between wind latitude and SST front latitude within the MPI model
is consistent with the rest of the ensemble). The peculiarity of the MPI model is possibly due
to SST biases relating to meridional heat transport in the Indian sector within the model'?,
where we find the largest difference relative to the other models. Including the MPI model in
the Indian-Pacific sector regression has a negligible effect on our results, slightly increasing
the reconstructed change in the wind latitude (ALatwing) between 10-20 ka from 6.2° to 6.7°
and increasing the uncertainty by 0.5° at the 95% CI. The ALatwing reconstruction is provided
in Table S2.

Regional subset test

To ascertain that our method is able to track zonal-mean shifts in the wind latitude from
changes in the SST front latitude (which is also affected by bathymetry and ocean
eddies®>?1"%) we perform a regional subset test. We sequentially remove regional subsets of
cores from the compilation, re-compute ALatssrt, and recalculate the relationship between the
zonal-mean wind latitude and the regional SST front latitude (Fig. 2). The results demonstrate
that the difference in zonal-mean ALatwind reconstructed from the regional subsets is markedly
smaller than the difference in ALatsst between the regional subsets. This indicates that (i) the
model ensemble and (ii) our method to track the SST front downcore, capture the regional
SST front response to zonal-mean shifts in the wind latitude. We can thus confidently apply
the relationship observed in the model ensemble to estimate shifts in the zonal-mean latitude
of the westerlies using the Indian-Pacific ALatsst reconstruction over deglaciation.

Reconstructing peak wind stress

Using our Alatwing reconstruction and the relationship between wind latitude and the
magnitude of peak wind stress in the model ensemble (wind strength, Extended Data Fig. 5),
we estimate changes in the magnitude of peak wind stress over deglaciation (Extended Data
Fig. 8). The tendency for the magnitude of peak wind stress to decrease as the winds move
equatorward (and vice-versa) has been previously noted''>'"®. Our reconstructed equatorial
shift in the wind latitude implies a weakening of the peak westerlies by 0.034 N m™ (about
25%) during the LGM relative to the mid Holocene, resulting in a LGM wind strength of 0.106
(0.085-0.12, 95% CI) N m™, assuming mid-Holocene wind stress is equal to the modern
climatology (0.14 N m™; Fig. 4a). This assumption is supported by qualitative tracers of the
westerlies?®®'”” which indicate little change between ~6.5 ka and the present day.
Furthermore, running our analysis further into the Holocene suggests little change in the
position of the winds (Extended Data Fig. 6), although uncertainties are very large given the
few core sites that span this interval. Although the shape of the zonal-mean westerly wind
profile may have changed together with the latitude and magnitude of its peak, the model
ensemble suggests that the meridional wind profile changes little between Pl and LGM
states; there is a -0.25+7% and 0.5+3.5% ensemble mean change in peak width at 50% and
15% peak height, respectively, between LGM and preindustrial. Furthermore, we observe no
significant relationship between the wind latitude and the peak width (at either 50% or 15%
peak height) within the ensemble, such that we do not expect substantial changes in the
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shape of the wind profile as the winds shift. The wind strength (max tu) reconstruction is
provided in Table S2.

Reconstructing northward Ekman transport at 60°S

To calculate changes in zonal wind stress at 60°S (60S t,) we use the relationship between
the wind latitude and the zonal-mean zonal wind stress at 60°S in the model ensemble
(Extended Data Fig. 5d), and apply this relationship to our reconstruction of Alatwing,
propagating through the uncertainty in the relationship (Extended Data Fig. 8). We assume
mid-Holocene wind stress equal to the modern climatology (0.09 N m; Fig. 4a). We calculate
northward Ekman transport (Fig. 6a) as the zonal integral of tu/(po*f), where pois the density
of seawater (1027 kg/m®) and f is the Coriolis parameter. The reconstruction of 60S 1, and
northward Ekman transport at 60°S is provided in Table S2. The ensemble shows that the
latitude of the peak in zonal wind stress is a better predictor of wind stress at 60°S (R?= 0.9;
Extended Data Fig. 5d) than the magnitude of the peak in wind stress (R*= 0.7).

Lead-lag analysis

We calculate the lead-lag between the Indian-Pacific ALatsst reconstruction and the change
in atmospheric CO, (or in global temperature) over deglaciation as the time offset that
maximises the correlation between the two time series, broadly following the approach of ref*".
We account for age uncertainties in the CO- record using the typical gas age uncertainty in
the WAIS divide ice core over deglaciation'"” (£75 yrs, 1c). For the age uncertainty in the
global mean temperature stack we take the uncertainty in the lag of global temperature over
CO; (340 yrs, 10) in ref?’. To account for age uncertainties in the Indian-Pacific ALatsst
reconstruction we repeat the lead-lag analysis using each boot strap/Monte-Carlo iteration of
the Indian-Pacific ALatsst reconstruction. This approach assumes age uncertainties within the
5'®0 compilation are uncorrelated, which is unlikely to strictly hold given e.g. reservoir age
changes (although methodological differences between studies add a source of random
‘human behavioural’ error), but provides a first-order assessment of leads and lags between
the different time series. As a sensitivity test, we repeat the lead-lag analysis with COy,
including varying degrees of ‘structural’ uncertainty in the Indian-Pacific Alatsst
reconstruction. This suggests that the lead in the change in the winds over CO.is significant
at the 95% level until more than ~30% of the age uncertainty is correlated across the
compilation. Assuming 100% of the age uncertainty is correlated (i.e. perfect covariance)
results in uncertainties of £860 yrs (95% CI). To test whether the lead of ALatsst relative to
CO: holds in the early deglaciation, we repeat this analysis for 20-14 ka (cf. 20-10 ka) and find
a lead of 160 yrs (-10 to 330 yrs 95% ClI), cf. 330 yrs (100 to 560 yrs 95% CI).

Experiments with a 0.25° ocean-sea-ice-carbon model

We use the ocean-sea-ice-carbon model MOMS-SIS-Wombat with a Mercator horizontal
resolution of 0.25° (~11 km grid spacing at 65°S), and 50 vertical levels®****. The model is
initialised with modern-day temperature and salinity distributions, and biophysical fields
derived from an observation-based climatology (GLODAP v2, 2016)'®. The model is then
spun-up for 700 years with version 2 of the Coordinated Ocean-ice Reference Experiments
(CORE) Normal Year Forcing (NYF) reanalysis data'®, representative of a ‘normal year
during the recent instrumental period. To study the impact of equatorward shifted southern
hemispheric westerlies, a 4° equatorward shift (with no change in magnitude) is applied to the
near surface wind speeds between 25°S and 70°S. The perturbation simulation is run for 125
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years. Given the carbon and nutrient cycles have around an order of magnitude longer time
scales in the deep Pacific'’, the perturbation simulation is far from equilibrium, but it does
provide a strong indication of the impact on circulation and the carbon cycle. Anomalies are
calculated as the difference, averaged over the last 10 years, between the Perturbed
experiment and the concomitantly extended Control experiment to remove the influence of
linear model drift.

The model includes a parameterization for the effects of mesoscale eddies, with isopycnal
tracer'® and thickness'®' diffusivities set to 600 m? s™'. The meridional overturning circulation
(Fig. 5b and Extended Data Fig. 9) includes both resolved and parameterized advection. It is
calculated in neutral density'?®> coordinate and reprojected onto the depth coordinate'®® in
order to eliminate adiabatic recirculations and avoid spurious effects due to vertical inversions
in potential density fields.

As aresult of the equatorward shifted winds, the Ekman pumping is suppressed south of 60°S,
and the ACC weakens by 6% (122 Sv instead of 130 Sv). South of 60°S, the surface DIC
concentration decreases by 13 mmol/m® (Extended Data Fig. 10), thus leading to a surface
pCO2pic decrease of 25 ppm, which is partly compensated by a decrease of surface alkalinity
of 8.6 mmol/m® (Delta pCO2.k = +14 ppm). A small decrease in surface salinity is
compensated by a small increase in SST, so that the solubility contribution to pCO2sq is
negligible south of 60°S. As a result, the CO, outgassing over the polar Southern Ocean (south
of 60°S) is completely suppressed (Fig. 4d). On the other hand, the equatorward shift in the
westerlies and associated increased Ekman pumping north of 60°S leads to a greater CO>
outgassing in that region. Nevertheless, if integrated over the Southern Ocean (south of 35°S),
there is an anomalous uptake of 27 GtC by the Southern Ocean over the course of the
Perturbed experiment, equivalent to a CO> decrease of 13 ppm. While the model also displays
an increase in Southern Ocean sea ice extent in the Perturbed experiment (not shown), likely
an impact of the reduction in upwelling of relatively warm deepwaters, the decrease in CO;
flux out of the polar ocean is associated with decreased surface ocean pCO; rather than
increased air-sea disequilibria. Hence, changes in wind-driven carbon supply, rather than sea
ice driven disequilibria, cause the reduction in CO, outgassing from the polar Southern Ocean.
Furthermore, the CO- flux anomalies are largely decoupled from the sea ice anomalies around
the basin. Both pCO, and CO; flux anomalies are, however, clearly linked to changes in
Ekman divergence.

As a result of shifted winds, the strength of the lower overturning cell (maximum stream flow
below 2500 m within 20-50°S) weakens by 3 Sv, from 16 to 13 Sv and the mixed layer shoals
in the polar Southern Ocean (Fig. 5b; Extended Data Fig. 9). The DIC concentration increases
in the Southern Ocean below the sub-surface south of 60°S by about 10 mmol/m?®, and the
slowdown of the lower cell causes DIC to increase throughout the deep ocean below 1.5km
(Fig. 5¢c; Extended Data Fig. 10), even if the magnitude of the increase is small due to the
short duration of the experiment. The increase in upwelling between 60°S and 50°S leads to
a DIC increase in the upper 2000m depth in that region, but causes the overturning of the
upper cell to increase by 6.4 SV (maximum overturning between 500-1000m and 20°S-40°S;
Fig. 5b; Extended Data Fig. 9) which results in a DIC decrease in the intermediate depths
throughout the ocean north of 35°S (Fig. 5c; Extended Data Fig. 10). These DIC changes are
accompanied by similar changes in remineralised nitrogen, and inverse changes in dissolved
Oz, highlighting the role of changes in oceanic circulation.
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The reduction in upwelling within the polar Southern Ocean causes the preformed nitrate
concentration of Antarctic Bottom Water to decrease. This may be enhanced by a shoaling of
the polar Southern Ocean mixed layer depth within the simulation (Extended Data Fig. 9),
which would reduce light limitation, providing a potential mechanism to further increase the
utilisation of the upwelled nutrients'. Driven by a reduction in water column mixing due to a
shoaling of the mixed layer in deepwater formation regions of the North Atlantic (not shown),
the preformed nitrate concentration of the northern end member also decreases. As such, the
preformed nitrate concentration begins to decrease throughout the deep ocean, with a 1.3%
increase in global mean N* (N* = regenerated NOzs/total NOs) after 125 years (Extended Data
Fig. 10). The short duration of the Perturbed experiment inhibits a full quantification of the CO>
response. However, by extrapolating the initial changes in endmember preformed NO3 (Npre,
given in mmol/m?) based on the relative volume of the ocean they represent (V) we can broadly
estimate the magnitude of CO, change implicated by the initial changes in endmember
preformed nitrate.

We take the Southern Ocean endmember as an average through the water column between
60-80°S, and the North Atlantic endmember as an average through the water column between
60-70°N in the North Atlantic. In the control run Nye_SO_ctr = 22.12 and Npe_NA_ctr = 8.5.
Global mean Npre in the control run (Npre_ctr) is 15.45. Using the global mean and endmember
values we calculate the volumetric contribution of the Southern Ocean endmember (Vso) as
0.51 and the North Atlantic endmember (Vna) as 0.49. Total nitrate (Niwt) is 33.84 mmol/m?
such that globally averaged N* in the control run is 54%.

After 125 years of the Perturbed experiment Nye in both the endmembers decreases:
Npre_SO_125 = 20.31 and Npre_ NA_125 = 7.3. Assuming the same volumetric contributions
as the control experiment, we calculate the expected change in global mean Npe in the
Perturbed run (Npre_ EQSH) as,

Npre_ EQSH = Vs0*Npre_SO_125+Vna*Npre. NA_125 = 13.9, equivalent to a globally averaged
N* value of 59%.

Based on the initial changes in Nyre Within the endmember regions we would thus expect a
global mean N* increase of ~5% in the Perturbed experiment relative to the Control, once
these anomalies had propagated through the deep ocean. Applying the sensitivity of
atmospheric CO,to global preformed nutrients of ref'®, this increase in N* within the Perturbed
experiment equates to an atmospheric CO, decrease of ~15 ppm. However, timeseries of the
endmember Ny values indicate they are not yet equilibrated and are still decreasing after 125
years such that this likely represents a conservative estimate of the increase N* and
associated lowering of CO, we would expect if the Perturbed experiment was run to
equilibrium.

Further to this effect, the model indicates a redistribution of the regenerated nutrient and
carbon pools from the intermediate depths toward the abyss. The deepening of the
regenerated nutrient and carbon pools would drive a further CO. decrease via carbonate
compensation'®¥. The higher DIC content at depth would lower the carbonate ion
concentration, increasing CaCOs dissolution within the ocean. This is turn would result in a
transient increase in alkalinity, lowering atmospheric CO.. While the scaling between
preformed nutrients and atmospheric CO, used above (ref”'**) accounts for a linear
approximation of CaCOs dissolution following the total increase in regenerated carbon within
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the ocean, the effect of nutrient deepening is not accounted for by this scaling. Based on the
initial changes we see in deep ocean DIC in the model (Extended Data Fig. 10), and the
scaling between intermediate-deep DIC and atmospheric CO; given in given refs*"'** we
would thus expect a further substantial decrease in COa.

Data availability

The new and compiled §'®0 data are given in table Table S1 and are available on Pangaea
(DOI pending). The westerly wind reconstructions generated in this study are given in table
Table S2. The PMIP and CMIP data are available from https://esgf-node.lInl.gov/projects/esgf-
lInl/.

Code availability
The R code and data used to perform the ALatsst analysis is provided on Github
(https://github.com/willyrgray/SOd180).
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