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Migration of the subtropical front as a modulator of

glacial climate

Edouard Bard' & Rosalind E. M. Rickaby?

Ice cores extracted from the Antarctic ice sheet suggest that glacial
conditions, and the relationship between isotopically derived
temperatures and atmospheric pco, have been constant over the
last 800,000 years of the Late Pleistocene epoch'. But independent
lines of evidence, such as the extent of Northern Hemisphere ice
sheets? sea level® and other temperature records’, point towards a
fluctuating severity of glacial periods, particularly during the more
extreme glacial stadials centred around 340,000 and 420,000 years
ago (marine isotope stages 10 and 12). Previously unidentified
mechanisms therefore appear to have mediated the relationship
between insolation, CO, and climate. Here we test whether north-
ward migration of the subtropical front (STF) off the southeastern
coast of South Africa acts as a gatekeeper for the Agulhas current™S,
which controls the transport of heat and salt from the Indo-Pacific
Ocean to the Atlantic Ocean. Using a new 800,000-year record of
sea surface temperature and ocean productivity from ocean sedi-
ment core MD962077, we demonstrate that during cold stadials
(particularly marine isotope stages 10 and 12), productivity
peaked and sea surface temperature was up to 6 °C cooler than
modern temperatures. This suggests that during these cooler
stadials, the STF moved northward by up to 7° latitude, nearly
shutting off the Agulhas current. Our results, combined with
faunal assemblages from the south Atlantic”® show that variable
northwards migration of the Southern Hemisphere STF can
modulate the severity of each glacial period by altering the
strength of the Agulhas current carrying heat and salt to the
Atlantic meridional overturning circulation. We show hence that
the degree of northwards migration of the STF can partially
decouple global climate from atmospheric partial pressure of
carbon dioxide, pco,, and help to resolve the long-standing puzzle
of differing glacial amplitudes within a consistent range of atmo-
spheric pco,.

The fluctuating severity of glacial periods (see Supplementary
Information) challenges our understanding of the sensitivity of global
climate to forcing by astronomical parameters, and pco,. We inves-
tigate the migration of the STF in the southern Indian Ocean over
multiple glacial cycles to explore whether the latitude of the STF acts as
an insolation-sensitive feedback in the climate system, and amplifies
low-latitude temperature anomalies to global climate phenomena.
The latitude of the STF is determined by the strength and location
of atmospheric winds. The subtropical convergence, characterized by
negative wind stress curl in the atmosphere and associated Ekman
transport convergence in the ocean, denotes the region between the
core of the trade winds and the maximum southwesterly winds.
Embedded in the subtropical convergence and towards its poleward
sideis the STF, a zonal band of enhanced productivity and weak (2 °C)
meridional sea surface temperature (SST) gradients. The STF defines
the southern limit of the subtropical gyres and separates them from

the broad eastward flow of the Antarctic circumpolar current (ACC)
further south.

We reconstruct the latitude of the STF from hydrographic changes at
core MD962077, currently situated under the Agulhas current of the
subtropical gyre of the Indian Ocean over the last 800 thousand years
(kyr) (see online-only Methods). We test whether northward migration
of the STF relative to South Africa acts as a gatekeeper for the leakage of
heat and salt between the Atlantic and Indo-Pacific oceans. The Agulhas
valve comprises surface and intermediate water transport from the
Indian Ocean into the Atlantic. This takes place through the detachment
of rings, eddies and filaments from the Agulhas retroflection, consisting
of warm and salty Indian Ocean waters and providing a key return route
for the supply of waters to the Atlantic meridional overturning circula-
tion (AMOC)>°. Core MD962077 is situated ~7° latitude equatorwards
of the modern STF (33.17 °S, 31.25 °E, 3,781 m, Fig. 1), and provides a
sensitive monitor of the meridional movements of the STF, which
marks the southern boundary of the Agulhas return current.

Our 800-kyr records of SST (UX5,’, and 8'°0 of Globigerina inflata
and coccolithophore fraction; Fig. 2a) and biological productivity
(abundance of authigenic uranium U,,q,, total organic carbon
TOC and total Cs; alkenones Cs;; Fig. 2b, data available in
Supplementary Information) indicate that each 100-kyr glacial cycle
is marked by cooler temperatures and higher productivity, indicating
a northerly migration of the STF more proximal to core MD962077,
and displaying the same distinctive pattern of a secular trend in the
glacial minima. The glacial northward shift of the STF agrees with
records from foraminiferal and coccolithophore assemblages in this
region’ "', which highlight that the reappearance and abundance, in
the south Atlantic, of the ‘Agulhas leakage fauna’ is due to a deglacial
strengthening of the Agulhas connection.

The marine isotope stages MIS-12 and MIS-10 stand out as excep-
tionally cool and productive glacial periods. Alkenone-derived SSTs
record a subtropical Indian Ocean 4 °C cooler than the Holocene
during MIS-2, but MIS-12 and MIS-10 were an additional 2 °C colder.
This secular trend in SST is matched by the G. inflata §'*0 value (the
MIS-12 880 is heavier than that of MIS-2 by 0.5%0, ~2°C) and
coccolithophore fraction 30O (MIS-12 is heavier than MIS-2 by
1.5 %o but natural effects amplify the coccolithophore fraction §'%0;
see online-only Methods). All three productivity proxies imply
enhanced productivity during MIS-12 and 10 compared to other gla-
cials. Individually, these proxies cannot be scaled linearly to produc-
tivity but are highly sensitive to productivity changes (see online-only
Methods). However, the coherence in signal between three SST and
productivity proxies, recorded in different phytoplankton and different
phases of the sediment susceptible to a range of biases, lends confidence
that our secular trend in temperature and productivity is robust.

A picture emerges that the STF migrated northwards towards core
MD962077 during each glacial period. During MIS-12 and MIS-10,
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Figure 1| SeaWiFS (Sea-viewing Wide Field-of-view Sensor) image of

ocean colour during austral summer with the highly productive STF to the
south of core MD962077 (red star). The core is at present in the path of the
Agulhas current, and is influenced by the southward flow of warm and saline

the STF advanced by at least 7° latitude to reach the lowest latitude
(33°S) of the past 800 kyr, as marked by the additional 2 °C cooling
that is characteristic of the SST gradient of the modern STF. The STF
impinged upon the southern African continent in the Indian Ocean
during these extreme glacial periods and almost completely shut down
the Agulhas leakage®'*®"", with a tiny residual, perhaps intermittent,
flow to account for the rare occurrence of the Agulhas leakage fauna in
cores from the Atlantic sector'"'>. An associated migration north-
wards of the southwesterly winds by 5-9° latitude during glacial
periods is corroborated by a number of proxy records". This shift
and change in intensity of the winds is difficult to capture consistently
in intermediate-complexity models' and coupled global climate
models".

We propose that a northerly migration of the STF relative to South
Africa acts as a choke point in the climate system. The latitude of the
STF has the potential to influence both surface buoyancy fluxes of heat
and salt that set the strength and shape of the AMOC'® and also mixing
and wind-driven upwellings that input energy to sustain the AMOC.

As a buoyancy driver of the AMOGC, the transport flux of heat and
salt in surface waters between the major ocean basins is crucial to
return water, salt and heat to the northward flow of the AMOC'”'®,
The exchange of surface water occurs along a ‘warm’ route and a ‘cold’
route; the balance between these routes may alter as oceanographic
fronts migrate relative to the tips of continents in the Southern
Ocean’. Important topographic valves restrict the water flow in the
Indonesian archipelago, Drake passage, Bering strait and the Agulhas
valve of the southern tip of Africa’. These valves were drastically
different during the 100-150 m sea-level drop of glaciations and could
control ocean currents through threshold effects. Our inferred most

waters that are ultimately transported from the Indian to the Atlantic oceans
today. The coresite is highly sensitive to meridional movements of the fronts
in this critical region. LGM-WSI, Last Glacial Maximum winter sea ice
extent.

northerly migration of the STF to 33 °S during MIS-12 and MIS-10
severely reduced the warm saline influence of Indian Ocean thermo-
cline water and the Atlantic salinity budget owing to the Agulhas
leakage>'*°. This effect causes cooling and freshening of the
Atlantic and implies maximal reduction in North Atlantic deep water
formation during MIS-12 and MIS-10.

Energy input to maintain the AMOC derives, in part, from the
coupling between strong circumpolar southwesterly winds, which
induce a vigorous ACC, upwelling of dense waters from the ocean
interior, and northward Ekman transport of waters near the ocean
surface®! as well as southward eddies. Today, the frontal system and
associated southwesterly winds cross the continent of South America,
which diverts the ACC flow southwards through the Drake passage
(56°S). At this point, the ACC is decoupled from the winds and
frontal systems that transfer energy to the current®'. For the rest of
the ACC pathway in the modern ocean, the westerly winds align with
the ACC. We infer that either the core or meridional extent of the
wind field of the southwesterly winds spread to their most northerly
position during MIS-12 and MIS-10, and encountered two further
continental barriers (Australia at 39 °S, and South Africa at 35 °S),
decoupling the topographically constrained ACC to the south from a
larger fraction of the frontal-associated winds and reducing the
energy transfer to the ocean. These additional circuit breaks in
energy transfer from the southwesterly winds to the ACC would
amplify a decrease in deep ventilation, on top of a severely reduced
Agulhas leakage, during MIS-12 and MIS-10.

To test whether northwards migration of the STF is communicated
globally via an influence on AMOC, we consider our data in the
context of a record of the 8'°C contrast between deep waters in the
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Figure 2 | Long-term trends in SST and productivity-sensitive parameters
from core MD962077 compared to the stable baseline glacial
temperatures recorded in EPICA Dome C. a, Coccolith fraction 5'%0 (CF,
red dots, left axis), G. inflata 380 (planktonic, green dots, left axis), and
UX;,’ (alkenone, blue dots, right axis) highlight the evolution of subtropical
region glacial SSTs, compared to the stable baseline temperature estimates
(black line, the relative abundance of deuterium, 6D, scaled according to
(T + 34)/2 to fit the left axis) from glacial periods in Antarctica recorded in
EPICA. The black arrow labelled ‘B/M’ shows the position of the Brunhes/
Matuyama in the deeper section of core MD962077. b, Long-term trends of
productivity proxies—U,,, in parts per million, p.p.m. (blue open circles),
percentage TOC (black open circles) and Cs;y,, (red filled circles)—which
show high productivity during each glacial period indicative of a northwards
migration of the STF. This migration evolves, the STF being at its most
northerly position during MIS-12 and MIS-10. (c.f.b., carbonate-free basis;
see online-only Methods.)

Atlantic and Pacific oceans, an indicator of the efficiency of deep-
ocean ventilation (Fig. 3, Supplementary Information). Our secular
trends in temperature and frontal location are accompanied by a
glacial decreased contrast between the Pacific and Atlantic deep water
masses (A3'°C), with near-zero A§"*C during MIS-12 and MIS-10; a
picture also obtained from the 8'°C vertical gradient in the Southern
Ocean?®. This lack of §'°C gradient could indicate drastically reduced
ventilation of the Atlantic, or enhanced ventilation in the Pacific.
Both changes could have occurred with a similar ventilation contri-
bution from the Southern Ocean. Recent numerical simulations of a
latitudinal shift of southwesterly winds support a scenario with a
decrease of Agulhas leakage by a factor of seven, and a substantial
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Figure 3 | Mechanistic link between the migration of the STF, orbital
eccentricity and ocean overturning. The position of the STF, denoted by our
record of SST (black, open circles) co-evolved with orbital eccentricity (grey
dashed line) and a measure of overturning strength (black line) based on the
3'3C gradient between the Atlantic (Ocean Drilling Program ODP site 607)
and the Pacific (ODP site 846, A3">C) oceans. This provides an independent
measure of the ventilation strength®' of the AMOC over the last 800 kyr. We
derive the AS'*C value from the difference between the §'*C values of ODP
Site 607 and ODP Site 847.

decrease of North Atlantic deep water transport, with a concomitant
increase and deepening of North Pacific convection®. These effects
result from the wind shift and the enhanced build-up of Pacific
surface salinity.

The decrease in ventilation by the AMOC leads to reduced polar
heat transport and amplifies the growth of northern ice sheets, and
also leads to lowest sea levels during MIS-12 and MIS-10. These
frontal choke points of the STF impinging on Australia and South
Africa transfer the tropical cooling of MIS-12 and MIS-10 to a global
climate signal.

The position of the STF during MIS-12 and 10 could be a response
to cooler global climates. Alternatively, a more regional forcing of
anomalously cool equatorial temperatures could modulate the posi-
tion of the STF.

Global cooling drives an equatorward migration of the STF. A
global cooling of 3 °C achieves a 7° equatorward migration of the
fronts and the peak westerly wind stress position, according to an
idealized model®”. The residual between the EPICA (European
Project for Ice-Coring in Antarctica) Dome C temperature record
and the temperature component that is linearly linked with green-
house gas radiative forcing shows a long-term trend of decreasing
temperatures towards 400 kyr and increasing towards modern times,
in parallel with the longer-term trend of the STF position®*. However,
the minimum levels of pco, during MIS-12 and MIS-10 are not
exceptionally low compared to other glacial periods'. Although
increased global coccolithophore production® implies a quasi-400-
kyr change in the global carbon cycle, Pleistocene trends in pco, are
compensated biogeochemically”® or masked by higher-frequency
cycles in the record. Exceptional glacial conditions during MIS-12
and MIS-10 require an alternative trigger and amplifier.

Insolation could induce anomalous tropical SSTs that determine
the strength of Hadley circulation and position of the STF. Our SST
and productivity records show a strong signal at the 100-kyr and
400-kyr frequencies of eccentricity (Fig. 3). Eccentricity modulation
of precession may lead to anomalous tropical SSTs owing to a
truncated response®, or to the double maximum of daily irradiation
characteristic of the tropics”*® rather than the high latitudes.
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Forcing at 100-kyr and 400-kyr frequencies is amplified, relative to
half-precession, by increasing the fraction of the year over which the
maximum and minimum equatorial insolation is time-averaged®.
Such time-averaging may best approximate the thermal inertia of the
tropical SST response to maximum equatorial insolation.
Anomalously cool tropical SSTs, caused by low maximum equatorial
insolation (modern and about 400 kyr ago), could reduce the Hadley
cell (the tropical atmospheric convection cell driven by equatorial
heating), draw the STF northwards® and act as a trigger for the
proposed AMOC positive feedback for exceptional global cooling
during MIS-12 and MIS-10.

An implication of the amplification of cooling during MIS-12 and
MIS-10 is that there must be some decoupling between Antarctic
climate, global climate and pco, (ref. 1). The central Antarctic ice
sheet may be decoupled from global climatic shifts either by the slow
transmission of signals across a strengthened glacial ACC* or by
the enlarged extent of sea ice during the glacial periods insulating
the Antarctic continent from changes in the ocean, analogous to the
buffering of Greenland during the extreme cold of Heinrich events by
sea ice and the southward migration of the deep ventilation site®.

It appears that pco, can be decoupled from climate at glacial
extremes such that insolation modulates the maxima and minima
of climate. Modulation of equatorial insolation provides a way of
amplifying eccentricity forcing into the climate cycles of Pleistocene
glaciations. A proposed mechanism of links between topographic
barriers, the STF and the AMOC may explain the puzzling fact that
most palaeo-records indicate that glacial periods have different ampli-
tudes. Understanding the effect of the Agulhas valve on ocean circula-
tion is important for modern and future climate studies, as illustrated
by recent work on decadal variations of the southwesterly winds®.

METHODS SUMMARY

The chronology of core MD962077 relies on the last three geomagnetic reversals
and tuning of the foraminiferal §'*O to a global stack. Alkenones were analysed at
CEREGE by gas chromatography using an automated Dionex accelerated solvent
extractor (ASE-200) to perform lipid extraction. Core MD962077 was sampled
every 10-20 cm in plastic vials to measure U, Th and other trace elements by
inductively coupled plasma mass spectrometry (ICP-MS). We measured 5'°0, in
parts per thousand relative to the Vienna Pee Dee Belemnite standard (%o VPDB)
on the multispecies coccolithophore fraction, with minimal contamination from
other carbonate components such as foraminiferal fragments. The foraminiferal
8'%0 record was previously published?. Given the limited constraints on long-
term whole-ocean changes in 8'%0, and salinity at core MD962077, we have not
deconvolved a record of SST from planktonic 3'80. Nonetheless, MIS-12 8'%0 is
heavier than MIS-6 by 0.5%o, which is equivalent to a maximum estimate of
additional cooling of ~2 °C. The coccolith fraction §'*0 records the largest
isotopic change: MIS-12 is heavier than MIS-2 by 1.5%o, but changes in the
coccolithophore assemblage occur on these timescales in core MD962077%° and
large interspecific fractionation factors of up to 4%o can account for a fraction of
this change.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

The chronology of core MD962077 relies on the last three geomagnetic reversals
and tuning the foraminiferal §'*0 to the global stack™. Alkenones were analysed
at CEREGE by gas chromatography following the method of ref. 33 except that
an automated Dionex accelerated solvent extractor (ASE-200) was used to
perform lipid extraction™. Proper identification and quantification of alkenones
was verified by gas chromatography mass spectrometry. The analytical precision
of the method is about 0.01 units for U5, (roughly equivalent to 0.3 °C) based
on repeated extraction of internal laboratory sediment standard during the
course of this study. The accuracy of our procedure has been checked within
the framework of the international alkenone intercomparison®. For simplicity
and to allow comparison with other palaeo-data sets, the SST values were calcu-
lated using the equation of ref. 36 which is equivalent to that derived from the
core-top compilation®. Culture studies show that there is no systematic offset
between SST relationships of Gephyrocapsa oceanica and Emiliania huxleyi*®.
We measured 50 on the multispecies coccolithophore fraction, with
minimal contamination from other carbonate components such as foraminiferal
fragments. The methodology for separating the coccolithophore fraction was
based on that of ref. 39. All plasticware was acid-cleaned before use, and
deionized water used throughout. 0.5 g of sediment was sieved using 90% proof
ethanol through a <20 um sieve. The collected slurry was poured into 15ml
centrifuge tubes and allowed to settle for 10 min. The supernatant containing the
suspended particles was pipetted into a second tube and allowed to settle for a
further 24 h. The supernatant, considered to contain the major clay fraction, was
pipetted away and filtered for recycling. The remaining <10 um fraction was
dried and a subsample taken and rinsed three times with deionized water to
ensure elimination of any relict ethanol. A small fraction was weighed into boats
for analysis by stable isotope mass spectrometry (PRISM at Harvard University).
The foraminiferal §'0 record was previously published'*: for each analysis, 60
specimens of Globorotalia inflata were picked from the 250-350 pm fraction and
analysed at the National Taiwan Ocean University in Keelung using standard
procedures. Given the limited constraints on long-term whole-ocean changes in
3'%0, and salinity at core MD962077, we have not deconvolved a record of SST
from planktonic 3'80. Nonetheless, MIS-12 8'30 is heavier than MIS-6 by 0.5%o,
equivalent to a maximum estimate of additional cooling of ~2 °C. The coccolith
fraction 8'%0 records the largest isotopic change: MIS-12 is heavier than MIS-2
by 1.5%o, but changes in the coccolithophore assemblage occur on these time-
scales in this core and large interspecific fractionation factors of up to 4%o can
account for a fraction of this change®. Measuring three thermometric proxies
such as UX;,” of alkenones and 8'®0 of both foraminifera and coccoliths is
important because these independent proxies provide confirmation of temper-
ature trends. Indeed, it is crucial to be able to rule out possible artefacts related to
species, seasonality or habitat depth of signal markers and of post-deposition
processes such as sediment mixing. Differential smoothing or lagging can occur
in sediments between different size fractions of the same core*. In core
MD962077, the 8'20 of coccoliths is measured in the same fine fraction as
alkenones, while the 8'%0 of foraminifera belong to the coarse fraction. When
similar trends are observed for the three proxies (as is the case), it is possible to
rule out such an artefact as an alternative explanation to temperature changes.
Core MD962077 was sampled every 10—20 cm in plastic vials to measure U, Th
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observed U variations. Moreover, U and U,,, profiles are roughly parallel and the
two records exhibit the same variability. Therefore, using either the U or U,
profile would not change the interpretation of our results. All concentrations
shown in Fig. 2b were converted to concentrations on a carbonate-free basis
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(c.fb.), which is the conventional procedure to account for the effect of dilution
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the subantarctic front****. Following the work of these authors and from our own
studies in other regions*>*® it is clear that these proxies cannot be scaled linearly
to productivity. Indeed, the organic carbon raining from the surface is partly
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When TOC, Csyor and U,y trends agree, indicating enhanced values, it is
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corrected for a 3°C glacial-interglacial temperature change® (green). Across the zonal
gradient of the equatorial Pacific, Mg/Ca in the West Equatorial Pacific warm pool***’
(red) and UX,, estimates in the upwelling waters of the eastern Equatorial Pacific”
(pink) show an additional cooling of 0.5-1 °C during MIS-12 and 10 compared to other
glacial stages. In the subtropical Indian Ocean, our new U*,’ SST record shows an
additional cooling of 2 °C (Fig. 2a). This observation is consistent with records of §'*O
in Globigerina sacculifer (black) and the temperature sensitive Orbulina diameter
(turquoise) from RC17-69 in the SE Indian Ocean''; and with the exceptional
northwards migration of the Polar front during MIS-12 and 10 derived from cold season
SST estimates, and the presence of ice rafted debris (IRD) at core E45-29 situated
between the present day STF and the Polar Front in the SW Indian Ocean’ (blue). A 1°C
additional cooling is also identified in the high latitude North Atlantic summer SST
record (dark blue)*, obtained by correcting the 8"*O of Neogloboquadrina pachyderma
(d) from its ice volume component using the benthic 8O signal (scaled to fit axes

according to the equation (8 + (derived SST)/2)).

Supplementary Notes

1. Variable severity between glacials

Many paleoclimate reconstructions show that the glacial periods of the Late
Quaternary were not of equivalent severity. In his seminal 1987 paper, Shackleton’'
listed MIS-12 as an “exceptionally large glaciation”, with ice volume ~ 15% greater
that the last glacial maximum (MIS-2). Shackleton also concluded that MIS 12 likely
corresponds to the extensive Elsterian glaciation identified from glacial geology of

northern Europe (Anglian of the British Isles). More recently, several other benthic
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8'®0 records from single cores®®* and from global compilations’ support the view that
MIS-12 was more extreme than the LGM and other glacial maxima. The quantitative
interpretation of benthic and planktonic 8'*O records is notoriously difficult because
the sea level component is mixed with those linked to calcification temperature (and
local salinity for planktonic records). Nevertheless, 8'°O records corrected for
temperature effects do confirm the exceptional conditions that prevailed during MIS-
12 (see Fig. 3 in ref. 4).

The ultimate way to reconstruct the global sea level during MIS-12 and 10
would be to drill, and date by U-series, corals or submerged speleothems
corresponding these sea level low-stands. Recent studies reported new important data
on MIS-6 and 8 ****, but sampling glacial maxima older than the LGM is still a long-
term but challenging goal. Fortunately, glacial low stands can be studied in particular
archives such as sediments from the Red Sea’ and submerged shorelines from the Gulf
of Lion in front of the Rhone Delta™. The identification of MIS-12 is based on the
continuity of sediment sequences (in deep-sea cores or high-resolution seismic
stratigraphy). These independent sea level reconstructions confirm the variable altitude
of glacial low-stands. In particular, sea levels during MIS-12 and 10 were about 150 m
below modern, lower by ~ 20%, than during MIS-2.

In addition to these sea level data, there is multiple evidence from regional
glacial geology to indicate that MIS-2 did not correspond to the maximum extent of
continental ice sheets during the Quaternary (see two recent studies for a
comprehensive view of the Fennoscandian Ice sheet® and for mapping of the glacial
moraines of the southern margin of Laurentide ice sheet™®). A similar conclusion was

157

reached by Hughes et al.”" based on moraines of mountain glaciers from Greece. U-Th
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ages of carbonates in tills allowed these authors to conclude that MIS-12 was the most
extensive glaciation recorded in the Mediterranean region, a view supported by long
pollen time series such as those from Tenaghi-Philippon and Ioannina™.

The catastrophic opening of the English Channel was recently attributed to the
overflow of a large pro-glacial lake formed in front of an enormous ice sheet complex
merging the Fennoscandian and British ice domes™. This event is dated to the
Elsterian-Anglian stage, the equivalent of MIS-12. It appears from other terrestrial
paleo-data in Europe and North America that MIS-12 (Elsterian-Anglian in Northern
Europe, and Kansan in North America) corresponds to the most extreme glaciation of
the Late Pleistocene’®’. As stressed by Kukla and Cilek® “several of the cold climate
episodes recorded on land appear more severe than the remainder”. MIS-12 is a case
of extreme climate change as shown by records from Southern to Central Europe and
the East Asian monsoon area®’.

A range of measures of past sea surface temperature (SST), also reveal thermal
contrasts between different glacial periods of the late Pleistocene across the global
surface ocean®**°. These ~0.5-1 Myr temperature records highlight MIS-12 and 10 as
glacial periods of exceptional surface cooling (Fig. S1). In the subantarctic Southern
Ocean, summer SSTs dip unusually during MIS-12 to those characteristic of the Polar
Front and are accompanied by the largest ice rafted detritus (IRD) peak of the
Pleistocene record®. Indeed, the frontal systems in the southern hemisphere of the
Indian and Pacific Oceans show exceptional northwards migration during MIS-12 and
10”9, Besides low SST, the exceptional nature of MIS-12 in the North Atlantic is
marked by enhanced millennial scale variability compared to all other glacial

. 4,64
periods™*®*.
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2. 8"C as a ventilation proxy.

We use the difference in benthic 8"°C between the Atlantic and the Pacific as a measure
of ventilation strength. The characteristic signature of deepwater masses is dictated by
the 8"C of the surface waters in the source area of that deepwater mass. This surface
signature in part reflects the nutrient content: 8“C mirrors nutrients due to the
preferential uptake of '""C during photosynthesis; and in part reflects the air-sea
equilibrium between atmospheric CO,, and the ocean dissolved inorganic carbon®. The
signature of deepwater 8"°C, which is preserved in benthic foraminifera at any core site,
is dictated by the degree of mixing of these isotopically distinct deepwater masses and
their ventilation “age” or overprint by the regenerative flux of isotopically light carbon
from decaying organic matter raining from the surface ocean. For this reason, there are
clear correlations between 8"°C, the Apparent Oxygen Utilization (AOU) and the
radiocarbon ages of deep water masses of the world ocean®.

In order to assess the degree of overturning of the global ocean throughout the last 800
kyrs, we have calculated the gradient or difference in 8"°C between the Atlantic (ODP
site 607) and Pacific (ODP Site 846) from the original 8"°C benthic records®”* (A8"C).
In the modern ocean, nutrient depleted and isotopically heavy (positive 8"°C) northern
sourced deepwaters are thought to be transported from the Atlantic via the Antarctic
Circumpolar Current, where mixing takes places with nutrient replete and isotopically
light (negative 8"C) southern sourced water, to the Pacific. This transport results in a
gradient from relatively positive 8"°C values in the Atlantic to lighter 8"°C values in the
Pacific due to mixing and ‘“aging”. By contrast, during MIS-10 and MIS-12, this
gradient between the ocean basins ceases to exist. Such a lack of '°C gradient implies

that both ocean basins are seeing either the same water mass or different water masses
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but of similar ventilation age. In each case, the implication is a drastically reduced
ventilation of the Atlantic, or enhanced ventilation in the Pacific as simulated with

numerical models®.
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