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The last glacial cycle provides the opportunity to investigate large changes in the
Atlantic Meridional Overturning Circulation (AMOC) beyond the small fluctuations
evidenced from direct measurements. Paleotemperature records from Greenland and
the North Atlantic show an abrupt variability, called Dansgaard—QOeschger (DO)
events, which is associated with abrupt changes of the AMOC. These DO events
also have Southern Hemisphere counterparts via the thermal bipolar seesaw, a con-
cept describing the meridional heat transport leading to asynchronous temperature
changes between both hemispheres. However, temperature records from the North
Atlantic show more pronounced DO cooling events during massive releases of ice-
bergs known as Heinrich (H) events, contrary to ice-core—based temperature records
from Greenland. Here, we present high-resolution temperature records from the
Iberian Margin and a Bipolar Seesaw Index to discriminate DO cooling events with
and without H events. We show that the thermal bipolar seesaw model generates
synthetic Southern Hemisphere temperature records that best resemble Antarctic tem-
perature records when using temperature records from the Iberian Margin as inputs.
Our data-model comparison emphasizes the role of the thermal bipolar seesaw in the
abrupt temperature variability of both hemispheres with a clear enhancement during
DO cooling events with H events, implying a relationship that is more complex than
a simple flip-flop between two climate states linked to a tipping point threshold.

bipolar seesaw | abrupt climate changes | paleotemperature | paleoceanography

Evidence has been growing for systematic changes of the Atlantic Meridional Overturning
Circulation (AMOC) over the past decades (1, 2). An AMOC decreasing shift may con-
tribute to the “warming hole” observed in the surface temperature of the North Atlantic,
a feature in data and model simulations that has been interpreted as a complex oceanic
response to rising CO, in the atmosphere (2, 3). Projections based on numerical models
show that AMOC weakening will continue to accompany global warming due to the
forthcoming emissions of anthropogenic CO, (4). Nevertheless, the existence and ampli-
tude of the long-term trend in recent observations remain a subject of debate due to large
high-frequency AMOC variability (1, 5). In addition, the future evolution of the AMOC
and its dependence on the overall amplitude and rapidity of future scenarios of anthro-
pogenic forcing are still very uncertain (4, 6).

Geochemical studies of deep-sea cores have shown that the AMOC was particularly
variable during the last glacial cycle, in apparent synchrony with the temperature record
in the same North Atlantic sediments (7—12) and in Greenland ice cores (13, 14). Several
cold events of the abrupt Dansgaard—Oeschger (DO) variations, named DO stadials
(15-17), also correspond to massive releases of icebergs into the North Atlantic—Heinrich
(H) events—as testified by layers of ice-rafted debris IRD) found in deep-sea cores
(14, 18). Indeed, the H and DO events provide the best record for studying large changes
of the AMOC on time scales from decades to millennia.

Decades of work have strengthened the knowledge of H and DO variations in the North
Atlantic and surrounding continents, including Greenland with its highly detailed paleo-
temperature records based on the water and gas isotopes measured in ice cores (Figs. 1 A
and B and 24; see SI Appendix, Text S1 for details). Nevertheless, there is an important
contrast between the shapes of North Atlantic sea surface temperature (SST) and Greenland
temperature records during some abrupt climate changes, namely the difference in relative
amplitude of coolings during DO stadials with and without H events (19).

A clear illustration of the amplitude difference between Greenland and Atlantic records
is provided by the youngest and best-known Heinrich event 1 (H1). Indeed, during H1
the oxygen isotope composition of ice—8'*O,,, an index positively correlated with atmos-
pheric temperature—is even higher than during other DO stadials and the last glacial
cold spell called the Younger Dryas event, both in the GRIP and GISP2 Greenland Summit
cores and in earlier cores from other sites such as Dye 3 and Camp Century (34, 35).
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Fig. 1. Location and modern hydrology of the core MD95-2042 site in the Iberian Margin. (A) Location of records mentioned in the text. (1) Core MD95-2042,
(2) NGRIP, (3) GISP2, (4) NEEM, (5) Chinese speleothems, (6) EDML, (7) EDC, and (8) WD. The Chinese speleothem records indicated are those compiled by ref. 20.
(B) North Atlantic. (C) Iberian Margin and core MD95-2042. Solid arrows represent surface currents, whereas dotted arrows represent deep currents. GS, Gulf
Stream; NAD, North Atlantic Drift; NC, Norwegian Current; PC, Portugal Current; AzC, Azores Current; CC, Canary Current; IPC, Iberian Poleward Current; MOW,
Mediterranean Outflow Waters; NADW, North Atlantic Deep Waters; AAIW, Antarctic Intermediate Waters; and AABW, Antarctic Deep Waters. The colored SST
gradients represent Pathfinder SST V5 climatology at 4-km resolution (21, 22). Modified from ref. 23.

Moreover, quantitative paleotemperature reconstructions based
on 8N in Greenland ice confirm this lack of enhanced cooling
during DO stadials with H events—named H stadials hereafter—
when compared to other DO stadials (25) (Fig. 2A).

Previous modeling work indicates that Greenland may have
been insulated from further cooling during H stadials due to a
southward shift of North Atlantic Deep Water formation zones
(36) and to the presence of sea ice surrounding Greenland (37—
39). More recent modeling studies suggest that the lack of response
in Greenland may be due to seasonal effects on the 8O, proxy
(40). None of these effects are mutually exclusive and any of them
could have acted in concert to bias the Greenland record but not
the Iberian Margin record which has probably captured the true
regional signal of the North Atlantic.

Numerical models perturbed by freshwater input into the
North Atlantic have been used to mimic the massive iceberg release
during H events (19, 36, 41-44). This usually leads to a strong
AMOC decrease or even a collapse, with global impacts on surface
temperatures, notably an intense cooling in the North Atlantic
and surrounding continents and a moderate warming in the
Southern Hemisphere. The robust behavior of these numerical
models of varying complexity (19, 36, 41-44) has led to the
notion of the thermal bipolar seesaw, which has been simplified
as a thermal system that couples a southern heat reservoir with
the Atlantic Ocean and which links both hemispheres (45).

The thermal bipolar seesaw model was used to study amplitude
differences between paleotemperature records reconstructed from
Greenland and Antarctic ice cores (46). This comparison led to
the discovery of a one-to-one coupling between Antarctic warm
events, named Antarctic Isotope Maximum (AIM) events, and
Greenland cold events (30, 31, 47-51), with a strong correlation
between the amplitude of Antarctic warmings (A T;) and the dura-
tion of Greenland coolings (Az,) (30).

Nevertheless, the comparison between Greenland and
Antarctic temperature records, by means of the AT versus Az,

https://doi.org/10.1073/pnas.2209558120

diagram and the thermal bipolar seesaw model, is not fully sat-
isfactory because the northern component of the thermal seesaw
should be represented with North Atlantic temperatures, rather
than with those over Greenland, whose record is truncated dur-
ing H stadials (Fig. 24). Indeed, the sole use of the DO stadial
duration (Az,) in the correlation diagram implicitly assumes
that amplitude changes of northern DO stadials (A 7}) are neg-
ligible or irrelevant, which is not true for North Atlantic SST
records (19). A possible impact of the enhanced cooling during
H stadials on the thermal bipolar seesaw has been tested in
several studies, but inconclusive and conflicting results were
obtained (52-54).

In order to revisit this question, we reconstruct a North Atlantic
SST record over the entire last glacial cycle by reanalyzing at high
resolution the well-known core MD95-2042 from the Iberian
Margin (see location in Fig. 1 and Materials and Methods) with
the Ring Index of hydroxylated tetracthers with OH-GDGT-0
(RI-OH’) paleothermometric proxy (Fig. 2B), in comparison with
the unsaturation index of alkenones (U 37) record (Fig. 2C) meas-
ured in the very same samples (Materials and Methods) and the
ice-volume—corrected  planktic foraminiferal 8'°O  record
(SI Appendix, Fig. S1B)—see SI Appendix, Text S1 and Figs. S1
and S2 for details and motivations concerning our selection of
Iberian Margin SST records. We also update the chronology of
core MD95-2042 by considering the most recent geochronolog-
ical improvements over the last glacial cycle—e.g., the IntCal20
calibration over the 'C range (55) (81 Appendix, Table S1 and
Materials and Methods).

Our study follows two complementary approaches. First, our
SST records from the Iberian Margin have a temporal resolution
suitable for the detection of H and DO stadials and for use as
input curves for the thermal bipolar seesaw model, in comple-
ment to Greenland ice-core records. We thus revisit the classical
AT, versus Az, diagram and the thermal bipolar seesaw model
using better-dated and better-resolved SST records from the

pnas.org
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Fig. 2. The separation between Heinrich stadials and other Dansgaard-Oeschger stadials during the last climatic cycle. (A) Greenland T, records from the GISP2
(24), NGRIP (25), and NEEM (26) ice cores. NEEM T, values were obtained by adding -31 °C to published anomalies. (B) RI-OH’-SST record from core MD95-2042
(Materials and Methods; partly published in ref. 23). (C) UK'37-SST record from core MD95-2042 (23, 27). See also Materials and Methods. (D) Antarctic stack of the
5'%0,, records from EDC (28, 29), EDML (28, 30), and WD (31-33) over the 140 to 0 ka BP period with its 2¢ confidence interval (Cl) (Materials and Methods). See
Fig. 1 for record locations and Materials and Methods for chronologies. (E-G) Histograms of Greenland T, and core MD95-2042 RI-OH'-SST and UX,,-SST values,
respectively, over the 129 to 0 ka BP period. For the GISP2 portion of the Greenland T, record, subsampled 10-point averages were used instead of published
values to limit overrepresentation of the Holocene. Gray bars with labels in A-D indicate the Younger Dryas and Heinrich and Heinrich-like stadials. Numbers in
Aindicate Dansgaard-Oeschger events. Labels in D indicate Antarctic Isotope Maximum events occurring during Heinrich and Heinrich-like stadials.

Iberian Margin and paleothermometric records from ice cores
in Greenland and Antarctica. Second, we revisit relationships
between DO stadials and AIM events by considering two
Southern versus Northern Hemisphere diagrams extended from
the classical A7, versus Az, diagram. This extension allows us
to introduce a climatic index useful to differentiate and high-
light the thermal bipolar seesaw impact for different types of
DO stadials.

PNAS 2023 Vol.120 No.12 2209558120

Results and Discussion

Iberian Margin RI-OH’ SST Record from Core MD95-2042. Core
MD95-2042 (37°45'N, 10°10"W, 3,146 m water depth; Fig. 1) was
retrieved from the distal part of the Iberian Margin continental slope
during the IMAGES I (1995) cruise of R/V Marion Dufresne using
a Calypso corer. The coring site was chosen to replicate and extend
the shorter piston core SU8118 (37°46'N, 10°11"W, 3,135 m water

https://doi.org/10.1073/pnas.2209558120 3 of 11
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depth) used in previous studies (56, 57). The core MD95-2042 site
is located at the edge of the upwelling area, roughly 150 km from
the modern coastline—see S7 Appendix, Text S1 for details on the
environmental context. The sediment core is 3,140 cm long, covers
the last 160 ky, and mainly consists of calcareous silty clay. Here,
we extend the core MD95-2042 tetraether-based records acquired
by ref. 23, including the RI-OH’ record on which we focus so that
they cover the last 160 ky (Materials and Methods).

Our Iberian Margin RI-OH’ SST record faithfully shows DO
events with contrasting cooling amplitudes between H stadials and
other DO stadials (Flg 2B), independently from established SST
proxies such as U, —sce ST Appendix, Text S2 and Figs. S3-S5
for a discussion on the independence of RI-OH" as an SST proxy.
Contrary to the Greenland atmospheric temperature (7;,) record
(Fig. 2 A and E), the Iberian Margin RI-OH’ record gives cooler
SSTs during H stadials than during other DO stadials (Fig. 2 B
and F), as is the case for the Iberian Margin Uk 37 record from the
same core (Fig. 2 C and G). These patterns further strengthen a
previous validation of RI-OH’ as an SST proxy in the Iberian
Margin (23). The increased temporal resolution of the biomark-
er-based Iberian Margin SST records and their faithful capture of
enhanced cooling during H stadials thus support further analysis
of the thermal bipolar seesaw using these Iberian Margin SST
records, including the RI-OH’ SST record.

General Approach. We group DO stadials into three categories
for all studied Southern versus Northern hemisphere diagrams:
1) H stadials with an IRD layer in core MD95-2042 and other
North Adlantic sediments, 2) H stadials without an IRD layer in
core MD95-2042 sediments, named H-like events by ref. 58 and
H-like stadials hereafter, and 3) other DO stadials. We provide
further details on the nomenclature in Materials and Methods.

We essentially compare SST records from the Iberian Margin
with ice-core paleothermometric records from Antarctica to revisit
the thermal bipolar seesaw—we also consider and discuss SST
records from the Southern Ocean in SI Appendix, Text S3 and
Fig. S6. In parallel, we compare ice-core records from Greenland
and Antarctica (Materials and Methods). We mainly use normal-
ized temperature records expressed in unit standard deviation (SD)
over the 129 to 0 thousand years before present (ka BP, where 0
ka BP is 1950 CE) period (Materials and Methods)—see
SI Appendix, Text S5 and Fig. S10 for a test using nonnormalized
temperature records and other motivations of our temperature
record normalizations. We thus focus on the shapes of temperature
records, i.e., relative changes rather than actual temperature values,
which depend on uncertain calibrations for the various proxies
(23, 25, 59, 60). Our analysis thus relies on the assumption of
monotonous proxy-temperature relationships.

For all studied Southern versus Northern hemisphere diagrams,
we calculate Pearson’s 7 coefficients for comparison with previous
thermal bipolar seesaw studies (30, 47, 48, 54) and Kendall’s ©
rank coefficients for robust correlation tests, notably for nonnor-
mally distributed input values. We use the 95% level—P < 0.05—
as the significance criterion for interhemispheric relationships. We
follow a Monte Carlo method modified from ref. 54 to assess the
influence of nonsystematic temperature uncertainties on our
results (Materials and Methods)—we do not include chronological
uncertainties, given their multiple and archive-dependent sources,
as discussed in detail in ST Appendix, Text S6. We also follow a
bootstrapping method to compare absolute correlation coefficient
values between Greenland and Iberian Margin temperature records
as Northern Hemisphere components (Materials and Methods).

For all applications of the thermal bipolar seesaw model
(Materials and Methods, ref. 46), we use three goodness-of-fit

https://doi.org/10.1073/pnas.2209558120

metrics for model versus data comparisons: Pearson’s r coefficient
for comparison with previous thermal bipolar seesaw studies (46,
52), Kendall’s T rank coefficient for robust correlation tests, nota-
bly for input values with nonnormal distributions, and mean
squared error (MSE) to take advantage of residuals with normal
distributions. We express the records in unit SD over the 115 to
12 ka BP period to concentrate on the shape of changes, as for
Southern versus Northern Hemisphere diagrams. Similarly, we
assess the influence of nonsystematic temperature uncertainties
on model versus data comparisons using a Monte Carlo method
modified from ref. 54 without chronological uncertainties for
simplicity (Materials and Methods and SI Appendix, Text S6). We
outline all statistical and uncertainty results from this study in

SI Appendix, Table S2.

Classical Southern versus Northern Hemisphere Diagram. We
reevaluate the classical A7, versus Az, relationship between DO
stadials and AIM events using our Iberlan Margin RI- OH’ SST
record as the Northern Hemisphere component and a §'°O,, stack
from Antarctic ice cores as the Southern Hemisphere component
(Materials and Methods)—see SI Appendix, Table S3 for results from
other Southern and Northern Hemisphere paleothermometric
records. Our Antarctic §'°O,, stack and Iberian Margin RI-OH’
SST record give a strong A7, versus A, relationship when all
Dansgaard—Oeschger stadial-Antarctic Isotope Maximum (DO-
AIM) pairs are considered—r7 = 0.73 and © = 0.51, P < 0.001 for
both correlation tests (Fig. 34; see also ST Appendix, Text S7 and
Tables S$4, S5, and S15 for comparisons of classical A 7, versus Az,
relationships). Most DO-AIM pairs follow a linear A 7; versus Az,
relationship close to a regression line through the origin which
considers errors in both coordinates (Fig. 34)—the thermal bipolar
seesaw model (46) motivates regression lines with intercepts forced
to 0 for all Southern versus Northern Hemisphere diagrams.
We assess how well DO-AIM pairs follow our linear AT,
versus Az, relationship. The DO-AIM pairs 2b and 18 deviate
from our linear AT versus Az, relationship (Fig. 34), similarly
to the DO-AIM pairs 2 and 18 in ref. 48 which deviate from
the original A7 versus Az, relationship by ref. 30—ref. 48 did
not include the DO-AIM pairs 14 and 17 which deviate from
our linear AT, versus Az, relationship (Fig. 34). Conversely,
the DO-AIM pair 21 follows our linear A7, versus Az, rela-
tionship (Fig. 34), contrary to the same DO-AIM pair in refs.
47 and 48 which deviates from the original A7} versus Az,
relationship by ref. 30. Yet, the DO-AIM pair 21 deviates from
most other DO-AIM pairs when considering the Greenland
record rather than our Iberian Margin record (S Appendix,
Fig. S11). Similarly, our regression line misfits with most
DO-AIM pairs when considering the Greenland record rather
than our Iberian Margin record, although the DO-AIM pair
21 deviates little from our regression line in both cases
(SI Appendix, Fig. S11). While the linear regression in ref. 30—
established using the ordinary least squares method—captures
most DO-AIM pairs in refs. 47 and 48, our regression method
better supports the linear A7, versus Az, relationship when
considering our Iberian Margin record than when considering
the Greenland record (Fig. 34 and SI Appendix, Fig. S11).
Therefore, our Iberian Margin SST record provides a stronger
confirmation of the thermal bipolar seesaw than does the
Greenland 7, record.
Thermal Bipolar Seesaw Model Simulations. We use both
biomarker-based Iberian Margin SST records (RI-OH" and Uk 37)
and the Greenland 7. (25) and 8'"%0. . (13) records as inputs for

air ice

the thermal bipolar seesaw model (Materials and Methods, ref.
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Fig.3. Therelationship between Southern and Northern Hemisphere climate events from the perspective of the Iberian Margin RI-OH’ SST record. (A) Classical
AT, versus At,, diagram. (B) Extended AT, versus AT eAt, diagram. (C) Extended AT.eAt, versus AT, sAt, diagram (Materials and Methods). Only the end-member
scenario that best depicts the thermal bipolar seesaw (Scenario 1; see S/ Appendix, Text S8) is shown here. The Southern Hemisphere record used in all cases is
an Antarctic stack of the smoice records from EDC (28, 29), EDML (28, 30), and WD (31-33) over the 140 to 0 ka BP period (Materials and Methods). Both Southern
and Northern Hemisphere have been centered to zero means and normalized to unit SDs over the 129 to 0 ka BP period. Labels indicate a few Dansgaard-
Oeschger stadial-Antarctic Isotope Maximum (DO-AIM) pairs, as per refs. 30, 47, and 48—see S/ Appendix, Fig. S11 for the identification of all DO-AIM pairs.
Antarctic Isotope Maximum events with Heinrich and Heinrich-like stadials are distinguished from Antarctic Isotope Maximum events with other Dansgaard-
Oeschger stadials. Solid lines represent regression lines with intercepts forced to 0 and which considers errors in both coordinates (Materials and Methods).
Dashed lines represent 95% Cls of regression slopes from 1,000 Monte Carlo iterations (Materials and Methods). The dotted line in C represents the -1:1 line. For
the sake of readability, error bars for individual data points in A-C are omitted here and shown in S/ Appendlix, Fig. S12. Pearson’s r coefficients and Kendall's ©
rank coefficients are also shown in A-C, with their 99.9% significance levels coded as ***. (D) Bipolar Seesaw Index (BSI) values (Materials and Methods). Given
the wide amplitude between the highest and lowest BSI values, the y axis has a logarithmic scale. Each DO-AIM pair has the same symbol as in A-C. Colored
labels indicate Heinrich and Heinrich-like stadials.

46). We then compare each bipolar seesaw output (BSO) using
our Antarctic 8"*O,, stack as the Southern Hemisphere reference
record (81 Appendix, Texts S10-S13). To circumvent uncertainties
due to partially independent ice-core and core MD95-2042
chronologies—see SI Appendix, Text S6 for details—we also
compare the BSOs from the three Iberian Margin SST records
(RI-OH’, U*, and ice-volume—corrected planktic foraminiferal
8'%0) with the ice-volume—corrected benthic foraminiferal

8'"80 record from the same Iberian Margin sediment core—see
SI Appendix, Text S14 for details.

All BSO records for the 115 to 12 ka BP period are visually and
statistically in good agreement with the Southern Hemisphere
reference record (Fig. 44 and S/ Appendix, Table S16)—e.g.,
7 values between 0.52 and 0.63 and 7 values between 0.33 and
0.44 over the 115 to 12 ka BP period (S Appendix, Table S16).
Visually, the BSOs from Iberian Margin SST records also better
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Fig. 4. Comparison between bipolar seesaw model outputs from several Northern Hemisphere temperature records and a Southern Hemisphere reference
record. (A) 115- to 12-ka BP period using a band-pass filter with a 500- to 10,000-y window. (B) Close up of the 50- to 12-ka BP period. Each bipolar seesaw
output (BSO) and reference record has been centered to zero means and normalized to unit SDs over the 115 to 12 ka BP period in A and over the 50 to 12 ka
BP period in B to facilitate the comparison (Materials and Methods). Shading around BSO and reference records in both A and B represents their 95% Cls from
1,000 Monte Carlo iterations (Materials and Methods). The Southern Hemisphere reference record is an Antarctic stack of the §'%0,, records from EDC (28, 29),
EDML (28, 30), and WD (31-33) over the 140 to 0 ka BP period (Materials and Methods). Gray bars with labels indicate Antarctic Isotope Maximum events with
Heinrich and Heinrich-like stadials.
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agree with the Southern Hemisphere reference record than do the
BSOs from Greenland paleothermometric records, especially for
the second half of the last glacial cycle (Fig. 4B). Indeed, Iberian
Margin BSOs mostly show significantly better fits (Pearson’s 7,
Kendall’s T, and MSE) than Greenland BSOs do at the 95% level
(SI Appendix, Fig. S13, Table S17, and Text S11).

Reference SST records for the North Atlantic are based on
U",,, the most established organic paleothermometer off the
southern Iberian Margin (23, 27, 57, 61, 62) (Fig. 2C). The recent
RI-OH’ organic paleothermometer further confirms that the
southern Iberian Margin is an ideal place to investigate North
Adlantic SSTs (23) (Fig. 2B). The BSO from the RI-OH’ record
even has some significantly better agreements with the Southern
Hemisphere reference record than does the BSO from the U*,
record at the 95% level (S Appendix, Table S17).

The Iberian Margin SST records generate Southern
Hemisphere temperature simulations that are in good agreement
with the Antarctic record—e.g., 7 values of 0.59 and 0.63 and
T values of 0.42 and 0.44 over the 115 to 12 ka BP period
(SI Appendix, Table $16). Indeed, the BSOs from both biomark-
er-based Iberian Margin SST records show particularly strong
AIM amplitudes during H6 to H3 and HI as well as during
H-like stadials such as C24, H10, and H8 (58), which is not the
case for the BSOs from both Greenland paleothermometric
records (Fig. 4). Despite their better resolutions compared with
the Iberian Margin SST records (Fig. 2 A-C), the Greenland 7,
and 8"*0,__ records do not generate better Southern Hemisphere
temperature simulations (Fig. 4 and ST Appendix, Fig. S13 and
Table S17). Discrepancies between the Southern Hemisphere
reference record and BSOs from Greenland records occur, for
instance, at ca. 112, 94, and 57 ka BP and during H5 to H3 and
H1 (Fig. 4).

We then jointly use the classical A7, versus Az, diagram and
synthetic Southern Hemisphere records generated by forcing the
thermal bipolar seesaw model with biomarker- based Iberian
Margin SST records and Greenland 7);, and §'°O,, records
(SI Appendix, Tables S7-S14). Contrary to observed temperature
records, filtered and simulated temperature records give typically
weak to nonsignificant A 7 versus A, relationships, except when
using Southern Hemisphere temperature records simulated from
the Iberian Margin SST records (SI Appendix, Tables S7 and
S11). Furthermore, Southern Hemisphere temperature records
simulated from the Greenland paleothermometric records sys-
tematically give weak and nonsignificant A7, versus Az, relation-
ships—r7 values between 0.10 and 0.30 and 7 values between 0.16
and 0.27—whereas Southern Hemisphere temperature records
simulated from the Iberian Margin SST records systematically
give moderate-to-strong and significant A7}, versus Az, relation-
ships—r7 values between 0.48 and 0.74 and 7 values between 0.38
and 0.55 (P < 0.02 for all correlation tests; ST Appendix, Tables S7
and S11). Overall, our combined use of classical AT, versus Az,
diagrams with the thermal bipolar seesaw model further supports
the relevance of North Atlantic SST records such as those from
the Iberian Margin to study the thermal bipolar seesaw, in con-
junction with Greenland and Antarctic ice-core paleothermo-
metric records.

Extended Southern versus Northern Hemisphere Diagrams. We
propose two extensions of the classical A7, versus Az, diagram to
consider the contrasting cooling amplitudes (A7}) between H
stadials and other DO stadials for Iberian Margin SST records,
namely the A7 versus AT,-Az, and AT:.Az, versus AT,-At,
diagrams. Like the classical A7, versus Az, diagram, our extended
AT, versus AT,-At, diagram relies on the physical basis of the

https://doi.org/10.1073/pnas.2209558120

thermal bipolar seesaw for which an approximation links A7,

AT, and Az,:

AT,
AT~ (572 ) At [1]

with T the time characteristic of the heat reservoir involved in the
thermal bipolar seesaw model (46)—Equation 1 is Equation 9.5
on page 162 in ref. 63. This approximation implies that a linear
correlation is expected in the A7 versus Az, space, only if the
term in parenthesis (A 7,/2T) is broadly constant. This is justified
for Greenland and is the reason for the strong linear dependence
described in ref. 30. However, Eq. 1 clearly illustrates that the
Southern Hemisphere warming also depends on the overall cooling
AT, in the Northern Hemisphere, which is variable in North
Atdlantic SST records (19) by contrast to Greenland temperature
records. The elegance of the extended A 7, versus A7, - Az, diagram
is that the relationship linking A7, and A7,-Az, depends solely
on 1/2T rather than on A7, /2T for the classical A7, versus Az,
diagram.

In addition, we calculate the AT,-Az, product that would be
proportional to the accumulated heat loss within the Northern
Hemisphere during the time Az, when the AMOC is weaker.
Similarly, the AT - Az, product would be proportional to the accu-
mulated heat gain within the Southern Hemisphere during the
time Az, when the AMOC is weaker. This justifies the use of our
second extended diagram, A7 - Az, versus A7 -At, representative
of the heat exchange between both hemispheres. We provide a
more detailed physical basis and motivation of our extended A7,
versus A7,-Az, and AT:Az, versus AT,-Az, diagrams in
SI Appendix, Text S4 and Figs. S7-S10.

We use our Iberian Margin RI-OH’ SST record as the Northern
Hemisphere component and our Antarctic ' $0... stack as the
Southern Hemisphere component (Materials and Methods) to
evaluate AT, versus AT, -Az, and AT, Az, versus AT, -Az, rela-
tionships between DO stadials and AIM events—see ST Appendix,
Table S3 for results from other Southern and Northern Hemisphere
paleothermometric records. Our Antarctic §'°O,, stack and our
Iberian Margin RI-OH" SST record give strong AT, versus
AT, -At, and AT,.Az, versus AT,-Az, relationships when all
DO-AIM pairs are considered—7 = —0.81 and T = —0.51 for A7
versus A7,-Ar, diagrams (Fig. 3B), and » = —-0.93 and 7 = -0.66
for AT At versus AT,-At, diagrams (Fig. 3C), P < 0.001 for all
correlation tests.

Our extended AT-Agz, versus AT, -Ar, dlagram shows the
strongest relatlonshrp, not only for our Antarctic &' %0, stack
paired with our Iberian Margin RI-OH’ SST record (Fig. 3) but
also for all other pairs of Southern and Northern Hemisphere
paleothermometric records (S/ Appendix, Fig. S11 and Table S3).
These correlation results are coherent with those obtained from
idealized Antarctic and Iberian Margin temperature records—see
SI Appendix, Text S4 for details. Most DO-AIM pairs follow
linear relationships close to regression lines through the origin
which consider error in both coordinates for our extended A7,
versus AT, -At, and AT Az, versus AT,-At, diagrams ( Fig. 3 B
and C). While the classical AT, versus Az, diagram and our
extended AT, versus AT,-Az, diagram show linear relationships
that involve the time characteristic of the heat reservoir, our
extended A7-Ar, versus AT,- Az, diagram gives regression slopes
that would reflect the heat distribution between both hemi-
spheres—see SI Appendix, Text S9 for interpretations of the
AT.-At, versus AT, -At, slopes and a test with AIM warming
areas integrated from cyclic and idealized Southern Hemisphere
temperature records.
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Our extended AT, versus A7,-At, and AT Az, versus AT, -At,
diagrams only have a few DO-AIM pairs that prominently deviate
from the linear relationships, notably the DO-AIM pair 2b (Fig. 3
Band Cand ST Appendix, Fig. S11). This systematic deviation is due
to our use of similar DO stadial 2b delimitations for all Northern
Hemisphere paleothermometric records, as H2b has a much shorter
duration in the Iberian Margin than DO stadial 2b in Greenland
(SI Appendix, Fig. S14). Accordingly, the DO-AIM pair 2b would
be closer to the DO-AIM pair 2a for the Iberian Margin, notably
our RI-OH’ SST record which has similar DO coolings for both
H2 subevents. The DO-AIM pair 18 still deviates from linear A7
versus AT, -Ar, and AT Az, versus AT,-Az, relationships when
considering Greenland rather than the Iberian Margin (S7 Appendix,
Fig. S11). Despite these few deviations, our extended A7 versus
AT, -At,and AT Az, versus AT, -At, diagrams are relevant for stud-
ying the thermal bipolar seesaw, notably using paleothermometric
records with contrasting cooling amplitudes between H stadials and
other DO stadials such as Iberian Margin SST records.

Our joint use of extended Southern versus Northern
Hemisphere diagrams and synthetic Southern Hemisphere
records generated by forcing the thermal bipolar seesaw model
with biomarker-based Iberian Margin SST records and Greenland
T,, and 8"0,, records (SI Appendix, Tables S7T-S14) reveals
typically weak to nonsignificant A7, versus A7 -Az, relation-
ships, except when using Southern Hemisphere temperature
records simulated from the Iberian Margin SST records
(SI Appendix, Tables S7 and S11). Our extended AT, versus
AT, Az, diagram also shows stronger relationships when using
Southern Hemisphere temperature records simulated from the
Iberian Margin SST records than when using those simulated
from the Greenland paleothermometric records (S Appendix,
Tables S7 and S11). Conversely, our extended A7,-Az, versus
AT,-At, diagram systematically shows strong and significant
relationships when using filtered and simulated temperature
records—r values between —0.69 and —0.97 and 7 values between
—0.46 and —0.88 (P < 0.001 for almost all correlation tests under
both end-member scenarios; S Appendix, Text S8 and Tables S7
and S11). Overall, our combined use of Southern versus
Northern Hemisphere diagrams with the thermal bipolar seesaw
model further supports the relevance of our extended A 7, versus
AT, -Az, and AT:Az, versus AT,.-Ar, diagrams to study the
thermal bipolar seesaw using North Atlantic SST records and
Greenland and Antarctic ice-core paleothermometric records, in
conjunction with the classical A7 versus Az, diagram.

Interhemispheric Relationships for Restricted Populations of
DO-AIM Pairs. We only use our extended A 7-A¢, versus AT -Az,
diagram for statistical analyses restricted to populations of DO-
AIM pairs, given the typical losses of significance at the 95% level
for the other Southern versus Northern Hemisphere diagrams due
to reduced numbers of events (SI Appendix, Tables S6, S10, and
S14). When considering the population of H and H-like stadials,
most AT:Ar, versus AT,.At, relationships remain strong and
significant at the 95% level, despite the reduced dynamic range
in the restricted population. However, AT-Az, versus AT,-Az,
relationships are less robust to restrictions to the population of
other DO stadials, given the more frequent losses of significance
at the 95% level (SI Appendix, Tables S6, S10, and S14). This
contrast in losses of significance is likely due to the contrasting
thermal bipolar seesaw responses between H and H-like stadials
and other DO stadials. Overall, our statistical analysis for restricted
populations of DO-AIM pairs may support the existence of at least
three glacial modes (64) or even continuous thermal bipolar seesaw
responses scaled to the forcing during H stadials.
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Bipolar Seesaw Index (BSI). Our Iberian Margin RI-OH" SST
record provides a clear illustration of the relevance of our extended
AT:.At, versus AT, -At, diagram—r value of —0.93 and T value of
—0.66—in parallel with the strong relationships in A7 versus Az,
and AT, versus AT, -Ar, diagrams—r values of 0.70 and —0.81
and T values 0f 0.51 and -0.51 (Fig. 3 A-C). We therefore use our
extended A7-Az, versus AT,-Az, diagram based on the Iberian
Margin RI-OH' record to derive a climatic index, providing values
for each DO-AIM pair (Fig. 3D and Materials and Methods).

We propose a Bipolar Seesaw Index (BSI) to complement the
AT, Az, versus AT,-Ar, diagram (Fig. 3 C and D). Our BSI is
defined for each DO-AIM pair as being the distance along the
regression line from the origin (arrows on Fig. 3 Cand D; see exact
definition in Materials and Methods). Therefore, the BSI depends
on both the northern climate event and its southern response.
While we could also derive the BSI from the classical A7, versus
At, diagram—or the extended A7 versus AT, -Az, diagram—
based on core MD95-2042 to differentiate H and H-like stadials
from other DO stadials, the resulting BSI values would simply
mirror Az, values expressed in y—or A7, -Az, values expressed in
normalized °C.y. In addition, BSI values from the classical A7,
versus Az, diagram based on Greenland ice cores would suggest a
single stadial climate state.

As shown in Fig. 3D for our Iberian Margin RI-OH’ and
Antarctic 8O, stack records, BSI values vary between 841 and
8,023 for H stadials, between 411 and 7,679 for H-like stadials,
and between 178 and 859 for other DO stadials. The BSI clearly
differentiates H and H-like stadials, including HQ (12, 65) and
H5’ (66), from other DO stadials. However, ranges in BSI values
overlap for DO stadials with H stadials and DO stadials with
H-like stadials, so the BSI cannot fully predict the presence or
absence of an IRD layer in core MD95-2042 sediments. H6 has
the largest BSI value (8,023), followed by H8 (7,679) and H1
(7,373; Fig. 3D). While H8 is an H-like stadial rather than an H
stadial off the southern Iberian Margin, given the absence of an
IRD layer (58), it has one of the most pronounced peaks in mag-
netic specific susceptibility as an IRD indicator in core MD95-
2042 (67, 68). H8 is also characterized by very low biomarker
concentrations in core MD95-2042 (23, 61), likely due to the
cessation of seasonal upwelling, as is the case for other H and
H-like stadials (61). Furthermore, H8 is linked to one of the most
prominent Southern Hemisphere responses (AIM21). By contrast,
H2a (841) and H5' (411) are the only H and H-like stadials with
smaller BSI values than DO10, which is the normal DO stadial
with the largest BSI value (859; Fig. 3D). This overlap may be
linked to the short durations of these H-like events and the small
warming amplitudes of the associated AIM events. When consid-
ering uncertainties in BSI values, as well as the site and proxy
dependencies of BSI values, our BSI may further support the
existence of at least three climate states during the glacial (64) or
even a continuum of thermal bipolar seesaw responses.

Conclusions

Our complementary approaches based on the A7, versus A7, -Az,
and AT -At, versus AT,-At, diagrams and associated BSI, together
with the comparison between observed and synthetic Antarctic
records simulated with the thermal bipolar seesaw model, favor
Iberian Margin SST records over Greenland temperature records
for discriminating between responses linked to the thermal bipolar
seesaw. This is a consequence of H and H-like stadials being
severely truncated in Greenland (13, 25) (Fig. 24) but not off the
Iberian Margin (23, 27, 56, 57, 61, 62, 69) (Fig. 2 Band C). The

extended sea ice cover and southward shift of AMOC convection
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zones likely isolated Greenland, but not the Iberian Margin, from
North Atlantic coolings (36-39, 70).

Our data-model comparison clearly shows the importance of
the North Atlantic conditions in defining the Southern Ocean
response. The fact that the amplitude of the southern response is
also correlated to the northern cooling during H and H-like sta-
dials (Fig. 3) implies that the climate system is more complex than
a simple flip-flop between two constant states when a threshold
is exceeded, suggesting multiple glacial modes or even a continu-
ous response scaled to the forcing during H stadials. North
Adantic SST records should thus be considered in parallel with
high-resolution glaciological records, in order to study the tipping
points linked to AMOC in the ocean—atmosphere—ice system
(71, 72). Indeed, the RI-FOH’ and U* 57 paleothermometers com-
plement each other for high-resolution SST reconstructions off
the southern Iberian Margin. Our work suggests a richer dynamic
than was previously thought, which has direct implications for
our understanding of past and future climate changes associated
with the AMOC and the thermal bipolar seesaw.

Materials and Methods

Biomarker Analysis in Core MD95-2042. We took one sediment sample every
5 cm from core MD95-2042, resulting in an average temporal resolution of
roughly 250y and 638 sediment samples for the last 160 ky. Alkenones and tetra-
ethers were analyzed as described in ref. 23 and references therein. Importantly,
the tetraether and alkenone fractions were purified from the same lipid extracts. To
strengthen the reliability of tetraether quantifications despite drops in biomarker
concentration during cold climatic events and Marine Isotope Stage 1(27, 61),
we doubled the injection volume for the duplicate analyses of the corresponding
MD95-2042 samples not previously analyzed when compared to ref. 23.

We selected the homogenized core catcher sample from core MD95-2042 as
anin-house standard sediment to verify the absence of instrumental drift, as per
ref. 23. Throughout the new sample analyses, we conducted 20 additional rep-
licate analyses of the same standard. We obtained the following SDs from these
20 replicates: 0.007 (0.37 °C) for RI-OH (Ring Index of hydroxylated tetraethers
without OH-GDGT-0; introduced by ref. 73), 0.006 (0.14 °C) for RI-OH’ (Ring
Index of hydroxylated tetraethers with OH-GDGT-0; introduced by ref. 73), and
0.004(0.21 °C) for TEX, (TetraEther indeX of GDGTs with 86 carbons; introduced
by ref. 74). These SDs are similar to those previously obtained by ref. 23 and are
much smaller than the proxy value changes during H and DO stadials (Fig. 2B
and S/ Appendix, Fig. S2 Band C).

Antarctic 5'20;c, and T,;, Stacks. Given the contrasting AIM shapes between
Antarctic 8'°0,,, records (49, 70, 75), we used an Antarctic 8'°0,,, stack record
rather than individual Antarctic 5'°0,,, records as the Southern Hemisphere ref-

ice

erence record (Fig. 2D).To build the Antarctic 580, . stack record, we resamgled

ice
every 10 y and then centered to zero means and normalized to unit SDs 8'°0,,,

records from EDC(28, 29), EDML(28, 30),and WD (31-33) over the 140 to 0 ka BP
period (see locations in Fig. 1)-the &0, record from WD, which covers a shorter
period than &0y, records from EDC and EDML, was centered to a zero mean and
normalized to a unit SD over the 68 to 0 ka BP period. To optimize the continuity
between the portions with and without the WD ice core, we shifted Antarctic
8'%0,,, records again so that they have zero means over the 68 to 67 ka BP period-
the bottom of the WD ice core-before averaging them. We then obtained stacking
uncertainties by calculating the pooled SD of the stacked Antarctic 8'°0,,, records
divided by the square root of the number of stacked Antarctic 8'%0,,, records,
following ref. 76.To obtain the record plotted in Fig. 2D with its 26 confidence
interval (Cl), we rescaled the stack with the SD of the §'°0,,, record from EDML
overthe 140 to 0 ka BP period, expressed in %o and then shifted the stack so that
its mean value over the 1 to 0 ka BP period is 0. Even if '°0,,, records reflect
not only T,;, but also the moisture source, the 820 of seawater, seasonality, and
ice-sheet elevation changes among other factors, '%0,, and T, have an almost
linear relationship in Antarctica (28, 77-80). In addition, single and dual isotope
approaches generally produce similar Antarctic T,;, records (28, 77, 81). We can

thus use the Antarctic 80, , stack record as a proxy for Antarctic T, changes.

ice
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We also built an Antarctic T, stack of the EDC, EDML, and WD sites, which
requires a correction of 8'°0,, for seawater '°0 variations due to land ice volume

ice

variations. We corrected the EDC, EDML, and WD &'®0,,, records for seawater &'0
variations following refs. 28 and 76. Before correcting the Antarctic 8'°0,, records,
we resampled every 10 y and synchronized the seawater 8'°0 record (82)-the
record used for ice-volume correction-on the core MD95-2042 benthic foraminif-
eral 80 record (7), itself placed on the core MD95-2042 chronology used in this
study (see section Ice-Core and Core MD95-2042 Chronologies, below). We then
converted the corrected EDC, EDML, and WD '%0,,, records into T,;, following ref.
76, before building the Antarctic T,;, stack as described above.

Ice-Core and Core MD95-2042 Chronologies. The ice-core chronologies for the
60to 12 ka BP period are based on the latest bipolar synchronization (49) that uses
the annual-layer-based Greenland Ice core Chronology 2005 (83-85) modified by
ref. 49, with ages multiplied by 1.0063, following ref. 86 for alignment to Chinese
speleothems (see locations in Fig. 1; ref. 20)-after 12 ka BP, ice-core records are
synchronized on the WAIS Divide ice core chronology 2014 (86, 87) as per ref. 75.
The core MD95-2042 chronology for the 43 to 12 ka BP period is obtained using
the OxCal 4.4.2 software (88, 89) and previously published '*C ages (68, 90-93)
recalibrated with the Marine20 calibration curve (SI Appendix, Table S1;
ref. 94)-we added two tie points at the core top and at the end of the Younger
Dryas to tentatively constrain the core MD95-2042 chronology after 12 ka BP.
We corrected "*C ages for a preindustrial marine reservoir age of 500 y (AR =
-50 = 100 y) for consistency with previous studies (91-93), except during H1
(AR = 350 = 200 y) to take into account the likely larger reservoir age during
this H stadial (94-97). While "“C ages older than 41 ky were obtained and gave
corresponding calibrated ages older than 43 ky, these '*C ages were deemed
imprecise, given their relatively large uncertainties (S/ Appendix, Table S1). The
ice-core chronologies for the 115 to 60 ka BP period and the core MD95-2042
chronology for the 160 to 43 ka BP period were obtained with alignments to
Chinese speleothems (20), as described in ref. 23-before 115 ka BP, ice-core
records are synchronized on the Antarctic Ice Core Chronology 2012 by refs. 98
and 99. We also adjusted the Antarctic Temperature Stack (76) chronology to the
ice-core chronology described here for this study.

Temperature Amplitudes and Event Durations. We named H and H-like sta-
dials as the corresponding H events in ref. 65, except H2 and two H-like stadials.
Rather than considering a single H2 stadial, we considered twinned subevents
of H2 that we name H2a and H2b after ref. 57, with H2a as a H stadial and H2b
as a H-like stadial. We named one H-like stadial H5" after ref. 27 instead of H5a
after ref. 66 and we named C24 the H stadial preceding H10 after ref. 100. We
named DO-AIM pairs following the nomenclature of refs. 30,47, and 48, with DO
stadials named after their respective AIM events rather than with the Greenland
stadial nomenclature proposed by ref. 101 and adopted by ref. 54.

We calculated AT, and At, values using the T, record from Greenland
(25) (Fig. 24) and the U¥';, and RI-OH’ SST and ice-volume-corrected planktic
foraminiferal 8'°0 records from the Iberian Margin core MD95-2042 (Fig. 2 B
and C and S/ Appendix, Fig. S1B; see Fig. 1 for locations and section Biomarker
Analysis in Core MD95-2042 for analytical details, above). We determined AT,
values using the Antarctic Temperature Stack (76), the ice-volume-corrected
benthic foraminiferal 8'°0 record from the Iberian Margin core MD95-2042
(SI Appendix, Fig. $1C), and our Antarctic '°0,,, (Fig. 2D) and T,;, stacks (see sec-
tion Antarctic 8"0,., and T,;, Stacks, above). To correct foraminiferal 880 records
for ice volume changes, we subtracted the seawater §'°0 record (82)-the ice-
sheet component-to both foraminiferal 5'°0 records after a synchronization on
the core MD95-2042 chronology used in this study (see section lce-Core and Core
MD95-2042 Chronologies, above) and a resampling of the three 5'°0 records
every 10y. Given the opposite correlation between foraminiferal 8'°0 and tem-
perature-SST or deep ocean temperature for planktic and benthic foraminifera,
respectively-in comparison with the other selected paleothermometric proxies,
we took the opposite values of both ice-volume-corrected foraminiferal 5'%0
records before calculating their At,, AT,, and AT, values. We also calculated AT,
and At, values using band-pass-filtered Northern Hemisphere records and AT,
values using band-pass-filtered or simulated Southern Hemisphere records (see
section Thermal Bipolar Seesaw Model, below).

To determine AT, values, we took the difference between the value at the
onset of the AIM event and the highest AIM value (S Appendix, Fig.S14 Dand H).
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We calculated AT, values following two end-member scenarios (S/ Appendix,
Fig. S14 A-Cand E-G and Text S8). For Scenario 1, we defined AT, values as the
difference between the lowest DO stadial value and the value at the start of the
abrupttransition to the DO stadial. As was recently performed by ref. 54, we deter-
mined visually the start of the abrupt transition to the DO stadial. For Scenario 2,
we defined AT, values as the difference between the lowest DO stadial value
and the highest preceding DO interstadial value. We obtained a set of AT, and
AT, values for each of the observed, filtered, and simulated temperature records
that we selected. For observed ice-core records, we generated a 5-point moving
average for NGRIP T;, and 11-point moving averages for Antarctic stacks in order
to suppress the influence of high-frequency noise.

To determine At, values, we determined visually the midpoints of DO sta-
dial onsets and terminations, as was recently performed by ref. 54 (S/ Appendix,
Fig.S14 A-Cand E-G). We obtained a set of At, values for Greenland and another
setof At, values forthe Iberian Margin. We firstapplied a 5-point moving average
for NGRIP T, in order to facilitate At, value determination.

To allow the relative comparison of temperature amplitudes between
Greenland and the Iberian Margin (S/ Appendix, Text S5) and to circumvent the
imperfections of existing proxy-temperature calibrations (25, 27, 59, 60, 73,
102-106), we centered to zero means and normalized to unit SDs all observed
Northern and Southern Hemisphere temperature records over the 129 to 0 ka
BP period, which is covered by all paleothermometric records plotted in Fig. 2
A-D and SI Appendix, Fig. S1. Consequently, AT,-At, and AT;-At, values are
expressed in normalized °C.y rather than in °C.y.

We excluded a few problematic DO-AIM pairs occurring during the last 160 ky
from our analysis. Indeed, the DO stadials paired with AIM23,AIM21, and AIM14
have submillennial warm events in Greenland (Fig. 24 and S/ Appendix, Fig. S14
Aand E) which are poorly resolved, if at all, in the Iberian Margin (Fig. 2 B and
Cand Sl Appendix, Fig.S14 B, C, F,and G). We thus treated DO stadials 23,21, and
14-equivalent to Greenland stadials G524, GS22, and GS15 in ref. 23-as single
events for all Northern Hemisphere records. Following ref. 54, we excluded two
DO stadials shorter than 300 y-named Greenland stadials GS17.2 and GS16.2
in ref. 54-and their Southern Hemisphere counterparts from our study. The DO
stadials paired with AIM16 and AIM15 thus correspond to Greenland stadials
GS17.17and GS16.7 inref. 54, respectively. Given their very small AIM amplitudes
and very short DO stadial durations (Fig. 2 A and D), we excluded the DO-AIM
pairs 22 and 13. Given their lower resolution compared with Greenland paleo-
thermometric records, the Iberian Margin SST records did not allow to simulate
the DO-AIM pair 9 (Fig. 4). Therefore, we excluded the DO-AIM pair 9 from all
Southern versus Northern Hemisphere diagrams based on synthetic Southern
Hemisphere records simulated with the Iberian Margin SST records.

Bipolar Seesaw Index. We defined the Bipolar Seesaw Index (BSI) as the dis-
tance between the origin and the orthogonal projection on the regression line
of each pointin the AT At, versus AT,-At, diagram (Eq. 2). As a representative
example, we provide the BSI for the AT,-At, versus AT,-At, diagram for our
Antarctic 8°0,,, stack and our core MD95-2042 RI-OH’ record (Fig. 3 Cand D).
We first determined the slope (S) of the regression line through the origin of
all points by using the "deming” function of the deming R package (107). For
simplicity we took similar errors on both coordinates for all points: 1y for At,
values, 0.001 (normalized) °Cfor AT, values,and 1 (normalized) °C.y for AT, -At,
and AT.-At, values. We then calculated the BSI as the distance between the origin
and the orthogonal projection:

|AT, - At, + S-AT,-At,|

V142

Thermal Bipolar Seesaw Model. To generate synthetic Southern Hemisphere
signals () from Northern Hemisphere signals (7,,) convoluted with the time
characteristic of the heat reservoir (T = 1,120 y, as per ref. 46), we solved the
differential equation Eq. 3 (Equation 1 in ref. 46) every 10 y using the "ode"
function of the "deSolve" R package (108):

BSI = [2]

s 1
— =7 [~ O -T0]. (3]
To focus on the abrupt variability, we centered to zero means the evenly resampled
records (every 10 y) before applying a fourth-order Butterworth band-pass filter
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(500- to 10,000-y or 500- to 16,000-y window) over the 7 to 120 or 4 to 123 ka
BP period to limit the edge effect over the 12 to 115 ka BP period. We used the
"linterp” function of the "astrochron” R package (109) for resampling and the
"butterworth.wge” function of the “tsgwe” R package (110, 111) for filtering. We
then used the "ccf” R function (112) for phase relationship analyses. We assumed
that the first T(k,) value at 120 or 123 ka BP is 0, following refs. 46 and 113-see
Sl Appendix, Text S10 for comparisons with a discretized thermal bipolar seesaw
model and considerations about the Tvalue.

Uncertainty Analysis. We employed a Monte Carlo method modified from
ref. 54. Using the "MonteCarlo” R package (114), we randomly perturbed
all Northern and Southern Hemisphere temperature records by drawing all
their data points from normal distributions centered on their measured val-
ues and with SDs set as the analytical uncertainties for the core MD95-2042
RI-OH’ (0.008 RI-OH’ units equivalent to 0.19 °C based on 37 replicate anal-
yses of the same standard; this study), U3, (0.010 U, units equivalent to
0.26 °C; ref. 27), and planktic and benthic foraminiferal 5'%0 values (0.1%o;
ref. 69), the 1o Cls around our Antarctic §'°0,., and T, stacks, and the rms
errors between raw and 500-y smoothed time series-with a fourth-order
Butterworth low-pass filter-for NGRIP T, (0.85 °C) and 8'°0,,, (0.60%). For
simplicity, we used the same delimitations for event durations and tempera-
ture amplitudes as those based on original temperature records for all Monte
Carlo iterations. For comparison purposes, we also randomly perturbed AT,
values for Greenland by drawing them from normal distributions centered
on the calculated AT, values and with SDs set as the published uncertainty
in AT, values (1o = 1.5 °C; ref. 25). After 1,000 Monte Carlo iterations,
we repeated all analyses for each iteration-except the interhemispheric
correlations for restricted populations of DO-AIM pairs, given the typically
nonsignificant correlations—and reported 95% Cls as intervals between the
2.5th and 97.5th percentiles.

We also employed a bootstrapping method as a complement to the Monte
Carlo method in order to compare interhemispheric correlations as depicted by
Southern versus Northern Hemisphere diagrams. Using the "boot" R package
(115, 116), we ran 1,000 bootstrap iterations for each correlation comparison
and reported 95% Cls of the differences in absolute coefficient correlation values.
Here again, we focused on interhemispheric correlations for all DO-AIM pairs.

Data, Materials, and Software Availability. All new data are available
at Zenodo and PANGAEA: hitps://doi.org/10.5281/zenodo.7587300 (117).
Previously published tetraether-based data from core MD95-2042 for the
160 to 45 ka BP period are available at https://doi.pangaea.de/10.1594/
PANGAEA.927622. Alkenone-based data from core MD95-2042 are availa-
ble in the supplement of ref. 27 for the 70 to 0 ka BP period and at https:/
doi.pangaea.de/10.1594/PANGAEA.927622 for the 160 to 70 ka BP period.
Foraminiferal 8'°0 data from core MD95-2042 are available at https:/doi.
pangaea.de/10.1594/PANGAEA.60829 and https://doi.pangaea.de/10.1594/
PANGAEA.58195 for planktic foraminiferal 8'%0 and at https://doi.pangaea.
de/10.1594/PANGAEA.58228 for benthic foraminiferal 8'°0. T, reconstruc-
tions from Greenland are available in the supplements of refs. 24, 25, and
26, at https://www.ncdc.noaa.gov/paleo/study/22057 and https://www.ncdc.
noaa.gov/paleo/study/24371 for GISP2 and NGRIP, respectively, and at https:/
doi.pangaea.de/10.1594/PANGAEA.905451 for GISP2. §'°0, data from the
NGRIP are available at https://www.iceandclimate.nbi.ku.dk/data/2010-11-
19_GICCO5modelext_for_NGRIPtxt and https://doi.pangaea.de/10.1594/
PANGAEA.824889. 5'°0,,, data from Antarctica are available at https://www.
ncdc.noaa.gov/paleo/study/27950 for EDC, at https://www.ncdc.noaa.gov/
paleo/study/27950 and https://doi.pangaea.de/10.1594/PANGAEA.824888 for
EDML, and in the supplement of ref. 31 for WD. Seawater &'°0 data are availa-
ble at https://www.ncdc.noaa.gov/paleo/study/11933.The Antarctic Temperature
Stack is available in the supplement of ref. 76 and at https://doi.pangaea.
de/10.1594/PANGAEA.810188.The Southern Ocean SSTrecords and stack plot-
ted in S/ Appendix, Fig. S6 A-C are available at https://doi.pangaea.de/10.1594/
PANGAEA.931020, https://doi.pangaea.de/10.1594/PANGAEA.931025, and
https://doi.pangaea.de/10.1594/PANGAEA.912158.
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