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ARTICLE INFO ABSTRACT

Editor: Dr. Fabienne Marret-Davies The Last Interglacial (LIG, 129-116 thousand years ago) is an excellent case study for global warming scenarios
and a target for proxy-model comparisons. The LIG global average sea surface temperature (SST) was ~0.5 °C
higher than pre-industrial (PI). Contrary to the global average, tropical SST proxy compilations and model
simulations show a negative anomaly in LIG SST relative to PI. Here, we present a LIG SST record from marine
sediment core GL-1180 retrieved from the western tropical South Atlantic (WTSA). The SST record is based on
Mg/Ca ratios of planktonic foraminifera Globigerinoides ruber (white). Our results indicate a warmer LIG in the
WTSA relative to PI and Holocene conditions. We show that a positive LIG SST anomaly in tropical regions can be
explained by polar sea ice loss during the LIG, which warms the ocean surface all the way into the tropics. The
disagreement between proxy results and model simulations from the fourth phase of the Paleoclimate Modelling
Intercomparison Project could result from uncertainties in our proxy for SST and/or limitations of numeric
models in capturing transient forcings and feedbacks in Earth’s climate system and imprecise boundary condi-
tions. Additional studies are warranted to better constrain the LIG SST evolution in tropical regions.

Keywords:

Last Interglacial

Western tropical South Atlantic
Mg/Ca-based Sea surface temperature

1. Introduction insolation anomaly was present between 90°N to 60°S during boreal

summer months and resulted in enhanced (reduced) seasonality in the

The Last Interglacial (LIG), a warm period between 129 and 116
thousand years ago (ka), can be used as a case study for understanding
the impact of global warming on continental ice volume and sea level
change, as well as a validation target for climate models (Otto-Bliesner
etal.,, 2017; Kageyama et al., 2018; Capron et al., 2014). During the LIG
the sea level was probably 6-9 m higher than present (Dutton et al.,
2015) and average global sea surface temperature (SST) was estimated
to be 0.5 + 0.3 °C warmer relative to pre-industrial (PI) conditions
(Hoffman et al., 2017). This temperature anomaly is associated with the
Earth’s orbital configuration, mostly related to changes in eccentricity
and precession, which resulted in a high positive boreal summer inso-
lation anomaly during the LIG relative to modern conditions (Otto-
Bliesner et al., 2013; Otto-Bliesner et al., 2017). The positive LIG
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Northern (Southern) Hemisphere (Otto-Bliesner et al., 2021).

The positive LIG-PI temperature anomaly presents marked spatial
variability, with particularly large anomalies in extratropical regions
(Hoffman et al., 2017; Capron et al., 2017; Capron et al., 2014; Turney
and Jones, 2010; McKay et al., 2011). In contrast, SST records suggest a
slight cooling in tropical latitudes during the LIG relative to PI (Hoffman
et al., 2017). These regional SST anomalies are supported by model
simulations from the recent ligl27k experiment performed as part of the
fourth phase of the Paleoclimate Modelling Intercomparison Project
(PMIP4) (Otto-Bliesner et al., 2021; Otto-Bliesner et al., 2020).

However, in some regions such as parts of the tropical Atlantic, the
LIG is poorly documented with appropriate SST records due to the
scarcity of long sediment cores with adequate high sedimentation rates.
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Most of tropical SST reconstructions used in LIG surface temperature
compilations were derived from the almost 30 years old CLIMAP project
(CLIMAP Project Members, 1984). The CLIMAP SST reconstructions
were based on transfer function methods using microfossil assemblages,
many of them with low temporal resolution. Accordingly, high resolu-
tion tropical SST records based on alternative proxies (e.g., Mg/Ca) can
help to constrain the LIG SST evolution of this latitudinal band and
provide relevant information from a period when the global average
temperature was similar or higher than modern days. In this study, we
present a new submillennial-resolution Mg/Ca-based LIG SST record
from a marine sediment core retrieved from the western tropical South
Atlantic (WTSA). We compare our LIG SST with instrumental PI SST
from the Hadley Center of Sea Ice and Sea Surface temperature
(HadISST1.1) data set (Rayner et al., 2003) for the time period
1871-1889 CE and with Mg/Ca-based Holocene SST values derived
from the same sediment core investigated in the present study (Santos
et al., 2022). Our results give support to a warmer LIG in the WTSA. We
suggest that the retreat of polar sea ice during the LIG has the potential
to warm tropical latitudes. Finally, we discuss the disagreement between
proxy and PMIP model simulations.

2. Regional setting

Our study site is located in the northernmost part of the South
Atlantic Subtropical Gyre (SASG) (Fig. 1). This region is marked by the
bifurcation of the South Equatorial Current (SEC) between 10 and 14°S
(Rodrigues et al., 2007), and forms the southward flowing Brazil Current
(BC) and northward flowing North Brazil Under Current (NBUC)/North
Brazil Current (NBC) (Stramma and England, 1999). This northward
flow is ultimately responsible for the interhemispheric northward
transport of water and heat in the Atlantic (Zhang et al., 2011; Lumpkin
and Speer, 2003). The modern annual average SST in our study region is
27.5 °C with a seasonal range of 1.3 °C (Locarnini et al., 2018).

3. Methods
3.1. Sediment core

We investigated sediment core GL-1180, collected at the Brazilian
tropical continental margin (8° 27/18“ S, 33° 32°53” W, 1037 m water
depth). This core was provided by the Brazilian oil company Petrobras.
The sediment core is 1732 cm long and was sampled at 2 cm resolution
between centimeters 792 and 864. Sediment samples (~10 cm®) were
washed over a 63 pm sieve. The retained material was dried in an oven
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at 50 °C for 24 h and stored in acrylic containers.
3.2. Age model

A first age model for sediment core GL-1180 was published by Nas-
cimento et al. (2021). It was based on six radiocarbon ages calibrated
using the IntCall3 calibration curve (Reimer et al., 2013) with a reser-
voir effect of 400 + 200 years, as well as the alignment of the GL-1180
benthic §'%0 record with the global 5'%0 stack LRO4 (Lisiecki and
Raymo, 2005). Here we use a revised age model aimed at improving age
control for the LIG. We also improved the age model for the Holocene
portion of GL-1180 by the addition of two new radiocarbon ages.

For the LIG period, the revised age model is now based on the visual
alignment of the benthic 880 record from core GL-1180 of Cibicidoides
spp. (Nascimento et al., 2021) against the regional 5180 stack (LS16) for
the South Atlantic intermediate waters (Fig. S1 and Table S1) published
by Lisiecki and Stern (2016). Alignment uncertainties were calculated
following Govin et al. (2015). The LS16 regional stack has a resolution of
0.5 kyr, and the uncertainty for the period ranges from 2 to 3 kyr, while
the LRO4 has a resolution of 1 kyr and an uncertainty of 4 kyr.
Accordingly, by using the LS16 we were able to reduce the alignment
uncertainty from 4.3 to between 2.4 and 3.2 kyr.

For the Holocene, the revised age model is based on 5 radiocarbon
ages (Table S1). Each radiocarbon age is based on 6 to 10 mg of Globi-
gerinoides ruber and Trilobatus sacculifer shells from the size fraction
larger than 150 pm. Analyses were performed at the Beta Analytic
Radiocarbon Dating Laboratory (Miami, USA) using accelerator mass
spectrometry. Besides including two new radiocarbon dates, a novelty of
this age model was that we calibrated the radiocarbon ages against the
most recent Marine20 calibration curve (Heaton et al., 2020). No
additional reservoir effect was applied. Compared with earlier versions,
Marine20 includes more realistic carbon cycle changes over the last 55
kyr and takes into account a rigorous time-dependent uncertainty of
atmospheric AYC (Heaton et al., 2020). The final age models for the two
time intervals (Fig. S2 and S3) were built using the software Bacon v 2.3
(Blaauw and Christen, 2011).

3.3. Mg/Ca analyses

For Mg/Ca analyses, 20 shells of the surface-dwelling G. ruber (white,
250-300 pm) were handpicked from each core sample. Globigerinoides
ruber (white) shows a preference for warm waters, ranging from tropical
to subtropical latitudes (Kucera, 2007; Zari¢ et al., 2005). Globigerinoides
ruber (white) dwells within the mixed layer of the WTSA (Nascimento

Fig. 1. Location of marine sediment core GL-1180 (green

diamond). The blue circle indicates the location of marine
28 sediment core V22-38 (CLIMAP Project Members, 1984). The
colour scale depicts modern (1955-2017) mean annual sea
surface temperature (Locarnini et al., 2018). Black arrows
depict the schematic surface ocean circulation; BC: Brazil
Current; NBC: North Brazil Current; SEC: South Equatorial
Current; SECC: South Equatorial Countercurrent. The figure
was partially generated using the software Ocean Data View
(Schlitzer, 2017). (For interpretation of the references to
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et al., 2021; Venancio et al., 2018). Although sediment trap samples
from the subtropical western South Atlantic point to higher G. ruber
(white) flux during summer conditions (Venancio et al., 2017), sediment
traps from three moorings located near our core site (Zari¢ et al., 2005)
indicate no seasonal variation in the flux of this species to the seafloor
due to the low seasonal SST variability in the tropical Atlantic (Jonkers
and Kucera, 2015). These results from sediment traps are consistent with
a global planktonic foraminifera model (Fraile et al., 2009). In this
model, G. ruber (white) signal is biased toward summer conditions at
mid-latitudes, but, in the tropics, they represent annual average SST
conditions.

The cleaning protocol of the G. ruber shells followed Barker et al.
(2003). This is the same protocol used by Santos et al. (2022) for the
analysis of Mg/Ca in G. ruber shells of sediment core GL-1180 over the
last 24 kyr. Briefly, each sample was cleaned with water, methanol, and
a hot hydrogen peroxide solution, with no reductive cleaning step. After
cleaning, samples were dissolved in diluted HNO3. Mg/Ca analyses were
performed at the MARUM-Center for Marine Environmental Sciences,
University of Bremen, using an inductively coupled plasma optical
emission spectrometer (ICP-OES) (Agilent Technologies, 700 Series)
with an autosampler (ASX-520 Cetac). Three replicates were measured
and averaged. In addition to Ca and Mg, we measured Fe, Mn, and Al to
monitor the effectiveness of the cleaning procedure. The calibration
series consisted of one blank and five multi-element standards con-
taining between 20 and 80 ppm of Ca prepared from a mixed standard
purchased from SCP Science, France (Mg/Ca of 4.17 mmol mol ). All
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samples were within the calibrated concentration range. An in-house
standard (Mg/Ca = 2.96 mmol mol_l), as well as the standards ECRM
752-1 (Bureau of Analysed Standards, Great Britain) and Reinstoff Nr. 3
(Bundesanstalt fiir Materialforschung und -Priifung, Germany), were
used to verify the accuracy of the measurements and to allow inter-
laboratory comparison. The in-house standard was measured every
five samples, while the commercial standards were measured four times
during the batch of analyses. The standard deviations of the in-house
standard, ERCM 752-1, and Reinstoff Nr. 3 in this batch of analyses
were 0.01 mmol mol~" (0.36%, n = 127), 0.02 mmol mol~* (0.46%, n =
8), and 0.00 mmol mol ! (0.0%, n = 8), respectively. The average Al/Ca,
Mn/Ca, and Fe/Ca ratios were 0.06, 0.09, and 0.42 mmol mol ™1,
respectively. Samples with Al/Ca ratio higher than 0.3 mmol mol™! or
having Mg/Ca values outside of the 4 ¢ of the mean (¢ = 0.2 mmol
mol™ 1) were discarded (one out of 32 samples).

A global sediment trap calibration showed that Mg/Ca ratio from
G. ruber (white) has a sensitivity of ~3% per salinity unit and ~ —8% per
0.1 pH unit (Gray et al., 2018). These values agree with a laboratory
culture study of planktonic foraminifera (Gray and Evans, 2019).
Accordingly, the temperature was calculated using the species-specific
Mg/Ca-temperature equation of Gray and Evans (2019) for G. ruber
(white) that corrects the effect of salinity and pH of seawater on Mg/Ca
values. To account for the pH effect, we used the atmospheric CO,
protocol, which uses past atmospheric CO2 concentration derived from
Antarctic ice cores (Gray and Evans, 2019). The mean 1o and 2¢ un-
certainty for all SST estimates derived from the Mg/Ca-SST calibration

Fig. 2. Last Interglacial (LIG) sea surface temperature (SST)
anomalies from the western tropical South Atlantic plotted
against the tropical SST stack and insolation. a) 21st December
insolation at 10°S for the LIG (Laskar et al., 2004). b) Globi-
gerinoides ruber (white) Mg/Ca-based SST and SST anomaly
relative to the pre-industrial (PI) from sediment core GL-1180
(this study). Mg/Ca SST records are presented with 26 un-
certainty (light red envelope). SST was estimated using the

r 31 species-specific Mg/Ca-temperature equation for G. ruber from
4 Gray and Evans (2019). ¢) Annual mean tropical SST anomaly
g F 30 (<23.5°N-S) within 2¢ uncertainty (blue envelope) (Hoffman
g et al., 2017). d) Microfossil assemblage-derived annual mean
§ 29 »n g SST anomaly relative to PI from sediment core V22-38 (9°S)
= 28 ‘_”| 1 (CLIMAP Project Members, 1984) as calculated by Hoffman
g .; & et al. (2017). All anomalies were calculated relative to
g L 57 R 2 climatological PI (1870-1889) SST (Rayner et al., 2003). For
]
3 o % cores GL-1180 and V22-28, we extracted the PI SST from the
:— L 06 —  nearest grid cell. The dashed purple line in b indicates the
= average LIG thermal maximum SST (LIGty) relative to PI. The
o | 25 dashed black lines in b-d indicate the zero SST anomaly rela-
tive to PI. The gray vertical bar represents the LIG thermal
24 maximum. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of
this article.)
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were 0.7 and 1.4 °C, respectively.
4. Results

Here, we present the first submillennial-scale resolution (i.e., ~0.4
ka between adjacent samples) foraminiferal Mg/Ca-based LIG SST re-
cord from the WTSA. The LIG SST record extends from ~129 to 115 ka
(Fig. 2b). During this time, the Mg/Ca ratio ranges between 4.45 and
5.52 mmol mol ! which gives calculated SSTs of between 25.6 and 29.1
°C. At 129 ka the SST was 26.1 °C increasing to 29 °C at 125 ka. Our data
points to the LIG thermal maximum (LIGy) in the WTSA between ~127
and 121 ka, with an average SST of 28.3 + 0.5 °C and SST maxima of
29.1 °C. At 121 ka, SST decreased to 26.8 + 0.5 °C, indicating the end of
the thermal maximum at site GL-1180. Between 121 and 116 ka the
average SST was 26.9 + 0.5 °C.

5. Discussion

5.1. Globigerinoides ruber Mg/Ca as a proxy for western tropical South
Atlantic SST

The average Mg/Ca-based SST from the three uppermost GL-1180
core top samples (2 to 2.5 ka) (Santos et al., 2022) is 26.7 + 0.0 °C.
Importantly, the Mg/Ca-based Holocene SST from Santos et al. (2022)
was recalculated on the revised age model using the same Mg/Ca-
temperature equation applied in the present study (Fig. 3). The core
top SST is in good agreement with the modern SST value of 26.9 °C
extracted for 8°S and 33°W (the nearest grid cell to site GL-1180) from
the HadISST1.1 data set (Rayner et al., 2003) for the period between
1870 and 1889, which we consider a reasonable approximation to PI
conditions. Holocene surface temperature stacks (Kaufman et al., 2020;
Marcott et al., 2013) and model simulations (Liu et al., 2014) show no
expressive surface temperature differences between the Late Holocene

Holocene
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(~2 ka) and PI in the tropics. Accordingly, the correspondence between
SST from GL-1180 core top samples and PI suggests that our recon-
struction is confidently representing the SST of the WTSA. Compared
with modern SST value at the location of GL-1180, the core top SST is
0.8 °C lower than the annual average SST from the World Ocean Atlas
2018 (Locarnini et al., 2018), which can be attributed to the effect of the
current global warming (Gulev et al., 2021).

5.2. Proxy-based LIG SST evolution of the WISA compared with the
current interglacial

To compare our LIG SST records with PI conditions we use the
average LIG SST between 127 and 121 ka (LIGty), when our record
exhibits maximum values (28.3 + 0.5 °C), and the average climatolog-
ical PI SST data from the HadISST1.1 data set (Rayner et al., 2003).

The LIGTy-PI temperature difference indicates that the region of GL-
1180 was 1.4 + 0.4 °C warmer during the LIG relative to PI conditions
(Fig. 2b). Given the stability of the WTSA mixed layer, this positive SST
anomaly may point to a regional feature of the WTSA. Interestingly, such
substantial positive anomaly contradicts, at least regionally, a recent
global SST compilation showing that, in general, the tropical band
(<23.5°N-S) was slightly colder during the LIG (at 125 ka) compared to
PI times (Fig. 2¢) (Hoffman et al., 2017). Most of the SST records
compiled by Hoffman et al. (2017) are based on transfer functions using
microfossil assemblages (75 out of 107). In the tropical Atlantic, from 26
LIG SST records, 3 are based on Mg/Ca and 4 on Ulé}, while 19 records
are derived from microfossil assemblages. However, microfossil assem-
blages resulted in systematically lower LIG SSTs than those estimated by
geochemical proxies like Mg/Ca and alkenones unsaturation index (UXy)
(Hoffman et al., 2017). Indeed, LIG SST records derived from forami-
niferal and coccoliths assemblages from site V22-38 (9°S) (CLIMAP
members, 1984), located near core GL-1180 (Fig. 1), show a negative
SST anomaly of up to ~2 °C between 128 and 121 ka relative to PI

Fig. 3. Sea surface temperature (SST)
reconstruction of the western tropical South
Atlantic for the Last Interglacial (LIG)
compared to the Holocene. a) Solstice inso-
lation. Purple line depicts 21 June isolation
at 10°N and black line depicts 21 December
insolation at 10°S (Laskar et al., 2004). b)
Dashed green line depicts insolation sea-
sonality (21 Dec - 21 Jun) at 10°S (Laskar
et al., 2004). ¢) Globigerinoides ruber Mg/Ca-
based SST reconstructions for the LIG (this
study) and the Holocene (on the revised
Holocene age model) (Santos et al., 2022)
from sediment core GL-1180. SST was esti-
mated using the species-specific Mg/Ca-
temperature equation for G. ruber from Gray
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conditions (Fig. 2d). The contrast between our Mg/Ca-based LIG SST
anomaly and transfer functions-based SST records from core V22-38
demonstrates the disagreement between proxy-based LIG SST re-
constructions. Accordingly, the negative anomaly in the tropical SST
stack from Hoffman et al. (2017) can be an artifact resulting from the
averaging of proxy-based SST records, which were mostly based on
microfossil assemblage transfer functions. Our results point to a spatial
LIG SST variability within the tropical Atlantic, which can also be
dampened by the averaging of SST records composed mostly by a single
proxy. Ultimately, the disagreement between proxies for SST do not
necessarily advocate against SST records derived from microfossil as-
semblages. Instead, they call for an better evaluation and understanding
of these proxies in order to accurately constrain the evolution of the
tropical Atlantic SST during the LIG.

We compare the LIGy with the average Holocene SST (between 2
and 10 ka; Fig. 3) from the same core (i.e., GL-1180) (Santos et al.,
2022). WTSA SST was 1.2 + 0.8 °C higher during the LIG relative to the
Holocene. If we consider only the Holocene thermal maximum (6 to 10
ka), the positive LIG SST anomaly is 0.9 + 0.7 °C. Meanwhile, the LIG
SST anomaly relative to the late portion of the Holocene (2 to 5 ka) was
1.7 £ 0.7 °C. Although the 2¢ error envelopes of the LIG and Holocene
overlap each other (Fig. 3c), the use of the same proxy applied on the
same foraminifera species allows us to suggest that the positive LIG-
Holocene SST anomaly is a robust oceanographic feature of the WTSA.

Such a positive LIG-Holocene SST anomaly has been previously
observed in tropical SST records and is thought to have been caused by
the large magnitude of seasonal insolation changes during the LIG
relative to the Holocene (Leduc et al., 2010). This explanation implies a
seasonal bias in proxy-based SST toward boreal summer. Indeed, it has
been suggested that most of the proxy-based SST records over the last
two interglacial periods are biased toward the boreal summer/autumn
insolation (Bova et al., 2021). Our SST record seems also to follow boreal
summer insolation rather than local insolation (Fig. 3a, c). Qualitatively,
such seasonal bias might explain our reconstructed positive LIG SST
anomaly relative to the Holocene and PI.

In the southern tropics, the modern seasonal difference of incoming
solar radiation (Dec 21 minus June 21) at 10°S (~100 W m™~2) is higher
than that of the early Holocene (~50 W m*2) and LIG thermal maximum
(~20 Wm™?) (Fig. 3b), but the modern seasonal SST amplitude at site
GL-1180 is only 1.3 °C (Locarnini et al., 2018). As the local incoming
solar radiation plays the main role in controlling seasonal SST varia-
tions, we would expect the seasonality of the WTSA SST to be even lower
during the LIG relative to the early Holocene and modern times. Indeed,
at site V22-38 (Fig. 1), the seasonality of SST based on microfossil
assemblage transfer function was estimated to be 1.6 °C for the LIG and
3 °C in core top sample (0-1 cm) (CLIMAP Members, 1984). Although
this core top sample overestimates the modern seasonality around site
V22-38, the results from CLIMAP support our reasoning that the WTSA
reached the highest SST value of the last two interglacial periods when
the seasonality of SST was at the lowest level. As our study area is not
currently influenced by seasonal upwelling or turbulent mixing, these
oceanographic processes are not expected to affect the seasonality of
G. ruber shell flux at site GL-1180. Together with the arguments pre-
sented in Section 3.3, the low seasonality of insolation at the southern
tropics during the LIG further suggests that our SST record is not
seasonally biased and that the positive LIG SST anomaly is a consistent
feature of the WTSA. However, by ruling out the effect of a seasonal bias,
the cause of the positive LIG SST anomaly in the WTSA remains open.

5.3. Origin of recorded warmth during the LIG: Sea ice feedbacks on
tropical SST

The sea ice-albedo feedback can play a major role in tropical SST
during the LIG (Zhang and Chen, 2021). Many studies have used
sensitivity model experiments to investigate the consequences of future
Arctic sea ice loss on global climate by applying sea-ice scenarios of

Global and Planetary Change 215 (2022) 103889

representative concentration pathway (RCP) 8.5 to coupled climate
models (e.g., Wang et al., 2018; Sun et al., 2018; Tomas et al., 2016;
Deser et al., 2015). These simulations show that sea ice loss results in a
warming of the troposphere and ocean surface that extends into the
tropics and advances toward the Southern Hemisphere. The projected
warming pattern is symmetric at both sides of the equator and strikingly
resembles the pattern for projected greenhouse gases (GHG)-forced
global warming, albeit with a lower magnitude. The tropical surface
waters warming due to Arctic sea ice loss can reach up to 0.3 °C (e.g.,
Deser et al., 2015). The role of future Arctic and Antarctic sea ice loss in
tropical climate was investigated under RCP 8.5 sea ice loss scenario,
with 70% and 35% Arctic summer and Antarctic winter sea ice loss,
respectively (England et al., 2020). Similar to its northern counterpart,
Antarctic sea ice retreat causes surface warming that extends into the
tropics and advances toward the Northern Hemisphere. The combined
effects of Arctic and Antarctic sea ice losses can account for up to 0.8 °C
or 30% of the GHG-forced future tropical warming (England et al.,
2020).

Studies have pointed to a reduced summer sea ice extent in the Arctic
during the LIG relative to PI (e.g., Stein et al., 2017; Ngrgaard-Pedersen
et al.,, 2007; CAPE Members, 2006). An average of 16 climate model
simulations in the PMIP4 pointed to an Arctic summer sea ice loss of
50% during the LIG relative to PI (Kageyama et al., 2021). Using a fully
coupled climate model with improved sea ice physics, Guarino et al.
(2020) simulated a complete summer sea ice loss in the Arctic during the
LIG. In the Southern Ocean, winter sea ice was estimated to have
retreated by 65% during the LIG relative to PI (Holloway et al., 2016).
Spatially resolved winter sea ice losses are 67, 59, and 43% in the
Atlantic, Indian, and Pacific sectors of the Southern Ocean, respectively
(Holloway et al., 2017). The Antarctic sea ice retreat is corroborated by
the lower flux of sea salt sodium in Antarctic ice core Dome C during the
LIG relative to the Holocene (Wolff et al., 2006). Therefore, we argue
that the internal climate feedback associated with the polar sea ice
retreat during the LIG could explain a tropical LIG-PI and LIG-Holocene
positive SST anomaly of about 1 °C, as shown herewith.

5.4. Proxy-based LIG-PI anomaly versus PMIP4 simulations

Climate models in PMIP4 simulate negative LIG SST anomalies in
tropical latitudes (Otto-Bliesner et al., 2021). We concentrate on the
subset from experiment ligl27k performed by 6 climate models (Table
S3) to explore the differences between model simulation and proxy re-
sults, focusing on the site GL-1180. Experiment ligl27k represents the
time slice of 127 ka (Otto-Bliesner et al., 2017) and was compared with
experiment piControl, that simulates PI conditions (Eyring et al., 2016).
The main difference between piControl and ligl27k experiments is the
latitudinal and seasonal distribution of insolation (Otto-Bliesner et al.,
2017).

Although each model shows a different pattern of SST anomaly (Fig.
S4), the ligl27k model ensemble exhibits a negative annual mean SST
anomaly of up to 1 °C in the tropical and South Atlantic relative to the
piControl run (Fig. 4). This result agrees with an ensemble of 17 climate
models participating in PMIP4 simulations (Otto-Bliesner et al., 2021).
At the location of site GL-1180, the ensemble annual average anomaly
from the 6 climate models examined in this study was —0.4 + 0.3 °C.
Seasonal LIG SST anomaly shows a negligible positive anomaly during
the austral winter (~0.1 °C) and a negative anomaly of up to 1.5 °C
during the austral summer (Fig. S5 and S6). This seasonal analysis in-
dicates that the negative annual average LIG SST anomaly in WTSA, as
simulated by experiment ligl27k, is forced by the low insolation in the
Southern Hemisphere during austral summer (boreal winter).

The occurrence of proxy-model inconsistencies for LIG SST re-
constructions has been previously observed and investigated (e.g.,
Bakker et al., 2014; Bakker and Renssen, 2014; Otto-Bliesner et al.,
2013). These inconsistencies can arise from both, proxy and model
simulations. Starting with proxy data, Mg/Ca from planktonic
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Fig. 4. Annual mean sea surface tempera-
ture (SST) anomaly calculated between the
10°N Last Interglacial (LIG) and the pre-industrial
> (PD) (i.e., LIG-PI) from an ensemble of six
1 g climate model simulations (Table S3) from
E, experiments lig]l27k and piControl as part of
EQ 5 E the Paleoclimate Modelling Intercomparison
025 Z i Project 4. The green diamond indicates the
% B location of marine sediment core GL-1180.
x L
0 %.& Stippling rePresents afeas where at le.ast
10°S - 6 four of the six models (i.e., 67%) agree with
o o thesignal of the change. Note that the colour
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g O  references to colour in this figure legend, the
20°8 < reader is referred to the web version of this
-1 — article.)
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foraminifera may reflect a more local instead of broader oceanographic
features and/or may be biased toward the warm season (e.g., Leduc
et al., 2010; Lohmann et al., 2013; Bakker and Renssen, 2014; Schneider
et al., 2010). The basic assumption when using planktonic foraminiferal
shells as climate archives is that the environmental conditions deter-
mining calcification depth, seasonal preferences, and preservation have
been invariant over the covered period. As discussed in Section 5.2, the
low seasonal variation in the southern tropics during the LIG (Fig. 3b)
makes it very unlikely that our SST reconstruction is seasonally biased
(Jonkers and Kucera, 2015, 2017). Meanwhile, the absence of local
oceanographic processes, such as seasonal upwelling, around site GL-
1180 indicates that the LIG SST anomaly does not result from a local
oceanographic feature. However, despite the lack of substantial evi-
dence, we cannot rule out that subtle environmental changes were suf-
ficient to create a warm-season bias or a change in depth habitat in LIG
foraminifera.

On the other hand, climate models may oversimplify important in-
ternal feedbacks of the climate system acting during the LIG (Bakker
et al., 2014; Bakker et al., 2013). The lack of internal feedbacks is even
more relevant for equilibrium simulations, as performed in the ligl27k
experiment. Indeed, the ligl27k does not capture the diversity of tran-
sient forcings and feedbacks setting the LIG climate, as for example,
climate change driven by nonlinear interplay of ice-sheet-ocean
coupling (Otto-Bliesner et al., 2017). Therefore, the absence of impor-
tant internal climate feedbacks can lead the simulations to artificially
reproduce a climate system controlled mostly by orbital forcing (Zhang
and Chen, 2021). Additionally, a major uncertainty of experiment
ligl27k is that it uses the modern ice-sheet geometry as boundary con-
dition (Otto-Bliesner et al., 2017). However, the sea level was estimated
to be between 6 and 9 m higher during the LIG relative to modern
(Dutton et al., 2015), indicating reduced ice-sheet volume relative to
current times. Indeed, the presence of remnant continental ice from the
preceding glacial appears to play an important role on the LIG SST
evolution (Capron et al., 2017; Bakker et al., 2013).

Since interglacial climate evolution seems to depend on the pre-
ceding deglaciation (Barker et al., 2019), future numeric experiments
with transient simulations of the penultimate deglaciation and LIG will
help to constrain the evolution of LIG SST in the tropics (e.g., Menviel
etal., 2019). The data presented here will be useful as a validation target
for climate models (Otto-Bliesner et al., 2021).

6. Conclusions

Here, we presented a new submillennial-resolution Mg/Ca-based LIG

10°E 20°E

SST record from the WTSA. We found that the LIG was warmer by 1.4 +
0.4 and 1.2 + 0.8 °C than pre-industrial and Holocene conditions,
respectively. These results indicate spatial variability of tropical LIG SST
rather than a predominantly colder LIG relative to the pre-industrial. We
show that a positive tropical LIG SST anomaly could be explained by
polar sea ice retreat during the LIG, which warms surface waters all the
way into the tropics. The disagreement between LIG SST anomalies from
PMIP4 simulations and our record can result from: (i) changes in the
ecological behavior of planktonic foraminifera over the geological past;
(ii) imprecise boundary conditions (e.g., ice sheets) and limitations in
capturing internal Earth’s climate feedbacks can lead numeric model
experiments to produce inaccurate SST. Identifying whether this posi-
tive anomaly in the WTSA is consistent and a widespread feature of
tropical latitudes requires increasing the accuracy of proxy-based SST
reconstructions and more records. Additionally, transient simulations of
the penultimate deglaciation and LIG can help to capture the feedbacks
in Earth’s climate system that led to LIG SST evolution. Our study pro-
vides a new validation target for climate models, which is crucial in view
of the current simulations from PMIP4.
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