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Supplement
S1: Age model

The age model of marine sediment core PS118 63-1 was first established using a comparative
analysis of the XRF-Ti, magnetic susceptibility (MS), wet bulk density and total organic carbon (TOC)
records against that of the EDML 5180 record (Fig. S1). Glacial and/or cold periods (i.e., MIS 2-4, 5d
and 6) within core PS118 63-1 were identified based on higher XRF-Ti, MS and density values, and
lower TOC contents, while low/decreasing XRF-Ti, MS and density values with elevated TOC contents
reflect the interglacial/warm periods (i.e., MIS 1 and 5e) in the core. Furthermore, the MIS 5/6 boundary
is indicated by the biostratigraphic marker Rouxia leventerae (ca. 130 ka BP; Zielinski et al., 2002).
Since <1% relative abundance of Rouxia leventerae was found at core depth 6.19 m (0.6%), we
estimated the last occurrence of Rouxia leventerae to be around 6.2 m. Planktic foraminifera were also
selected for AMS 1“C-dating (Table S1) using the Mini Carbon Dating System (MICADAS; Mollenhauer
et al.,, 2021) at the Alfred Wegener Institute (AWI), Bremerhaven, Germany. The #C ages were
calibrated to calendar ages using the PaleoDataView software (v0.9.5.25; Butzin et al., 2017; Heaton
et al., 2020; Langner and Mulitza, 2019).

To further refine the age model within each glacial/interglacial interval, we considered additional
age control tie points identified in records from a nearby marine core U1537 (MS, XRF-Fe and Opal)
and the EDML ice core (ssNa+). See Fig. S2 for the tie points identified in the respective records of
marine core PS118 63-1 with marine core U1537 and the EDML ice core. During the correlation
analysis, multiple records from the same core were examined collectively to ensure that the age-depth
ranges of respective tie points remained consistent across all records. The eventual tuning of records
from core U1537 and EDML ice core with marine core PS118 63-1 was conducted using the
QAnalyseries software (v1.5.1; Kotov and Pélike, 2018). A final comparison was then made between
all the tie points identified from marine cores PS118 63-1 (XRF-Ti, Fe, MS, opal and PIPSO2s), U1537
(MS, XRF-Fe and opal) and EDML ice core (5180 and ssNa+). The most suited and/or fitting tie points
were selected, while duplicates were rejected (as indicated by the black crosses in Fig. S1 and S2). A
summary of the tie points used for the establishment of the age model of marine core PS118 63-1 is
provided in Table S2. To account for age uncertainty, we adopted four age errors provided in the age
model of core U1537 (refer to Supplementary Table 2 of Weber et al.,, 2022), and with them as
reference, an age error of +1 kyr was imposed for tie points between MIS 1 and 3, while £2 kyr was
prescribed for tie points from MIS 4-6 (Table S2). We also imposed an age error of £1 kyr for the tie
points derived from the EDML 5180 record. Lastly, the Bayesian age-depth modeling was established
using Bacon v2.5.8 (Blaauw and Christen, 2011) on RStudio v2022.07.02.
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Figure S1. Age-depth comparison between the a) EDML &80 record against that of records, b) XRF-Ti, c)
magnetic susceptibility, wet bulk density and d) TOC from marine sediment core PS118 63-1. Black crosses
indicate tie points that were not chosen for use in the final age model after careful comparison between all age
control tie points. Red star denotes the depth at which R. leventerae, a marker for MIS 5/6 boundary, has been
identified. Age intervals for MIS 1-4 and 6 are in accordance to Lisiecki and Raymo (2005) and MIS 5 substages
are referenced to Bianchi and Gersonde (2002).
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Figure S2. Plots of age control tie points identified in records a) magnetic susceptibility, b) XRF — Fe and c) opal records of marine core U1537 (red) against marine core
PS118_63-1 (blue), and d) EDML ssNa+ record (red) against that of the PIPSOzs record from marine core PS118_ 63-1 (blue). Black crosses indicate tie points that were not
selected for inclusion in the final age model after careful comparison between all tie point records.



Table S1. Radiocarbon dates taken from marine sediment core PS118_63-1. Calendar and reservoir ages are in
respect to IntCal20 as defined in the PaleoDataView software.

e[ A [ e [ ST TSRS T Gt [ Resper e
PS118_63-1_ 974211 N. 0.1259 16.647 17.603 2.216
163-165cm pachyderma +0.0025 +0.158 +0.935 +0.287
PS118_63-1_ 974311 N. 0.0845 19.850 21.422 2.192
179-181cm pachyderma +0.0023 +0.221 +0.862 +0.286
Table S2: Tie points used for age-depth model for marine sediment core PS118 63-1.
SIN MIS Depth (m) Age (ka BP) + Age (kyrs) Tie point
1 1 0.076 1.2 1 U1537-MS
2 1 0.125 5.772 1 EDML-ssNa+
3 1 0.625 10.675 1 EDML-ssNa+
4 1 0.925 13.352 1 EDML-ssNa+
5 1 1 14 1 EDML-5*0
6 2 1.516 16.2 1 U1537-MS
7 2 1.64 17.603 0.935" 14C-dating
8 2 1.706 20 1 U1537-MS
9 2 1.8 21.422 0.862" 14C-dating
10 3 2 29 1 EDML-50
11 3 2.018 29.21 0.78* U1537-MS
12 3 2.098 31.2 1 U1537-MS
13 3 2.548 38 1 U1537-MS
14 4 3.1 57 1 EDML-5*0
15 4 3.228 63.64 2.28* U1537-MS
16 4 3.46 67.2 2 U1537-Fe
17 4 3.478 68.8 2.1* U1537-MS
18 5a 3.6 74 1 EDML-5*0
19 5a 3.84 76.8 2 U1537-Fe
20 5b 3.9 83 1 EDML-5*0
21 5b 4.028 85 2 U1537-MS
22 5b 4.33 92 2 U1537-Opal
23 5c 4.83 99.2 2 U1537-Opal
24 5d 4.868 103.17 1.71* U1537-MS
25 5e 5.25 114 1 EDML-5*0
26 5e 5.68 125.2 2 U1537-Fe
27 5e 5.83 126.336 2 EDML-ssNa+
28 6 6.2 130 2 R. leventerae
29 6 6.56 139.8 2 U1537-Fe
30 6 6.588 140.6 2 U1537-MS

"Age error taken from calibrated age uncertainty (refer to Table S1)

*Age error adopted from age model for marine core U1537 (refer to Supplementary Table 2 of Weber et al., 2022)




S2: 29Th-excess constant-rate-of-supply model

To estimate the 230Th-excess constant-rate-of-supply (CRS) age model for PS118 63-1, a total of
54 freeze-dried, ground and homogenized sediment samples were selected (at specific depth intervals)
for the determination of uranium (U) and thorium (Th) isotopes (23°Th, 232Th, 238U and 234U). The samples
were first digested in a pressure-assisted microwave digestion system (CEM MarsXpress; 24 samples
per batch). Following which, 15 mL of the digested solution underwent a separation and purification
process via the seaFAST automatic column separation system, using TRU resin. Each Th/U fraction
was then analyzed via sector-field inductively coupled plasma mass spectrometry (SF-ICP-MS
Element2). U-isotopes were measured in low resolution using a cyclonic spray chamber, while Th-
isotopes were measured with an Apex IR desolvation device for increasing ion yield, and in a custom-
made resolution of R=2000 for increasing abundance sensitivity. The methods employed in the
determination of 23°Th-excess and subsequent CRS-dating for PS118_63-1 are described in Geibert et
al. (2019), with the calculation of the CRS age following a method by Appleby and Oldfield (1978).

The robustness of the age model for PS118 63-1 determined using 30 tie points (Table S2) is
supported by the strong correlation between the tie points-derived age model and estimations via the
230Th-excess CRS-dating approach (Fig. S3). The deviations are to be expected considering possible
changes in focusing and the limited 23°Th-inventory considered in this core.

Age (ka)
0 1.0 Zp 3|0 4|0 5|0 6|0 7|0 Sp 9|0 1(|)O 11‘0 1?0 1?0 1ﬁ|f0 1§0
O—I\\\
—-&— Tie points
Y -5 CRS model
14 L.
\ \\\
\\\\\\
2 \\
\\"\\\
—_— = \\
E 31 \\\\\\N
— .
- S L
a =g
O] 8, =
O 44 S Sx
\\:\.
RN
'\‘.\
5 >
ﬁ\m
) %\\
7_

Figure S3. Comparison of age-depth profile of PS118_63-1 established based on tie points and 23°Th-excess CRS
model.



S3: Numerical model and climate simulations
3.1 Community Earth System Models applications

The Community Earth System Models (COSMOS) have been successfully applied for the study of
both colder and warmer than present climates — during, and beyond, the Cenozoic, both at orbital and
tectonic time scales. In many cases, COSMOS has helped to improve our understanding of inferences
from the geologic record. They have provided a dynamical framework of relevant processes in the
climate system that may mechanistically explain reconstructed climate patterns. Examples for this work
include simulations of the climates of the Cretaceous (Klages et al., 2020; Niezgodzki et al., 2019), of
the Miocene (Hossain et al., 2020; 2021; Knorr and Lohmann, 2014; Knorr et al., 2011; Stein et al.,
2016), of the Pliocene (Stepanek and Lohmann, 2012; Stepanek et al., 2020), of the Penultimate Glacial
(Stein et al., 2017), of the LIG (Gierz et al., 2017; Pfeiffer and Lohmann, 2016; Stein et al., 2017), of the
LGM (Zhang et al., 2013), and of the Holocene (Guagnin et al., 2016). Furthermore, the model has
been employed towards a large number of process studies. Among these are the works by Knorr et al.
(2021) on glacial termination, the study by Kaboth-Bahr et al. (2021) on the delay of Northern
Hemisphere glaciation by Mediterranean heat injection into the North Atlantic Ocean during the
Pliocene, the publication by Zhang et al. (2021) on the impact of astronomical forcing on Pleistocene
millennial climate variability, and the investigation by Lohmann et al. (2022) on the potential contribution
of increased vertical mixing towards reduced meridional temperature gradients in warm climates of the
Pliocene and Miocene.

3.2 COSMOS-modeled climate states

The climate states piControl, mh6k, lgm21k, lig125k, and pgm140k are derived from equilibrium
climate simulations, where we analyze the climate state at the end of a spin up. In these cases,
COSMOS have been instantaneously exposed to reconstructions of greenhouse gases and of orbital
forcing, and to paleogeography, if applicable. An exception to this methodology is the LIG climate state
at 128 ka BP, derived from simulation lig128Kk. This simulation stems from the computation of a transient
evolution of LIG climate from 130 ka BP to 115 ka BP, where the COSMOS have been employed with
time-varying greenhouse gas concentrations and orbital forcing applying an acceleration of a factor of
10. The initial ocean state at 130 ka BP has been created to mirror conditions that are representative
for the penultimate deglaciation, Termination Il (TII; 140 — 130 ka BP). This ocean state has been
created based on a weak hosing (0.05 Sv) under perpetual 130 ka BP forcing. To derive the climate
conditions at 128 ka BP, we average the transient model climate state over the 100 model years that
refer to the period from 128.5 ka BP to 127.5 ka BP. Details of the model setups of the various
simulations are provided in Table S3.

3.3 Comparison of COSMOS with other climate models

There exists an extensive bibliographic record evaluating the performance of COSMOS, in
comparison to other climate models including those in the context of the third and fourth phases of the
Paleoclimate Modeling Intercomparison Project (PMIP3; Braconnot et al., 2012; PMIP4; Kageyama et
al., 2017), which are part of the Climate Modeling Intercomparison Project (CMIP; Eyring et al., 2016).
These studies span a wide range of time periods, including the Holocene (Varma et al., 2012; Dallmeyer
et al., 2013; 2015), the Last Interglacial (Bakker et al., 2014; Jennings et al., 2015; Lunt et al., 2013),
the Pliocene (Haywood et al., 2013; 2020), the Miocene (Burls et al., 2021), and the Eocene (Lunt et
al.,, 2021). A key inference from these published works, relevant to our study, is that among the
ensemble of PMIP3-class model simulations of the Southern Ocean, COSMOS, like some models, is
known to project a relatively small warm bias in sea surface temperature (SST; see Fig. 4e and fin Lunt
et al., 2013). This supports the use of said model in the study of sea ice and SST in the Weddell Sea
region.

While the previously mentioned studies cover various aspects of COSMOS’s modeled climate in
comparison to simulations from other models, these studies provide no perfect match with regard to the
time slices and variables considered in our study. Therefore, we provide additional comparison of our
results with other PMIP models for those variables and time slices that are relevant to our study.
Unfortunately, such an analysis is only possible in an incomplete manner. For instance, direct
comparisons of the COSMOS-simulated sea ice and SST with data from the PMIP ensembles must
focus on the pre-industrial (PI), mid-Holocene, and Last Glacial Maximum climate states. For the
Penultimate Glacial Maximum (140 ka BP) and the two Last Interglacial time slices (128 ka BP and 125
ka BP) employed by us, no comparable PMIP simulations are available. In particular, PMIP3 does not
cover any time slice for the Last Interglacial, while PMIP4 considers lig127k (127 ka BP) as one singular



time slice during the Last Interglacial (Otto-Bliesner et al., 2017), which is unfortunately out of sync with
our Last Interglacial model simulations. Higher-tiered Last Interglacial simulations from PMIP4 (Otto-
Bliesner et al., 2017) are as well not overlapping with our work. For reference, we will nevertheless
undertake a comparison of our COSMOS data for the 128 and 125 ka BP time slices with the 127 ka
BP time slice from the PMIP4 model. This will put our work into the context of recent modeling work on
the Last Interglacial.

To facilitate a meaningful comparable model-to-model evaluation of our COSMOS data with results
from other climate models in the broader paleoclimate modeling community, we assess our model data
against all outputs from the CMIP5/PMIP3 and CMIP6/PMIP4 models available through the Earth
System Grid Federation (ESGF; accessed via https://esqf-data.dkrz.de). A list of models used in the
PMIP simulations, the search criteria employed during data retrieval, and data citations are provided in
Table S4. All available data are also systemically selected and pertinent to the climate states under
investigation in our study. They include: 1) PMIP3 and PMIP4 simulations piControl for a comparison
with our PI climate state — here we focus on those models that provide at least one paleoclimate
simulation, and other PI climate states are discarded from our analysis; 2) PMIP3 and PMIP4
simulations mid-Holocene for a comparison with our 6 ka BP climate state; 3) PMIP3 and PMIP4
simulations Igm for comparison with our 21 ka BP climate state; 4) PMIP4 simulation ligl27k for a
comparison with our 128 ka and 125 ka climate states. Our analyses were based on the last 100 model
years of simulations, where available. Note that for some models or simulations, data for less than 100
model years have been published via ESGF. We downloaded monthly mean SST (tos) from both
CMIP5/PMIP3 and CMIP6/PMIP4 ensembles, monthly mean sea-ice cover (sic) from the CMIP5/PMIP3
ensemble, and monthly mean sea-ice cover (siconc) from the CMIP6/PMIP4 ensemble. In general, data
is represented as the monthly climatological mean.

Monthly mean data is unavailable for a small number of models. In such cases, we either computed
the monthly mean from daily output or utilized climatological means directly provided by ESGF. Note
that not all models provide all variables relevant to our study. Furthermore, inaccessibility of specific
data nodes limited our utilization of the full PMIP ensemble. Consequently, we considered all data sets
accessible, and this means that ensemble means of sea-ice cover and SST from one specific simulation
may not necessarily cover the same models. Models providing at least one relevant dataset are
highlighted in Table S5.

3.4 PMIP3 and PMIP4 models outputs: An evaluation against COSMOS model findings

In this section, we present the simulated spring/summer (NDJFMA) and winter (ASO) sea-ice
cover, and summer (DJF) and winter (JJA) SST results from PMIP3 and PMIP4 models, subject to data
availability. The modeled time slices cover the PI, 6, 21 ka BP for PMIP3 and PI, 6, 21 and 127 ka BP
for PMIP4. All PMIP ensemble data has been remapped to match the grid used in the COSMOS. For
each specific time slice, and CMIP generation, we computed ensemble means and standard deviation
of the population (on; for brevity, referred to as o from here on). Agreement between COSMOS and
PMIP3/PMIP4 models results is evaluated based on a 20 threshold criterion. Results derived from
COSMOS are considered as agreeing with the PMIP data if they are within the 20 range of the
ensemble.

3.4.1 Simulated sea-ice cover from PMIP3 and PMIP4 models

Figures S4 and S5 provide simulated spring/summer and winter sea-ice cover plots, considering
ensemble means, o and agreement within 20 threshold between COSMOS and PMIP3 for three time
slices (21, 6 ka BP and PI). Corresponding PMIP4 ensemble means, o, and comparison with COSMOS
are shown for the same time slices in Fig. S6.2-4 and S7.2-4. Likewise, panels a and b of Fig. S6.1 and
S7.1 display the ensemble means and o simulated by PMIP4 model for 127 ka BP. Figures S6.1c and
S7.1c compare PMIP4 127 ka BP simulation results to COSMOS outputs from 128 ka BP, while Fig.
S6.1d and S7.1d show the level of agreement with COSMOS simulation at 125 ka BP. We observe that
the PMIP3/PMIP4 ensemble o for both the spring/summer and winter seasons are appreciable. The
ensemble o of sea-ice cover during spring/summer is notably higher close to the Antarctic Peninsula
and along coastal areas (Fig. S4b and S6b). Whilst, for winter sea-ice cover, the PMIP3/PMIP4 models
exhibit more pronounced ensemble uncertainty farther away from the continent, increasing towards the
edges of the sea-ice extent (Fig. S5b and S7b). Comparison of sea-ice data, COSMOS vs. PMIP3,
shows agreement within the 2o threshold criterion at our study sites (Fig. S4c and S5c). However, larger
regions of disagreement (>20 threshold) are observed when comparing sea-ice cover in COSMOS to
results from PMIP4 (Fig. S6¢c and S7c). For both PMIP3 and PMIP4, there is wider distribution of
disagreement along the 50°S latitude for the 21 ka BP time slice, while smaller disagreements for Pl
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and 6 ka BP are observed near to the edge of the sea-ice extent. Note that simulated winter sea-ice
conditions at Site PS118 63-1 agree between COSMOS and PMIP4 across PI, 6 and 21 ka BP. For 21
ka BP, agreement regarding winter sea ice is given for locations of both sites. Only in the case of PMIP4,
the winter sea ice for Pl and 6 ka BP time slices, as well as the spring/summer sea ice of PI, 6 and 21
ka BP time slices, study sites are outside (but in several cases close to) regions where the 2o threshold
criterion is fulfilled. From these findings, we infer that the COSMOS model generally produces a denser,
and in many regions more extensive sea-ice cover compared to PMIP3 and (PMIP4) ensemble models.
While at core sites, agreement with PMIP model ensembles is more frequent. Disagreements, when
they occur, are biased towards the PMIP4 model, the winter season, and the 21 ka BP. In general, we
observe a higher degree of disagreement for simulated sea-ice cover at core site PS67/219-1, which is
often closer to the sea ice margin than core site PS118_63-1.

3.4.2 Simulated sea surface temperature from PMIP3 and PMIP4 models

Similarly, the ensemble means, 0 and COSMOS-PMIP3 models agreement (within 2¢ threshold)
for the simulated summer and winter SST plots for the three same time slices are presented in Fig. S8
and S9, while those obtained using the PMIP4 model (PI, 6, 21 and 127 ka BP time slices) are provided
in Fig. S10 and S11. Both PMIP3- and PMIP4-derived SST plots show considerable ensemble ¢ around
the 40-50°S latitude, especially off the coast of the eastern South American continent (refer to panel b
of Fig. S8 to S11). Furthermore, a distinctly lower ensemble o is observed in the Weddell Sea for the
winter SST data (Fig. S9b and S11b). On the model-to-model agreement between COSMOS and PMIP,
as with our sea ice simulations, we note higher alignment of our SST results with PMIP3 than with
PMIP4, particularly at our study sites. For the comparison with PMIP3, the SST at our study sites is well
outside the regions of model discord. In the case of PMIP4, agreement is larger for the winter season,
with no overlap of regions of disagreement at study site PS118_63-1 and either no or mild overlap with
study site PS67/219-1. Beyond the study site, similar to sea-ice cover, we notice greater model-to-
model disagreement for the 21 ka BP time slice compared to the Pl and 6 ka BP time slices. It is also
worth noting that the SST model-to-model discord is greater in regions not covered by sea ice. For
example, in Fig. S9, areas with particularly low PMIP3 ensemble g, such as the Weddell Sea, tend to
exhibit higher simulated winter sea-ice cover as seen in Fig. S5. Similarly, in Fig. S8, regions with
greater uncertainty in summer SST in the Weddell Sea correspond to smaller sea-ice cover (Fig. S4).

3.4.3 Evaluation of COSMOS in comparison to PMIP models

In our assessment of the degree of agreement between COSMOS and PMIP3 simulations based
on a 20 threshold criterion, we observe generally good model-to-model agreement for both sea-ice
cover and SST. The most significant discordance occurs close to, or north of, the sea ice border (15%
isoline; see panel c in Fig. S4 and S5, S8 and S9). Some slight disparity can be observed near our
study locations: core PS118_ 63-1 for spring/summer sea-ice cover at Pl (Fig. S4.3c), core PS67/219-
1 for both winter sea-ice cover at Pl (Fig. S5.3c) and for summer SST at 21 ka BP (Fig. S8.1c). However,
the study sites remain spatially distinct from regions where the model-to-model agreement falls outside
the 20 threshold criterion. The significantly large model-to-model dispatrity illustrated in the sea-ice cover
and SST plots for 21 ka BP can be linked to a denser and more extensive seasonal sea-ice cover
simulated by COSMOS compared to the PMIP3 ensemble (Fig. 5.4 in main paper, Fig. S4.1 and S5.1).
This expansiveness of sea ice simulated by COSMOS is consistently observed across simulations for
the Pl and 6 ka BP time slices. We note that Lunt et al. (2013) have demonstrated that COSMOS
exhibits a milder warm bias in the Southern Ocean compared to several other PMIP3-grade models.
This suggests that the larger sea-ice cover in COSMOS, relative to PMIP3, may indeed reflect a
strength of the COSMOS simulation rather than a weakness.

While a comparison of model biases of PMIP4/CMIP6 and of COSMOS with respect to
observations has not been explicitly made, CMIP6 models, on which PMIP4 is built, tend to show a
warm bias in the Southern Ocean (Luo et al., 2023). Our comparison of COSMOS and PMIP4 sea-ice
cover and SST simulation ensembles reveals a model-to-model disagreement that surpasses the
discord with PMIP3 (Fig. S6¢c and S7c, S10c and S11c). Just as for PMIP3, COSMOS generally predicts
a more expansive and denser sea-ice cover compared to PMIP4. Most significant differences between
COSMOS and PMIP4 are found between 50-60°S, and north of the sea ice border, with some variations
observed along coastal regions. Additionally, higher levels of model-to-model discordance are observed
at our study sites for PMIP4 than for PMIP3. Nevertheless, some level of agreement can still be
observed for specific study locations. For instance, there is agreement in core site PS118 63-1 for
winter sea-ice cover and winter SST (Fig. S7c and S11c), as well as at core site PS67/219-1 for winter
sea-ice cover and winter SST at 21 ka BP (S7.3c and S11.3c). In several cases of model-discord at



core sites, the latter are in spatial proximity to regions where COSMOS and PMIP4 agree well with each
other. We have shown that this COSMOS-to-PMIP4 contradictory outcome does not necessarily
indicate a deficiency in the COSMOS model. Beyond different stages of model development,
comparability of PMIP4 modeling protocols and boundary conditions to the PMIP3 framework, in which
COSMOS has been employed for this study, is rather limited.

Despite different time slices being referenced for the Last Interglacial by COSMOS and PMIP4
ensemble, we still undertake a model-to-model comparison of PMIP4’s 127 ka BP simulation against
those of COSMOS’s 128 and 125 ka BP simulations. The PMIP4 127 ka BP sea-ice cover shows better
agreement with the 125 ka BP time slice of COSMOS. While larger disagreement is observed for the
sea-ice cover simulated by COSMOS for 128 ka BP and for SST simulated by COSMOS at both 128
and 125 ka BP. COSMOS simulations for 125 and 128 ka BP are comparable to the PMIP4 127 ka BP
time slice only to a very limited extent, owing to different forcings, boundary conditions, and modeling
methodologies. Consequently, analysis of discrepancy between COSMOS and PMIP4 for the Last
Interglacial should be viewed as an attempt to align our findings with the ligl27k simulations available
to the community, but not as an endorsement of any conclusion regarding COSMOS’s skill in simulating
the Last Interglacial climate.
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Figure S4. The spring/summer (NDJFMA) sea-ice cover data simulated by PMIP3 models for three distinct time
slices: 1) 21 ka BP, 2) 6 ka BP and 3) Pre-industrial. The visuals include a) the PMIP3 ensemble mean, b) standard
deviation, g, and c) agreement (within 2o threshold) of the COSMOS and PMIP3 simulation results. Results that
deviate from the PMIP3 ensemble by more than 2o are highlighted by stippling. The red line in panels a and ¢
depicts the sea-ice extent — defined by the 15% isoline for sea ice coverage. Locations of marine sediment cores
are indicated with stars: PS118_63-1 (yellow) and PS67/219-1 (red).
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Figure S5. The winter (ASO) sea-ice cover data simulated by PMIP3 models for three distinct time slices: 1) 21 ka
BP, 2) 6 ka BP and 3) Pre-industrial. The visuals include a) the PMIP3 ensemble mean, b) standard deviation, o,
and c) agreement (within 2o threshold) of the COSMOS and PMIP3 simulation results. Results that deviate from
the PMIP3 ensemble by more than 2c are highlighted by stippling. The red line in panels a and c depicts the sea-
ice extent — defined by the 15% isoline for sea ice coverage. Locations of marine sediment cores are indicated with
stars: PS118_63-1 (yellow) and PS67/219-1 (red).
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Figure S6. The spring/summer (NDJFMA) sea-ice cover simulation from PMIP4 models for various time slices,
mainly 1) 127 ka BP, 2) 21 ka BP, 3) 6 ka BP and 4) Pre-industrial. The visuals include a) the PMIP4 ensemble
mean, b) standard deviation, o, and c¢) agreement (within 2o threshold) of the COSMOS and PMIP3 simulation
results. Results that deviate from the PMIP3 ensemble by more than 2c are highlighted by stippling. Red line in
panels a and c indicates the sea-ice extent — defined by the 15% isoline for sea ice coverage. Locations of
marine sediment cores are indicated with stars: PS118_63-1 (yellow) and PS67/219-1 (red).
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Figure S7. The winter (ASO) sea-ice cover simulation from PMIP4 models for various time slices, mainly 1) 127
ka BP, 2) 21 ka BP, 3) 6 ka BP and 4) Pre-industrial. The visuals include a) the PMIP4 ensemble mean, b)
standard deviation, o, and c) agreement (within 2o threshold) of the COSMOS and PMIP3 simulation results.
Results that deviate from the PMIP3 ensemble by more than 20 are highlighted by stippling. Red line in panels a
and c indicates the sea-ice extent — defined by the 15% isoline for sea ice coverage. Locations of marine
sediment cores are indicated with stars: PS118_63-1 (yellow) and PS67/219-1 (red).
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Figure S8. The summer (DJF) sea surface temperature simulated by PMIP3 models for three distinct time slices:
1) 21 ka BP, 2) 6 ka BP and 3) Pre-industrial. The visuals include a) the PMIP3 ensemble mean, b) standard
deviation, o, and c) agreement (within 2o threshold) of the COSMOS and PMIP3 simulation results. Results that
deviate from the PMIP3 ensemble by more than 2o are highlighted by stippling. Locations of marine sediment
cores are indicated with stars: PS118 63-1 (yellow) and PS67/219-1 (red).
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Figure S9. The winter (JJA) sea surface temperature simulated by PMIP3 models for three distinct time slices: 1)
21 ka BP, 2) 6 ka BP and 3) Pre-industrial. The visuals include a) the PMIP3 ensemble mean, b) standard
deviation, o, and c) agreement (within 2o threshold) of the COSMOS and PMIP3 simulation results. Results that
deviate from the PMIP3 ensemble by more than 2o are highlighted by stippling. Locations of marine sediment
cores are indicated with stars: PS118 63-1 (yellow) and PS67/219-1 (red).
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Figure S10. The summer (DJF) sea surface temperature simulation from PMIP4 models for various time slices,
mainly 1) 127 ka BP, 2) 21 ka BP, 3) 6 ka BP and 4) Pre-industrial. The visuals include a) the PMIP4 ensemble
mean, b) standard deviation, g, and c) agreement (within 2c threshold) of the COSMOS and PMIP3 simulation
results. Results that deviate from the PMIP3 ensemble by more than 2o are highlighted by stippling. Locations of
marine sediment cores are indicated with stars: PS118_63-1 (yellow) and PS67/219-1 (red).
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Figure S11. The winter (JJA) sea surface temperature simulation from PMIP4 models for various time slices, mainly
1) 127 ka BP, 2) 21 ka BP, 3) 6 ka BP and 4) Pre-industrial. The visuals include a) the PMIP4 ensemble mean, b)
standard deviation, o, and c¢) agreement (within 2o threshold) of the COSMOS and PMIP3 simulation results.
Results that deviate from the PMIP3 ensemble by more than 20 are highlighted by stippling. Locations of marine
sediment cores are indicated with stars: PS118_63-1 (yellow) and PS67/219-1 (red).



Table S3. Boundary conditions and model forcings for COSMOS simulations. We present: forcing values of eccentricity of the Earth's orbit (ecc), obliquity of the Earth’s rotation
axis (obld), longitude of the perihelion of the Earth‘s orbit (lonp); atmospheric concentrations of greenhouse gas species carbon dioxide (COz), methane, (CHa), nitrous oxide
(N20); where applicable, we provide references (ref) to employed paleogeography, orbital forcing, atmospheric greenhouse gas forcing, and to a previous study that provides
additional details and description for each specific simulation.

Orbital forcing Greenhouse gas forcing Paleography Preylously
. . published by
Simulation
ecc obld (°) Lonp (°) ref CO. CHa NzO ref reconstruction ref ref name
(ppm) (ppb) (ppb) in ref
Berger Crucifix et wei and
piControl 0.016724 | 23.4468 282.157 g 280 760 270 — — Lohmann CTL
(1978) al. (2005)
(2012)
Crucifix et .
Wei and
mh6ék 0.018682 | 24.1048 | 180.918 Berger 280 650 270 al. (2005) — — Lohmann | H6K
(1978) (as PMIP3 (2012)
6ka)
Braconnot Pé\/IIPB 21kta Braconnot
and raacrc:gno and
0.018994 Kageyama PMIP3 21ka Kageyama | Zhang et
lgm21k 22.949 114.42 (2015) and 185 350 200 I;%%esyamg (2015) and | al. (2013) LGMW
references ( f ) an references
therein references therein
therein
PMIP3 PMIP3
ligl25k 0.040013 23.798 127.14 125ka 275.938 | 640.417 | 263.084 125ka as piControl — this study —
Lunt et al. Lunt et al.
(2013) (2013)
PMIPS 128ka
lig128k 0.039017 24.131 79.65 Lunt etaal 275 709 512 Lunt et al. as piControl — this study —
(2013) (2013)
Berger et . —
pgm140k 0.032796 | 23.4138 253.244 al. (1978) 185 350 200 as Ilgm21k as Ilgm21k as Igm21k | this study




Table S4. Summary of the specific models (and their references; see remarks), variables, and data types utilize in
the COSMOS to PMIP comparison in this study. Unless otherwise noted, we employ realization rlilpl for

CMIP5/PMIP3 and rlilplfl for CMIP6/PMIP4.

Simulations

Variables

Climate models

Type of data

CMIP5/PMIP3 ensemble models

BCC-CSM1-11, CCSM4?, CNRM-CM53, CSIRO-Mk3-6-04,
CSIRO-MkK3L-1-25, EC-EARTH-2-2%, GISS-E2-R’,

CCSM4?, GISS-E2-R16, MIROC-ESM?9, MPI-ESM-P?,
MRI-CGCM3*?

_ Sic & tos HadGEM2-CC8, HadGEM2-ES?, IPSL-CM5A-LR?, MIROC-
piControl ESMZ, MPI-ESM-P*, MRI-CGCM3!2 monthly mean
sic only FGOALS-s2%3
tos only KCM1-2-214
BCC-CSM1-1%, CCSM42, CNRM-CM52, CSIRO-Mk3-6-0*,
sic & tos CSIRO-MK3L-1-2°, EC-EARTH-2-2%, FGOALS-s2%, GISS- |
mid- E2-R7, HadGEM2-CC8, HadGEM2-ES?, IPSL-CM5A-LR?, y
MPI-ESM-P1L15
Holocene
sic only MIROC-ESM1, MRI-CGCM312 climatological
monthly mean
tos only KCM1-2-214 monthly mean
CNRM-CM58, IPSL-CM5A-LR? monthly mean
lgm sic & tos

climatological
monthly mean

CMIP6/PMIP4 ensemble models

ACCESS-ESM1-5'7, AWI-ESM-1-1-LR8, CESM2?®,
CESM2-FV220, CESM2-WACCM-FV221, CNRM-CM6-122,
EC-Earth3-LR?, FGOALS-g3%, HadGEM3-GC31-LL?,

piControl SIConC &10S | |\M-CM4-8%, IPSL-CMBA-LR?, MIROC-ES2L?, MPI- monthly mean
ESM1-2-LR?, MRI-ESM2-0%°, NESM331, NorESM1-F%?,
NorESM2-LM33
tos only FGOALS-f3-L3* and GISS-E2-1-G%
ACCESS-ESM1-5%, CESM2%7, EC-Earth3-LR3%, FGOALS-
mid- siconc & tos f3-L3%, FGOALS-g3%°, INM-CM4-8%%, IPSL-CM6BA-LR*?,
Holocene MIROC-ES2L*, MPI-ESM1-2-LR*, MRI-ESM2-0%, monthly mean
NESM346, NorESM1-F*7, NorESM2-LM*8
tos only GISS-E2-1-G* and HadGEM3-GC31-LL®°
siconc & tos AWI-ESM-1-1-LR%!, MIROC-ES2L%?, MPI-ESM1-2-LR%3
lgm monthly mean
tos only INM-CM4-854
ACCESS-ESM1-5%, AWI-ESM-1-1-LR%¢, CESM257, CNRM-
siconc & tos | CM6-15%8, EC-Earth3-LR5%°, FGOALS-g3%, IPSL-CM6A-
) LR®1, NESM362, NorESM1-F%, NorESM2-LM®%*
ligl27k monthly mean
siconc only FGOALS-f3-L%, MIROC-ES2L5¢
tos only HadGEM3-GC31-LL5"
Remarks:

!Beijing Climate Center (BCC), China Meteorological Administration, China
2National Center for Atmospheric Research (NCAR), United States of America

SCentre National de Recherches Météorologiques/Centre Européen de Recherche et Formation Avancées en Calcul Scientifique

(CNRM/CERFACS), France

4Commonwealth Scientific and Industrial Research Organization (CSIRO), Queensland Climate Change Centre of Excellence (QCCCE), Australia

SUniversity of New South Wales (UNSW), Australia
SEC-EARTH consortium
"NASA Goddard Institute for Space Studies, United States of America
8Met Office Hadley Centre, United Kingdom

9Institut Pierre-Simon Laplace, France




10Japan Agency for Marine-Earth Science and Technology (JAMSTEC), Atmosphere and Ocean Research Institute (AORI, The University of
Tokyo), National Institute for Environmental Studies (NIES), Japan

1Max Planck Institute for Meteorology (MPI-M), Germany

2Meteorological Research Institute (MRI), Japan

Bnstitute of Atmospheric Physics (IAP), Chinese Academy of Sciences (CAS), China

MGEOMAR Helmholtz Center for Ocean Research (GEOMAR), Christian-Albrechts University of Kiel (CAU), Germany

15For the CMIP5/PMIP3 midHolocene simulation, MPI-ESM-P provides only the variable tos as monthly mean model output, while the variable
sic has been derived from monthly climatological mean available through ESGF.

BNASA Goddard Institute for Space Studies, United States of America; r1ilp150 used

17Ziehn et al. (2019)

8Danek et al. (2020)

19Danabasoglu et al. (2019)

2°Danabasoglu (2019a)

2Danabasoglu (2019b)

22\/oldoire (2018)

ZEC-Earth Consortium (2019)

241 (2019)

Ridley et al. (2018)

26\/olodin et al. (2019a)

2’Boucher et al. (2018a)

2Hajima et al. (2019); rlilp1f2 used

2\Wieners et al. (2019)

30yukimoto et al. (2019a)

3Cao and Wang (2019)

32Guo et al. (2019a)

3geland et al. (2019)

3yy (2019)

35Nasa Goddard Institute for Space Studies (2018)

36Brown et al. (2021)

$’Danabasoglu (2019¢c)

38EC-Earth Consortium (2020a)

39Zheng and He (2019a)

49Zheng and Dong (2019a)

“V/olodin et al. (2019b)

“2Boucher et al. (2018b); r1i2p1fl used

430Ohgaito et al. (2019a); rlilplf2 used

44Jungclaus et al. (2019a)

4SYukimoto et al. (2019b)

46Cao (2019a)

4'Guo et al. (2019b)

46Zhang et al. (2019a)

“*Nasa Goddard Institute for Space Studies (2019)

SOwilliams et al. (2021a)

Sighj et al. (2020a)

520hgaito et al. (2019b); rlilp1f2 used

53Jungclaus et al. (2019b)

54Volodin et al. (2019c)

55Yeung et al. (2019)

S5Shi et al. (2020b)

5’Danabasoglu (2019d)

58\Voldoire (2020); rlilp1f2 used

S9Earth Consortium (2020b)

80zZheng and Dong (2019b)

81Boucher et al. (2018c)

62Cao (2019b)

83Guo et al. (2019c)

64Zhang et al. (2019b)

85Zheng and He (2019b)

560'ishi et al. (2019); rlilplf2 used

S7Williams et al. (2021b)



Table S5. This table summarizes the simulated data from (a) CMIP5 and (b) CMIP6 frameworks available on the
ESGF. Simulations are grouped, in columns, by the studied time slices used in this work, with the CMIP and PMIP
simulation names given in brackets where such simulations are available. This table illustrates sparseness of
coverage relevant to our study by ensembles from the community. Models with at least one relevant dataset are
highlighted in green. In our analysis we only considered models that provide data for at least one additional time
slice beyond PI. Note that relevant simulations and variables may not necessarily overlap, and that lengths of
available time series differ between models. In cases where only one specific variable (i.e., sea surface temperature
or sea-ice cover only) is available, this is indicated in the table (e.g., “sic only” for availability of variable sic and
unavailability of variable tos). Data from models that were unavailable due to prolonged server downtime are
marked in orange. Please refer to the remarks for further information on data availability. Data accessed from
ESGF (https://esgf-data.dkrz.de/search/cmip6-dkrz/; https://esgf-data.dkrz.de/search/esgf-dkrz/; accessed 39 of
April, 2024).

a) Simulations related to CMIP5 and PMIP3

Pl 6 ka BP 21 kaBP 125 ka
(piControl) (midHolocene) (Igm) BP BP BP

ACCESS1.0

ACCESS1.3

BCC-CsSM1.1

CCsm4

CMCC-CESM

CMCC-CM

CMCC-CMS

CNRM-CM5

CNRM-CM5-2

CSIRO-Mk3.6.0

CSIRO-Mk3L-1-2

CanESM2

EC-EARTH

EC-EARTH-2-2

FGOALS-g2

FGOALS-s2

GISS-E2-H

GISS-E2-H-CC

GISS-E2-R

GISS-E2-R-CC

HadCM3

HadGEM2-AO

HadGEM2-CC

HadGEM2-ES

INM-CM4

IPSL-CM5A-LR

IPSL-CM5A-MR

IPSL-CM5B-LR

KCM1-2-2

MIROC-ESM

MIROC-ESM-CHEM

MIROC4h

MIROCS

MPI-ESM-LR

MPI-ESM-MR

MPI-ESM-P

MRI-CGCM3

NorESM1-M

NorESM1-ME

bcer becm2 0

cccmacgem3 1

cccmacgem3 1163




a) Simulations related to CMIP5 and PMIP3 (cont.)

Pl 6 ka BP 21 kaBP 125 ka 127 kaBP 128 ka | 140 ka
(piControl) (midHolocene) (Igm) BP (lig127k) BP BP

cnrm cm3

csiro mk3 0

csiro mk35

gfdlcm2 0

gfdlcm21

giss aom

giss model eh

giss model er

iap fgoals10g

ingv echam4

inmcm3 0

ipsl cm4

miroc3 2 hires

miroc3 2 medres

miub echo g

mri cgcm2 3 2a

ncar ccsm30

ncar pcml

ukmo hadcm3

ukmo hadgem1

b) Simulations related to CMIP6 and PMIP4

PI 6 ka BP 21 kaBP 125 ka 127 kaBP 128 ka | 140 ka
(piControl) (midHolocene) (lgm) (lig127k)

ACCESS-CM2

ACCESS-ESM1-5

AWI-CM-1-1-MR

AWI-ESM-1-1-LR

BCC-CSM2-MR

BCC-ESM1

CAMS-CSM1-0

CAS-ESM2-0

CESM2

CESM2-FV2

CESM2-WACCM

CESM2-WACCM-FV2

CIESM

CMCC-CM2-SR5

CMCC-ESM2

CNRM-CM6-1

CNRM-CM6-1-HR

CNRM-ESM2-1

CanESM5

CanESM5-1

CanESM5-CanOE

E3SM-1-0

E3SM-1-1

E3SM-1-1-ECA

E3SM-2-0

E3SM-2-0-NARRM

EC-Earth3

EC-Earth3-AerChem

EC-Earth3-CC

EC-Earth3-LR

EC-Earth3-Veg

EC-Earth3-Veg-LR




b) Simulations related to CMIP6 and PMIP4 (cont.)

Pl 6 ka BP 21 kaBP 125 ka 127 kaBP 128 ka | 140 ka
(piControl) (midHolocene) (Igm) BP (lig127k) BP BP

FGOALS-f3-L

FGOALS-g3

FIO-ESM-2-0

GFDL-ESM4

GISS-E2-1-G

GISS-E2-1-H

GISS-E2-2-G

GISS-E2-2-H

HadGEM3-GC31-LL

HadGEM3-GC31-MM

ICON-ESM-LR

IITM-ESM

INM-CM4-8

INM-CM5-0

IPSL-CM5A2-INCA

IPSL-CM6A-LR

IPSL-CM6A-MR1

KIOST-ESM

MCM-UA-1-0

MIROC-ES2H

MIROC-ES2L

MIROC6

MPI-ESM-1-2-HAM

MPI-ESM1-2-HR

MPI-ESM1-2-LR

MRI-ESM2-0

NESM3

NorCPM1

NorESM1-F

NorESM2-LM

NorESM2-MM

SAMO-UNICON

TalESM1

UKESM1-0-LL

UKESM1-1-LL

Remarks:

1 For simulation piControl, model FGOALS-s2 provides both variables tos and sic; yet, data for variable tos has not been accessible via ESGF
due to unavailability of data node esg.lasg.ac.cn that, at the time of data access, provides the only copy of that data.

2For simulation piControl, model KCM1-2-2 only provides via ESGF data for variable tos, but not for variable sic.

3For simulation midHolocene, model KCM1-2-2 only provides via ESGF data for variable tos, but not for variable sic.

“For simulation Igm, model CESM-FV2 provides both variables tos and sic; yet, for both variables data has not been accessible via ESGF due to
unavailability of data nodes esgf-data.ucar.edu and esgf-datal.linl.gov that, at the time of data access, provide the only copy of that data.

5For simulation Igm, model CESM-WACCM-FV2 provides both variables tos and sic; yet, for both variables data has not been accessible via
ESGF due to unavailability of data nodes esgf-data.ucar.edu and esgf-datal.linl.gov that, at the time of data access, provide the only copy of
that data.

SFor simulation piControl, model FGOALS-f3-L only provides via ESGF data for variable tos, but not for variable siconc.

For simulation lig127k, model FGOALS-f3-L provides both variables tos and siconc; yet, data for variable tos has not been accessible via ESGF
due to unavailability of data nodes esg.lasg.ac.cn and esgf-datal.linl.gov that, at the time of data access, provide the only copy of that data.

8For simulation piControl, model GISS-E2-1-G only provides via ESGF data for variable tos, but not for variable siconc.

9For simulation midHolocene, model GISS-E2-1-G only provides via ESGF data for variable tos, but not for variable siconc.

19For simulation lig127k, model GISS-E2-1-G provides both variables tos and siconc; yet, for both variables data has not been accessible via
ESGF due to unavailability of data nodes esgf-datal.linl.gov, dpesgf03.nccs.nasa.gov, and esgf-data0O4.diasjp.net that, at the time of data
access, provide the only copy of that data.

LFor simulation midHolocene, model HadGEM3-GC31-LL only provides via ESGF data for variable tos, but not for variable siconc.

2For simulation lig127k, model HadGEM3-GC31-LL only provides via ESGF data for variable tos, but not for variable siconc.

3For simulation Igm, model INM-CM4-8 only provides via ESGF data for variable tos, but not for variable siconc.

14For simulation lig127k, model MIROC-ES2L provides both variables tos and siconc; yet, data for variable tos has not been accessible via ESGF
due to unavailability of data nodes esgf-data02.diasjp.net and esgf-datal.linl.gov that, at the time of data access, provide the only copy of that
data.




S4: Productivity signals

The concentration of total isoprenoid glycerol dialkyl glycerol tetraether lipids (isoGDGTSs) and
hydroxylated (OH)-GDGTs, synthetized from marine archaea (Schouten et al., 2013), varies between
1.36-358.32 pg/g OC and 0.01-105.71 pg/g OC, respectively (Fig. S4d). The concentration of total
branched GDGTSs (brGDGTSs), mainly derived from terrestrial bacteria or eukaryotes in soils and peats
(Hopmans et al., 2004), ranges between 0.11 and 7.34 ug/g OC (Fig. S4e). Lastly, the concentration of
phytosterols fluctuates between 0-54.28 pg/g OC (Brassicasterol) and 0-8.51 pug/g OC (Dinosterol; Fig.
S4f). The opal (bSiO2) and brassicasterol profiles (Fig. S4b and f), often used as diatom productivity
indicators, exhibit contrasting trends, especially between 140-110 ka BP. This discrepancy likely arises
from the limited presence of brassicasterol-producing diatoms in the area, further affected by
preferential growth conditions and preservation effects. As a result, the brassicasterol-producing

diatoms signal is consistently attenuated within the overall opal signal (Badejo et al., 2017; Cavagna et
al., 2013).
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Figure S12. Plots of organic matter signals from core PS118_63-1: a) TOC, b) biogenic opal, c) HBI-based
phytoplankton, d) total isoprenoid-GDGT and total hydroxylated-GDGT, e) total branched-GDGT and f)
phytosterols. Shaded intervals indicate Termination 1 and Termination II, respectively.



S5: TEXss--derived subsurface ocean temperature and GDGT-related indices

The TEXss--derived subsurface ocean temperature (OT; Fig. S5a) shows a temperature range
between -2.6 and 1.0°C at the core site. However, a review of the GDGT-related indices (Fig. S5b-e)
provide strong evidence of factors that result in biasness in our TEXsge--based temperature
reconstruction, especially during MIS 2-4, 5d and 6. For example, an isoGDGT-[2]/[3] ratio greater than
five indicates contribution from deep-dwelling archaea (>1000 m water depth), which are regulated by
processes different than that of their surface water counterparts (Kim et al., 2015; Taylor et al., 2013).
A higher abundance of isoGDGT-O0 relative to crenarchaeol (%isoGDGT-0 value > 67%) also suggests
a methanogenic source for the isoGDGT-0 (Inglis et al., 2015). Lastly, values of ARI and BIT indices
that are higher than 0.3, imply inputs from potential nonthermal influences and/or terrestrial origin,
respectively (Fietz et al., 2016; Park, 2019; Weijers et al., 2006; Zhang et al., 2016).
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Figure S13. Records of a) TEXss--derived ocean temperature and respective isoGDGT-related indices: b)
isoGDGT [2]/[3], ¢) %isoGDGT-0, d) delta ring index and e) BIT for core PS118_63-1. Intervals with strong non-
thermal influences are highlighted in red on the various index curves: isoGDGT [2]/[3] > 5.0, %isoGDGT-0 > 67%,
ARl and BIT > 0.3.
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