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Abstract. The Marine Isotope Stage (MIS) 9e, occurring approximately from 335 to 320 ka, represents an important period
for studying the dynamics of Earth's climate. Interest in studying this interglacial period stems from the fact that it is
associated with the highest atmospheric CO2 concentrations over the last 800 ka (excluding anthropogenic CO2 emissions).
Numerous reconstructions of sea surface temperatures (SST) cover this time interval, yet synthesizing them into consistent

15 regional- and global-scale climate signals is challenging because they are scattered across the globe and based on
heterogeneous chronological frameworks. In this study, we present the first spatio-temporal SST synthesis over the interval
350 to 300 ka, covering this interglacial period and its preceding deglaciation (Termination IV, ~350 to ~335 ka). We
include 98 high-resolution SST reconstructions and we establish a common temporal framework between the selected
marine records, based on the latest reference ice core chronology (AICC2023). We also homogenize the proxy-calibration

20 strategy by applying a single method for each proxy. Chronological and calibration uncertainties are quantified using
Bayesian and Monte Carlo procedures. Finally, through a Monte Carlo approach, we generate global- and regional-scale SST
stacks relative to Pre-Industrial Era over Termination IV and MIS 9.
We highlight significant differences in terms of temporal variability, amplitude, and timing of changes in the SST records
across the globe over the studied time interval. While the patterns of SST changes are homogeneous at basin-scale,

25 heterogeneous interglacial SST peaks are observed across ocean basins. The interglacial surface temperature peaks in extra-
tropic basins are similar to or warmer than the pre-industrial period (PI), while intra-tropic areas appear to be colder relative
to PI during interglacial optimum. In addition, the timing in interglacial surface temperature peaks differ across the different
regions. These regional temperature variations suggest that atmospheric and oceanic dynamics played a greater role than
global radiative forcing in shaping the MIS 9e climate. The heterogeneous timing of changes across the different regions

30 contribute to a smoothed global-scale response in terms of both timing and amplitude. Consequently, we find that at a global
scale MIS 9e SST was as warm as the PI (~ -0.1°C ± 0.2 °C). Converted into surface air temperatures (~ -0.3°C ± 0.3 °C),
this estimate agrees within the uncertainty range with previous studies based on a smaller number of records with lower
temporal resolution. We also compare our results on MIS 9e and Termination IV with published SST syntheses covering
more recent interglacial periods (MIS 5e and Holocene) and deglacial periods (Termination I and II). We find that the global

35 deglacial surface air warming during Termination IV is similar in amplitude (~5.7 °C) to that observed during Terminations I
and II. Finally, a comparison of deglacial warming rates for these three terminations to the warming trend of the last 60 years
emphasizes that the rapidity of modern climate change is unprecedented within the context of these past deglaciations.
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1 Introduction
40 Past interglacials represent the warm periods of the Quaternary, sometimes exhibiting conditions as warm or

warmer conditions than during the pre-industrial (PI, Past Interglacials Working Group of PAGES, 2016). Therefore,
studying these intervals is helpful to better understand the interactions between the different components of the climate
system in a range of temperature comparable to projected future changes (Capron et al., 2019). While the global or regional
temperature variability is well constrained for the most recent interglacials such as the Holocene (11 - 0 ka; 1 ka = 1000

45 years; e.g. Shakun et al., 2012; Osman et al., 2021) or the Last InterGlacial (LIG, 129 - 116 ka; e.g. Capron et al., 2014,
2017; Hoffman et al., 2017), multi-millennial-scale global temperature changes for older interglacial periods are not
available. Particularly, the Marine Isotopic Stage (MIS) 9e (335 to 320 ka) stands out as one of the warmest interglacial of
the last 800 ka (Past Interglacials Working Group of PAGES, 2016). It is characterized by the highest atmospheric CO2
(300.4 ppm) and CH4 (818 ppb) concentrations levels as recorded in the EPICA Dome C over the last 800 ka (Bereiter et al.,

50 2015; Loulergue et al., 2008; Nehrbass-Ahles et al., 2020). Relative Sea Level (RSL) estimates for MIS 9e remain poorly
constrained, with values ranging from -10 ± 13 m, estimated with a Red Sea record based on a d18O record (Grant et al.,
2014), to -1 ± 23 m from global d18O benthic foraminifera records (Spratt and Lisiecki, 2016). Other discrete RSL data based
on coral estimate a range from -20 to -3 m (Medina-Elizalde, 2013). Additionally, Termination IV (T-IV), the deglaciation
preceding MIS 9e, is marked by an exceptionally rapid sea-level rise (~4.9 m per 100 years compared to a rise of less than 3

55 m per 100 years for T-I and T-II), the highest of the last 500 ka (Grant et al., 2014). These factors make MIS 9e and T-IV a
relevant time interval for studying climate responses to naturally high GreenHouse Gases (GHG) concentrations and rapid
sea-level rise.

Despite this relevance, our understanding of global or regional temperatures during MIS 9e and T-IV still relies
mostly on reconstructions derived from long-term temperature stacks (e.g. Shakun et al., 2015; Snyder, 2016; Friedrich et al.,

60 2016; Clark et al., 2024). For instance, Shakun et al. (2015), compiling 49 SST records over the past 800 ka, estimate that the
global surface ocean temperature during the MIS 9e peak was slightly warmer (~1.8°C) than the late Holocene, with a deep
ocean temperature ~2°C warmer than Holocene values (the warmest interglacial peak over the last 800 ka). Similar estimate
of the Mean Ocean Temperature (MOT) at MIS 9e was derived from the noble gas composition of the air trapped in the
EPICA Dome C ice core (Haeberli et al., 2021). More recent estimates of global surface temperature indicate a MIS 9e peak

65 close to PI conditions, with estimates of 0.4 ± 2.2 (2s; Snyder, 2016), 0.1 ± 0.6 (s; Clark et al., 2024) or ~ -0.5 ± ~2 °C (s;
Friedrich et al., 2016) compared to the PI. However, all these global surface temperature reconstructions are based on a
relatively small number of records (~20–35 records) and most of them have low temporal resolution. Also, they often rely
on imprecise chronologies derived from alignments of the benthic δ18O record at a given site to the LR04 benthic d18O stack
(Lisiecki and Raymo, 2005) which was dated through orbital tuning and is associated with relatively large absolute age

70 uncertainties (± 4 ka). Also, focusing on the time interval covering MIS 9 and Termination IV only, more high-resolution
surface temperature records are available than those included in the compilations covering longer time-scales. However,
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those paleoclimatic records have been dated using various climatic alignment strategies. Those limitations related to the
construction of the paleorecord chronologies (discussed in length in Govin et al., 2015) prevents the investigation of the
spatio-temporal structure of surface temperature changes at multi-millennial-scale over MIS 9e and the preceeding

75 Termination IV.
Beyond chronological uncertainties, the variety of SST proxies and the improvement in proxy-calibrations over

decades challenge a direct comparison between published records. The existing SST reconstructions covering the MIS 9e
have been produced using a wide range of proxies (see Table S1), each with distinct characteristics and temperature
sensitivities. The alkenone unsaturation index (𝑈𝐾′

37 ) is based on the relative unsaturation of long-chain (C37) alkenones,
80 which decreases with increasing temperature (Prahl et al., 1988). It typically reflects annual SST, but may capture seasonal

temperatures at high latitudes (~45°N) or in semi-enclosed basins such as the Mediterranean (Tierney and Tingley, 2018).
The Modern Analogue Technique (MAT) estimates SST by comparing fossil planktic assemblages (e.g. foraminifera,
radiolarians) with modern datasets using a transfer function, identifying the closest analogues based on species compositions
(e.g. Ruddiman et al., 1989). MAT generally reflects seasonal SST. The magnesium-to-calcium (Mg/Ca) ratio of planktic

85 foraminifera reflects a nonlinear increase in magnesium incorporation into calcite shells with rising temperature (Oomori et
al., 1987). While often associated with mean annual SST, it may reflect seasonal conditions depending on the foraminifera
species and the site’s latitude (Tierney et al., 2019). The d18O from planktic foraminifera (d18Op) is affected by both
temperature and the isotopic composition of seawater (d18Osw) at the time of calcification. Although calibration is complex
due to varying relationships derived from culture and plankton tow studies, recent Bayesian approaches (Malevich et al.,

90 2019) allow for SST estimates that incorporate uncertainties in d18Osw and can reflect either annual or seasonal SST,
depending on species and calcification latitude (Malevich et al., 2019). The 𝑇𝐸𝑋86 (TetraEther indeX of 86 carbons) proxy is
based on the relative distribution of archaeal glycerol dibiphytanyl glycerol tetraether (CDGT) lipids produced by marine
archaea (Schouten et al 2002). It can estimate SST through a temperature-dependent change in ring structures, but often
reflects subsurface conditions (e.g. Schouten et al 2002; Lopes Dos Santos et al., 2010; Tierney & Tingley, 2014; Rouyer-

95 Denimal et al., 2023), limiting its comparison with surface-based SST reconstructions. Recent improvements in proxy-
calibrations (e.g. Tierney and Tingley, 2014, 2018; Malevich et al., 2019; Tierney et al., 2019) have shown substantial
differences compared to earlier methods. For example, Mg/Ca-derived SST can vary by several degrees depending on the
cleaning method or pH correction used (Gray and Evans, 2019). These discrepancies highlight the need to recompute
existing SST records with harmonized and updated calibration tools to enable consistent comparisons.

100 To summarize, the lack of temporal precision combined with the low number and resolution of aligned records from
the existing SST syntheses of MIS 9e currently prevents a detailed description of multi-millennial-scale spatio-temporal
climate changes and limits the exploration of the mechanisms involved, such as previously done for younger intervals (e.g.
Shakun et al., 2012; Stone et al., 2016; Hoffman et al., 2017; Osman et al., 2021; Gao et al., 2024). In this study, we present
a new high-resolution SST synthesis covering MIS 10, T-IV and MIS 9 (300–350 ka) based on 98 high-resolution (<4 ka)
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105 records. To maximize spatial and temporal coverage, we include both annual and seasonal SST records, while primarily
interpreting the results in terms of annual mean temperatures. To ensure accuracy, we revise both the SST calibrations and
chronologies associated with the compiled paleoclimatic records. By applying a Monte-Carlo approach, we generate global-,
hemispheric- and basin-scale annual SST stacks over the studied period, accounting for uncertainties originated both from
the SST calibrations and the dating. Hence, we describe for the first time at multi-millennial scale the regional and global

110 SST changes over MIS 10, T-IV and MIS 9, and we investigate their link to external and internal forcing.

2 Methods
2.1 SST selection

We reanalyze 98 published SST records (Fig. 1B; Table S1) from marine sediment cores, corresponding to those
retained after applying our selection criteria, to reconstruct both regional and global SST changes. A total of 77 records

115 reflect the mean annual SST and 21 reflect seasonal SST (Table S1). Following Hoffman et al. (2017), a selection criterion
of a published mean resolution of < 4,000 years was applied to exclude very low-resolution records. As a result, the average
temporal resolution is ~1,700 years. We decided to include SST inferred from different SST proxies. Indeed, with the
assumption that all reconstructed proxy-based SST values are slightly different from the real SST, mixing different SST
tracers may provide a SST estimate that is less biased than if a single type of proxy is favoured. Hence, we include four

120 proxies in this synthesis: 𝑈𝐾′
37 , MAT, Mg/Ca and d18Op. Because the 𝑇𝐸𝑋𝐻

86 is most often associated with sub-surface
temperature (e.g. Rouyer-Denimal et al., 2023) and the high-resolution records are sparse, we decide to not include this
proxy in this synthesis.
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Figure 1: Location and latitudinal distributions of annual SST records. (A) Cumulative number of records per 5° latitudinal bin. (B)125 World map with the different types of proxies and their location. Proxies are 𝑈𝐾′
37 (yellow), d18Op (purple), Mg/Ca ratio (pink) and MAT(dark red) for seasonal (diamonds) and annual (circles) SSTs.

2.2 SST calibrations
Based on recent advances in SST calibrations, we recalibrate the original data using a Bayesian approach which

better represents the uncertainties associated with each proxy’s specificities. This approach was previously applied in SST
130 syntheses for the recent period of time (24 to 0 ka, Osman et al., 2021; 21 to 18 ka, Tierney et al., 2020).

To calibrate the 𝑈𝐾′
37 data (23 records), we used the BAYSPLINE Matlab package (Tierney and Tingley, 2018).

Slope attenuation is an important feature in high-temperature areas, where the 𝑈𝐾′
37 data saturate near a value of 1. Therefore,

the BAYSPLINE Bayesian tool takes these features into account to produce more realistic SST reconstructions. The
algorithm first calculates the SST on the basis of the Prahl et al. (1988) calibration to define the prior mean. Following

135 Osman et al. (2021), we applied a prior standard deviation of 5°C. The BAYSPLINE package then produced a 𝛮 × 1000 𝑈𝐾′
37

matrix of SST possibilities for each age Ν.
The Mg/Ca calibrations (17 records) were done with the BAYMAG Matlab package (Tierney et al., 2019). Since

Mg/Ca is a complex paleo-thermometer due to its sensitivity to multiple environmental factors such as the calcite saturation
state (Ω), salinity, or seawater pH, the original calibration between Mg/Ca value and temperature (e.g., Anand et al., 2003) is

140 outdated. A key advantage of using the BAYMAG calibration is that all environmental sensitivities (if known) are included
in the Bayesian model, avoiding the need for pre-correction of the Mg/Ca data. In this study, the prior mean is automatically
defined by the model as the mean SST from an initial calibration with Anand’s model (Anand et al., 2003). Following
Osman et al. (2021), we applied a prior standard deviation of 6°C. The pH and salinity estimates were based on a modified
function from Gray & Evans (2019), using the benthic d18O stack LR04 (Lisiecki and Raymo, 2005) as sea-level change

145 reference. The modern calcite saturation state (Ω), pH, salinity, and temperature values were defined using two functions
inherent to the BAYMAG package. The sample cleaning technique and the foraminifera species used for Mg/Ca
measurements were defined based on published information. Once all the prior information was defined, we ran the
BAYMAG model. This model produces an 𝛮 × 2000 matrix of Mg/Ca SST possibilities for each age 𝛮, then randomly
subsampled to produce a smaller matrix with dimensions of about 𝛮 × 1000 to be in line with the other proxies.

150 The d18Op calibrations (37 records) were carried out with the BAYFOX Matlab package (Malevich et al., 2019).
This package includes hierarchical models for annual, seasonal, and/or species-specific calibrations. Since we did not have
sea water d18O (hereafter called d18Osw) estimates during the MIS 9 for all sites, we used the modern d18Osw from Breitkreuz
et al. (2018) to run these calibrations. A simple ice volume correction following Malevich et al. (2019) was applied before
calibration, using the benthic d18O stack LR04 (Lisiecki and Raymo, 2005) as a reference for global ice-volume changes.

155 Finally, the prior mean was estimated either using other published SST records from the same core (published mean) if
available, or using the Pre-Industrial (PI; 1870-1889) SST from HadISST (Rayner et al., 2003) as the prior mean. A fixed
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prior standard deviation of 10°C was applied as done in Osman et al. (2021). The ensemble of probable SSTs derived from
d18Op is a 𝛮 × 1000 matrix.

To our knowledge, no Bayesian approach has been developed for MAT calibrations. Most of the time, the
160 distribution of foraminifera species is not published and only the derived SST record is available. Therefore, to propagate the

uncertainties of MAT data (21 records), we conducted a Monte-Carlo analysis, randomly creating 1000 data points for each
data point, following a normal distribution 𝛮 𝜇,𝜎 . If this error (σ) was not published in the original publications, we
estimated it as the standard deviation of the SST record over the period 300-350 ka. After 1000 realizations for each SST
data point, the ensemble of MAT data also forms a 𝛮 × 1000 matrix.

165 For each proxy, the SST type (seasonal or annual) is defined based on the recommendation of the original studies or inferred
from the calibration specifications. As a result, this synthesis comprises 74 records of annual SSTs and 20 records of
seasonal SSTs.
2.3 Anomaly from the pre-industrial period

In existing SST syntheses, the SST records are commonly transferred into “anomaly” compared to a reference (e.g.
170 Capron et al., 2014; Snyder, 2016 Hoffman et al., 2017; Tierney et al., 2020; Osman et al., 2021; Clark et al., 2024). In this

study, we define the SST anomaly from the PI period. Since core-tops are rarely well preserved in our SST records and to
harmonize the creation of anomalies, we defined the PI-SST (1870 to 1899 CE as used in Capron et al., 2017) by forward
modelling (with the Bayesian calibrations previously described) the SST from the HadISST database (Rayner et al., 2003).
This step gives 1 × 1000 probable proxy-values derived from the SST database. We then converted our modelled proxy-value

175 (median value) in a 1 × 1000 ensemble of PI SST. For MAT reconstructions, an ensemble of 1 × 1000 probable PI SST values
is generated from a normal distribution using the mean SST and standard deviation derived from the HadISST database
(Rayner et al., 2003). This approach allows a better estimate of the proxy-SST value, which can differ from the HadISST
database (Rayner et al., 2003). The same process was applied to seasonal proxies, taking only the corresponding monthly
mean SST from the HadISST database. However, we are aware of the limitation of this PI reference and discrepancies

180 between model ensembles and the HadISST database can exist, especially in the Southern Ocean (Gao et al., 2024). The
anomaly from the PI is defined, for each record, by sorting the Νth ensemble of SSTs (1000 values) from least to greatest and
subtracting the PI (also sorted from least to greatest).
2.4 Chronologies

In this study, we harmonize the chronologies across all marine sediment records. Due to the inability to constrain
185 the age model with radiocarbon dates, as for the syntheses covering the most recent periods (Tierney et al., 2020; Osman et

al., 2021; Gray et al., 2023), the revision of original chronologies for periods older than ~50 ka must rely on alternative
strategies (Govin et al., 2012; Capron et al., 2014; Hoffman et al., 2017). For records located in high latitude areas (i.e., >
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40° North or South), Govin et al. (2012) demonstrated that SST can be directly aligned with surface air temperature (SAT)
records over Antarctica or Greenland for the last interglacial (LIG). For the same period, Hoffman et al. (2017) produced a

190 new SST synthesis by aligning the benthic foraminifera δ18O records to “basin references”, which themselves had revised
chronologies based on the alignment of SST changes to ice-core SAT variations.

In this study, a similar approach was used. As for the Govin et al. (2012) study, we first (step 1; Fig. 2) align the
SST of four “basin reference records” from high latitudes to ice-core SAT with “AnalySeries” software (Paillard et al.,
1996). All “basin references” (Table S1) contain published high-resolution SST reconstructions and benthic δ18O records.

195 Since no direct reconstructed SAT are available for Greenland from deep ice cores beyond ~130 ka, we propose to use the
Greenland synthetic curve of temperature (GLT_syn, Barker et al., 2011). This curve is produced based on the millennial and
long-term signal of Antarctica temperature records, with a 2 ka shift in order to account for the effects of the “bipolar
seesaw” observed between Greenland and Antarctic ice core records over the last glacial period (see Barker et al., 2011). In
Capron et al. (2014), the CH4 record was proposed as an indirect tracer for Greenland climate. Comparisons of the GLT_syn

200 to the CH4 record (Loulergue et al., 2008) indicates similarities at the first order, but also some discrepancies at millennial
time-scales (Fig. S1). These millennial-scale differences are at least partly associated with the fact that, on one side the
terrestrial biosphere response to hydroclimatic changes in lower latitudes may affect the CH4 concentrations, and on the
other side that the GLT_syn is not strictly an indicator of past Greenland temperature as illustrated with the differences
observed when compared to the water isotope record from Greenland NEEM ice core over the LIG (Govin et al., 2015).

205 With those different biases in mind, we propose to use the GLT_syn as reference of northern high latitude temperatures, as
this strategy has been already used to align marine records to ice core chronologies on older timescales (e.g. Barker et al.,
2015; Hodell et al., 2015, 2023).

The first step thus consists in the alignment of the millennial-scale variations of SST of high latitude sites (the basin
references; Table S1) to those of the Greenland synthetic temperature curve (Barker et al., 2011) and reconstructed SAT

210 from the δD of EPICA Dome C (EDC, Jouzel et al., 2007), both on the most recent ice-core chronology AICC2023 (Bouchet
et al., 2023). Four “basin references” were defined, based on their high-resolution and the ability to align those records to
reference records (i.e. ice-core records are synthetic curve). For the U1429 site (Northwest Pacific reference; Table S1), we
aligned the variation of the δ18Onotched (i.e. δ18O of planktic foraminifera after removing the eccentricity- and obliquity-band
variance; Clemens et al., 2018) of planktic foraminifera G. ruber, a proxy of the East Asian monsoon, to the δ18Ocalcite stack

215 (Cheng et al., 2016) from Sanbao cave. This δ18Ocalcite record was previously scaled to the AICC2023 chronology by simple
linear interpolation using the tie-points defined by Bouchet et al. (2023). Once “tie-points” were defined (Fig. S2), we
visually estimated the depth and age uncertainties (from a few hundreds to thousands of years) to encompass the millennial-
scale events as recorded in SAT references. Tie-points were defined using peaks and troughs, as this approach provided the
best visual alignment with the reference records. We acknowledge that such a method may risk overfitting, particularly in

220 lower-resolution records, where the identification of peaks and troughs is less robust. However, because we rely on age
ensembles rather than single age models, the impact of this choice on the final results is minimized. The depth uncertainties
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are, most of the time, equivalent to the depth resolution of the record. The age uncertainties are most of the time estimated as
half of the duration of the event (peak or trough). At this point, only basin references are aligned to the AICC2023 ice-core
chronology (Fig. S2).

225 The second step is then to align the other sites, using both basin references and ice-core records. Three scenarios
occur: (1) the site has a published benthic δ18O record with sufficient resolution and is aligned to a basin reference (29 sites);
(2) the site has no benthic δ18O record, is located in the “high latitude areas” and is aligned to ice-core SAT reconstructions
(15 sites); (3) the site has no benthic δ18O record, is not located in high latitudes and is finally aligned to SST from basin
references or the nearest site already aligned with the first or second method (15 sites). For each method, the age and depth

230 uncertainties are visually defined as described above.
The third and last step consists in running a first Bayesian age-depth model with the “Undatable” Matlab software

(Lougheed and Obrochta, 2019) to estimate the alignment uncertainties. This software takes into account the sedimentation
rate uncertainties by adding a new parameter “xfactor” and randomly bootstraps age-depth tie-points with the “bootpc”
parameter. As this first bayesian age model is only to estimate the alignment uncertainty on the basis of both depth and age

235 visual errors, we ran these Bayesian age-depth models by simulating 105 chronologies, with an xfactor of 0.1 and a no
bootstrap. Following this step, we estimate the absolute age uncertainty, for each site, by calculating the quadratic sum of the
alignment uncertainty, and the references uncertainties which were used. As an example, the absolute uncertainties of a site
aligned to the basin reference “IODP U1429” include the site alignment uncertainties of each tie-points, the U1429 to
Sanbao alignment uncertainties, the Sanbao to AICC2023 uncertainties, and the absolute uncertainties of the AICC2023 ice-

240 core chronology. Then, we run the final Bayesian age model using “Undatable” (Lougheed and Obrochta, 2019), with 105
simulations, a “xfactor” of 0.1 and 15% of tie-points bootstrapped in each iteration.



10

Figure 2: Description and examples of the chronology construction. In step 1 and 2, the blue curve is the record used to align to the245 reference (black curve). Dashed vertical lines in “Step 1” and “Step 2” represent the tie points used to align the record to the reference. Forthe North Atlantic example, the δ18Op from core MD01-2443-2444 (Martrat et al., 2007) is aligned to the GLT_syn (Barker et al., 2011),and the δ18Op record from ODP-980 (McManus et al., 1999) is align to the MD01-2443-2444 one with the revised age scale.
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As a result, the prior mean quadratic sum of all the sites range from ± 1.2 to ± 4.8 ka of uncertainties, with a mean
error for all sites of ± 2.7 ka. All Bayesian age-depth models are reported in Fig. S3. For each depth-SST pair (𝛮), we

250 produce an ensemble of 1000 probable ages to have a 𝛮 × 1000 matrix.
2.5 Global and regional stack constructions

These two Bayesian processes produce ensembles (𝛮 × 1000 possibilities) of both ages and SSTs for each depth-
proxy pair (Ν) for every record. To estimate a Global Sea Surface Temperature anomaly (called DGSST hereafter) during
MIS 5e, Hoffman et al. (2017) used a Monte-Carlo procedure. They gridded their records (SST anomalies from the PI) into a

255 5×5° grid and calculated the area-weighted mean and stacked 1000 Monte-Carlo iterations to construct the final global stack
interpolated at regular time steps (500 or 1000 years). However, their procedure has two major drawbacks: (1) the PI from
the HadISST database (Rayner et al., 2003) does not reflect the SST from a proxy and have not any uncertainties as it is a
single fixed value; (2) the non-uniform geographic distribution of their records induces a bias in the global mean temperature
if a large number of grids are concentrated into a single latitudinal band.

260 Hence, we propose here to follow an alternative strategy for computing the DGSST for MIS 9. Our approach is
largely inspired by Osman et al. (2021) but with a few differences. The global and regional stacking processes are based on
the annual SST anomaly records with their revised chronologies (see section 2.3). In every step of this process, we use the
ensemble of data (i.e. the 1,000 probable ages and SST for each age-SST pair) to better preserve sources of uncertainties.
The first step of the Monte-Carlo process consists of randomly resampling the Νth age-SST ensembles to generate new age-

265 SST pairs in each iteration. The second step, applied to each 500-year time bin, we first compute site means (averaging all
data from ensembles available for this time-bin within a site, regardless of the proxy). These are then aggregated into grid-
cell means, using randomly defined grid sizes (2 - 5°), and subsequently into weighted latitudinal means, using bands of
randomly varying width (2.5 - 10°). These processes reduce the impact of the spatial distribution of the sites, and the random
factor provides an opportunity to account uncertainties in the spatial “choice” of the grid and latitudinal bands. In the third

270 step, we define the DGSST as the mean of all latitudinal band averages and scaled it as Global Mean Surface Temperature
(i.e. “air” temperature, DGMST) by applying a random factor between 1.5 and 2.3 (Snyder, 2016; Tierney et al., 2020;
Osman et al., 2021). These values come from a comparison between DGSST and DGMST from glacial maximum climate
states as simulated by climate models (Snyder, 2016). This Monte-Carlo process was repeated 10,000 times to propagate
errors. At each iteration, regional stacks were also created. These stacks are based on a hemispheric scale (North, Tropics

275 and South) or basin scale (North Atlantic, North Pacific, Equatorial Pacific, South Atlantic, Indian Ocean and South Pacific).
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3 Results
3.1 Global and regional sensitivity tests

Based on the individual description of each records (Supplementary Information S1), we identified some
discrepancies between SST reconstructions at a same site (i.e. with different proxies) or within the general tendency of a

280 region. Most of these inconsistencies are linked to d18Op- or, to a lesser extent, Mg/Ca-based SST, suggesting a lack of
environmental context prior to the calibration (see section 4.1.1 for further discussions). To evaluate the impact of such
records on the stacking procedure, we conducted three sensitivity tests: in the test (1), we include all annual SST records
(n=77); in the test (2), we exclude all d18Op-based SST reconstructions (n=41), which often display lower temperature values
or distinct pattern of variability; in the test (3), we retain only records showing a consistent range and pattern of variability of

285 records located in the same area, leading to the exclusion of 13 records (n=64) primarily based on d18Op and Mg/Ca proxies.
The selection in this third test is based on a visual assessment.

Overall, the resulting stacks display very similar variability across tests, regardless of the method applied. At global
and hemispheric scales, the amplitude and timing of major climatic features (e.g. Deglaciation, interglacial optimum, glacial
inceptions) remain unchanged (Fig. 3). At basin scale, however, the South Atlantic and Indian stacks without d18Op-based

290 SST records (second test, Fig. 3H, J) show differences in the shape of variability. The main differences between tests are
related to the absolute temperature values and amplitude: stacks excluding d18Op records are systematically warmer (~1 to
2 °C), with larger hemispheric amplitudes, and the North Atlantic shows particularly cold MIS 10 conditions in this case.
The test including all records (Fig. 3A-E) is broadly consistent with the others but results in lower SST values, indicating
that inconsistent records tend to pull down the stacks and potentially bias the reconstructions. Excluding d18Op-based SST

295 (second test, Fig. 3F-J) produces the largest shift in values, but also strongly reduces the number of records. The “selected
records” test (Fig. 3K-O) appears to provide a reasonable compromise: it excludes outlier estimates without systematically
discarding one proxy type, while retaining a sufficient number of records to build robust stacks. We therefore adopt this third
stacking approach for the analyses and interpretations that follow.
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300 Figure 3: Sensitivity tests about the stacking method. (A-E) stacks realized with all annual records; (F-J) stacks without d18Op-based SST records; (K-O) stacks with selected records (13 were excluded). (A, F, K) DGSST (purple) and DGMST (dark gray) stacks;(B, G, L) hemispheric DSST stacks with the NH (blue), the tropical band (black) and SH (red) anomalies; (C, H, M) Atlantic DSST withthe North (blue) and South (red) Atlantic anomalies; (D, I, N) Pacific DSST with the North (blue), the Equatorial band (black) and South(red) Pacific anomalies; (E, J, O) Indian Ocean (red) anomalies. Shaded envelopes represent each percentile around the median (solid line).
305 3.2 Global and regional SST changes

The following description relies on the global and regional SST stacks (see section 2.5 and 3.1). The different
sources of uncertainties related to the chronology, the SST calibration and the spatial distribution of the records are
accounted for in the construction of the global and regional stacks. Hence, the dates indicated in the following sections



14

represent the most probable dates obtained by combining all these different source of uncertainties. Errors in Celsius degree
310 are given as the s error.

3.2.1 Global scale
On a global scale, the ΔGSST and ΔGMST (Fig. 4C) are marked by well-defined glacial conditions at around 348

ka with temperatures that are respectively 3.2 ± 0.2 °C and 6.1 ± 0.9 °C cooler than during the PI. This cold period is
followed by a ~14 ka-long continuous warming in two steps: there is a first phase associated with a slow warming rate, and

315 then, a second phase with an increased warming rate starting at 341.5 ka and marking the onset of the deglaciation (i.e. when
the global temperature starts to rise sharply). The amplitudes of the deglacial warming are about ~2.4 and ~4.5 °C,
respectively for DGSST and DGMST (Fig. 4C). The climatic optimum starts at 333 ± 0.25 ka and extends up to 328.5 ± 0.25
ka. During this period, the maximum DGSST and DGMST are respectively -0.1 ± 0.2 °C and -0.3 ± 0.3 °C relative to the PI
(Fig. 4C).

320 This climatic optimum is followed by a 9 ka-long continuous cooling characterized by a DGSST and DGMST
decrease of respectively 1.3°C and 2.2°C to reach values of -1.3 ± 0.2 °C and -2.5 ± 0.5 °C relative to PI. After a 2,500-
years-long period of stability, the DGSST and DGMST exhibit a millennial-scale warming of reduced amplitude (~0.2 and
~0.5°C for DGSST and DGMST, respectively). Global temperatures then show a brief period of stability (~2 ± 0.25 ka), after
which they continuously decrease until the end of the studied period (i.e. 300 ka). This final cooling, however, does not

325 reach the MIS 10 glacial range of temperature values (Fig. 4C).
3.2.2 Hemispheric scale

On a hemispheric scale (Fig. 4D), the MIS 10 glacial temperature ΔSST values are colder in the extra-tropic
Northern Hemisphere (NH; -3.9 ± 0.7 °C) compared to the extra-tropic Southern Hemisphere (SH; -3.4 ± 0.4 °C). Tropical
(between 23° North and South) area does not exhibit a distinct glacial maximum, and the colder temperature anomaly is -3.1

330 ± 0.2 °C at 350 ka. The hemispheric DSST stacks exhibit differences in shape, amplitude, and timing of the deglacial
warming. In the SH (Fig. 4D), the deglaciation starts at 346 ± 0.25 ka, lasts approximately ~11 ka and has an amplitude of
warming of ~3.2 °C. In the NH, the deglacial warming begins at 342 ± 0.25 ka, lasting for approximately ~9 ka, with an
amplitude of ~4.5 °C (Fig. 4D). The Tropics, shows a deglacial warming at 338.5 ka and lasts ~8 ka, with a lower amplitude
of warming of ~1.9 °C (Fig. 4D).

335
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