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Abstract RI-OH (ring index of hydroxylated tetraethers) has recently been proposed to reconstruct
paleotemperatures in middle- to low-latitude marginal seas. However, RI-OH has barely been tested in
marginal seas under substantial terrigenous inputs. Here we analyze tetraether lipids in two adjacent marine
cores from the Gulf of Lions. We then test for the first time the RI-OH paleothermometer from 160 to 9 ka BP
in the western Mediterranean Sea. While terrigenous inputs prevent TEXg4 (TetraEther indeX of tetraethers
consisting of 86 carbon atoms) from behaving as a paleothermometer, RI-OH is generally consistent with
other paleothermometric proxies. RI-OH also responds systematically and coherently to glacial-interglacial
transitions as well as to abrupt climatic events. The average difference between RI-OH temperatures and
November-May UK'37 (Cs7 ketone unsaturation ratio) temperatures is —2.0 °C with a standard error of
0.4 °C based on 249 RI-OH-UX'5, comparisons. This systematic difference suggests that hydroxylated
tetraethers and alkenones record different temperatures, for instance, winter and/or subsurface
temperatures for RI-OH. Another source of bias could be linked to the available RI-OH-temperature
calibration, which clearly needs more work at the global and regional scales, notably for semienclosed basins
such as the Mediterranean Sea. Nevertheless, our RI-OH-based interglacial-glacial anomalies are of 10 °C, a
value within the high end of anomalies from previously published temperature records in the western
Mediterranean Sea (from 3 to 13 °C). The RI-OH-based temperature anomalies also confirm the regional
differences and seasonal contrasts in interglacial-glacial anomalies produced by models.

1. Introduction

UK'37 (C37 ketone unsaturation ratio) and TEXgs (TetraEther indeX of tetraethers consisting of 86 carbon
atoms) are the most widely used organic paleothermometric proxies. U5, is based on alkenones produced
by Haptophyte algae (Prahl & Wakeham, 1987). TEXgs is based on nonhydroxylated isoprenoid glycerol dia-
lkyl glycerol tetraethers (iGDGTs) produced by ammonia oxidizing Thaumarchaeota (Schouten et al., 2002).
UKI37 and TEXg4 values increase with temperature due to decreased alkenone unsaturation and increased
iGDGT cyclization, respectively (e.g., Kim et al.,, 2010; Miiller et al., 1998; Prahl & Wakeham, 1987;
Schouten et al., 2002; Tierney & Tingley, 2015, 2018). However, nutrient availability, lateral transport, and
differential degradation can bias UK'37 values (e.g., Kim et al., 2009; Prahl et al., 2003; Rontani et al., 2013;
Sikes et al., 2005). Similarly, inputs of terrestrial iGDGTs, methanotrophic interferences, and iGDGT pro-
duction in subsurface waters can bias TEXgs values (e.g., Ho et al., 2014; Huguet et al., 2007; Kim et al.,
2015, 2016; Taylor et al., 2013; Weijers et al., 2006; Zhang et al., 2011). Seasonal biases are also to be consid-
ered for UK’37 and TEXge (e.g., Rosell-Melé & Prahl, 2013; Schouten et al., 2013, and references therein;
Tierney & Tingley, 2014, 2018).

Lii et al. (2015) have recently developed RI-OH (ring index of hydroxylated tetraethers) in middle- to low-
latitude marginal seas under substantial terrigenous inputs. RI-OH is based on hydroxylated isoprenoid gly-
cerol dialkyl glycerol tetraethers (OH-GDGTs) produced by ammonia oxidizing Group I.1a Thaumarchaeota
(Elling et al., 2014, 2015, 2017; Liu et al., 2012; Sinninghe Damsté et al., 2012). Below 25 °C, RI-OH values
increase with temperature due to increased OH-GDGT cyclization (Lii et al., 2015; Yang et al., 2018; Zhu
et al., 2016). Lii et al. (2015) have also developed RI-OH’, which is an alternative version of RI-OH for tem-
perature estimates in polar oceans. To date, de Bar et al. (2019) and Kremer et al. (2018) alone have used RI-
OH and RI-OH/’, respectively. In addition, only a few studies have assessed potential biases for RI-OH and
RI-OH’, such as inputs of terrestrial OH-GDGTs, seasonal biases, and OH-GDGT production in subsurface
waters (Kang et al., 2017; Lii et al., 2015, 2019; Yang et al., 2019; Zhu et al., 2016).
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In this study, we present one of the first RI-OH-based sea surface temperature (SST) records covering the
160-9 ka BP period from two adjacent marine cores located in the Gulf of Lions (western Mediterranean
Sea) using the global calibration proposed by Lii et al. (2015). Using independent paleothermometric proxies,
including UK'37 (Cortina et al., 2015), we assess the validity of the new RI-OH record and corresponding SST
estimates. We then compare the interglacial-glacial SST anomalies from the study site with a multiproxy
selection of marine sites from the Iberian Margin, the Gulf of Cadiz, and the western Mediterranean Sea,
including the Siculo-Tunisian Strait. In addition, we have used several models to complement our regional
comparison of interglacial-glacial SST anomalies.

The Gulf of Lions constitutes a test bench for GDGT-based paleothermometers since it has planktic 580 and
UK'37-based temperature records covering the last glacial cycle (Cortina et al., 2015; Sierro et al., 2009),
which helps to assess whether RI-OH behaves as a better paleothermometer than TEXgq during the last gla-
cial cycle. Furthermore, the peculiar setting of the Gulf of Lions allows to test the relevance of the global cali-
bration by Lii et al. (2015) in the semienclosed Mediterranean Sea, and in a prodelta that received substantial
terrigenous inputs during the partial emersions (Frigola et al., 2012; Sierro et al., 2009).

2. Study Area

The study site is located in the upper slope of the Gulf of Lions, which is itself located in the northwestern
part of the Mediterranean Sea (Figure 1). The Northern Current is the main driver of hydrodynamics in
the Gulf of Lions and is divided into two branches which describe a cyclonic circulation: the main branch
flows along the continental slope, whereas the secondary branch penetrates onto the continental shelf
(Figure 1; Millot, 1990). The Gulf of Lions is also a major source of deep waters in the Mediterranean Sea
due to the strong influence of northwesterly winds, especially in winter (Figures 1 and 2a; MEDOC
GROUP, 1970; Pinardi & Masetti, 2000). The northwesterly winds induce upwelling of cold waters
(Millot, 1990), resulting in SSTs of 13 to 21 °C in February and July, respectively (Figure 2b; Locarnini et al.,
2013). The northwesterly winds also induce deep convection in the western Mediterranean Sea, which
amplifies algal blooms in late winter-early spring and subsequent primary productivity throughout the water
column (Figure 2c; Bosc et al., 2004; D'Ortenzio et al., 2014).

The water column in the Gulf of Lions is homogenous from January to March with a temperature of roughly
13-14 °C (Figure 2b). Then, the northwesterly winds weaken (Figure 2a) and the water column stratifies
until September with a maximum temperature difference of 8 °C between the surface and the bottom of
the thermocline at 100 m (Figure 2b). Following this, the northwesterly winds strengthen (Figure 2a) and
mixing occurs from October to December (Figure 2b). Temperatures at 50 m slowly increase from
February to October, peaking at 16.5 °C in November, before decreasing back to 13-14 °C (Figure 2b).
Temperatures at water depths of 100 m and below are 13-14 °C year-round (Figure 2b).

The seasonal thermocline (Figure 2b) as well as stronger northwesterly winds (Figure 2a) and high litho-
genic fluxes in autumn-winter bring more nutrients to surface waters (Cruzado & Velasquez, 1990;
Monaco et al., 1990), leading to primary productivity peaks in March, which decrease progressively until
December (Figure 2c; Bosc et al., 2004). The peak in primary productivity corresponds to late winter-early
spring siliceous and calcareous phytoplankton blooms (Monaco et al., 1990; Rigual-Hernandez et al.,
2013), which are followed by maximal alkenone fluxes in April-June and September-November
(Figure 2c; Sicre et al., 1999; Ternois et al., 1996, 1997). The 0- to 50-m depth-weighted average temperature
is 15.5 °C when weighted by primary productivity and 16.4 °C when weighted by the two maxima of alke-
none fluxes (Figure 2b). The 0- to 200-m depth-weighted average temperature is 13.9 °C when weighted
by primary productivity and 13.7 °C when weighted by the maximum of lithogenic fluxes (Figure 2b).

3. Materials and Methods

3.1. Core Sediments and Age Model

We studied a composite sedimentary record of two marine archives from the Gulf of Lions at a water depth of
298 m (42.690°N, 3.838°E), core MD99-2348, and borehole PRGL1-4 (Figure 1). Core MD99-2348 was

retrieved from the interfluve of the Bourcart/Aude and Hérault canyons during the IMAGES V cruise of
R/V Marion Dufresne. The core consists of roughly 22 m of fine-grained sediment (silty clay) with a
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Figure 1. Location of the MD99-2348/PRGL1-4 study site within the Gulf of Lions and western Mediterranean Sea. The
branches of the Northern Current and dominant northwesterly winds are shown. The other located sites are ECOMARGE
—1 sediment trap mooring sites (Monaco et al., 1990), Stations 5, 6, 8, and 9 (Cacho, Pelejero, et al., 1999), Station 1
(Sicre et al., 1999; Ternois et al., 1996, 1997), Blanes Bay Microbial Observatory, Catalonia, Spain (Galand et al., 2010), and
the Planier submarine canyon (Rigual-Hernandez et al., 2013). The glacial maxima coastline (assuming lowstands with a
relative sea level of —120 m; Zickel et al., 2016) is also shown.

20-cm-thick sandy layer at the top. Borehole PRGL1-4 was retrieved in 2004 from the same site as core
MD99-2348 in the framework of the European Union project PROMESS1 (PROfiles across Mediterranean
Sedimentary Systems). The borehole is 300-m long and essentially consists of fine grained sediments with
several interbedded centimeter-thick sandy layers. Our study focuses on the entire core MD99-2348 and
the 19-110 m below sea floor (mbsf) depth interval of borehole PRGL1-4, which corresponds to the 160-
9 ka BP period.

We used the published age models by Sierro et al. (2009) and Frigola et al. (2012), established for core MD99-
2348 and borehole PRGL1-4. For the last 120 ka, the composite MD99-2348/PRGL1-4 records of Globigerina
bulloides 5'0 and abundance of temperate-to-warm planktic foraminifers were synchronized to the North
Greenland Ice Core Project (NGRIP) ice core isotopes in Greenland (Andersen et al., 2006; North Greenland
Ice Core Project members, 2004; Rasmussen et al., 2006; Svensson et al., 2008). From 120 ka BP—the age of
the oldest NGRIP data—to the end of borehole PRGL1-4, the PRGL1-4 record of Globigerina bulloides 580
was mainly synchronized to the LR04 benthic isotope stack (Lisiecki & Raymo, 2005).

3.2. Sample Preparation and GDGT Analysis

We took 135 and 290 sediment samples from core MD99-2348 and borehole PRGL1-4, respectively. We took
the sediment samples at 18- to 45-cm averaged intervals from both marine archives, except the 20 first cm of
MD99-2348 and the 63-73 mbsf depth interval of PRGL1-4, from which we took the sediments samples at 2-
and 13-cm averaged intervals, respectively (see Table S1 in the supporting information for more details). We
then freeze dried the sediment samples before grinding and homogenization.

We extracted roughly 2.5-3.0 g of each sediment sample with dichloromethane (DCM):methanol (9:1, v:v)
using an accelerated solvent extractor ASE 350 (Dionex) at 120 °C and 107 Pa at CEREGE. Total lipid extracts
were then separated following the automated procedure established by Sanchi et al. (2013). In short, we used
the TRILUTION™ LH software to operate a Gilson GX-271 ASPEC™ system. Prepacked Sigma-Aldrich® car-
tridges (Supelclean™ LC-Alumina-B 1 g/3 ml) were conditioned with 3 ml of hexane:DCM (1:1, v:v) before
receiving the samples dissolved in 0.5 ml of the same solvent. Then, apolar and polar fractions were obtained
by eluting 3.5 ml of hexane:DCM (1:1, v:v) and 5 ml of methanol:DCM (1:1, v:v), respectively.
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We dissolved the polar fractions in hexane:isopropanol (98.2:1.8, v:v) prior
to GDGT analysis on an Agilent 1260 Infinity high performance liquid
chromatograph coupled to an Agilent 6120 single quadrupole mass spec-
trometer installed at CEREGE. We used the same chromatographic col-
umns and solvents as Hopmans et al. (2016), as well as the same elution
program, but with a 24-min re-equilibration time. We selected the same
atmospheric-pressure chemical ionization source conditions as Davtian
et al. (2018): nebulizer pressure, 40 psi; vaporizer temperature, 325 °C;
drying gas (N,) at 4 L/min and 325 °C; capillary voltage, 5 kV (positive
mode); corona, 4 pA; and fragmentor, 170 V and 280 V for the internal
standard C,s (Huguet et al., 2006) and natural GDGTSs, respectively.
GDGTs were analyzed in selected ion monitoring (SIM) mode with a
dwell time of 77 ms, and all the samples were processed in duplicate.
We then used the Chemstation software to quantify GDGTs by extracting
the m/z values of 1,022.0, 1,036.0, 1,050.0, 1,292.3, 1,296.3, 1,298.3,
1,300.3, and 1,302.4.

Our identification of OH-GDGT peaks is supported by the systematic
detection of three peaks between 68 and 73 min, which Hopmans et al.
(2016) identified as OH-GDGTs (supporting information Figure S1). In
addition, we detected these three late eluting peaks in the m/z 1,300.3,
1,298.3, and 1,296.3 SIM scans (supporting information Figure S1). The
late eluting peaks in the m/z 1,300.3, 1,298.3, and 1,296.3 SIM scans corre-
spond to abundant in-source fragmentation products of OH-GDGTs with
molecular masses of 1,318.3, 1,316.3, and 1,314.3 Da (e.g., de Bar et al,,
2019; Liu et al., 2012; Yang et al., 2018). We thus quantified OH-GDGTs
using the m/z 1,300.3, 1,298.3, and 1,296.3 SIM scans (supporting
information Figure S1).

3.3. GDGT-Based Proxies and SST Estimates

We calculated RI-OH values (range between 1 and 2) following Lt et al.
(2015), where OH-GDGT-X is the OH-GDGT with X pentacycles:

OH-GDGT-1 + 2XOH-GDGT-2

RI=OH =~ GDGT—1 + OH-GDGT—2

@

We calculated TEXge values (range between 0 and 1) following Schouten
et al. (2002), where GDGT-X is the iGDGT with X pentacycles:

GDGT-2 + GDGT-3 + Crenarchaeol isomer
GDGT-1 + GDGT—-2 + GDGT-3 + Crenarchaeol isomer"
)

TEX86 =

We calculated the BIT index (branched and isoprenoid tetraether index,
range of values between 0 and 1) proposed by Hopmans et al. (2004) as
a tracer of terrigenous inputs, as updated by Davtian et al. (2018) to take
into account the newest branched GDGT isomers (De Jonge et al., 2013;
Ding et al., 2016):

_ Ia + Ilas + IIIas + Ilag + Illag + IIa; + Illa,
" Crenarchaeol + Ia + Ilas + IIlas + Ilag + IIlag + Ila; + IIla;
(3)

BIT

Roman numerals refer to branched GDGT isomers following the nomen-
clature adopted by Ding et al. (2016).
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We calculated the methane index (M1, range of values between 0 and 1) proposed by Zhang et al. (2011) as a
tracer of methanotrophic inputs:

GDGT-1 + GDGT-2 + GDGT-3

MI = .
GDGT-1 + GDGT-2 + GDGT-3 + Crenarchaeol + Crenarchaeol isomer

“)

We calculated the ring index (RI, range of values between 0 and 4) proposed by Zhang et al. (2016) as a tracer
of biases for TEXg, Where [X] is the fractional abundance of compound X relative to the summed abundance
of GDGT-0, GDGT-1, GDGT-2, GDGT-3, crenarchaeol, and crenarchaeol isomer:

RI = 0X[GDGT—0] + 1xX[GDGT—1] + 2X[GDGT—2] + 3x[GDGT—3] + 4x|[Crenarchaeol]
+ 4x|[Crenarchaeol isomer]|. (5)

We compared the RI value of each sample, Rlgample, With the result of its quadratic regression on TEXgg
established by Zhang et al. (2016), RItgx, by calculating ARI values:

Rlpex = —0.77(+0.38)XTEXgs + 3.32(0.34)XTEXZ, + 1.59(0.10), (6)

ARI = RITEX_RIsample . (7)

We calculated RI-OH-based SSTs using the global calibration by Lii et al. (2015):

RI-OH-1.11
SST = — e (R* = 0.74,n = 107, p<0.01). ®)

We calculated TEXge-based SSTs using the Bayesian, spatially varying calibration by Tierney and Tingley
(2014, 2015), BAYSPAR, with a prior standard deviation (SD) set to 6 °C.

We selected a modern marine sediment from the Bay of Marseille (Mediterranean Sea, 43.26°N, 5.29°E;
roughly 60-m water depth, first analyzed by Sanchi et al., 2013) as an in-house standard sediment to check
the absence of instrumental drift. Over the course of the present study, the SD of 30 duplicate analyses of a
single lipid extract was 0.009 for RI-OH, 0.003 for TEXge, BIT, and MI, and 0.019 for RI. These SD values cor-
respond to ranges of 0.5 and 0.2 °C in RI-OH-SSTs and TEXgs-SSTs, respectively. These values are of the
same order of magnitude as the average of SD values based on duplicate injections of the entire sample
set measured on the two sediment cores: 0.003 for RI-OH, 0.002 for TEXgs, 0.001 for BIT and MI, and
0.005 for RI, corresponding to ranges of 0.1-0.2 °C in RI-OH-SSTs and TEXgs-SSTs. To be conservative,
the SD values obtained on the in-house standard sediment will be used as 1o uncertainties for the GDGT
proxies measured on a single sample.

3.4. BAYSPLINE Calibration for Alkenone-Based SST Estimates

Tierney and Tingley (2018) have suggested that alkenones record November-May SSTs rather than annual
SSTs in the Mediterranean Sea. They have also proposed a new Bayesian, Basis-spline calibration,
BAYSPLINE, for UK/37. We have thus used the BAYSPLINE calibration to calculate November-May SSTs,
with a prior SD set to 10 °C. The highest UK’37-SSTS of Cortina et al. (2015) based on the calibration by
Miiller et al. (1998) were below 23.4 °C during the 160-9 ka BP period. Despite a small shift in UX',,-SSTs
by —0.5 °C on average, no change in general trends or amplitudes is observed between the SST records cal-
culated with the two calibrations. The 1o maximal analytical uncertainty in UX',,-SSTs is roughly 0.5 °C,
which is equivalent to 0.015 UX',, units (Martrat et al., 2003).

3.5. Correlation Coefficient and Significance Estimates for Serially Correlated Data

Our quantitative correlation tests between time series follow the same approach as Baddouh et al. (2016). In
short, we employed sample interpolation and significance testing with phase-randomized surrogate data
(Ebisuzaki, 1997). The creation of phase-randomized surrogates is a nonparametric method that helps to
account for serial correlation in time series. In case of different sampling grids, the time series with fewer
points in the common interval was used for piecewise linear interpolation. Then, the statistical significance
of the resulting correlation coefficients was estimated via 10,000 Monte Carlo simulations using
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phase-randomized surrogates (Ebisuzaki, 1997). We did all sample interpolations and quantitative
correlation tests using the “surrogateCor” function of the astrochron package for R (Meyers, 2014; R Core
Team, 2019).

4. Results and Discussion

4.1. GDGT-Based Paleothermometry in the Gulf of Lions

4.1.1. Thermal Influences on GDGTs

The new records are presented in Figures 3a-3c and supporting information Data Set S1. TEXgq4 values vary
between 0.39 and 0.62 (Figure 3a). BIT values vary between 0.07 and 0.57 (Figure 3b). RI-OH values vary
between 1.15 and 1.39 (Figure 3c).

Quantitative correlation tests of RI-OH with UK'37 (Figure 3d; Cortina et al., 2015) and Globigerina bulloides
st80 (Figure 3e; Sierro et al., 2009) help to assess the novel organic paleothermometer in the Gulf of Lions.
After resampling of RI-OH data (n = 261) on the UK'37 sample grid (n = 249) from 160 to 29 ka BP, a signif-
icant correlation is observed between both biomarker-based proxies (r = 0.65, n = 249, p < 0.001, Figures 3c
and 3d). Similarly, after resampling of planktic §'®0 data (n = 1,027) on the RI-OH sample grid (n = 425)
from 160 to 9 ka BP, a significant anticorrelation is observed between both proxies (r = —0.68, n = 425,
p < 0.001, Figures 3¢ and 3e). The significant correlations of RI-OH with U¥ 5, and planktic 8'%0 suggest that
all three proxies essentially behave as paleothermometers at the MD99-2348/PRGL1-4 study site.

Visually, TEXge has a different behavior compared to RI-OH, UX';,, and planktic §'%0. After resampling of
TEXge data (n = 261) on the UK'37 sample grid (n = 249) from 160 to 29 ka BP, no significant correlation is
found between both biomarker-based proxies (r = —0.09, n = 249, p = 0.39, Figures 3a and 3d). Similarly,
after resampling of planktic 5'80 data (n = 1,027) on the TEXgs sample grid (n = 425) from 160 to 9 ka
BP, a significant but relatively weak anticorrelation is observed between both proxies (r = —0.32, n = 425,
p = 0.02, Figures 3a and 3e). Therefore, TEXgs does not behave as well as the other paleothermometers at
our study site.

Given the resampling of previously published records from raw MD99-2348/PRGL1-4 sediments, our
reported r coefficients likely correspond to worst-case scenarios, because a multiproxy analysis on a single
set of sediment samples could give even better correlations between paleothermometric proxies. In addition,
alkenones and GDGTs are not analyzed in the same lipid extracts from MD99-2348/PRGL1-4 sediments. For
example, using a single set of lipid extracts from the same depths of a sediment core from the Iberian Margin,
Darfeuil et al. (2016) have reported an r coefficient of 0.89 (n = 400, p < 0.001) between TEXgs and UK/37.

An observation that is not reliant upon the resampling of previously published records is the systematic and
coherent response of RI-OH to well-known climatic events. RI-OH has higher values during marine isotope
stage (MIS) 5e (mean of 1.29, SD of 0.05, n = 16), 5c (mean of 1.27, SD of 0.04, n = 15), 5a (mean of 1.26, SD of
0.03, n = 20), and 1 (mean of 1.37, SD of 0.01, n = 8) than during MIS 6 (mean of 1.22, SD of 0.04, n = 82), 5d
(mean of 1.23 + 0.01, n = 13), 5b (mean of 1.22, SD of 0.01, n = 10), and 4-2 (mean of 1.20, SD of 0.03,
n = 261, Figure 3c). The difference between the mean RI-OH value for warm isotope stages (mean of 1.28,
SD of 0.05, n = 59) and the mean RI-OH value for cold isotope stages (mean of 1.21, SD of 0.03, n = 366)
is 9 times larger than the mean 1o analytical uncertainty for RI-OH (0.009). RI-OH also has higher values
during Greenland interstadials (mean RI-OH maximum of 1.25, SD of 0.02, n = 18) than during
Greenland stadials and Heinrich events (mean RI-OH minimum of 1.18, SD of 0.02, n = 18, Figure 4c).
The difference between the mean RI-OH maximum for Greenland interstadials and the mean RI-OH mini-
mum for Greenland stadials and Heinrich events is 8 times larger than the mean 1o analytical uncertainty
for RI-OH. Such systematic trends are also apparent for U¥';; and Globigerina bulloides 8**0 concerning iso-
tope stages (Figures 3d and 3e) and abrupt climatic events (Figures 4d and 4e). By contrast, TEXgs does not
have systematically higher values during interglacials (MIS 1 and 5e) and Greenland interstadials than dur-
ing Greenland stadials and Heinrich events (Figures 3a and 4a). Despite the imperfect agreement with u¥y,
and planktic §'®0, RI-OH behaves better as a paleothermometer than does TEXgg.

4.1.2. Potential Biases for GDGT-Based and Other Paleothermometers

Biases in UX';, and planktic 5'0 values may partially explain the imperfect agreement with RI-OH.
The 80 of planktic foraminifers like Globigerina bulloides, while generally consistent with
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Figure 3. Assessment of archaeal membrane lipids as paleothermometers in core MD99-2348 (25-9 ka BP) and borehole PRGL1-4 (160-23 ka BP). (a) TEXgg
(TetraEther indeX of tetraethers consisting of 86 carbon atoms; Schouten et al., 2002) with a conversion into sea surface temperatures (SSTs) using the spatially
varying BAYSPAR calibration by Tierney and Tingley (2014, 2015). (b) Branched and isoprenoid tetraether (BIT) index as a qualitative indicator of terrigenous
inputs (Hopmans et al., 2004), updated by Davtian et al. (2018) to consider the recently identified compounds (De Jonge et al., 2013; Ding et al., 2016). Increased BIT
values associated with increased TEXgg values are highlighted by light gray shaded areas in Figures 3a and 3b. (c) RI-OH (rir}g index of hydroxylated tetrathers;
Lii et al., 2015) with a conversion into SSTs using the global calibration by Lii et al. (2015): SST = (RI-OH — 1.11)/0.018. (d) U™ 37 (C37 ketone unsaturation ratio;
Prahl & Wakeham, 1987) with a conversion into November-May SSTs using the BAYSPLINE calibration by Tierney and Tingley (2018). Original uk 37 data
from Cortina et al. (2015). (e) Isotopic composition of the oxygen (6"%0) record of Globigerina bulloides: note the reversed axis. Original data from Sierro et al. (2009).
The dark blue stars in Figures 3c and 3d indicate the present depth-weighted annual sea temperature at 0- to 50-m weighted by primary productivity. The light
blue star in Figure 3c indicates the present depth-weighted annual sea temperature at 0- to 200-m weighted by primary productivity. The gray star in Figure 3d
indicates the present average of monthly depth-weighted annual sea temperatures at 0- to 50-m over the November-May period. Small open symbols with colored
error bars are 1o analytical uncertainties. Envelopes in Figures 3a and 3d are 1o uncertainties in TEXgg-SSTs and uk 37-SSTs, which are determined using the
16th and 84th percentiles. The large open symbol with a dark blue error bar in Figure 3c is the 1o uncertainty in RI-OH-SSTs. Light pink shaded areas in
Figures 3c-3e highlight the glacial-interglacial transitions on which the regional comparison of annual SST anomalies in Figure 5 focuses. Red numbers indicate
Greenland interstadials. Blue numbers preceded by an “H” indicate Heinrich events. Numbers below the horizontal arrows and double arrows are marine isotope
stages according to Railsback et al. (2015).

paleothermometric proxies, is also influenced by the 830 of seawater, which is itself influenced by, for
instance, fresh water inputs (Sierro et al., 2009). In addition, unrealistically high UK’37-based SSTs from
PRGL1-4 sediments—unpublished in the paper by Cortina et al. (2015)—were reported during MIS 2 due
to coelutions with alkenones (Rama-Corredor et al., 2018). These coelutions occurred because the MD99-
2348/PRGL1-4 study site received substantial terrigenous inputs from the Rhone River during glacial
periods (Cortina et al., 2016; Frigola et al., 2012; Pasquier et al., 2017, 2019; Sierro et al., 2009). Therefore,
at least some unknown portions of the alkenone-based record by Cortina et al. (2015) could be affected by
coelutions, especially during glacial maxima.
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Figure 4. Close-up to 70-20 ka BP of Figure 3. The caption is the same as in Figure 3, except that light pink shaded areas
in Figures 4c-4e highlight abrupt warm climatic events as depicted by RI-OH (ring index of hydroxylated tetrathers;
Lii et al., 2015).

Given its peculiar context, the MD99-2348/PRGL1-4 study site is prone to substantially biased TEXgg values.
We thus assessed terrigenous, methanotrophic, and other biases for TEXg4 using the BIT index (Hopmans
et al., 2004), the MI (Zhang et al., 2011), and RI (Zhang et al., 2016), respectively (supporting information
Figure S2). While methanotrophic inputs do not seem detectable in most sediment samples (supporting
information Figure S2b), the significant correlation between BIT and TEXge (¥ = 0.59, n = 425, p < 0.001;
supporting information Figure S2a, see also Figures 3a, 3b, 4a, and 4b) and |IARI| values mostly above 0.3
(73% of sediment samples; supporting information Figure S2¢) in MD99-2348/PRGL1-4 sediments provides
a good case against the use of TEXgg at our study site.

While RI-OH behaves as a paleothermometer, we have to assess biases, especially terrigenous inputs for this
novel proxy as well. Sinninghe Damsté et al. (2012) did not find OH-GDGTs in Group 1.1b Thaumarchaeota,
which is itself a major iGDGT producer in soils. Nevertheless, Kang et al. (2017) have found OH-GDGTs in
Korean soils and suggest that terrigenous inputs could lead to a warm bias in RI-OH-SSTs in the eastern
Yellow Sea. However, BIT and RI-OH are not correlated in MD99-2348/PRGL1-4 sediments (r = —0.03,
n = 425, p = 0.91; Figures 3b and 3c). Therefore, even if OH-GDGTs could be present in soils within the
Rhone and Pyreneo-Languedocian drainage basins, the influence of terrigenous inputs on RI-OH values is
not as obvious as on TEXge values at our study site.

4.2. Assessment of Temperatures Recorded by OH-GDGTs

4.2.1. Interpretation of Uncertainties in Biomarker-Based Temperature Estimates

TEXge-based SSTs vary between 9.8 and 23.5 °C, with 1o uncertainties of 2.9 °C (Figure 3a). RI-OH-based
SSTs vary between 2.2 and 15.8 °C, with 1o uncertainties of roughly 6 °C (Figure 3c). UX';,-based
November-May SSTs vary between 5.4 and 17.4 °C, with 1o uncertainties of 1.4 °C (Figure 3d). Given that
TEXjge provides spurious patterns (section 4.1), we discuss SST estimates from RI-OH and UK’37 only.

Uncertainties discussed in section 4.1.1 reflect the analytical precision of measurements of paleothermo-
metric proxies, while uncertainties in biomarker-based SST estimates essentially reflect the internal
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scatter of the proxy-SST calibrations. Global calibrations with sediment core tops imply a number of biases at
very different geographic locations and water depths. We can cite effects such as differential timings of max-
imal biomarker production and export, sedimentation rates and conditions at different sites, bioturbation, or
differential degradation at various locations (see also section 4.1.2 for other examples of biases). These influ-
ences generate biases in proxy values that subsequently contribute to the overall scatter of the proxy calibra-
tion. However, the cumulative effect of these biases may not apply to one particular study site. The overall
scatter in a core-top proxy calibration should thus be viewed as an upper-bound of the scatter that would
be observed by constructing a local calibration through comparison of instrumental SST and proxy varia-
tions over an extended period at a specific site.

In addition, it is useful to consider downcore variations of a paleothermometric proxy, before it is converted
in terms of SST with the available calibrations. The significance of these proxy variations can be directly
assessed by considering the analytical uncertainties. This is because the detection limit of proxy changes is
much smaller than uncertainties linked to the SST-proxy calibrations. For example, the 1o analytical uncer-
tainties for RI-OH (0.009) and UK/37 (0.015) are equivalent to 0.5 °C. The observation of significant correla-
tions between paleothermometric proxies, even for rather small amplitudes of changes (roughly 1 °C), and
their concomitance with known climatic events (section 4.1.1) is further proof of the temperature sensitivity
of these proxies (see Figures 3 and 4). Indeed, the most parsimonious explanation for synchronous changes
of RI-OH, UX'5;, and 80 is that seawater temperature changed in the past, even if proxy variations are just
above the analytical detection.

4.2.2. Comparison of Two Independent Biomarker-Based SST Records

For the 160-29 ka BP period, differences between RI-OH-SST and UK'37-SST pairs vary between —8.5 and
4.0 °C (mean of —2.0 °C, SD of 1.7 °C, n = 249, Figures 3c and 3d). The mean difference between RI-OH-
SSTs and UK/37-SSTS is smaller than the conservative uncertainty of a single pair of UK’37-based SST and
RI-OH-based SST (o = +/[1.4*> + 6.0%] = 6.2 °C). However, our comparison is based on 249 samples, and
the standard error of the mean should be close to a/\/ n= 6.2/\/ 249 = 0.4 °C, assuming that all SST pairs
provide independent assessments of the same bias. This standard error of the mean difference based on
249 samples is actually close to the analytical errors for the proxies themselves.

Another view of the RI-OH versus UX 5, SST bias is given by the fact that among the 249 samples, 223 (90%)
exhibit lower RI-OH-SSTs than UK,37-SSTS. Therefore, the mean difference between the two biomarker-
based SST records is very systematic, even if it is, admittedly, smaller than the conservative uncertainty of
a single RI-OH-SST and UX'5,-SST pair.

4.2.3. Consideration of a Regional Calibration Relevant to the Mediterranean Sea

A possibility that should be investigated in a semienclosed basin such as the Mediterranean Sea is the irre-
levance of global calibrations to the Gulf of Lions. The semienclosed character of the Mediterranean Sea has
motivated several local and regional calibration studies for alkenones and iGDGTs (Kaiser et al., 2014; Kim
et al., 2015; Leider et al., 2010; Ternois et al., 1997). In addition, Kim et al. (2015) have confirmed that the
spatially varying BAYSPAR calibration by Tierney and Tingley (2014, 2015) captures the regional difference
in TEXgg sensitivity to SSTs in the Mediterranean Sea. However, since our RI-OH-SST record from the Gulf
of Lions is the first published to date, previous studies have not tested the validity of RI-OH in a semienclosed
basin as compared to open oceans.

4.2.4. Consideration of Depth of Maximal Biomarker Production

The BAYSPLINE calibration by Tierney and Tingley (2018) presumes that alkenones record SSTs, which is
likely in the Gulf of Lions. Alkenone producers need light to thrive, so alkenones are produced in surface
waters and within the seasonal thermocline in the northwestern Mediterranean Sea (Cacho, Pelejero,
et al., 1999; Sicre et al., 1999; Ternois et al., 1996, 1997). Therefore, the depth-weighted sea temperatures
at 0- to 50-m (14.5-16.4 °C, Figure 2b) are the most relevant for UK/37 in the Gulf of Lions.

The global calibration by Lii et al. (2015) presumes that OH-GDGTs record SSTs. However, contrary to alke-
none producers, archaeal GDGT producers do not need light to thrive, so archaeal GDGTs could record sea
subsurface temperatures rather than SSTs (e.g., Huguet et al., 2007; Lee et al., 2008; Xing et al., 2015), even
though Zhang and Liu (2018) have recently suggested that TEXge reflects sea temperatures less than 200-m
deep. Near the MD99-2348/PRGL1-4 study site, the difference between depth-weighted annual sea tempera-
tures at 0- to 50-m weighted by primary productivity and depth-weighted annual sea temperatures at 0- to
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200-m is roughly 1.7 °C (Figure 2b), which is close to the mean difference between UX';,-SSTs and RI-OH-
SSTs (2.0 °C, section 4.2.2). This is the basis for our reasonable hypothesis. In the Gulf of Lions, archaeal
GDGT producers could thrive in subsurface waters in summer where nutrients are abundant (Cruzado &
Velasquez, 1990) and where light could be a limiting factor for phytoplankton growth. Although Lii et al.
(2015) did not correlate RI-OH with any subsurface sea temperature, we consider depth-weighted annual
sea temperatures at 0- to 200-m in addition to SSTs to test the validity of RI-OH in the Mediterranean Sea.
4.2.5. Consideration of Seasonality of Maximal Biomarker Production

The BAYSPLINE calibration by Tierney and Tingley (2018) presumes that alkenones record November-May
SSTs in the Mediterranean Sea, which is likely in the Gulf of Lions. In the northwestern Mediterranean Sea,
high alkenone flux periods occur in spring and autumn (Figure 2c; Sicre et al., 1999; Ternois et al., 1996,
1997), and Rigual-Hernandez et al. (2013) reported recurring coccolith flux maxima in spring. In
addition, Cortina et al. (2015) hypothesized that their UX'5,-SSTs correspond to winter-spring SSTs, which
is supported by the shift in UX',,-SSTs by only —0.5 °C on average when using the BAYSPLINE calibration.
This averaged shift in U*'5,-SSTs is half the difference between the depth-weighted annual sea temperature
at 0- to 50-m weighted by primary productivity (15.5 °C, Figure 2b) and the average of monthly depth-
weighted annual sea temperatures at 0- to 50-m over the November-May period (14.5 °C, Figure 2b). This
suggests that the depth-weighted annual sea temperature at 0- to 50-m weighted by primary productivity
is more relevant to UX';, than is the depth-weighted annual sea temperature at 0- to 50-m weighted by alke-
none fluxes (16.4 °C, Figure 2b) in the Gulf of Lions.

The global calibration by Lii et al. (2015) presumes that OH-GDGTs record annual SSTs, which may not be
true in the Gulf of Lions. Galand et al. (2010) observed maximal Thaumarchaeota abundances in the coastal
northwestern Mediterranean Sea (Blanes Bay Microbial Observatory) in winter (Figure 2c). The observed
biomarker production maxima in winter-spring are related to increased nutrient content of
Mediterranean surface waters as a result of regional circulation and wind-driven deep convection
(D'Ortenzio et al., 2014). Assuming that Thaumarchaeota also thrives in summer but within and below
the seasonal thermocline where nutrients are more abundant (Cruzado & Velasquez, 1990), OH-GDGTs
should record sea temperatures that are 0.6 to 1.8 °C colder than those recorded by alkenones. Therefore,
depending on the seasonality and depth of maximal biomarker production, the seasonal bias explains
between one third and the near totality of the systematic difference between UX';,-SSTs and RI-OH-SSTs.
4.2.6. Provisional Conclusions and Caveats to Address Concerning Temperatures Recorded by
OH-GDGTs

Based on the discussion in sections 4.2.4 and 4.2.5, we suggest that RI-OH records winter SSTs and/or sub-
surface temperatures rather than annual SSTs. However, archaeal GDGT producers in subsurface waters are
not necessarily identical to those in surface waters, which could bias SST estimates (e.g., Kim et al., 2015,
2016; Zhu et al., 2016). In addition, our provisional conclusions assume a similar seasonality and depth of
maximal OH-GDGT and alkenone production during glacial and interglacial periods, as well as a water col-
umn temperature profile with a constant structure through time. In all cases, both the seasonality and depth
of maximal OH-GDGT production must be considered in a future regional calibration of RI-OH in the
Mediterranean Sea.

4.3. Regional Comparison of Interglacial-Glacial SST Anomalies

4.3.1. Observed SST Anomalies and Proxy-Proxy Comparisons

Our multiproxy comparison of annual SST anomalies for the latest two glacial-interglacial transitions
focuses on the Iberian Margin, the Gulf of Cadiz, and the western Mediterranean Sea, including the
Siculo-Tunisian Strait (Figure 5 and supporting information Data Set S2). The use of microfossil assemblages
allows to consider the different seasons for SST anomalies (Table 1). We have considered only those pub-
lished records that include both the Holocene (after 11.7 ka BP) and/or Eemian interglacial (~129-112 ka
BP) and preceding glacial maximum, which is the Last Glacial Maximum (LGM, ~21 ka BP) and the end
of MIS 6 (~140 ka BP), respectively. We have found fewer records containing the MIS 6-Eemian transition
(Figure 5b) than records containing the LGM-Holocene transition (Figure 5a), essentially due to a lack of
availability of published long records. We define SST anomalies as the difference between the interglacial
optimum and the preceding glacial maximum, rounded to the closest unit — SST anomaly = SST interglacial
optimum — SST glacial maximum.
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Figure 5. Multiproxy comparison of annual sea surface temperature (SST) anomalies for the latest two glacial-interglacial
transitions in the Iberian Margin, the Gulf of Cadiz, and the western Mediterranean Sea, including the Siculo-Tunisian
Strait. The anomalies are defined as the difference between the interglacial optimum and the preceding glacial maximum,
rounded to the closest unit — SST anomaly = SST interglacial optimum — SST glacial maximum. (a) Holocene optimum-
Last Glacial Maximum anomalies. The ocean background is colored according to the mid-Holocene-Last Glacial
Maximum annual SST anomalies based on the IPSL-CM5A-LR model (Dufresne et al., 2013; see Figure 6a for a motivation
for the model choice). Observed and modeled anomalies follow the same color coding. (b) Eemian optimum-marine iso-
tope stage 6 anomalies. Anomalies in Figures 5a and 5b follow the same color coding. RI-OH (ring index of hydroxylated
tetrathe}‘s; Lii et al., 2015), TEXgg (TetraEther indeX of tetraethers consisting of 86 carbon atoms; Schouten et al., 2002),
and UX 37 (C37 ketone unsaturation ratio; Prahl & Wakeham, 1987) are three independent organic paleothermometers.
The spatially varying BAYSPAR calibration (Tierney & Tingley, 2014, 2015) gives the same TEXge-based anomaly as the
regional paleocalibration by Darfeuil et al. (2016) at the MD95-2042 site. With the exception of the MD04-2797CQ site,
little or no change in uk 37-based anomalies is expected when using the BAYSPLINE calibration by Tierney and Tingley
(2018) rather than the calibrations used by the authors of selected U™ 37-based SST records. In the Mediterranean Sea, U
37 reflects November-May rather than annual SSTs (Tierney & Tingley, 2018). The Mg/Ca ratio was measured on
Globigerina bulloides at the sites selected for this regional comparison (Boussetta et al., 2012; Jiménez-Amat & Zahn, 2015).
Microfossil-based anomalies do not all correspond to annual SST (see Table 1 and supporting information Data Set S2 for
further information). All the observed SST anomalies are directly based on the following publications: MD99-2348 and
PRGL1-4 (Cortina et al., 2015; this study), MD99-2346 (Boussetta et al., 2012; Melki et al., 2009), MD03-2697 (Sanchez
Goiii et al., 2008), MD95-2040 (de Abreu et al., 2003; Pailler & Bard, 2002), MD95-2042 (Cayre et al., 1999; Darfeuil et al.,
2016; Pailler & Bard, 2002), MD01-2444 (Martrat et al., 2007), M39/1-08-3 (M39-008; Cacho et al., 2001), ODP-976
(Jiménez-Amat & Zahn, 2015; Martrat et al., 2014), ODP-977 (Martrat et al., 2004; Pérez-Folgado et al., 2004), MD95-2043
(Cacho, Grimalt, et al., 1999; Pérez-Folgado et al., 2003), M40/4-SL87 (Emeis et al., 2003), ODP-975 (Kandiano et al., 2014),
BS79-33 (Cacho et al., 2001; Sbaffi et al., 2001), BS79-38 (Cacho et al., 2001; Sbaffi et al., 2001), KET80-03 (Kallel et al.,
1997), KET80-19 (Kallel et al., 1997), KET80-04 and DED87-08 (Kallel et al., 2000), and MD04-2797CQ (Essallami et al.,
2007; Rouis-Zargouni et al., 2010; Sicre et al., 2013). The MD99-2348/PRGL1-4 study site is highlighted in red. The present
(blue lines) and glacial maxima (black lines, assuming lowstands with a relative sea level of —120 m; Zickel et al., 2016)
coastlines are also shown.

Observed annual SST anomalies vary between 3 and 10 °C for the LGM-Holocene transition (Figures 5a and
6a) and between 4 and 11 °C for the MIS 6-Eemian transition (Figures 5b and 6b). For the published records
that contain the latest two glacial-interglacial transitions, annual SST anomalies are often larger for the MIS
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Table 1
Annual and Seasonal Microfossil-Based Sea Surface Temperature (SST) Anomalies
Core(s) Proxy Transition® Annual  Winter® Springb Summer®  Autumn® Reference(s)
MD99-2346 Foraminifers MIS2 > 1 N/A N/A 9 N/A N/A Boussetta et al. (2012), Melki et al. (2009)
MDO03-2697 Foraminifers MIS2 -1 N/A 4 N/A 4 N/A Sanchez Goiii et al. (2008)
MD95-2040 Foraminifers MIS2 > 1 N/A N/A N/A 3 N/A de Abreu et al. (2003)
MIS 6 — 5e N/A N/A N/A 4 N/A
MD95-2042 Foraminifers MIS2 -1 N/A 4 N/A 4 N/A Cayre et al. (1999)
MIS 6 — 5e N/A 5 N/A 4 N/A
ODP-977 Foraminifers MIS2 -1 8 7 8 10 8 Pérez-Folgado et al. (2004)
MIS 6 — 5e 8 7 8 11 9
MD95-2043 Foraminifers MIS2 -1 8 7 8 11 9 Pérez-Folgado et al. (2003)
ODP-975 Foraminifers MIS 6 — 5e N/A 10 N/A 12 N/A Kandiano et al. (2014)
BS79-33 Foraminifers MIS2 — 1 9 7 8 13 10 Sbaffi et al. (2001)
BS79-38 Foraminifers MIS2 -1 9 6 7 12 10 Sbaffi et al. (2001)
KETS80-03 Foraminifers MIS2 > 1 N/A 3 3 9 N/A Kallel et al. (1997)
KETS80-19 Foraminifers MIS2 — 1 N/A 4 5 9 N/A Kallel et al. (1997)
KETS80-04 Foraminifers MIS 6 — 5e N/A N/A 7 N/A N/A Kallel et al. (2000)
DEDS87-08
MD04-2797CQ Foraminifers MIS2 —> 1 N/A N/A 8 N/A 10 Essallami et al. (2007)
Dinoflagellates MIS2 — 1 N/A N/A 9 N/A N/A Rouis-Zargouni et al. (2010)

Note. The regional comparison of microfossil-based SST anomalies focuses on the latest two glacial-interglacial transitions in the Iberian Margin and the western
Mediterranean Sea, including the Siculo-Tunisian Strait. The anomalies are defined as the difference between the interglacial optimum and the preceding glacial
maximum, rounded to the closest unit — SST anomaly = SST interglacial optimum — SST glacial maximum. N/A = not applicable.

#Transitions MIS 2 — 1 and MIS 6 — 5e refer to Holocene optimum — Last Glacial Maximum anomalies and Eemian optimum — marine isotope stage 6 anoma-

lies, respectively

October-November.

In general, winter corresponds to February, spring corresponds to April-May, summer corresponds to August, and autumn corresponds to

6-Eemian transition (Figure 5b) than for the LGM-Holocene transition (Figure 5a). The MD99-2348/PRGL1-
4 study site has one of the largest annual SST anomalies for the latest two glacial-interglacial transitions
(10 °C, Figure 5). For the LGM-Holocene transition, annual SST anomalies are smaller in the Iberian
Margin and the Gulf of Cadiz (5 °C on average, Figure 6a) than in the western Mediterranean Sea
(averages per basin between 6 and 9 °C, Figure 6a), with the largest anomalies in the Gulf of Lions and
the Siculo-Tunisian Strait (Figures 5a and 6a). For the MIS 6-Eemian transition, annual SST anomalies
are also smaller in the Iberian Margin (6.4 °C on average, Figure 6b) than in the western Mediterranean
Sea (averages per basin between 7 and 10 °C, Figure 6b), with the largest anomalies in the Gulf of Lions
and the Balearic Sea (Figures 5b and 6b). The Gulf of Lions has annual SST anomalies between 8 and
10 °C for the latest two glacial-interglacial transitions, which is within the high end of interglacial-glacial
anomalies from previously published records in the western Mediterranean Sea (Figures 5, 6a, and 6b).

Our reported regional differences in interglacial-glacial annual SST anomalies are consistent with previous
studies. MARGO Project Members (2009) reported smaller modern-LGM annual SST anomalies in the
Iberian Margin than in the western Mediterranean Sea. In addition, Hayes et al. (2005) reported regional dif-
ferences in modern-LGM annual SST anomalies within the western Mediterranean Sea, with the largest
anomalies in the Gulf of Lions. The Mediterranean Sea is a semienclosed basin under the influence of north-
westerly winds (Pinardi & Masetti, 2000), so this basin is particularly sensitive to the polar amplification of
temperature changes (Braconnot et al., 2012; Izumi et al., 2013; Masson-Delmotte et al., 2006a, 2006b).
Furthermore, the Gulf of Lions is directly under the influence of offshore winds (Figures 1 and 2a), which
makes this basin sensitive to the land-ocean contrast of temperature changes (Braconnot et al., 2012;
Harrison et al., 2016; Izumi et al., 2013; Schmidt, Annan, et al., 2014). The semienclosed character of the
Mediterranean Sea and the influence of northwesterly winds likely explain the relatively large
interglacial-glacial annual SST anomalies in the Gulf of Lions, which RI-OH successfully records (Figure 3c).

RI-OH and UX'5; give the same annual SST anomaly for the MIS 6-Eemian transition at the MD99-2348/
PRGL1-4 study site (10 °C, Figure 5b). At the selected sites from the Siculo-Tunisian Strait and the
Tyrrhenian Sea, the available paleothermometers all give the same annual SST anomaly per site for the
LGM-Holocene transition (Figure 5a). At the other selected sites, the available paleothermometers disagree
by 1 to 4 °C on annual SST anomalies for the latest two glacial-interglacial transitions (Figure 5). For the
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Figure 6. Averaged sea surface temperature (SST) anomalies for the latest two glacial-interglacial transitions per basin. The anomalies are defined as the difference
between the interglacial optimum and the preceding glacial maximum, rounded to the closest unit — SST anomaly = SST interglacial optimum — SST glacial
maximum. (a) Holocene optimum-Last Glacial Maximum anomalies. Thick solid lines indicate averaged mid-Holocene-Last Glacial Maximum annual SST
anomalies per basin based on the IPSL-CM5A-LR model (Dufresne et al., 2013) and on the ensemble median of all Paleoclimate Modeling Intercomparison Project
Phase 3 (PMIP3) models with Last Glacial Maximum and mid-Holocene runs-IPSL-CM5A-LR (Dufresne et al., 2013), FGOALS-g2 (Li et al., 2013), CNRM-CM5
(Voldoire et al., 2013), MIROC-ESM (Watanabe et al., 2011), MRI-CGCM3 (Yukimoto et al., 2012), CCSM4 (Gent et al., 2011), MPI-ESM-P (Giorgetta et al., 2013),
and GISS-E2-R (Schmidt, Kelley, et al., 2014). The ensemble extrema and quartiles of PMIP3 models are also shown for completeness. (b) Eemian optimum-marine
isotope stage 6 anomalies. (c) Mid-Holocene-Last Glacial Maximum anomalies based on the IPSL-CM5A-LR model (Dufresne et al., 2013). (d) Mid-Holocene-Last
Glacial Maximum anomalies based on the ensemble median of PMIP3 models. Red error bars on red diamonds in Figures 6a and 6b are 1o standard deviations of
the mean annual SST anomalies per basin. Individual annual SST anomalies are also shown in Figures 6a and 6b, with a distinction between organic (brown tri-
angles) and inorganic (blue inverted triangles) paleothermometers.

LGM-Holocene transition, observed disagreements are of 1 to 2 °C, except at the MD95-2042 site where
organic paleothermometers and foraminifers give annual SST anomalies that differ by 3-4 °C (Figure 5a).
For the MIS 6-Eemian transition, observed disagreements are of 3 to 4 °C, except at the ODP-977 site
where alkenones and foraminifers give annual SST anomalies that differ by only 1 °C (Figure 5b). In the
Iberian Margin, organic paleothermometers systematically give larger annual SST anomalies than do
foraminifers (Figures 5, 6a, and 6b). Our reported disagreements are essentially due to the independence
of the paleothermometers considered in the regional comparison (Bard, 2001; Kucera et al., 2005). Despite
the differences in annual SST anomalies between independent paleothermometers, the regional difference
in annual SST anomalies between the Iberian Margin and the western Mediterranean Sea is visible,
regardless of the inorganic or organic character of the available paleothermometers (Figures 5, 6a, and 6b).
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Our interglacial-glacial SST anomalies are larger in summer-autumn (between 8 and 13 °C) than in winter-
spring (between 3 and 10 °C) in the western Mediterranean Sea (Table 1). Similarly, Hayes et al. (2005)
reported larger SST anomalies in summer than in winter in the western Mediterranean Sea. Many
microfossil-based SST anomalies reported in Figure 5 are not based on an average of all four seasons
(Table 1 and supporting information Data Set S2). In addition, UK/37 reflects November-May rather than
annual SSTs in the Mediterranean Sea (Tierney & Tingley, 2018). Despite these caveats, the regional differ-
ence in annual SST anomalies between the Iberian Margin and the western Mediterranean Sea is still visible.
The consideration of seasonality also confirms that our RI-OH-based SST anomalies of 10 °C from the Gulf of
Lions belong to the high end of interglacial-glacial anomalies from previously published records in the wes-
tern Mediterranean Sea.

4.3.2. Modeled SST Anomalies and Data-Model Comparisons

In addition to the multiproxy comparison, we took advantage of Paleoclimate Modeling Intercomparison
Project Phase 3 (PMIP3) models, which provide complementary information concerning SST anomalies
for the LGM-Holocene transition (Braconnot et al., 2011, 2012). To that end, we define modeled SST anoma-
lies as the difference between the mid-Holocene (6 ka BP) and the LGM (21 ka BP), rounded to the closest
unit — modeled SST anomaly = modeled SST mid-Holocene — modeled SST LGM. Furthermore, we define
data-model disagreements as the difference between observed and modeled SST anomalies, both rounded to
the closest unit — data-model disagreement = observed SST anomaly — modeled SST anomaly, with
observed SST anomaly = observed SST mid-Holocene — observed SST LGM. We used all PMIP3 models with
available LGM and mid-Holocene runs (Figure 6a and supporting information Data Set S3). The following
analysis focuses on the ensemble median of PMIP3 models, with special attention to the IPSL-CM5A-LR
model (Dufresne et al., 2013) for its best correlation and smallest residuals with the dataset of MARGO
Project Members (2009) as stated by Hossain et al. (2018), hence the model choice in Figure 5a.

The IPSL-CM5A-LR model and the ensemble median of PMIP3 models suggest a west-east gradient in
annual SST anomalies (Figure 6a). This west-east gradient in SST anomalies, while not always monotonic,
still holds when considering seasonality for the IPSL-CM5A-LR model (Figure 6¢) and the ensemble median
of PMIP3 models (Figure 6d). Furthermore, the IPSL-CM5A-LR model and the ensemble median of PMIP3
models suggest larger SST anomalies in summer-autumn than in winter-spring in the western
Mediterranean Sea (Figures 6¢ and 6d). Therefore, PMIP3 models generally reproduce the regional differ-
ences and seasonal contrasts in SST suggested by several independent paleothermometers, including RI-OH.

RI-OH-based SST anomalies agree better with summer-autumn (data-model disagreements of 1-4 °C) than
with winter-spring modeled SST anomalies (data-model disagreements of 5-7 °C, Figures 6¢ and 6d), which
does not mean that RI-OH is biased toward summer-autumn in the Gulf of Lions (see section 4.2.5). When
comparing UK'37—based SST anomalies with November-May modeled SST anomalies in the Mediterranean
Sea following Tierney and Tingley (2018), data-model disagreements increased by 0 to 2 °C compared to
annual modeled SST anomalies (Figures 6¢ and 6d). Data-model disagreements are likely due to misinter-
preted and/or biased observed SST anomalies as well as to model deficiencies, so the appropriate season
for data-model comparisons cannot be selected for RI-OH until this paleothermometer is further studied
in the Mediterranean Sea (see section 4.2.6).

Overall, PMIP3 models suggest the same general trends in SST anomalies as several independent
paleothermometers, including RI-OH despite the data-model disagreements in the western Mediterranean
Sea. The Iberian Margin has smaller SST anomalies than the western Mediterranean Sea, including the
Gulf of Lions. In addition, SST anomalies are smaller in winter-spring than in summer-autumn.
Consideration of the season best reflected by independent paleothermometers rather than annual SSTs does
not always result in smaller data-model residuals, so we do not recommend assessing seasonal biases using
best fit data-model comparisons.

5. Conclusions and Perspectives

The new temperature record we have generated using the novel RI-OH proxy in the Gulf of Lions (western
Mediterranean Sea) is generally consistent with other paleothermometric proxies. For the first time, we
show that RI-OH responds systematically and coherently to glacial-interglacial transitions as well as to
abrupt climatic events such as Greenland interstadials and Heinrich events in the Mediterranean Sea.
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However, RI-OH-based temperatures differ by —2.0 °C on average from November-May UX';,-based tem-
peratures. This mean difference is smaller than the conservative uncertainty of a single pair of UX';,-based
SST and RI-OH-based SST, but our comparison is based on 249 samples leading to a standard error of the
mean around 0.4 °C. The difference is thus systematic and statistically significant. We suggest that RI-OH
and UK'37 record different temperatures, for instance, winter and/or subsurface temperatures for RI-OH.
Full understanding awaits, partly because no regional calibration relevant to the Mediterranean Sea is avail-
able as yet for RI-OH.

Both biomarker-based temperature records from the Gulf of Lions give an interglacial-glacial anomaly of
10 °C, which is within the high end of annual and seasonal interglacial-glacial anomalies from previously
published records in the western Mediterranean Sea (from 3 to 13 °C). Furthermore, our RI-OH record
confirms the regional differences and seasonal contrasts in interglacial-glacial anomalies produced by
PMIP3 models.
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