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Abstract This study aims at providing robust temperature reconstructions for a key oceanographic setting
in the North Atlantic and at understanding the nature of the temperature signal recorded by the two
biomarkers Uk′

37 and TEX86, considering season and depth of production. To do so, high-resolution signals of
Uk′
37 and TEX86 are determined for the last 70 kyr for core MD95-2042, located off Portugal. Signals of Uk′

37

and TEX86 present a tight correlation, demonstrating a dominant temperature effect. Uk′
37 signals correspond

well to the annual mean sea surface temperature (SST), whereas TEXH86-derived temperatures are 5.6°C
higher, which is unrealistically warm for this area. Unsuitable TEX86 global linear calibrations on the Iberian
Margin may suggest a possible occurrence of archaeal communities with specific temperature response. To
assess the impact of different season or depth of production of the biomarkers on the recorded temperature
in the sediment, modeled temperature proxies (Tproxies) are introduced in a Regional Oceanic Modeling
System and tested for different seasons (annual/summer/winter) and depths (surface and 0–200m) of
production for three climate modes (Present Day (PD), Last Glacial Maximum (LGM), and Heinrich Stadials
(HS)). Similar temperature amplitudes between climate modes are found at MD95-2042 core site for
observations, for both biomarkers, and for modeled annual surface production Tproxy: 5.5–7°C for ΔT(PD-LGM)
and 3–4°C for ΔT(LGM-HS). Therefore, we propose a new TEXH86 regional calibration to reconstruct present
and past annual mean SSTs on the Iberian Margin.

1. Introduction

The Iberian Margin (36–44°N; 8–12°W) is a key area for the reconstruction of past sea surface temperatures
(SSTs). These records are often cited as the reference signals for North Atlantic climate variations and repre-
sent important information for the study of climate system dynamics between high and middle latitudes in
the Northern Hemisphere [Bard et al., 1987, 2000; Shackleton et al., 2000;Martrat et al., 2007]. During Heinrich
events [Heinrich, 1988; Bond et al., 1992; Bond and Lotti, 1995], the Iberian Margin’s distal position outside of
themain belt of ice rafting prevents the sedimentary SST record from disturbance [Bard et al., 2000; Pailler and
Bard, 2002]. Moreover, high sedimentation rates make this margin particularly well suited for studying abrupt
climatic variability of the last glacial/interglacial cycles with adequate resolution [Bard et al., 1987; Cayre et al.,
1999; Bard et al., 2000; Pailler and Bard, 2002; Moreno et al., 2002; Thouveny et al., 2004; Martrat et al., 2007;
Voelker and de Abreu, 2011; Martrat et al., 2014].

Several proxies are commonly used to reconstruct SST, among which are organic biomarkers. The Uk′
37

index (C37 ketone unsaturation ratio) is based on the relative abundance of di-unsaturated (C37:2) and
tri-unsaturated (C37:3) alkenones, whereby the proportion of C37:3 alkenone decreases with increasing
water temperature [Brassell et al., 1986; Prahl and Wakeham, 1987]. The Uk′

37 is calculated according to
Prahl and Wakeham [1987]:

Uk′
37 ¼

C37:2½ �
C37:2½ � þ C37:3½ � (1)

Alkenones are synthesized by a small group of haptophyte algae, mainly the coccolithophore Emiliania huxleyi
and related species growing in the ocean’s surface waters [de Leeuw et al., 1980; Volkman et al., 1980; Marlowe
et al., 1984]. Culture and core top studies have shown that the Uk′

37 index correlates well and linearly with annual
mean SST [Prahl and Wakeham, 1987; Prahl et al., 1988; Müller et al., 1998; Conte et al., 2006].

DARFEUIL ET AL. BIOMARKERS AND MODELING AS SST PROXIES 40

PUBLICATIONS
Paleoceanography

RESEARCH ARTICLE
10.1002/2015PA002831

Key Points:
• Higher TEX86-based temperatures
than SST-U

k′
37 by 5.6 degree Celcius

when using global calibrations
• Modeled temperature proxies in
ROMS tested for present, LGM,
and Heinrich Stadial

• New TEX86 regional calibration to
reconstruct present and past annual
mean SSTs off Portugal

Supporting Information:
• Texts S1–S7, Figures S1 and S2,
Tables S1 and S2, and caption for
Data Set S1

• Data Set S1

Correspondence to:
S. Darfeuil,
darfeuil@cerege.fr

Citation:
Darfeuil, S., G. Ménot, X. Giraud, F. Rostek,
K. Tachikawa, M. Garcia, and É. Bard
(2016), Sea surface temperature recon-
structions over the last 70 kyr off
Portugal: Biomarker data and regional
modeling, Paleoceanography, 31, 40–65,
doi:10.1002/2015PA002831.

Received 7 MAY 2015
Accepted 30 NOV 2015
Accepted article online 2 DEC 2015
Published online 9 JAN 2016
Corrected 14 MAR 2016

This article was corrected on 14 MAR
2016. See the end of the full text for
details.

©2015. American Geophysical Union.
All Rights Reserved.

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-9186
http://dx.doi.org/10.1002/2015PA002831
http://dx.doi.org/10.1002/2015PA002831
http://dx.doi.org/10.1002/2015PA002831
http://dx.doi.org/10.1002/2015PA002831
http://dx.doi.org/10.1002/2015PA002831
http://dx.doi.org/10.1002/2015PA002831
http://dx.doi.org/10.1002/2015PA002831
http://dx.doi.org/10.1002/2015PA002831
http://dx.doi.org/10.1002/2015PA002831


A more recently developed SST proxy, the TEX86 index [Schouten et al., 2002], is based on the relative
abundance of isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs) that are produced by marine
Thaumarchaeota (formerly Group 1 Crenarchaeota) [Sinninghe Damsté et al., 2002; Schouten et al., 2013b,
and references cited therein], a major group of ammonia-oxidizing [Konneke et al., 2005; Wuchter et al.,
2006; Ingalls et al., 2006] prokaryotes in today’s ocean [Karner et al., 2001; Herndl et al., 2005]. The proportion
of cyclic moieties in GDGTs increases with rising growth temperature in mesocosm experiments [Wuchter
et al., 2004; Schouten et al., 2007], and in worldwide data sets of core tops it is correlated to mean annual
sea surface temperature [Schouten et al., 2002; Kim et al., 2008, 2010]. The TEX86 ratio is calculated according
to Schouten et al. [2002]:

TEX86 ¼ GDGT� 2½ � þ GDGT� 3½ � þ GDGT� 4′½ �
GDGT� 1½ � þ GDGT� 2½ � þ GDGT� 3½ � þ GDGT� 4′½ � (2)

where numbers refer to the number of cyclopentane moieties in GDGTs and GDGT-4′ represents the crenarch-
aeol isomer with one additional cyclopentanemoiety. More recently, Kim et al. [2010] proposed updated indices
which present higher global correlation to annual mean SST and which are calculated as follows:

For T ≤ 15°C: TEXL
86 ¼ log

GDGT� 2½ �
GDGT� 1½ � þ GDGT� 2½ � þ GDGT� 3½ �

��
(3)

For T ≥ 15°C: TEXH
86 ¼ log TEX86ð Þ (4)

Although both Uk′
37 and TEX86 organic proxies are calibrated against annual mean SST using surface sedi-

ments, some studies report biases toward a given season or greater water depths, which leads to differences
in the temperature recorded by both biomarkers in various oceanographic settings [Huguet et al., 2006b;
Castañeda et al., 2010; Leider et al., 2010; Huguet et al., 2011; Shintani et al., 2011; Jia et al., 2012; Kim et al.,
2012; McClymont et al., 2012; Nakanishi et al., 2012a; Seki et al., 2012; Studer et al., 2012; Grauel et al., 2013;
Li et al., 2013; Lopes dos Santos et al., 2013; Nieto-Moreno et al., 2013; Shaari et al., 2013; Turich et al., 2013;
Zhang et al., 2013; O’Brien et al., 2014; Ho and Laepple, 2015]. The Iberian Margin—a seasonally, spatially,
and climatically contrasted area—is an ideal place to study potential differences between SST proxies and
to better comprehend the behavior of alkenone and GDGT biomarkers.

Themain goals of this study are to provide the paleoclimatic community with robust temperature reconstruc-
tions for a key oceanographic setting in the North Atlantic and to understand the nature of the temperature
signal actually recorded by both biomarkers Uk′

37 and TEX86, especially in terms of season and depth of pro-
duction. To do so, we first present our reference records, i.e., high-resolution Uk′

37- and TEX86-derived SST
reconstructions for the last 70 kyr for core MD95-2042. To explain the observed temperature differences
between biomarkers, possible scenarios of production are mentioned and tested in parallel by modeling.
We conducted regional ocean simulations for three climate modes (Present Day, Last Glacial Maximum,
and Heinrich Stadial), which are typical and contrasted in terms of oceanographic conditions and biomarker
temperature records. A new tool, the modeled temperature proxy (Tproxy), is used to test different seasons
and depths of production and to evaluate/quantify the resulting temperature record on the seafloor for all
three climate modes. Biomarker results are confronted with the modeled Tproxies, contributing to a better
understanding of the temperature signal’s origin.

2. Possible Biases for Organic SST Proxies

Many factors may bias Uk′
37 temperature reconstructions, including Coccolithophorid physiological growth

factors such as the availability of nutrients and light [Epstein et al., 1998; Versteegh et al., 2001; Prahl et al.,
2003], the lateral transport of alkenones in shallow depth environments [Benthien and Müller, 2000;
Ohkouchi et al., 2002; Rühlemann and Butzin, 2006;Mollenhauer et al., 2006, 2007], differences in species com-
position [Volkman et al., 1995; Conte et al., 1998], production at greater depth in the mixed layer [Ternois et al.,
1996, 1997; Prahl et al., 2001, 2005], or seasonal blooming haptophytes [Prahl et al., 1993, 2001, 2010; Sikes
et al., 1997; Ternois et al., 2000; Leider et al., 2010; Schneider et al., 2010; Sicre et al., 2013]. Even if some studies
show no effect of alkenone degradation in the water column or during early sediment diagenesis on the Uk′

37

signal [Prahl et al., 1989, 1993; Sawada et al., 1998; Goni et al., 2004], preferential degradation of the C37:3

Paleoceanography 10.1002/2015PA002831

DARFEUIL ET AL. BIOMARKERS AND MODELING AS SST PROXIES 41



alkenone may occur, leading to a warm bias in the final sedimentary Uk′
37 record [Sun and Wakeham, 1994;

Gong and Hollander, 1999; Rontani et al., 2006, 2007, 2008, 2009; Rontani and Wakeham, 2008; Kim et al.,
2009; Zabeti et al., 2010; Prahl et al., 2010; Turich et al., 2013].

Deviations of TEX86-derived temperatures from annual mean SSTs have often been explained by differences
in the growth season of Thaumarchaeota [Castañeda et al., 2010; Leider et al., 2010; Huguet et al., 2011;
Shintani et al., 2011; Grauel et al., 2013; Lopes dos Santos et al., 2013; Nieto-Moreno et al., 2013; Lü et al.,
2014] or by its production below the mixed layer (especially in upwelling areas) [Huguet et al., 2007; Lee
et al., 2008; Lopes dos Santos et al., 2010; Rommerskirchen et al., 2011; Jia et al., 2012; Kim et al., 2012;
McClymont et al., 2012; Nakanishi et al., 2012a, 2012b; Seki et al., 2012; Li et al., 2013; Shaari et al., 2013;
Smith et al., 2013; Hernández-Sánchez et al., 2014; Ho and Laepple, 2015]. Oxydation and diagenesis
[Schouten et al., 2004; Huguet et al., 2009; Kim et al., 2009; Bogus et al., 2012; Turich et al., 2013], or advection,
seem to affect TEX86 less than the Uk′

37 index, but selective degradation of Crenarchaeol regioisomer com-
pared to other GDGTs during lateral advection may significantly influence the initial TEX86 index
[Mollenhauer et al., 2008; Shah et al., 2008].

In addition, water column Archaea or benthic Archaea living in marine sediments can constitute a potential
source of isoprenoidal GDGTs that may affect the TEX86 signal, with a positive offset of up to +3°C in regions
within the oxygen minimum zone [Lipp et al., 2008; Shah et al., 2008; Lipp and Hinrichs, 2009; Liu et al., 2011;
Weijers et al., 2011; Lengger et al., 2012, 2013, 2014]. High nutrient concentrations and different species
contributions (pelagic Euryarchaeota) are also mentioned as possible sources of bias in upwelling areas
[Turich et al., 2007]. Euryarchaeota contribution (relative to Thaumarchaeota contribution) to the sedimentary
GDGT pool in diverse oceanic settings has recently been confirmed as a possible significant bias for TEX86-
based temperature reconstructions [Lincoln et al., 2014]. Furthermore, the seasonal upwelling area off
Mauritania showed that the inaccuracy of existing TEX-temperature transfer functions may be due to differ-
ent communities/metabolisms of Archaea dwelling in the subsurface in this specific oceanic province [Basse
et al., 2014; Mollenhauer et al., 2015]. Moreover, Thaumarchaeota thriving in deepwater masses of the
Mediterranean Sea (>1000m) contribute to a warm bias on TEX86 temperatures and are likely to have a
different iGDGT distribution response to in situ temperature than surface-dwelling Archaea, but one which
unexpectedly still correlates with SST [Kim et al., 2015].

Finally, GDGTs may derive from land soil organic matter affecting the TEX86 record in marine settings in the
case of large terrestrial contributions [Weijers et al., 2006], which can be determined by measuring the
branched and isoprenoid tetraether (BIT) index, a ratio between terrestrial (branched GDGTs) and marine
GDGTs (Crenarchaeol) [Hopmans et al., 2004].

3. Materials and Methods
3.1. Study Area Present and Past Surface Hydrography and Core MD95-2042

The Iberian Margin, now under the influence of the North Atlantic subtropical gyre via two branches—the
Portugal and the Azores Currents (Figure 1a1)—has a contrasted seasonal hydrography with a strong
coastal-offshore gradient in terms of temperatures and surface currents (Figures 1a2 and 1a3). The area is
characterized by a seasonal upwelling which occurs mostly during late spring/summer and which is associated
with higher primary productivity and colder temperatures along the coast [Fiuza et al., 1982; Fiuza, 1984; Mazé
et al., 1997; Fiuza et al., 1998; Sanchez and Relvas, 2003; Navarro and Ruiz, 2006] (Figure 1a3). In winter, a
poleward flow prevails along the coast: the Iberian Poleward Current (IPC), derivedmainly from the geostrophic
adjustment of the density gradients near the continental slope [Peliz et al., 2003, 2005] (Figure 1a2).

Despite the generally colder climate of the last glacial period, seasonal and spatial patterns were preserved,
with a comparable surface hydrology relative to that of the present day and with a more intense seasonal
upwelling [Voelker and de Abreu, 2011, and references cited therein]. However, during Heinrich Stadials
[Heinrich, 1988; Bond et al., 1992; Bond and Lotti, 1995], the polar front reached the south of the Iberian
Margin [Bard et al., 1987; Eynaud et al., 2009], leading to a potential cessation of the upwelling [Pailler and
Bard, 2002] and a circulation pattern similar to modern winter conditions [Eynaud et al., 2009].

Core MD95-2042 (37°45′N, 10°10′W, 3146m water depth) (Figure 1) is 3140 cm long, covers the last glacial
cycle, and consists mainly of calcareous silty clay [Bassinot and Labeyrie, 1996]. The core was collected on
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an almost flat continental rise (slope <2%), ~150 km away from the modern coastline, downstream of the
Tagus, Setubal, and Sado canyons, and upstream of the Tagus abyssal plain. The site is directly below the
pathway of the Iberian Poleward Current (IPC), a branch of the Azores Current, in winter [Peliz et al., 2005],
and during summer it is located at the edge of the upwelling area and is currently fed by upwelling filaments
developing from Cape Roca to Cape Saõ Vicente [Fiuza, 1984] (Figure 1). A new, homogenized chronology for
this core is proposed, based on XRF-%CaCO3 tuned on Chinese speleothem δ18O records (see Text S1 in the
supporting information).

3.2. Uk′
37 and TEX86 Analyses

Core MD95-2042 was sampled every 5 cm, equivalent to an average time resolution of 260 years (Text S4).
The 401 lyophilized samples covering the last 70 kyr underwent lipid extraction with the accelerated solvent
extraction method (ASE 200, Dionex), following the procedure described in Pailler and Bard [2002] (Text S5).
The total lipid extracts (TLEs) were subdivided into two identical aliquots, for alkenone analysis and for
subsequent purification before GDGT analysis.

Gas chromatography analysis of alkenones was performed bymeans of a Thermo Scientific Trace GC equipped
with a flame ionization detector, using analytical conditions similar to those described by Sonzogni et al.
[1997] (Text S6). The Uk′

37 was calculated according to Prahl and Wakeham [1987] (equation (1)).

The precision of our analytical procedures for the SST determination has been assessed in the framework of
the international alkenone intercomparison [Rosell-Melé et al., 2001]. Forty replicates of the core catcher

Figure 1. (a) Location and modern hydrology of the studied area: the Iberian Margin. The colored gradient represents Pathfinder SST climatology (9 km resolution)
[Armstrong and Vazquez-Cuervo, 2001] interpolated on a ROMS grid for the North Atlantic Ocean (1) and off Portugal during winter (2) and during summer (3).
Black arrows highlight modern surface circulation patterns, and the black stars represent MD95-2042 core site. PC = Portugal Current; AzC = Azores Current,
CC = Canary Current, and IPC = Iberian Poleward Current. (b) Simulated surface physics by ROMS (mean of year 116 to year 125) in the Iberian Margin domain:
annual mean SST (colored scales) and annual mean surface currents (arrows) for Present Day (1), Last Glacial Maximum (2), and Heinrich Stadials (3). (c) IPSL-CM4 FWF
annual mean SST and surface currents (arrows) on the Iberian Margin domain as inputs for ROMS Heinrich Stadial simulation.
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sample of MD95-2042 gave a mean Uk′
37 of 0.557 ± 0.010 (15.25 ± 0.26°C) and a mean alkenone C37tot

concentration of 184 ± 27 ng/g sediment. These 40 replicates presented no significant deviation over the
period 2012 to 2014, exceeding the data set acquisition of the present paper. Finally, the lack of systematic
shifts between the new high-resolution alkenone record and that measured in 1998 [Pailler and Bard,
2002], for both standard sediment and downcore samples, rules out a significant laboratory degradation of
alkenones in core MD95-2042 over the last 15 years and allows to propose a new high-resolution alkenone
record (Text S6).

Prior to GDGT analysis, the total lipid extracts (TLEs) were separated into apolar and polar fractions (contain-
ing GDGTs), using the Gilson GX-271 ASPECTM system controlled by TRILUTIONTMLH software [Sanchi et al.,
2013]. Polar fractions were analyzed by high-performance liquid chromatography/atmospheric pressure
chemical ionization mass spectrometry, following an analytical procedure similar to the one described by
Ménot and Bard [2012]. Concentrations of individual GDGT were determined by relating chromatogram peak
areas to the concentration of the internal standard C46-GDGT, as proposed by Huguet et al. [2006a]. The
relative response factor between synthetic (C46-GDGT) and natural GDGTs (GDGT-0) was determined twice
a week during running time and was taken into account in the calculation of individual GDGT concentrations,
given in μg/g of dry weight sediment [Huguet et al., 2006a]. Selected apolar fractions were analyzed
as described above, confirming the efficiency of the automatic separation made by the Gilson system.
Analytical procedures at CEREGE (Centre Européen de Recherche et d’Enseignement des Géosciences de
l’Environnement) were tested in the two Round Robin experiments for TEX86 and BIT analyses, providing
favorably comparable results to other laboratories [Schouten et al., 2009, 2013a]. The TEX86 or TEX

H
86 ratios

were calculated according to Schouten et al. [2002] or Kim et al. [2010] (equations (2) or (4)).

Similarly to the alkenones, a homogenized standard sediment from the core catcher of MD95-2042 went
through chemistry and analysis. The six replicates gave an analytical precision better than ±0.005 (±0.4°C)
for TEX86 and below 10% for iGDGT concentrations.

3.3. Present and Paleo Tproxy Simulations for the Iberian Margin
3.3.1. Model Description, Grid Choice, and Parameterization
The numerical ocean model used in this study is the Regional Ocean Modeling System (ROMS) [Shchepetkin
and McWilliams, 2005; Penven et al., 2006]. ROMS is a free-surface, topography-following coordinate model, which
solves primitive equations based on Boussinesq and hydrostatic approximations, and uses advection/diffusion
schemes for potential temperature and salinity as well as a nonlinear equation of state.

Our numerical configuration for the Iberian Margin is close to the one used in recent studies [Nolasco et al.,
2013; Pires et al., 2013, 2014; Rocha et al., 2013]: the domain is limited to 34.5°N–45.5°N and 16.5°W–5.5°W,
with a resolution of 1/10° (~9 km) and 30 sigma vertical levels with a stretching factor of hs= 6 and hb= 0
to conserve a good near-surface resolution over the entire domain. The bathymetry is based on ETOPO2
[National Geophysical Data Center, 2001], with corrections near the slope and a smoothing filter r=grad(h)/
h= 0.25. This resolution implies a time step of 18min.

All four boundaries of the domain are set open, including the connection to the Mediterranean Sea through
Gibraltar Strait, which allows Mediterranean outflow occurrence and the flow of Mediterranean waters over
the Gulf of Cadiz and the Iberian Margin. The regional model requires an initial setup, as well as boundary
conditions and forcings. These latter are extracted from observational data sets or existing global simulation
results according to the considered climate state (present or past) (see section 3.3.2 for the definitions of each
simulation and associated forcings).
3.3.2. Present and Paleosimulations: PD-LGM-HS and Associated Forcings
Three different climate mode simulations are conducted using different inputs applied to the same ROMS
domain configuration.
3.3.2.1. Present Day (PD) Inputs
The World Ocean Atlas 2005 [Locarnini et al., 2006; Antonov et al., 2006] is used for initial conditions for the
temperature and salinity fields and along the domain boundaries providing open boundary conditions.
Comprehensive Ocean-Atmosphere Data Set (COADS) monthly mean climatology [Slutz et al., 1985; da
Silva et al., 1994] includes the surface forcing fields required for ROMS: sea level pressure, surface air tempera-
ture, radiation fluxes (longwave, shortwave, and net heat balance—the latter including latent and sensible
heat transfers), water flux into the ocean (evaporation minus precipitation), SST, sea surface salinity (including
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the local effect of the discharge of the world’s main rivers), wind stress (zonal and meridional components),
and specific humidity.
3.3.2.2. Last Glacial Maximum (LGM) and Heinrich Stadial (HS) Inputs
The Institut Pierre-Simon Laplace Coupled Model version 4 (IPSL-CM4) [Marti et al., 2006, 2010] outputs,
provided by L. Bopp and V. Mariotti (LSCE, Saclay, France) (Table S2), present all the variables required for
ROMS initial setup, boundary conditions, and surface forcings as presented above. IPSL-CM4 outputs are
interpolated on the ROMS grid, which is similar to the PD grid, but with sea level decreased by 120m for
realistic glacial coastline position and continental shelf extent.

The mean for the last 50 years (year 500 to year 549) of the IPSL-CM4 steady state simulation known
as “LGM” [Kageyama et al., 2009; Swingedouw et al., 2009] or “GLA” [Mariotti et al., 2012] is used to build
LGM ROMS inputs.

To produce HS ROMS inputs, we used the mean for the last 50 years (year 350 to year 399) of the IPSL-CM4
“FWF” hosing experiment [Kageyama et al., 2009; Swingedouw et al., 2009; Mariotti et al., 2012]. In this hosing
experiment, starting from LGM IPSL-CM4 steady state simulation, the additional freshwater flux of 0.1 Sv
(1 sverdrup=106m3 s�1) in the Atlantic Ocean (north of 40°N) and in the Arctic Ocean—which mimics the ice-
berg melting during a HS—leads to the collapse of the Atlantic Meridional Overturning Circulation (AMOC) in
250 years of simulation (from 15Sv to 2 Sv). Years 350 to 399 are therefore in an AMOC shutdown “equilibrium,”
coherent with Heinrich Stadial configurations [Bond et al., 1992; McManus et al., 2004; Gherardi et al., 2005].
3.3.3. Tproxy Encoding With Parameterized Production
In this study, the “Tproxy” (modeled temperature proxy) is the modeling tool that considers the chain of
processes occurring in the oceanic realm for an organic compound recording oceanic temperatures. The
Tproxies are presumed to mimic organic biomarkers which would record the temperature of their environ-
ment when produced and which would undergo mixing, advection, and export to the seafloor. Each
Tproxy carrier records in situ temperature when produced. To do so, an association of two passive tracers
is introduced into themodel: the carrier mass (representing the amount of alkenones or GDGTs) and themass
multiplied by the temperature (representing the temperature signal carried by organic proxies). Because
both tracers have extensive properties through transport processes, the recorded temperatures are obtained
by dividing the latter tracer by the former. The Tproxy carrier undergoes mixing, advection, and has a char-
acteristic time of degradation (exponential decrease) to represent natural remineralization of particulate
organic matter. This characteristic time of degradation is set at 3months for all experiments. A sensitivity test
on this residence time, between 1month and 1 year, gave comparable mean temperature results for Tproxies
on the seafloor (±0.5°C). The sinking speed is 5m/d, equivalent to the sinking rate of small particulate organic
carbon in the PISCES biogeochemical model [Aumont et al., 2003; Aumont and Bopp, 2006].

The Tproxy tool is thought to represent either alkenone-based or GDGT-based organic proxies, and the many
possible configurations allow us to test the effect of season and depth of production for each Tproxy carrier on its
final temperature record on the seafloor. A combination of two depths (surface and 0–200m) and three seasons
(annual, summer, and winter) is tested with the Tproxy tool, to cover the range of possible production conditions
(see section 2). We run six parameterized functions of production for each climate mode (Table S2). First, a
constant Tproxy production on the whole surface of the oceanic domain is considered, with three seasons
tested: annual surface production (ASP), summer surface production, and winter surface production. Second, a
constant Tproxy production on the 0–200m depth interval of the marine field is tested, again with three seasons
considered: annual 0–200m depth production, summer 0–200m depth production, and winter 0–200m depth
production (Table S2). The constant surface production rate is set at 10�9mg/m2/s, which leads to proxy carrier
mean concentrations similar to 10�5mg/m3 in Tproxy ASP steady state simulation.

In order to be directly comparable to sedimentary organic proxy results, Tproxy results are shown as the
annually averaged temperature of the Tproxy carrier flux at the water-sediment seafloor interface. We do
not include sediment reworking, transport, or diagenetic processes in the Tproxy tool.
3.3.4. Conducted Simulations
Modern climatologies (e.g., World Ocean Atlas 2005, 1° × 1° resolution) or general circulation models for past cli-
mate states (e.g., IPSL-CM4, 2° ×1.5° resolution) (Figure 1c) do not allow to represent the specific fine
oceanographic features off Portugal in terms of currents and temperatures with adequate resolution (summer
upwelling along the coast, upwelling filaments, meanders, and offshore currents). The regional ocean model
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ROMS has been chosen for its capacity to represent such fine oceanographic features at meander scale (1/10°
resolution) (Figure 1b) with monthly and interannual variability. This is particularly required when considering
the intermediate position of the core, which was taken at a location between inshore and offshore with rela-
tion to the coastal upwelling.

Table S2 presents a summary of Tproxy experimental design and conducted simulations. Each simulation is run for
125 years and provides monthly mean outputs. For all three climate modes (PD, LGM, and HS; see section 3.3.2),

Figure 2. Biomarker results for core MD95-2042. (a) TEX86 and (b) UK′37 indices and biomarker concentrations (thick line = least
squared 2–3 smoothing on 11 points): (c) isoprenoid GDGTs and (d) alkenones C37:2 + C37:3. (e) Caldarchaeol/Crenarchaeol
ratio (on the left-hand side axis) or contribution of upwelling/mesopelagic Archaea to TEX86 signal (on the right-hand axis)
calculated after using a bipolar mix model between two Caldarchaeol/Crenarchaeol ratio end-members: light blue and green
stars represent “pure” upwelling/mesopelagic Archaea and Epipelagic Archaea end-members, respectively, as proposed by
Turich et al. [2007]. Grey bars refer to cold events: YD = Younger Dryas and H1=Heinrich Stadial 1. Red numbers refer to warm
Dansgaard/Oeschger events, also called Greenland Interstadial (GIS) events. PD= Present Day and LGM= Last Glacial Maximum.
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the total kinetic energy of the IberianMargin oceanic volume stabilizes in 3 years of simulation time, the circulation
reaching a steady state, with interannual variability of <5%. The six Tproxy experiments are conducted on the
three previously described climate modes for the final 15 years (years 111 to 125). Both Tproxy passive tracers
stabilize after 3 years of simulation. Therefore, the following results and discussion will be based on the monthly
mean of the final 10 years of simulation (years 116 to 125).

4. Results
4.1. TEX86 and UK′

37 Indices and Associated Biomarker
Concentrations

Core MD95-2042 biomarker results are presented in Figure 2 for both indices and associated compound concen-
trations. For the last 70kyr, TEX86 ranges between 0.44 and 0.67 (Figure 2a), while U

K′
37 varies between 0.34 and 0.74

(Figure 2b). The average value is higher during the Holocene (interglacial period) (n=56, 0.64±0.01 for TEX86, and
0.69±0.02 for UK′

37) than during the last glacial (except Heinrich Stadials) (n=239, 0.52±0.02 for TEX86, and 0.52
±0.04 for UK′

37), which in turn is higher than during Heinrich Stadials (n=68, 0.49±0.02 for TEX86, and 0.42±0.03
for UK′

37). TEX86 and UK′
37 show in-phase abrupt climate variability for the last glacial and termination 1, which is char-

acteristic of the North Atlantic signal: synchronous cold events (Dansgaard/Oeschger Stadials) and warm events
(Dansgaard/Oeschger Interstadials, red numbers in Figure 2a), as well as intense North Atlantic cold events
(Heinrich Stadials, areas shaded grey and purple numbers in Figure 2), are observed, as previously reported for

Figure 3. Correlations between different biomarker parameters in core MD95-2042 during the last 70 kyr. (a) TEX86 and Uk′37, (b) SST-TEX86 [Tierney and Tingley, 2014,
2015] and SST-Uk′37 [Conte et al., 2006], (c) SST-TEX

H
86 [Kim et al., 2010] and SST-Uk′37 [Conte et al., 2006], (d) iGDGT concentration and alkenone C37:2+3 concentration

(μg/g sediment), (e) SST-TEXH86� SST-Uk′37 [Kim et al., 2010; Conte et al., 2006] and Caldarchaeol/Crenarchaeol ratio, and (f) SST-TEXH86� SST-Uk′37 (this study’s regional
calibration) [Conte et al., 2006] and SST-Uk′37 [Conte et al., 2006].
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the Iberian Margin [e.g., Pailler and Bard, 2002;Martrat et al., 2007]. Raw TEX86 and UK′
37 signals display a significant

positive correlation for the last 70 kyr (R2=0.79, n=400) (Figure 3a).

The BIT values are low, ranging from 0.01 to 0.06 with average values identical for the Holocene (0.03 ± 0.006,
n= 56) and the last glacial (0.02 ± 0.008, n= 307) (not shown).

Concentrations of the marine isoprenoid GDGTs vary between 1.6 and 21.5μg/g dry sediment (Figure 2c),
while those of C37 alkenones range between 0.1 and 1.7μg/g dry sediment (Figure 2d). Smoothed concentra-
tions (least squares 2–3 procedure on 11 points [Savitzky and Golay, 1964]) of iGDGTs and C37 alkenones exhi-
bit a positive correlation (R2 = 0.26, n=390) (Figure 3d). Both concentrations are higher during the glacial
period excluding Heinrich Stadials than during the Holocene. Abrupt climate variability of the last glacial is
also marked in both smoothed concentrations, with higher values during Dansgaard/Oeschger Interstadials and
low concentrations during Heinrich Stadials (Figures 2c and 2d).

The Caldarchaeol/Crenarchaeol ratio (GDGT-0/GDGT-4) was proposed by Turich et al. [2007] to evaluate the
variation of archaeal group contributions to the GDGT-based SST reconstructions. A binary mixing model is
applied to the Caldarchaeol/Crenarchaeol ratio using two end-member values for upwelling/mesopelagic
origin or for epipelagic origin (Figure 2e). The Caldarchaeol/Crenarchaeol ratio shows high variability for the
last 70 kyr, with values between 0.46 and 1.02 (i.e., 0 to 81% of upwelling/mesopelagic Archaea) (Figure 2e). A
smaller ratio (higher upwelling/mesopelagic contribution) is observed for the Holocene (n=56, 67 ± 5%
upwelling/mesopelagic) than for the last glacial (n= 239, 28 ± 9% upwelling/mesopelagic) or for Heinrich
Stadials (n= 68, 14 ± 8% upwelling/mesopelagic) (Figure 2e).

4.2. SST-TEX86 and SST-UK′
37 Reconstructions

The different versions of the TEX86 index (TEX86, TEX
L
86, and TEXH86) and associated calibrations (Table 1) give dif-

ferent temperature ranges for the last 70 kyr of core MD95-2042 based on the same iGDGT distributions
(Figure 4a). The temperature relationship based onmesocosm experiments [Kim et al., 2010; afterWuchter et al.,
2004; Schouten et al., 2007] gives higher values (between 23.5°C and 32.8°C) than global core top sediment

Figure 4. SST reconstructions for core MD95-2042 based on different published linear calibrations. (a) SST-TEX86 versus TEX
index: dark purple stars for TEXL86 annual mean SST calibration [Kim et al., 2010]; dark blue circles for TEXH86 annual mean
SST calibration [Kim et al., 2010] and associated dark blue 2σ error bar, purple circles for TEXH86 0–200m annual mean
calibration [Kim et al., 2012], and black dotted line for TEXH86 annual mean SST calibration for the Iberian Margin (this study);
and green crosses [Kim et al., 2008], light green crosses [Schouten et al., 2002], and light blue crosses [Tierney and Tingley,
2014, 2015] for TEX86 annual mean SST calibrations. (b) SST-UK′37 versus U

K′
37: orange crosses for UK′37 culture calibration

[Prahl et al., 1988] and pink crosses [Müller et al., 1998] and red crosses with associated red 2σ error bar [Conte et al., 2006]
for sedimentary UK′37 annual mean SST calibration. The pink stars represent the present-day annual mean SST at the core
site, while the associated pink bars show the maximum and minimum monthly SST at the core site. PD = Present Day;
LGM= Last Glacial Maximum; and HS = Heinrich Stadial.
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linear calibrations based on annual
mean SSTs (10.8°C–25.7°C [Schouten
et al., 2002] or 14.0°C–26.6°C [Kim et al.,
2008] for TEX86 index, 14.1°C–26.8°C for
TEXL86 [Kim et al., 2010], and 14.3°C–
26.5°C for TEXH86 [Kim et al., 2010])
(Figure 4a). TEXH86 calibration based on
mean annual 0–200m temperature
[Kim et al., 2012] shows smaller values
(between 11.3°C and 21.0°C) (Figure 4a).
The different global linear calibrations
tested for TEX86-SST reconstructions
(Table 1 and Figure 4) give a wide range
of results for MD95-2042 core top sam-
ples. Using annual mean SST-based cali-
brations, modern TEX86 temperature
reconstructions (late Holocene, n=35,
STD=±0.4°C) (± standard calibration
error) are between 24.5°C± 2.0°C and
25.6°C± 1.7°C for TEX86 (Schouten et al.
[2002] and Kim et al. [2008], respectively)
and 25.7°C± 2.5°C and 26.1°C± 4.0°C for
TEXH86 and TEXL86, respectively [Kim et al.,
2010] (Figure 4). The mesocosm calibra-
tion gives evenwarmer results of around
32.2°C [Kim et al., 2010; after Wuchter
et al., 2004; Schouten et al., 2007], while
the global annual mean 0–200m
temperature-based calibration gives
20.4°C for the modern samples (n=35)
[Kim et al., 2012] (Figure 4). All these
results are unrealistically warm, even
when calibration errors are taken into
account, in comparison to present-day
temperature observations at MD95-
2042 location (satellite annual mean
SST of 18.0°C and annual mean 0–
200m temperature of 15.3°C) [Casey
and Cornillon, 1999; Armstrong and
Vazquez-Cuervo, 2001; Locarnini et al.,
2006; Casey et al., 2010] (Figure 5). All

TEX linear calibrations (referring to all TEX indices: TEX86, TEX
L
86, and TEXH86) thus lead to significantly higher

temperature results than with Uk′
37 SST (Figure 4). However, using the recently developed Bayesian spatially

varying calibration with its updated database [Tierney and Tingley, 2014, 2015] (with BAYSPAR inputs: prior STD of
5°C, minimum number of core top data=1, maximum distance=500km; number of samples for Monte Carlo
draw=5000), the temperature range covered by MD95-2042 TEX86 data for the last 70 kyr is between 9.3°C and

21.1°C (Figure 4a), which is closer to Uk′
37 SST reconstructions (Figure 4b). Modern TEX86 temperatures are around

20.2°C±4.4°C (mean calculated error on the calibration holding 90% of the Bayesian signal variance), which is
comparable to present-day annual mean SST at the core site (18.0°C)—within error.

In the following sections, we present and discuss our TEX-based temperature results with the most
recent global linear calibration for annual mean SST reconstructions (TEXH86) [Kim et al., 2010] (Figure 4a, dark
blue circles), which is of late the most commonly used calibration for temperature reconstructions based
on isoprenoid GDGTs [Huguet et al., 2011; McClymont et al., 2012; Nakanishi et al., 2012b; Seki et al.,

Figure 5. A data-model comparison of annual mean temperatures at
MD95-2042 core site for three climate modes. Pink symbols reflect
Present Day conditions, green symbols indicate the Last Glacial Maximum,
and purple symbols refer to Heinrich Stadials. (left) The mean reconstructed
SSTs via biomarkers for each climate mode (light orange): TEX86 results with
big squares [Kim et al., 2010] and small crossed squares [Tierney and Tingley,
2014, 2015] show the range of reconstructed SST with the different calibra-
tions; stars represent mean UK′37 results [Conte et al., 2006]. The error bars (2σ)
associated with TEX86 and UK′37 calibrations are also reported. Annual mean
temperature inputs (green panels) and outputs (grey and blue panels) for
ROMS simulations are presented for surface and 0–200m depth interval.
Small circles show ROMS inputs (PD observation: Pathfinder/World Ocean
Atlas 2005; LGM and HS: IPSL-CM4 [Mariotti et al., 2012]), small triangles
represent ROMS temperature outputs (mean year 116 to year 125), and small
diamonds show annual (surface or subsurface) production Tproxy results
(mean years 116–125). Orange arrows show the temperature difference
between LGM and PD. Light blue arrows show the temperature difference
between HS and LGM. Question marks associated with 0–200m orange
arrows show that there is no match with the biomarker data. However, TEX86
and Uk′37 deltas between climate modes correspond to modeled annual
surface deltas, which supports the suggestion that biomarkers do record
annual surface temperatures.
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2012; Yamamoto et al., 2012; Grauel et al., 2013; Lopes dos Santos et al., 2013; Nieto-Moreno et al., 2013;
Shaari et al., 2013; Smith et al., 2013; Zhang et al., 2013; Basse et al., 2014; Hernández-Sánchez et al., 2014;
O’Brien et al., 2014; Zhang et al., 2014; Ho and Laepple, 2015], and compare these results with the Bayesian
calibration-derived temperatures which take regional effects into account [Tierney and Tingley, 2014, 2015]
(Figure 6, light blue).

Concerning UK′
37, both calibrations based either on cultured organisms at different temperatures [Prahl et al.,

1988] or on worldwide core top data compared to annual mean SST [Müller et al., 1998; Conte et al., 2006]
give comparable temperature results for core MD95-2042 for the last 70 kyr, of between 8.8°C and 20.7°C
(Figure 4b), as well as for modern samples (core top and late Holocene: 18.9 ± 0.3°C, n=35). For the following
discussion, the most recent and complete (large data set) calibration is used [Conte et al., 2006] for the
reconstruction of past annual mean SSTs for core MD95-2042 (Figure 6).

4.3. Tproxy Results

Tproxies recordmodeled in situ temperature when their mass is produced, and they undergo advection through
surface and subsurface currents prior to export to the seafloor. The validity of simulated physics, especially in
terms of temperature and currents, is therefore a crucial point which needs to be evaluated prior to any consid-
eration of Tproxy results. Physical parameters of present and past simulations are assessed in Text S7
(supporting information).

For all three climate modes, oceanic temperature characteristics (seasonality, annual mean, and spatial
distribution) are preserved and transmitted between ROMS inputs (modern climatologies or IPSL-CM4),
ROMS outputs (simulated temperatures), and the tested Tproxies, as being particularly well observed for core
MD95-2042 (Table 2 and Figure 5 for annual means).

Figure 6. Annual mean SST reconstructions based on UK′37 [Conte et al., 2006] (red) and TEX86 [Tierney and Tingley, 2014, 2015] (light blue) or TEX
H
86 (this study’s Iberian

Margin calibration) (dark blue) in core MD95-2042 for the last 70 ka B.P. The light blue shaded area shows the Bayesian error (confidence interval of 95%) for TEX86
temperature reconstructions with the calibration by Tierney and Tingley [2014, 2015]. The pink star represents the present-day annual mean SST at the core site, while
the associated pink bar shows the maximum andminimummonthly SST at the core site. Grey bars refer to cold events: YD = Younger Dryas and H1 = Heinrich Stadial
1. Red numbers refer to warm Dansgaard/Oeschger events, also called Greenland Interstadial (GI) events. PD = Present Day and LGM= Last Glacial Maximum.
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Tproxy with annual surface production, for the Present Day, duplicates the SST annual means on the whole
Iberian Margin. At the core site, it gives 17.4°C, comparable to the satellite annual mean SST value of 18°C
(Table 2 and Figure 5).

The difference between summer surface production andwinter surface production Tproxies for PD is comparable
to the SST seasonality for the Iberian domain, except for along the coast, where values of SST seasonality lower
than the climatology are observed (~2°C) due to the cold summer waters of the intense upwelling simulated by
ROMS-PD. This Tproxy difference is ~6°C at MD95-2042 location, similar to Pathfinder climatology and to ROMS
modeled SST seasonal amplitudes (Table 2).

Tproxy with annual 0–200m production shows values comparable to temperatures of the 0–200m depth
interval at MD95-2042 core site, of around 15°C for ROMS inputs and outputs for PD simulation (Table 2
and Figure 5).

The seasonal amplitude for the subsurface is captured by Tproxies with 0–200m depth production (summer
0–200m production minus winter 0–200m production), showing much lower values than at the surface for
PD: between 0.5 and 2°C for the Iberian Margin domain and 1°C at the core site (Table 2).

For LGM and HS states, similar comparison between ROMS inputs, outputs, and Tproxies can be conducted
in the same way as previously described for PD. Simulated annual mean temperatures are transmitted to
the Tproxies with annual production, for both surface and 0–200m depth productions, as observed at
MD95-2042 location (Table 2 and Figure 5). Similar seasonal amplitudes between ROMS temperature outputs
and both Tproxies with surface and 0–200m production are observed (~3°C and ~0.5°C for surface and
0–200m, respectively) (Table 2).

Considering temperature amplitudes between climate modes, LGM annual surface production Tproxy shows
temperatures colder than for PD: between�2°C and�7°C for the Iberian domain, with variability at a scale of
100 km forming meanders (Figure 7b1). At the MD95-2042 location, this difference is equal to �5.5°C
(Figure 5), which is only found southwest or north of the Iberian Peninsula (see Figure 7b1, black line).
Heinrich minus Glacial (HS-LGM) differences for annual surface production Tproxy are also subject to local
variability on the studied area, with values between �3°C and �5°C, and equal to �4°C at MD95-2042 core
site (Figures 7b2 and 5). Therefore, even at the regional scale of the Iberian Margin, large differences in
temperature amplitudes between climate modes can be recorded. A combination of climate mode

Table 2. ROMS Temperature Inputs and Outputs and Tproxy Results at MD95-2042 Site

Climate Mode Season Depth Model Input, T (°C) ROMS Output, T (°C) Tproxy (°C)

PD Pathfinder
Annual Surface production 18.0 17.1 17.4

Maximum/summer 21.0 20.4 20.8
Minimum/winter 15.5 14.2 14.9

WOA 05
Annual 0–200m production 15.3 14.3 14.7

Maximum/summer 16.0 15.1 15.3
Minimum/winter 14.7 13.6 14.2

LGM IPSL-CM4 GLA
Annual Surface production 12 11.6 11.8

Maximum/summer 14.2 12.9 13.3
Minimum/winter 10.2 10.3 10.4

Annual 0–200m production 10.5 10.6 10.8
Maximum/summer 10.9 10.8 11.0
Minimum/winter 10.1 10.3 10.4

HS IPSL-CM4 FWF
Annual Surface production 8.2 7.5 7.8

Maximum/summer 10.3 9.0 9.5
Minimum/winter 6.4 6.1 6.5

Annual 0–200m production 6.9 6.8 7.0
Maximum/summer 7.2 7.1 7.2
Minimum/winter 6.6 6.6 6.8
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temperature differences (e.g., for annual surface production: [Δ(LGM-PD), Δ(HS-LGM)]) is then specific of a
location in the Iberian domain.

5. Discussion
5.1. Alkenone Thermometry: Reliable Annual Mean SST?

SST-UK′
37 results given by the three calibrations based on culture experiments (in situ temperature) [Prahl et al.,

1988] and global core top measurements (annual mean SST) [Müller et al., 1998; Conte et al., 2006] are almost
identical (Figure 4b). MD95-2042modern samples (core top + late Holocene samples, to 6 ka B.P.) give a mean
SST-UK′

37 result of 18.9°C (n= 35, STD= 0.3°C) (Figure 6), which is consistent with present-day satellite data at
the core site (18.0°C), considering the calibration errors (±1.1°C) [Conte et al., 2006].

Alkenone-based temperature reconstructions in core MD95-2042 are consistent with nearby core MD01-
2444 [Martrat et al., 2007] for the present interglacial and the last glacial, with the exception of some
Heinrich Stadials (H2, H3, and H6) which appear colder (~�2°C) in our record (Figure 6). Similar comparisons
with published data in the same core MD95-2042 [Pailler and Bard, 2002] have already been discussed in
Text S6. Previous studies in this area show comparable results with ours and have assumed that the UK′

37

temperature records represent annual mean SST for present and past glacial-interglacial cycles [Bard et al.,
2000; Bard, 2001; Pailler and Bard, 2002; Martrat et al., 2007; Rodrigues et al., 2011].

Figure 7. (a) Temperature comparison between forcings (modern climatology IPSL-CM4) and ROMS outputs (mean of the last 10 years of simulation, year 116 to
year 125) at MD95-2042 core site, for three climate modes: PD = Present Day (1), LGM= Last Glacial Maximum (2), and HS = Heinrich Stadial (3). (b) Climate mode
effect on Tproxy results: LGM-PD (1) and HS-LGM (2) differences for annual surface production Tproxy (mean year 116 to year 125). The black line represents
the temperature difference between climate modes recorded at the core site (Δ(LGM-PD) =�5.5°C and Δ(HS-LGM) =�4°C).
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We examine the effects of the regional depth and season of alkenone exported production with Tproxy mod-
eling. From direct comparison between average values of MD95-2042 UK′

37 temperature for each climate
mode and different Tproxy results (Figure 5 and Table 2), we can see that PD UK′

37 data are 18.9°C, similar to
the Tproxy with annual surface production of 17.4°C (Figure 5) when calibration (±1.1°C) and Tproxy sensitiv-
ity errors (±0.5°C) are taken into account. However, mean PD UK′

37 temperatures do not match other Tproxies
with different season or depth of production: summer and winter surface production Tproxies give values of
20.9°C and 14.9°C, respectively, which are too warm and too cold for possible match; 0–200m production
Tproxies show temperatures between 14.3°C and 15.3°C, which are too cold compared to PD UK′

37 temperature
(18.9°C) (Figure 5). These results support the idea that UK′

37 reflects annual mean SST with an alkenone produc-
tion at the surface throughout the year for modern conditions.

For LGM and HS conditions, UK′
37 temperature reconstructions (14°C and 10°C, respectively) are much warmer

than Tproxies with 0–200m depth production (around 11°C and 7°C for LGM and HS, respectively) (Figure 5).
Therefore, UK′

37 signals do not record a subsurface signal. This thus suggests an unchanged surface production
of alkenones for the last 70 kyr (and the corresponding three climate modes). Furthermore, LGM and HS UK′

37

SST reconstructions are closer to the Tproxy with summer surface production (13.3°C and 9.5°C, respectively)
than to any other Tproxy parameterization, which all present colder temperature results (Figure 5 and
Table 2). This tendency toward SSTs warmer than the annual mean during the glacial period could be due
either to wrongly modeled temperatures (ROMS SST colder than IPSL-CM4 at MD95-2042 position, especially
during summer (to �1.5°C) (Figures 7a2 and 7a3)) or to the inaccuracy of the calibration for glacial time, or
again, to a seasonal shift of haptophyte productivities toward the warmer season. It is difficult to ascertain
which hypothesis is the correct one.

Therefore, the UK′
37-based temperature signal in core MD95-2042 is interpreted to record present and past

annual mean surface temperature (SST), with no apparent change in depth of production, except for a poten-
tial shift toward summer production that may occur for glacial times.

5.2. TEX86 Thermometry: A Reliable Tool for Absolute Temperature Reconstructions Off Portugal?

The different global linear calibrations tested for TEX86 temperature reconstructions give unrealistically warm
results for MD95-2042 modern samples compared to present-day temperature observations. Could a shift of
season and/or depth of Thaumarchaeota production explain such warm TEXH86 temperatures? To clarify
the following discussion, we will only use the latest global annual mean SST-based calibration proposed
by Kim et al. [2010] for TEXH86, yet the same reasoning holds true for other global calibration equations
(Figure 4a). The mean PD TEXH86 temperature estimate (25.7°C) is almost 8°C warmer than the annual mean
SST. As modern deeper temperatures are lower than modern SST (Figure 7a1), no shift in the depth of
production can be invoked. Modern monthly SSTs in this location display a maximum value of 21.0°C in
September [Casey and Cornillon, 1999; Armstrong and Vazquez-Cuervo, 2001] (Figure 7a1). Even considering
the range of calibration error (±2.5°C for TEXH86), modern TEXH86 temperature is warmer (25.7°C) than the
warmest SST of this area (21.0°C). Consequently, a seasonal shift of Thaumarchaeota production toward
summer cannot alone explain such warm reconstructed temperatures. Global sediment calibrations fail in
the reconstruction of local marine temperatures in this area.

Despite this apparent problem in reconstructions of absolute temperatures off Portugal with global calibra-
tions, raw TEX86 and UK′

37 signals (Figures 2a and 2b) display a significant positive correlation for the last 70 kyr
(Figure 3a, R2 = 0.79). As UK′

37 is interpreted as reflecting past annual mean SST, this high correlation with TEX86
implies that TEX86 should record a temperature signal proportional to SST variations.

Using the Bayesian spatially evolving calibration for TEX86 based on annual mean SST [Tierney and Tingley,
2014, 2015], core top GDGT temperature is 20.2°C, close to the apparent summer SST for this area (21.0°C)
(Figure 6). However, considering the mean ±4.4°C Bayesian calibration error for this reconstruction, the
results are also comparable within errors with annual mean SST (18.0°C). This calibration takes into account
regional effects since it gives larger weight to core top data up to 500 km away from MD95-2042 core site
(12 core top sediments are more effective in our case: seven are located in the southern part of the Iberian
Margin and in the Gulf of Cadiz [Tierney and Tingley, 2015]; cores IS-S1, IS-S2, and IS-S3 are in the Bay of Biscay
[Kim et al., 2010]; and cores 384B and 436B are in the westernmost Alboran Sea [Nieto-Moreno et al., 2013]). The
question is now to understand why global calibrations are not suitable for reconstructing realistic temperatures
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on the Iberian Margin and which regional biases may be responsible for temperature overestimation via
TEXH86 reconstruction.

5.3. Possible Regional Biases Leading to SST-TEXH86 Overestimation

A seasonal shift of Thaumarchaeota production toward the warm season is the first bias leading potentially
to SST-TEXH86 overestimation. Similar differences between TEXH86 and UK′

37 proxies were also reported in
the neighboring Alboran Sea. They were interpreted as a shift in the season of production, with TEXH86
reflecting mainly the warm summer season while UK′

37 appeared to show annual mean SST [Huguet et al.,
2011; Nieto-Moreno et al., 2013]. Such a shift of GDGT productivity toward the warmer season could contri-
bute to a maximum increase of +3°C from annual mean SST on the Iberian Margin.

High nutrient concentration may also bring about a positive bias on TEXH86-derived temperature reconstruc-
tions since the difference between TEX86 temperature in particulate organic matter and in situ measured
temperature increases with nitrate concentrations [Turich et al., 2007]. On the Iberian Margin, a seasonality
shift toward the warmer season would also correlate with a higher nutrient availability linked to summer
upwelling [Navarro and Ruiz, 2006; Rocha et al., 2013].

Terrigenous inputs—soil-derived iGDGTs—can potentially bias TEX86 temperature estimates [Hopmans
et al., 2004; Weijers et al., 2006]. Even if core MD95-2042 is located offshore the Tagus River mouth, low
BIT index values throughout the record (<0.06, not shown) suggest negligible riverine inputs of soil
organic matter.

Allochthonous marine GDGTs may also bias the signal toward warmer temperatures. Indeed, a seasonal
production of organic matter, coupled with a residence time in surface waters of 3 to 6months allows its
advection via high-speed surface currents in the North Atlantic Gyre. This could lead to a temperature bias
of +2°C for the Iberian Margin area, according to simulations by Rühlemann and Butzin [2006]. However,
alkenones are more prone to be laterally transported than GDGTs (Crenarchaeol) in shallow depth areas such
as continental margins [Mollenhauer et al., 2008]. Since our record based on alkenones does not exhibit
unrealistic temperatures, this does not support their advection in this area, nor for GDGTs.

Community shifts in GDGT producers on the Iberian Margin may be responsible for unrealistic reconstruc-
tions using global calibrations. The calibrations are based on worldwide core tops integrating “global” domi-
nant Thaumarchaeota species. But specific oceanographic settings, such as seasonal upwelling areas,
could host archaeal species with different vital effects, thus leading to significant bias on TEX86 temperature
reconstructions. Lipids from the epipelagic and upwelling/mesopelagic waters were differentiated based
on the Caldarchaeol/Crenarchaeol ratio [Turich et al., 2007]. Group 1 Crenarchaeota (recently renamed
Thaumarchaeota [Brochier-Armanet et al., 2008]) and a mix of Group II Euryarchaeota and Crenarchaeota
represent the mesopelagic/upwelling and epipelagic end-members, respectively [Turich et al., 2007]
(Figure 2e). Euryarchaeota as a significant source of GDGTs to marine sediment could complicate the SST
reconstructions based on these biomarkers [Lincoln et al., 2014]. In upwelling areas, systematic bias toward
higher temperatures for both core- and IPL-specific TEX86 values suggests subsurface in situ production of
Archaea with a distinct relationship between lipid biosynthesis and temperature [Basse et al., 2014], further
supporting the contribution of endemic archaeal species with vital effect.

Based on the binary mix model outlined by Turich et al. [2007] (Figure 2e), the contribution of
upwelling/mesopelagic Archaea is evaluated to range from 67% during the interglacial period to 28% during
the mean glacial state and to 14% for Heinrich Stadials (Figure 2e). However, the variations of species contribution
in core MD95-2042 (Caldarchaeol/Crenarchaeol ratio) are not clearly correlated to the difference between SST-
TEXH86 and SST-Uk′

37 (n = 400, R2 = 0.07) (Figure 3e). Therefore, apparent variations of archaeal faunas
through time are not responsible for variable bias on the TEX86 record. However, we cannot rule out
the contribution of archaeal species/communities with different iGDGT distribution response to tempera-
ture than those commonly living at the surface. Our study site presents oceanographic similarities with
the seasonal Mauritanian upwelling, where there is growing evidence for a major contribution of subsurface
archaeal communities with differing temperature sensitivity [Mollenhauer et al., 2015]. Furthermore,
Mediterranean Overflow Waters are present between 500 and 1500m depth on the Iberian Margin
[Zenk and Armi, 1990; Daniault et al., 1994; Mazé et al., 1997; van Aken, 2000; Ambar et al., 2002] and were
deeper during glacial times [Zahn et al., 1987; Schönfeld and Zahn, 2000; Voelker et al., 2006]. The contribution
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of deepwater dwelling Archaea from or similarly to the Mediterranean Sea, with different relationship to in
situ temperature [Kim et al., 2015], may also be worth considering. Deep archaeal community contribution
to the sediment may be responsible for the warm bias as identified in the Mediterranean Sea, but with
the TEX86 index still correlating to SST [Kim et al., 2015]. Future studies combining geochemistry of GDGTs
and archaeal microbiology are required on the Iberian Margin to decipher which hypotheses should
be retained.

The various biases discussed above may explain the inability of global calibrations to reconstruct realistic
annual mean SSTs on the Iberian Margin. However, the calibration put forward by Tierney and Tingley
[2014, 2015] also takes into account a “regional effect” through its Bayesian spatially varying approach: in
particular, more weight is given to surface sediment from the south of the Iberian Margin, whose TEX86
temperature reconstructions are higher than annual mean SST. The Bayesian calibration produces compar-
able results to Uk′

37 records (SST-TEX86 = 0.96 ± 0.05 × SST-Uk′
37 + 0.65 ± 0.72; R2 = 0.79 and n=400) (Figure 3c)

and shows that a SST signal is recorded by TEX86 in core MD95-2042. A regional calibration is therefore
required for the Iberian Margin to provide robust annual mean SST reconstructions, by counterbalancing
regional biases affecting TEX86 reconstructions while using any global calibration.

5.4. Reconciling Data and Model

Figure 5 represents a summary of our biomarker results, as well as annual mean observations and model
inputs, ROMS, andmodeled annual production Tproxy outputs at MD95-2042 site for all three climate modes.
This graph allows data-observation-model comparisons inside a particular climate state, as well as tempera-
ture differences between climate modes. Contrary to 0–200m temperatures, a similar temperature amplitude
between climate modes is reported for both biomarkers and the modeled surface signal (Figure 5). Whatever
the considered item (organic proxy/observation/regional model/modeled annual surface production Tproxy), a
systematic comparable temperature difference is observed. The difference between modern reconstruction
and the last glacial state (Δ(PD-LGM)) is 5.5–7°C, while the temperature amplitude between the last glacial
and Heinrich Stadial states (Δ(LGM-HS)) is 3–4°C (Figure 5). Except for annual surface production, these
amplitudes are not found with other Tproxies. For instance, when the Tproxy with 0–200m production is
considered, whatever the season of production, the temperature amplitude Δ(PD-LGM) is lower: 3–4°C
(Figure 5 and Table 2).

SST differences between climate modes are specific to a region, as opposed to a basin-wide scale. These
thermal amplitudes differ for each region of the North Atlantic and cover a wide range of delta values, as
seen both by data (e.g., between 0°C and 8°C for Δ(PD-LGM) for the North Atlantic area [Waelbroeck et al.,
2009; Ho and Laepple, 2015] or between 0 and 14°C for Δ(PD-HS) in eastern North Atlantic [Patton et al.,
2011]) and by modeling studies (e.g., between �2°C and 7°C for Δ(PI-LGM) for the North Atlantic domain
[Kageyama et al., 2013] or between �2°C and 10°C for Δ(LGM-HS) [Prange et al., 2004; Swingedouw et al., 2009]).
Furthermore, due to varying oceanographic settings between climate modes, temperature amplitudes are
even expected to be specific for the core site (Figures 7b1 and 7b2). Our modeling results for the Iberian
Margin domain confirm the specificity of each location at this regional scale, as has recently been shown for
past summer SST reconstructions at different time slices based on planktonic foraminifera assemblages
[Salgueiro et al., 2014]. This distinctive oceanic feature, the position-specific temperature amplitude between
climate modes, supports the strength of our similar ΔT reconstructions by both Uk′

37 and TEX86 and Tproxy with
annual surface production.

The easiest way to explain the same temperature amplitude between climate modes for both biomarkers and
annual surface production Tproxy in a location with such regional specificities is the validity of the following
three criteria, altogether: (i) the slopes of the linear calibrations are valid, (ii) the physics of the ocean
(temperatures and circulations) are usable, and (iii) the Tproxy production hypothesis is correct.

5.5. A New Regional TEX86 Calibration

Similar temperature amplitudes between climate modes for data and the model suggest that the slopes
of TEX global annual mean SST-based calibrations are correct for the Iberian Margin (Figure 4a and
section 5.4). Therefore, reconstructions of absolute annual mean SST on the Iberian Margin are challenged
by an unsuitable intercept of the linear equations. Here we propose a new preliminary regional calibration
based on the following assumptions and statistics.
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Uk′
37 SSTs from core MD95-2042 over the last 70 kyr are taken as reference data for annual mean SSTs to build

the regional TEX86 calibration. Furthermore, the TEXH86 calibration proposed by Kim et al. [2010] is the most
commonly used calibration for temperature reconstructions based on iGDGTs [e.g., Basse et al., 2014;
Hernández-Sánchez et al., 2014; O’Brien et al., 2014; Zhang et al., 2014; Ho and Laepple, 2015]. The slope of this
calibration is valid for the reconstruction of annual mean SST in the Iberian Margin domain, since the linear
regression between SST-TEXH86 and SST-Uk′

37 has a slope of 1 (slope = 0.97 ± 0.05, R2 = 0.79, n=400) (Figure 3c).
Therefore, we set the slope of the regional calibration as constant and equal to the slope of the global TEXH86
calibration (68.4°C per TEXH86 ratio unit) [Kim et al., 2010]. The following linear equation can then be solved to
propose a new intercept “β” to reconstruct present and paleo annual mean SST on the Iberian Margin:

Paleo annual mean SST-Uk′
37 ¼ 68:4 � TEXH86 þ β (5)

with β equal to the mean of the differences between SST-Uk′
37 and 68.4 × TEXH86 (β = 33.0 ± 0.1°C, the

standard error; n = 400). The calibration error is calculated as 2 standard deviations on the β intercept,
which is equal to 2 standard deviations of the residuals between SST-TEXH86 (this study’s calibration) and
SST-Uk′

37 for MD95-2042: ±2.5°C (Figure 3f). The calibration error is comparable to the global calibration
error (±2.5°C [Kim et al., 2010], Table 1) but may be underestimated because our regional calibration is
based on several assumptions, each of which bears individual uncertainties. The first one is that the Uk′

37

temperature reflects the local annual mean SST for the last 70 kyr. The second assumption is that TEX86
records stable conditions from 70 ka B.P. to present. Similar temperature amplitudes both for organic
proxies and for the model (section 5.4) provide strong evidence that both biomarkers record a SST sig-
nal and that conditions required for the application of our calibration were maintained for PD, LGM, and
HS. However, these climate states may not encompass all climate conditions of the past 70 kyr: for
instance, some sparse divergences exist between the two organic proxy reconstructions (Figure 6).
An occasional shift in seasonality or archaeal community may disturb the validity of both the calibration
slope and its applicability downcore, thereby compromising the ability to reconstruct reliable SSTs at all
times. This type of complication is inherent to downcore calibrations, where environmental conditions
are generally less constrained than in core top studies, for example. Therefore, to further evaluate our
regional downcore calibration, we recommend the conduction of core top studies across the whole
domain of the margin to build a regional core top calibration. In parallel, modern time series of alke-
none and GDGT records, as well as species composition, should be generated for the Iberian Margin,
to understand where, when, and which communities produce the exported signals and how they react
to temperature.

The new regional “paleocalibration” equation (annual mean SST (°C) = 68.4 × TEXH86 + 33.0) provides an
offset correction of �5.6°C to the global TEXH86 calibration [Kim et al., 2010] and gives similar tempera-
ture ranges for both TEXH86 and Uk′

37 (Figure 4). This offset may suggest the contribution of different sur-
face archaeal communities in the area. Indeed, a common slope with global calibrations indicates
similar temperature sensitivity, but the different intercept suggests a species-dependent vital effect
on initial GDGT distribution. Such offsets in calibration equations due to species-dependent vital effects
are commonly described in geochemistry, e.g., for coral Sr/Ca thermometry [Cardinal et al., 2001] or for
planktonic foraminifera Mg/Ca thermometry [Anand et al., 2003; Skinner and Elderfield, 2005]. Another
explanation may be deeper archaeal production, as hypothesized in the Mauritanian upwelling and
in the Mediterraean Sea [Kim et al., 2015; Mollenhauer et al., 2015]. Indeed, deep Mediterranean and
Red Sea sediments align with a quasi y axis translation of the global linear calibration toward smaller
temperatures [Kim et al., 2015], in a way comparable to our regional calibration off Portugal (Figure 4).
There is a need for genetic studies on Iberian Margin archaeal communities and for mesocosm experiments to
confirm the prevalence of archaeal species with specific metabolic/thermodynamic GDGT production at different
habitat depths.

SST-TEXH86 reconstructions for core MD95-2042 using our new regional calibration give values comparable to
reconstructions with the Bayesian spatially varying calibration [Tierney and Tingley, 2014, 2015] (Figure 6).
However, we advise potential users that this regional TEX86 calibration is a preliminary tool, which requires
further assessment through complementary studies (core top sediment calibration, GDGTs, and archaeal
communities time series in the water column).
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5.6. Iberian Margin Millennial-Scale Surface Variability

Both TEX86SST and Uk′
37 SST show in-phase warming at the transition between Dansgaard/Oeschger Stadials

and Interstadials. Nevertheless, the shapes of DO Interstadials are different (Figure 6): while TEXH86 reaches a
thermal maximum at the beginning of the Greenland Interstadial (GI) and then decreases following a step-
wise mode, as seen for the Greenland NGRIP δ18Oice record [Andersen et al., 2006; Svensson et al., 2006,
2008] (Figures 2a and S2a), Uk′

37 SST reaches the maximum value at the end of the interstadial and a sharp
drop follows (Figure 2b). Similar behavior is observed during the last termination, especially during the
Bolling/Allerod (DO 1) preceding the Younger Dryas, where the TEXH86 signal mimics the behavior of the
Greenland record (Figures 6 and S2a). Keeping in mind that Greenland δ18Oice is a nonlinear proxy for atmo-
spheric temperature [Kindler et al., 2014], and considering that both biomarkers record SSTs off Portugal, we
can tentatively interpret this contrasting behavior between organic proxies as being due to a progressive sea-
sonal shift of alkenone production. Full interstadial conditions (at the beginning of a Greenland Interstadial)
may favor alkenone production all year long. But surface conditions progressively became colder as the ensu-
ing Greenland or Heinrich Stadial approached, as reported for Greenland climate variation [Andersen et al.,
2006; Svensson et al., 2006, 2008] (Figure S2a). In response to this gradual cooling, coccolithophorid blooms
may have progressively shifted toward the warmer season to adapt to the better living conditions (tempera-
ture, light, and nutrients). With the installation of full stadial conditions or Heinrich Stadials, the polar front
was close to or reached the Iberian Margin [Bard et al., 1987; Eynaud et al., 2009], possibly preventing alke-
none producers from blooming [Nishida, 1986; Sikes and Volkman, 1993], as seen by the synchronous and
abrupt fall of both Uk′

37 SSTs and alkenone concentrations (Figures 2b and 2d). During Stadials, only small
amounts of alkenone were produced, probably during summer when compared to absolute summer SSTs
obtained with planktonic foraminifera assemblages [Cayre et al., 1999]. With the rapid retreat of the polar front
at the onset of the Greenland Interstadial, alkenone producers benefited again from favorable blooming condi-
tions. Meanwhile, Archaea, being more ubiquitous, could have thrived all year long during Stadials or
Interstadials or at least could have kept the same seasonality. Therefore, Archaea may have recorded climate
variations comparable to the Greenland NGRIP δ18Oice record.

Other differences in organic paleothermometer behaviors can also be seen throughout the LGM (between H2
and H1 events): TEXH86 temperatures tend to decrease, while the Uk′

37 signal globally increases, as is the case for
the Greenland record (Figure 6). During the LGM, a gradual change of archaeal exported production toward
the colder seasonmay be involved in the decrease of TEXH86-SSTs. Indeed, the summer upwelling is thought to
have been more intense than at present, with higher primary productivity (Figure 2d) [Pailler and Bard, 2002].
At the end of this upwelling, chemoautotrophs such as Thaumarchaeota become more competitive for
regenerated NH4

+ [Ward, 1985] andmay dwell preferentially during winter, as is observed in subpolar regions
[Murray et al., 1998; Herfort et al., 2007; Manganelli et al., 2009]. The more intense the upwelling, the greater
may be the archaeal population shift toward the cold season.

Moreover, during some intervals such as the late Holocene, the Bølling/Allerød, or Heinrich Stadial 6, TEXH86
temperatures are still about 2°C higher than the Uk′

37 signal (Figure 6). These differences are within the calibra-
tion error but may reflect a contrasting behavior of the TEX86 index compared to the Uk′

37 index. During those
intervals, deep-dwelling archaeal exported production may have been enhanced, positively biasing the
TEX86-based temperature record. Another explanation could be that archaeal production may occasionally
have shifted toward the warmer season, as proposed for the Alboran Sea by Huguet et al. [2011].

6. Conclusions

We present two high-resolution continuous records of Iberian Margin annual mean SST based on Uk′
37 and

TEX86 proxies for the past 70,000 years and a regional modeling effort to help interpret these signals by
testing different production scenarios (season and depth).

The Uk′
37 index allows direct annual mean SST reconstruction using global calibration in core MD95-2042.

Conversely, global TEX86 calibrations give much too warm temperature estimates for this area (+5.6°C).
Regional biases hampering temperature reconstruction are mainly attributed to archaeal communities, which
behave differently at this location than elsewhere in the ocean for unknown reasons. The comparison of GDGT
temperature results with alkenones and modeled temperature proxies supports the production of a year long
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surface TEX86 signal and allows us to establish a new regional calibration to reconstruct reliable past SSTs based on
the TEX86 index for the Iberian Margin. Using TEX86 alone in this area would therefore give significantly erroneous
results, and for this reason, TEX86 studies should be accompanied by at least a few alkenone comparisons.

This study with a dual approach combining organic geochemistry and regional modeling produces robust
reconstitutions of annual mean SST for the last 70 kyr off Portugal. Similar millennial-scale variability patterns
and quantitative records are observed for both Uk′

37 and TEX86 biomarkers, with the exception of some inter-
vals during which regional biases may have occasionally changed (seasonality and archaeal communities).

Joint multiproxy and modeling studies have proved their ability to solve specific issues for biomarker
paleothermometry, such as seasonality and depth of production of the temperature signal. Further study,
involving the coupling of a biogeochemical model to the ocean physics model, could take into account more
accurately the complexity of productivity for both alkenones and iGDGTs. The coupling of a sediment model
could also give better quantification of biases due to degradation, resuspension, or reworking.

Note Added in Proof

Shortly after acceptance of our paper for publication, we became aware of a new relevant article [Kim et al.,
2016]. These authors studied suspended particulate matter and surface sediments off Portugal andmeasured
GDGTs through organic geochemistry and performed genetic analyses of Thaumarchaeota. Kim et al. [2016]
showed that a deep-water population residing in the Mediterranean Outflow Water (MOW) contributes sig-
nificantly to the GDGT sedimentary signal, thus biasing positively TEX86-based temperature reconstructions.
These observations strengthen our observation and interpretation of the +5.6°C warm bias in TEX86-tempera-
tures measured downcore MD95-2042, as due to the contribution of endemic—possibly deep dwelling—
archaeal communities bearing different GDGT distributions in relation to temperature.
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Erratum

In the originally published version of this article, Table 1 contained errors at the bottom part of the 2nd and
6th columns. These have since been corrected and this version may be considered the authoritative version
of record.
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