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ABSTRACT

This study investigates the multidecadal-scale variability of sea surface temperatures (SSTs)
in the convection region of the Gulf of Lion (NW Mediterranean Sea) over the full past 2000
yr (Common Era) using alkenone biomarkers. Our data show colder SSTs by 1.7°C over most
of the first millennium (200 - 800 AD) and by 1.3°C during the Little Ice Age (LIA; 1400-
1850 AD) than the 20th century mean (17.9°C). Although on average warmer, those of the
Medieval Climate Anomaly (MCA) (1000-1200 AD) were lower by 1°C. We found a mean
SST warming of 2°C/100 yr over the last century in close agreement with the 0.22 and
0.26°C/decade values calculated for the western Mediterranean Sea from in situ and satellite
data, respectively. Our results also reveal strongly fluctuating SSTs characterized by cold
extremes followed by abrupt warming during the LIA. We suggest that the coldest decades of
the LIA were likely caused by prevailing negative EA states and associated anticyclone
blocking over the North Atlantic resulting in cold continental northeasterly winds to blow

over Western Europe and the Mediterranean region.

Keywords: Mediterranean Sea; sea surface temperature; alkenones; Common Era; East

Atlantic mode; atmospheric blocking
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1. Introduction

In the past decade, major efforts have been done to document the multi-decadal variability of
the sea surface temperatures during the Common Era (last 2,000 yr) and to explore the role of
external forcings (solar, volcanism, greenhouse gases) by combining paleo records and
numerical simulations of the last millennium climate (McGregor et al., 2015; Sicre et al.,
2011). Although the number of pre-instrumental reconstructions of sea surface temperature
(SST) resolving the decadal scale has increased significantly they are still insufficient to
precisely describe the space-time climate variability both at global and regional scales. This is
particularly true for the Mediterranean region for which very few records exist despite
alarming future climate projections (Lionello et al., 2006). Indeed, the Mediterranean region
is one of the most sensitive areas to climate change owing to its geographical location
between the temperate climate of Europe and the arid climate of North Africa. Because of
this, even minor modifications in the extension and intensity of these climate zones can
substantially alter the Mediterranean climate making this region particularly vulnerable to
global warming (Lionello et al., 2006). In its history, the Mediterranean region has undergone
important changes that can be investigated to better understand present-day interactions

between global and regional climate and the underlying driving mechanisms.

The Mediterranean climate is strongly influenced by the large-scale mid-latitude atmospheric
circulation of the North Atlantic (NA) and primarily the East Atlantic pattern (EA) and the
North Atlantic Oscillation (NAO; Hurrell, 1995). The NAO, the dominant mode of
atmospheric variability in the NA, reflects the atmospheric pressure difference between the
Azores High and Icelandic low. The NAO state determines the latitudinal position of the NA
storm tracks driving the Mediterranean winter precipitation, but its role on Mediterranean
SSTs is secondary (Lionello et al., 2006). Instead, the EA has been recently recognized as the
main controlling factor of the SST variability of the Mediterranean Sea, particularly in the
western basin (Josey et al., 2011). The EA mode has a similar North South dipole structure as

the NAO but its centers of action are displaced southeastward, which results in a stronger link
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with the subtropical climate than NAO. Teleconnections with El Nino Southern Oscillation
(ENSO) have also been suggested mainly to explain winter rainfall in some areas of the
Mediterranean region (Alpert et al., 2006). Finally, the influence of the Atlantic Multidecadal
variability (AMV) (Knight et al., 2006) has been recently pointed out, yet the dynamical links
between AMV and Mediterranean SSTs is still an open question. Indeed, oceanic processes
have been suggested based on the detection of AMV-like 70-yr period oscillations in the
Mediterranean SSTs (Marullo et al., 2011) while according to the study of Mariotti and

Dell’ Aquila (2012) atmospheric transmission of AMV is more likely.

The complex topography of the Mediterranean basin modifies the large-scale atmospheric
flow and subsequently influences the climate characteristics at a local scale. In the
northwestern Mediterranean Gulf of Lion (GoL), interactions between the mid-latitude
westerly winds and the Alps result in northerly winds blowing offshore in the South of
France, called Mistral (Jiang et al., 2003). This cold and dry wind blows at all seasons
(climatologically 49% of wind frequency is in the northwest quadrant; Burlando, 2009), but
more strongly in winter and spring (Jiang et al, 2003) causing intense surface water cooling.
Najac et al. (2009) have shown that Mistral is favored by anticyclonic blocking over the
northeastern Atlantic and a low-pressure system in the central Mediterranean Sea (Fig. 1), a
synoptic configuration described by negative EA that focuses the northerly air flow over
France. Despite previous suggestions of a dynamical connection between negative NAO and
the occurrence of NA blocking (Shabbar et al., 2001), the most severe Mistral episodes show
only a modest correlation with NAO compared to the strong correlation with negative EA
(Skliris et al., 2012; Papadopoulos et al., 2012). Ultimately, while weak westerlies during
negative NAO result in cold temperature in Europe, the most severe winters occur during
negative EA due to the deflection of the maritime westerly flow to the North around the
anticyclonic cell returning as cold and dry northerly continental winds over Europe and the
Northwestern Mediterranean Sea (Fig. 1) (Hékkinen et al., 2011). Yet, interactions exist

between the two modes (Moore and Renfrew, 2011). Indeed, bivariate reconstructions have



84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

shown that EA modulates the strength and position of NAO centers of action and that winter
severity is enhanced when both modes are in negative phase. This would for instance explain
that despite similar negative NAO values, winter in Europe was much cooler in 2010

(negative EA) than in 2009 (positive EA) (Moore and Renfrew, 2011).

Mistral exerts a strong control on the SSTs in the Northwestern Mediterranean Sea and is
responsible for among the coldest values found in the Gulf of Lions (GoL). Mistral also
triggers intense blooms in February, March and April (FMA) when it is stronger (Bosc et al.,
2004; Durrieu de Madron et al., 2013). A relationship between primary production maxima,
Mistral and negative EA has also been evidenced by Olita et al. (2011). Because Mistral
concurrently causes surface cooling and high primary production, alkenone-derived SSTs in
the GoL are expected to well capture past changes of atmospheric conditions promoting
Mistral. These unique properties motivated the choice of GoL shelf sediment for generating a
high-resolution SST reconstruction over the Common Era using alkenone as a temperature
proxy. Based on this time series we investigate the links between mid-latitude atmospheric
variability, Mistral and SSTs in the GoL with a focus on the strong amplitude SST

fluctuations observed during the Little Ice Age (LIA).

2. Material and methods

2.1 Analytical procedure

A gravity core KSGC-31 (GMO2-Carnac cruise in 2002, R/V “Le Suroit”) and multi-core
Gol-Ho1B (GolHo cruise in 2013, R/V “Nér¢éis”) were retrieved at virtually the same location
(43°0°23N; 3°17°56E, water depth 60 m, Fig. 1) in the Rhone river mud belt deposited onto

the GoL continental mid-shelf.

The two sediment cores were sampled continuously at a sampling step of 1 cm and freeze-
dried overnight. Between 2 - 3 g of dried sediments were extracted with a mixture of

methanol/methylene chloride (1:2 v/v) to recover the lipid biomarkers. Alkenones were
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further isolated from the total lipid extract by silica gel chromatography using solvent
mixtures of increasing polarity. Gas chromatography (GC) analyses were performed on a
Varian CX 3400 gas chromatograph equipped with a fused CP-Sil-5 silica capillary column

(50 m x 0.32 mm i.d.) and a flame ionization detector. Helium was used as carrier gas. The

. -1
oven was temperature programed from 100°C to 300°C at a rate of 20°C min . 5a-
cholestane was added prior GC analyses for quantitation. Details on the analytical procedure

can be found in Ternois et al. (1996).

Alkenones are primarily biosynthesized by the ubiquitous haptophyte algae Emiliania huxleyi.
This compound series comprises a suite of methyl and ethyl Cj; to C;9 ketones with two or

three double bonds. The Cs; alkenones are used to calculate the Cs; unsaturation index U§ (U’

= C372/(C37,1tC57.3)) now a well-established temperature proxy in paleoceanographic studies.

SSTs were calculated from the downcore U} values and the most recent global calibration
published by Conte et al. (2006) (T = - 0.957 + 54.293(UX) - 52.894(UX)* + 28.321(UX)’,
standard error estimate: 1.2°C). Precision based on triplicate alkenone analyses is 0.01 U¥

unit, which in the temperature range considered here, translates into 0.3°C.

2.2 Chronology

Age control for the multi-core Gol-HolB is based on *'°Pb dating and for gravity core
KSGC31 on both *'°Pb and '*C dating. For the gravity core, 10 radiocarbon dates were
acquired on bivalve shells with the ARTEMIS accelerator mass spectrometer (AMS) operated
in the Laboratoire de Mesure du Carbone 14, Saclay (France). Radiocarbon ages were
corrected for local reservoir effect of AR =23 + 71 (Table 1) and converted into 1o calendar
years using the CALIB7.1 software and the marine calibration curve Marinel3 (Stuiver and
Reimer, 1993; Reimer et al., 2013). Linear interpolation was performed between C-dated
horizons to translate each sampling depth to age expressed here in Anno Domini (AD) years

(Fig. 2). Because the two upper most '*C dates indicate post-bomb ages (calibrated using
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OxCal 4.2; Ramsey and Lee, 2013) additional 21%pb and *’Cs measurements were performed
in the first 10 cm of the gravity core KSGC31 (Table 2). Note that the '*C date at 18.5 cm
(1570 + 78 yr AD) was considered as an outlier and discarded from the age model as it
appeared incompatible with the '*C modern age of the above horizons (5.5 and 11.5 ¢cm) and

the presence of '°Pb and "*’Cs in the upper 10 cm.

Activities of *'’Pb, ***Ra, "*'Cs and **Th were determined in the gravity core KSGC-31 and
multi-core Gol-Ho1B by y spectrometry using a low-background high-efficiency well-shaped
germanium detector equipped of a Cryo-cycle (CANBERRA; Schmidt et al., 2014) (Fig. 3).
The calibration of the detector was achieved using certified IAEA reference materials (RGU-
1; RGTh; IAEA-135). Activities are expressed in mBq g and errors based on 1o counting
statistics. >'°Pb excess (*'’Pbys) was determined by subtracting the activity supported by its
parent isotope “*°Ra from the total *'°Pb activity in the sediment. Errors in *'°Pb,, were
calculated by propagation of errors in the corresponding pair (***Pa and *'°Pb). To compensate
for potential effect of compositional changes of sediments and to optimize splicing of the
multicore and gravity core records, 20pp. activities were normalized using 2T

concentrations measured simultaneously by ycounting (*'*Pby, ™).

Depth profiles of **Th, >'°Pb,," and '*'Cs activities for multicore Gol-Ho1B were determined
shortly after collection at sea and prior biomarker analyses. >'’Pby"" values show a mixed
layer in the upper 4 cm, followed by an exponential decrease with increasing depth in the core
(Table 2, Fig. 3B) from which sediment age is calculated. Sediment accumulation rates were
derived from the 2'°Pb," profile assuming constant flux and constant sedimentation
accumulation rates (referred to as the CF:CS model, Schmidt et al. 2014). To account for
compaction effect, >'’Pb,s"" values were plotted against cumulative mass. A mean Mass
Accumulation Rate (MAR) of 0.31 g cm™ yr’' was estimated. The deposition time (in years)
of each sediment layer was obtained by dividing the cumulated dry mass per unit area by the
MAR (Fig. 3D). The deposition year was subsequently estimated based on the sampling year

of the core, in 2013. The *'°Pb chronology indicates that the multicore Gol-Ho1B ranges from
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1960 (+ 5.6) to 2013 AD. *’Cs was detected throughout the multi-core in agreement with the
well-known pulse inputs related to the nuclear weapon test fall-out in the early sixties
(maximum atmospheric fallout is in 1963 in the Northern Hemisphere) (Fig. 3C, Table 2).
Comparison between”Th, mexsTh and "'Cs activities in KSGC31 and Gol-Ho1B cores was
used to determine the material loss during gravity coring and to splice records. A shift in
depth of 15 cm gave the best correspondence between the two profiles (Fig. 3) leading to a

core-top age of 1971 (+ 1.4) AD for the gravity core KSGC31.

For the multicore Gol-Ho1B sediment, the sedimentation rate decreases from 0.47 cm yr'1 at
the water-sediment interface to 0.32 cm yr' at the base of the core. In the gravity core
KSGC31, sedimentation rate determined for the upper 10 cm is estimated to be around 0.16
cm yr' (without porosity values for the gravity core MAR could not be calculated).
Sedimentation rate for the underlying layers derived from '*C dating is on the order of 0.1 cm
yr’'. Lower sedimentation rates in the gravity core compared to the multicore is not unusual
and explained by increasing natural compaction of sediment with depth and possibly also by

compaction due to the gravity coring (Sicre et al., 2011).

3. Results
3.1. Industrial Era period

Fig. 4A shows the SST reconstruction since 1850 AD obtained for the upper gravity core
KSGC31 (dark green solid line) and entire multicore Gol-HolB (light green dashed line)
records against age, based on the *'’Pb and "*C chronology. Values range from 16.5 to 18°C
in the gravity core, and from 16.5 to 19°C in the multicore. Both records indicate comparable
SST values in the overlapping interval except for the warmest value in the mid-1960s (~
19°C) seen in multi-core sediment but not in the gravity core sediment. We interpreted this
result by a probable artifact in the uppermost cms of the gravity core due to coring as

suggested by smoothing in the exponential decay in the *'’Pb curve (Fig. 3B). Indeed, gravity
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coring generally causes material loss and the disturbance of the uppermost sediment layers
while a multi-corer typically recovers intact surface sediment. The two-fold difference in
sedimentation rates (0.32 versus 0.16 cm yr') between the two records in this interval
translates into a difference of temporal resolution that could also account for this discrepancy.
In any case, all values were considered to construct the spliced record (Fig. 4B, Fig. 5A). The
full 2k SST reconstruction was thus obtained by combining the gravity core KSGC31 SST
values from 0 to 1971 AD and the complete multicore Gol-HolB SST data spanning from
1960 to 2013 AD. As can be seen in Figure 4B, the SST signal depicts an overall warming
ranging from ~16.5°C to ~19°C during the 20™ century followed by cooling over the most
recent decades. Multi-decadal scale fluctuations are superimposed to this trend. These values
are among the lowest of the Mediterranean surface waters in agreement with the temperature
field of the Mediterranean Sea shown in Figure 1 and previous alkenone SST data obtained
from surface sediments distributed across the NW Mediterranean Sea pointing to colder SSTs

in the GoL (Ternois et al., 1996).
3.2. The Common Era (last 2k)

Figure 6A plots the full past 2k SST record of the GoL. A 25-yr binning was applied (black
line) in order to easily evaluate departures from the average value (16.7°C + 0.7°C). The first
millennium AD reveals several cold excursions of ~ 1.5°C and a mean value cooler by 1.7°C
than the 20th century mean (17.9°C). During the MCA (ca. 1000 - 1200 AD) SSTs were
warmer (~ 16.9°C) but ~ 1°C lower than the 20th century. Around 1200 AD, they
progressively decline and display marked multi-decadal fluctuations with well-expressed
minima (ca. ~ 16°C) around 1300 AD, 1500 AD, mid-16s AD and mid-17s AD, each
followed by warm spells, the most outstanding by duration and amplitude (~ 2°C in few
decades) centered at ~ 1700 AD. As a result, average SSTs for the LIA (1400 - 1850 AD)
were 1.3°C colder than the 20th century and not as cold as the first millennium during which

post-cooling temperature rebounds above average are absent. In the following section, we
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compare the proxy and instrumental data and analyze the full 2k SST reconstruction with a

focus on the high amplitude SST oscillations of the LIA.
4. Discussion
4.1. The Industrial Era SST signal

Figures 5 shows the Gol-HolB KSGC-31 spliced SST reconstruction, the instrumental
annual mean and late winter-early spring (FMA) temperature time series average over a 5°x
5° grid from Kaplan SST V2 data

(http://www.esrl.noaa.gov/psd/data/gridded/data.kaplan sst.html) since the late 19" century.

Both proxy and instrumental data show a long-term warming trend over the 20th century. The
alkenone SSTs rise since 1900 AD is ~1.7°C but reaches ~2.2°C when considering the 20th
century only, i.e. after removing the last cold decade (2000-2012). These estimates are close
to the value of 0.026 °C yr”' obtained from satellite SSTs for the W Mediterranean Sea over
the 1985 - 2008 period, and 0.022°C yr™' of the NOCS in situ SSTs from 1973 to 2008 (Skliris
et al., 2012). Alkenone SSTs indicate values closer to the annual mean than FMA (Fig. 5)
suggesting that alkenone production does not only take place during the months of intense
Mistral (Bosc et al., 2004; Durrieu de Madron et al., 2013) but also during the warm season
(late spring to summer). Vertical mixing induced by Mistral would thus sustain primary

production over a longer season by replenishing surface waters with nutrients.

The SSTs decline since the beginning of the 21th century can be related to several severe
winters such as the coldest on record in Europe and United Kingdom, in 2010/2011 that
Moore and Renfrew (2011) attributed to combined negative NAO and EA states. These
authors showed that EA" NAO™ accounted for 50% of the winter temperature that year against
20% by NAO alone, outlining the value of considering both modes to better describe climate
conditions. Winter 2012 was another exceptionally cold winter associated with a strong
anticyclonic blocking in the NA (Durrieu de Madron et al., 2013) that could account together
with winter 2010/2011 for the cold uppermost SST value. During the 20" century, cold SSTs

in the 70s to early 80s are also noteworthy both in the proxy and instrumental data (Fig. 5A,

9
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5B, 5C). They coincide with a period of strongly negative EA (Fig. 5D) and episodes of major
dense water formation in the GoL (Béthoux et al., 2002) in accordance with the role of EA on
SSTs in the GoL. Regression between EA index and SSTs on 5 yr binned values since 1950
were calculated to account for age model uncertainties. The obtained Pearson correlation
coefficient, r = 0.45 (at the 95% confidence interval) is close to values calculated using
instrumental data (0.58 for NOCS in situ SSTs and 0.50 for satellite SSTs in the W

Mediterranean, at the 95% confidence interval) (Skliris et al., 2012).

4.2. General SST trends over the past 2000 yr

In this section, we compare the SST signal of the GoL with other Mediterranean and North
Atlantic records that may have features in common (Fig. 6). Records that document centennial
scale SST variability in the Mediterranean during the Common Era are very scarce. They
belong to different sectors of the W-Mediterranean basin, i.e. the Alboran Sea (Fig. 6B ~ 30
yr time resolution; Nieto-Moreno et al., 2013) and Balearic basin (Fig. 6C; ~ 30 yr time
resolution; Moreno et al., 2012) and cover all or part of the CE. None of them have a
chronostratigraphic control during the instrumental period to evaluate the relationship
between SSTs and climate processes. The high-resolution SST reconstruction from North
Iceland (MD99-2275; Sicre et al., 2008) was also considered for a regional analysis of the
data because its cross-analysis with instrumental data has shown a strong control of NAO on
SSTs (Sicre et al., 2011). Precision on the age model of this core based on tephrochronology
is on the order of the decade while for the other cores it is on the order of several decades

(Table 1).

All records shown in Fig. 6 are based on alkenone SSTs, but primary production patterns have
different characteristics depending on the location of each core in the Mediterranean Sea.
While the GoL belongs to a blooming regime tightly linked to Mistral, the Alboran and
Balearic Sea relate to different primary production patterns as defined by D’Ortenzio and
Ribera d’Alcala (2009). In the Balearic Sea, chlorophyll concentrations show algal blooms of

moderate amplitude and variable timing that occur in spring sporadically. This area thus

10
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combines periods of enhanced production with oligotrophic conditions leading to an erratic
regime classified as an intermittently blooming region (D’Ortenzio and Ribera d’Alcala,
2009). In the Alboran Sea, the seasonal cycle of phytoplankton production is the most chaotic
of the Mediterranean (D’Ortenzio and Ribera d’Alcala, 2009). Primary production exhibits a
strong inter-annual variability with a pronounced production peak in February - March and in
fall (October). It is also strongly influenced by Atlantic inflow waters and meso-scale gyre
induced upwelling which all together leads to confounding response of phytoplankton to
physical forcings (Bosc et al., 2004; D’Ortenzio and Ribera d’Alcala, 2009). These cores thus
belong to biogeographical clusters with temporal and dynamical regimes that are distinct from
the GoL, including in its unique link to atmospheric forcing (see Fig. 4 in D’Ortenzio and
Ribera d’Alcala, 2009). Considering age model uncertainties, lower temporal resolution and
the lack of instrumental control to evaluate the ability of local alkenone SSTs to capture

climatic information, only broad features of the records were examined for this comparison.

As can be seen in Fig. 6, the long-term cooling ending at ~ 1800 AD is shared by all almost
sites and consistent with the recent finding of McGregor et al. (2015) of a global ocean
cooling from 0 to 1800 AD that, according to model simulations of the pre-industrial
millennium climate (801 — 1800 AD) would be imputable to volcanism. This trend reversed in
the GoL and Alboran Sea around 1800 AD, but persisted off N. Iceland because of sustained
sea ice occurrence, even in lower abundance during 20th century than the LIA (Marcias-
Fauria et al., 2010). Unexpectedly, the absence of warming is also notable in the Balearic
record as modern SSTs show rising values both in the Eastern and Western Mediterranean
(Skliris et al. 2012; Papadopoulos et al., 2012) and in European land-based T reconstructions
(Luterbacher et al., 2004). The lack of age control of the past ca. 500 yr (Fig. 6C, dashed
lines) and extrapolation of the age model in the upper core is the probable explanation for this
discrepancy. Another salient feature of these SST records, in common with the GoL, is the
distinctly cooler first millennium as compared to the MCA off N. Iceland while in the

Balearic basin it is almost muted. In contrast, the last millennium cooling at the onset of the
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LIA is observed in all records, though not synchronously. It is much abrupt off N. Iceland due
to the imprint of sea ice on SSTs associated with the southward shift of the polar front under

weakened NAO (Trouet et al., 2009).

As earlier outlined, the most outstanding feature of the GoL SST signal is the high amplitude
oscillations and in particular the rebounds above the mean observed during the LIA that are
not seen during the first millennium. Interestingly, while sea ice was common in the North
Atlantic (Massé et al., 2008) and the northward oceanic heat transport reduced (Lund et al.,
2006) during the LIA, the first millennium is a period of minimum sea ice cover and
enhanced northward advection of heat. In the next section we investigate causes for the
outstanding SST fluctuations of the LIA in the GoL and explore past changes in atmospheric

modes of variability and notably EA.
4.3 SSTs and large-scale climate variability modes over the last millennium

Multidecadal to centennial scale variability of the GoL SSTs over the past 1000 yr (Fig. 7E) is
explored in light of high-resolution proxy data from the adjacent North Atlantic, i.e. Iceland
(Sicre et al., 2011; Larsen et al., 2013; Olafsdottir et al., 2013 Fig. 7B, 7C), the Iceland Basin
(Moffa-Sanchez et al., 2014, Fig. 7D), the Swiss Alp glaciers (Holzhauser et al., 2005, Fig.
7A), and western Europe land temperatures (Luterbacher et al., 2004, Fig. 7F), as well as the
NAO index (Ortega et al., 2015; Fig. 7G) and solar activity reconstructed by Steinhilber et al.
(2012) (Fig. 7H) to investigate the role of large-scale atmospheric low frequency variability

and oceanic processes.

Previous proxy reconstructions have shown that during the MCA surface waters were
generally warmer along the path of the North Atlantic Current (Keigwin, 1996; Sicre et al.,
2008; Richter et al. 2009) due to stronger Atlantic Meridional Overturning Circulation
(AMOC) consistent with the hypothesis that positive NAO phase (Fig. 7H) prevailed during
this period and that strong NAO enhances AMOC (Delworth and Greatbach, 2000).
Relatively warm and/or wet summers resulted in increase melting and glacier retreat in

Iceland (Larsen et al., 2013; Olafsdéttir et al., 2013) (Fig. 7B) and in the Alps (Holzhauser et
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al., 2005; Denton and Broecker, 2008) (Fig. 7A). Off North Iceland, the stepwise SST
increase ~ 1000 AD indicates a northward migration of the polar front within a few decades
(Fig. 7C) a feature that is not seen in the Mg/Ca of G. inflata South of Iceland (RAPiD17-15,
6yr time resolution; Fig. 7D) where surface water properties are mainly shaped by the
strength of the subpolar gyre (Moffa-Sanchez et al., 2014). In the GoL, SSTs also generally
warm (Fig. 7E). The transition to colder conditions between 1200 and 1300 AD, depending
on the records, is thought to be related to a weakening of NAO leading to colder climate in

the North Atlantic and the adjacent Euro-Mediterranean region (Trouet et al., 2009).

All independent proxy records shown in Fig. 7 point to more severe conditions during the LIA
and the return of seasonal sea ice but with differences in the decadal structure of the signals.
SSTs in the GoL and S. Iceland basin (Fig. 7D, 7E) indicates that cooling occurred in parallel
during the early LIA (1400 to 1550 AD), but tend to vary in opposite phase during the Late
LIA. Notably, between 1530 and 1680 AD, cold SSTs in the GoL contrast with warm surface
waters South of Iceland confirming previous findings of Richter et al. (2009) at Feni drift of
unexpected mild conditions in the subpolar North Atlantic. According to Larsen et al. (2013)
this warmth would have been responsible for the retreat of the Langjokull ice cap from 1550
to 1680 AD (Fig. 7B). Advection of temperature anomalies from the tropical Atlantic
combined with reduced heat loss to the atmosphere under weakened NAO have been
proposed as possible explanations for these unexpected warm conditions during the LIA
under reduced AMOC (Richter et al., 2009). Concomitantly, coldest winters in Europe
supported by the multiproxy reconstruction of Luterbacher et al. (2004) ((Fig. 7F) and the
expansion of Swiss glacier (Fig. 7A; Holzhauser et al., 2005; Denton and Broecker, 2008)
evidence a W-E temperature asymmetry between the cold Euro-Mediterranean climate and
warm subpolar waters during this time interval. This spatial pattern contrasting warm
subpolar surface waters upstream the NA anticyclonic cell with cold temperatures in
downstream regions (Europe and Mediterranean Sea) is expected from blocked regimes

during negative EA (Hékkinen et al., 2011). Co-eval enhanced sea ice and lower SSTs in the
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Nordic Seas (off N. Iceland) is also coherent with EA driven spatial SST pattern today
(Cassou et al., 2011). Severe conditions during the LIA in the Euro-Mediterranean region can
thus be seen as resulting from enhanced frequency of blocking regimes associated with
negative EA on longer time scale (Cassou et al., 2011). This hypothesis is supported by
modeling experiments performed for the second half of the 20" century and the Late Maunder
Minimum (1645 — 1715 AD) showing that NA blocking is favored by lower solar activity that
prevailed during the LIA (Nesmé-Ribes et al., 1993; Barriopedro et al., 2008). Rebounds
above average would in turn reflect rapid shifts of the EA state towards more positive values
implying stronger links with the subtropical climate and weaker Mistral. Overall, this set of
proxy records exhibits a spatial temperature pattern that is coherent in sign with persistent
anticyclone blocking and negative EA promoted by low solar activity of the LIA (Fig. 7H), in
particular towards the Late LIA. Our interpretation of the GoL data together with high-
resolution records distributed across the NA/Euro-Mediterranean region thus supports the
hypothesis that EA played an important role in the (late) LIA climate early formulated based

on one single record in the NA (RAPiD17-15) by Moffa-Sanchez et al. (2014).
5. Conclusions

A unique SST reconstruction resolving decadal variability was developed over the full
Common Era from shelf sediments in the convection region of the GoL (NW Mediterranean
Sea). The tight link between alkenone-derived SSTs, Mistral and EA, the dominant mode of
variability in the Mediterranean Sea, was used to investigate the climate of the Common Era
in the NW-Mediterranean Sea and notably the strong fluctuations of the LIA. Comparison
between instrumental and proxy data over the 20th century revealed a similar warming trend
of about 2°C. SSTs during the MCA (1000 — 1200 AD) were among the warmest of the pre-
industrial last millennium though ~ 1°C lower than those of the 20" century. Most of the first
millennium (200 -800 AD) and the LIA both indicate cold climate conditions but the LIA
differ by the presence of remarkable cold extremes followed by above average temperature

rebounds. Cold decades were found to reflect strong heat loss caused by negative EA and
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associated NA blocking regimes creating the conditions for intensified and cold Mistral flow.
Regional synthesis of high-resolution land and marine time series from the NA and Euro-
Mediterranean region further highlighted a W-E temperature asymmetry during the late LIA
that is spatially coherent with persistent blocked regimes under negative EA and weak NAO.
Reinforced northerly flow (Mistral) over Western Europe would have been favored by low

solar activity.
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Figure captions

Fig. 1. Map showing the location of Gol-HolB KSGC-31 site, and spatial field of
Mediterranean annual mean SSTs (1955-2012). The insert in the upper right corner shows the
monthly SSTs at the core location; the dashed line indicates the annual mean (17°C) from
World Ocean Atlas Database (NOAA/NODC WOA13 (1° grid)). The anticyclonic blocking
cell over the northeastern Atlantic and low-pressure system in the central Mediterranean
associated to EA is also represented (adapted from Papadopoulos et al., 2012). All sites
discussed in the text are shown from West to East: RAPiD-17-5P, South of Iceland (Moffa-
Sanchez et al., 2014); MD99-2275, North of Iceland (Sicre et al., 2011); TTR17-1 384B,
436B, Alboran basin (Nieto-Moreno et al., 2013); MINMC-1,2, Balearic basin (Moreno et al.,

2012). Mistral wind is shown by the black arrow.

Fig. 2. KSGC31 gravity core chronology based on *'°Pb (grey dots) and '*C (dark squares)
dating and associated error bar at + 10 (A). The insert B is an enlarged view of the uppermost
0-30 cm section of the core corresponding to the grey area. The outlier date shown as an

empty square was not used in the age model.

Fig. 3. *Th (A), 210pp, T (B) and "*'Cs (C) profiles determined in the multicore Gol-HolB
(dark dots) and gravity core KSGC31 (red squares) (see data in Table 2). KSGC31 profiles
have been shifted to meet the best correspondence of the plots, yielding a material loss of 15 +
0.5 cm in the top of the gravity core. Chronology of the multicore Gol-Ho1B and the top 10
cm of the gravity core KSGC31 after adjustment based on *'’Pb dating and associated age

model uncertainty at + 1o (D).

Fig. 4. SST reconstruction since 1850 AD combining SSTs from the multi-core Gol-HolB
(light green dashed line and solid dots) and gravity core KSGC-31 (dark green and solid dots).
Empty dots indicate the overlapping gravity core SST values with the multicore (A). Spliced

Gol-Ho1B_KSGC-31 record built from the two core data (B) (see text for explanations).
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Fig. 5. Alkenone-derived SST reconstruction at the Gol-HolB KSGC-31 site over the
instrumental period (A). '*C and *'°Pb error bars on dating are shown for each SST data point.
Kaplan instrumental data from 1866 AD to 2012 AD showing annual mean (in purple)(B),
FMA months (in blue)(C) (Kaplan et al., 1998). Annual mean values of the East Atlantic (EA)

index since 1950 are also shown for comparison with proxy data (D).

Fig. 6. Alkenone-SST time series from the Western Mediterranean Sea and North Atlantic
over the last two millennia. (A) core Gol-HolB _KSGC-31 (NW Mediterranean Sea) (this
study); (B) Cores TTR17-1 384B, 436B from the Alboran basin (Nieto-Moreno et al., 2013);
(C) Cores MINMC-1,2 from the Balearic isles (Moreno et al., 2012); (D) core MD99-2275
off North Iceland (Sicre et al., 2011). For (B) and (C) SSTs were recalculated using the
calibration of Conte et al. (2006). Dashed lines in (C) highlight the portion of the record that
has been extrapolated to present day from the last dated sediment horizon around 1500 AD
(see text). Filled areas of the curves indicate negative SST anomaly relative to mean values of
each core. A 25-yr binning was applied to all records (dark and red lines) to better visualize
anomalies or departures from average conditions. Triangles indicate the AMS '*C control
points for all cores. The grey vertical bars broadly highlight the most outstanding cold spells
of core Gol-Ho1B_KSGC-31 during the LIA. MCA: Medieval Climate Anomaly; LIA: Little

Ice Age.

Fig. 7. A detailed view of the last millennium. (A) Fluctuations of the Great Aletsch and
Gorner glaciers in the Swiss Alps (Holzhauser et al., 2005); (B) Retreat/advance of the
Langjokull glacier (Iceland) reconstructed from the Hvitarvatn lake varves (Larsen et al.,
2013; Olafsdottir et al., 2013); (C) Sea ice occurrence traced by the IP25 abundances (Massé
et al., 2008) and alkenone-SSTs from core MD99-2275, North Iceland (Sicre et al., 2011); (D)
Mg/Ca-SSTs obtained from foraminifera calcite of G. inflata in core RAPiD-17-5P, South
Iceland (Moffa-Sanchez et al., 2014); (E) Alkenone-SSTs from site Gol-HolB_KSGC-31 in
the Gulf of Lion (this study); (F) 30-yr Gaussian low-pass filter of winter (DJF) European

temperature anomaly (relative to the 1901 - 1995 calibration average) (black line) with two
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standard errors (blue lines) (Luterbacher et al., 2004); (G) The NAO index anomalies
calculated in 25-yr averages from the palao-reconstruction by Ortega et al. (2015) (black
line); 7-yr  running average of the NAO  instrumental (red line)
(http://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/NAO/nao.long.data). (H) Solar activity
anomalies in W/m?” (Total Solar Irradiance, TSI) calculated in 25-yr averages from the cosmic
ray intensity reconstruction (Steinhilber et al., 2012). From (B) to (E) dark and red lines
indicate a 25-yr binning. From (C) to (H) filled areas indicate negative anomaly relative to
average values, except for (F) whose anomaly was calculated relative to the 1901-1995
calibration interval. Triangles indicate the AMS-'*C control points at 16 uncertainty. The grey
vertical bars broadly highlight the major cold spells of the LIA period in the Gol-

HolB_KSGC-31 record.
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Table 1. Radiocarbon dates and their calibrated ages along the KSGC31 sediment core. Results are reported with a 10 uncertainty.

Depth (cm) Calibration Material 14C age cal year BP Year AD + 1o
5.5 Oxcal 4.2, NH zone 1 post bomb ages curve Bittium sp. 420+ 30 248 1926 60
11.5 Oxcal 4.2, NH zone 1 post bomb ages curve Tellina sp. 430+30 348 1916 60
18.5 CALIB 7.1, Marinel13 curve (Reimer et al., 2013) Pecten sp. 720+ 40 380° 1570 78
25.5 CALIB 7.1, Marinel3 curve (Reimer et al., 2013) Venus sp. 640 £ 30 235 1716 99.5
41.5 CALIB 7.1, Marinel3 curve (Reimer et al., 2013) Pecten sp. 700+30 339 1611 79
52 CALIB 7.1, Marinel3 curve (Reimer et al., 2013) Indet. bivalve 960+30 551 1399 59
71 CALIB 7.1, Marinel3 curve (Reimer et al., 2013) Arca tetragona 1340+30 852 1099 80.5
110.5 CALIB 7.1, Marinel3 curve (Reimer et al., 2013) Venus sp. 1465+30 992 958 85
185.5 CALIB 7.1, Marinel3 curve (Reimer et al., 2013) Nucula sp. 2235+40 1806 145 99.5
252 CALIB 7.1, Marinel3 curve (Reimer et al., 2013) juvenile bivalve shells (ind.) 2940+30 2676 -726 100.5

#KSGC-31 core top ages are derived from 210 Pb xs profile (see methods, Table 2)

b Reversal, not used for the interpolation



Depth 210pp, >Th B7Cs Age in years AD
(in cm) mBq g™ mBq g mBq g™ Mean

Multi-core GOL-HO-1-1-B

0.5 72 £ 9 22 £ 1 3 £ 1 2012 + 0
1.5 2010 + 0
2.5 74 £ 9 22 = 1 4 + 1 2008 + 1
3.5 2006 + 1
4.5 73 £ 8 21 = 1 4 + 1 2003 + 1
5.5 64 £ 8 22 = 1 4 + 1 2001 + 1
6.5 58 = 5 21 = 1 4 £ 0 1998 + 2
7.5 1996 + 2
8.5 52 £ 5 23 = 1 4 £ 0 1993 + 2
9.5 1990 + 2
10.5 45 + 7 25 = 1 4 + 1 1987 + 3
11.5 1985 + 3
12.5 48 = 5 23 = 1 4 £ 0 1982 + 3
13.5 1979 + 4
14.5 27 £ 4 26 = 1 4 £ 0 1976 + 4
15.5 30 £ 5 25 = 1 30 1973 + 4
16.5 32 = 4 25 = 1 30 1970 + 5
17.5 1967 + 5
18.5 21 £ 4 28 = 1 2 £0 1963 + 5
Gravity core KS-GC-31

0.5 28 = 5 26 = 1 3 % 0 1971 + 1
1.5 1965 + 2
2.5 17 £ 6 28 = 1 2 =+ 1 1959 + 3
3.5 1953 + 5
4.5 21 £ 6 30 £ 1 2 =+ 1 1946 + 6
5.5 20 £ 6 29 = 1 1 % 1 1940 + 8
6.5 14 £+ 6 31 = 1 1 % 1 1934 + 10
7.5 8 £ 5 29 = 1 0 + 1 1928 + 11
8.5 5 £ 5 29 = 1 0 + 0 1922 +
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