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A high-resolution record of paleostorm events along the French Mediterranean coast over the past 7000 years
was established from a lagoonal sediment core in the Gulf of Lions. Integrating grain size, faunal analysis, clay
mineralogy and geochemistry data with a chronology derived from radiocarbon dating, we recorded seven
periods of increased storm activity at 6300–6100, 5650–5400, 4400–4050, 3650–3200, 2800–2600, 1950–
1400 and 400–50 cal yr BP (in the Little Ice Age). In contrast, our results show that the Medieval Climate
Anomaly (1150–650 cal yr BP) was characterised by low storm activity.
The evidence for high storm activity in the NWMediterranean Sea is in agreement with the changes in coast-
al hydrodynamics observed over the Eastern North Atlantic and seems to correspond to Holocene cooling in
the North Atlantic. Periods of low SSTs there may have led to a stronger meridional temperature gradient and
a southward migration of the westerlies. We hypothesise that the increase in storm activity during Holocene
cold events over the North Atlantic and Mediterranean regions was probably due to an increase in the ther-
mal gradient that led to an enhanced lower tropospheric baroclinicity over a large Central Atlantic–European
domain.

© 2011 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

The Mediterranean region is one of the world's most vulnerable
area with respect to the global warming (Giorgi, 2006). Regional cli-
mate simulations have been used to investigate variations in precip-
itation and cyclonic activity in the Mediterranean region. Gibelin
and Déqué (2003) have predicted, using the ARPEGE model, overall
warming and drying in all seasons, except in the winter over the
North-Western Mediterranean area, with an increase in precipita-
tion. Lionello and Giorgi (2007) showed that the reduction of cy-
clonic activity observed in future scenarios would be responsible
for a decrease in precipitation along the southern and eastern
Mediterranean coast, whilst an increase occurs in northern areas in
relation to the increase in the strength of the mid-latitude storm
track. In addition, Gaertner et al. (2007) detected for the first time,
a risk of tropical cyclones developing over the Mediterranean Sea
under future climate change conditions.
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Cyclones cause most of the heavy precipitation events in the en-
tire Mediterranean region (Trigo et al., 2000; Jansá et al., 2001).
The interplay between orography and thermal contrast between
advected Atlantic air masses and Mediterranean temperatures can
produce at the end of the summer season violent extremes of precip-
itation (Lionello et al., 2006). This wet season (October to March),
rainfall over the Northern Mediterranean, which corresponds to
the so-called storm season, has decreased over the last four decades,
mostly because of the decline in the intensity of cyclogenesis events
(Trigo et al., 2000). Lionello et al. (2006) found a significant decrease in
winter cyclone frequency over most of the Western Mediterranean
during the last 150 yr, and this tendency was also confirmed by
research on sedimentary archives (Sabatier and Dezileau, 2010). Trigo
et al. (2000) suggest that northward shift of the zonal storm track
from the North Atlantic has induced these recent changes in the
intensity of Mediterranean cyclones. However, there is no evidence
that the behaviour of Mediterranean climate extremes at this time
scale is inconsistent with natural fluctuations in climate, such as those
due to the NAO (North Atlantic Oscillation) or the EAP (Eastern
Atlantic Pattern), during earlier centuries (Quadrelli et al., 2001; Sáenz
et al., 2001; Krichak and Alpert, 2005; Lionello et al., 2006; Luterbacher
c. All rights reserved.
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et al., 2006; Trigo et al., 2006; Lionello and Galati, 2008; Ullmann et al.,
2008).

The effects of modern climate change on the frequency and the in-
tensity of extreme events are difficult to assess because there is large
variability in the occurrence of extreme events and consequently, it is
more difficult to identify significant trends, especially with the lack of
long-term instrumental data (Webster et al., 2005; Emanuel, 2006;
Landsea et al., 2006). However, reconstructions of the frequency
and the intensity of storms in coastal areas are necessary due to the
recent concentration of resources and populations in this zone (Pielke
and Landsea, 1999; Lionello et al., 2006; Turner et al., 2006). Geolog-
ical data offer opportunities to reconstruct long-term records of in-
tense events and allow for the documented record to be extended
well beyond the observational record. This enables a better under-
standing of the possible regional and local long-term trends of
storm activity as they relate to past climatic conditions. Usually, re-
constructions of paleostorm events in coastal environments have
been made by identifying the recurrence of coarse grained overwash
and associated deposits (Collins et al., 1999; Liu and Fearn, 1993,
2000; Donnelly et al., 2001a, 2001b; Nott, 2004; Donnelly, 2005;
Donnelly and Woodruff, 2007; Frappier et al., 2007; Scileppi and
Donnelly, 2007; Sabatier et al., 2008; Woodruff et al., 2009).

This study focuses on the Gulf of Lions (Fig. 1), a region of the
French Mediterranean coast. This area is particularly sensitive in
terms of environmental and societal issues due to the risks of flood-
ing (the Mediterranean Heavy Precipitation Events) and of coastal
erosion/submersion that occur during storm events. These events
can have dramatic impacts when the storm winds and waves are as-
sociated with high sea surges (Ullmann et al., 2008), attacking
Figure 1. Map of the Pierre Blanche lagoon with localisa
coastal sand dunes and sometimes breaking this sandy barrier.
Over the last few decades, the most damaging storm was that of
1982; with 46 m·s−1 wind speeds (category 2 in Saffir–Simpson
scale), this storm caused large human and economic losses (Sabatier
et al., 2008). The main objective of this study was to identify region-
al storm patterns using historical and paleostorm data in a complex
lagoonal infill (Sabatier et al., 2010a). Here,we present a high-resolution
study, based on previously defined multi-proxy approach (Sabatier
et al., 2010b) for examining a well-dated long core from the Pierre
Blanche lagoon characterised by environmental and related age-
reservoir changes (Sabatier et al., 2010c). In a previous study, we al-
ready discussed in detail the link between the sedimentary record
of extreme storm events and climate changes over the last 1000 yr
and the Little Ice Age (Dezileau et al., 2011). Here, we extend the re-
cord back for the last 7000 yr with a continuous high-resolution re-
cord of paleostorm events along the Mediterranean area and we try
to assess the most probable mechanisms behind the observed vari-
ability of extreme storm events in the area at the millennial scale.

Study area

The Gulf of Lions shore line is characterised by many coastal wet-
lands that are the result of the interaction between a process of shore
line regularisation by migrations of sandy barriers due to sediment
transfer through littoral hydrodynamics and a filling of these areas
by fluvial and marine inputs (Certain et al., 2004; Raynal et al.,
2009). This study focuses on the Palavasian wetland complex located
west of the Rhône delta (the central part of the Gulf of Lions), 10 km
south of the city of Montpellier (Fig. 1). This area consists of seven
tion of the core PB06. Fr: France, It: Italia, Sp: Spain.
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small lagoons with shallow water depths (b1 m) that are bordered to
the south by a narrow sandy barrier that is attached in place to sub-
dued rocky capes (e.g., the Aresquier wood or Maguelone Church
peninsula: Raynal et al., 2009) and to the north by calcareous Meso-
zoic hills (Gardiole Mountain). This wetland complex is now
crossed by the artificial Rhône-Sète navigation channel, which was
constructed in the 18th century (NW–SE in the lagoonal system,
Fig. 1). This study focuses on the Pierre Blanche located in the south-
ern part of this system (Fig. 1), which has water depths of 60 cm.

The sandy barrier has been formed by sediment supply from the
Rhône River to the east that is transported by a westward longshore
current. The alongshore-oriented sand spits prograding towards the
southwest therefore originated exclusively from theRhôneRiverwater-
shed (Raynal et al., 2009). In some places, the barrier is weak and highly
sensitive to high-energy events, enabling a temporary but strong ma-
rine influencewhen the barrier breaks during stormevents. This is com-
monly seen by traces of overwash fans and ancient temporary inlets
(Dezileau et al., 2005; Sabatier et al., 2008). Most of the sediment sup-
plied to this lagoonal area is carried by theMosson coastal river. The av-
erage flow of the Mosson River is 1.2 m3/s, but it has reached values as
high as 258 m3/s (measured during the December 3, 2003 flash-flood
events). The Mosson drainage basin is mainly composed of Mesozoic
(limestone) and Cenozoic (conglomerate, carbonated sandstone and
clay) sedimentary rock with Quaternary deposits.

This coastal area is characterised by a classical microtidal environ-
ment with maximal tide ranges of less than 50 cm. The average daily
wave heights (Hs) and periods (Tm) measured at the Sète station
(located 10 km offshore, at a water depth of 32 m) are fair weather
waves during 88% of the year (Hs=0.84 m; Tm=4.2 s, Guizien,
2009). However, this fair-weather wave climate is occasionally dis-
turbed by south-western to south-eastern storms, like that of 1982.
The annual proportion of waves higher than 4 m is around 1%, and
the return period of a 6-m high wave is every 10 yr (Guizien, 2009).

Material and methods

A 7.9-m-long piston core (PB06) was collected from the Pierre
Blanche lagoon in March 2006 (Fig. 1) with the UWITEC© coring plat-
form (University of Chambery/LSCE). The record is a composite of two
series of consecutive 2-m-long sections taken from two sites within
5 m of each other laterally. The sections of the second series were
taken roughly 1 m deeper than those from the first series to provide
sufficient overlap for a continuous record. At the laboratory, the
cores were split, photographed, radiographed using Scopix X-ray
scanning (EPOC, University of Bordeaux 1) and logged in detail (not-
ing all physical and biogenic sedimentary structures and vertical suc-
cessions of facies). A composite profile was constructed using clearly
identifiable marker layers from the overlapping sections of both se-
ries. No compaction due to the coring system was observed. The
core was divided into 1-cm-long vertical sections prior to analysis.

Grain size and macrofauna content analyses were performed on
2-cm-long sections. To study mollusc shells, samples were sieved at
1 mm, and the number of individuals of all species was counted
(every 2 cm). The most representative molluscs of lagoonal environ-
ments are Hydrobia acuta, Abra ovata, Cerastoderma glaucum and those
of typical marine hard substrate environment are Bittium recticulatum
and Rissoa ventricosa (Dezileau et al., 2005; Sabatier et al., 2008).
Grain size distributions were determined using a Beckman Coulter©
LS 13 320. Samples were sieved at 150 μm prior to analyses due to the
high concentration of shell fragments of a size exceeding 200 μm. Bulk
sediments were first suspended in deionised water and then gently
shaken to achieve disaggregation. After the introduction of sediment
into the fluid module of the granulometer, ultrasound was used to
avoid particle flocculation.

Clay minerals were identified by X-ray diffraction (XRD), every
2 cm, using a PANalytical diffractometer at the Laboratoire IDES
(Université de Paris XI) on oriented mounts of non-calcareous clay-
sized (b2 μm) particles. The oriented mounts were obtained follow-
ing the methods described in detail by Colin et al. (1999). Three
XRD trials were performed, each proceeded by air-drying, ethylene-
glycol solvation for 24 hr, and heating at 490°C for 2 h. Identification
of clay minerals was made mainly according to the position of the
(001) series of basal reflections on the three XRD diagrams. Semi-
quantitative estimates of peak areas of the basal reflections for the
main clay mineral groups of smectite (including mixed-layers clay)
(15–17 Å), illite (10 Å), and kaolinite/chlorite (7 Å) were carried out
on the glycolated curve using the MacDiff software (Petschick,
2000). Relative proportions of kaolinite and chlorite were determined
based on the ratio of the 3.57/3.54 Å peak areas.

X-ray fluorescence (XRF) analysis was performed on the surfaces
of the split sediment core PB06 every 0.5 cm using a non-destructive
Avaatech core-scanner (EPOC, Université Bordeaux 1). The split core
surface was first covered with a 4-μm-thick Ultralene to avoid con-
tamination of the XRF measurement unit and desiccation of the sedi-
ment. Geochemical data was obtained at different tube voltages,
10 kV for Al, Si, S, Cl, K, Ca, Ti, Mn, Fe and 30 kV for Zn, Br, Sr, Rb, Zr
(Richter et al., 2006).

Monospecific shell samples (C. glaucum) were selected for 14C age
determinations. The 14C analyses were conducted at the Laboratoire
de Mesure 14C (LMC14) on the Accelerator Mass Spectrometer
(AMS) ARTEMIS at the CEA institute at Saclay (Atomic Energy Com-
mission). The 14C ages were converted to “calendar” years with the
R-code package “clam” developed by Blaauw (2010) using the
Intcal09 calibration curve (Reimer et al., 2009) with the reservoir
age defined by Sabatier et al. (2010c). Two-sigma ages are reported
in text.

Chronological framework

The chronology of core PB06 was established using 210Pb and 137Cs
measurements associated with Accelerator Mass Spectrometry (AMS)
14C dates on monospecific shell samples (Sabatier et al., 2010c). These
authors made an estimation of radiocarbon reservoir ages which vary
in relation to palaeoenvironmental changes (see Faunal variations).
The local marine reservoir age varies between 618±30 14C yr (Siani
et al., 2000) for the deepest part of the core, and 943±25 14C yr, esti-
mated by correlation with the 210Pb and 137Cs chronologies and histor-
ical events, for the last 1.7 m.

The age model of PB06 core was realised by fitting a smooth spline
curve using the “clam” R-code package (Blaauw, 2010) on 14C ages
and historical storm (Sabatier et al., 2010b). Themain changes observed
in PB06 suggest a low sedimentation rate around 0.4 mm·yr−1, which
occurred at the base of the core (759–710 cm). This rate increased
from around 1 mm·yr−1 between 710 and 110 cm to 2.3 mm·yr−1

for the upper part. For the modern part of the core (the upper 40 cm),
the accumulation rate was estimated through the 210Pb and 137Cs chro-
nologies at 2.65 mm·yr−1 (Sabatier et al., 2010c).

Results

The lagoon is mostly filled by grey clay and silt, with shell frag-
ments alternating with layers of fine sandy material (Fig. 2). A litho-
logical description of the PB06 core based on its grain size,
sedimentary structure and faunal content allowed for the identifica-
tion of different facies interpreted in terms of their lagoon deposition-
al environments (Sabatier et al., 2010a). The core PB06 consists of two
main sedimentary units above Pliocene deposits. The first one is a
complex basal polygenic surface consisting of the ravinement surface
and above conglomerate. This unit is from subaerial erosion during
times of relative sea-level low stand and subsequent reworking dur-
ing the ensuing transgression. The second one is constituted by clay
and silt with shell fragments interpreted to be from a lagoonal

AdG
Texte surligné 

AdG
Texte surligné 



Figure 2. Lithological description and age versus depth plot of chronological data for
the core PB06 (modified from Sabatier et al., 2010c). The Age model was calculated
by fitting a smooth spline curve using the “clam” R-code package (Blaauw, 2010).
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depositional environment due to the Holocene filling of this coastal
area. In this study, we focus on the variations of sediment properties
in the upper unit in order to identify paleostorm events.
Grain size

Boulay et al. (2003) used the standard deviation of each grain size
interval as a simple method for identifying the grain size population
with the highest variability. Using this method, it is possible to deter-
mine the grain size classes that had the most significant variation
through time. Standard deviation values versus grain size classes of
core PB06 are displayed in Figure 3. Two main grain populations,
representing those with the highest variability, can be identified.
One occurs between 2 and 10 μm (clay to fine silt), and another coars-
er one occurs between 30 and 100 μm (silt to fine sand). The evolu-
tion with depth of these two populations displays eight main
Figure 3. Standard deviation values versus grain size class diagram of the whole PB06
core. Open circles are the most significant granulometric populations, with one (clay to
thin silt) between 2 and 10 μm, and the other (thin sand) between 30 and 100 μm.
changes in core PB06 with a strong negative correlation between
the fine and coarse sediment sizes revealed by the grey bands in
Figure 4a. The main peaks in the coarse fraction occur in the upper
part of the core around 35, 60, 100 and 225 cm.

Faunal variations

Macrofaunal analyses are good indicators of a lagoon's palaeo-
isolation state (with no permanent connection with the sea) because
species develop in different ranges of salinity, temperature and
oxygenation. One species typically develops in a lagoon environment
(H. acuta), whereas another is typical of a marine environment (Bittium
reticulatum). The presence of marine species within the lagoon
indicates either their transport during a storm event or a change in
environmental conditions. Data in Figure 4b shows a large change in
the mollusc population at around 190–170 cm is characterised by an
increase in the most typical lagoonal species H. acuta, whereas the
abundance of the marine species B. recticulatum decreases (Fig. 4b). In
details, for this upper part the main decreases of H. acuta correspond to
a small increase of B. recticulatum, and for the lower part of PB06 cores
these two species do not present a systematic negative correlation, but
several major peaks of B. recticulatum appeared (around 250, 320, 400,
520, 600 and 700 cm).

Clay mineralogy

There were significant differences in clay minerals between
(1) the Mosson drainage basin, with a high concentration of smectite
(73–81%) reflecting erosion and reworking processes of ancient for-
mations, such as Cenozoic conglomerates, and (2) the sandy barrier,
mostly characterised by high contents of illite (45–59%) and chlorite
(17–26%) related to sedimentation from the Rhône River (Sabatier
et al., 2010b). Sediments from core PB06 had mean values for clay
minerals between those of the Mosson drainage basin and sandy bar-
rier. The core predominantly consisted of smectite (15–70%) and illite
(16–55%) with lower contents of chlorite (3–25%) and kaolinite
(6–17%). The average percentages of these clays were as follows:
44% for smectite, 33% for illite, 12% for chlorite and 11% for kaolinite
(Fig. 5). In Figure 5, the clay minerals can be subdivided into three
groups along PB06. The changes in the illite and chlorite contents dis-
played similar variations. Generally, the smectite content was in-
versely correlated with the illite and chlorite contents (shaded
bands in Fig. 5). Kaolinite contents seemed to vary in time with the
same trend as smectite.

Geochemistry

X-ray fluorescence core scanning provides high-resolution
palaeoenvironmental information in a variety of sedimentary set-
tings. These results are inherently semi-quantitative due to the effects
of sample inhomogeneity and surface roughness. These characteris-
tics are particularly pronounced for sediments containing abundant
medium to coarse sand-sized particles, such as shell fragments in
coastal environments (Richter et al., 2006). Geochemical results on
the lithogenous fraction are often reported as ratios of a given ele-
ment to a conservative element; aluminium is generally used because
of its similar concentration in a large variety of rocks. This provides
qualitative information on the enrichment or depletion of a given
element, as well as allowing for the correction of the dilution effect.

The Mosson drainage basin is mainly characterised by Al, Fe and
Th (Sabatier et al., 2010b). Another source is the sandy barrier defined
by Si, Na and Zr, respectively abundant in quartz, sodium feldspars
and heavy minerals (Sabatier et al., 2010b). In Figure 6, we present
the Si/Al and Zr/Al ratios to reconstruct the influence of marine com-
ponents (high values). The Si/Al and Zr/Al ratios are correlated, espe-
cially for the upper 5 m of the core (shaded bands).
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Figure 4. The core PB06 with: a. Grain size population of thin sand (30–100 μm) and clay to thin silt (2–10 μm); b. Number of B. recticulatum (marine specie) and Number of H. acuta
(lagoonal specie). Shaded areas mark the main variations.

Figure 5. PB06 clay mineral analysis contents (%) obtained on the carbonate-free b2 μm size fraction. Smectite and illite are dominant (up to 75% of the total clay minerals). Illite and
chlorite co-vary opposed to that of smectite. Kaolinite contents do not vary significantly with time. Shaded areas mark the main variations.
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Figure 6. XRF records from the core PB06, with down-core variations of ratio Si/Al, Zr/
Al. Shaded areas mark the main variations of Si/Al and Zr/Al ratio.
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Discussion

In studying the last 1000 yr, using multi-core transects approach in
the Pierre Blanche lagoon, Dezileau et al. (2011) showed that the study
site appears to only be sensitive to themost severe storm events. Howev-
er, for themid to late Holocene, manymechanisms could have perturbed
the records of overwashdeposits, such as sea-level variation, barriermor-
phodynamics, sediment supply to the system and the complexity of
Figure 7. Relative sea level curve in the NWMediterranean Sea for the last 7000 cal yr BP.
from observations in the Rhône delta (Vella and Provansal, 2000), La Ciotat (Laborel et al.,
1994), Marseille (Morhange et al., 2001) and from glacio-hydro-isostaticmodel (Lambeck
and Bard, 2000). Shaded area represents the sea level during the first lagoonal deposit.
storm conditions. Thus these mechanisms have to be discussed in detail
before paleostorm reconstruction.

Barrier morphodynamics

Sea-level rise can increase the sensitivity of a back-barrier study site
by moving the shoreline farther inland and narrowing the sandy barri-
er through time. The Gulf of Lions coast was free of significant vertical
tectonic movements (b0.02 mm·yr−1) in the Late-Quaternary time
period (Lambeck and Bard, 2000). The relative sea-level curve for the
NW Mediterranean Sea for the last 7000 cal yr BP (Fig. 7) presents
some discrepancies (from observations: Laborel et al., 1994; Vella and
Provansal, 2000; from a glacio-hydro-isostatic model: Lambeck and
Bard, 2000; Morhange et al., 2001). If the relative sea level has
remained almost constant for the last 5000 yr (b2 m), significant
changes occurred during the first stand of lagoonal deposits between
6500 cal yr BP (the date of the first lagoonal deposit in PB06) and
5000 cal yr BP (1–3 m). The establishment of the sandy barrier was es-
timated by Raynal et al. (2009) to be around 7500 cal yr BP at 1 km sea-
ward from the present position. Moreover, these authors dated the
actual barrier at 1800 ±150 cal yr BP thanks to a 14C age at the base
of the present day sandy barrier. These dates imply the landward
movement of the sandy barrier with an average rate of 0.2 m/yr in re-
lation to the decrease in the rate of sea-level rise rate (Raynal et al.,
2010) until 1800 cal yr BP. Over the last 300 yr, no change in barrier
morphology has occurred, as demonstrated by Dezileau et al.'s (2011)
examination of historical geographical maps. Even though it is likely
that there have been minor sea level fluctuations and shoreline land-
ward movements for the last 1800 yr, the largest changes occurred be-
fore this period. The sea-level variation before 1.8 ka and landward
movement of the barrier since this date probably affected the sensitiv-
ity of the site in recording paleostorms, and thus the intensity of the
different sedimentary records cannot be directly compared after and
before this date.

The faunal content revealed a major palaeoenvironmental change
around 190–170 cm (i.e. 1000 cal yr BP, Fig. 4b). This faunal variation
was related to change in environmental conditions (salinity, tempera-
ture, nutriments, and oxygenation) from a lagoonal depositional envi-
ronment with a marine influence to a more isolated lagoonal
environment. Such a change could have resulted from a local palaeo-
morphological modification such as a closure of communications be-
tween the lagoon and the sea (Sabatier et al., 2010a). This implies a
shift from a protected lagoon to an isolated lagoon environment in re-
lation to the final closure of the sandy barrier by coastal hydrodynam-
ics. Therefore, after this date, the sandy barrier was continuous, but
temporary inlets were formed in relation to storm events. Before this
date, the lagoonal system was less isolated from the sea and probably
presented a weaker barrier with large permanent channels, which
controlled the inflow of marine water into the system, typical for a
protected lagoon environment. However, the fine organic-rich sedi-
ment types appearing throughout the record show that this back-
barrier area experienced quiescent sedimentation during at least
the past 6500 yr. Therefore, this lagoonal system was protected be-
hind the barrier system over that time. This spatial and temporal var-
iability in barrier beach morphology complicates the sedimentary
record of storms due to the varying sensitivity of backbarrier loca-
tions (Donnelly and Webb, 2004). Thus, the numbers of lagoonal
and marine species in the first 2 m of core PB06 cannot be compared
to the rest of the core in terms of storm event intensities. This mor-
phology can also explain why sandy material was not found in the
deeper storm layer deposits identified (Fig. 4a).

Paleostorm deposits

The close association of sandy layers, marine species and the dis-
appearance of lagoonal fauna indicates that the observed sequences

image of Figure�6
image of Figure�7
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Figure 8. Core PB06 with from left to right: Grain size of 30 to 100 μm population, Zr/Al XRF ratio, smectite/(illite+chlorite) and number of Bittium recticulatum (marine specie).
Grey bands are the high storm activity periods.
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can be interpreted as a succession of marine invasions of the lagoon
during storm events (Sabatier et al., 2008). Moreover, the ratios of
smectite/(illite+chlorite), Si/Al and Zr/Al were used as indicators to
reconstruct changes in the sedimentation sources from the Mosson
drainage basin versus the marine environment. Therefore, variations
in these mineralogical and geochemical ratios have been shown to
be strongly linked to paleostorm events (Sabatier et al., 2010b).

In the PB06 core, the correlations between the grain size, Zr/Al ratio
and number of marine species with the decrease in the smectite/(illite+
chlorite) ratio suggest that the barrierwas breached numerous times over
the last 6500 yr (Fig. 8). The last three events were previously identified
in the whole lagoonal system by lateral correspondences betweenmulti-
ple core transects. These events were dated using 210Pb and 137Cs chro-
nologies associated with 14C dates and historical accounts as occurring
at 1742, 1848 and 1893 AD (Sabatier et al., 2008). Except for the last
three deposits, it was difficult to associate storm layers with a specific
event or with a short period of increase in landfall activity. Indeed, sedi-
mentary records of overwash deposits through time could be influenced
by sediment supply, especially during periods when accumulation rates
are low. Woodruff et al. (2008), using a model developed by Emanuel et
al. (2006), have shown that a decrease in sedimentation rate can result
in an apparent drop in landfall activity during this low-resolution interval
(35% of the apparent decrease). In this study, it was difficult to associate
these short periods of high storm activity (between 200 and 400 yr,
Fig. 8) with a single event or to a succession of events involving punctual
records of past landfall deposits, except for the upper part of the core. The
three last historic overwash deposits (1742, 1848 and 1893 AD) occurred
during an interval of relatively high sedimentation rate (more than
2 mm·yr−1), whereas during the other periods of increased storm activ-
ity, the accumulation rate was lower (less than 1 mm·yr−1). Therefore,
we can suppose that if the accumulation rate was the same all along the
core (equal to 2 mm·yr−1),more stormeventswould be recordedduring
periods of increased storm activity. In general, if two back-barrier storm
deposits are not separated by enough time in relation to the sedimenta-
tion rate, these two overwash layers can appear as a single unit (Scileppi
and Donnelly, 2007).
This multi-proxy approach suggests the occurrence of seven high-
energy events likely reflecting recurrent perturbations of coastal hy-
drodynamics that occurred in relation to paleostorm events (grey
bands on Fig. 8). Based on our 14C age model, the strongest evidence
for these changes in storm activity occurred at 6300–6100, 5650–5400,
4400–4050, 3650–3200, 2800–2600, 1950–1400 and 400–50 cal yr BP.

The horizontal extent of an overwash deposit is affected by many
complicating factors that are related to storm characteristics, such as
the hurricane intensity, storm surge height, tidal height at the time of
landfall, angle of storm events and wind direction, timing and the
duration of landfall (Liu and Fearn, 2000). In this microtidal study
area, we may infer that stronger storms tend to result in higher
storm surges, thus producing a thicker and more widespread over-
wash layer. However, storm landfall conditions as well as the timing,
duration and angle of approach occur randomly over time. Liu and
Fearn (2000) presented a model where a coastal lake was subjected
to overwash events caused by landfalling hurricanes of various in-
tensities and directions. This study concluded that a suite of cores
taken from different sites is vital for producing a complete record
of past hurricane landfalls. In the system studied here, multi-core
transects show a clear link between recent overwash events (during
the last 1000 yr), due to catastrophic storms of category 3 intensity
or more that were described and discussed in Sabatier and Dezileau
(2010). Just one long core was sampled thus, the oldest paleostorm
layers were not correlated with other deposits, but we suggest that
the most powerful events were recorded in the whole lagoonal
area, as supported by correlations over the upper 1.2 m of sedimen-
tary archives.

Storm activity: region-wide comparison and Holocene climate changes.

The mid to late Holocene sedimentary archive of the Palavasian la-
goonal system recorded the occurrence of seven periods of increased
storm activity at 6300–6100, 5650–5400, 4400–4050, 3650–3200,
2800–2600, 1950–1400 and 400–50 cal yr BP, based on our 14C age
model (Fig. 9c). Although few studies have recorded Holocene storm
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Figure 9. Comparison between (a) Ice Rafted Debris events (IRD) in the North Atlantic (Bond et al., 1997, 2001); (b) residual 14C as an indicator of solar variability from INTCAL09
(Reimer et al., 2009); (c) smectite/(illite+chlorite) ratio, dark grey shaded areas (low value) are interpreted as increase in storm activity in the NWMediterranean Sea (Palavasian
lagoon) based on the multi-proxy correlations defined in Figure 8; (d) period of high storm activity in the North French Atlantic coast (Billeaud et al., 2009; Sorrel et al., 2009);
(e) high lake level in Mid Europe (Magny, 2004); (f) diatom-based sea surface temperature (SST) reconstruction for the core LO09-14 from the North Atlantic (Berner et al.,
2008), the Holocene cold events (HCEs) identified by Berner et al. (2008) are noted as grey shaded areas (18–8, defined by these authors), darker bands correspond to the coldest
events, less than 11°C (dotted line).

8 P. Sabatier et al. / Quaternary Research 77 (2012) 1–11
activity in the Mediterranean Sea, the evidence for perturbation in
coastal hydrodynamics could be correlated with other events that oc-
curred on a regional scale.

In the Southern Tyrrhenian Sea (Western Mediterranean Sea) to
the east of the studied area, in a shallow marine wedge, Budillon et
al. (2005) recognised four event beds related to major storms that oc-
curred in the last 1000 yr. These landfall events were associated with
historical sources and represented important storm activity that oc-
curred between the 16th and 19th centuries. Severe flooding and in-
tense storms during the last centuries in the Gulf of Lions area were
due to a strong mid-level SW flow over the French Mediterranean
coast (Sabatier et al., 2008). Blanchemanche (2009) found an increase
in severe flood events between the 17th and end of the 19th centuries
(the latter part of the Little Ice Age) that were recorded in the historical
archives of townships along six coastal rivers located in the Mediterra-
nean Languedoc. This high level of hydrological activity was well corre-
lated regionally with an increase in the Vidourle River detritic
component (Berger et al., 2010); a higher frequency of floods in the Du-
rance River (Miramont et al., 1998), the Lower Rhône valley (Pichard,
1995; Bruneton et al., 2001; Anraud-Fassetta et al., 2010), the Isère
River (Barriendos et al., 2003), the Upper Rhône valley (Arnaud et al.,
2005; Berger et al., 2008); and a high mid-European lake level
(Magny, 2004; Fig. 9e).

Before this period of high storm and hydrological activities, a rela-
tively dry phase was recorded in the Medieval Climate Anomaly
(MCA) in a speleothem from the Cave of Clamouse, 30 km north of the
studied area (McDermott et al., 1999;McMillan et al., 2005). This period
was correlated regionally with the last aridification phase identified by
Jalut et al. (2000) in a transect covering southeast France and southwest
Spain. During this period our record indicates a relatively low storm ac-
tivity (1.2–0.8 cal ka BP).

During the Holocene, each period of high storm activity recorded
in the Pierre Blanche lagoon is, taking into account chronological un-
certainty, correlated with a reduction of progradation of beach ridge
systems in the Alboran Sea (west of the studied area) and intense ero-
sion produced by storm waves generated by winds from the SW at 6–
5.4, 4.2, 3–2.7, 1.9 and 0.5 cal ka BP to the present (Goy et al., 2003).
These periods were related to cold episodes recorded by sea surface
temperatures (SST) in the Alboran Sea (Cacho et al., 2001) and to
cold events reported in the North Atlantic region (Bond et al.,
2001). These erosive phases recorded in coastal regions are inter-
preted as arid episodes, marked by reduced rainfall and/or increased
wind velocity and intensity (Goy et al., 2003; Zazo et al., 2008). In ad-
dition, the periods of increased storm activity recorded in this study
seem to be correlated with Holocene cooling events (Fig. 9a) associat-
ed with rafted ice in the North Atlantic (Bond et al., 1997, 2001).

In the eastern Atlantic, periods of increased storm activity have also
been described, for example, the 8.2 ka cold event, which represented a
significant period of abrupt cooling within the early Holocene, that was
associated with coastal sand accretion in Western Europe (Clarke and
Rendell, 2009). Moreover, recent studies on the French Atlantic coast,
in the Seine estuary and in the Mont-Saint-Michel Bay, have shown
strong evidence of changes in coastal hydrodynamics at 5.6, 4.2, 3,
1.2 cal ka BP and the latter half of the Little Ice Age (LIA) thatwere relat-
ed to intensification storm activity (Sorrel et al., 2009; Billeaud et al.,
2009, Fig. 9d). The present study demonstrates that periods of increased
storm activity in the Eastern North Atlantic and in the North Western
Mediterranean Sea were in phase over the last 6000 yr. (Figs. 9c,d), as
previously demonstrated for the LIA period (Dezileau et al., 2011).
These periods probably corresponded to large climatic perturbations
over the mid European domain as attested by the correlation of high
lake level in this area (Magny, 2004; Fig. 9e).
Climate implications for Mid to Late Holocene storm activity

The main result of this study is the connection between high
storm activity in the North-Western Mediterranean Sea and high
storm activity in the Eastern North Atlantic over the last 7000 cal yr
BP. Moreover, these periods of increased storm activity seem to be
in phase with cold events recorded in the North Atlantic (Bond et
al., 1997, 2001), even if the origins of these events over the Holocene
are not straightforward (Mayewski et al., 2004; Debret et al., 2007;
Wanner et al., 2008; Charman, 2010).
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Hurrell (1995) showed that in positive phases of the NAO, storm
tracks cross the northern part of Europe, and during negative phase
of the NAO, westerlies are shifted to the south and cause perturba-
tions over the Western Mediterranean area. This region is located at
the southern limit of the North Atlantic storm tracks, so that shifts
in storm tracks can influence cyclogenesis in the Mediterranean.
Trigo et al. (2000) demonstrated that, over the last four decades,
the reduction in strength of the most intense cyclones has been driv-
en by trends observed in the coupled ocean-atmospheric circulation
over the Northern Atlantic, in particular by the northward migration
of the main Atlantic storm tracks. Sorrel et al. (2009) have suggested
that the prevailing climate regime over northwestern France during
cold Bond events was probably very similar to the positive phases
of the NAO, with an intensification of landfalling activity, suggesting
a probable lock on the preferred high phase of the NAO. However, a
recent study by Trouet et al. (2009), using a proxy-based reconstruction
of the NAO index over the last millennium, find a persistent long-term
phase of positive (negative) NAO conditions during the MCA (LIA).
Therefore the lock on the preferred high phase of the NAO invoked by
Sorrel et al. (2009) cannot explain the increased stormactivity in north-
western France. Moreover, the present study demonstrates that periods
of increased storm activity in the eastern North Atlantic and in the NW
Mediterranean Sea during the last 7000 yr were in phase (Figs. 9c,d).
This synchronicity during cold periods also provides evidence that the
NAO seesaw pattern was probably not the major mechanism forcing
the intense stormactivity at theHolocene time scale.Moreover, Jacobeit
et al. (2003) demonstrated that at a long-term time scale, the climate
variability in the North Atlantic region must not be restricted to zonal
mode and NAO considerations but must take into account multiple at-
mospheric patterns.

Holocene millennial-scale climate changes have often been associ-
ated with solar variability as a primary driver (van Geel et al., 1999;
Bond et al., 1997, 2001). Furthermore, precipitation proxies from con-
tinental archives in Europe demonstrate that solar variability played a
main role in climate change over most of the Holocene (Magny, 1993,
2004; Vaquero, 2004; Holzhauser et al., 2005; Magny et al., 2010). A
recent diatom-based SST reconstruction for core LO09-14 from the
southern part of the Reykjanes Ridge in the North Atlantic, (Berner
et al., 2008) found evidence for 18 Holocene cold events (HCEs) asso-
ciated with drops in SSTs of 1–3°C (Fig. 9f). Periods of high storm ac-
tivity seem to correspond with most of the main decreases in SST, less
than 11°C (dotted line), in the North Atlantic (HCEs 8, 9, 11, 12, 14
and 17, in dark grey in Fig. 9f, defined by Berner et al., 2008). These
authors associated this high frequency variation in SST with 14C pro-
duction rates, implying that solar-related changes are an important
underlying mechanism for the observed ocean climate variability.
Even if strong correlations exist between low solar output and high
storm activity (Figs. 9b,c), for example, during the LIA and at 2.7,
3.4, 5.5 and 6.2 cal ka BP, there were no exceptional residual 14C ex-
cursions at the 1.7 and 4.2 cal ka BP (HCE 17 and 11 for Berner
et al., 2008) periods of changes in storminess. Therefore, this external
forcing was a significant mechanism for the observed storm variabil-
ity, but it cannot explain all the observed changes in storm activity
during the Holocene. Internal oscillations in both the ocean circula-
tion system and atmospheric processes have also been suggested to
play a key role in the observed climate changes (Bianchi and McCave,
1999; Broecker, 2000; Wanner et al., 2008). Whatever the ultimate
cause of these millennial-scale Holocene climate variations, the
main decreases of SST observed in the North Atlantic seem to be an
important mechanism to explain high storm activity in the NW
Mediterranean area.

Raible et al. (2007) using an Ocean–atmosphere General Circulation
Model compared Maunder Minimum (1640 to 1715, during the LIA)
simulationswith a 1990 control simulation and found an increase in cy-
clone density south of 50°N during this low solar-activity period.Within
this cold period, the sea ice extended further southward, particularly in
winter over the North Atlantic basin (Lamb, 1995). Throughout this
simulation time period, extreme wind speeds and precipitation events
were intensified, in particular in the Mediterranean region during the
autumn and winter over this part of the LIA. These results were con-
firmed by Dezileau et al. (2011), who hypothesised that this extended
sea ice implies that a thermal gradient increase leads to enhanced
lower tropospheric baroclinicity over a large Central Atlantic–European
domain. Thismechanism, which is associated with southward displace-
ment of storm tracks, implies an increase in storm activity in the NW
Mediterranean Sea (Raible et al., 2007). Moreover, based on instrumen-
tal data (1950–1992), Betts et al. (2004) showed that the strengthening
of the NS thermal gradient across the Atlantic transfers the upper west-
erlies and cyclonic activity to more southerly tracks. During the Holo-
cene, the periods of low SSTs observed in the North Atlantic (Bond
et al., 2001; Berner et al., 2008) could have produced a stronger merid-
ional temperature gradient, as simulated during the Maunder Mini-
mum, and thus a southward position of the westerlies during the
Holocene cold events, as previously suggested (Magny et al., 2003;
Bakke et al., 2008).We propose here that thismechanism,which results
from a decrease in theNorth Atlantic temperature, causes an increase in
storm activity in the NW Mediterranean region during these cold pe-
riods of the Holocene.

Conclusion

This study provides a 7000-yr high-resolution record of past storm
events using a multi-proxy analysis of sedimentary deposits from a la-
goonal environment in the Gulf of Lions in the North-Western Medi-
terranean Sea. The lagoon's geomorphological setting has clearly
changed over the Holocene. We suggest that these modifications al-
tered the sensitivity of the site in recording paleostorm. Therefore,
we cannot compare storm events in terms of intensity through time.
Nevertheless, from the presently available data, seven periods of in-
creased storm activity were identified at 6300–6100; 5650–5400;
4400–4050; 3650–3200; 2800–2600; 1950–1400 cal yr BP and over
the Little Ice Age (from 400–50 cal yr BP) based on our 14C age model.

The evidence suggests that these changes in coastal hydrodynamics
were in phase with those observed over the Eastern North Atlantic
(Billeaud et al., 2009; Sorrel et al., 2009) and seem to correspond to
Holocene cooling first shown in the North Atlantic (Bond et al., 1997,
2001) and associated with decreases in SST (Berner et al., 2008). These
periods of low SST observed in the North Atlantic may have produced
a stronger meridional temperature gradient and a southward position
of the westerlies during the Holocene cold events. We hypothesise
here that this increase in storm activity during Holocene over the East-
ern North Atlantic and the Mediterranean region was probably due to
an increase in the thermal gradient that led to enhanced lower tropo-
spheric baroclinicity over a large Central Atlantic–European domain, as
previously suggested over the LIA (Raible et al., 2007). These results
demonstrate that the North Atlantic region has influenced the Mediter-
ranean climate at the Holocene time scale in relation to severe storm
activity.

Acknowledgments

This researchwas undertaken in the framework of the ECLICAProject
financed by INSU (ACIFNS “Aléas et Changement Globaux”, coord.: L.
Dezileau) and the INTEMPERIES project (“Appel à projets 2008 du
Conseil Scientifique de l'Université Montpellier 2, coord.: L. Dezileau”).
We thank the Laboratoire de Mesure 14C (LMC14) ARTEMIS in the
CEA Institute at Saclay (French Atomic Energy Commission) for the
14C analyses (CNRS-SHS and CNRS programmes). The authors also
wish to thank IFREMER Palavas for allowing storage of the cores in
their cold room. Thanks to Duncan FitzGerald and an anonymous re-
viewer for theirs constructive comments on the manuscript. The
GLADYS platform (www.gladys-littoral.org) and all other members of

http://www.gladys-littoral.org
AdG
Texte surligné 



10 P. Sabatier et al. / Quaternary Research 77 (2012) 1–11
the ECLICA Project team are also thanked for their support and their
constructive discussions during the course of this study. The authors
are grateful to Jessica Cole for English corrections.
References

Anraud-Fassetta, G., Carcaud, N., Castanet, C., Salvador, P.G., 2010. Fluviatile palaeoen-
vironments in archaeological context: geographical position, methodological ap-
proach and global change — hydrological risk issues. Quaternary International
216, 93–117.

Arnaud, F., Revel, R., Chapron, E., Desmet, M., Tribovillard, N., 2005. 7200 years of
Rhône river flooding activity in Lake Le Bourget, France: a high-resolution sedi-
ment record of NW Alps hydrology. The Holocene 15, 420–428.

Bakke, J., Lie, Ø., Dahl, S.O., Nesje, A., Bjune, A.E., 2008. Strength and spatial patterns of
the Holocene wintertime westerlies in the NE Atlantic region. Global and Planetary
Change 60, 28–41.

Barriendos, M., Coeur, D., Lang, M., Llasat, M.C., Naulet, R., Lemaitre, F., Barrera, A., 2003.
Stationarity analysis of historical flood series in France and Spain (14th–20th cen-
turies). Natural Hazards and Earth Systems Sciences 3, 583–592.

Berger, J.F., Salvador, P.-G., Franc, O., Verot-Bourrely, A., Bravard, J.P., 2008. La chrono-
logie postglacaire du Haut Bassin rhodanien. Collection EDYTEM 6, Cahier de
Paléoenvironnement, pp. 117–144.

Berger, J.F., Blanchemanche, P., Reynes, C., Sabatier, P., 2010. Dynamiques fluviales et
lagunaires en basse vallée du Vidourle au cours des 6 derniers siècles: confronta-
tion des données pédosédimentaires à haute résolution temporelle à l'analyse fré-
quentielle des crues historiques. In: Littoraux, lagunes et basses plaines alluviales à
l'Holocène. Quaternaire 21, 27–41.

Berner, K.S., Koc, N., Divine, D., Godtliebsen, F., Moros, M., 2008. A decadal-scale Holo-
cene sea surface temperature record from the subpolar North Atlantic constructed
using diatoms and statistics and its relation to other climate parameters. Paleocea-
nography 23, PA2210. doi:10.1029/2006PA001339.

Betts, N.L., Orford, J.D., White, D., Graham, C.J., 2004. Storminess and surges in the
South-Western Approaches of the eastern North Atlantic: the synoptic climatology
of recent extreme coastal storms. Marine Geology 210, 227–246.

Bianchi, G.G., McCave, I.N., 1999. Holocene periodicity in North Atlantic climate and
deep-ocean flow south of Iceland. Nature 397, 515–517.

Billeaud, I., Tessier, B., Lesueur, P., 2009. Impacts of the Holocene rapid climate change as
recorded in a macrotidal coastal setting (Mont-Saint-Michel Bay, France). Geology 37,
1031–1034.

Blaauw, M., 2010. Methods and code for ‘classical’ age-modelling of radiocarbon se-
quences. Quaternary Geochronology 5, 512–518.

Blanchemanche, P., 2009. Crues historiques et vendanges en Languedoc méditerranéen
oriental: la source, le signal et l'interprétation. In: Changement global, effets
locaux: Le Petit Age Glaciaire dans le Sud de la France: Impacts morphogéniques
et sociétaux. Archéologie du Midi Médiéval 27, 225–235.

Bond, G., Showers, W., Cheseby, M., Lotti, R., Almasi, P., deMenocal, P., Priore, P., Cullen,
H., Hajdas, I., Bonani, G., 1997. A pervasive millennial scale cycle in North Atlantic
Holocene and glacial climates. Science 278, 1257–1266.

Bond, G., Kromer, B., Beer, J., Muscheler, R., Evans, M.N., Showers, W., Hoffmann, S.,
Lotti-Bond, R., Hajdas, I., Bonani, G., 2001. Persistent solar influence on North Atlantic
climate during the Holocene. Science 294, 2130–2136.

Boulay, S., Colin, C., Trentesaux, A., Pluquet, F., Bertaux, J., Blamart, D., Buehring, C.,
Wang, P., 2003. Mineralogy and sedimentology of Pleistocene sediment in the
South China Sea (ODP Site 1144). Proc. Ocean Drill. Program Sci. Results, p. 184.

Broecker, W.S., 2000. Abrupt climate change: causal constrains provided by the paleo-
climate record. Earth Science Reviews 51, 137–154.

Bruneton, H., Arnaud-Fassetta, G., Provansal, M., Sistach, D., 2001. Geomorphological
evidence for fluvial change during the Roman Period in the Lower Rhône Valley
(Southern France). Catena 45, 287–312.

Budillon, F., Esposito, E., Iorio,M., Pelosi, N., Porfido, S., Violante, C., 2005. The geological re-
cord of storm events over the last 1000 years in the Salerno Bay (Southern Tyrrhenian
Sea): new proxy evidences. Advances in Geosciences 2, 123–130.

Cacho, I., Grimalt, J.O., Canals, M., Shackleton, N., Schönfeld, J., Zahn, R., 2001. Variability
of the Western Mediterranean Sea surface temperature during the last 25,000
years and its connection with the Northern Hemisphere climatic changes. Paleo-
ceanography 16, 40–52.

Certain, R., Tessier, B., Courp, T., Barusseau, J., Pauc, H., 2004. Reconnaissance par sismique
très haute résolution du remplissage sédimentaire de la lagune de Leucate (Aude et
Pyrénées-Orientales - SE France). Bulletin de la Societe Geologique de France 175,
35–48.

Charman, D.J., 2010. Centennial climate variability in the British Isles during the mid-
late Holocene. Quaternary Science Reviews 29, 1539–1554.

Clarke, M.L., Rendell, H.M., 2009. The impact of North Atlantic storminess on western
European coasts: a review. Quaternary International 195, 31–41.

Colin, C., Bertaux, J., Desprairies, A., Turpin, L., Kissel, C., 1999. Erosional history of the
Himalayan and Burman ranges during the last two glacial-interglacial cycles.
Earth and Planetary Science Letters 171, 647–660.

Collins, E.S., Scott, D.B., Gayes, P.T., 1999. Hurricane records on the South Carolina
coast: can they be detected in the sediment record? Quaternary International 56,
15–26.

Debret, M., Bout-Roumazeilles, V., Grousset, F., Desmet, M., McManus, J.F., Massei, N.,
Sebag, D., Petit, J.R., Copard, Y., Trentesaux, A., 2007. The origin of the 1500-year cli-
mate cycles in Holocene North-Atlantic records. Climate of the Past 3, 569–575.
Dezileau, L., Bordelais, S., Condomines, M., Bouchette, F., Briqueu, L., 2005. Evolution
deslagunes du Golfe d'Aigues-Mortes à partir de l'étude de carottes sédimentaires
courtes (étude géochronologique, sédimentologique et géochimique des sédi-
ments récents). Publications ASF, Paris, pp. 51–91.

Dezileau, L., Sabatier, P., Blanchemanche, P., Joly, B., Swingedouw, D., Cassou, C., Castaings, J.,
Martinez, P., Von Grafenstein, U., 2011. Intense storm activity during the Little Ice Age
on the French Mediterranean coast. Palaeogeography, Palaeoclimatology,
Palaeoecology 299, 289–297.

Donnelly, J.P., 2005. Evidence of past intense tropical cyclones from backbarrier salt
pond sediments: a case study from Isla de Culebrita, Puerto Rico, USA. Journal of
Coastal Research SI42, 201–210.

Donnelly, J.P., Webb III, T., 2004. Backbarrier sedimentary records of intense hurricane
landfalls in the northeastern United States. In: Murnane, R., Liu, K. (Eds.), Hurri-
canes and Typhoons: Past, Present, and Potential. Columbia Univ. Press, New York.

Donnelly, J.P., Woodruff, J.D., 2007. Intense hurricane activity over the past 5,000 years
controlled by El Nino and the West African monsoon. Nature 447, 465–468.

Donnelly, J.P., Roll, S., Wengren, M., Butler, J., Lederer, R., Webb, T., 2001a. Sedimentary
evidence of intense hurricane strikes from New Jersey. Geology 29, 615–618.

Donnelly, J.P., Smith Bryant, S., Butler, J., Dowling, J., Fan, L., Hausmann, N., Newby, P.,
Shuman, B., Stern, J., Westover, K., Webb, T., 2001b. 700 yr sedimentary record of
intense hurricane landfalls in southern New England. Geological Society of America
Bulletin 113, 714–727.

Emanuel, K., 2006. Hurricanes: tempests in a greenhouse. Physics Today 59, 74–78.
Emanuel, K., Ravela, S., Vivant, E., Risi, C., 2006. A statistical deterministic approach to

hurricane risk assessment. Bulletin of the American Meteorological Society 87,
299–314. doi:10.1175/BAMS-87-3-299.

Frappier, A., Knutson, T., Liu, K.B., Emanuel, K., 2007. Perspective: coordinating paleocli-
mate research on tropical cyclones with hurricane–climate theory and modelling.
Tellus 59A, 529–537.

Gaertner, M.A., Jacob, D., Gil, V., Domínguez, M., Padorno, E., Sánchez, E., Castro, M.,
2007. Tropical cyclones over the Mediterranean Sea in climate change simulations.
Geophysical Research Letters 34. doi:10.1029/2007GL029977.

Gibelin, A.L., Déqué, M., 2003. Anthropic climate change over the Mediterranean region
simulated by a global variable resolution model. Climate Dynamics 20, 327–339.

Giorgi, F., 2006. Climate change hot-spots. Geophysical Research Letters 33, L08707.
doi:10.1029/2006GL025734.

Goy, J.L., Zazo, C., Dabrio, C.J., 2003. A beach-ridge progradation complex reflecting pe-
riodical sea-level and climate variability during the Holocene (Gulf of Almería,
Western Mediterranean). Geomorphology 50, 251–268.

Guizien, K., 2009. Spatial variability of wave conditions in the Gulf of Lions (NW Med-
iterranean sea). Vie and Milieu 59 (3–4), 1–10.

Holzhauser, H., Magny, M., Zumbuhl, H.J., 2005. Glacier and lake-level variations in
west-central Europe over the last 3500 years. The Holocene 15, 789–801.

Hurrell, J.W., 1995. Decadal trends in the North Atlantic Oscillation: regional tempera-
tures and precipitation. Science 269, 676–679.

Jacobeit, J., Wanner, H., Luterbacher, J., Beck, C., Philipp, A., Sturm, K., 2003. Atmospher-
ic circulation variability in the North-Atlantic–European area since the mid-
seventeenth century. Climate Dynamics 20, 341–352.

Jalut, G., Esteban Amat, A., Bonnet, L., Gauquelin, T., Fontugne, M., 2000. Holocene cli-
matic changes in the Western Mediterranean, from south-east France to south-
east Spain. Palaeogeography, Palaeoclimatology, Palaeoecology 160, 255–290.

Jansá, A., Genovés, A., Picornell, M.A., Campins, J., Riosalido, R., Carretero, O., 2001.
Western Mediterranean cyclones and heavy rain. Part 2: statistical approach.
Meteorological Applications 8, 43–56.

Krichak, S.O., Alpert, P., 2005. Decadal trends in the East Atlantic/West Russia pattern
and the Mediterranean precipitation. International Journal of Climatology 25,
183–192.

Laborel, J., Morhange, C., Lafont, R., Le Campion, J., Laborel-Deguen, F., Sartoretto, S.,
1994. Biological evidence of sea level rise during the last 4500 years on the
rocky coast of continental southwestern France Corsica. Marine Geology 120,
203–223.

Lamb, H.H., 1995. Climate, History and the Modern World, second ed. Routledge,
London. 433 pp.

Lambeck, K., Bard, E., 2000. Sea-level change along the French Mediterranean coast for
the past 30000 years. Earth and Planetary Science Letters 175, 203–222.

Landsea, C.W., Harper, B.A., Hoarau, K., Knaff, J.A., 2006. Can we detect trends in ex-
treme tropical cyclones? Science 313, 452–454.

Lionello, P., Galati, M.B., 2008. Links of the significant wave height distribution in the
Mediterranean sea with the Northern Hemisphere teleconnection patterns. Ad-
vances in Geosciences 17, 13–18.

Lionello, P., Giorgi, F., 2007. Winter precipitation and cyclones in Mediterranean re-
gion: future climate scenarios in a regional simulation. Advances in Geosciences
12, 153–158.

Lionello, P., Bhend, J., Buzzi, A., Della-Marta, P.M., Krichak, S., Jansá, A., Maheras, P.,
Sanna, A., Trigo, I.F., Trigo, R., 2006. Cyclones in the Mediterranean region: clima-
tology and effects on the environment, in Mediterranean Climate Variability. In:
Lionello, P., Malanotte-Rizzoli, P., Boscolo, R. (Eds.), Mediterranean Climate
Variability. : Developments in Earth and Environmental Sciences, 4. Elsevier
ed., pp. 324–372.

Liu, K.B., Fearn, M.L., 1993. Lake-sediment record of Late Holocene hurricane activities
from coastal Alabama. Geology 21, 793–796.

Liu, K.B., Fearn, M.L., 2000. Reconstruction of prehistoric landfall frequencies of cata-
strophic hurricanes in NW Florida from lake sediment records. Quaternary
Research 54, 238–245.

Luterbacher, J., Xoplaki, E., Casty, C., Wanner, H., Pauling, A., Küttel, M., Rutishauser, T.,
Brönnimann, S., Fischer, E., Fleitmann, D., González-Rouco, F.J., García-Herrera, R.,

http://dx.doi.org/10.1029/2006PA001339
http://dx.doi.org/10.1029/2007GL029977
http://dx.doi.org/10.1029/2006GL025734


11P. Sabatier et al. / Quaternary Research 77 (2012) 1–11
Barriendos, M., Rodrigo, F., Gonzalez-Hidalgo, J.C., Saz, M.A., Gimeno, L., Ribera, P.,
Brunet, M., Paeth, H., Rimbu, N., Felis, T., Jacobeit, J., Dünkeloh, A., Zorita, E., Guiot, J.,
Türkes, M., Alcoforado, M.J., Trigo, R., Wheeler, D., Tett, S., Mann, M.E., Touchan, R.,
Shindell, D.T., Silenzi, S., Montagna, P., Camuffo, D., Mariotti, A., Nanni, T., Brunetti,
M., Maugeri, M., Zerefos, C., De Zolt, S., Lionello, P., Nunes, M.F., Rath, V., Beltrami, H.,
Garnier, E., Le Roy Ladurie, E., 2006. Mediterranean climate variability over the last
centuries: a review. In: Lionello, P., Malanotte-Rizzoliet, P., Boscolo, R. (Eds.),
Mediterranean climate variability. Elsevier, pp. 27–148.

Magny, M., 1993. Solar influences on Holocene climatic changes illustrated by correla-
tions between past lake-level fluctuations and the atmospheric C-14 record.
Quaternary Research 40, 1–9.

Magny, M., 2004. Holocene climate variability as reflected by mid-European lake-level
fluctuations and its probable impact on prehistoric human settlements. Quaternary
International 113, 65–79.

Magny, M., Bégeot, C., Guiot, J., Peyron, O., 2003. Contrasting patterns of hydrological
changes in Europe in response to Holocene climate cooling phases. Quaternary Sci-
ence Reviews 22, 1589–1596.

Magny, M., Arnaud, F., Holzhauser, H., Chapron, E., Debret, M., Desmet, M., Leroux, A.,
Millet, L., Revel, M., Vannière, B., 2010. Solar and proxy-sensitivity imprints on
paleohydrological records for the last millennium in west-central Europe. Quater-
nary Research 73, 173–179.

Mayewski, P.A., Rohling, E.E., Stager, J.C., Karlen, W., Maasch, K.A., Meeker, L.D.,
Meyerson, E.A., Gasse, F., van Kreveld, S., Holmgren, K., Lee-Thorp, J., Rosqvist, G.,
Rack, F., Staubwasser, M., Schneider, R.R., Steig, E.J., 2004. Holocene climate
variability. Quaternary Research 62, 243–255.

McDermott, F., Frisia, S., Huang, Y., Longinelli, A., Spiro, B., Heaton, T.H.E., Hawkesworth, C.J.,
Borsato, A., Keppens, E., Fairchild, I.J., van der Borg, K., Verheyden, S., Selmo, E., 1999.
Holocene climate variability in Europe: evidence from δ18O, textural and extension-
rate variations in three speleothems. Quaternary Science Reviews 18, 1021–1038.

McMillan, E.A., Fairchild, I.J., Frisia, S., Borsato, A., McDermott, F., 2005. Annual trace el-
ement cycles in calcite–aragonite speleothems: evidence of drought in the western
Mediterranean 1200–1100 yr BP. Journal of Quaternary Science 20, 423–433.

Miramont, C., Jorda, M., Pichard, G., 1998. Evolution historique de la morphogénèse et
de la dynamique fluviale d'une rivière méditerranéenne: l'exemple de la moyenne
Durance (France du sud-est). Géographie Physique du Quaternaire 52, 381–392.

Morhange, M., Laborel, J., Hesnard, A., 2001. Changes of sea level during the past 5000
years in the ancient harbor of Marseille, Southern France. Palaeogeography,
Palaeoclimatology, Palaeoecology 166, 319–329.

Nott, J., 2004. Palaeotempestology: the study of and implications of prehistoric tropical
cyclones, a review for hazard assessment. Environment International 30, 433–447.

Petschick, R., 2000. MacDiff 4.2.5 manual Available at http://www.geologie.unifrankfurt.
de/Staff/Homepages/Petschick/PDFs/MacDiff_Manual_E.pdf (verified 16 Apr. 2007).

Pichard, G., 1995. Les crues sur le bas Rhône de 1500 à nos jours. Pour une histoire
hydro-climatique. Méditerranée 3–4, 105–116.

Pielke, R.A., Landsea, C.W., 1999. La Niña, El Niño, and Atlantic hurricane damages in
the United States. Bulletin of the American Meteorological Society 80, 2027–2033.

Quadrelli, R., Pavan, V.,Molteni, F., 2001.Wintertime variability ofMediterranean precipita-
tion and its linkswith large-scale circulation anomalies. ClimateDynamics 17, 457–466.

Raible, C.C., Yoshimori, M., Stocker, T.F., Casty, C., 2007. Extrememidlatitude cyclones and
their implications to precipitation and wind speed extremes in simulations of the
Maunder Minimum versus present day conditions. Climate Dynamics 28, 409–423.

Raynal, O., Bouchette, F., Certain, R., Séranne, M., Dezileau, L., Sabatier, P., Lofi, J., Bui
Xuan Hy, A., Briqueu, L., Pezard, P., Tessier, B., 2009. Control of alongshore-oriented
sand spits on the dynamic of a wave-dominated coastal system (Holocene de-
posits, northern Gulf of Lions, France). Marine Geology 264, 242–257.

Raynal, O., Bouchette, F., Certain, R., Séranne,M., Sabatier, P., Lofi, J., Dezileau, L., Briqueu,
L., Pezard, P., Courp, P., 2010. Holocene evolution of languedocian lagoonal environ-
ment controlled by inherited coastal morphology (Northern Gulf of Lions, France).
Bulletin de la Societe Geologique de France 181, 211–224.

Reimer, P.J., Baillie, M.G.L., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Bronk Ramsey,
C., Buck, C.E., Burr, G.S., Edwards, R.L., Friedrich, M., Grootes, P.M., Guilderson, T.P.,
Hajdas, I., Heaton, T.J., Hogg, A.G., Hughen, K.A., Kaiser, K.F., Kromer, B., McCormac,
F.G., Manning, S.W., Reimer, R.W., Richards, D.A., Southon, J.R., Talamo, S., Turney,
C.S.M., van der Plicht, J., Weyhenmeyer, C.E., 2009. IntCal09 and Marine09 radio-
carbon age calibration curves, 0–50,000 years cal BP. Radiocarbon 51, 1111–1150.

Richter, T.O., Van der Gaast, S.J., Koster, B., Vaars, A.J., Gieles, R., De Stigter, H.C., De Haas, H.,
Van Weering, T.C.E., 2006. The Avaatech XRF Core Scanner: technical description and
applications to NE Atlantic sediments. In: Rothwell, R.G. (Ed.), NewTechniques in Sed-
iment Core Analysis. : Special Publications. Geological Society, London, pp. 39–50.
Sabatier, P., Dezileau, L., 2010. Archives sédimentaires dans les lagunes du Golfe d'Ai-
gues Mortes: Estimation de l'aléa de tempête depuis 2000 ans. In: Littoraux,
lagunes et basses plaines alluviales à l'Holocène. Quaternaire 21, 5–11.

Sabatier, P., Dezileau, L., Condomines, M., Briqueu, L., Colin, C., Bouchette, F., Le Duff, M.,
Blanchemanche, P., 2008. Reconstruction of paleostorm events in a coastal lagoon
(Herault, South of France). Marine Geology 251, 224–232.

Sabatier, P., Dezileau, L., Barbier, M., Raynal, O., Lofi, J., Briqueu, L., Condomines, M.,
Bouchette, F., Certain, R., Von Grafenstein, U., Jorda, C., Blanchemanche, P., 2010a.
Late-Holocene evolution of a coastal lagoon in Gulf of Lions (South of France). Bul-
letin de la Société Geologique de Française 181, 27–36.

Sabatier, P., Dezileau, L., Briqueu, L., Colin, C., Siani, G., 2010b. Clay minerals and geo-
chemistry record from Northwestern Mediterranean coastal lagoon sequence: im-
plications for paleostorm reconstruction. Sedimentary Geology 228, 205–217.

Sabatier, P., Dezileau, L., Blanchemanche, P., Siani, G., Condomines,M., Bentaleb, I., Piquès, G.,
2010c. Holocene variations of radiocarbon reservoir ages in a Mediterranean lagoonal
system. Radiocarbon 52, 91–102.

Sáenz, J., Rodrıíguez-Puebla, C., Fernández, J., Zubillaga, J., 2001. Interpretation of inter-
annual winter temperature variations over Southwestern Europe. Journal of Geo-
physical Research 106, 20641–20651.

Scileppi, E., Donnelly, J.P., 2007. Sedimentary evidence of hurricane strikes inwestern Long
Island, NY. Geochemistry, Geophysics and Geosystems 8, Q06011. doi:10.1029/
2006GC001463.

Siani, G., Paterne, M., Arnold, M., Bard, E., Métivier, B., Tisnerat, N., Bassinot, F., 2000.
Radiocarbon reservoir ages in the Mediterranean sea and in Black sea. Radiocarbon
42, 271–280.

Sorrel, P., Tessier, B., Demory, F., Delsinne, N., Mouaze, D., 2009. Evidence for millennial-
scale climatic events in the sedimentary infilling of a macrotidal estuarine system,
the Seine estuary (NW France). Quaternary Science Reviews 28, 499–516.

Trigo, I.F., Davies, T.D., Bigg, G.R., 2000. Decline in Mediterranean rainfall caused by
weakening of Mediterranean cyclones. Geophysical Research Letters 27,
2913–2916.

Trigo, R., Xoplaki, E., Zorita, E., Luterbacher, J., Krichak, S.O., Alpert, P., Jacobeit, J., Saenz,
J., Fernandez, J., Gonzalez-Rouco, F., Garcia-Herrera, R., Rodo, X., Brunetti, M.,
Nanni, T., Maugeri, M., Turkes, M., Gimeno, L., Ribera, P., Brunet, M., Trigo, I.F., Crepon,
M., Mariotti, A., 2006. Relations between variability in the Mediterranean region and
mid-latitude variability. In: Lionello, P., Malanotte-Rizzoli, P., Boscolo, R. (Eds.), Med-
iterranean Climate Variability. : Developments in Earth and Environmental Sciences,
4. Elsevier ed., pp. 179–226.

Trouet, V., Esper, J., Graham, N.E., Baker, A., Scourse, J.D., Frank, D.C., 2009. Persistent
positive North Atlantic Oscillation mode dominated the medieval climate anomaly.
Science 324, 78–80.

Turner, R., Baustian, J., Swenson, E., Spicer, J., 2006. Wetland sedimentation from Hur-
ricanes Katrina and Rita. Science 314, 449–452.

Ullmann, A., Pirazzoli, P.A., Moron, V., 2008. Sea surges around Gulf of Lions and atmo-
spheric conditions. Global and Planetary Change 63, 203–214.

van Geel, B., Raspopov, O.M., Renssen, H., van der Plicht, J., Dergachev, V.A., Meijer, H.A.J.,
1999. The role of solar forcing upon climate change. Quaternary Science Reviews 18,
331–338.

Vaquero, J.M., 2004. Solar signal in the number of floods recorded for the Tagus river
basin over the last millennium. Climate Change 66, 23–26.

Vella, C., Provansal, M., 2000. Relative sea-level rise and neotectonic events during the
last 6500 yr on the southern eastern Rhône delta, France. Marine Geologie 170,
27–39.

Wanner, H., Beer, J., Butikofer, J., Crowley, T.J., Cubasch, U., Fluckiger, J., Goosse, H.,
Grosjean, M., Joos, F., Kaplan, J.O., Kuttel, M., Muller, S.A., Prentice, I.C., Solomina,
O., Stocker, T.F., Tarasov, P., Wagner, M., Widmann, M., 2008. Mid- to Late Holocene
climate change: an overview. Quaternary Science Reviews 27, 1791–1828.

Webster, P.J., Holland, G.J., Curry, J.A., Chang, H.R., 2005. Change in tropical cyclone num-
ber, duration, and intensity in a warming environment. Science 309, 1844–1846.

Woodruff, J.D., Donnelly, J.P., Emanuel, K., Lane, P., 2008. Assessing sedimentary records of
paleohurricane activity using modeled hurricane climatology. Geochemistry, Geo-
physics and Geosystems 9, Q09V10. doi:10.1029/2008GC002043.

Woodruff, J.D., Donnelly, J.P., Okusu, A., 2009. Exploring typhoon variability over mid-
to-late Holocene: evidence of extreme coastal flooding from Kamikoshiki, Japan.
Quaternary Science Reviews 28, 1774–1785.

Zazo, C., Dabrio, C.J., Goy, J.L., Lario, J., Cabero, A., Silva, P.G., Bardají, T., Mercier, N.,
Borja, F., Roquero, E., 2008. The coastal archives of the last 15 ka in the Atlantic–
Mediterranean Spanish linkage area: sea level and climate changes. Quaternary
International 181, 72–87.

http://www.geologie.unifrankfurt.de/Staff/Homepages/Petschick/PDFs/MacDiff_Manual_E.pdf
http://www.geologie.unifrankfurt.de/Staff/Homepages/Petschick/PDFs/MacDiff_Manual_E.pdf
http://dx.doi.org/10.1029/2006GC001463
http://dx.doi.org/10.1029/2006GC001463
http://dx.doi.org/10.1029/2008GC002043



